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Preface

Be careful in driving
Charles Chaplin

An electric drive is the electromechanical system that converts electrical energy to mechanical motion. Being a part of
automatic equipment, it acts together with the driven object, such as a machine tool, metallurgical, chemical, or flying
apparatus, domestic or medical device. Electric drives area includes applications in computers and peripherals, motor
starters, transportation (electric and hybrid electric vehicles, subway, etc.), home appliances, textile and paper mills, wind

generation systems, air-conditioning and heat pumps, compressors and fans, rolling and cement mills, and robotics.

This book is intended primarily for the secondary-level and university-level learners of an electromechanical profile,
including the bachelor and master students majored in electrical engineering and mechatronics. It will help also technicians

and engineers of respective specialities.

Contemporary applications make high demands of modern drive technology with regard to dynamic performance, speed
and positioning accuracy, control range, torque stability, and overload capacity. Control of electrical motors always was in
the highlight of inventers and designers of mechanisms, machines, and transport equipment. As a rule, any mechanism
is infinitely complex. Often, its behavior is vague, and its reaction on influences and disturbances is unforeseen. To a
considerable degree, this concerns the electric drive. Nevertheless, a specialist should take into account the main laws
and regularities of both the driving and the driven objects during maintenance design, and study his applications. To this
aim, we pick out the traditional approach at which a complex system is divided in simple portions. Then, we examine the
basic elements of the driving system, the typical models and features of its components, starting from the conditionally

rigid and ideally linear details and finishing by the elastic distributed, non-linear, and non-stationary ones.
If you have completed the basics of electricity, electronics, mechanics, and computer science, you are welcome to these
pages. The book will guide you in appreciation of applications built on the basis of electrical motors. In addition, you will

know many electromechanical products and determine their important differences.

I believe in your success in learning electric drives.

I wish you many happy minutes, hours and years in your professional activities.

Author
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1 Introduction

1.1 A science of electric drive

Disposition. Knowledge is developed and renewed, modified and changed, merges and falls to multiple branches, streams,
and directions. Each particular science presents a realized and purposeful glance on the physical culture from a particular

viewpoint and position. Take a look at Fig. 1.1.

Computer science Power engineering Mechanics
Information technology Power technology
Computer Power electronics Electromechanics
engineering
/ Mechatronics \
Data converters Power converters Elcctromeghanical
converters
Electrical
machines
\ Electric drive /
| | -|- T 1

Fig. 1.1 Electric drive in the frame of other sciences

It reflects the mutual penetration of the three fundamental directions of the natural thought, named computer science,
power engineering, and mechanics. Computer science studies the nature of data acquisition, storage, processing, and
transmitting, thus it serves as a basis of informational technology. Power engineering envelops the sphere of nature
resources, such as output, conversion, transportation, and application of different kinds of energy. In this way, many

electrical technologies are developed, particularly electromechanics related to the mechanisms that use electrical energy.

Further synthesis of energies of the mechanical motion and the intellect movement is a guarantee of progress and the
source of new scientific directions. Thanks to this synthesis, the new research area, mechatronics was born which manages
an intellectual control of the mechanical motion. The mechatronics states the laws of energy transformation upon data

converting in computer-mechanical systems. The electric drive comprises the branch of mechatronics.

Definition and composition. An electric drive is the electromechanical system that converts electrical energy to mechanical

energy of the driven machine. In Fig. 1.2 the functional diagram of the electric drive is presented.
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Fig. 1.2 Functional diagram of electric drive

It includes a motor M (or several ones), a mechanical transmission (gear, gearbox), an optional power converter, and a
control system (controller). The power converter transforms electrical energy W, of the grid (mains) to motor supply
energy W, in response to the set-point speed or path command. The motor is an electromechanical converter, which
initially converts W, to electromagnetic energy W , of the air gap between the stator and the rotor and then turns W, to
mechanical work W on the motor shaft. The gear transforms mechanical energy to the load work W, in accordance with
the requirements of the driven machine (actuator). The controller (regulator) compares the set-point y* with outputs y
and disturbances ¥, and generates the references § on its inputs. The part of electric drive, which involves the mechanical

transmission and the motor rotor, is called a mechanical system.
The grid-operated constant-speed and the converter-fed adjustable electric drives are distinguished.

At present, the vast majority of applications exploits the general purpose electric drives of low and mean accuracy which
constitute approximately 80 % of the word driving complexes. They are usually presented by the mains-operated open-
ended mechanisms consisting of the motor, mechanical transmission, and a control system which provides commutation

and protection operations only. They have neither the power converter nor the feedbacks.
The accurate variable-speed electric drives that comprise the rest drive area are the converter-operated close loop systems

built on the microprocessor controllers. Their small group presents the high performance drives of the very broad speed

range and positioning requirements.
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Application. Developments in power electronics and microelectronics in the last decades resulted in an unprecedented
growth of adjustable speed drives offering a wide range of advantages from process performance improvement to comfort
and power savings. Nowadays electric drives can be found nearly everywhere, in heating, ventilation and air conditioning,
compressors, washing machines, elevators, cranes, water pumping stations and wastewater processing plants, conveyors
and monorails, centrifuges, agitators, and this list could continue on and on. Electric drives use approximately 70 % of
generated electrical energy. It is more than 100000 billions kilowatt-hours per year. It was reported that currently 75 % of
these operate at pump, fan, and compressor applications 97 % of which work at fixed speeds, where flow is controlled by
mechanical methods. Only 3 to 5 % of these drives are operated at variable-speed control systems. Electric drive systems
make up about one-third of overall automation equipment. The cost of the informational and electrical parts takes more

than half of the overall drives value.

The leading companies in the world market of electric drive engineering are now as follows: American General Electric,
Maxon Motors, Gould, Reliance Electric, LabVolt, Robicon, and Inland; Canadian Allen Bradley; German Telefunken,
Siemens, Bosh, AED, Schneider Group, Sew Eurodrive, and Indramat; Danish Danfoss; Finnish Stromberg as a part of the
ABB Brown Bowery, Int., Japanese Fanuc, Omron, Mitsubishi Electric, Hitachi; French CEM; Swiss Rockwell Automation,

etc. They have the wide range of products and the broad service spectrum for solution of demanding automation tasks.

1.2 Electromechanical processes

Energy and power. The electric drive converts electrical energy of the supply grid to mechanical energy of the load. It can
be recalled from the energy conservation law that conversion of kinetic energy W, into potential energy W, and backwards
provides the energy balance. Particularly, on the motor shaft

W=W,+ W, = const.
Along with the energy balance, the balance of powers is supported,

P=P,+P,

A power is the differential work done in the particular time,

dw
P=—-=sW
dt
where § = i is a differential operator. A static power P, = awy _ W, describes the cumulative potential ener
needed to overcome the counter-force of the mechanism, such as friction, cutting, gravity, elastic force, etc. The time

aw,
derivation of the kinetic energy stock describes the dynamic power F; = T: =sW,.

The motion of the driven object is described by the angular speed w (angular frequency) or by the linear velocity v. The
angular speed of a rotating object determines how long it takes for an object to rotate a specified angular distance. An

angular speed is calculated in rad/s.
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In engineering practice it is often replaced by the rotation frequency n, measured in revolutions per minute (rpm), 5 = 60w

T
The angular speed is bounded up with the angle ¢ of the shaft turn as ¢ = @ Velocity, in turn, is the rate at which an

dl dt
object travels a specified distance I, v = e

() v
An object moves at the changing speed. An increase in the speed T =50, a7 =SV is called acceleration. Acceleration

occurs only when there is a change in the force acting upon the object. An object can also change from a higher to a

lower speed. This is known as deceleration.

Mechanical systems are subject to the law of inertia, which states that an object will tend to remain in its current state
of rest or motion unless acted upon by an external force. This property of resistance to acceleration or deceleration is

referred to as the moment of inertia J. At rotation,

2 2
2 dt 2 dt

Sometimes, a flywheel torque GD* = 4] is used instead. For the motion of translation,

2
Wd:ﬂ’ Pd:mvﬂ_kv_d_m
dt 2 dt

where m is a moving mass.

Mechanical torque. A torque is a twisting or turning force that causes an object to rotate. The developed motoring torque
is defined as a ratio of the motor power P to the angular frequency w whereas a motoring force is a ratio of the power P

to the linear velocity v. In symbols,

Whenever a force causes motion, work is accomplished as the product of force times the distance applied. From these

ratios, the torque and force equilibrium equations are as follows:

do odJ

T=T +T,=T, +J 2+ 24
PRl "2 at
F=F +F =F +m& 2dm
dt 2 dt

Here, T, and F, are a static load torque (counter-torque) and a static resistive force (counter-force), and T, and F, are a

dynamic torque and a dynamic force of the load. As well, T, is known as a steady-state torque or an operational torque.

The torque equilibrium for J = const,
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Electric Drive Systems and Operation Introduction

do
T=T, +J— 1.1
L " (1.1)

is called a major equation of the torque equilibrium of an electric drive. As (1.1) shows, to move the driven mechanism
with the constant speed, an electric drive has to develop the motoring torque equal to the counter-torque. To accelerate
or decelerate the load, the drive has to develop an additional dynamic torque. The solution of this differential equation
relative to the speed depends on the torque matter. As the torque is the fundamental variable for the speed and position
adjustment, to control an electric drive, it is required to produce the necessary input impacts that change the motoring

torque. The major equation explains the operation principle of many mechanisms.

Electromagnetic torque. Electromagnetism is the basic principle behind motor operation. In the sketch of Fig. 1.3, a
motor as the source of the electromagnetic torque T, and magnetomotive force (MMF) F | has a couple of assemblies on
the common axis, the stationary stator and revolving rotor. Being an electromechanical object, the motor consists of an
inductor supplying the field and an armature inducing the current in the electrical conductors named windings. Depending
on a design, the inductor may be placed on the stator or rotor and the same the armature is concerned. The inductor
excites an electromagnetic flux ®. In the case of a single turn, the flux feeds the magnetic field of density (induction)

B=Y, where Q = Ir is the turn area that the flux crosses, v is an alternating flux linkage, which depends on the turn
position in the inductor field, [ is the turn length, and r is the turn radius. In accordance with the Ampere’s law, in the turn
supplied by the current I and placed into the magnetic field of induction B the MMF F,, = BII is generated. The strength
of the MMF is proportional to the amount of current and its direction is perpendicular to the directions of both I and B.
In turn, in accordance with the Faraday’s law, if the short-circuiting turn crosses the magnetic field, a voltage is induced

there known as an electromotive force (EMF) or an induced voltage which is a source of current I and, hence, the MMF.
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The sufficient turn affected by the MMF creates an electromagnetic torque in the air gap between the stator and the rotor,

Ti» = Bllr sin © = yI sin 0 (1.2)

L I
\

—n

Fig. 1.3 The sketch of a motor

where 0 is an electrical angle between the flux y and the current I vectors called a load angle. Therefore, electromagnetic

torque results from the interaction of the electrical current and the magnetic flux.

The torque of the electrical motor is produced by an effective flux linkage y , in the air gap between the stator and rotor
m-phase multi-turn windings turned around p pole pairs. Both the flux lincage and the current have two components:
the stator flux linkage y, coupled with the stator current I, and the rotor flux linkage y, coupled with the rotor current I..

Therefore, (1.2) can be resolved for the motor in different ways, like these vector equations:

T\, =mpy1a X I, = mp\Yy X 1) = mp\; < Y, etc. (1.3)

The developed mechanical torque on the motor shaft differs from the electromagnetic torque due to the friction and

windage motor losses 8, known as a no-load torque as follows:

T=T,-9,
Friction occurs when objects contact one another. It is one of the most significant causes of energy loss in a machine.
Control possibilities. For the torque to be produced, the magnetic fields of the stator and rotor must be stationary with
respect to each other. To control the speed and torque, the mutual orientation and angular speed of the flux and current
should by adjusted in accordance with (1.2).
Three types of electrical motors exist: dc motors, synchronous motors, and induction (asynchronous) motors. Their difference

results from a method used to acquire the right load angle by rotation either the rotor with the flux speed or the flux

with the rotor frequency.

Download free eBooks at bookboon.com



Dependently on the stator and rotor supply method, all motors may be subdivided into the machines with the single-side
and double-side excitation. Both have as minimum one ac fed winding. At the double-side excitation, the second winding

may be both the ac excitation winding and the dc excitation winding, or by permanent magnets (PM).

Electrical motors

Single-side Double-side excitation

excitation

AC excited induction motors DC and PM excited motors

Synchronous motors DC motors

Squirrel- Wound rotor Servo Separate

cage .
Step Reluctance Series

DA 5

Fig. 1.4 Motor classification

In the dc motor, the stator serves as an inductor whereas the ac in the rotor results from the mechanical commutator
which fixes positioning the flux and the armature MME. Using the appropriate commutator brushes disposition, the flux
is oriented along the stator pole axes upon the orthogonal current vector. Hence, to control the torque, the armature
current has to be adjusted. As both the load angle 0 and the magnetic flux @ are kept fixed, the dc motor torque follows

the current and (1.2) is simplified as follows:

T :lequI:kTq)I, (1.4)

where k_ is called a dc motor torque construction factor.

Alternatively, in the synchronous motors, the dc voltage supplies the rotor whereas the stator is excited by the ac current.
Here, the flux and the spatial angle of the torque require external control without which the angles between the stator
and rotor fields change with the load yielding an unwanted oscillating dynamic response. In the synchronous servomotors,
a built-in rotor-position sensor (encoder) provides the right angle between the field and current vectors similarly to a dc

motor giving rise to (1.4).

However, in the induction motor voltage is induced across the rotor by merely moving it through the stator magnetic
field. Because the stator windings are connected to an ac source, the current induced in the rotor continuously changes
and the rotor becomes an electromagnet with alternating poles. Here, the flux and the spatial angle of the torque need in
external control as well. As there is no autonomous channel to stabilize the flux linkage, the specific control systems are
required to adjust the torque. While the rotating windings are supplied by ac, the load angle and the flux linkage change

along with rotation.
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Electric Drive Systems and Operation Introduction

As y = LI, where L is the winding inductance, the electromagnetic torque is expressed by the product of a flux-producing
current component and a torque-producing component of the same current. Particularly, the torque control can be achieved
by varying the torque-producing current, and to obtain the quick torque response the current needs in fast changing at
the previously fixed field flux

To implement the torque, speed, and path control in the motor drives of any type, the power converters and electronic
controllers have to supply the motor with the energy and control signals, whereas to conform these quantities to the load

parameters different mechanical transmissions are to be connected to the motor shaft.

13 Efficiency of electric drive

Definition. The product of rms voltage U, and current I, of the supply lines gives the amount of work per unit time called
apparent power, or total power, P, which can be equally well expressed in terms of the material resistance and measured

in volt-amperes (VA):
P,=UJI = IR
Power conversion is accompanied by losses,
5.=P -P

p) 0 L

where P, is the drive output. Losses are measured by efficiency
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usually in percent. Total losses of an electric drive accumulate the sum of power converter losses & » motor losses & o and

mechanical transmission losses § , as drawn in Fig. 1.5 (a).

[0

V| v

Fig. 1.5 Losses and efficiency of electric drive

Thus, efficiency of the electric drive may be expresses as follows:
Nz = NN N

Energy efficiency is a factor that manufacturers are greatly interested in improving.
Power converter efficiency. Efficiency of the power converter is usually 95 to 99 %. It is proportional to ohmic losses that
depend on the circuit and operation conditions. Efficiency is reduced along with the speed reduction due to the voltage
pulsating, discontinuous currents, and cooling problems.
The power converter supplies the motor by the real power (effective power or average power) P, having units of watts. The
rest part of the apparent power is the reactive power P, having units of reactive volt-amperes (VAR). A power factor is a
figure of merit that measures how effectively energy is transmitted between a source and load network. It is the ratio of
the real power and apparent power. In the case of sinusoidal supply,

P =P cos¢,, P, =P sing.

The power factor cos @, is determined here by the phase displacement angle ¢, between the supply ac current and voltage.

Being the load dependent, the power factor grows along with the load growth, but falls to 0.1...0.7 at idling.
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These definitions are not adequate when considering the reactive power of converters. Most power converters produce
a non-sinusoidal current waveform on the ac side whose fundamental component lags the voltage. In the case of such
supply source and non-linear load, the power factor is expressed as a product of two terms, one resulting from the phase
shift of the voltage and current fundamental components (effect of displacement, namely displacement factor) and the
other resulting from the current harmonics (effect of distortion), namely the distortion factor. Only the fundamental
frequency component of the current contributes to the active power. Due to harmonics, the apparent power is greater

than the minimum amount necessary to transmit the average power.

Motor efficiency. The motor as the core of an electric drive converts the real power P, to the mechanical power P. Motor

efficiency affects efficiency of the overall electromechanical transformation,

P=P1r]M

It is the fraction or percentage of energy supplied to the motor that is converted into mechanical energy at the motor
shaft when the motor is continuously operating at full load with the rated voltage applied. The most usual values of ), are
in the range of 40 to 95 %. As Fig. 1.5 (b) Illustrates, actual efficiency alters with the motor utilization i.e. with the ratio
of the actual power P to the rated power P, given in the manufacturer’s datasheet. Upon the partial loading the motors

become less favorable. For larger motors efficiency is higher than for small motors.

Motor efliciency is a subject of increasing importance, especially for ac motors because they are widely applied and account

for a significant percentage of energy used in industrial facilities.

Gear efficiency. The power loss in the mechanical transmission,

6. =P-P

G L
is mainly provoked by friction and is measured by transmission efficiency

P,
ﬂGZTf’

usually 50 to 99 %. At braking, reverse efficiency factor is used instead:

1
NGr=2-—
NG

This term allows evaluating that part of the power, which passes to the motor from the load. When n_, > 0, the torque
becomes negative thus resulting in the adjustment problems of the active-loading mechanisms. To avoid such situations,

mechanical brakes and self-braking transmissions are required.

At loading, transmission efficiency changes similarly to the motor efficiency. Overall efficiency of k sequentially connected

transmissions is equal to
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Electric Drive Systems and Operation Introduction

r]G = nGlnGZ' : 'r]Gk

whereas overall efficiency of k transmissions connected in parallel is as follows

+...+a

Ne = 4 MNert 46MNe: e

where a_, are the factors that show the part of the power carried by the i-th transmission section. Particularly to drive the

load with k input shafts of P, powers and n,, efficiencies, the required motor power is as follows:
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2 Common Properties of Electric
Drives

2.1 Power topologies of electric drives

Classification. The grid-operated and converter-fed electric drives are known. The first group is the most popular and

used in almost all applications. The main classes of converter-fed electric drives are shown in Fig. 2.1.

Common-mode variable-speed drives Accurate drives of high performance
Induction DC and PM excited
Scalar control Vector control Synchronous
Open-ended

VFC

Close loop
FFC FOC

DC

Fig. 2.1 Classes of converter-fed drives

Multiple classes of the converter-fed electric drives are manufactured. The approachable properties of the major classes

are presented in Table 2.1.

Induction electric drives DC and PM excited drives
Property Open-ended Close loop scalar Field-oriented Direct torque
Synchronous DC
scalar control controls (FFC, vector control vector control <ervo drive drive
(VFQ) CFQ) (FOQ) (DTC)

Speed 40 100 1000 10000 40000
range
Speed

. 90 % 98 % 99.5 % 99.9 % 99.9 %
stability
Rtun-up 20 ms 5ms 2ms
time
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Induction electric drives DC and PM excited drives
Property Open-ended Close loop scalar Field-oriented Direct torque
Synchronous DC
scalar control controls (FFC, vector control vector control <ervo drive drive
(VFQ) CFQ) (FOQ) (DTC)
Run-up
torque, %
100 % 200 % 300 % 400 % 800 %
of rated
torque
C -
ompParaT 100 9 200 % 300 %
tive cost
Compara-
tive mass 70 % 40 % 100 %
and size
Applicati- Machine-tools, devices,
ppiicat Pumps, fans Conveyers Hoists Lifts achine-toots, devices
on areas robots

Table 2.1 Properties of converter-fed electric drives

The least expensive and complex are the induction drives whereas the most accurate are the dc and PM excited electric

drives.

In the field of the converter-fed ac drives two directions are emphasized, the common-mode variable-speed induction
drives of the low and mean speed range (D = 10...100) and the high performance accurate drives, the speed range of

which approaches tenths of thousands. The last ones are known as the servo drives.

To adjust the ac motors, the frequency converters are included between the mains and the motor. Along with the frequency,
the voltage, current, slip, or EMF are usually changed. The frequency control, the slip control, and the mutual voltage-
frequency, current-frequency, and flux-frequency controls are called the scalar controls because they use the rms (static)
motor description to distinguish them from the vector controls, such as the field-oriented control and the direct torque

control, which requires the intellectual approach with the motor model in the control loop.

Power converters. Power converters are supplied from the single-phase or three-phase mains. To decrease the non-
sinusoidal current with high harmonics they generate, the converters are often connected to the mains through the chokes,

EMC filters, isolating transformers or auto transformers which limit supply sags and spikes and improve power factor.

Based on the principle of electrical motor operation, some prevailing directions to influence on the motor mechanical
energy may be distinguished. In the completely adjustable electric drive the control of the magnitude, frequency, shape,
and phase of the motor current, voltage, flux, torque, and speed should be processed. To this aim, the following power

converters are used in electric drives:

- ac/dc converters known as rectifiers that convert the input ac voltage U, to dc with controlled or uncontrolled

output voltage U, and current I, (Fig. 2.2 (a));
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Electric Drive Systems and Operation Common Properties of Electric drives

- dc/ac converters called inverters that produce the output ac voltage of controllable magnitude and frequency
from the input dc voltage (Fig. 2.2 (b));

- ac/ac converters called frequency converters and changers that establish ac frequency, phase, magnitude, and
shape (Fig. 2.2 (c))

- dc/dc converters called choppers that change dc voltage and current levels using the switching mode of

semiconductor devices (Fig. 2.2 (d))

— — —

a. b. Cc. d.

Fig. 2.2 Classes of power converters

Supply topologies. The supply topology of the squirrel-cage and wound-rotor induction motor drives is shown in Fig.
2.3 (a). Here, the stator circuit is fed by the ac/ac converter. The ac/ac power converter is driven by the mains voltage U, of
the power leads (often through the mains transformers). Energy from the converter of the demanded frequency, magnitude,
phase, and shape (U, ) supplies the motor stator.The frequency and magnitude of the stator voltage or current are adjusted by

the control system, which sets the demanded drive characteristics by online calculations or using information from sensors.

Practically the same supply topology the PMSM has (Fig. 2.3 (b)). To adjust the frequency and voltage by the stator

converter, the built-in motor encoder senses the shaft position here.
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Fig. 2.3 Power topologies of converter-fed electric drives

To excite the rotor circuit of the wound rotor machine, so-called rectifying cascades are sometimes applied (Fig. 2.3 (c)).
In such topology the naturally-commutated (direct) inverters are used which regenerate the slip energy to the mains thus
introducing an additional EMF to the rotor. Another method is based on the double fed converters, operated in both the

motoring and the generator modes.

Figure 2.3 (d) presents the topology of the completely controlled electric drive in which both the stator and the rotor
circuitry of the motor are excited by the separate stator- and rotor-feeding ac/ac converters. This organization can be applied
in the variable-speed wound rotor induction drive. Energy from the converter of the demanded frequency, magnitude,

phase, and shape supplies the motor rotor (U,) and stator (U,) circuits.

The power topology of the wound rotor field excited synchronous motor drives is shown in Fig. 2.3 (e). To adjust the

speed and voltage the ac/ac stator converter is used. The rotor circuit is excited through the separate rectifier.

The voltage and the flux are adjusted in the dc electric drive as well. Here, the mechanical commutator plays the inverter

functions whereas an excitation is provided by the PM (Fig. 2.3 (f)) or by the separate excitation circuit (Fig. 2.3 (g)).

2.2 Control topologies of electric drives

Control system. A drive system solves the problem of the most accurate implementation of the demanded impacts by the
driven machine which is the control object of the electric drive. For simple applications where speed and path accuracy
is not required, an open-ended control may be sufficient. An open-ended drive is one in which the signal goes from the
controller to the actuator only. There is no signal returning from the load to inform the controller that the motion has

occurred.
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However, the object of management is usually unstable, non-linear and encumbrance-affected therefore the set-points are
executed with errors. Applications that require the control over a variety of complex motion profiles use the closed loop
technique. These may involve the control of either velocity or position, high resolution and accuracy, very slow or very high
speeds; high torques in a small package size, etc. Because of additional components such as the feedback device, complexity

is considered by some to be a weakness of the closed loop approach. These additional components do add to initial cost.

Behaviour of the electric drive is described (Fig. 2.4) by some control variables y (the speed, torque, flux, or machine
position), disturbances x (moments of inertia, counter-torques, and encumbrances), set-points y*, intermediate variables
y' (voltages and currents). The control errors & are just usual here like in any automatic system. Commonly the set-points
are time-changing therefore for their reproduction the adjustable and automatic control systems are used. In some cases

an electric drive plays a role of the stabilizing system with the time-constant set-points.

Variable data pass across the direct channels and feedbacks. They are processed by the controllers (regulators) — information
converters that generate the references using the error signals § with the help of filters — information converters that select
the useful particle of the sensor signals y, y'. The set-points are generated by different set-point devices. The feedback
is the property of the dynamic electric drive operated in the close loop system. In a servo drive the feedback loops the

position, path, flux, torque, current, etc.

Feedback and feedforward loops. The feedback looping of the control object (Fig. 2.4 (a)) weakens an impact of the
external variables x on the system performing accuracy therefore as a rule the feedbacks loop the unstable and inertial
units. Such system consists of objects (O), regulators (Reg) and loops with summers and fork nodes. The negative feedback
provides boosting before the set-point approaching. Such boosting evidently appears in the linear area of the system
operation, comes down upon the influence of the non-linear factors, and disappears at saturation. The positive feedback

brings down the system quick action.

Stability of the close loop system is of the first importance. Yet, stability is the mandatory, but insufficient, condition of the
satisfactory management. The sufficient condition requires compensating of disturbances. The regulators, which design

does not meet these rules should be considered as improper.

In the control topology two ways are combined commonly - the deflection control by looping the components with

feedbacks, and the load-responsive control by arrangement the feedforward loops.

Cascading. Multi-loop (cascade) systems with outer and inner loops change significantly the properties of the components
they envelop. They provide stability of the unstable loop, decrease its lag effect, or encourage its integrating or differentiate
properties. Unlike the single-loop systems shown in Fig. 2.4 (a), in the inner loops of the cascade systems (Fig. 2.4 (b))
the additional impacts is produced. The inner loops promote effective compensation of the system disturbance because
they feel disturbances faster as compared with the major outer loop. Particularly, the predictive control with a feedforward
brings the reference closer to the control object thus specifying the value of y by the signal of the error § (Fig. 2.4 (¢)).
The so-called compound systems (Fig. 2.4 (d)) provide an indirect measurement and compensation of the disturbances
and errors. The equipment to measure and derive the signals in these systems forms an observer, that is the regulator of
the state controller class The systems with observers are applied when variables are untraceable for the direct measurement

and the reference presents the calculated function.
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3 Characteristics of Electric Drives

3.1 Dynamic characteristics

Definition. In order for the driven machine to produce good, accurate speeds and parts, it must operate in two distinct
modes: transient and steady state. The first mode of operation, the transient state, occurs when the input command changes.
This causes the load to accelerate and decelerate i.e. change the speed. During this time period, there is an associated time
required for the load to reach a final speed or position (rise time), a time for the load to settle, and a certain acceptable
overshoot. The second mode of operation, steady state, occurs when the load has reached the final speed, i. e. continuous
operation. During this time, there is an associated tracking accuracy typically called a steady state error. The machine

must be capable of operating in these modes to handle the variety of operations required for prescribed performance.

Demands in the dynamic properties of a drive arise as a result of even faster machining processes, increases in automation
cycles, and associated production efficiency. Dynamic characteristics, called also the time responses, reflect an electric drive
behavior in transients, such as start-up (starting), braking, set-point switching, load applying and fault. Any transient is the

assembly of a pair of motions - a free motion with the disturbed equilibrium and a motion forced by the applied impact.

A dynamic diagram (trace) shows the changing in time of the output control variables y like linear and angular speeds (v,
w) and paths (I, @), torques (1), currents (I), fluxes (y), and powers (P). They reflect the system respond to the set-points

y* and disturbances x upon the counter-torque T, voltage U, and parameters oscillations.

Step response. The system dynamic quality is usually evaluated by the deterministic transients. The most typical of them
are the steps (step responses). In some applications the trapezoidal and more complex inputs are used to test the drive
dynamics. Fig. 3.1 shows conventional transients excited by the step arising of the reference or the disturbance at the
zero instant. Basing on these curves, a system may be evaluated using such quality factors as the response property, quick

action, overshoot, oscillation, stability, and the steady-state mode.

1 ymax A
/\ 81 O

tdl tmax ZLd tlmax

Fig. 3.1 Examples of step responses
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The response properties are subdivided into oscillation-free monotonous, oscillation-free exponential, and oscillating processes

plotted by the traces 1, 2, and 3 in Fig. 3.1 (a).

Quickaction. The quick action known also as the speed of response or the transient response is measured by the first-matching
time t,, and the overall startup time t, In Fig. 3.1 (b), t,, and ¢, are the minimum and the maximum time intervals, after

the expiry of which the following inequality is met:

Y-
YL

<5,

where y and y, are the current and the steady-state outputs and §, is the permissible accuracy range (tolerance) known also
as the irregularity factor. Normally, §, < 0.05, i.e. the transients are considered as completed when y differs from y, no more

than 5 %. In the case of oscillation-free exponential modes of operation, ¢, = t, = 37, where 7 is the system time constant.

Time constants. The time constants describe the rate of the heating, mechanical, and electrical processes in electric drive.
Every time constant is the ratio of energy stored during the transient (power consumption) and the returned power

(power conductivity):

w
T=—.
P

C
Particularly, the thermal time constant T, = 3 is the ratio of the motor heat capacity C to its heat emission A. A mechanical

time constant

Jo
TT :TM (31)
d

describes the speed-up rate of the driven mechanism. It defines the time required to run the motor of the moment of
inertia J and the maximum possible starting torque T to the rated speed w,, neglecting electromagnetic loss. At the rated
speed the motor develops the rated power at rated voltage and frequency. Is serves as an indication of how fast the output

shaft will turn the connected equipment.

An electromagnetic time constant

L
T, = E (32)

is the important index of the electrical process rate in the drive of inductance L and resistance R.

To raise efficiency of the drives operated at the intensive start-up and braking modes and to increase the accuracy of the

servo systems, the electric drives require the smallest values of ¢, and ¢,
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In the systems of high speed and torque stability, the transient errors caused by the load disturbance (T), by the reference
change (y*), or by the braking influence restrict the quick action. An increase of the speed of response is limited also by the
motor overload capacity, the current rate of the power converter, and permissible mechanical accelerations. On the other

hand, in the percussion-type machines (punches, presses, pile-drivers, etc.) the speed of response is lowered forethought.

Overshoot. An overshoot is the ratio of the difference between maximum and the steady-state values of the output signal

to its steady-state value:

Typically, the overshoot is to be less than 0.15 to 0.50. In the machine-tool systems it is restricted by 0.10, whereas in
some drives it is prohibited. As well, the oscillation magnitude y__ is limited by the commutation, durability conditions,

etc. At last, the oscillation-free exponential processes have never overshoot.

Oscillation and attenuation. Oscillation is described by the number of alternations (unidirectional transitions) of the
output value y through the steady value y, per the transient time ¢, Usually, 3 to 5 oscillations are permissible. An interval
between the neighbor amplitudes T, =#],,,x - fmax =1/ TrT. is called a period of free oscillations or self-oscillation. A

2
self-oscillation angular frequency ®, = “T describes the system bandwidth and the value f. =— is known as the free
c c

oscillation frequency. It is assumed that the system senses the oscillations, which frequency is less than f. The rate of the

oscillation attenuation is measured by the damping factor, known also as an attenuation factor:

8 -5
A N 2 4 (3.3)

3, 2\,

where § and § , are the magnitudes of the first and second oscillations. It is preferable to have 0.7 = & = 1.0.

Damping indicates the rate of system stability. In the stable system the first overshoot has the highest magnitude, that is

8 =98 . When the magnitude has no damping and raises with time, we say about an unstable system with sustained oscillation.

Steady-state mode. Gradually, the free component in the transient is damped, and the system works in the steady mode of
the forced oscillation. The features of the steady-state mode are described by the steady or periodic processes dependently
on the applied influences. To evaluate the first, the static characteristics are used, and in the last case the dynamic traces

are popular.

In electrical converters, the steady processes are accompanied by ripples, which are distinguished as the harmonic and
sub-harmonic ones. In motors, the steady-state mode is accompanied by pulsations. The pulsation caused by the converter
ripples should not destroy the motor dynamics. In mechanical system, the steady state is described by the load diagrams that

reflect the periodic load time-changing, and by the travel diagrams that illustrate the speed-time trajectories of a machine.
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3.2 Static characteristics

Definition. The static characteristics describe the system in the steady-state modes while the counter-forces and counter-
torques are considered as constant or weakly changed ones. These characteristics may be discussed as the particular cases
of the transients supposing the smallest input deviation in the referred time interval. Usually, the static curve represents
the trace of the control variable y (I, T, F, w, v, @, L, etc.) forced by some main disturbance x (U, T}, F,, etc.) upon the fixed
set-point y*. The influence of other disturbances is displayed as the drift, which distorts the diagram shape.

External characteristics (output characteristics) and control characteristics describe the operation of power converters
in the steady-state mode. Examples are: U (I), U,(x). The main static characteristics of motors are an electromechanical
characteristic (a speed-current characteristic w(I)) and a mechanical characteristic (a speed-torque characteristic w(T)). The
typical static characteristics of the load are the counter-force and counter-torque diagrams as the functions of speeds and

paths, T, (w), F,(]), etc.

Universal diagram. As a rule, the static characteristics are represented in the universal diagrams that combine the motor
and the load curves, and, sometimes, the power converter curves. In their intersection the operating point of an electric
drive is placed. For example, Fig. 3.2 (a) illustrates the speed-torque characteristic curves of the motor w(T) and the

mechanism T (w).
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Fig. 3.2 Examples of speed-torque characteristics

At start-up, the motor runs from the zero speed and follows its speed-torque characteristic until reaching the stable
operating point T = T, where the load characteristic and the motor characteristic intersect. This stable operating point

will be reached if the load torque is smaller than the motor maximum torque.

To evaluate the system on the basis of the static characteristic, the following quality indexes are used: an overload capacity

\, a speed range D, rigidity B, linearity, and the steady-state errors.
Overload capacity. An overload capacity is the ratio of the inrush value of a disturbance x___to its rated value x :

)\' — Xmax
Xn

In power converters, the overload capacity is restricted by their heat dissipation features. Typically, for the semiconductor

devices it is relatively small, but for the magnetic devices and electrical machines it is enough significant. The overload

max

capacity of motors presents the ratio of their maximum and rated torques, A = , and is indicated in the datasheets.

M
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Speed range. A speed range (speed ratio) is the ratio of the control variable inrush value y = w__ to its minimum

possible valuey . = w__

in

0‘) max

w

D:ymax —

Ymin min ,

which is true in the full range of the disturbance drift. Particularly, to measure the speed adjustment range, the drift of the
load torque &, should be limited by the permissible values T, . and T, or by the constant range +0.2T,. An example
is given in Fig. 3.2 (b). Usually, the speed adjustment range of the simple electromechanical systems is equal 2 to 5. The
close loop automotive electric drives implement ranges that are of 1 to 3 orders more. The full speed adjustment range
of the auxiliary electric drive of the precision milling machine, lathe, or turned lathe reaches 10? to 10°. The theoretical
speed range of the feed drive for the contour machining using the computer numerical control is infinite. In practice, the
minimum auxiliary value is restricted by the sensitivity to the supply voltage and frequency deviations. Their permissible
ranges are -15 to +10 % and 2 % accordantly. The speed range of the machine-tool main electric drive riches typically

200, 500, or 1000.

Rigidity. The rigidity factor
dy,
p=—>,
dy
shows an alteration of the control variable y upon the main disturbance ¥, thus indicating the motor possibility to perceive

the load. Rigidity of the motor speed-torque characteristics w(T),

dT
p="
do
and the motor speed-current characteristics I(T),
dl
Br=—-
dow

are of tenths and hundreds. Such characteristics are called the rigid curves or flat characteristics in distinct from the
soft, or drooping, characteristics that depend on the disturbances. Examples of absolutely rigid (1), rigid (2), and soft
(3) characteristics are given in Fig. 3.2 (c). Absolutely rigid are the synchronous motor characteristics, whereas the

characteristics of the series dc motor are mostly soft. Rigidity relates to the speed range as follows:

D= ZB(DO 'TLmax'TLmin

TL max ~ TL min
where w, is the idle speed at T, = 0.

Rigidity of the power converter characteristics practically never exceeds 100. On the other hand, rigidity of mechanical

systems changes within the broad bounds. Rigidity of the machine counter-torque characteristic

_4n

Br= o (3.4)
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is called a viscous friction factor or the inner friction factor. The ratio of motor rigidity B to the mechanism rigidity 8,
treats the condition of the drive stability. We call the system as stable when an adjusted variable decreases while the
disturbance increases. In a stable system, an adjusted variable decreases while the disturbance increases (curve 1 in Fig.
3.2 (d)) whereas it increases in a non-stable system (curve 2 in Fig. 3.2 (d)). Consequently, the stability condition is p < 3,
that is the closer is the angle between w(T) and w(T)) to 90°, the higher is the stability of the process. In other words, if,
after the speed rising, the load trace T, is placed to the right of the motor trace T, the motor will not develop the torque
to return the speed to the previous state. Therefore, this drive system has the necessary stability. And vice versa, if, after
the speed rising, the trace of the counter-torque T, is placed to the left of the trace of the motor torque T, the developed

wasted torque will accelerate the motor. Examples of the stable (1) and unstable (2) systems are given in Fig. 3.2 (e).

Linearity and steady-state errors. From the linearity point of view, the systems with constant rigidity are called linear
systems, whereas any variability of rigidity is the feature of a non-linear system. Characteristics examples of the linear (1)

and non-linear (2) systems are given in Fig. 3.2 (f).

The steady-state errors describe the deviation of the system motion from the constant or smoothly changed reference upon

the constant or smoothly changed disturbances.

Usually, the external characteristics of power converters are evaluated by the same features as the motor and the load static
characteristics. As the control curves are concerned, normally they are not restricted by overloading capabilities, rigidity,

or the steady-state errors, though the control range and linearity are their important properties.
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Correlation of dynamic and static characteristics. Earlier the time constants of the electric drive were introduced. To
associate the mechanical time constant T, from (3.1) with the moments of inertia and the load torque, introduce the

following equation:

_Jo_Jy+Jy o IuOVrr

Tr = = 3.5
r TmaxiTL Tmax(y\‘T 71)
_ J Mt J L . . . . A\, = —max . -~
Here Y; = ———— istheload inertia ratio and A7 = is called a motor overtorque. Usually T, = T, , therefore the
M L

motor overtorque A, is defined by its overload capacity A. The equation is used to calculate the systems at the alternate
load. It shows that the less is the machine inertia and load, the higher is the quick action. Any increasing of these items
decreases the speed of response. The load inertia ratio changes within the broad range in the rolling mills, sluices, and

machine-tools to 20 and more in the paper machines and excavators.

3.3 Load characteristics

Passive and active loads. The electrical motor is the reversible electrical machine capable to perform in the motoring
and generator modes dependently of the load features. The load forces and counter-torques which are independent on
the sign of the motion speed are called reactive or passive forces and torques. They are typical for the machine-tools and
conveyers where the weight and cutting forces prevent the motion and change their sign along with the change of the
machine direction (Fig. 3.3 (a)). In the hoists and weights, the active forces and torques are presented. Their sources are
gravity and deformation therefore they keep direction when the load direction changes. These forces may both prevent

and contribute to the motion. The hoists usually require some specific control methods for the vertical motion.

® Passive
®
Active Passive
T, T
Active
Passive
a b.
o ®
Passive Active Passive Active
c d.

Fig. 3.3 Active and passive torques
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Motoring and regeneration. Figures 3.4 (a) present possible variants of applying of the work forces to the motor shaft for
the four-quadrant operation. The first and the third quadrants illustrate the motoring mode of the drive performance. The
second quadrant shows the generator mode of regeneration where energy of the load motion returns to the motor. The forth
quadrant displays the generator mode of the counter-motion. In the motoring mode, the motor torque contributes to the

mechanism motion whereas in the generator modes, the motor develops the torque, which prevents the mechanism motion.

@%H w@%l -
—©,
TV TV T é:\ Tn_ Tmax TL
@% . @D :
I A%

I |
a. b.

Fig. 3.4 Modes of drive operation and restrictions of the speed-torque characteristics

The reversing drive operates within four quadrants with a clockwise/counterclockwise (CW/CCW) rotation of the motor and
an excursion motion of the load. In the other cases the direction change of the load is prohibited or impermissible thus

the non-reversing drive is required. The specific means for prevention of reverse rotation are developed in some of cases.

Load profiles. The four most popular load profile types are as follows:

- torque independent of speed (constant torque)
- torque proportional to the square of the shaft speed (variable torque)
- torque linearly proportional to speed (linear torque)

- torque inversely proportional to speed (inverse torque)

Fig. 3.3 (a) shows the active and reactive load torque diagrams (T, = const) of some machine-tools, conveyers, and traction
equipment. The load can be considered to be constant if the torque remains the same over the operating speed range.
Typical constant torque loads are lathes, axial and centrifugal pumps and ventilators, screw and centrifugal compressors,

and agitators.

Extruders, draw benches, paper and printing machines, conveyers, and lifts have the linear torque, whereas the rolling
mills, winders, wire drawers, and some lifts have the inverse torque. The loading generators usually have the linear static
characteristics plotted in Fig. 3.3 (b)):

T, =k,+kow

Other applications have a variable torque characteristic that is their torque increases with the speed. Centrifugal pump

characteristic is described by the quadratic pump and fan characteristic (Fig. 3.3 (c)) like this one:
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T, = kw?
As the torque of pumps and fans, stirrers and mixers is proportional to the square of the speed, their power is proportional
to the cube of the speed. This means that at reduced speeds there is a great reduction in power and therefore energy
saving. Because the power is greatly reduced, the voltage applied to the drive can also be reduced and additional energy

saving is thus achieved.

The vacuum cleaner motion is described by a cubical low, and some extruders, mixers, and robots have more complex

model of operation. (Fig. 3.3 (d)), for example,

T, =k, +ko+ko +..

Restrictions of speed-torque characteristics. Figure 3.4 (b) shows the typical limitations of the modes of the electric
drive operation. In the nominal operation points the rated torque T is developed within the rated speed range w . At
the torques equal and below the rated value, an electric drive power varies proportionally to the speed, P = Tw. This area
provides the ability of the drive constant torque operation. To exceed the rated speed, the torque should be decreased to
save the constant output power in the high speed operation mode beyond the rated speed. This area provides the ability
of the drive constant power operation. The drive override w__is restricted by the mechanical durability and, as a rule,
cannot exceed the double rated speed. In the range of the low speeds due to the cooling deterioration, the load derating
is recommended up to 15...30 %. This motor derating is essentially independent of the drive type, thus the constant

torque ability is declined.

The maximum torque of the dc and servomotor is limited, among other factors, by the load capacity of the permanent
magnets. The rms torque must be smaller than the torque at zero speed. If a motor is too heavily loaded and the current
increases to an excessive value, the magnets will become demagnetized and the motor will “lose the torque” To avoid
demagnetization, the currents of the motor and power converter must be agreed. Additionally, if the thermal limiting rate

is exceeded, this also will result in demagnetization of the magnets or damage of the winding insulation.

Torque restriction in the upper speed range depends on the supply voltage and the voltage drop in the cables. Due to the
counter-EMF (voltage induced in the motor) the maximum current can no longer be injected. This results in a reduced

torque.

The permissible torque T__ is restricted by the motor inrush current. All motors work continuously within the rated
current (full-load current) range. Their short-time run-up locked-rotor currents overcome the rated value 2 to 10 times.
Mechanical systems, such as bearings, shafts, and gearboxes have the limited overload capacity as well. Typically, within
the speed range from w,, to 0.5w,, the 1.5-times overload is possible up to 60 seconds and the 2 to 3-times short-term
overload in 0.2 to 3.0 seconds. Within the speed range from 0.5w,, to 0.25w,, the 3 to 4-times overload limit is possible

in milliseconds, and in the case of very low speeds, the 4 to 6-times overload electronic trip may occur.
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4 Universal Model of Electrical
Machine

4.1 Park’s machine

Orthogonal reference frames. To describe any rotational machine, R. H. Park have introduced the orthogonal reference
frames, which interpret a multiphase multi-pole system as an equivalent double-phase bipolar (p = 1) machine. The aim
of the Park’s transformation is to simplify the analysis of multi-phase circuits by reduction of many ac quantities to the
pair of dc variables. Simplified calculations can be carried out on these imaginary dc quantities resulting, if required, in

the following inverse transformation to recover the actual multi-phase ac results.

An elementary Park’s machine has two identical stator coils (m, = 2) located such that their axes are shifted by 90°,
and two rotor coils (m, = 2) disposed in the similar way. The air gap between the stator and the rotor is assumed to be
constant and independent of the rotor position. In the winding diagram shown in Fig. 4.1 (a), three orthogonal winding
systems are represented. The lengthwise and the transversal stator windings w;,,, wig are placed along the axes which are
denoted as an orthogonal stator reference frame (a, ). The orthogonal reference frame for the rotor windings, W4, Wz,
is denoted as (d, g). The lengthwise axis d is superposed with the positive direction of the rotor MMEF. Any arbitrary frame
of references is denoted as (x, y). Normally, the stator frame is fixed in space whereas the rotor frame and other arbitrary
frames can rotate in space with some angular frequencies. The counter-clockwise rotation is considered as positive and
clockwise rotation as negative. Angles are counted in the positive direction of the rotor rotation. The positive directions

of the B, g and y axes are selected in advance with o, d and x.
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Electric Drive Systems and Operation Universal Model of Electrical Machine

Fig. 4.1 Park’s model of a motor

ParKk’s notation. Below, the Park’s notation is introduced which is used throughout the text:

L,, L,, Ly — a natural reference frame of the actual balanced three-phase machine;

(a, B) — an orthogonal stator reference frame of the Park’s model;

(d, q) — an orthogonal rotor reference frame of the Park’s model;

(%, y) — an orthogonal arbitrary reference frame rotated at some angular frequency o o

0,, f; — a phase and a frequency of the stator voltage;

o, = 50, = 2nf; — an angular frequency of the stator field and stator EMF E, rotated in the stator reference frame (a, )
and called also a synchronous speed of the unipolar motor field;

0,, f, — a phase and a frequency of the rotor EMF E, called also an induced voltage;

®, =50, =2nf, — an angular frequency of the rotor EMF and of the corresponding vector of the rotor current in the
rotor reference frame (d, g ) called also a slip speed;

0,5, f1, — aphase and a frequency of the rotor EMF relative to the stator voltage;

W, = 5912 = 27Tf1 2 — an angular frequency of the rotor EMF relative to the stator.

Frequency equilibrium. As the stator windings match the reference frame (a, B) and the rotor windings match the

reference frame (d, q), hence

35
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O] =W, + 05, 4.1)

Here, the stator frequency w, is the frequency of the voltage and current in the stator circuit whereas the slip frequency
determines the induced voltage and current in the rotor circuit. In the induction machines both the stator and the rotor
are excited by ac (Fig. 4.1 (b)). In the synchronous machines the rotor is excited by dc, that is w, = 0 and w, = w , (Fig.
4.1 (c)). In the dc machines the stator is excited by dc, that is w, = 0, therefore w, = ~w , (Fig. 4.1 (d)).

Electrical equilibrium. The model of the Park’s machine in the arbitrary reference frame (x, y) rotated with the frequency

o, depicts the electrical equilibrium of the stator and rotor winding voltages by the following Kirhchoff’s equations:

Uiy =Rl + 51, — Oy,

Uiy =Rl + 5y, + Oy,
4.2)
Usy = Rols + 5w, — (00 — o + 03 )5,

U2y =R2[2y +S\J/zy +((’0k —(Dl +(,02)\V2x.

Thanks to the system orthogonality,

2 2 2 2
U1: \[le +U1y3 U2: VUZx +U2y
L=k + 1, L=y +13,

As follows from (4.2), the supply voltages are distributed between three components. The first component (R) describes
the ohmic voltage drop in the stator and rotor windings caused by the Joule’s power loss. The second one, the flux linkage
derivation (sy,), is caused by the voltage drop in the winding leakage reactance. It is called a transformer EMF, or a self-
induction EMF The mutual motion of the windings results in a back, or rotation EMF, known also as the counter-EMF,

E = Y. In (4.2) rotation EMF exists in both the stator and the rotor.

Flux equilibrium. In the orthogonal reference frame (x, y) the flux linkage results from two components. As the phase
winding resistances R, R, are symmetrically distributed along the rotor circle, the following equations unify the motor

fluxes, inductances, and currents:

Vi = Ly + Lyplyy,
Vi, = Ly, + Liply,,
Yoy = Loloy + Liply,,
Vay = Lylyy + Lol

4.3)
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[ 2 2 [ 2 2
Y11= W1x+W1y’ Vo= W2x+w2y

where L, L, are the stator and rotor inductances and L , is the mutual inductance. Inductances are defined by the magnetic

conductivity and the number of turns. Introducing of electromagnetic link factors and a leakage factor

2

yields the reverse expressions of the currents through the flux linkages:

1 Vi
Il =— _lx
2x GL2 [sz k] J
1 le
Ly =—— |y, —
6L, [\VZy k, ]
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Electromechanical equilibrium. Unlike the ideal Park’s machine, in the real 2p-pole machine the angular frequency w,
of the stator magnetic field (a motor synchronous speed or an ideal no-load speed), the motor shaft angle ¢ and frequency

w called simply a motor speed are as follows:

°
)
|
)

8]
=)

wy=—L, ¢= PR B L ) (4.5)
p p p p p

Thus, (4.5) determines the relationship between the electrical and mechanical angles and speeds through the number of

the machine pole pairs p.

Recall the vector product (1.2) of the current and the flux linkage that originates the motor electromagnetic torque T,

Assuming T = T, and taking into account (1.3) and (4.3), the motoring torque can be presented by the following equations:

T= mllez(IlyIZx _le12y)’

k
T= mlpG_I(WIyWZx - Wlx\VZy)

L,
szlpkl(WIyIZ)c_WlxIZy)) (4.6)
T:mlpkz(\l’lely _\V2y[1x)
do 1
—~—\T-T,)
=510

Thus, the motor torque is defined by the values of the following variables: the stator flux linkage v, the rotor flux linkage
V,, the effective flux linkage v, ,, the stator current I, the rotor current I, as well as their phase displacements. The torque
does not depend of the reference frame selected for calculation, whether (x, y), (d, q) or (o, ). The last expression in (4.6)
is the major equation (1.1) of the torque equilibrium which determines the motor speed w through the motor torque T,

the counter-torque T, and the moment of inertia J.

4.2 Coordinate transformation

Transformation of (L, L, L) to (a, B). This transformation can be thought of in geometric terms as the projection of
the three phase quantities onto two stationary axes, the a axis and the P axis. To proceed from the balanced natural three-
phase current system I, I, I, where I, + I+ I, = 0 to the orthogonal reference frame (a, ), the following equations

are applied:

2 1
I, :E[lu _E([LZ +IL3)] =1,
4.7

IIB :ﬁ(]u _1L3)

Transformation of (L, L, L,) to (d, q). This transformation is conceptually similar to the previous transformation. It
can be thought of as the projection of the three separate sinusoidal phase quantities onto two axes rotating with the same
angular frequency as the sinusoidal phase quantities. The two axes are called a direct, or d, axis and a quadrature, or g, axis

respectively. To convert the natural frame (L, L,, L,) to the orthogonal frame (d, q), the following equation system is used:
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Iy, =§([2L1 cos0, +1,;, 005[92 —2%)+12L3 cos[@z +%D

I, = —%(12“ sinB, + 15,5 sin(ez —2%)+12L3 sin(ez +2—3ED

Transformation of (a, ) and (d, q) to (L, L,, L,). The reverse conversion formulae are as follows:

Iy =1,
1
I, = _E(IM - \/5115) (4.8)

I;= —%(Im + \/511,3)

12L1 :12d 00892 _12q Sin92
2n . 2n
12L2 :IZd Cos(ez _?)_Izq Sln[ez _Tj

12L3 :Izd COS(OZ +?j_12q Sin[ez +2?nj

Transition between (a, ) and (d, q). The mutual transformation formulae are as follows:

IZd :IIG C05912 +[1B sin 612
]2q :_Ilot sin 612 +IIB 0059]2
IIOL :IZd 005912 _]2q sin 612

IIB = IZd sin 612 +12q 008912

Transition between (a, ) and (x, y). The same concerns the mutual relationship between (x, ¥) and (a, ) frames,

I]x =110t COSG] +11'3 Sin 91

Ly, =—1, sin 6 + I ;g cosH,

y
IlOL =11x COSG] _Ily Sin 61

4.9

IIB :le Sin 91 +IlV COSel
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Voltage transformation. The transformations of voltages and flux linkages are similar to those of the current formulae,

for example:

1
Ui, =Up _E(ULZ +UL3)

V3

U1B =7(UL2 _UL3)

(4.10)

43 DC motor

Design. A dc motor is the example of the electrical machine in which solely the dc signals provide direct torque and speed
control. When comparing the dc motor with an ac machine, the former represents the best control plant because the main
flux and the armature current distribution here are fixed in space and can be directly and independently controlled while
with an ac machine these quantities are strongly interacting and move with respect to the stator, the rotor, and each other.
To implement the same control in other types of machines, their control systems convert the ac variables to the dc ones
using electrical or mechanical Park’s transformations. This is the reason why the dc motor properties serve as the sample

of the reachable control possibilities for all kinds of drives.

Mathematical model. The dc motor has two separate sources that interact to develop the torque. These are the stator

field and the rotor circuit. To build the dc motor model in the fixed frame (a, B) shown above in Fig. 4.1 (d), the P axis

is placed along the pole axis, which commutates during the motor operation therefore the sole stator winding is fixed

along P. The a axis is superposed with the brush axis and with an equivalent (substitution) rotor winding. The following

desionations are used in the dc machines:
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Li=Lg,R ZRCDsIlB =]<1>9U1[3 =Uy,
L2 :La’RZ :RmIZa :Ia’UZOL :Ua'

Here, an index @ depicts the parameters of the excitation circuit for the effective flux linkage whereas a indicates the
armature torque-producing parameters. The excitation current I establishes the permanent flux y, = ®. The parameters
of the dc motors are as follows: L,<<L,L,<<L, thus the stator flux linkage Y, is the dc motor constant considered as

Uy =Ryl
Yy =k ® =k, @ = plyplg =—— (4.11)

Oy
where U, R, I, are the rated dc motor armature data, w,, is the rated angular frequency.

Torque and voltage equations. As well as in other types of motors, the current vector consists of two components. But in
the dc motor, both the current components are structurally disconnected and can be adjusted independently. The load-
dependent armature current I  creates the EMF and the torque. Because of the permanent excitation and the commutator

action, the developed torque is given by (4.6),

T=plplel,.

In (4.2) w,= w, = 0 and w, = w,,, which yields in the following scalar model of the motor:

Up =Roplg,slgp =0,
U,=R,,+L,sI,+k,Po,
Ty = ko @I ,,

T=T,=T +Jso.

(4.12)

As (4.12) implies, the armature voltage U, is distributed between the armature voltage drop R 1, the self-induction EMF
sy, = L sI, and the back EMF described by the Faraday’s law as E, = k ®w.

Vector diagram and motor characteristics. The vector diagram (phasor diagram) of the motor drawn in Fig. 4.2 (a)

interprets geometrically the above mentioned components in the particular time instant using the space vectors of the

rotor variables fixed along the brush axis (a) and the stator flux axis (p).
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Fig. 4.2 Vector diagram and spe