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Foreword

The convergence of power electronics and electrical drives has
revolutionized countless industrial and transportation applications, ushering in
an era of enhanced efficiency, precision, and control. From the delicate
movements of robotic arms to the robust power delivery of electric vehicles, the
seamless integration of these two fields underpins much of modern technological
advancement. The ability to manipulate electrical energy with ever-increasing
sophistication and apply it effectively to motor control is a cornerstone of
sustainable and intelligent systems.

In this context, a comprehensive and insightful exploration of "Power
Electronics Control of Electrical Drives" is both timely and essential. This book
embarks on a journey through the fundamental principles, advanced techniques,
and practical considerations involved in designing, implementing, and
optimizing modern drive systems. It delves into the intricacies of power
semiconductor devices, the architecture of various power converter topologies,
and the sophisticated control algorithms that govern the behavior of electric
motors.

The reader will find within these pages a structured and thorough treatment
of key topics, ranging from the basic characteristics of different motor types to
the nuances of pulse-width modulation strategies, vector control, and field-
oriented control. Furthermore, the book likely addresses the crucial aspects of
system design, including thermal management, protection circuits, and the
impact of drive systems on power quality.

This book serves as a valuable resource for a diverse audience. For
undergraduate and postgraduate students, it offers a rigorous foundation in the
subject, equipping them with the theoretical knowledge and analytical tools
necessary to excel in this dynamic field. Practicing engineers will find it to be a
comprehensive reference, providing practical insights and advanced
methodologies for tackling real-world challenges in drive system design and
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implementation. Researchers will appreciate the in-depth treatment of cutting-
edge control strategies and emerging trends.

The importance of this subject cannot be overstated. As the world
increasingly focuses on energy efficiency and electrification, the demand for
skilled professionals who can design, analyze, and implement sophisticated
power electronic control systems for electrical drives will only continue to grow.
This book, therefore, stands as a significant contribution to the field, bridging the
gap between theoretical understanding and practical application.

The book "Power Electronics Control of Electrical Drives" will serve as an
indispensable guide for students, engineers, and researchers alike, empowering
them to contribute to the ongoing advancements in this vital and ever-evolving

domain.

-Authors
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Chapter-1.

Control of DC Motors Through
Phase controlled Rectifier

1.1. Introduction

Electrical drives are electromechanical systems that convert electrical energy
into mechanical energy to control the motion of various machines and
mechanisms. They are essentially a combination of an electric motor, a power
electronic converter, a control unit, and a sensing unit, all working together to
precisely regulate the motor's speed, torque, and position.

1.1.1. Components of an Electrical Drive System:

e Electric Motor: The primary component that converts electrical energy
into mechanical energy. Common types include DC motors (shunt, series,
compound), AC motors (induction, synchronous), stepper motors, and
brushless DC motors.

e Power Electronic Converter (Power Modulator): This unit regulates
the power flow from the source to the motor, enabling the motor to
achieve the required torque-speed characteristics. It also controls source
and motor currents within permissible limits during transient operations
(starting, braking, speed reversal) and converts the input electrical energy
into the form required by the motor (e.g., AC to DC, DC to AC, or

1



Power Electronics Control of Electrical Drives

adjusting voltage/frequency). Examples include rectifiers, choppers,
inverters, and AC voltage controllers.

e Control Unit: This is the "brain" of the drive, controlling the power
modulator based on input signals and feedback from the sensing unit.

Modern control units often utilize microprocessors for sophisticated

control, including features like interlocking, sequencing, and fault

protection.

e Sensing Unit: This unit provides feedback about the motor's operating
parameters, such as speed (using tachometers or encoders) and current

(using current sensors). This feedback is crucial for closed-loop control
to ensure accurate and stable operation.

1.1.2. Control of Electrical Drives:

The control of electrical drives typically involves adjusting the voltage, current,
and/or frequency supplied to the motor to achieve the desired output
characteristics. This can be broadly classified into:

e Speed Control:

@)

DC Drives: Achieved through armature voltage control, field flux
control, or a combination of both. Power electronic converters
like controlled rectifiers and DC choppers are used for precise
control.

AC Drives: Achieved through stator voltage control, rotor
voltage control (for slip-ring motors), or, most commonly,
variable voltage and frequency (V/f) control using inverters. The
V/f control maintains a constant air gap flux, ensuring stable
operation over a wide speed range.

Closed-loop Speed Control: A widely used method that employs
an inner current control loop within an outer speed loop. A sensor
(e.g., tachometer) measures the actual speed, which is then
compared to a reference speed. The error signal is processed by a
controller (e.g., PID controller) to adjust the power converter
output and correct the speed.
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e Torque Control: Directly controlling the motor's torque, often used in
applications like battery-operated vehicles and electric trains where the

driver sets a torque reference.

o Position Control: For applications requiring precise positioning, such as
robotics and machine tools, the drive system incorporates position
feedback (e.g., using encoders) to ensure the motor reaches and holds a
specific position.

1.1.3. Applications of Electrical Drives:

Electrical drives are ubiquitous, found in almost every sector due to their

versatility and control capabilities.

e Industrial Applications:

@)

@)

Manufacturing: Machine tools (lathes, milling, grinding
machines), presses, punches, rolling mills, textile mills, paper
mills, cement mills.

Material Handling: Conveyors, cranes, hoists, lifts,
storage/retrieval systems.

Fluid Handling: Pumps, fans, compressors (e.g., in refrigeration
and air conditioning).

Robotics: For precise speed and position control.

o Transportation:

@)

@)

Electric trains, locomotives, electric vehicles.

Ship propulsion.

o Domestic Applications:

o

Washing machines, mixers, electric razors, escalators, gate
drives.

o Specialized Applications:

o

o

High-frequency spindles for internal grinding.

Petrochemical industries (for fluid handling with flow control).
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1.1.4. Advantages of Electrical Drives:

1.1.5.

Flexible Control Characteristics: Offer wide and smooth control over
speed, torque, and position, allowing for precise operation.

High Efficiency: Electrical energy conversion to mechanical energy is
highly efficient, leading to lower operating costs.

Wide Operating Range: Available in a wide range of power (milliwatts
to megawatts), speed, and torque.

Clean Operation: No fuel combustion, hence no flue gases, smoke, or
pollution.

Less Maintenance: Compared to mechanical or other prime mover
drives, electrical drives generally require less maintenance.

Compact Size: Being compact, they require less space for installation.
Economical: Lower running costs due to high efficiency and lower
maintenance.

Reliability: Generally reliable and have a comparatively longer lifespan.
Ease of Operation: Can be easily started, stopped, reversed, and even
remotely controlled.

Quick Response: Offer fast response to changes in control signals.
Electric Braking: Superior and economical braking systems are
possible.

No Fuel Storage/Transportation: Eliminates the need for fuel storage
and transportation.

Easy Power Transmission: Electrical energy can be easily transmitted
over long distances through transmission lines.

Disadvantages of Electrical Drives:

Reliance on Electrical Supply: Cannot operate in the event of an
electrical power supply failure.

Limited Portability: Not suitable for applications in remote areas where
an electrical power supply is unavailable.

Initial Cost: The initial investment for power electronic converters and
sophisticated control systems can be higher than simpler mechanical

4
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drives, especially for variable speed applications.

e Harmonic Distortion: Power electronic converters can introduce
harmonic distortions into the power supply system, which may require
additional filtering.

e Complexity: Modern electrical drives with advanced control systems can
be complex to design, install, and troubleshoot.

e Sensitivity to Environment: Electronic components can be sensitive to
extreme temperatures, humidity, and dust, requiring suitable enclosures
and environmental control.

e Electromagnetic Interference (EMI): Switching devices in drives can
generate EMI, which might interfere with other electronic equipment if
not properly mitigated.

Despite these disadvantages, the numerous advantages and increasing demand
for precise, efficient, and automated control have made electrical drives
indispensable in almost all industrial and domestic applications.

1.2. Electrical Drive System

Power Electronic Mechanical

souTCE *™  converter lomd

T o

Y

Cantraller

Figure 6-1. Functional blocks of the electrical drive system

A modern electrical drive system has six main functional blocks (Fig 1). These
are a mechanical load, a motor, a converter, a power source, a sensor, and a
controller. The power source provides the energy the drive system needs. The
main function of a converter is to transform the wave-form of a power source to
that needed by the electric motor in order to achieve the desired performance.
Majority of the converters provide adjustable voltage, current, and / or frequency

5
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to control the speed. The converter interfaces the motor with adjustable voltage,
current, and / or frequency. The controller supervises the operation of the entire
system to improve overall system performance and stability.

The diagram which shows the basic circuit design and components of a drive,
also shows that, drives have some fixed parts such as, load, motor, power
processor, control unit, and source. These equipment’s are termed as parts of
drive system. Power processor is an electronic converter which controls the
power flow to motor to get variable speed. It performs several functions such as
(1) it processes flow of power from the source to the motor and impart
speed—torque characteristics needed by the load, (ii) it regulates source and motor
currents within permissible values, such as starting, braking, and speed reversal
conditions, (iii) it selects the mode of operation of motor, i.e., motoring or
braking, and (iv) It converts source energy in the form suitable to the motor.

Control unit controls the function of power processor. The nature of control unit
for a particular drive depends on the type of power processor used. When semi-
conductor converters are used, the control unit consists of firing circuits. Micro-
processors are also used when sophisticated control is needed. Sensing unit
consists of speed sensor or current sensor. The sensing of speed is needed for the
implementation of closed loop speed control schemes. Speed is normally sensed
using tachometers coupled to the motor shaft. Current sensing is needed for the
implementation of current limit control.

AC-DC, AC-AC, DC-AC and DC-DC converters are some electronic converters
used in drives. In AC-DC converter (Fig 2a), the AC wave form is converted to DC
with adjustable magnitude. The input can be a single or multi-phase source. This
type of converter is used in DC drives. In AC-AC converter (Fig 2b), the input wave-
form is typically AC with fixed magnitude and frequency. The output is an AC with
variable frequency, magnitude or both. In DC-AC converter (Fig 2c), the DC wave-
form of the power source is converted to a single-phase, or multi-phase AC wave-
form. The output frequency, current, and / or voltage can be adjusted as per the
application. This type of converter is suitable for AC motors. The DC-DC converter
(Fig 2d) is also known as ‘chopper’. This converter is used to convert the constant
input DC wave form to a DC wave-form with variable magnitude. The typical
application of this converter is in DC motor drives.
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Figure 6-2. Types of converters

Sensor senses the speed of motor and sends signal to controller. A well design
controller has several functions. The most basic function is to monitor system
variables, compare with some desired values, and then readjust the converter
output until the system achieves a desired performance. This feature is used in
such applications as speed or position control. In case of rectifier converters, the
rectifier converts the utility supply voltage to a DC voltage with a fixed or
adjustable magnitude. The normally used rectifier topologies include multi-pulse
diode rectifiers, thyristor rectifiers, and pulse-width modulated (PWM) rectifiers.
Controller controls the power output of power processor. The power processor
sends controlled output voltage to motor. Micro-controller and micro-processor
are the normally used controllers.

For the design of the electrical drive system, several other things including the
electric motor is to be considered. While designing the electrical drive system,
the same system performance can be achieved in different ways. The final
criterion for the best design is not only the economic reasons such as initial
investment, and running cost etc., but also non-economic reasons such as
environmental friendliness, ethics, and regulations. Recently, because of the
concern of engineering to the social responsibility, the non-economic reasons
have gained importance.

The thyristor DC drive remains an important speed-controlled industrial drive,
especially where the higher maintenance cost associated with the DC motor
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brushes is tolerable. The controlled (thyristor) rectifier provides a low-impedance
adjustable DC voltage for the motor armature, thereby providing speed control.

Until the 1960s, the only really satisfactory way of obtaining the variable-voltage
DC supply needed for speed control of an industrial DC motor was to generate it
with a DC generator. The generator was driven at fixed speed by an induction
motor, and the field of the generator was varied in order to vary the generated
voltage. The motor / generator (MG) set could be sited remote from the DC
motor, and multi-drive sites (e.g., rolling mill in a steel plant) had large rooms
full of MG sets, one for each variable-speed motor installed in the rolling mill.
Three machines (all of the same power rating) were needed for each of these
‘Ward Leonard’ drives. For a brief period in the 1950s they were superseded by
grid-controlled mercury arc rectifiers, but these were soon replaced by thyristor
converters which offered cheaper first cost, higher efficiency (typically over 95
%), smaller size, reduced maintenance, and faster response to the changes in set
speed. The disadvantages of rectified supplies were (i) the wave-forms are not
pure DC, (ii) the overload capacity of the converter is very limited, and (iii) a
single converter is not capable of regeneration.

Though no longer pre-eminent, knowledge of the DC drive is valuable for several
reasons namely (i) the structure and operation of the DC drive are reflected in
almost all other drives, and lessons are learned from the knowledge of the DC
drive, (i1) the DC drive tends to remain the yard-stick by which other drives are
judged, and (iii) under constant-flux conditions the behavior is governed by a
relatively simple set of linear equations, so predicting both steady-state and
transient behavior is not difficult. In case of the successors of the DC drive,
notably the induction motor drive, it is found that things are much more complex,
and that in order to overcome the poor transient behavior, the strategies adopted
are based on emulating the DC drive.

For motors up to a few kWs the armature converter can be supplied from either
single-phase or three-phase mains, but for larger motors three-phase is always
used. A separate thyristor or diode rectifier is used to supply the field of the
motor, the power is much less than the armature power, so the supply is
frequently single-phase. The arrangement is typical of the majority of the DC
drives and provides for closed-loop speed control.
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The main power circuit consists of a six-thyristor bridge circuit, which rectifies
the incoming AC supply to produce a DC supply to the motor armature. The
assembly of thyristors, mounted on a heat-sink, is normally referred to as the
‘stack’. By altering the firing angle of the thyristors, the mean value of the
rectified voltage can be varied, thereby allowing the motor speed to be controlled.
The controlled rectifier produces a crude form of DC with a pronounced ripple
in the output voltage. This ripple component gives rise to pulsating currents and
fluxes in the motor, and in order to avoid excessive eddy-current losses and
commutation problems, the poles and frame are to be of laminated construction.
It is accepted practice for motors supplied for use with thyristor drives to have
laminated construction, but older motors frequently have solid poles and / or
frames, and these do not always work satisfactorily with a rectifier supply. It is
also the norm for drive motors to be supplied with an attached ‘blower’ motor as
standard. This provides continuous through ventilation and allows the motor to
operate continuously at full torque even down to the lowest speeds without
overheating.

Low power control circuits are used for monitoring the principal variables of
interest (normally motor current and speed), and for generating appropriate firing
pulses so that the motor maintains constant speed despite variations in the load.
The ‘speed reference’ is typically an analog voltage varying from 0 V to 10 V,
and achieved from a manual speed-setting potentiometer or from elsewhere in
the plant. The combination of power, control, and protective circuits constitutes
the converter. Standard modular converters are available as off-the-shelf items in
sizes from 0.5 kW up to several hundred kW, while larger drives are to be tailored
to individual needs. Individual converters can be mounted in enclosures with
isolators, and fuses etc., or groups of converters can be mounted together to form
a multi-motor drive.

By no stretch of imagination, the wave-forms of armature voltage can be thought
of'as good DC, and it is not unreasonable to question the wisdom of feeding such
an unpleasant looking waveform to a DC motor. In fact, it turns out that the motor
works almost as well as it works if fed with pure DC, for two main reasons.
Firstly, the armature inductance of the motor causes the wave-form of armature
current to be much smoother than the wave-form of armature voltage, which in
turn means that the torque ripple is much less than might have been feared, and
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secondly, the inertia of the armature is sufficiently large for the speed to remain
almost steady despite the torque ripple. It is indeed fortunate that such a simple
arrangement works so well, since any attempt to smooth-out the voltage wave-
form (perhaps by adding smoothing capacitors) proves to be prohibitively
expensive in the power ranges of interest.

The ripple voltage causes a ripple current to flow in the armature, but because of
the armature inductance, the amplitude of the ripple current is small. In other
words, the armature presents a high impedance to AC voltages. Because of the
smoothing effect of the armature inductance, the current ripple is relatively small
in comparison with the corresponding voltage ripple. The average value of the
ripple current is of course zero, so it has no effect on the average torque of the
motor. There is however a variation in torque every half-cycle of the mains, but
since it is of small amplitude and high frequency the variation in speed (and
hence back emf) is not normally noticeable. The current at the end of each pulse
is the same as at the beginning, so it follows that the average voltage across the
armature inductance is zero. Hence, the average applied voltage can be equated
to the sum of the back emf (electromotive force), which is exactly the same as
for operation from a pure DC supply. This is very important, since it underlines
the fact that the mean motor voltage can be controlled, and hence the speed,
simply by varying the converter delay angle.

The smoothing effect of the armature inductance is important in achieving successful
motor operation. The armature acts as a low-pass filter, blocking most of the ripple,
and leading to a more or less constant armature current. For the smoothing to be
effective, the armature time-constant needs to be long compared with the pulse
duration (half a cycle with a 2-pulse drive, but only one sixth of a cycle in a 6-pulse
drive). This condition is met in all 6-pulse drives, and in several 2-pulse drives.
Overall, the motor then behaves much as it is if it has been supplied from an ideal
DC source.

Industrial electronics and electric drives technology have made considerable
developments after several decades of the dynamic evolution of power
semiconductor devices, converters, pulse width modulation (PWM) techniques, and
advanced control and simulation techniques. Recently its applications have been fast
expanding in the industry because of the reduction in cost and size and improvements
in performance.
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In the beginning of the 20th century, since the price of the electric motor and its
associated control system was very expensive, a large electric motor was used in
the whole plant, and the mechanical power from the motor was distributed to
every mechanical equipment where the mechanical power is needed through
gears and belts. Because of the reduction of the price of the electric motor and
the control system, a separate electric motor is being used for each mechanical
equipment, which has several motions, and still the mechanical power from the
motor is transmitted and converted to an appropriate form at each point of the
motion in the equipment.

Recently, even in a single mechanical equipment, multiple electric motors are
used at each motion point. The motion needed at that point can be achieved by
the motor directly without speed or torque conversion from the motor. In this
way, the efficiency of the system can be improved. Also, the motion control
performance can be improved by eliminating all non-linear effects and losses
such as backlash, torsional oscillation, and friction. In the future, this tendency
can be continued and the custom designed motor can be used widely at each
moving part. For example, for high-speed operation, the high-speed motor can
be used without amplification of the speed through gears. For linear motion, a
linear motor can be used without a ball screw mechanism. For high-torque low-
speed traction drive, the direct drive motor can be used for reducing the size and
loss of the system.

The control method of the motor drive system has been developed from manual
operation to automatic control system. Recently, intelligent control techniques
have been used and the control system itself can operate the system at optimal
operating conditions without human intervention. Also, in the early stages of
automatic control of the motor drive system, the simple supervisory control has
been implemented, and the control unit has transferred the operating command
set by the user to the motor drive system. Through the direct digital control, right
now, distributed intelligent control techniques are used widely in the up-to-date
motion control system.

In the late 1950s, with the invention of the thyristor, power electronics has been
introduced. The power semi-conductor has been the key of the power electronics.
With the rapid improvement of performance against cost of the power semi-
conductors, the power electronics technology has improved in a revolutionary
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way. The original thyristors of the 1950s and 1960s can only be turned on by an
external signal to the gate but is to be turned off by the external circuits. And it
needs a complicated forced commutating circuit. In the 1970s, the gate turn-off
(GTO) thyristor has been commercialized. And the GTO thyristor can be not only
turned on but also turned off by external signal to the gate of the semi-conductor.
In the late 1970s, the bipolar power transistor opened a new horizon of the control
of power because of its relatively simple on and off capabilities.

Traditional drives, which use asynchronous cage motors or DC motors, are
unsuitable for sufficiently precise and energy-efficient control of motors in
dynamic and static operating conditions. Because of the development of new,
highly efficient and characterized with short response IGBT (insulated gate bi-
polar transistors), a marked rise in the number of VSD systems can be observed
in the recent years. High interest in industrial applications of the VSD systems is
because of their advantages which include controlled starting current, reduced
harmful disturbances in the power grid, lower power requirement of the drive at
start-up, controlled value and characteristics of accelerations, smooth regulation
of motor speed (measured in revolution per minute, rpm), controlled torque, fully
controlled drive deceleration, electricity savings, power recuperation, easy motor
reverse, and elimination of additional mechanical parts.

With the transistor, general-purpose VVVF (variable voltage variable frequency)
inverters has been commercialized and are being used in several ASD
applications. Recently, with the introduction of the integrated gate-controlled
thyristor (IGCT) and the fifth-generation IGBT, the performance of the electric
motor drive system has been dramatically improved in the sense of output power
of the system and the control bandwidth of the motion of the drive system.
However, still, all the power semi-conductors have been fabricated based on
silicon, and its junction temperature has been limited up to 150 deg C in the
majority of the cases. Recently, the power semi-conductor based on silicon
carbide (SiC) has been introduced, and the operating temperature and operating
voltage of the power semi-conductor can be increased several-fold. With this
material, the semi-conductor operating at above 300 deg C and at several
thousand-voltage can conduct several hundred amperes within one-tenth of the
wafer size of the device made by silicon. In particular, the Schottky diode and
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field effect transistor (FET) based on SiC have been the first devices in the field,
and extraordinary performances of the devices have been reported.

In the early days of research and development, the control signal for the power
semi-conductors came from analog electronics circuits consisting of transistors,
diodes, and ‘R’ (resistor), ‘L’ (inductor), ‘C’ (capacitor) passive components.
With the development of electronics technology, especially integrated circuit
technology, the mixed digital and analog circuit consisting of operational
amplifiers and TTL (transistor-transistor logic) circuit has been used. Recently,
except for high-frequency switching power supplies, the major part of the power
electronics system, especially the electric motor drive system, is controlled
digitally by one or a few digital signal processors (DSP).

In power-factor correction (PFC) converters, by applying semi-conductors such
as IGBT, GTO, IGCT, a silicon-controlled rectifiers (SCR) allows to reduce
harmonics and to improve power factor. Rectifiers of active front end (AFE) type
can operate with high power factor or any active-reactive power combination.
These rectifiers can be classified as voltage-source rectifiers (VSRs) and current-
source rectifiers (CSRs). AFE drives are inherently ‘four-quadrant’ ones (i.e.
they can drive and brake in both directions of rotation with any excess of kinetic
energy during braking returned to the supply).

For meeting the motor-side challenges, a variety of inverter topologies can be
adopted for the MV drive. The most used inverters are conventional two-level
inverter, three-level neutral-point clamped (NPC) inverter, seven-level cascaded
H-bridge inverter, and four-level flying-capacitor inverter. Either IGBT or IGCT
can be employed in these inverters as switching devices. Current-source inverter
(CSI) technology has been widely accepted in the drive industry. The most
frequently used inverters are load-commutated inverter (LCI), pulse width
modulation (PWM) CSI, and parallel PWM CSI.

The SCR-based LCI is particularly suitable for very large synchronous motor
drives, while the PWM CSl is a preferred choice for most industrial applications.
The parallel PWM CSI is composed of two or more single-bridge inverters
connected in parallel for super-high-power applications. Symmetrical IGCTs are
typically used in the PWM current source inverters. CSI technology is well suited
for high-power drives. The current-source converters feature a simple converter
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structure, low switch count, low switching dV /dt, and reliable over-current /
short-circuit protection. The main drawback lies in its limited dynamic
performance because of the use of a large DC choke.

Traditional two-level voltage-source inverters (VSIs) (2L-VSIs) have been
limited to low-power or medium-power applications because of the power semi-
conductor voltage limits. Series connection of switching devices has enabled
high power 2L-VSIs. The well-known 2L-V Sl is also used in medium-power and
high-power traction and industrial high-power drives. The 2L-VSI inverter is a
simple converter topology and has an easy PWM modulation pattern. However,
the inverter produces high dV /dt and high THD (total harmonic distortion) in
its output voltage and, hence, frequently needs a large-size LC (inductor-
capacitor) filter installed at its output terminals.

The three-level NPC-VSI (3L-VSI) has been successfully used in the industry in past
years. The main features of the NPC (neutral point clamped) inverters include
reduced dV /dt and low THD in its AC output voltages in comparison to the 2L-VSI
topology. The 3L-VSI can be used in MV drives to reach a certain voltage level
without switching devices in a series connection. Hence, the efficiency levels can
reach 99 %. It is to be noted that, in terms of efficiency, the VSIs and CSlIs are
attractive for non-regenerative low dynamic requirement drives. For regenerative
applications, the three-level NPC VSI achieves higher efficiency in comparison to
the CSI converter. For very high-power applications, the thyristor-based current-
source topology offers considerably higher performance because of the low-voltage
drop of the semi-conductors used.

The primary adverse outcome of a VSD for a power system is the effect of harmonics
generated by the VSD. There are two mechanisms by which the VSD generates
harmonic currents. The first mechanism is the converter operation which injects
harmonic currents into the supply system by an electronic switching process. The
second mechanism is the inverter operation. The magnitude of the harmonics
generated by the VSD is determined by (i) topology of the drive (number of pulses,
and rectifier type), (ii) percentage of the total power system capacity which the VSD
represents, (ii1) stiffness or short circuit capacity of the power system supplying the
VSD, (iv) whether or not the VSD is electrically isolated from other sources of
harmonics, (v) installation practices for the VSD, and (vi) rating of electrical load of
the VSD.
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When planning the installation of VSDs in a power supply system, a choice has
to be made between designing non-linear devices for low levels of wave-form
distortion or installing harmonic compensation equipment at the terminals. The
first solution is frequently possible by phase-shifting of the transformers and / or
the control of converter bridges or by the use of switching devices with turn-off
capability. Second solution of harmonic elimination is achieved by means of
filters (external harmonic compensation). Passive filters comprise inductance,
capacitance, and resistance elements configured and tuned to control harmonics
characterizing operation of particular VSD system. These are normally used and
are relatively inexpensive compared with other means for eliminating harmonic
distortion. As these have disadvantage of potential adverse inter-action with the
power system, it is important to verify all possible system inter-actions in the
system planning and design stage.

The AC motor drive, as the name suggests, needs an AC input to the induction
motor used to drive large industrial loads. An AC motor drive takes an AC energy
source, rectifies it to a DC bus voltage and, implementing complex control
algorithms, inverts the DC back to AC into the motor using complex control
algorithms based on load demand.

The power converter topology used in the power stage is that of a three-phase
inverter which transfers power in the range of kW to MW. Inverters convert DC
power to AC power. Typical DC bus voltage levels are 600 V to 1,200 V.
Considering the high power and voltage levels, the three-phase inverter uses six
isolated gate drivers. Each phase uses a high-side and low-side insulated gate bi-
polar transistor (IGBT) switch. Operating normally in the 20 kHz (kilohertz) to
30 kHz frequency range, each phase applies positive and negative high-voltage
DC pulses to the motor windings in an alternating mode.

1.3. Introduction to Thyristor controlled Drive

Thyristor-controlled drives are widely used in industrial applications for
controlling the speed and torque of DC and AC motors. They utilize thyristors,
which are semiconductor devices, to regulate the voltage and current supplied to
the motor, thereby achieving precise control over its operation.
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What is a Thyristor? A thyristor, also known as a Silicon Controlled Rectifier

(SCR), is a four-layer, three-junction semiconductor device that acts as a switch.

It can rapidly switch large currents and voltages. Once triggered, it remains in

the conducting state until the current falls below a certain level or is intentionally
turned off.

How do Thyristor-Controlled Drives Work? In a thyristor-controlled drive,

thyristors are arranged in a rectifier circuit (e.g., a full-wave bridge rectifier). By

controlling the firing angle (the point at which the thyristor is triggered during

each AC cycle), the average output voltage supplied to the motor can be varied.

1.3.1.

For DC Motors: Thyristor drives convert AC supply into variable DC
voltage. By changing the firing angle, the DC voltage fed to the motor
armature can be controlled, which in turn controls the motor's speed. For
reversing the direction, additional circuitry or a dual converter
arrangement is used.

For AC Motors (e.g., Induction Motors): While less common for direct
speed control of AC motors compared to VFDs (Variable Frequency
Drives), thyristors can be used in some applications for soft starting,

voltage control, and in cycloconverters for frequency conversion.
Key Features and Advantages:

Robustness: Thyristor s are very robust and can handle high power.
High Efficiency: They have low power dissipation when fully
conducting.

Cost-Effective: Often more economical for high-power applications
compared to other power electronic converters.

Reliable: Known for their reliability in industrial environments.

Here is an image illustrating a thyristor-controlled drive:
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Figure 1-1. Thyristor Controlled Drive

Applications: Thyristor-controlled drives are commonly found in:

o Steel rolling mills

e Cranes and hoists

o Electric traction systems
e Paper mills

e Cement mills

e Textile industries

This image illustrates the basic components of a thyristor-controlled drive for a
DC motor. It shows how the AC input is rectified by the thyristor bridge to
provide a variable DC voltage to the motor.

1.4. Introduction to Electrical Drive

Motion control is required in large number of industrial and domestic

applications. Systems employed for getting the required motion and their smooth
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control are called Drives. Drives require prime movers like Diesel or petrol
engines, gas or steam turbines, hydraulic motors or electric motors. These prime
movers deliver the required mechanical energy for getting the motion and its
control. Drives employing Electric motors as prime movers for motion control
are called Electric Drives.

1.4.1. Advantages of Electrical Drives:

e The steady state and dynamic performance can be easily shaped to get the
desired load characteristics over a wide range of speeds and torques.

o Efficient Starting /Braking is possible with simple control gear.

e With the rapid development in the field of Power Electronics and
availability of high speed/high power devices like SCRs, Power
MOSFETs, IGBTs etc., design of Efficient Power Converters to feed
power to the electric drives has become simple and easy.

e With the rapid development in the computer’s HW & SW,PLCs and
Microcontrollers which can easily perform the control unit functions have
become easily available.

e FElectric motors have high efficiency, low losses, and considerable
overloading capability. They have longer life, lower noise and lower
maintenance requirements.

e They can operate in all the four quadrants of operation in the
Torque/Speed plane. The resulting Electric braking capability gives
smooth deceleration and hence gives longer life for the equipment.
Similarly Regenerative braking results in considerable energy saving.

They are powered from electrical energy which can be easily transferred, stored
and handled. Block diagram of an Electrical drive is shown in the figure 1.2.

18



Control of DC motors through Phase Controlled Rectifier

Power Power Converter Motor Load
Source | RE— .
Contral Unit Sensing Unit

!

Input Command (Reference)

Figure 1-2. Block diagram of an Electrical drive

Parts of an Electric Drive: The different parts &their functions are explained

here.

The load: Can be any one of the systems like pumps, machines etc. to carry out

a specific task. Usually, the load requirements are specified in terms of its

speed/torque demands. An electrical motor having the torque speed

characteristics compatible to that of the load has to be chosen.

Power Converter: Performs one or more of the following functions.

Converts Electrical energy from the source into a form suitable to the
motor. Say AC to DC for a DC motor and DC to AC for an Induction
motor.

Controls the flow of power to the motor so as to get the Torque Speed
characteristics as required by the load.

During transient operations such as Starting, Braking, Speed reversal etc.
limits the currents to permissible levels to avoid conditions such as
Voltage dips, Overloads etc.

Selects the mode of operation of the Motor i.e., Motoring or Braking
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1.5. Power Converters:

a power converter is the central component that enables precise and efficient

control over the electric motor. Essentially, it acts as an interface between the

power source (like the utility grid or a battery) and the motor, transforming

electrical energy from one form to another to meet the motor's specific operating

requirements.

There are several types of power converters depending upon the type of motor

used in a given drive. A brief outline of a few important types is given below.

1.5.1. Role of Power Converters in Electrical Drives:

The primary roles of power converters in electrical drives include:

Energy Conversion: They convert the available electrical energy (e.g.,
fixed AC voltage and frequency from the grid, or DC from a battery) into
the desired form (e.g., variable AC voltage and frequency for an AC
motor, or variable DC voltage for a DC motor).

Speed Control: By varying the voltage and/or frequency supplied to the
motor, power converters allow for precise control of the motor's speed,
from zero to above its rated speed.

Torque Control: They enable control over the motor's torque, which is
crucial for managing acceleration, deceleration, and load handling.
Direction Control: Power converters can reverse the direction of
rotation of the motor.

Power Flow Control: They manage the flow of electrical energy
between the source and the motor, allowing for efficient operation and,
in some cases, regenerative braking (where energy is fed back to the
source during deceleration).

Efficiency Improvement: By optimizing the power supplied to the
motor based on the load, power converters significantly improve energy
efficiency, especially in applications with varying loads.
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Soft Starting and Stopping: They enable smooth acceleration and
deceleration of the motor, reducing mechanical stress on the equipment
and extending its lifespan.

1.5.2. Applications in Electrical Drives:

Power converters are indispensable in a vast array of electrical drive applications,

including:

Industrial Automation: Conveyor systems, pumps, fans, compressors,
robotics, machine tools.

Transportation: Electric vehicles (EVs), hybrid electric vehicles
(HEVs), electric trains, trams, elevators.

Renewable Energy Systems: Control of wind turbine generators and
solar pump systems.

Household Appliances: Washing machines, refrigerators (with variable
speed compressors), air conditioners.

HVAC Systems: Precise control of fans and blowers for energy
efficiency.

Material Handling: Cranes, hoists, forklifts.

1.5.3. Advantages of Using Power Converters in Electrical Drives:

The integration of power converters in electrical drives offers numerous benefits:

High Efficiency: Modern power electronic converters, often utilizing
semiconductor devices like MOSFETs, IGBTs, and thyristors, achieve
very high efficiencies, minimizing energy waste.

Precise Control: They provide fine-tuned control over motor speed,
torque, and position, leading to improved process control and product
quality.

Energy Savings: By allowing motors to operate at optimal speeds and
torques, especially under varying load conditions, significant energy

savings can be achieved.
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1.5.4.

Reduced Mechanical Stress: Soft starting and stopping capabilities
extend the lifespan of mechanical components and reduce maintenance
needs.

Flexibility: They enable the use of highly efficient AC motors in
applications that traditionally required DC motors due to simpler speed
control.

Reduced Noise and Vibration: Smoother operation of motors due to
precise control.

Regenerative Braking: The ability to return energy to the power source
during braking, further enhancing efficiency in applications with frequent
stops.

Types of Power Converters

AC to DC converters: They convert single phase/Polyphase AC supply
into fixed or variable DC supply using either simple rectifier circuits or
controlled rectifiers with devices like thyristors,
IGBTs.Power MOSFETs etc. depending upon the application.

AC voltage controllers or AC regulators: They are employed to get a
variable AC voltage of the same frequency from a single phase or three
phase supplies. Some such controllers are Auto transformers,
Transformers with various taps and Converters using Power electronics
devices.

DC to DC converters: They are used to get variable DC voltage from a
fixed DC voltage source using Power electronics devices. Smooth step
less variable voltage can be obtained with such converters.

Inverters: They are employed to get variable voltage /variable frequency
from DC supply using PWM techniques. Inverters also use the same type
of Power electronics devices like MOSFETSs, IGBTs, SCRs etc.
Cycloconverters: They convert fixed voltage fixed frequency AC supply
into variable voltage variable frequency supply to control AC drives.
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They are also built using Power electronic devices and by using

controllers at lower power level. They are single stage converter devices.

Control unit/Sensing unit: The control unit controls the operation of the Power
converter based on the Input command and the feedback signal continuously
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Figure 1-3. Basic Schematic diagrams of DC motors

¢ In a separately excited DC motor, the field and armature are connected to
separate voltage sources and can be controlled independently.

e In a shunt motor the field and the armature are connected to the same
source and cannot be controlled independently.

e In a series motor the field current and armature current are same and
hence the field flux is dependent on armature current.

The Steady state equivalent circuit of a DC motor Armature is shown in the figure
below.

Figure 1-4. Steady state equivalent circuit of a DC Motor Armature

Resistance R is the resistance of the armature circuit. For separately excited and
shunt motors it is resistance of the armature winding and for series motors it is
the sum of the field winding and armature winding resistances.
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The output characteristics of DC motors (Torque/Speed characteristics): They
can be obtained from the Motor’s Induced voltage and torque equations plus the
Kirchhoff’s voltage law around the armature circuit and are given in table 1.1.

e The internal voltage generated in a DC motor is given by E} = K,Qw
e The internal torque generated in a DC motor is given by T = K01,

e KVL around the armature circuit is given by E, = E, + [,R,
Where:
@: Flux per pole (Weber’s)

I,: Armature Current (Amperes)

E,: Applied terminal voltage (Volts)
R,: Armature resistance (Ohms)

w: Motor speed (radiance / sec)

Ep: Armature back EMF (Volts)

T: Torque (N-m)

K,: Motor Back EMF/Torque constant

From the above three equations we get the Basic general relation between Torque
and speed as:

o= ()~ ()

= (Iia(b) B [(Kf;)Z]T (12)

1.6. Shunt and separately excited motors

In their case with a constant field current the field flux can be assumed to be
constant and then (K,. @) would be another constant K. Then the above Torque
speed relations would become:
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0= () ().,
0= ()-(2)-

The Speed/ Torque Characteristics of a DC Separately Excited Motor for rated
terminal voltage and full field current are shown in the figure below. It is a
drooping straight line.

Speed (w]

——

[Forque (T}

Figure 1-5. Speed/ Torque Characteristics of a DC Separately Excited Motor

The no load speed is given by the Applied armature terminal voltage and the field
current. Speed falls with increasing load torque. The speed regulation depends
on the Armature circuit resistance. The usual drop from no load to full load in
the case of a medium sized motor will be around 5%. Separately excited motors
are mostly used in applications where good speed regulation and adjustable speed

are required.

Series Motor: In series motors the field flux @ is dependent on the armature
current I, and can be assumed to be proportional to the armature current in the

unsaturated region of the magnetization characteristic. Then

And using this value in the three general motor relations given earlier we get
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T = K,®l, = K K12 (1.6)
E R
w=—2% (¥ (1.7)
KoKl \K.K;
E R
w = a __ ¢ (1.8)
KafT Kaf

Where:

Rgy 1s now the sum of armature and field winding resistances and,
K.r = Kg. Ky is the total motor constant.

The Speed-Torque characteristics of a DC series motor are shown in the figure

below.

1.7. Speed (®) Torque (T)

Figure 1-6. Speed-Torque characteristics of a DC series motor

e Series motors are suitable for applications requiring high starting torque
and heavy overloads. Since Torque is proportional to square of the
armature current, for a given increase in load torque the increase in
armature current is less in case of series motor as compared to a separately
excited motor where torque is proportional to only armature current.
Thus, during heavy overloads power overload on the source power and
thermal overload on the motor are kept limited to reasonable small values.
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e According to the above Speed torque equation, as speed varies inversely
to the square root of the Load torque, the motor runs at a large speed at
light load. Generally, the electrical machines’ mechanical strength
permits their operation up to about twice their rated speed. Hence the
series motors should not be used in such drives where there is a possibility
for the torque to drop down to such an extent that the speed exceeds twice
the rated speed.

1.8. DC Motor speed control:

There are two basic methods of control
e Armature Voltage Control (AVC) and
e Flux control

Torque speed curves of both SE (separately Excited) motors and series motors

using these methods are shown in the figure below.
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Figure 1-7. Torque speed curves with AVC: Vr (Viateq) > V1 > V2)
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Figure 1-8. Torque speed curves with FC: @, (Preq) > P1 > D5)
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1.8.1.

Important features of DC Motor speed control:

AVC is preferred because of high efficiency, good transient response, and
good speed regulation. But it can provide speed control below base speed
only because armature voltage cannot exceed the rated value.

For speeds above Base speed Field Flux Control is employed. In a
normally designed motor, the maximum speed can be twice the rated
speed and in specially designed motors it can be up to six times the rated
speed.

AVC is achieved by Single and Three phase Semi & Full converters.

FC in separately excited motors is obtained by varying the voltage across
the field winding and in series motors by varying the number of turns in
the field winding or by connecting a diverting resistance across the field
winding.

Due to the maximum torque and power limitations, DC Drives operating

o With full field, AVC below base speed can deliver a constant
maximum torque. This is because in AVC with full field, the
Torque is proportional to I, and consequently the torque that the
motor can deliver has a maximum value.

o With rated Armature Voltage, Flux control above base speed can
deliver a constant maximum power. This is because at rated
armature voltage, P, is proportional to I, and consequently the
maximum power that can be developed by the motor has a constant

value.

These limitations are shown in the figure 1.9.
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Figure 1-9. Torque and Power limitations in Combined Armature Voltage and
Flux controls

1.9. Single phase Semi converter drives feeding a separately excited DC
motor

Semi converters are one quadrant converters. i.e., they have one polarity of
voltage and current at the DC terminals. The circuit diagram of Semi converter
feeding a DC separately excited motor is shown in the figure below. It consists
of Two controlled rectifiers (Thyristors T1 and T2) in the upper limbs and two
Diodes D1 and D2 in the lower limbs in a bridge configuration along with a
freewheeling diode as shown in the figure below. The armature voltage is
controlled by a 1¢ semi converter and the field circuit is fed from a separate DC
source. The motor current cannot reverse since current cannot flow in the reverse
direction in the thyristors. In Semi converters the DC output voltage and current
are always positive. Therefore, in drive systems using semi converters reverse
power flow from motor to AC supply side is not possible. The armature current
may be continuous or discontinuous depending on the operating conditions and
circuit parameters. The torque speed characteristics would be different in the two

modes of conduction. We will limit our study to Continuous conduction mode in
this chapter.
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{b) Quadrant

Figure 1-10. Single Phase Semi converter feeding a Separately Excited DC
Motor

1.9.1. Performance of Semi Converter in Continuous Current

Operation:

The voltage and current waveforms are shown in the figure below for operation
in continuous current mode over the whole range of operation. SCRT1 is
triggered at a firing angle o and T2 at the firing angle (7w + «). During the period
a < wt <  the motor is connected to the input supply through T1 and D2 and
the motor terminal voltage e, is the same as the input supply voltage ‘e‘. Beyond
period m, e, tends to reverse as the input voltage changes polarity. This will
forward bias the freewheeling diode Dr and it starts conducting. The motor
current i, which was flowing from the supply through T'1 is transferred to Dy (T'1
gets commutated). Therefore, during the period m < wt < ( + a) the motor
terminals are shorted through Dr making e, zero.

As explained above, when the thyristor conducts during the period a < wt < m
, energy from the supply is delivered to the armature circuit. This energy is
partially stored in the Inductance, partially stored as kinetic energy in the moving
system and partially used up in the load. During the freewheeling period m <
wt < (m+ a) energy is recovered from the Inductance and is converted to
mechanical form to supplement the Kinetic energy required to run the load. The
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freewheeling armature current continues to produce the torque in the motor.
During this period no energy is feedback to the supply.

Shaded areas are equal if
ipR, drop is neglected
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Figure 1-11. Voltage and Current waveforms for Continuous current operation

in a single-Phase semi-controlled drive connected to a separately excited DC
motor.

1.10. Torque Speed Characteristics of a Single-phase Semi Converter
connected to DC separately excited motor

In terms of average voltages, KVL around the motor armature gives

E (@) = E, + I,R, = K,0w + I,R, (1.9)
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_ |Eqa—IqRg|

o (1.10)

Assuming motor current to be continuous, the motor armature voltage as derived

above for the single-phase semi converter is given by:

. Em
E, = lf" mSinwtd(wt) = — (14 cosa)

mTYa

E,(a) = E?m(l + cosa) (1.11)

Using this in the above expression for speed m we get

. l(E?m) (1+ cols{:()b— IaRal (112)
"= (E7m> (1 +ch;sa) B ic(zf; + w] (1.13)
. (EFm) (1 +ch;sa) _ [(Kf;)z ]T (1.14)

The resulting torque speed characteristics are shown in the figure 1-12.
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Figure 1-12. Torque Speed characteristics of a separately excited DC motor
Connected to a single-Phase semi-controlled drive
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1.11. Single Phase Full Converter Drive feeding a Separately Excited DC
Motor

A full converter is a two-quadrant converter in which the output voltage can be
bipolar but the current will be unidirectional since the Thyristors are
unidirectional. A full converter feeding a separately excited DC motor is shown
in the figure 1-13.

\—

:
iy Zf;’l Zf:'z eﬂé E
. Jh
o—l‘“ ,'— [ " Field ,-/
Z‘{?a Zf;l e {? ﬁﬁ & dj éﬁ_j’:

| 0

(a) Pewer circuit (b} Quadrant

Figure 1-13. Single Phase full converter feeding a separately excited DC motor

In this all the four devices are thyristors (T'1to T4) connected in a bridge
configuration as shown in the figure 1-13. The operation of the Full converter
shown in the figure above is explained with the help of the waveforms shown
below. Thyristors T1 and T3 are simultaneously triggered at a firing angle of a
and thyristors T2 and T4 are triggered at firing angle (7 + a). The voltage and
current waveforms under continuous current mode are shown in the figure below.
Figure shows the input voltage e and the voltage e;, across the inductance
(shaded area). The triggering points of the thyristors are also shown in the figure
1-14.

As can be seen from the waveforms, the motor is always connected through the
thyristors to the input supply. Thyristors T1 and T3 conduct during the interval
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a < wt < (m+ a) and connect the supply to the motor. From (n+a) to a
thyristors T2 and T4 conduct and connect the supply to the motor. At (n+a) when
the thyristors T2 and T4 are triggered, immediately the supply voltage which is
negative appears across the Thyristors T1 and T3 as reverse bias and switches
them off. This is called natural or line commutation. The motor current i, which
was flowing from the supply through T1 and T3 is now transferred to T2 and T4.
During a to m energy flows from the input supply to the motor (both e & is and
ea & 1a are positive signifying positive power flow). However, during the period
mto (m + ) some of the motor energy is fed back to the input system. (e & i
and similarly, e, & i, have opposite polarities signifying reverse power flow)
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a Tulh & bl {2 Ez;r-l-cz |3 at
: Gnn {
| ; ' 5 (@)
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L A !
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Figure 1-14. Voltage and Current waveforms for Continuous current operation
in a single Phase fully controlled drive connected to a separately excited DC

motor.

Torque Speed Characteristics of a DC separately excited motor connected to a
Single-phase Full converter:

Assuming motor current to be continuous, the motor armature voltage as derived
above for the single-phase full converter is given by:

_ E
Eye = %f;ﬁa E,, sin wt.d(wt) = 7’" [—coswt]Z**

Eyge = E;’” [cosa — cos(m + a)]

2E
Eyge = Tm cosa

E,a = Zm cosa
T
In terms of average voltages, KVL around the motor armature gives
E,a =E, + IR,
Eqa = KggN + 1R,

And therefore, the average speed is given by:

_ [Eqa—IgRq]
Kq9

In a separately excited DC motor:
T =1,K

And applying this relationship along with the above value of E, (a ) for the full
converter in the above expression for the speed we get:

_ (ZET’m)(coso()—IaRa
= | -

ap
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(F)cos0, 1R,
w = Kog - [a]
(ZE—m)(cosa) Ra
= [-———-"]- [T.
0 = [ - [T

The no-load speed of the motor is given by:

2B,
N, = [( “qu()c_ts 0‘)] (1.15)

where the torque T =0

The resulting torque speed characteristics are shown in the figure 1-15.
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Figure 1-15. Torque Speed characteristics of separately excited DC motor

Connected to a single Phase fully controlled drive at different firing angles.
1.12. Single Phase Converter Drives for DC Series Motors

Single-phase converter drives are widely used for controlling the speed of DC
series motors, particularly in applications where a wide range of speed control
and high starting torque are required. These drives convert a fixed AC input
voltage into a variable DC output voltage, which is then supplied to the DC series

motor.
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Figure 1-16 shows the scheme of a basic single phase speed control circuit
connected to a DC series motor. As shown the field circuit is connected in series
with the armature and the motor terminal voltage is controlled by a semi or a full
converter.

* Series motors are particularly suitable for applications that require a high
starting torque such as cranes hoists, elevators, vehicles etc.

* Inherently series motors can provide constant power and are therefore
particularly suitable for traction drives.

* Speed control is very difficult with the series motor because any change in
load current will immediately reflect in the speed change and hence for all
speed control requirements separately excited motors will be used.

'_’;u ]
Semi-converter +
1= a.c,
supply or
: L
full-converter
e

Figure 1-16. DC Series motor Power circuit

In the figure 1-16 the armature resistance Ra and Inductance La are shown along
with the field resistance and inductance. The basic DC series motor equations are

given below again for ease of reference
E, = K. @0 = K. Kel;.0 (sinced = Kf.If = Kf.la)
Eb = Kaf Ia. w (Whe're Kaf = Ka. Kf )

T = Ko ®.1; = KoKy .12 = Kgp. 12
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E, = E, + I..R,

Eq Rq

Kaf’a Kaf

-—— (1.16)

1.12.1. Advantages of Single-Phase Converter Drives for DC Series
Motors:

o Simple and Cost-Effective: Single-phase converters are relatively
simpler in design and less expensive compared to three-phase converters,
making them suitable for lower power applications.

o High Starting Torque: DC series motors naturally provide high starting
torque, which is beneficial for heavy-duty applications.

e Wide Speed Control Range: By controlling the firing angle, a wide
range of speed control can be achieved.

e Good Performance at Low Currents: Due to the series connection of
field and armature, the back EMF in series motors decreases with
armature current, which helps maintain continuous current flow even at
lower currents, leading to better performance in those ranges.

o Compact Size: The overall drive system can be relatively compact.

1.12.2. Applications:

Single-phase converter drives for DC series motors are commonly found in
applications requiring high starting torque and variable speed control, especially
in the low to medium power range. Some typical applications include:

e Traction Systems: Electric locomotives, trolleys, and other electric
vehicles.

e Cranes and Hoists: Where heavy loads need to be lifted and lowered
with precise speed control.
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o Lifts and Elevators: Requiring controlled acceleration and deceleration.

e Mine Winders: For lifting materials from mines.

e Machine Tools: Where variable speed is necessary for different
machining operations.

e Domestic Appliances: Such as vacuum cleaners, hair dryers, and sewing
machines (though often universal motors are used which behave like DC
series motors on AC).

e Small Industrial Drives: In various low-power machinery.
1.13. Single Phase Semi Converter Drive connected to DC Series Motors:

The figure 1-17 shows the power circuit of a single-phase semi converter-
controlled DC series motor.

Ra i %
: (3 Tz
n—!f——-- + +
80 4 AN e
I-¢ a.c. ] Dy | — ,
VAN VAN -

Figure 1-17. Power circuit of a Series motor connected to a Semi Controlled

converter

Current and voltage waveforms for continuous motor armature current are
shown in the figure below. When SCR is triggered at a firing angle a the current
flows during the period a to (w + o) for continuous conduction.

In separately excited motors a large Back EMF is always present even when the
armature current is absent. This back EMF E, tends to oppose the motor current
and so the motor current decays rapidly. This leads to discontinuous motor
current over a wide range of operations. Whereas in series motors the back EMF
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is proportional to the armature current and so Ep, decreases as I, decreases. So,
the motor current tends to be continuous over a wide range of operations. Only
at high speed and low current is the motor current is likely to become
discontinuous. Like in earlier semi converters Freewheeling diode is connected
across the converter output as shown in the figure above. Freewheeling action
takes place during the interval & to (7w + o) in continuous current operation.

Q r— -

Figure 1-18. DC Series motor Semi Converter waveforms in continuous current

operation.

In phase-controlled converters for Series motors, the current is mostly continuous
and the motor terminal voltage can be written as
E
E, = 7’”(1 + cosa) = IgRq + E, = I,Rq + Kyp. 1g. @
Hence from the above equation the average speed can be written as

__ Ep (1+cosa) Rglg

T Kaf’a Kafla

E,(+cosa) R,
w — — —

= 1.17

The torque Speed characteristics under the assumption of continuous and ripple
free current flow are shown in the figure below for different firing angles a.
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Figure 1-19. Torque Speed Characteristics of a DC Series motor controlled by a
Single-phase Semi converter

1.13.1. Advantages

o Simplicity and Cost-Effectiveness: Compared to full converters, semi-
converters use fewer controlled devices (thyristors), making them simpler
in design and generally more economical.

o Improved Power Factor (compared to full converters at low speeds):
The freewheeling action of the diode improves the displacement factor of
the line current.

e Reduced Motor Heating: The presence of the freewheeling diode
reduces the RMS current in the motor, leading to less heating compared
to a full converter, especially at low speeds and light loads.

e Continuous Current Operation: The freewheeling diode promotes
continuous conduction of the armature current over a wider operating
range, particularly beneficial for series motors where the back EMF
decreases with current, aiding continuous conduction. This results in
smoother torque.

e Suitable for One-Quadrant Applications: Ideal for applications where
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the motor only needs to operate in one direction and regenerative braking

is not required.
1.13.2. Disadvantages

e One-Quadrant Operation: The inability to reverse voltage or current
means it cannot support regenerative braking, which limits its use in
applications requiring rapid deceleration or energy recovery.

e Pulsating Output: The output DC voltage is pulsating, leading to ripple
in the armature current. While the freewheeling diode helps, significant
ripple can still occur, especially at low speeds and high firing angles.

o Higher Harmonic Content: The pulsating output can introduce higher
harmonic content in the AC supply, potentially causing power quality
issues and electromagnetic interference.

e Limited Power Applications: Single-phase semi-converters are
generally used for lower to medium power DC motor drives. For high-
power applications, three-phase converters are preferred due to smoother
output and better efficiency.

e Poor Speed Regulation at Light Loads: Discontinuous conduction can
still occur at light loads and high speeds, leading to poorer speed

regulation.
1.13.3. Applications

Single-phase semi-converter drives for DC series motors are typically found in
applications that require:

e Moderate speed control range.

o High starting torque.

e One-directional operation.

e No requirement for regenerative braking.

Common applications include:
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e Traction systems (e.g., small electric vehicles, trams): Where high
starting torque is essential.

e Cranes and Hoists: For lifting and lowering operations, though typically
heavier duty applications might use full converters for better control.

e Fans and Pumps: Where precise speed control is needed without
frequent stops or reversals.

e Small Industrial Drives: For general-purpose motor control in various

manufacturing processes.
1.14. Single Phase full converter drive connected to a DC series motor:

A single-phase full converter drive connected to a DC series motor is a common
arrangement for controlling the speed of DC series motors in various industrial
applications. Here's a breakdown of its components, operation, characteristics,

and applications:

1.14.1. Components

Figure 1-20. Power circuit of a Series motor connected to a fully controlled

converter

e Single-Phase Full Converter (Thyristor Bridge): This is the power
electronic circuit that converts the AC input voltage from the mains
supply into a variable DC output voltage. It typically consists of four
thyristors (SCRs) arranged in a full-bridge configuration.
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e DC Series Motor: This type of DC motor has its field winding connected
in series with the armature winding. This means the field current is the
same as the armature current (I = I,). Series motors are known for their

high starting torque and good speed regulation under varying loads.

The figure 1.20 shows the power circuit of a single phase Fully controlled
converter connected to a DC series motor.

Thyristors T1 & T3 are simultaneously triggered at a and T2 & T4 are
simultaneously triggered at (r + a). Current and voltage waveforms for
continuous motor armature current are shown in the figure below. When SCR is
triggered at a firing angle a the current flows during the period a to (n + a) for

continuous conduction.

e el e o

)

Figure 1-21. DC Series motor Full converter waveforms in continuous current

operation.
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The motor terminal voltage can be written as
2Em
E, = —_cosa = IR + Epy = 4Ry + Kyplqw

Hence from the above equation the expression for average speed can be written

as
I ( ) a
( ) cosa I )]

W =k 1 - [(Ra'Kaf.Ia

w =

() cosa) (2

KT Kaf)l #(1.18)

The torque Speed characteristics under the assumption of continuous and ripple

free current flow are shown in the figure below for different firing angles a.
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Figure 1-22. Torque Speed characteristics of a Series motor connected to a fully
controlled converter

1.14.2. Characteristics:

e Variable Speed: The primary characteristic is the ability to achieve
variable speed control of the DC series motor by adjusting the firing
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angle.

o High Starting Torque: DC series motors inherently provide high
starting torque, which is beneficial for applications requiring heavy loads
at startup.

e Speed-Torque Relationship: The speed of a series motor is inversely
proportional to the square of the armature current (approximately). This
means as the load increases (and thus armature current increases), the
speed drops significantly. The converter allows for control over this
characteristic.

e Current Ripple: The output of a single-phase full converter is pulsating
DC, which introduces ripple in the armature current. This ripple can lead
to increased motor losses and poorer commutation. An inductor in series
with the armature can help smooth the current.

o Power Factor: The power factor of the system can be low, especially at
high firing angles (low speeds), due to the phase displacement between

voltage and current and harmonic distortion.
1.14.3. Applications:

Single-phase full converter drives connected to DC series motors are well-suited
for applications that require:

o High Starting Torque: Their ability to provide high starting torque
makes them ideal for:
o Traction applications: Electric trains, trams, and some electric
vehicles.
o Cranes and Hoists: For lifting heavy loads.
o Elevators: Providing strong initial lift.
o Conveyors: Moving heavy materials.
e Variable Speed Control: Where precise speed control is needed over a
certain range.

o Cost-effectiveness: For low to medium power applications, single-phase
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drives are often simpler and less expensive than three-phase alternatives.

Summary:

* In single phase converters output ripple frequency is 100 Hz. (Both semi
and full)

* Semi converters are one quadrant converters. i.e., they have one polarity
of voltage and current at the DC terminals. In this as firing angle varies
from 0 to 180° DC output varies from maximum (2E, /) to zero.

* A full converter is a two-quadrant converter in which the output voltage
can be bipolar but the current will be unidirectional since the thyristors
are Unidirectional. In this as firing angle varies from 0 to 180° DC output
varies from maximum (2En /@) to (- 2Em /)

* Separately excited motors are mostly used in applications where good
speed regulation and adjustable speed are required.

* Series motors are suitable for applications requiring high starting torque
and heavy overloads.

* In case of series motors, Since Torque is proportional to square of the
armature current, for a given increase in load torque the increase in
armature current is less as compared to separately excited motors where
torque is proportional to only armature current.

* There are two basic methods of speed control. Armature Voltage Control
and Flux Control.

* AVC s used for speeds below base speeds and FC for speeds above base
speed.

* Due to the maximum torque and power limitations DC Drives operating

o With full field, AVC below base speed can deliver a maximum
constant torque and

o With rated Armature Voltage, Flux control above base speed can
deliver a maximum constant power.

* AVC is achieved by Single and three phase Semi & Full converters.
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* FC in separately excited motors is obtained by varying the voltage across
the field winding and in series motors by varying the number of turns in
the field winding or by connecting a diverting resistance across the field

winding.
Important formulae and equations:

The basic DC motor equations:

The internal voltage generated in a DC motor is given byE,, = K,. Q0w
The internal Torque generated in a DC motor is givenby: T = K,. .1,
KVL around the armature circuit is given by: E; = E + [,.R,

Torque speed relations in semi converter:

. . E_m(1+cosa)
DC separately excited motor: [ . Ko ] [ A ¢)2]

. E 1+cosa
DC series motor:w = [ m ( )] [
T Kaf Kaf

Torque speed relations in Full converter:

2Em (cosa)] [ Rg ]

DC separately excited motor: [ Xt (K.0)2
a a

. 2Em, (cosa)
DC seris Motor 0 = 2222 _ [
S€ri1cs IMotor - \/W Kaf

Example 1-1:

A separately excited D.C. motor is fed from a 230 V, 50 Hz supply via a single-
phase, half —controlled bridge rectifier. Armature parameters are: inductance
0.06 H, resistance 0.3 Q, the motor voltage constant is K. = 0.9 V/A rad/s and
the field resistance is Rr = 104 Q. The filed current is also controlled by semi
converter and is set to the maximum possible value. The load torque is Tr = 50
N-m at 800 rpm. The inductances of the armature and field circuits are sufficient
enough to make the armature and filed current continuous and ripple free.
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Compute: (i) The field current (ii) The firing angle of the converter in the
armature circuit

Solution:

1)  First point to be noted is since the units of Ka are V/A rad/sec the basic
governing equations for back emf Ey and Torque T will become: E, = K.
Ir.w and T = Kgur.Ir.1, where Karis to be taken as the given K, =
09V/Arad/s

11)  For single-phase semi converter controlled d. c. drive, we can write the

expression for field supply voltage as
E; = Ef(l + cosa)

So, the maximum field voltage and current are obtained when firing angle o =0.

ie.,

F B =2

Hence Field voltage Ef = Zi—m = Miﬂ =207.07V V.
And filed current I = % = 2%':7 =1.994

111)  Now, we can first find out armature current from the relation

L= =—2 _ =27.924
Kaqlf  0.9%x1.99

And then back emf from the relation:
21
Ey = Kool =0.9x (800 x ) x 1.99 = 150.04V

Hence finally we can find out armature voltage from the relation:
E, = E, + I, R, = 150.04 + 27.92 x 0.3 = 158.42V.
But applied armature voltage from a single-phase semi converter is given by the

. E . . .
equation E, = 7’" (1 + cosa and equating this to the above required armature
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voltage of 158.42 we get ﬁ>;23o (1 + cosa) = 158.42 from which we get a =
58°
Example 1-2:

The speed of a 10 HP,210V,1000 rpm separately excited D.C. motor is
controlled by a single-phase full-converter. The rated motor armature current is
30 A, and the armature resistance is R, = 0.25 Q.The a.c. supply voltage is
230 V. The motor voltage constant is K,@ = 0.172V /rpm. Assume that
sufficient inductance is present in the armature circuit to make the motor current
continuous and ripple free. For a firing angle a = 45°, and rated motor armature
current, determine: 1) The motor torque 2) Speed of the motor at Rated armature
current.

Solution:

1) The motor Torque: can be found out directly by using the relation
T = K, ®I,.

But the constant K, @ is same in the relations for torque and back emf if it is
V/Rad/sec in back emf and N — m/A in torque. But it is given in V/RPM. Hence
it is first converted to V/Rad/sec and then used in the expression for torque.
The units of the K, ® (V/Rad/sec) = K, @ (V/RPM) x 60/2r

s

=272y _ S = 1,64V —s/rad

21 rad
Rated Motor Torque Ty at rated armature current = K, ®@1l,p
= 1.64 X 30 = 492N — m.

2) Speed of the Motor at Rated armature current: The armature voltage in a
fully controlled single-phase converter is given by:

E, = 2ETmcosaz = Ninﬂcos 45° = 146.42

(The given supply voltage of 230 V is RMS value and it is to be converted into
E,, by multiplying by v2)
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E, = E, — I,z R, = 146.42- (30 X 0.25) = 138.92V.

E 138.92
Speed, N = =% =
Ko 0172

= 807.67 rpm

(Here K,® is used directly with the given units of V/RPM so that we can get
directly speed N in RPM)
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Chapter-2.

Control of DC Motors by Three
Phase Converters

2.1. Introduction to Four quadrant operation of electric
drives

An electrical drive has to operate in three modes. i.e., starting, steady state and
braking. To achieve this in both directions (forward and reverse) four quadrant
operation as shown in the figure below is required which shows the torque and
speed coordinates for forward and reverse motions. Power developed by a motor
is given by the product of speed and torque.

mmn
Forward Forward
braking moloring
® | ® h
]‘_'
@ [ ®
Reverse Reverse
moloring braking

Figure 2-1. Four Quadrant operations of Electrical motors
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2.1.1. Sign Conventions:

e Positive speed is FORWARD and negative speed is REVERSE.

e Sign of Power is the product of the signs of Torque and Speed. When it
is positive it is MOTORING and when it is negative it is BRAKING.

e With this convention the four-quadrant operation of Motors is explained
below. First with reference to the figure above and then with a practical
example of Hoist (Lift)

o In Q-1 both power & speed are positive (forward). Motor works as a
motor delivering mechanical energy to the load. Hence Q-1 operation is
designated as forward Motoring.

e In Q-2 power is negative but speed is positive (forward). Motor works
as a brake opposing the motion. Hence Q-2 operation is designated as
Forward Braking.

e In Q-3 power is positive but speed is negative (reverse). Motor works as
a motor delivering mechanical energy to the load. Hence Q-3 operation
is designated as Reverse Motoring.

e In Q-4 both power and speed are negative (reverse). Motor works as a
brake opposing the motion. Hence Q-4 operation is designated as

Reverse Braking.

For a better understanding of the four-quadrant operation of the drives and the
related notations a practical example of a Hoist (Lift) operating in four quadrants
is considered here as shown in the figure below. Directions of motor and load
torques and direction of speed are marked with arrows.

A hoist consists of a rope wound on a drum coupled to the motor shaft. One end
of the rope is connected to the carriage which carries men and/or material from
one level to another level. Other end of the rope is connected to a counterweight
to balance the carriage so as to distribute the load on the motor in both directions.
Weight of the counterweight is chosen such that it is higher than the empty

carriage but lesser than the fully loaded carriage.
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Wy v,

Counter
weight

Load torque

P

§

&

@@ with loaded
cage

@ | @

T .~ Load torque
T~ with empty
Wy~ cage —*

1 Counter
“ weight

Figure 2-2. Typical Example of Four Quadrant operation of a Motor Driving a Hoist (Lift) load.

2.1.2. Speed and Torque Sign Conventions:

Are explained again with reference to the directions of Speed and Torque shown
in the figure above.

o Forward direction of motion or forward Speed is considered to be the one
which gives Upward motion to the carriage which is a result of
Anticlockwise movement of the pulley (looking into the page)

o Similarly Reverse direction of motion or Reverse Speed is considered to
be the one which gives Downward ward motion to the carriage which is
a result of Clockwise movement of the pulley (looking into the page)

e Similarly, the Torque is considered to be Positive when acting
Anticlockwise and Negative when acting Clockwise.

e The sign of the Power becomes the product of the sign of Torque and
Speed.
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Load torque characteristics are also shown in the diagram and are assumed to be
constant. Tit in quadrants 1 and 4 represents the speed torque characteristic of
the loaded carriage. This torque is the difference of torques between loaded hoist
and the counter weight and is positive since loaded carriage weight is higher than
the counter weight. Tz in quadrants 2 and 3 represents the speed torque
characteristic of the empty carriage. This torque is the difference of torques
between empty hoist and the counter weight and is negative since empty carriage

weight is lesser than the counter weight.

In Quadrant -1 operation the loaded cage moves upwards corresponding to
positive motor speed which in this case is anticlockwise movement of the pulley
(looking into the page) This motion will be obtained if the motor produces
positive torque in anti-clock wise direction equal to the magnitude of the load
torque Tu. Since both Torque and Speed are Positive Power is also positive and
this operation is Forward Motoring.

In Quadrant-4 operation the loaded cage moves downwards corresponding to a
negative motor speed which in this case is clock wise movement of the pulley
(looking into the page) Since the weight of a loaded cage is higher than the
counterweight, it will come down due to the gravity itself. In order to limit the
speed of the cage to a safe value, motor must produce a positive torque T equal
to the load torque Tn in anticlockwise direction. Since Torque is positive and
Speed is Negative Power is Negative corresponding to Reverse Braking.

In Quadrant -2 operation the empty cage moves upwards corresponding to a
positive motor speed which in this case is anticlockwise movement of the pulley.
(Looking into the page) Since the weight of counterweight is higher than the
weight of an empty cage, it will automatically move upwards. In order to limit
the speed of the cage to a safe value, motor must produce a braking torque T
equal to the load torque Tr2 in clockwise (negative) direction. Since Torque is
negative and Speed is positive the Power is Negative corresponding to Forward
Braking.
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In Quadrant -3 operation, empty cage is lowered. Since an empty cage weight is
lesser than the counter weight, the motor must produce a negative torque i.e., in
clockwise direction. Since both Speed and Torque both are negative, Power is
positive and this operation becomes Reverse Motoring.

2.2. Starting of a DC shunt motor

Maximum current that a DC motor can safely carry is mainly limited by the
maximum current that can be commutated without sparking. For normally
designed machines twice the rated current can be allowed and in specially
designed machines it can be up to 3.5 times the rated current.

During starting when the motor is standstill, the motor back emf will be zero and
the only resistance that can limit the current is the armature resistance, which is
quite small for almost all DC motors. Hence if a DC motor is started with full
rated voltage applied to its terminals, then a very large current will flow and
damage the motor due to heavy sparking in the commutator and heating of the
winding. Hence the current is to be limited to a safe value during starting.

[}
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(&)
Figure 2-3. Starting of a DC Shunt motor
In closed loop speed controllers where Speed and current controllers are used

the current can be limited to a safe value during starting. But in systems without
such controllers a variable resistance controller such as the one shown in figure
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below is used during starting to limit the current. As the back emf increases with
gradual increase in speed, section by section resistances will be removed either
manually or remotely with the help of contactors so as to keep the current within

the maximum and minimum limits.
2.3. Braking

An electrical drive has to operate in three modes i.e., steady state, starting and
braking during both forward and reverse directions. Braking operation is required

in two cases.

e For reducing the speed (deceleration) while the drive is operating in
Forward (Quadrant-1) or Reverse (Quadrant-3) motoring modes. Steady
state is reached when the motoring torque is equal to the load torque

e While driving an Active load. That means when the load assists the drive
motion [for e.g., moving a loaded hoist in the down ward direction
(Reverse braking: quadrant-4) or moving an unloaded hoist in the upward
direction (Forward braking: quadrant -2)]. Steady state is reached when
the braking torque is equal to the load torque.

In both the cases braking can be achieved by mechanical braking. But it has lot
of disadvantages: Frequent maintenance like replacement of brake shoes/lining,
lower life, wastage of braking power as heat et. These disadvantages are
overcome by Electrical braking but many a times mechanical braking also
supplements the electrical braking for reliable and safe operation of the drive.

During electric braking the motor works as a generator developing a torque
which opposes the rotational motion. There are three types of electrical braking.

® Regenerative braking
® Dynamic or Rheostatic braking and

® Plugging or Reverse voltage braking.
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2.3.1. Regenerative Braking:

In this, the generated energy is supplied to the source. For this to happen, the
following conditions should be satisfied:

|E,l > |E,| and negative I,

The concept of regenerative braking can be explained by considering a fully
controlled Rectifier connected to a DC separately excited motor as shown in the
figure (a) below.

O0ses90Pand £, > 5

{2) Motoring

fy
) — =
g W]
spply | [\ |Fa By Iy
£ S o 5

I:ﬂ—l %0° < or< 180° and | £; || By

(b) Regenerative braking

Figure 2-4. Two quadrant operations of a Fully Controlled rectifier feeding a DC separately
excited motor

The polarities of output voltage, back emf and armature current are shown in the
figure (a) above for the motoring operation in the forward direction. The
converter output is positive with firing angle in the range 0° < a <90°. With these
polarities the converter supplies power to the motor which is converted to
mechanical energy. Direction of power flow can be reversed if the direction of
current flow is reversed. But this is not possible because the converter can carry
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current in only one direction. Then the only method available for reversal of
power flow is by the following steps.

e Reverse the Converter output voltage Ea
e Also reverse the Back emf Ey with respect to the converter terminals
e And make IEul > IEal as shown in fig (b). Out of these three steps
o Step 1. i.e., the rectifier voltage E, can be reversed by making o>
90°
O Step.3. i.e., the condition IEpl > 1E.l can be satisfied by choosing
a value of a in the range 90° > o < 180°

O Step2. The reversal of motor emf with respect to rectifier terminals
can be done by any of the following changes.

® The motor armature terminals can be reversed w.r.to the

converter terminals using a reversing switch with the motor

still running in the forward direction. (With contactors or

thyristors as shown in the figure below) This gives forward
regeneration.

® The field current may be reversed with the motor running

in the forward direction and this also gives forward

regeneration without any changes in the armature

connections.

4] [ ]

oo K| o

Tr

(a} (b} (c)

Figure 2-5. Four quadrant operations with a single converter and a reversing switch

Regenerative braking cannot be obtained
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* Ifthe drive runs in the forward direction only and there is no arrangement

for the reversal of either the armature or the field.

¢ [fthe converter shown above is a Semi converter.

iy
t Natural (i
/ Braking Muotoring
Increasing v
"] r

Figure 2-6. Regenerative Braking Characteristics of a Separately excited Motor
2.4. Dynamic Braking:

Dynamic braking is a widely used method in electrical drives to quickly and
efficiently slow down or stop electric motors. It works by converting the kinetic
energy of the rotating motor and its load into electrical energy, which is then
dissipated, typically as heat.

In dynamic braking, the motor armature is disconnected from the source voltage
and connected across a high wattage resistance Rp. The generated energy is
dissipated in the Braking and armature resistances. The braking connections are
shown below for DC separately excited motor and DC series motor.

Ay Fy
{a) Scparately excited mator (b) Series motor

Figure 2-7. Connections during Dynamic Braking
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In the case of a series motor, it can be seen that the field terminal connections are
reversed such that the field current continues to flow in the same direction so that
the field assists the residual magnetism. Figure below shows the Speed- Torque
curves for both type of motors and the transition from Motoring to Braking.

Braking

(a) Separately excited motor {b) Series motor

Figure 2-8. Speed-Torque curves during Dynamic Braking

2.4.1. How Dynamic Braking Works

When an electric motor is actively driving a load, it draws power from the supply.
However, when the motor needs to slow down or stop, especially with a high
inertia load (like a heavy flywheel or a descending crane), the load can actually
drive the motor. In this scenario, the motor transitions from acting as a "motor"

to acting as a "generator."

As a generator, the motor produces electrical energy. If this energy isn't managed,
it can lead to an uncontrolled increase in the DC bus voltage of the drive system
(e.g., a Variable Frequency Drive - VFD). Dynamic braking addresses this by:

e Disconnecting from the power source (or modifying the circuit): The
motor is typically isolated from its regular power supply.

e Connecting to a braking resistor: The generated electrical energy is
then shunted to an external braking resistor.

e Dissipating energy as heat: The braking resistor converts the electrical
energy into heat, which is then dissipated into the atmosphere. This acts
as a "load" on the generating motor, creating a braking torque that
opposes the motor's motion, thereby slowing it down.
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Types of Dynamic Braking:

While dynamic braking primarily involves dissipating energy as heat, there are

variations depending on the motor type and how the braking is achieved:

2.43.

Rheostatic Braking (most common form of dynamic braking): This
is the core concept where the motor's generated energy is dissipated in a
resistor. It's often associated with DC motors where the armature is
disconnected from the supply and connected across a resistance. For AC
motors with VFDs, a "brake chopper" unit typically controls the flow of
regenerated energy to an external dynamic braking resistor (DBR).

DC Dynamic Braking (for AC Induction Motors): In this method, the
stator windings of an AC induction motor are connected across a DC
supply when braking. This creates a stationary magnetic field, and as the
rotor rotates, it cuts this flux, inducing AC currents in the rotor. The
generated energy is then dissipated in the rotor circuit's resistance.

AC Dynamic Braking: This involves feeding the AC motor with a
single-phase AC supply while disconnecting one phase. The motor then
works under an unbalanced condition, and braking torque is produced.
Self-Excited Braking Using Capacitors: In some cases, capacitors can
be used to achieve self-excitation in the motor during braking, leading to
energy dissipation.

Zero Sequence Braking: The three phases of the stator are connected in
series across either a single AC or DC source. This creates a zero-
sequence current, and braking torque is generated.

Important Distinction: Dynamic Braking vs. Regenerative

Braking

It's crucial to distinguish dynamic braking from regenerative braking:

Dynamic Braking: Dissipates the regenerated electrical energy as heat
in resistors. The energy is wasted.
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Regenerative Braking: Feeds the regenerated electrical energy back into
the power supply system (e.g., the grid). This is more energy-efficient as
the energy is reused.

While regenerative braking is more efficient, it's not always feasible or cost-

effective, and dynamic braking remains a vital and often simpler solution for

many applications.

2.4.4. Advantages of Dynamic Braking:

2.4.5.

Faster and Controlled Stopping: Allows for rapid and controlled
deceleration of the motor and load, which is critical for safety and
precision in many applications.

Reduced Wear and Tear: Minimizes the reliance on mechanical friction
brakes, extending the lifespan of brake components and reducing
maintenance.

No External Power Required for Braking: Once the motor acts as a
generator, it creates its own braking force.

Simplicity: Often simpler to implement than regenerative braking,
especially in smaller systems.

Reliability: Provides a reliable braking solution, even in emergency
situations.

Disadvantages of Dynamic Braking:

Energy Loss: The primary disadvantage is that the regenerated energy is
dissipated as heat and is wasted, leading to lower overall energy
efficiency compared to regenerative braking.

Heat Management: Requires proper sizing and cooling of the braking
resistors to prevent overheating and potential damage. This can add to the
system's size and complexity.

Cannot Hold Stationary: Dynamic braking cannot hold a load
stationary; a mechanical brake is still required for holding applications.
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o Braking Torque Decreases with Speed: As the motor slows down, the
generated voltage and thus the braking torque decrease, meaning it's less
effective at very low speeds.

2.4.6. Applications of Dynamic Braking:

Dynamic braking is widely used in various industrial and transportation
applications where rapid and controlled deceleration is essential:

e Cranes and Hoists: Ensures safe and controlled lowering and stopping
of heavy loads.

o Elevators and Escalators: Provides smooth and precise stopping for
passenger safety and comfort.

o Conveyor Belts: Allows for quick stops in emergencies or for controlled
material handling.

o Centrifuges: Enables rapid deceleration of high-speed rotating
equipment.

o Fans: Used for controlled shutdown to prevent overspeeding.

e Industrial Machinery: Applicable in various machines requiring
frequent or rapid stopping.

e Electric and Hybrid Vehicles (especially in older designs or as a
backup to regenerative braking): Helps in slowing down the vehicle
and reducing wear on friction brakes.

e Railcars and Locomotives (rheostatic braking): Dissipates energy in

onboard resistors for braking, reducing wear on mechanical brakes.
2.5. Plugging

Plugging involves reconnecting the motor to the supply in such a way that it
develops a torque in the opposite direction to its current rotation. This creates a
strong braking force that rapidly slows down the motor and the connected load.
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e For DC Motors: When a DC motor is running, if you reverse the polarity
of the armature terminals (while keeping the field polarity the same), the
back EMF (electromotive force) of the motor will now act in the same
direction as the supply voltage. This results in a very large reverse current
flowing through the armature, creating a high braking torque. To prevent
excessive current and damage, an external resistance is usually connected
in series with the armature.

e For AC Induction Motors: Plugging can be achieved by interchanging
the connections of two phases of the three-phase supply. This reverses
the direction of the rotating magnetic field, causing the motor to develop
a braking torque against its current rotation.

In a DC separately excited motor Supply voltage is reversed so that it assists the
Back EMF in forcing the Armature current in the reverse direction. In a Series
motor Instead of supply voltage, armature alone is reversed so that the field
current direction is not changed. In addition, like in dynamic braking, a Braking
resistor Rp is also connected in series with the Armature to limit the current as

shown in the figure below.

Ay 5
AARA a;
o
- +
Sl 1 ==
+ —
1
Az F
(2} Separately excited (b} Series

Figure 2-9. Plugging operation of DC motors

Speed torque curves can be obtained from the same basic equations by replacing
E, with - E, and are shown in the figure 2-10.

Plugging is highly inefficient because in addition to the generated power
additional power from a supply source is also wasted in the Braking resistance.
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{a) Separately excited {b) Series

Figure 2-10. Torque speed Characteristics of DC motors during Plugging

Key Characteristics and Considerations:

Fast Braking: Plugging is known for providing very fast braking action,
making it suitable for applications where rapid stopping or reversal is
critical.
High Energy Dissipation: A significant drawback of plugging is that it
dissipates a large amount of energy as heat in the motor windings and any
external braking resistors. This makes it less energy-efficient compared
to other braking methods like regenerative braking.
Stress on Motor and Controller: The high currents and rapid reversal
of torque can put considerable mechanical and electrical stress on the
motor, its windings, and the control circuitry. Proper design and
protection are crucial.
Zero Speed Disconnection: If the goal is to simply stop the motor, the
supply must be disconnected as soon as the motor reaches or approaches
zero speed. If not, the motor will accelerate in the reverse direction.
Centrifugal switches or other control mechanisms are often used for this
purpose.
Applications: Plugging is commonly used in applications requiring
quick stops or frequent reversals, such as:

o Cranes and hoists

o Elevators
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o Rolling mills

o Printing presses

o Machine tools

o Emergency braking systems

2.5.2. Safety and Design Implications:

Due to the high currents and stresses involved, safety is paramount when
implementing plugging in electrical drives.

e Current Limiting: External resistors are often used to limit the armature
current during plugging, protecting the motor and power supply.

e Overload Protection: The motor and its associated control system must
be adequately protected against overcurrent’s and overheating that can
occur during plugging.

e Mechanical Integrity: The mechanical components of the drive system
must be robust enough to withstand the sudden and high braking torques.

o Control System: A sophisticated control system is needed to precisely
manage the plugging process, ensuring the motor is disconnected at the
appropriate time if only stopping is desired.

2.6. Four quadrant operations of DC Motors using a Single fully controlled

converter:

As studied earlier, a fully controlled converter can provide a reversible output
voltage but current in only one direction. In terms of conventional Voltage-
Current diagram shown in the figure below it can work in quadrants 1 and 4 .

A converter can be used say in the first quadrant for motoring operation alone in
one direction (and in the third quadrant for motoring operation in other direction)
during steady state conditions. But during transient requirements such as starting
and breaking it cannot operate in second (or fourth) quadrant where it is required
to extract energy from the load for quick braking. (For faster system response))
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Figure 2-11. Voltage-Current Diagram

If four quadrant operation of a motor is required i.e., reversible rotation and
reversible torque in the Torque Speed Plane as shown in the figure below, a single

converter along

with changeover contactors to reverse the armature or field connections along
with firing angle changeover control [(0° < a <90°) or (90° < a < 180°)] can be
used so as to change the relationship between the converter voltage and the
direction of rotation of the motor. (As explained in the introduction to
Regenerative braking). Though they are practicable in suitable circumstances, a
better performance can be achieved by going in for a Dual Converter.

2.7. Four quadrant operation of DC Motors using Dual Converters:

A dual converter as shown in the figure below consists of two fully controlled
converters connected in anti-parallel configuration across the same motor
armature terminals. Since both voltage and current of either polarity can be
obtained with a dual converter, it can support four quadrant operation of DC
motors. Inductors are used to limit the circulating current when both converters

are used simultaneously.
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ac supply

o
o
o

Figure 2-12. Dual converter control of DC separately excited motor. A and B are
fully controlled rectifiers. Inductor L; and L, are used only with simultaneous

control (firing angle control @, + ag = 180°)

For lower power ratings i.e., up to 10 Kw, single phase Full converters are used
and for higher ratings three phase Full converters are used. Typical configuration
of both Single phase and three phase Dual converters are shown in the figures 2-

13 & 2-14.
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Figure 2-13. Single phase converted as dual converter
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Figure 2-14. Three Phase Converters connected as Dual converters.

In a dual converter the converters are configured such that converter-A works in
quadrants 1 and 4 and converter-B works in quadrants 2 and 3.

The operation of Dual converter is first explained with the help of an Ideal dual
converter (same figure as shown above but without reactors) with the following

assumptions:

~| Supply |

Comverter 1 Coaverter [

Figure 2-15. Simplified diagram of an Ideal Dual Converter

* They produce pure DC output voltage without any ac ripple.

* Each two-quadrant converter is a controllable DC voltage source with
unidirectional current flow. But the current through the load can flow in
either direction.

* The firing angle of the converters is controlled by a control voltage Ec
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such that their DC output voltages are equal in magnitude but opposite in
polarity. So, they can drive current through the load in opposite directions
as per requirement.

* Thus, when one converter is operating as a Rectifier and is giving a
particular DC output voltage, the other converter operates as an inverter
and gives the same voltage at the motor terminals.

* The average DC output voltages are given by:

Epca = Epax cOSay and
Epcg = Emax cOs ap

Rectification

[nversion

Figure 2-16. Firing angle versus Terminal voltage in Dual converter
In an Ideal converter
Epc = Epca = — Epcs

and substituting the above values of Epca and Epcs in this equation we get

Emax COS 0y = — Epax COS O Or
COS0y, = — COSOQp
= cos(180° — — ag) or

a, = 180° — agor (a, + ag) = 180°

The terminal voltages as a function of the firing angle for the two converters are
shown in the figure below. A firing angle control circuit has to see that as the
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control voltage Ec changes the firing angles, aa and as are to satisfy the above
relation i.e. (aa + o) = 180°

2.8. Practical Dual Converters:

In the above explanation of the Dual Converter, it is assumed that when the firing
angle is controlled as per the above equation the output voltage is a pure DC
voltage without any AC ripple. But in practical dual converters there will be AC
ripple and hence the instantaneous voltages from the two converters will be
different resulting in circulating current which will not flow through the load. 1f
these are not limited, they will damage the converters. Hence in order to
avoid/limit such circulating currents two methods are adopted.

Method 1: Dual Converter without circulating current (or non-
Simultaneous control): The block diagram of a Dual converter operating in this
mode is shown in the figure 2-17.

Reactor

AC ;Z AC

Figure 2-17. Block diagram of a Dual Converter without circulating current

In this mode the flow of circulating current is totally inhibited by controlling the
firing Pulses such that only one converter which is required to conduct the load
current is active at a time. The other converter is kept inactive by blocking its
firing pulses. Since only one converter is operating and the other one is in
blocking state, no reactor is required.

Suppose converter-A is operating supplying the load current in a given direction
and the converter-B is blocked. If now direction is required to be changed, it is
done in the following sequence.
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e Load current is first reduced to zero by setting the firing angle of
Converter- A to the maximum value (aa = 90°.with this firing angle, the
converter output voltage and thus output current become zero gradually)

e The pulses to converter-A are withdrawn after confirming that the current
through the load due to converter-A has completely come to zero by
continuous current sensing.

e Now converter-B is made operational by applying the firing pulses and it
would build up the current through the load in the other direction. The
pulses to Converter-B are applied only after a further gap of a few milli
seconds to ensure reliable commutation of converter-A. For converter B
also initially the firing angle aa is set to 90° before applying the firing
pulses and then gradually it is brought to 0° so that the current builds up
take place gradually.

The dead time and hence the reversal time can be reduced by going for accurate
zero current sensing methods. When this is done non-simultaneous control
provides faster response than simultaneous control. Because of these advantages

non-simultaneous control is more widely used.

In this method at certain load conditions the load current may not be continuous
which is not a desirable operating condition. To avoid this second method is used.

Method 2: Dual converter with circulating current:

In this mode Current limiting reactors are introduced between the DC terminals
of the two converters as shown in the figure to allow the flow of circulating
current due to the AC ripple/unequal voltages.

Just like in an Ideal Dual converter the firing angles are adjusted such that

(ag + ag) = 180°
When operating in quadrant 1 Converter-A will be working as a rectifier (0° < a
<90% and converter-B will be working as an Inverter. (90° < a < 180°) For e.g.
firing angle of converter A is say 60°, then the firing angle of converter B will
be 120° With these firing angles, Converter A will be working as a converter

and converter B will be working as an inverter. So, in circulating current mode
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both converters will be operating. The operation of the converters is to be
interchanged for speed reversal i.e. converter] which was working as a converter
should now work as an Inverter and converter 2 which was working as an Inverter
should now work as a converter. Two separate firing circuits have to be used for
the two converters.

ac supply

o000

Figure 2-18. Dual Converter Control of a DC separately excited motor in simultaneous or

circulating current mode

But for speed reversal a4 is to be increased gradually towards 180° and as is to
be decreased gradually towards 0° while simultaneously satisfying the above
condition (1)

In this process, the armature current reduces to zero, reverses direction, shifts to
Converter B and the motor will now operate initially in quadrant 2 during braking
and then in quadrant 3 during acceleration and finally at the required steady state
speed. The current loop adjusts the firing angle as continuously so as to break
the motor at the maximum allowable current from initial speed to zero speed and
then accelerates to the desired speed in the opposite direction. As as is changed
aa 1s also changed continuously so as to maintain the above relation-1. During
this entire operation, the closed loop control system will ensure the smooth
transfer from quadrant 1 to quadrant 2 to quadrant 3.
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2.8.1. Advantages and Disadvantages of the Circulating current

mode of Dual Converters:
2.8.1.1. Advantages of Circulating Current Mode:

e Smooth Reversal of Load Current: This is a major benefit. Because

both converters are continuously in conduction (one acting as a rectifier

and the other as an inverter), the current reversal is smooth and

continuous, without the need for a "dead time" (a brief period where

neither converter is active) as required in non-circulating current mode.

This is crucial for applications requiring frequent and rapid current

direction changes.

e Improved Speed of Response: The continuous conduction allows for

faster dynamic response to changes in load or control signals. There's no

delay in waiting for one converter to turn off and the other to turn on,

leading to better control and quicker changes in motor speed and direction

in drive applications.

e Continuous Conduction of Converters: Both converters remain in

conduction regardless of the load, even at no-load conditions. This helps

in maintaining stable operation and voltage regulation.

¢ Four-Quadrant Operation: Circulating current dual converters

inherently support four-quadrant operation, meaning they can handle

forward motoring, forward braking (regeneration), reverse motoring, and

reverse braking. This makes them highly versatile for reversible DC

drives.

2.8.1.2. Disadvantages of Circulating Current Mode:

e Requirement of a Circulating Current Reactor: To Ilimit the

magnitude of the circulating current that flows between the two converter

bridges (due to the instantaneous voltage difference between them, even

if their average voltages are equal), a series inductor (reactor) is

absolutely necessary. This reactor adds to the size, weight, and cost of the
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overall system.

e Increased Losses and Lower Efficiency: The circulating current, while
controlled by the reactor, still flows through the converter components
(thyristors, etc.). This extra current contributes to power losses (I’R
losses) in the converters and the reactor itself, leading to reduced overall
efficiency.

e Lower Power Factor: The circulating current can negatively impact the
input power factor of the system.

e Higher Current Ratings for Thyristors: Since the thyristors in both
converters have to handle both the load current and the circulating
current, they need to be rated for higher currents than if they were only
handling the load current. This increases the cost and size of the power
semiconductors.

e More Complex Control: While offering benefits in response, the control
circuitry for circulating current mode is generally more complex than for
non-circulating current mode because it needs to manage the firing angles
of both converters simultaneously to ensure stable operation and limit the

circulating current.

while the circulating current mode offers significant advantages in terms of
dynamic response and smooth current reversal, particularly for demanding
applications like reversible DC motor drives, these come at the cost of increased
complexity, larger components (due to the reactor), higher losses, and reduced
efficiency and power factor. The choice between circulating and non-circulating
current modes depends heavily on the specific application requirements,
especially regarding dynamic performance and cost considerations.

2.8.2. Comparison between Circulating current mode and non-
circulating current mode Dual converters:

Dual converters are power electronic circuits that allow for bidirectional power
flow and four-quadrant operation, meaning they can control both the direction of
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current and voltage, enabling applications like reversible DC motor drives. They
achieve this by connecting two controlled converters (typically full bridge
rectifiers) in an anti-parallel arrangement to a common DC load.

There are two primary modes of operation for dual converters:

2.8.2.1. Non-Circulating Current Mode (Circulating Current Free Mode)

In this mode, only one converter operates at a time to supply current to the load.
The other converter is completely blocked by not applying firing pulses to its
thyristors.

How it works:

e When a change in load current direction or voltage polarity is required,
the conducting converter is first turned off, allowing its current to decay
to zero.

e After a small but necessary "dead time" (typically 10-20 ms) to ensure all
SCRs in the first converter are fully turned off, the second converter is
then triggered to take over. This delay prevents a short circuit between
the two converters.

o If converter 1 is operating as a rectifier (0° < al <90°), Vdc and Idc are
positive.

o If converter 2 is operating as a rectifier (0° < a2 < 90°), Vdc and Idc are

negative.
Advantages:

e No circulating current: This is the main advantage, as it eliminates the
need for a circulating current limiting reactor, reducing circuit
complexity, size, cost, and power losses.

o Higher efficiency: Due to the absence of circulating current losses.

o Better power factor: Generally better as there are no additional reactive
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components for current limiting.

Disadvantages:

Slower response time: The "dead time" or blanking time required for the
current to decay to zero in the outgoing converter and for it to turn off
safely introduces a delay in the reversal of load current or voltage
polarity. This makes it unsuitable for applications requiring very fast
dynamic response.

Not suitable for continuous conduction at low loads: At light or no-
load conditions, the current may become discontinuous, making control
more challenging.

Abrupt changes: The switching between converters can lead to abrupt
changes in voltage or current, which might not be desirable for certain

sensitive loads.

2.8.3. Circulating Current Mode

In this mode, both converters are gated simultaneously, but with their firing

angles adjusted such that their average output voltages are equal in magnitude

but opposite in polarity. This condition typically means that if al is the firing

angle for converter 1 and a2 for converter 2, then al+a2=180°. One converter

act as a rectifier, and the other acts as an inverter.

How it works:

Even though the average output voltages are equal and opposite, there is
an instantaneous voltage difference between the two converters due to
ripples in their output. This instantaneous voltage difference drives a
"circulating current" between the two converters.

To limit this circulating current to a safe value, a circulating current
limiting inductor (reactor) is connected between the output terminals of
the two converters. This inductor absorbs the instantaneous voltage
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difference.

e If converter 1 is a rectifier (0° < al < 90°), then converter 2 acts as an
inverter (90° < a2 < 180°), leading to positive Vdc and Idc.

e If converter 1 is an inverter (90° < al < 180°), then converter 2 acts as a
rectifier (0° < a2 < 90°), leading to negative Vdc and Idc.

Advantages:

o Faster dynamic response: The continuous conduction of both
converters (due to the circulating current) eliminates the dead time
required for current decay, allowing for smooth and rapid reversal of load
current and voltage. This makes it ideal for applications requiring fast
changes in operating quadrants, like high-performance motor drives.

e Smooth current reversal: The presence of circulating current ensures
continuous conduction, leading to smoother transitions in load current.

o Better waveform quality: The output voltage waveforms are generally

better defined due to continuous conduction.
Disadvantages:

e Requires a circulating current limiting reactor: This adds to the cost,
size, and weight of the system.

e Increased losses: The circulating current flows continuously through
both converters and the reactor, leading to additional power losses and
reduced efficiency.

o Higher SCR ratings: The thyristors in both converters must be rated for
the sum of the load current and the circulating current, increasing their
current handling requirements and thus their cost.

o Lower power factor: The presence of the reactor and circulating current
can sometimes lead to a slightly lower overall power factor compared to

the non-circulating mode.
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Table 2-1. Circulating current Mode Vs Non circulating current mode

Feature Circulating Current Mode Non-Circulating Current Mode
) Both converters operate Only one converter operates at
Operation ) .
simultaneously. a time.
Circulating o Absent (actively prevented by
Present (limited by a reactor). .
Current blocking one converter).

Response Speed

Fast, smooth reversal of

Slower, due to dead time.

current/voltage.
Current
Smooth. Abrupt, with a dead time.
Reversal
Reactor Yes, required for current )
) . No, not required.
Requirement limiting.
) Lower, due to circulating Higher, no circulating current
Efficiency
current losses. losses.
SCR Current Higher (handle load current +  Lower (handle only load
Rating circulating current). current).
) More complex due to .
Complexity i ) Simpler control.
circulating current control.
Higher (due to reactor and
Cost . Lower.
higher-rated SCRs).
. High-performance drives, General-purpose drives, less
Applications

frequent reversals.

frequent reversals.

2.9. Closed loop control of Drives:

Closed loop control in Electrical drives is provided mainly to meet any or all of

the following requirements.

e Protection against over current and over voltages
¢ Enhancement of Speed of response (Transient performance)

e Improve the steady state accuracy

We will study two important schemes of control that are most commonly used
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in electrical Drive control systems.
2.10. Current Limit Control:

Basic block diagram of a typical current limit control employed in electrical
drives is shown in the figure 2-19.

v — -'"'I Controller ==  Converter  —s Motor . LﬂadJ
Iy ¥
Current
sensor
i A
B Ty | ah o
logic circuit

Figure 2-19. Current limit Control

This is employed mainly to limit the converter and motor currents to safe values
during transient periods like starting and braking. It employs a current feedback
loop with a threshold logic circuit. The motor current is sensed using sensors like
CTs or Hall Effect sensors and fed to the threshold logic circuit. As long as the
motor current is within the set maximum limit, the closed loop control does not
come into operation. When the current exceeds the set limit the closed loop
control becomes active and the current is brought below the set limit and the
control loop becomes again inactive. Whenever current exceeds the limit the
control loop becomes active again. Thus, the current fluctuates around the
maximum limit until the final steady state condition is reached thus ensuring
faster response with maximum torque during the transient conditions i.e., starting

and braking.
2.11. Closed loop Speed control:

The most widely used control loop in electrical drives is the “closed loop Speed
control” and its Block schematic is shown in the figure below. It employs an
inner current control loop within an outer speed control loop. Inner current
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control loop is provided to limit the converter and motor current (torque) below

the safe limits. The speed control loop operates as follows:

®*m is the input speed reference and when it increases (or decreases) it produces
a positive (or negative) speed error (+/-) Aom. The speed error is processed
through a speed controller and is applied to the current loop as current reference
I* through the current limiter. Current limiter works linearly in a small range of

error and saturates when the error exceeds the set limits.

Current

referénce
- Current
j’—{: Y cont- __Cumn—_' Motor Load
+- ! L sedl e Curment
S i o —IC " limiter
limiter I Currant
SETHOL
S | Spesd
SETESOT
a) ; . {b)

Figure 2-20. Closed loop speed control

An increase in the speed reference ®*m produces a positive speed error and the
current limiter sets a positive maximum allowable input current as reference to
the inner current loop. Now the motor accelerates at the maximum current and
hence with the maximum torque until it approaches the set speed. When it is
close to the set speed, the current limiter desaturates and the speed stabilizes at
the steady state value of speed with a small steady state error and a current
corresponding to the motor torque equal to the load torque.

A decrease in the speed reference ®*m produces a negative speed error and the
current limiter sets a negative maximum allowable input current as reference to
the inner current loop. Now the motor decelerates and operates in braking mode
at the maximum current and hence with the maximum torque until it approaches
the set speed. When it is close to the set speed, the current limiter desaturates and
the speed stabilizes at the steady state value of speed with a small steady state
error and a current corresponding to the motor torque equal to the load torque.
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In drives where there is no provision for current to reverse (single quadrant

operation) for braking operation current limiter will have the unipolar I/O

characteristics as shown in fig (b). In drive systems where there is enough load

torque for braking, electric braking is not required and, in such cases, also the

unipolar current limiter will be used.

Current and speed controllers shown in the speed control loop normally consist

of PI (Proportional plus Integral) or PD (Proportional plus Derivative) or PID

(Proportional plus Integral plus derivative) controllers depending upon the

steady-state accuracy and/or transient response requirements.

Summary:

Important concepts and conclusions:

An electrical drive operates in three modes. i.e., steady state, starting and
braking.

Steady state operation is also referred to as motoring operation.

Starting and braking are also referred to as transient operations.

The three types of electrical braking are:
o Regenerative braking
o Dynamic or Rheostatic Braking and
o Plugging or reverse voltage braking.

Four quadrant operation can be achieved with a single Full converter
along with changeover contactors to reverse the armature or field
connections and with firing angle changeover control [(0° = o < 90°)
or (90° = o = 180°)]. But Dual converters are preferred due to their
superior performance.

In practical Dual converters with circulating current mode, reactors are
required to be connected between the two Converter terminals to limit the
circulating currents. The firing angles are to be controlled to satisfy the
condition (a4 + ap) = 180°

In converters without circulating current only one converter is active at a
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given time depending on the operation.

* In both modes the closed loop control system takes care of the total
control methodology.

* Inclosed loop speed control systems normally two control loops are used.
An inner Current control loop and an outer Speed control loop.

* Current and Speed controllers in a closed loop speed control system
normally consist of PI (Proportional plus Integral) or PD (Proportional
plus Derivative) or PID (Proportional plus Integral plus derivative)
controllers depending upon the steady-state accuracy and/or transient

response requirements.
Example 2-1:

A 210 V, 1200 RPM, 10 A separately excited DC motor is controlled by a 1-
phase fully controlled converter with an AC source voltage of 230V, 50 Hz.
Assume that sufficient inductance is present in the armature circuit to make the
motor current continuous and ripple free for any torque greater than 25% of rated
torque. Ra=1.5 Q

a) What should be the value of the firing angle to get the rated torque at 800
rpm?
b) Compute the firing angle for the rated braking torque at -1200 rpm.

¢) Calculate the motor-speed at the rated torque and o = 165° for the
regenerative braking in the second quadrant?

Solution:

This is an example where the constant K is not given directly and no mention is
made about field current. So, we can assume field @ as constant and determine
the motor constant K.0 from the given rated values of voltage (210 V), speed
(1200 rpm), armature current (10 A) and the armature resistance (1.5 Q)

First, we have to find out back emf E, @rated conditions and from that the
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constant K.O.

E, = E,- I,R, = 210- (10 x 1.5) = 195V

1200x21

Rated speed in R/s: w = = 125.66.rad/sec

We know that E;, = K, @w from which we have:

Ep 195 v
K§=—="= = 1.55— /sec
a? ) 125.66 rad/

Now we can find out the required quantities one by one.

a) Atrated torque, I. =10 A.

800

Back e.m. f. at 800 rpm = E}4 =00 = 130V

We know that with continuous conduction required armature voltage Ea(a) from
the single-phase full converter is given by:

Eqa = =2 cosa = IRy + By (Em = 230 X VZ = 325.27V)

2X325.27
E,a =

cosa = (10 x 1.5) + 130

From which we get @ = 45.55°

b) For the speed of — 1200 rpm at the rated current E;, = —195 V and the

armature loop equation becomes @cosa:(wm.s)—ws from which
a 150.37° (b) Substituting the value of armature current I, at rated torque =
10 A in the armature loop equation and equating it to the converter output at a
firing angle of @ = 165°, we get

2X325'27c051650=10><1-5+Eb or Ep=—215.02V

Regenerative braking (second quadrant operation) is obtained either by the field

reversal or the armature reversal, for which, K, @ = —1.55
Then, w = =2 = 225592 — 13872 7% gnd N = 22720 — 1325 rpm
Kq® —1.55 s
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Example 2-2:

The speed of a 10 HP, 210 V, 1000 rpm separately excited D.C. motor is
controlled by a single-phase, full-converter. The rated motor armature current is
30 A, and the armature resistance is R, = 0.25 Q. The a.c. supply voltage is 230
V. The motor voltage constant is Ka® = 0.172 V/rpm. Assume that sufficient
inductance is present in the armature circuit to make the motor current continuous
and ripple free.
a) Rectifier operation (motoring action): For a firing angle of o =45° and
rated motor armature current, determine: Motor torque and Motor speed
b) Inverter operation (regenerative action): The motor back emf polarity is
reversed by reversing the field excitation. Determine: Firing angle to keep
the motor current at its rated value and Power fed back to the supply

Solution:

Rectifier operation (motoring action):

Motor Torque @rated armature current: can be found out directly by using the
relation T = K, ®l.. But the constant K, ® is same in the relations for torque and
back emf if it is V/Rad/sec in back emf and N-m/A in torque. But it is given in
V/RPM. Hence it is first converted to V/Rad/sec and then used in the expression
for torque.

K, ® (V/Rad/sec) = K, ® (V/RPM) x 60/2n
Ko ® = 22220V — = = 1.64V — s/rad

21T

Rated Motor Torque Tr at rated armature current
= K,®I,R = 1.64 X 30 = 492N — m.
Motor Speed at Rated armature current: The armature voltage in a fully

controlled single-phase converter is given by:

2Em __24/2x230

E, = —cosa c0s45° = 146.42
V3

(The given supply voltage of 230 V is RMS value and it is to be converted into
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Em by multiplying by V 2)
E, = E, — I,zR, = 146.42 — (30 x 0.25) = 138.92V
Speed, N = 22 = 222 _ 80767 rpm  (here K ® is used directly with given

Ko 0.172
units of V/RPM so that we can get directly speed N in RPM)

Inverter operation (regenerative action):
o Firing angle to keep the motor current at its rated value:

At the time of polarity reversal, the back emfis E;,, = 138.92V
(But it is to be taken as negative after polarity reversal for braking)

Then from loop equation
E, = E, + [;R, = —138.92 + (30 x 0.25) = —131.42V.

2v/2x%230 cosa = —131.42V

But converter out is given by E, =
Equating the converter output voltage to the required motor armature voltage, we
get o = 129.39°

e Power fed back to the supply:

Power from the D.C machineis: P, = 138.92 X 30 = 4167.6

g
Power lost in the armature resistance is: P, = Ia? R, = 30% x 0.25
Power fed back to the A.C. supply is: P, = 4167.6 - 225 = 3942.6 W

We can get directly also power fed back as: P, = E; [, = 131.42 x 30 =
3942.6 IW.
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3.1. Introduction to Choppers:

A chopper (also known as a DC-DC converter) is a fundamental power electronic
device that plays a crucial role in controlling DC power. Essentially, it acts as a
high-speed electronic switch that converts a fixed DC input voltage into a
variable DC output voltage.

Imagine you have a battery (a fixed DC voltage source) and you want to power
a DC motor, but you need to control its speed. Simply connecting the motor
directly to the battery would give you a fixed speed. This is where a chopper
comes in. By rapidly turning the DC supply on and off to the motor, the chopper
effectively "chops" the continuous DC voltage into a series of pulses. The
average value of this pulsed voltage can then be controlled, which in turn controls
the motor's speed.

3.1.1. Key Characteristics and Operating Principle:

e DC to Variable DC Conversion: The primary function of a chopper is
to transform a constant DC voltage into a controlled or adjustable DC
voltage. This is achieved without converting it to AC first, making it

89



Power Electronics Control of Electrical Drives

highly efficient.

o High-Speed Switching: Choppers employ power semiconductor devices
(like MOSFETs, IGBTs, GTOs, or power BJTs) that can switch ON and
OFF at very high frequencies (typically in kilohertz to megahertz range).

e Pulse Width Modulation (PWM): The most common control technique
for choppers is Pulse Width Modulation (PWM). In PWM, the frequency
of the switching is kept constant, but the duration for which the switch is
ON (the "ON time," TON) within a fixed total time period (T) is varied.
The ratio of TON to T is called the duty cycle (@), and the average output
voltage is directly proportional to this duty cycle (Vou=0-Vin). By
changing the duty cycle, the average output voltage can be precisely
controlled.

e Energy Transfer and Storage: In many chopper circuits, an inductor is
used to store energy during the ON period and release it during the OFF
period, helping to smooth the output current and voltage. A freewheeling
diode is often included across the inductive load to provide a path for the
current when the chopper switch is OFF, preventing large voltage spikes.

3.1.2. Why are Choppers Important in Electrical Drives?

e Speed Control of DC Motors: This is one of the most significant
applications. Choppers provide smooth, efficient, and precise control
over the armature voltage (and thus speed) of DC motors in various
applications like electric vehicles, industrial machinery, and traction
systems.

o Regenerative Braking: Choppers can facilitate regenerative braking,
where the motor acts as a generator during braking, feeding energy back
to the supply (e.g., battery in an electric vehicle), improving efficiency.

o High Efficiency: Due to their switching nature, choppers have very low
power losses (as the switching device is either fully ON or fully OFF,
minimizing resistive losses), leading to high efficiency (often up to 95%).

e Compact Size and Fast Response: Their high switching frequencies
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allow for smaller reactive components (inductors and capacitors), leading
to compact designs and fast dynamic response.

e No Power Factor Issues: When supplied from a DC source (like
batteries), choppers do not introduce power factor problems, unlike AC-
DC phase-controlled converters.

Choppers are mainly used to obtain a variable DC output voltage from Fixed DC
voltage source. There are two basic types of choppers: AC link choppers and DC
choppers.

e AC link Choppers: In these, first DC is converted to AC by inverters.
Then AC is stepped up or down by transformers to the required level and
then it is converted back to DC.

e DC choppers: In these a variable DC voltage is obtained from a fixed

DC voltage using a static switch.

In this unit we will study the application of DC choppers in the four-quadrant
operation of DC motors.

3.2. Basic DC chopper classification:

e According to the level of input/output voltages:
O Step down choppers: Output voltage is lesser than the input
voltage
O Step up choppers: Output voltage is larger than the Input voltage
e According to the Direction of output voltage and current as shown in the
e Figure below (as class A to E)

e According to quadrants of operation: (As shown in the figure 3.1.)

One quadrant chopper: The output voltage and current are both positive.

(Class- A): The output voltage is positive but current is negative.

(Class- B): Two quadrant chopper:

The output voltage is positive but current can be positive or negative.

(Class-C): The output current is positive but voltage can be positive or negative.
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Figure 3-1. Classification of DC choppers

Four quadrant choppers: The output voltage and current both can be positive or

negative.
3.3. Basic principle of operation of a step-down chopper:

A step-down chopper consists of a semiconductor device like SCR, BJT, Power
MOSFET, IGBT, GTO etc. which works like switch along with a DC input
source and other components like Inductors, Resistors, Capacitors, Diodes etc.
as shown in the figure below. The average output voltage across the load is varied
by varying the ON period (duty cycle) of the chopper with a given Time period.

For SCR based choppers an additional commutation circuit is necessary. Hence
in general, gate commutation devices like MOSFETs and IGBTs have replaced
the SCRs in Choppers. However, for high voltage and high current applications
SCRs are still used.
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Figure 3-2. Basic Chopper circuit

The power diode Dr operates in freewheeling mode and provides a path to the
load current when the switch is not ON. The Inductor works as a filter and
smoothes out the switching ripple. The chopped output voltage waveform and
the load current are shown in the figure 3-3.
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Figure 3-3. DC Chopper output voltage and current waveforms

During the ON period of the chopper the input voltage gets applied to the load.
During the OFF period the load gets short circuited by the freewheeling Diode
Dr and the load current flows through Dr. Thus, a chopped voltage is produced
across the load. This is also called Time Ratio control.

The average output voltage is given by:

E = Epc.-Ton _ EpcTon
O Topr + Ton T
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Where Toy = ON period of the chopper

Torr = OFF period of the chopper and
T = Torr + Ton = Chopping period.
TOTN is called duty ratio of the chopper and is represented by the symbol 6.

Then the output voltage E, is given by:

Ey, = 6.Ep¢

The output voltage E, is also given by: Eqg = Epc. Ton. f
where f is the chopping frequency and is equal to %

The average value of the load current is given by:

EO EDC
[, = =2 = §—==
0 R R

Types of chopper control:
If the chopper is Transistor based, the base current will switch ON and OFF the
transistor.

e Ifitis GTO thyristor based then a positive gate pulse will switch it ON
and a negative gate pulse will switch it OFF

* Ifitis SCR based a commutation circuit is required to turn it OFF.

3.3.1. Class-A Chopper (First Quadrant operation):

A Class-A Chopper, also known as a First Quadrant Chopper or Type-A
Chopper, 1s a fundamental DC-DC converter that operates exclusively in the first
quadrant of the output voltage (Vo) vs. output current (Io) plane. This means that
both the average output voltage and average output current are always positive.

3.3.1.1. Key Characteristics:

e Unidirectional Power Flow: Power always flows from the source to the
load. It acts as a step-down converter, meaning the average output voltage
is always less than or equal to the input DC voltage (Vs).

o Positive Voltage and Current: Both the output voltage and output
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current are always positive. This defines its operation in the first
quadrant.

o Simple Circuitry: It typically consists of a power semiconductor switch
(like a MOSFET, IGBT, or SCR), an inductor, and a freewheeling diode.

e Control Method: The output voltage is controlled by varying the "ON"
time (TON) of the chopper switch relative to the total switching period
(T). This is commonly achieved using Pulse Width Modulation (PWM).
The duty cycle () is defined as a=TON/T. The average output voltage is
given by Vo=a-Vs.

The basic power circuit of a Class-A chopper connected to a separately excited

motor operating in the first quadrant is shown in the figure below.

Chopper 1

{a) (b)

Figure 3-4. First quadrant operation of a Class-A chopper connected to a DC separately Excited

motor

The term first quadrant refers to the operation with both voltage Eo and current
Io polarities confined to the directions as shown. When the chopper is ON the
output voltage Eo = Epc and when the chopper is OFF Eo = 0 volts but the current
Io flows in the load in the same direction through the freewheeling diode Dr.
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Chopper 1

_____ |

;

Figure 3-5. Electrical equivalent circuit of Class-A chopper (polarities indicated are when
Chopper is ON)

Both average load voltage and load current are positive and hence power flows
from source to load. Hence this is Motoring operation. The output voltage and
current waveforms are shown in the figure 3-6.

e According to the level of input/output voltages:
o Step down choppers: Output voltage is lesser than the input
voltage
o Step up choppers: Output voltage is larger than the Input voltage
e According to the Direction of output voltage and current as shown in the
e Figure below (as class A to E)

e According to quadrants of operation: (As shown in the figures above)

One quadrant chopper:

e The output voltage and current are both positive. (Class- A)

e The output voltage is positive but current is negative. (Class- B)

Two quadrant choppers:

e The output voltage is positive but current can be positive or negative.
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(Class-C)
e The output current is positive but voltage can be positive or negative.
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Figure 3-6. Classification of DC choppers

Applications:
Class-A choppers are primarily used in applications where:

e Unidirectional power flow is sufficient.
e The load requires a variable DC voltage that is less than or equal to the
source voltage.

Common applications include:

e Speed control of DC series motors: By varying the average voltage
applied to the motor, its speed can be controlled.

e Low-power DC motor drives: For simple motoring operations where
regenerative braking or reverse operation is not required.

e Some types of switched-mode power supplies (SMPS): As a basic buck
converter stage.

o Battery charging circuits: To regulate the charging voltage and current.
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3.3.2. Four quadrant choppers:

A four-quadrant chopper, also known as a Class-E chopper or H-bridge DC-DC

converter, is a power electronic circuit that can control both the magnitude and

polarity of the output voltage and current. This means it can operate in all four

quadrants of the voltage-current (V-I) plane.

A four-quadrant chopper typically consists of four semiconductor switches (like
IGBTs, MOSFETs, or GTOs) and four anti-parallel diodes arranged in an H-
bridge configuration. By strategically switching these devices ON and OFF, the

chopper can achieve the desired output voltage and current characteristics.

Let's break down the "four quadrants" of operation:

e Quadrant I (Forward Motoring):

o

o

@)

Output voltage (Vo) is positive, and output current (Io) is positive.
Power flows from the source to the load.

The chopper acts as a step-down converter, providing a variable
positive voltage to the load. This is the typical "motoring" mode
where a DC motor rotates in the forward direction.

¢ Quadrant II (Forward Braking/Regenerative Braking):

o

o

o

Output voltage (Vo) is positive, but output current (Io) is negative.
Power flows from the load back to the source.
The chopper acts as a step-up converter. This mode is used for
braking, where the kinetic energy of the load (e.g., a motor) is
converted back into electrical energy and fed to the source,
offering efficient braking and energy recovery.

e Quadrant IIT (Reverse Motoring):

o

Output voltage (Vo) is negative, and output current (Io) is
negative.
Power flows from the source to the load, but in the opposite
direction.
The chopper provides a variable negative voltage to the load,

causing the motor to rotate in the reverse direction.
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Quadrant IV (Reverse Braking/Regenerative Braking):
o Output voltage (Vo) is negative, but output current (Io) is positive.
o Power flows from the load back to the source.
o Similar to Quadrant II, this mode is used for braking, but when

the motor is rotating in the reverse direction.
Key Features and Advantages:

Bidirectional Power Flow: Can transfer power from source to load and
vice versa.

Bidirectional Voltage and Current Control: Allows for precise control
over both voltage and current polarity.

Versatile Operation: Capable of motoring and braking in both forward
and reverse directions.

Smooth Control: Offers continuous and precise control over the output.
Energy Efficiency: Enables regenerative braking, recovering energy
during deceleration, which is highly beneficial in applications like
electric vehicles.

Applications:

Four-quadrant choppers are widely used in applications requiring precise and

flexible DC motor control, including:

DC Motor Drives: This is a primary application, allowing for
forward/reverse motoring and braking (regenerative and dynamic) of DC
motors in industrial drives, electric vehicles, and traction systems (e.g.,
electric trains, subway trains).

Electric Vehicles (EVs): Crucial for controlling the traction motor,
enabling acceleration, deceleration, and regenerative braking to extend
battery range.

Renewable Energy Systems: Used in solar power systems (e.g., for

maximum power point tracking) and wind turbines to manage power flow
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3.3.2.3.

and convert varying DC voltages.

Battery Chargers: For efficient and controlled charging of battery
banks, especially in applications where energy recovery is important.
Power Supplies and Voltage Regulators: To provide regulated DC
voltage with variable polarity in some specialized power supply units.

Disadvantages (generally in comparison to simpler choppers):

Complexity: They are more complex in terms of circuit design and
control algorithms due to the multiple switching devices and the need for
coordinated control.

Cost: The increased number of power semiconductor devices and the
more intricate control circuitry generally lead to higher manufacturing
costs.

Losses: With more switching devices, there can be increased conduction
and switching losses, although modern devices and control techniques

aim to minimize this.

3.4. Basic principle of operation of a step-down
chopper:

A step-

down chopper, also known as a buck converter, is a type of DC-to-DC

converter that reduces a fixed DC input voltage to a lower, controllable DC

output voltage. It's a fundamental circuit in power electronics, widely used for

efficient voltage regulation.

A step-

down chopper consists of a semiconductor device like SCR, BJT, Power

MOSFET, IGBT, GTO etc. which works like switch along with a DC input

source

and other components like Inductors, Resistors, Capacitors, Diodes etc.

as shown in the figure below. The average output voltage across the load is varied

by varying the ON period (duty cycle) of the chopper with a given Time period.
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Figure 3-7. Basic Chopper circuit

For SCR based choppers an additional commutation circuit is necessary. Hence
in general, gate commutation devices like MOSFETs and IGBTs have replaced
the SCRs in Choppers. However, for high voltage and high current applications
SCRs are still used. The power diode Dr operates in freewheeling mode and
provides a path to the load current when the switch is not ON. The Inductor
works as a filter and smoothes out the switching ripple. The chopped output
voltage waveform and the load current are shown in the figure below.

R

5

Figure 3-8. DC Chopper output voltage and current waveforms

During the ON period of the chopper the input voltage gets applied to the load.
During the OFF period the load gets short circuited by the freewheeling Diode
Dr and the load current flows through Dr. Thus, a chopped voltage is produced
across the load. This is also called Time Ratio control.

The average output voltage is given by:
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EDC' TON TO_N

EO = = EDC' T

"~ Torr + Ton
Where Toy = ON period of the chopper
Torr = OFF period of the chopper and
T = Torr + Ton = Chopping period.

TOTN is called duty ratio of the chopper and is represented by the symbol §.

Then the output voltage E, is given by: Eq = 6.Ep¢
The output voltage E, is also given by: Eg = Epc. Ton-f

where f is the chopping frequency and is equal to %

The average value of the load current is given by: [ = = =

3.4.1. Advantages:

e Voltage Reduction: Efficiently reduces a higher DC voltage to a lower,

regulated DC voltage.

o High Efficiency: Compared to linear regulators, choppers are much more
efficient as the switch is either fully ON (low voltage drop) or fully OFF

(zero current), minimizing power dissipation as heat.

o Precise Control: Allows for accurate regulation of the output voltage by

adjusting the duty cycle.

o Compact Size: Can be designed to be relatively small due to their high

efficiency.

3.4.2. Applications:

Step-down choppers are widely used in various applications, including:

o DC Motor Speed Control: By varying the voltage supplied to a DC

motor, its speed can be precisely controlled.
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o Battery Charging: Regulating the charging voltage for various battery
types.

e DC-DC Buck Converters: Used in power supplies for electronic devices
(e.g., laptops, smartphones) to step down the input voltage to the required
operating voltage.

e Renewable Energy Systems: Interfacing solar panels or wind turbines
with different voltage requirements.

e Electric Vehicles and Traction Systems: For controlling the speed and
torque of DC motors in electric cars, trains, and trams.

o Voltage Regulation in Power Supplies: Providing stable and regulated
DC voltages for various electronic circuits.

3.5. Types of chopper control:

* If the chopper is Transistor based, the base current will switch ON and
OFF the transistor.

e Ifitis GTO thyristor based then a positive gate pulse will switch it ON
and a negative gate pulse will switch it OFF

* Ifitis SCR based a commutation circuit is required to turn it OFF.

3.5.1. Class-A Chopper (First Quadrant operation):

A Class-A chopper, also known as a Type-A chopper or First Quadrant Chopper, is a
fundamental type of DC-to-DC converter that operates exclusively in the first quadrant
of the output voltage (Vo) versus output current (Io) plane. The basic power circuit of
a Class-A chopper connected to a separately excited motor operating in the first
quadrant is shown in the figure 3-9.
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Figure 3-9. First quadrant operation of a Class-A chopper connected to a DC separately Excited

motor

The term first quadrant refers to the operation with both voltage Eo and current
Ip polarities confined to the directions as shown. When the chopper is ON the
output voltage Eo = Epc and when the chopper is OFF Eo = 0 volts but the current
Io flows in the load in the same direction through the freewheeling diode Dr.
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Figure 3-10. Electrical equivalent circuit of Class-A chopper (polarities indicated are when
Chopper is ON)

Both average load voltage and load current are positive and hence power flows
from source to load. Hence this is Motoring operation. The output voltage and
current waveforms are shown in the figure 3-11. During the ON period the rate
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of rise of current is positive and hence the voltage across the Inductance will be
positive and the governing relation will be:

EDC = Ra-IO +L dt

+E, forO0<t<T,,.

During the OFF-period rate of rise of current is negative and hence the voltage
across the Inductance will be negative and the governing relation will be

Ldig

OzRai0+7+Eb fOT'Ton<t,T

The average output voltage E, is given by E; = Epc.d

. T
where 6 = dutyratio = -

The torque speed relation is identical to those we have seen earlier with
single/three phase converters connected to DC SE motors and it is given by:

_ EDC6) _ (_RaT )
Wmn = (Ka(b ((Katz))2

3.5.1.1. Key Characteristics:

o Step-down operation: The average output voltage is always less than or
equal to the input voltage.

e Unidirectional power flow: Power always flows from the source to the
load.

o Unidirectional voltage and current: Both average output voltage and

current are always positive.

3.5.1.2. Applications:

Class-A choppers are commonly used in applications where controlled DC power
is needed for a load that only requires power in one direction. Some common

applications include:

e DC Motor Speed Control (Forward Motoring): They are widely used
to control the speed of DC motors in applications like electric vehicles,
industrial drives, and traction systems. By varying the duty cycle, the
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average voltage applied to the motor can be adjusted, thereby controlling
its speed.

e DC Power Supplies and Voltage Regulation: For providing a variable
and regulated DC voltage from a fixed DC source.

o Battery Chargers: To control the charging voltage and current for
batteries.

3.5.2. Class-B Chopper (Second Quadrant operation):

A Class-B chopper, also known as a second-quadrant chopper, is a type of DC-to-DC
converter that allows power to flow from the load back to the source. This is in
contrast to a Class-A chopper (first-quadrant), where power flows from the source to
the load.

3.5.2.1. Key Characteristics of Class-B Chopper (Second Quadrant Operation):

e OQOutput Voltage (Vo) is positive, but Output Current (Io) is negative.
This means the power flow (P=Voxlo) is negative, indicating that power
is being transferred from the load to the source.

e Acts as a Step-Up Chopper: In this mode, the chopper essentially
"boosts" the voltage from the load side to a level higher than the source
voltage, allowing energy to be fed back into the supply.

e Requires a DC source in the load: For a Class-B chopper to operate, the
load must contain a DC voltage source (like a battery or the back EMF of
a DC motor).

o Regenerative Braking: This is the primary application of Class-B
choppers, especially in DC motor drives. When a DC motor is in
regenerative braking, it acts as a generator, converting kinetic energy into
electrical energy. The Class-B chopper then facilitates the return of this
electrical energy to the DC supply.

The basic power circuit of a chopper connected to a DC separately excited motor
operating in the second quadrant is shown in the figure below. The term second
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quadrant refers to the operation with both voltage Eo and current Ip polarities
confined to the directions as shown.
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Figure 3-11. Second quadrant operation of a Class-A chopper connected to a DC separately
Excited motor
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Figure 3-12. Second quadrant operation of a Class-A chopper connected to a DC separately
Excited motor along with its equivalent circuit.

Chopper is turned ON and OFF at regular intervals of period T. The back emf Eyp
stores energy in the inductance L whenever the chopper is ON and this stored
energy is delivered to the source Epc by flow of current through the diode D> and
in the same direction through the motor as it was flowing when the chopper was
ON. In this, the average load voltage is positive and load current is negative.
Hence power flows from load to source. Hence this is regenerative braking

operation. The output voltage and current waveforms are shown in the figure 3-13.
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Figure 3-13. Class-B Chopper Voltage and current waveforms with continuous load current

Applications:
The primary application of a Class-B chopper is in:

o Regenerative Braking of DC Motors: This allows the kinetic energy of
a decelerating motor (e.g., in electric vehicles, trains, elevators) to be
converted back into electrical energy and returned to the power supply,
improving overall efficiency and reducing heat generation in mechanical

braking systems.
3.5.2.2. Chopper control of series motor:

Motoring:

Chopper circuit and the waveforms are same as those of a Class - A chopper
connected to a DC separately excited motor. Here also Eo = Epc.d but Ep will
not be constant and varies with 1. Due to saturation of the field magnetic circuit,
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relationship between Ep and I, is nonlinear. However, the basic motor relations
we have derived earlier for the series motor are still applicable and are given here
again for quick reference.

Since

@ = Kfl,

Ep = K,0w = K Kelqw
T = K,0l, = K,KIfa
E, =E, +I,R, and

_ Eg R
w = K_aKfIa _K_:Kf

_ Ep Rg
1/KafT Kaf

Where R, is now the sum of armature and field winding resistances and K ¢ =
K,.Ks is the total motor constant. Using these equations, the torque speed
relation for a choppers-controlled DC series motor would become

_ Epcd Rg
,/KafT Kaf

Regenerative braking:

For series motor also for regenerative braking the same Class-B chopper that was
used for a DC separately excited motor is used. During regenerative braking,
series motor works like a self-excited series generator. Bur for self-excitation,
the current flowing through the field winding should assist the residual
magnetism (as already explained during the braking of series motor). Therefore,
when changing from motoring to braking connection, while direction of armature
current should reverse, field current should flow in the same direction. This is
achieved by reversing the field with respect to armature when changing from
motoring to braking operation. Voltage and current waveforms will be same as
those shown for regenerative braking of a DC separately excited motor.
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The governing equations during braking are:

Ey =Epcd
E, =Ey+ IR,
E, R
w = 0 a
KaKylq KoKy
— Epcd | Ra
VEKarT Kaf

For a chosen value of I,. Ky is obtained from the magnetization characteristic.
Then, m and T are obtained from the above equations. The nature of torque speed
characteristics is shown in the figure below.

Increasing

a

Motoring

S 0 T
Figure 3-14. Motoring and Regenerative Braking characteristics of a Chopper controlled DC

series motor.

3.5.3. Two quadrant (type —A) or class-C chopper:

Class-C chopper can be realized by combining the class-A and class-B choppers
together as shown in the figure below. This combined circuit provides both
forward motoring and forward regenerative braking. CH1 along with diode D1
performs forward motoring operation while CH2 along with diode D2 performs
the function of forward regenerative braking. Thus, for motoring operation CH1
is controlled and for braking operation CH2 is controlled. Shifting of control
from CH1 to CH2 shifts operation from motoring to braking and vice versa.
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Figure 3-15. Two quadrant Type-A (class- C) Chopper
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Figure 3-16. Two quadrant Type-A (class- C) Chopper, the permissible E-I coordinates and
Electrical equivalent circuit.

But in many applications a smooth and fast changeover from motoring to braking
and vice versa is required and in such cases Chl and Ch2 are controlled
simultaneously as explained below with the help of the Motor terminal voltage

and the current waveforms shown in the figure below.

Important points to be noted/conventions followed in this explanation are:
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e With the given polarity of Epc, the motor current is positive when flowing
down wards (during motoring) and negative when flowing upwards
(during braking).

¢ Since we are considering two quadrant operations with forward motoring
& braking, the polarity of Ep is considered positive as shown.

e The choppers conduct in the direction as shown by the arrow in the
respective chopper when triggered and only when forward biased.

e The voltage across the inductance is positive (terminal R, side of L, is

positive as shown in eq. circuit) and adds up to the motor back emf Ej
when the rate of rise of current is positive. And this happens when Ch-1
is ON or when diode D2 is conducting.
. The voltage across the inductance is negative (terminal R, side of
L, is negative as shown in eq. circuit) and opposes the motor back emf
Ep when the rate of rise of current is negative. And this happens when
Ch- 2 is ON or when diode D1 is conducting.

Figure 3-17. Voltage and current waveforms in a Class-C chopper
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Operation:

Initially when both choppers are OFF, both diodes also are not conducting
and hence the load is isolated from the source. As shown in the
waveforms above, say initially at point P chopperChl is triggered and it
starts conducting. The load current is positive and the load receives power
from the source. So, the output voltage E, = Ep. whenever chopper
Ch1 conducts.

At point Q chopper Chl is turned off, polarity of voltage across
inductance L. changes (becomes negative) and the energy in the
inductance forces load current to flow through the diode D1 (in the same

direction through the motor i.e., positive) till the voltage across the
. di
inductance L. d—; becomes equal to the back emf E, and the load current

becomes zero i.e., up to point R.

At this point R, the motor back emf E; is greater than the voltage across
the inductance and since the gate signal for Ch2 is present, now Ep, forces
a current in the opposite direction (negative current) through La and
Ch2.This continues up to point S i.e., until Ch2 is turned off and Chl is

turned on.

Now at point S when Ch2 is turned off, polarity of voltage across
inductance L. changes (becomes positive) and the energy in the
inductance forces same negative current through the diode D2 into the
source until point T when the input current reduces to zero. In this period
the current is negative and hence Chl cannot conduct though it is
triggered.

At this point T since gate signal is available to Ch1 load current becomes
positive, conducts through Ch-1 and the sequence repeats.

Summary observations:

In a period, T, Chl is switched on from 0 to 6. T and Ch2 is switched on
from 6.Tto T where & is the duty ratio of Chl.Therefore during the
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period 0 to 6.T motor is connected to the source through Chl or D2
depending upon whether the motor current is positive (Chl) or negative
(D2).

* Similarly, during the period 6. T to T motor armature is shorted through
Ch2 or D1 depending upon whether the motor current is negative (Ch2)
or positive (D1). And during this period the rate of change of current is
always negative.

* For first quadrant operation i.e., motoring, torque has to be positive, so
motor current has to be positive and thus Chl and D1 perform the
motoring.

* For the second quadrant operation i.e., braking, torque has to be negative,
so motor current has to be negative and thus Ch2 and D2 perform the

braking.
@ & increasing
.-____—-_—__
Regenerative
braking Motoring
_—————
— T ——
_r T

Figure 3-18. Torque speed characteristics of a Class-C chopper-controlled DC separately
excited motor.

* Load voltage is zero if either Ch2 or diode D1 conducts and equal to Epc
if Chl or D2 conducts. So average output voltage is always positive.

* Load current is positive whenever Chl or diode D1 conduct and negative
when Ch2 or diode D2 conducts.

* Load voltage is positive but current is reversible and hence power flow is
also reversible.

* Both Chl and Ch2 should not be switched on simultaneously as it would
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short circuit the source voltage Epc. They are turned on alternatively as

shown by the gate signals Ig1 and Ig. 1.e., Ig1 and Iy are complementary.

3.5.4. Four Quadrant or Class-E Chopper:

The circuit diagram of a four quadrant or class-E chopper is shown in the figure
below. It can be considered to be consisting of either two Class-C or Class-D
choppers together as shown. With this type of chopper, motor direction of
rotation can be changed without changing the field excitation direction and both
motoring and braking operations in both directions can also be obtained by
controlling the choppers 1 to 4 as explained below.

o - r T
o+

‘t\\"
‘\tr‘\‘

Figure 3-19. Four quadrant or class-E chopper circuit Diagram and characteristic.

With Ch-4 continuously ON and Ch-3 continuously OFF the chopper can be
considered to be a Class-C chopper. Controlling choppers 1&2 will make E,
positive and motor current reversible thus operating in first and second quadrants.
Similarly with Ch-2 continuously ON and Ch-1 continuously OFF, controlling
Ch-3 and Ch-4 will make E, negative and motor current reversible thus operating
in third and fourth quadrants.

3.5.4.1. The operation of a Four Quadrant chopper is explained below

When choppers Chl and CH4 are turned ON, current flows through the path:
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Epc+, Chl, load, Ch4, Epc--. Since both Eo and Io are positive we get First
Quadrant operation. When both the choppers Chl and Ch4 are turned OFF, load
dissipates its’ energy through the path: Load, D3, Epc+, Epc--D2, Load. In this
case Eo is negative while Io is positive and we get fourth Quadrant operation.
When choppers Ch2 and Ch3 are turned ON current flows through the path: Epc-,
Ch3, load, Ch2, Epc--. Since both Eo and Io are negative we get Third Quadrant
operation. When both the choppers Ch2 and Ch3 are turned OFF, load dissipates
its” energy through the path: Load, D1, Epc+, Epc-, D4, Load. In this case Eo is

positive while Io is negative and we get Second Quadrant operation.

Four quadrant chopper circuit consists of two bridges, Forward Bridge and
Reverse Bridge. Chopper Bridge Ch1 to Ch4 is the forward bridge which permits
flow of energy from source to load. Diode Bridge D1 to D4 is the Reverse Bridge
which permits flow of energy from load to source. This four- Quadrant Chopper
configuration can be used for a reversible regenerative DC drive.

3.5.4.2. Key Features and Advantages:

o Bidirectional Power Flow: Can transfer power from source to load and
vice-versa.

o Bidirectional Voltage and Current Control: Allows for precise control
over both the magnitude and polarity of the output voltage and current.

e Full Motor Control: Essential for applications like DC motor drives
where forward/reverse motoring and regenerative braking are required.

o High Efficiency: Compared to some other control methods, choppers
offer high efficiency due to the low power loss in switching devices.

3.5.4.3. Applications:

Four-quadrant choppers (Class-E choppers) are widely used in applications that
require precise and versatile control of DC power, especially where bidirectional

power flow and motor control are essential:

e DC Motor Drives: This is one of the most prominent applications,
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enabling forward/reverse motoring and regenerative braking in electric
vehicles, industrial drives, and robotics.

Electric Vehicles (EVs): Used for motor control and regenerative
braking to improve energy efficiency.

Renewable Energy Systems: For managing power flow in solar or wind
power systems, including battery charging and grid connection.

Battery Chargers: Especially for fast and efficient charging with
advanced control capabilities.

Railway Systems: In traction systems for locomotives and trains.
Uninterruptible Power Supplies (UPS): For managing battery charging
and discharging.

DC Power Supplies and Voltage Regulators: Where variable and
controllable DC output is needed.

Summary:

Important concepts and conclusions:

Choppers are classified as single quadrant (Class-A&B), two quadrant
(Class-C&D) and four quadrants (Class-E) depending on the quadrants
of operation.

They are also classified as step-down and step-up choppers defending on
whether the output voltage is lesser than or greater than the input voltage.

on

The duty ratio of a chopper is given by § = duty ratio = TT where
Ton 1s the ON time and T is total time period.

Choppers conduct in only one direction i.e., when they are forward biased
and also when they are triggered to start.

The voltage across the Armature inductance is positive and adds up to the
motor back emf E, when the rate of rise of current is positive.

. The voltage across the Armature inductance is negative and
opposes the motor back emf E,, when the rate of rise of current is negative
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Important formulae and equations:

The output voltage Eo of a chopper is given by: Eo = 8.Epc
The output voltage Eo is also given by: Eqg = Epc. Ton.f

where f is the chopping frequency and is equal to 1/T.

Eo _ § Enc

The average value of the load current is given by: 15 = = = %

Example 3-1.

A 220 V, 24A, 1000 RPM, DC separately excited motor has an armature
resistance of 2 Q. The motor is controlled by a Chopper with a frequency of 500
Hz from a supply of 230 V. Calculate the duty ratio & for 1.2 times the rated
Torque and 500 RPM.

Solution:

Given Data:

E, = 220V,I, = 24A, N = 1000RPM,R, = 2Q E; = 230V

(Note: Since the rated voltage of the motor is 220 V which is less than the supply
voltage, even for normal operation we have to work with a duty ratio & of 220 /
230 = 0.956 to ensure that never the applied voltage to the motor exceeds 220 V)

First let us find out Ep, for 1000 RPM using the relation

E. = Ep + LR, 1.e.220 = Ep + 24x2
From which we get E, = 220- 48 = 172V
for a speed of 1000 RPM

500

Hence for a speed of 500 RPM E,, = (M) x172 = 86V

Then the required voltage to be applied to the armature is given by:

E, = (E, @ 500RPM + I, @ 1.2 times rated torque x 2)
= (86 + 24x1.2x2) = 143.6V

[Here it is to be noted that the rated current of 24 A is to be multiplied by 1.2
since the motor is now working with a load torque which is 1.2 times the rated
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torque]

Required E, for 500 RPM @ 1.2 times rated Torque = 143.6 V
Required duty ratio 8 = 143.6/230 = 0.624

Example 3-2.

A DC separately excited motor with an armature resistance of 0.08 Q is powered
by a chopper from a power source of 450V DC. The armature and field currents
are 275 A and 3 A respectively. The armature current is continuous and ripple
free. Back EMF constant of the motor is K= 1.527 V/A. rad/sec. If the duty ratio
of the converter is 65% determine:

(1) Input power from the DC source (ii) Speed of the motor and Torque

Solution:

Given Data:
E; = 450V,I, = 275A,1If = 3A,R, = 0.08Q,
6 = 0.65,Kt= 1.527 V/A.rad/sec

e Input power is given by the product of the duty ratio, supply voltage
armature current.

Thus, IP Power =8 x EgxI, = 0.65x450x275 = 80.43 kW

e To find out the speed and the torque we must first be clear of the units of
the given motor constant.

We know that motor back EMF and Torque are given by the formulae:

Ep, = K,pw and

T = K,pl, where the units of K, are Vots/Web.Rad/sec or N—m/
Web. Amp.

But here the units are given as V/A.rad/sec. i.e., Assuming the field
magnetization to be linear, constant K¢ in the relation ¢ = Kg.If is combined
with K, in the above relations for Back EMF and Torque thus making them:
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Eb = Ka
Kilfwand T = K, K¢If I, or Ey = K,fjf, and T = Ky [ I, where K¢ is the

combined constant of motor including field magnetization and its units are given
by:

In case of Back EMF: V/A.rad/sec where A (Amperes) refers to the field current
and

In case of Torque: V/A. A where first ‘A’ refers to the field current and second

‘A’ refers to the armature current.

In this problem from the units of the given constant K; we have to take it as the

combined constant K¢ of the motor including field magnetization.
Now we can directly find out the torque by using the equation:

T = K¢,

Where:

K, 1s nothing but K¢ as explained above and

T = 1.527x3x275 = 1259.7N—m

To find out the speed we have to find out the back EMF corresponding to the
applied armature voltage with a duty ratio of 0.65 using the standard relation
E, = 8§ E; = E, + I, R, from which we get:

E, = 0Es-1,R; = 0.65x450- 275x0.08 = 292.5- 22 = 2705V
Now from the relation

Ep = Kielf 0 we get

w = —2 =_2795  _ 5904 Rad/secand
Kar It (1.527x 3)

59.04

Speed in RPM = (?)60 = 564 RPM
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Example 3-3:

A DC separately excited motor with an armature resistance of 2 Q is powered by
a chopper from a power source of 220V DC. The chopper is working with an ON
time of 15 msec and OFF time of 10 msec. The motor constant K, = 0.4
V/Rad/sec. Assuming continuous current conduction calculate the average motor
current for a speed of 1400 RPM.

Solution:

Given Data:

Es = 220V,R, = 2Q,K,, = 0.4 V/Rad/sec,
ton = 15 mses,topr = 10 mses

From the given units of the motor constant and the standard back EMF relation
Ep, = K,.®.w we can easily see that it is normal motor constant K, combined

with a constant flux ¢ resulting in a simpler relation

E, = K, ® where K,;, = K,.® = 0.4 V/Rad/sec

To calculate I, we have to use the standard DC motor relation:

E,. = Ep, + LR,

We know R,. We have to find out E, & E} then we can find out [,

B _ _ ton
E, = 6.E; where Eg = 220Vand § = Total period

- tont+toFF T 15+10 25

ton 15 15 _

0.6

Thus E;, = 0.6x220 = 132V

E, = Speed in Rad/sec (Speed in RPMx2m/60) xKm = 146.5x0.4 =
58.6V

From the basic DC motor relation we get
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I, = (EaR—Eb) _ 132—258.6 _ % — 3674

Example 3-4

A separately excited DC motor with an armature resistance of 0.01 Q works on

a DC supply of 220 V. It draws an armature current of 100A and its rated speed

is 1000 RPM. 1t is fed from a chopper controller for its motoring and braking

operations. Assuming continuous conduction

e Calculate the duty ratio of chopper at rated torque with a speed of

500RPM during motoring
e Calculate the duty ratio of chopper at rated torque with a speed of
500RPM during braking
Solution:

Given Data: E;, = 220V,I, = 100A,N = 1000 RPM,R, = 0.01 Q
Motoring operation Governing equation is:

E, = E, + xR, e 220 = E; + 100x0.01

From which we get Ey, at rated

1000 RPM = 220 —100x0.01 = 220—-1 = 219V

Ebat500 RPM = (=1)x219 = 109.5V

Required terminal voltage during braking is given by

E, = Ep@soorem + la xRy = 109.5 + 100x0.01 = 110.5V

From which we get; Required duty ratio § = 29— o5

220
Required terminal voltage E, during braking is given by
Ea = Eb@SOORPM — Ia X Ra = 1095 —100x0.01 = 1085 \%

From which we get: Required duty ratio 8 = 108.5/220 = 0.493
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Example 3-5:

A separately excited DC motor is controlled by an ideal step-down chopper with
an ideal voltage source of 230 V. Motor armature resistance Ra = 1.5 Q, L. =
ImH, motor back emf constant = 0.05 volts/rpm. The motor drives a load with
constant Torque drawing an average current of I, = 15 A. Obtain

e The range of speed control

e Corresponding range of duty ratio.
Solution:

Minimum speed /corresponding duty ratio of motor: Here we have to start with
minimum speed as zero and find out the corresponding §. To find out the required
0 we have to find out the required E, taking E, as zero corresponding to zero
speed.

ie., E;, = E, + R, = 0 + 15x1.5 (Since Torque is constant and
corresponding I, = 15) = 225V = &§x230 from which we have § =
22.5 /230 = 0.097

For finding out maximum speed and the corresponding maximum duty ratio 6:
the procedure is different. Here we have to start with maximum ¢ as I and then
find out the maximum speed.

With 6 as 1 we have
Ec = 1x230 = 230 V=E, + IR, = E, + 15x1.5
from which we get: E, = 230- 22.5 = 2075V

Now maximum speed can be obtained using the relation E, = N x K (where N is
in RPM and motor back emf constant K is = 0.05 Volts /RPM and Ey = 207.5
Volts) from which we get

207.5 = Ny X 0.05 and thus Npay === = 4150 RPM.

Thus, to get a Speed range of 0 to a maximum of 4150 RPM the required o range
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1s: 0.097 to 1.0
Example 3-6:

A DC shunt motor draws a current of 50 A on a DC supply of 440 V and runs at
1000 RPM. It has an armature resistance of 0.5 Q & field resistance of 100 Q
and is connected to a load having a constant torque. Its armature is controlled by
a Chopper with an ON period of 2ms in the speed range of 400- 800 RPM. The
field current is held constant from a separate DC supply of 440V. Determine the

range of frequencies of the chopper to get the required speed range.
Solution:

Given Data:

Es = 440V,I; = 50A4,

Speed N = 1000 RPM,R, = 052 RF = 1001
Range of speed required = 400 to 800 RPM t,y = 2ms

It is to be noted here that since the chopper is operated at a constant ON period
of 2 ms, to get a variable duty ratio 8, we have to vary the chopper frequency f.
The first step is to find out the back emf Ey of the motor at the rated speed of
1000 RPM when it is running with full supply voltage of 440 V

Back EMF E,, at rated speed of 1000 RPM = Eg — I, Ry
= 440-50x0.5 = 415V

The next step is from this value of Ep, we can find out the back emfs
corresponding to the two speeds and from them, the required armature voltages,
then the required duty ratios and then finally the required chopper frequencies.

To find out chopping frequency for lower end of speed i.e., 400 RPM:
Back EMF Ejy at lower end speed of

400 RPM = 415x400 /1000 = 166V
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The required armature supply voltage for this speed

ES == Eb + IARA = 166 + 50X
05 =191V

(Current is taken here as the rated current of 50 A since the load torque is given
to be constant)

Hence 6 x440 = 191V

from which we get § = % = 0.434 But

t01’1

=t = _ -3 : .
~ Chopping period 2x107° X Chopping frequency f

1
Chopping period T

(Since Chopping frequency = )

Hence chopping frequency ‘f” required to get 400 RPM

_ 5 _0.434
T (2x103)  (2x103)

= 0.117x103 = 117 Hz

To find out chopping frequency for upper end of speed i.e., 800 RPM:

Back EMF Ej at upper end speed of 800 RPM = 415 x 800 /1000 = 332V
The required armature supply voltage for this speed

Es = E, + IRy, = 332+ 50 x0.5 =357V

Hence 6 x440 = 357V from which we get 6 = 357 /440 = 0.811

— toN _ -3 : (e
Buté = Chopping period — 2x107° X Chopping frequency ‘f

Hence, we get choping frequency ‘f’ required to get 800 RPM

S5 _ 0.811
=-x10"3 =

= — = 0.4055x103 = 405.5Hz
2 (2 x1073)

Hence the Range of chopping frequencies is 117 Hz to 405.5 Hz to get a range
of speeds from 400 to 800 RPM. (It is to be noted that sometimes all the given
data in the problem may not be required to get the required solution. For e.g.in
this problem field voltage and field resistance are not required to get the required
solution.)
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Example 3-7:

A 230V,500 RPM, 4.1A,DC 1 HP motor has an armature resistance of 7.56 2
and inductance of 55.0 mH. Its armature is controlled by a class A Chopper with
a 240 V DC source. The field current is held constant at a value that gives rated
operation on 230V DC at a chopping frequency of 50 Hz. The minimum load
torque is 5 N — m. Determine the value of tgy for the minimum load Torque of
5N — m at rated speed of 500 RPM

Solution:

Given Data:
E, = 240V,E, = 230,1, = 41A,R, = 7.56Q

Output Power =1 HP = 746 watts, Rated speed = 500 RPM
From Rated speed in RPM we get rated speed in Rad/sec as:

w =" = 27,22 = 52,36 Rad/sec
60 60

Then let us get the back e. m. f at the rated speed as:
E, = E;- LR, = 230- 4.1x7.56 = 199 Volts

We know that E;, = K,@w from which we get the motor constant K, ¢ as:

Ky = Ep _ % = 3.801 Volts /Rad/sec or N — m/Amp

w

(Here we have considered the motor constant as K,¢ instead of just K, i.e.
including ¢ since we are have data as constant field current and constant flux ¢)

To find out toy we have to follow the following sequence:
From the given data first find out the mechanical torque losses as below:

Armature Input Power = E; I, = 230 x 4.1 = 943 watts
Actual output power is given as (or shaft power) = 1 HP = 746 watts

Armature Copper losses = [.’Ra = (4.1)* x 7.56 = 127 watts
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Mechanical rotational power losses = Armature Input Power — (Actual Motor

output power + Armature Copper losses)
= 943 - (746 + 127) = 70 Watts

Hence, we have @500 RPM rotational torque loss

Rotational power loss @500RPM 70
—( P )=5236=1.337N—m

T
loss ©

Now we can find out tgy as below:

For minimum load torque @500 RPM the average internal torque developed by
the motor:

T4 = Tmin + rotational torque loss = 5+ 1.337 = 6.337 N—m

We know that the torque developed by the motor is given by 7, = K,¢.I, from

. T 6.337
which we have: [, =-% =>—
Kap  3.801

= 1.667 Amp (corresponding to the

minimum torque)
Hence the required armature voltage

E. = Ep@soorpm +1aRa = 199 + 1.667x7.56 = 211.6V
We know that on time tyy is given by toy = (%) x T

Where:

E, = Required armature voltage = 211.6 V
Es = Supply DC voltage =240 V

1

T = Time period (corresponding to a chopping frequency of 50 Hz) = =5 Sec

From which we have

_ 2116y 1. _3 _
ton = (—240 ) X (50) = 1.763x107° Sec = 1.763 m Sec
(It is to be noted that sometimes all the given data in the problem may not be
required to get the required solution. For e.g. in this problem armature inductance
is not required to get the required solution.)
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caper-4. CoONtrol of Induction Motor
through Storage Voltage and
Frequency

4.1. Review of Basic Induction Motor Concepts:

Induction motors are workhorses in electrical drive systems due to their
robustness, simplicity, and relatively low cost. Understanding their fundamental
concepts is crucial for anyone working with electrical drives. Here's a
breakdown:

An induction motor (also known as an asynchronous motor) is an AC electric
motor that converts electrical energy into mechanical energy through
electromagnetic induction. Unlike DC motors or synchronous motors, it doesn't

require a direct electrical connection to its rotor.

Induction motors are workhorses in electrical drive systems due to their
robustness, simplicity, and relatively low cost. Understanding their fundamental
concepts is crucial for anyone working with electrical drives. Here's a
breakdown:

4.1.1. What 1s an Induction Motor?

An induction motor (also known as an asynchronous motor) is an AC electric

motor that converts electrical energy into mechanical energy through
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electromagnetic induction. Unlike DC motors or synchronous motors, it doesn't

require a direct electrical connection to its rotor.

4.1.2. Key Components:

Stator: This is the stationary part of the motor. It consists of a laminated
steel core with windings (coils) embedded in slots. When an AC voltage
is applied to these windings, it creates a rotating magnetic field (RMF).
Rotor: This is the rotating part, housed inside the stator. There are two
main types:
o Squirrel Cage Rotor: The most common type. It has conductive
bars (typically aluminum or copper) embedded in a laminated
steel core, short-circuited at both ends by end rings, resembling a
squirrel cage.
o Wound Rotor: This type has a three-phase winding similar to the
stator, connected to external resistors or controllers via slip rings.
This allows for better control over starting torque and speed.
Air Gap: The small space between the stator and the rotor.

4.1.3. Working Principle (Electromagnetic Induction):

The operation of an induction motor relies on Faraday's Law of Electromagnetic

Induction and Lenz's Law:

Rotating Magnetic Field (RMF) in the Stator: When a three-phase AC
supply is applied to the stator windings, it creates a magnetic field that
rotates at a constant speed called the synchronous speed (Ns). This speed
is determined by the frequency of the AC supply (f) and the number of
poles (P) in the motor's stator windings:

_120xf
TP

N, (in RPM)

Induction in the Rotor: As the stator's RMF sweeps across the rotor
conductors, it cuts through them. According to Faraday's Law, this
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induces an electromotive force (EMF) and, consequently, currents in the
short-circuited rotor conductors.

Production of Torque: These induced currents in the rotor create their
own magnetic field. According to Lenz's Law, the rotor's magnetic field
will interact with the stator's rotating magnetic field to oppose the change
that caused it (the relative motion). This interaction generates a torque
that causes the rotor to rotate in the same direction as the RMF.
Asynchronous Operation (Slip): The rotor can never reach the
synchronous speed of the stator's magnetic field. If it did, there would be
no relative motion between the rotor conductors and the RMF, no induced
EMF, and thus no current or torque. Therefore, the rotor always lags
behind the synchronous speed. This difference in speed is called slip (s).

Ns_Nr

S NS

where Nr is the rotor's actual mechanical speed. Slip is usually expressed
as a percentage or a per-unit value and is crucial for generating torque. A
small slip indicates high efficiency, while higher slip leads to greater
torque but lower efficiency.

Key Concepts in Electrical Drives:

Torque-Speed Characteristic: Understanding how torque varies with
speed is fundamental. Induction motors typically have a relatively linear
torque-slip characteristic in their normal operating range. There's a
starting torque, a maximum or "breakdown" torque, and a full-load
torque.

Starting Current: Induction motors draw a very high current at startup
(often 5-7 times the rated current) because the slip is maximum (rotor is
stationary). This can cause voltage dips and stress on the power system
and motor windings.

Starting Methods: Various methods are employed to reduce the high
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starting current, such as:

o Direct-On-Line (DOL) starting (for smaller motors)

o Star-Delta starting

o Auto-transformer starting

o Rotor resistance starting (for wound rotor motors)

o Soft starters (using power electronics)
Speed Control: Traditionally, induction motors were considered
constant-speed machines. However, with the advent of power electronics,
particularly Variable Frequency Drives (VFDs) or Adjustable Speed
Drives (ASDs), precise and efficient speed control is now possible. VFDs
change the frequency and voltage supplied to the motor, thereby
controlling the synchronous speed and allowing the motor to operate at
various speeds while maintaining good efficiency.
Efficiency: Induction motors are generally highly efficient, especially at
full load. Drive systems aim to maximize overall efficiency, considering
both motor and drive losses.
Power Factor: Induction motors operate with a lagging power factor,
especially at light loads. This is due to the magnetizing current required
to establish the magnetic field. Power factor correction techniques might
be employed in drive systems.
Applications in Electrical Drives: Induction motors, especially with
VFDs, are widely used in a vast array of electrical drive applications,
including:

o Pumps and fans (where variable speed saves significant energy)

o Conveyor belts

o Machine tools

o HVAC systems

o Cranes and hoists (especially with wound rotor motors for high

starting torque)
o Electric vehicles (EVs)
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4.1.5. Principle of operation:

The Development of Induced Torque in an Induction Motor:

When current flows in the stator, it will produce a magnetic field in stator
such that By (stator magnetic field) will rotate at a speed: ng = 120.%S
Where f; is the system frequency in hertz and P is the number of poles in

the machine. This rotating magnetic field B; passes over the rotor bars
and induces a voltage in them. The voltage induced in the rotor is given

by:

eina = (V X B)l

Where:

v = velocity of the Rotor bars relative to the Stator magnetic field,

B = magnetic flux density vector and

[ = length of the rotor bar in the magnetic field.

Hence there will be a rotor current flow which would be lagging due to
the fact that the rotor is Inductive. And this rotor current will produce a
magnetic field at the rotor, B,. The Interaction between these two
magnetic fields would give rise to an induced torque:

Tina = K.Bg X By
The torque induced would accelerate the rotor and hence the rotor will

rotate.

However, there is a finite upper limit to the motor’s speed due to the

following interactive phenomenon:

If the induction motor’s speed increases and reaches synchronous speed then the

rotor bars would be stationary relative to the magnetic field
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!

No induced voltage

!

No rotor current

!

No rotor magnetic field

l
Induced torque =0

!

Rotor will slow down due to friction

An induction motor can thus speed up to such a near synchronous speed where
the induced torque is just able to overcome the load torque but it can never reach

synchronous speed.

4.2. Rotor Slip

Rotor slip is a fundamental concept in AC induction motors, which are widely
used in electric drives. It's the key phenomenon that enables the motor to produce
torque.

In an AC induction motor, the stator (stationary part) winding, when supplied
with AC power, creates a rotating magnetic field. This field rotates at a constant
speed called the synchronous speed (Ns).

The rotor (rotating part) of an induction motor is not directly connected to the
power supply. Instead, current is induced in the rotor conductors due to the
relative motion between the rotating magnetic field and the rotor conductors. For
this induction to occur, the rotor must always lag behind the rotating magnetic
field. This difference in speed is called s/ip.

Essentially, slip is the difference between the synchronous speed of the stator's
magnetic field and the actual mechanical speed of the rotor.
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4.2.1. Why is Slip Necessary?

e Torque Production: If the rotor were to rotate at the same speed as the
synchronous magnetic field (i.e., zero slip), there would be no relative
motion between the rotor conductors and the magnetic field.
Consequently, no electromotive force (EMF) would be induced in the
rotor, no current would flow, and no electromagnetic torque would be
produced. Therefore, a certain amount of slip is essential for the motor to
operate and generate torque.

e Induction Principle: The operation of an induction motor relies on
Faraday's law of electromagnetic induction. For induction to occur, the
magnetic field must "cut" across the rotor conductors, which requires a
difference in speed.

The induced voltage in the rotor bar is dependent upon the relative speed between
the stator Magnetic field and the rotor. This is termed as slip speed and is given

by:
nslip = Ngype — Ny
Where:

Ngip = slip speed of the machine

Nsync = speed of the magnetic field (also motor’s synchronous speed) and

n,, = mechanical shaft speed of the motor.

Apart from this we can describe this relative motion by using the concept of s/ip

which is the relative speed expressed on a per-unit or percentage basis. Slip s is
defined as

S =512« 100%

Nsync

S = ZsyneTlm o 100%

Nsync
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On percentage basis and is defined as

Ngync—N o
S = =X = on per unit basis.

Nsync
Slip S is also expressed in terms of angular velocity w (Rad/Sec) as given
below:

S = ZsymeTWm o 100%

Wsync

It can be noted that if the motor runs at synchronous speed the slip S = 0 and if
the rotor is standstill, then the slip § = 1. It is possible to express the mechanical

speed of the Rotor in terms of Slip § and synchronous speed ngy .

In case of a transformer, the frequency f” of the induced e.m. f. in the secondary
is same as that of the voltage applied to the primary. But in the case of an
Induction motor, it is not same as that of the applied voltage to the stator and
depends on the slip. At start, the speed N = 0, the slip ‘s’= 1 and the frequency
of the induced voltage in the rotor is same as that of the voltage applied to the
stator. As the motor picks up speed, the slip becomes smaller and hence the
frequency of the induced e.m. f. in the rotor also becomes lesser. Due to this,
some of the Rotor parameters also get affected. Let us study the effect of slip on
the following parameters. 1. Rotor frequency 2. Magnitude of induced e.m. f. 3.
Rotor reactance 4. Rotor power factor and 5. Rotor current.

4.2.2. Rotor frequency:

speed of the Stator rotating magnetic field is given by

Ng = 120.’%5 (4. )

where:

fs is the system frequency in hertz and,
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P is the number of poles in the machine.

At start, the speed N = 0, the slip ‘s’= 1 and the rotor which is stationary has
maximum relative motion i.e., same as that of the R. M. F. Hence the frequency
of the induced voltage in the rotor is same as that of the voltage applied to the
stator. As the motor picks up speed the relative speed of the Rotor with respect
to the Stator RMF decreases and becomes equal to slip speed (Ng - N). As we
know, the frequency and Magnitude of induced e.m. f in the rotor depends on
the rate of change of cutting flux i.e., relative speed (Ns- N). Hence in running
condition the magnitude and frequency of induced voltage decreases. The rotor
is wound for the same number of poles as that of the Stator i.e., P. If f,is
frequency of the Rotor induced e.m.f. in running condition at slip speed of (Ns —
N) (when the motor is running at a speed of N) then there exists a fixed relation
between slip speed (Ng — N), f. and P just as in the case of stator. So, for Rotor
we can write:

120f,
s = P

(4.b)

Dividing equation (2) by (1) we get:

120f;

(Ns = N)/Ny = (55 /(120.59)

Ng—N

But = Slip's’

S

Hence Szg or f, = Sf

Thus, we can say that the frequency of the Rotor induced e.m. f f, isslip ’s
‘times the supply frequency f.

As slip of an induction motor is normally in the range of 0.01 to 0.05 the Rotor
frequency is very small in the running condition.
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4.2.3. Rotor Induced e.m. f:

We know that just like the induced frequency, the induced e.m. f is also is
proportional to the relative speed between the Rotor and the stator.

Let

E, = Rotor induced e.m.f when it is standstill i.e., relative speed is N

And

E,. = Rotor induced e.m. f when it is running i.e., relative speed is Ny - N

So, we have E; a Ng e E, = kN, - 1)
And E,. aNg- Ni.e E;p = K(Ng-N) ————(2)

Dividing the second equation by first equation we get:

Epr _ (Ns-N)
E; Ns

Ng-N .
But SN = slip’s.

N

Hence, we get finally:

Ey =sE,

i.e., The magnitude of the Rotor e.m. f. in running condition also gets reduced
to slip times the magnitude of the e. m. f. in standstill condition.

4.2 .4. Rotor Resistance and Reactance:

Just like the stator, Rotor winding also has its own Resistance and Reactance and
let them be R, 2 /Ph and X, 2 /Ph respectively. We know that Resistance of a
coil is independent of frequency while its Reactance is given by X = 2mfL where
L is the Inductance of the coil. Thus X, ( @ standstill ) = 2nfL

and since f,, = sf;

X,r ( @ running condition ) = 2nf.L = 2nsfL = sX,
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i. e.XZ,. = SXZ

Thus, we can conclude that the Resistance of the Rotor which is independent of
frequency remains the same at both standstill and in running condition while the
reactance which is dependent on the frequency gets reduced to slip times the

Reactance in standstill condition.

Then we have Rotor impedance Z, per phase as:
Zz == RZ + ]XZ - —\/RZZ + XZZ .Q/Ph (At Standstill)

And Z,, = R, + jXpr = /Ry + (sX)2 0 /Ph (at Running condition)

4.2.5. Rotor power factor:

We know that the power factor of any inductive circuit is given by:

C G—R
050 =

Figure 4-2. Impedance triangles (a) at standstill and (b) while running

Using the above values of Resistance and impedance of the Rotor in both
standstill and running conditions in this relation for power factor we get:

cos@ =22 = B2 (At standstill) and

Z2 fR§+(sX2)2
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cosf, =22 = R (At Running condition)

Zar /R§+(sxz)2

The corresponding impedance triangles for both standstill and running conditions
are shown in the figure 4.1(a) and (b).

Note: As Rotor circuit is inductive the p.f is always lagging.

4.2.6. Rotor current:

The rotor currents (per phase) in both cases are given by (using the basic relation
E
I =~ )

=f__ T2 (Atstandstill) and

[, =E2_
2 7z, JR22 +jX22

_ By Epr
Ly ===

Zor 2
1,R2

Note: (6, 1is the phase angle between the Rotor voltage E»: and Rotor current

+j X,r, = SE;/RZ + (sX;)? (At Running condition)

Iy which decides the power factor while the motor is running). The
corresponding Rotor equivalent circuits for both standstill and running
conditions are shown in the figures (a) and (b) below.

Ry Xy Ry
YN | | E, o Y
Ou 0| 0% —
| h JEr ¥

Figure 4-3. Rotor equivalent circuit (a) At standstill (b) while running

Rotor power input, Rotor copper loss and mechanical power developed and their

interrelation:

An induction motor can be basically described as a rotating transformer. Its input
is a 3-phase system of voltages and currents. For an ordinary transformer, the
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output is electric power from the secondary windings. The secondary windings
in an induction motor (the rotor) are shorted and so no electrical output exists
from normal induction motors. Instead, the output power is mechanical. The
power flow diagram given below shows how the Input Electrical power given to
the Induction Motor stator gets converted into Mechanical power at the Rotor
end and what are the losses taking place in between.
Ppa Feon
- N
Air-gap: power

F out = T ol iy

1

|

|

I

1Tipgt
Py = 3 Vpdj cos 0 i
|
L

Priction heay
e {P mlm.]

Pret ot
nlage
Pu:-re (:Rgmr wi
Pser
(Core copper
(Stﬂtﬂl' 105955-) loss)
copper
loss)

Figure 4-4. Power flow diagram of an Induction motor.

The input power to an induction motor P, is in the form of 3-phase electric
voltages and currents and is given by:

PIN = 4/ 3VLIL Cos 6

where V;,, I}, are line values of voltage & current and cos 6 is motor power factor.

The first losses encountered in the machine are I2R losses in the stator windings
(the stator copper loss Pgc; ). Then, some amount of power is lost as hysteresis
and eddy currents in the stator (P.y.e). The power remaining at this point is
transferred to the rotor of the machine across the air gap between the stator and
rotor. This power is called the air gap power Py of the machine.i.e.

Py = Pin— (Psc. + Peore) = Ting- ws

After the power is transferred to the rotor, some of it is lost as I°R losses (the
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rotor copper loss Pg¢), and the rest is converted from electrical to mechanical
form (PCONV )le

Pconv = Pag — Prer = Ting- om

When this mechanical power is delivered to the load through the rotor shaft again
some more power is lost as mechanical losses known as friction and windage
losses Pry, and then again, some unaccounted losses known as stray losses Pysc.
Finally, the remaining power is the net output power delivered by the Motor to
the load as Poyt 1.c.

Pour = Pu- (Pew + Pmisc) = Tioaq - wm

This total power flow along with the losses in between is shown the diagram
above.

The core losses do not occur in the stator side alone as shown in the figure above.
The core losses of an induction motor come partially from the stator circuit and
partially from the rotor circuit. Since an induction motor normally operates at a
speed near synchronous speed, the relative motion of the magnetic fields over
the rotor surface is quite slow, and the rotor core losses are very tiny compared
to the stator core losses. Since the largest fraction of the core losses come from
the stator circuit, all the core losses are lumped together and shown as if they are
occurring at the stator end. The higher the speed of an induction motor, the higher
the friction, windage, and stray losses. On the other hand, the higher the speed
of the motor (up to ngync), the lower its core losses. Therefore, these three
categories of losses are sometimes lumped together and called as rotational
losses. The total rotational losses of a motor are often considered to be constant
with changing speed, since the component losses change in opposite directions
with a change in speed as explained.

4.3. Torque equation — expressions for maximum torque
and starting torque:

The torque developed in an Induction motor depends on the following factors.
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e The stator magnetic field ¢ which induces e.m. f. in the rotor.
e The magnitude of the Rotor current I, in running condition.

e The power factor ‘Cos ©,,‘ of the Rotor circuit in running condition.

Thus, the expression for Torque can be given as:

T,p.l,,.Cos0, — ————————— (D

We know that the flux ¢ produced by the stator is proportional to the voltage
applied to the stator E;. And similarly, the Stator and Rotor voltages F; and E,
are related to each other by a ratio of their effective number of turns ‘K “.

ie., @aE; and % = K and so effectively ¢ a E> -—--- ?2)
2
We have earlier obtained expressions for the Rotor current and Rotor power
factor as:
Eor SE; . .-

Lr = 7= + (sX;,)? (at Running condition) ----- 3)

2r 1/(Rz)
Cos B,p = 2 = =2 4 (SX,)? (@ Running condition) —--—--—-— (4) Using the

ZZI‘ R%

above equations at (2),(3) and (4) in equation (1 ) we get :

Ta |52 + (SX)2(SX,)?]

T =k [SEZRZ + (SXZ)Z]

Where ‘k’ is the constant of proportionality and can be shown that k = py—

where ng = synchronous speed in rps = % (Ns = Synchronous speed in RPM).

Substituting this value of the constant ‘k’ in the above expression for Torque we
get finally

2RZ+(sx2) ]N m
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So, Torques at any load condition can be obtained if Slip‘s’ at that load and

Standstill Motor parameters are known.

Starting Torque: Is the torque at the time of start in an induction motor and can
be obtained by substituting the corresponding value of slip’s’. At the time of
starting the speed N = 0 and hence the slip ‘s’ = 1. Using this value of ‘s’ in

the above equation for Torque we get the starting torque as:

3 R
To = 5o [EZZ ot XZZ] N-m

4.3.1. Condition for maximum Torque:

As can be seen from the above Torque equation, the torque depends only on the
slip with which the motor is running since all the other parameters are constant.
Supply voltage to the stator is usually rated and hence constant and the turn’s
ratio between Stator and Rotor is also constant. Hence E» is constant. Similarly,
R»2, X> and ng are constants in an Induction motor. So, to find out the maximum

torque we have to find out at what slip maximum torque occurs. Hence,

. . . . dT
mathematically we can write the condition for maximum Torque as = 0

where T = k [s E2 % + (5X,)?]. While evaluating the above differential, it is
2

to be noted that in the above expression for Torque all the parameters like
E,, R, and X, are also constants apart from the constant of proportionality ‘k’
and the only variable is ‘s’ and this term is present in both numerator and
denominator. Hence, we can differentiate the expression for torque using the
formula for differential of a quotient (u/v) after taking out all the constant terms
out of the differential as shown below.

T = (kEZR,) [RS—% +52xZ]

Now differentiating the term within the square brackets and equating the

numerator alone to zero we get: So, we conclude that the torque is maximum at

. R . . . .
aslip s’ = X—2 or in other words the slip at maximum torque is given by:
2
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4.3.2. Maximum Torque:

Now we can obtain the magnitude of maximum torque T max by substituting the
(o Ry . . .
value of ‘s, = X—Z in place of ‘s’ in the general expression for Torque.
2

R
Tmax = k |SmE3 m]

Thax =k 2 EZ Rz

kEZ
Or finally Tpay = . N—m
2

From the above expression for Maximum Torque, we can observe the following
important points:

* It is directly proportional to the Square of the induced e.m. f. Ez in the
rotor at stand still.

* Itis inversely proportional to the Rotor Reactance X at stand still

o The most interesting fact is: It is not dependent on the Rotor
resistance Ro. But the slip or speed at which such a maximum Torque

occurs depends on the value of Rotor resistance Ro

4.3.3. Torque slip characteristic:

When an Induction motor is loaded from no load to full load its speed decreases
and slip increases. Due to increased load, motor has to produce higher torque to
satisfy higher load torque demand. The torque ultimately depends on the slip as
we have seen earlier. The behavior of the motor can be easily analyzed by looking
at the Torque versus slip curve from s=0 to 1. (Instead of Torque versus Speed
Characteristics because we have readily available equations for Torque in terms
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of slip ’s’. The Torque vs. Slip Characteristics can then be easily translated to
Torque vs. Speed Characteristics since they are complementary to each other.)
We have already seen that for a constant supply we can rewrite the basic Torque

equation Ta [SE z 2—2 + (sX 22)] is also constant.
2
as:T als %+(SX22)].
2

To study the Torque versus Slip characteristics let us divide the slip range (s =

0 to 1) into three parts and analyze.

The Torque speed characteristic can be divided into three important regions:

4.3.4. Low Slip Region:

In this region ‘s’ is very small. So, the term (sX,)? would be small compared to

R% and hence can be neglected. Thus, Tas %. i.e., Torque becomes directly
2

proportional to slip ‘s’. Thus, torque increases linearly with increase in slip ’s’
and satisfies the load demand. Thus, we can conclude that in this region.

* The mechanical speed decreases approximately linearly with increased
load

* The motor slip increases approximately linearly with increased load.

* Induced Torque increases linearly with slip thus satisfying the load
demand.

* Rotor reactance is negligible. So, Rotor Power factor is almost unity.

* Rotor current increases linearly with slip.

The entire normal steady state operating range of an Induction motor lies in this
linear low slip region. Thus, in normal operation, an induction motor has a linear

speed drooping characteristic.

Moderate slip region: In this region:

* Rotor frequency is higher than earlier and hence the Rotor reactance is of

146



Control of Induction Motors through Storage Voltage and Frequency

the same order of magnitude as the rotor resistance.

* Rotor current no longer increases as rapidly as earlier and the Power
factor starts dropping.
. The peak torque (Pull out or Break down Torque) occurs at a point
where for an incremental increase in load the increase in the current is

exactly balanced by the decrease in rotor power factor.
High slip region: In this region:

Slip is high i.e., approaching the value 1. Here it can be assumed that the term

R is very small compared to (sX,)? .Hence the expression for Torque becomes

Ry
(sX3)?

Tas ie., Ta % So, in high slip region Torque is inversely proportional to

slip ‘s’. Hence the induced Torque decreases with increase in load torque since
the increase in Rotor current is dominated by the decrease in Rotor power factor
where as it should increase to meet the increase in Load demand. So, speed
further comes down and Induced Torque still reduces further. So, in this process
the motor comes to standstill. i.e., the motor cannot run at any point in the high
slip region. Hence this region is called unstable region. On the other hand, the
low slip region where the characteristic is linear is called the stable region.

Ml Kque
O = Easble region
i AB = Unstable region
%, Paint A = Maximium lorgua
R Linalastie segion Paint B = Starting tnrque
L Paint G = Full load forque

Stable regian

Figure 4-5. Torque-slip Characteristics (P1 change Point ‘C’ as Starting Torque and Point ‘B’ as
Full Load Torque in the above figure)

The maximum Torque which the motor can produce before going into unstable
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region occurs at s’ = ‘s,,’. Since beyond this torque the motor gets into unstable
region, this maximum Torque is also called as Break down Torque or pullout
Torque. The entire Torque slip characteristics are shown in the figure 4.5.

Torque vs. Speed Characteristics: Are just complimentary to the Torque-slip

Characteristics. The detailed Torque speed characteristics of an Induction Motor
Showing the Starting, Pull-out and Full-load torques are shown in the figure 4-6.

w— .

TO0 = Pulloul tonguwe .

[0 o

500, |-

| Starting

L] -

Induced 1oegue, N-m

M

Full-load tongue

o [ | 1 ol | 1 |
1] 250 500 750, 1000, 1230, 1500, 17500 2000

Mechanicel specd. #/min

Figure 4-6. Torque speed characteristics of an Induction Motor Showing the Starting, Pull-out
and Full-load torques

* Induced Torque is zero at synchronous speed.

* The graph is nearly linear between no load and full load (at near
synchronous speeds). In this region the Rotor resistance is much larger
than the Rotor reactance, and hence the Rotor Current, magnetic field and
the induced torque increases linearly with increasing slip.

* There is a Max. Possible torque that cannot be exceeded which is known
as pull out torque or breakdown torque. This is normally about two to
three times the full load torque.
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* The Starting torque is higher than the full load torque and is about 1.5
times. Hence this motor can start with any load that it can handle at full

power.

Torque for a given slip varies as the square of the applied voltage. This fact is
useful in the motor speed control with variation of Stator Voltage.

* If'the rotor were driven faster than synchronous speed, then the direction
of the Induced torque would reverse and the motor would work like a

generator converting mechanical power to Electrical power.

* If we reverse the direction of the stator magnetic field, the direction of
the induced torque in the Rotor with respect to the direction of motor
rotation would reverse, would stop the motor rapidly and will try to rotate
the motor in the other direction. Reversing the direction of rotation of the
magnetic field is just phase reversal and this method of Braking is known
Plugging.

Full load Torque: When the load on the motor Torque increases, the slip
increases and thus the Induced torque also increases. The increase in induced
Torque is produced by a corresponding increase in the current drawn from the

supply.

The load which the motor can drive safely depends on the current which the
motor can draw safely. When the current rises, the temperature rises. Hence the
safe limit on the current is dictated by permissible temperature rise. The safe limit
of current is that which when drawn for continuous operation of the motor
produces a temperature rise which is well within the limits. Such a full load point
is shown as point ‘C’ on the plot and the corresponding torque is called the Full
load Torques T, . If the motor is operated beyond this full load continuously the
windings’ insulation is likely to be damaged. But for short durations of time the
motor can be operated beyond the Full load Torque but up to the limit of
Breakdown Torque/Pull out Torque
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4.4. Speed control of Induction motors - Basic Methods:
Stator side:

e Stator Voltage control

e Stator variable frequency control
Rotor side:

e Rotor resistance control

e Slip-energy recovery
Stator voltage control:

e the expression for the torque developed by an induction motor, we can
see that it is directly proportional to the square of the applied terminal
voltage at a constant value of supply frequency and slip. By varying the
applied voltage, a set of torque-speed curves as shown below can be
obtained. When the applied voltage changes by n times the resulting
torque changes by n” times.

e If constant torque is required at different voltages, the slip increases with
decreasing voltage to accommodate the required rotor current. But the
power factor deteriorates at low voltages.

e Fig(b) shows the torque- speed curves along with a constant load and
varying load (with speed). From this it can be seen that speed control is
possible only in a limited range
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S=4 S=u0
{a} Typdcsl speed-tosque eurves fior variation in
tatar voltage {low-resistance rotor)

":/_/"

o

Spod —————————
{b) Operating points and speed moge for constant torgque and
tan type load (rotor resistance low) Y

Figure 4-6. Speed control of induction motors
4.4.1. Limitations of Stator voltage control:

* The portion of the speed control beyond the maximum torque is unstable
and 1s not suitable for speed control.

* Normal squirrel cage motors will have low rotor resistance and therefore
will have a large unstable region. Hence speed control is possible only in
a limited band.

* The starting current is also very high for these motors (because of low

rotor resistance). Hence the equipment used for control of these motors
must be able to handle/withstand such large starting currents.
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The power factor also will be poor at large slips.

This shifts the point of slip for maximum torque to the left and decreases

the unstable region.

* The unstable region can be reduced or even completely eliminated by
properly designing the rotor. This increases the range of speed control
substantially, reduces the starting current and improves the power factor.

* However, motors designed with high rotor resistance to achieve higher
speed control range will have higher rotor losses at large slips and will
have to dissipate the resulting large heat in the Rotor itself.

. But slip ring motors allow the insertion of the high resistance
externally. Hence the losses will be dissipated in the external resistors

only and Rotor heating will be avoided.

4.4.2. Method of stator voltage control:

AC voltage controllers can be used for varying the applied input stator voltage.
By controlling the firing angle of the thyristors connected in anti-parallel in each
phase the RMS value of the stator voltage applied to each phase can be varied to
get the desired speed control.

Four quadrant operations with plugging are obtained by the use of the circuit
shown in the figure below. Thyristor pairs A, B and C provide operation in
quadrants 1 &4 (as shown by the solid line). Thyristor pairs A’, B and C’ changes
the phase sequence and thus provide operation in quadrants 2&3(as shown by the
dotted line).

Precaution:

While changing from one set to another set of thyristor pairs, i.e. from ABC to
A’BC’ or vice versa, care should be taken to ensure that the incoming pair is
activated only after the outgoing pair is fully turned off. This is to avoid short
circuiting of the supply by the conducting thyristor pairs. Protection against such
faults can be provided only by the fuse links and not by the current control.
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Figure 4-7. Stator voltage control

Limitations:

A review of the AC controllers reveals that:

The output voltage from an AC controller is dependent not only on the delay
angle of the gate firing pulses but also on the periods of current flow which in
turn are dependent on the load power factor. An induction motor will draw a
varying power factor current and this will influence the voltage being applied to
it. Whenever the load current is continuous, the controller will not have any
influence on the circuit conditions at all.

e Control is achieved by distortion of the voltage waveforms and by the
reduction of the current flow periods. Significant amounts of stator and
rotor harmonic currents will flow and eddy currents will be induced in
the iron core. These will cause additional motor heating and alter the
motor performance compared with sinusoidal operation.

The practical results of these limitations are:

e The motor performance can be predicted only after a full understanding
of the motor, thyristor converter and the load.

e A closed loop speed control based on a tachogenerator speed feedback is
essential to ensure stable performance.

e The system gains most practical application when the load is predictable
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and the load torque required at low speeds is relatively low.

Important formulae and equations:

Synchronous speed of rotating magnetic field: ng = 120. fg/P
Voltage induced in the rotor: e;,,q = (v X B) 1
Torque induced in the rotor: T;,q = k.Br X Bg

slips on percentage basis:

= 25U (% 100%)

Nsync

s = —SmeTmhm o 100

Slip s on per unit basis: § =

Nsync
Nsync—Nm

Nsync

The magnitude of the rotor induced voltage Er in terms of the rotor
induced voltage at rotor locked condition Ey: Er = s. Egq

The magnitude of the rotor Reactance X in terms of the rotor Reactance
at rotor locked condition Xz : Xp = s.Xgo (since f,, = s.f; and Xz =
s.2m fLR)

The rotor frequency can be expressed as:
P
(ﬁ) ( Nsyne — N, )

Important relationships between Air gap power P,g, converted power
P.onv, Rotor induced Torque T;,4, Rotor copper losses P,.; and the slip
s:
Tina = Feony _ Za

wm s

Prat = 8. PagPeony = (1 - S)PAG

Expressions for Torque considering Rotor circuit only:
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Figure 4-8. Rotor equivalent circuit (a) At standstill (b) while running

Torque developed by the motor T;;:

R
T, = ks EZZR—ﬁ + (sX5)?]
2

(Where constant K =

=3

Slip at maximum Torque S,: ‘sp,” = ==

271N

Maximum developed torque Ty, gy

KE?2
Thax = E

Starting Torque T;:

EZR

Ty =k 22—22
R; + X3

* Torque—Speed relations using an Equivalent circuit with both Stator and Rotor

circuit parameters.

Figure 4-9. Simplified Per-phase equivalent circuit of an Induction Motor

Torque developed by the
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Pgross Pgross 3V12R2/s
Td —_— p— p—

w w - 2
" $a=9 S[(R1+%) +(X1+X2)2]
3 R
wTy==—IZ=2N-m
d7 w2 s

Slip at maximum Torque S,,4,T:
Rz

SmaxT = i—
,/R%+(X1+Xz)2

Maximum developed torque Tmax:

2
3 leh

Zws[Rli ,Rf+(X1+X2)2]

Starting orque Tst:

Tmax

T _ 3ViR,
Start = o [(R1+R2)%+(X1+X2)?]

Example 4-1:

A 3 kW, 400V, 50 Hz, 4 pole, 1400 RPM, delta connected induction motor has
the following parameters referred to stator. Ry =2.5Q; R, =4.5Q; X;=X2=6
Q. Speed control is achieved by Stator Voltage Control. When driving a fan load,
the motor runs at rated speed and rated voltage. Calculate the voltage to be
applied to the motor to run at 1300 RPM.

Solution:

Given data:
VL =400V, f=50 Hz,
P =4, N, = 1400 RPM

Ri1=2.5Q;
R>=4.5 Q;
Xi=X2=6Q

Since the motor is delta connected VL =400 V =V,

We know that the motor synchronous speed is given by Ns = 120 /P
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=120 x 50 /4 =1500RPM

Hence ws = 1500 x27t /60 = 157 Rad/sec
Slip at the rated speed of 1400 RPM is given by s = (1500-1400)/1500 = 0.0667

Induction motor’s simplified equivalent circuit taking into account both stator
and rotor circuit parameters (referred to stator) is shown below.

4 PO | A3
?—-——-'Mﬂﬂ—fu‘lmr__ “HBE0
(2 L
" 2 E
f E Xy Rals §
. —

Figure 4-10 Induction motor Equivalent circuit with both Stator and Rotor circuits

From the equivalent circuit, the rotor current I> can be shown to be:

Vv
— ph
12 —_ 1

Ri4+—2 +(X1+X2)2_
f2)’ ’

Substituting the values from the given data we get:

I, =400/ [ (2.5+4.5/0.0667)* + (6+6)* > = 400/70.98 = 5.634 A

We know that the torque developed T4 by an Induction motor is given by:
Ta = (3/ws). 2. (Ra/s) N-m

= (3/157). (5.634)%. (4.5/0.0667) = 40.92 N-m

[Here it may be noted that the torque developed at the rated speed was found out
by first calculating the motor current using two separate formulae for current and
torque. It could have been found out directly also by using the formula

Ta@stip s =(3/ ®s).[V?pn / {(Ri+R2/8)* + (X1+X2)*}].(R2/s)

We know that with a fan type of load, the load torque
T, aw? and T; = T, at steady state.

From which we have
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TsawiorTya ~ws (1—5)]? e
T, = w?(1—5)2 = K(1—5)?

(Where K is the final constant including os*> which is also a constant since s, the
synchronous speed is constant)

We have the value of Tq at the rated speed of 1400 RPM (i.e., @a slip of 0.0667)
and using that in the above relation Tq = K (1-s)> we can find the value of the
constant K. Then using that value of K, we can use the same relation and find out
the developed Torque at the required speed of 1300 RPM [i.e., @a slip of (1500-
1300/1500) = 0.133]

Thus: 40.92 = K (1-0.0667)? from which we get K = 46.97

And Tp @1300RPM = K (I-S@ 1300 RPM )2 =46.97 x (1-0.133)2 =35.28 N-m

And we know that this is the steady state torque developed by the motor @ 1300
RPM which is also given by:

Ta@1300 Rem = (3/0s). [VZpn / {(R1+R2/s)? + (X1+X2)*}]. (Ra/s)

Where Vi is the required phase voltage for running the motor at 1300 RPM, ‘s’
is the corresponding slip at 1300 RPM and all other parameters are already
known. Substituting these values, we get:

35.28 = (3/157).[VZn / {(2.5 +4.5/0.133)% + (6 + 6)2}].(4.5/0.133)

35.28 =0.0191 x [V? pn/ 1464.2] x 33.834 from which we get

V2 pv=(35.28 x 1464.2)/ (0.0191 x 33.834) = 79,936 and V* ph =282.72 V

Thus, finally Vpn = 282.72 V is the voltage/phase to be applied to the stator
windings to get a speed of 1300 RPM.
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Example 4-2:

A 440V, 3¢, 50 Hz, 6 pole, 945 RPM, delta connected induction motor has the
following parameters referred to stator side. R =2.0 Q; R, =2.0 Q; X; =3 Q,
X2 =4 Q. Motor speed is controlled by stator Voltage Control. When driving a
fan load, the motor runs at rated speed with rated voltage. To run the motor at
800 RPM, calculate (a) torque developed by the motor (b) the voltage to be

applied to the motor and (c¢) the corresponding current drawn.

Solution:

Given data:
V=440V
f=150Hz,

P =6, N; = 945RPM
R1=2.0Q;
R>=2.0 Q;
X1=3Q,
Xo=4Q.

Since the motor is delta connected VL =400 V =V,

We know that the motor synchronous speed is given by

Ns=120f/P= 120x 50/6 = 1000RPM

Hence os = 1000 x27 /60 = 104.67 Rad/sec

Slip at the rated speed of 945 RPM is given by s = (1000-945)/1000 = 0.055
(Refer the previous Simplified equivalent circuit of an Induction motor
considering both Stator and Rotor circuits)

(a) Torque developed to run the motor at 800 RPM:

To find the torque developed to run the motor at 800 RPM first we have to find
the torque developed at the rated speed.

From the above equivalent circuit, we know that the torque developed by the
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motor at rated speed is given by: (here we are finding directly by using the
formula for Td@rated speed)

_ (3 R2)? 2 R
Td@rated speed = (). [V p/h {(Ry +2) + (X, + X,)? }]. (%2 rated speed)
Substituting the values from the given data we get:

Td@ 945 RPM = (——)[ 440" 2

104.67 2 \? 297 40.055
((245055) +G+9?)

~{+ B+ 92

0.055

)

3 4407
- (104.67) [(2 2

0.055)

= (3 X 440% x2)/[104.67 X {(2 + 36.36)%? + (3 + 4)2} x 0.055)]
= (3 x440% x 2)/[104.67 x 1520.48 x 0.055)] = 132.7N—m
Td@ 945 RPM = 1327N —m

We know that with a fan type of load, the load torque

T.a w?r and T; = T,t, steady state.

From which we have

Tsaw? or Tga * wg (1 —5)? i.e

T, = K,.02 (1—5)2 = K(1- 5)?

(Where K is the final constant including w? which is also a constant since w;
the synchronous speed is constant)

We have the value of Ty at the rated speed of 945 RPM (i.e., @a slip of 0.055)
and using that in the above relation T¢=K (1-s)> we can find out the value of the
constant K. Then using that value of K, we can use the same relation and find out
the developed Torque at the required speed of 800 RPM [i.e., @a slip of (1000-
800/1000) = 0.2

Thus: 132.7 = K (1-0.055) from which we get K = 148.6
TL @soorem = K (1-5@ 800 Rem )* = 148.6 x (1-0.2)> = 95.1 N-m

And we know that this is the steady state torque developed by the motor @800
RPM and hence:

Torque developed by the motor @800 RPM = 95.1 N-m
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(b) Voltage to be applied to the stator to run the motor at 800 RPM:

From the above equivalent circuit, we know that the per phase voltage V,;, to be

applied to the stator in terms of the steady state torque developed by the motor
@800 RPM is given by:

3 2 A% 2y7 (Rz2
Td@800 RPM = (). [V?ph / {(Ry +2) + (X; + X2)%}].C2 @800 RPM)
where ‘s’ is the corresponding slip at 800 RPM and all other parameters are
already known. Substituting these values, we get:

3
104.67

95.1 = (==—)[V?ph/{(2 +£)2 + G+ D)

_ 3 10V2ph
95.1 = (104.67)[144+49]

From which V2ph = 95.1 X 104.67 x — = 64056.5

And thus, finally V,, = +v64056.5 = 253.09Vis the voltage/phase to be
applied to the stator windings to get a speed of 800 RPM.

(¢) Current drawn by the motor to run the motor at 800 RPM:

From the above equivalent circuit, we also know that the Torque developed,
current drawn and the slip at any speed are related by:

s

)13 (2)ie1} = Ty @5 5

3
s

T, = (ws
Substituting the values, we have for the RHS expression we get

12 = 951 % 10467 X = x 2 = 331.8039 and

I, = 331.8039 = 18.214

But since the motor is delta wound the input current is to be taken as line current

and hence:
L, =V3x 1, =43 x18.21 = 31.544
Current drawn by the motor to run at 800 RPM =31.54 A
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4.5. Variable frequency control:
4.5.1. Speed control By Change of frequency:

The synchronous speed is given by Ns = 120 f/P. Thus, by controlling the supply
frequency smoothly, the synchronous speed can be controlled over a wide speed
range. But form the basic transformer voltage equation we have the expression

for the air gap flux:

V = [4.44 K; @ Typf]

from which

1 1%
®= [ K Tpnl ()
Where:

K = Stator winding constant,
Tpn1 = Stator turns /phase,

V =Supply voltage and

f = Supply frequency

From the above expression it can be seen that if the frequency is reduced the flux
will increase which results in saturation of the stator and rotor magnetic cores.
This saturation in turn results in increase in magnetization current (no load
current) which is undesirable. Hence it is required to maintain the air gap flux
constant when supply frequency is changed. From the above expression for flux
® we can see that this can be achieved by changing the Voltage also
correspondingly so as to maintain a constant V/f ratio. Hence with V/f control
method which ensures constant flux @, we can get smooth speed control.

A.C. Varable V
gt pe. _‘j variable |
mns?anw —*| Converter [——= Inverter |- 2GS oly
constant f Aleoupply

Figure 4-11. Electronic V/f control scheme
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Such a constant % with both variable voltage and frequency can be obtained using
an electronic converter and an inverter as shown in the figure below.
The converter converts the normal input power supply into DC. The inverter then

converts the DC supply into a variable frequency supply as per the speed required

but maintaining a constant % . If f; is the nominal frequency, then the figure

below shows the Torque — slip characteristics with frequency f5; < f, < f3 <

< fi

ot fe BT

anque’

|

T

Speed —

fi> 5> 13> Ja> I

Figure 4-12. Torque — Speed Characteristics with variable f and constant V/f

4.6. Control of Induction Motors by Voltage Source
Inverters:

An Inverter belongs to the VSI category if looking from the load side the AC
terminals of the Inverter function as a Voltage Source. A voltage source has very
low internal Impedance and the terminal voltage remains substantially constant
with variations in load. Hence it is suitable for both single motor and multi motor
drives. Any short circuit across its terminals causes current to rise very fast due
to low internal impedance. The fault current cannot be regulated by current
control and must be cleared by fast acting fuse links.

In a Voltage source Inverter, the DC source is connected to the Inverter through
a series Inductor Ls and a parallel capacitor C. The capacitance of C is
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sufficiently large that the Voltage would almost be constant. The output voltage
waveform would be roughly a square wave since voltage is constant and the
output current waveform would be approximately triangular. Voltage variations

will be small but current can vary widely with variations in load.

The figure below shows the circuit diagram of a VSI employing transistors. Any
other self-commutating device can also be used instead of transistors. Generally,
MOSFETs are used in low voltage and low power inverters. IGBTs and power
transistors are used up to medium power levels. GTOs and IGCTs (Insulated
Gate Commutated Thyristors) are used for high power levels.

Induction
malor

Figure 4-13. Circuit Diagram of a Transistor based Three Phase Voltage Source Inverter

VSI can be operated as a stepped wave Inverter or a PWM Inverter. When
operated as a stepped wave Inverter, transistors are switched in the sequence of
their numbers with a time difference of T/6 and each transistor is kept ON for a
period of T/2. The resultant line voltage is shown in the figure (b) below.
Frequency of operation is varied by varying the time period T and the output
voltage of the inverter is varied by varying the DC input voltage.

The limitations of low frequency operation in Stepped wave Inverter can be
eliminated in a PWM inverter by obtaining voltage control in the inverter itself.
The inverter is supplied with a constant DC voltage and the inverter is controlled
so that the average voltage is variable. In this method the operation of the inverter
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can be extended up to zero frequency as the commutation is effective at all

frequencies.

L..T

-

'
“[b) Stepped wave iaverer line voltige wavelom {e) PWM imwerier line voliage wavelonm

Figure 4-14. Stepped wave and PWM Inverter waveforms

In PWM the output voltage is no longer a square wave but a pulsed wave. This
method results in a pure sinusoidal output if sinusoidal modulation is used. The

output voltage waveform is shown in the figure (c) below.

The speed of an induction motor can be controlled using a DC or an AC source
and four typical schemes of VSIs are shown and explained below with the figure

shown below.

e The controlled rectifier varies the DC voltage to the inverter at the same
time as the inverter output frequency is varied. The section between the
DC source and the Inverter is known as the DC link and it includes a
series Inductance and large capacitance which smoothes the DC voltage
to an almost constant value, Epc. In this if the inverter is a six step
Inverter the motor voltage is controlled by adjusting the DC link voltage.

e The above system cannot regenerate since current flow cannot be
reversed. If regeneration is required it can be obtained by replacing the
phase-controlled rectifier with a Dual Converter as shown in figure (b).

e A system in which the DC link voltage is constant is shown figure (c¢). In
this scheme the Inverter is a PWM based system and it varies both the
voltage and the frequency.

e In the fourth scheme the variation of voltage is obtained by a chopper.
Due to the chopper the harmonic injection into the AC supply is reduced.
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This scheme is a combination that is used when a high frequency output
is required and hence a PWM inverter is not possible.

[ L

Three |
phase Controlled \
ac. rectifier c T [nverter
supply ;
| i . {Quasi-square)
(a)
[- ] L
Three |
phase | Dual "
ac. converter c Inverter
supply :
(b)
L
Three
phase o | Diode I PWM
8.0, rectifier c T Invener
supply ]
« {(Pulsc-widih
() modulated)

@ (Quasi-square)
Figure 4-15. Schemes for Induction Motor speed control by VSIs

4.7. Control of Induction Motors by Current Source
Inverter

An Inverter belongs to the CSI category if looking from the load side the AC

terminals of the Inverter function as a Current Source. A current source has large

internal Impedance and hence the terminal voltage of'a CSI changes substantially

with change in load. If used in a multi motor drive a change in load would affect
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the other motor drives and hence a CSI is not suitable for multi motor drives. But
since the inverter current is independent of load impedance it has inherent
protection against short circuits across its terminals.

In a Current Source Inverter, the DC source is connected to the Inverter through
a large series Inductor Lg which would limit the current to be almost constant.
The output current waveform would roughly be a square wave since current is
constant and the output voltage would be approximately triangular. It is easy to
limit the over current conditions in this system but the output voltage can swing
widely in response to changes in load conditions.

A thyristor based Current Source Inverter (CSI) is shown in the figure (a) below.
This is a stepped wave inverter whose operation is already explained. Diodes
D1 — D6 and capacitors C1-C6Type equation here. provide commutation of
thyristors T1 — T6 which are fired with a phase difference of 60° in sequence of
their numbers. Figure (b) below shows the nature of output current waveforms.
The inverter behaves as a current source inverter due to the presence of the large
Inductor in the DC link.

L
I T J:I;.: C,T3 ;; QTs;Z
i
i iy
A
Dy Sp¥  b¥i, i
L o
H 7
b -T '-O A— i)
D B u 1L " g
DY oA 557 G ¥ Induction x <
X —e
Ci_ 3 v
TJ;E : T&}f o
(a (b)

Figure 4-16. (a) Circuit diagram of a Current Source Inverter (b) Current waveform
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The fundamental component of motor phase current from figure (b) is given by

(B

For a given speed, torque is controlled by varying the DC link current I; by
changing the value of V; . Hence when supply is AC, a controlled rectifier is
connected between the supply and Inverter. When the supply is DC, a chopper is
connected between the supply and Inverter as shown in the figure (b) below. The
maximum value of DC output voltage of the fully controlled rectifier and chopper
are chosen such that the motor terminal voltage saturates at rated value.

Fully — 00—

AC +
—| controlled vyl CS1 %
supply o

rectifier _ — Tnduction
DC link motor
(a)
Ly
e i
suppiy_. Chopper V4 CSl1 j:)
BC link ln:,t:gfh

(b)

Figure 4-17. Different configurations of CSI Induction motor drives.
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4.7.1. Comparison of VSIs with CSIs:

Current source inverter Voltape source inverter
F)
.LJ 5 L,
I I =+
o i 1
Main circuit o ol ¥ c a
configuration 5
iy e [a 2o —]
Rectifier Invertes Reetifier " Inverter

Type of source Current source —[ almost constant | Voltage source— ¥, almaost constant

Output fmpedance High Low

- T N o S i1
(s] n [e] 2
\"""'/ (180 conduction) g

Cutput wavelomm
F §
C\Jrrml_ll 1- 1 =5 %..cmnt

{120° eonduction)

1. Easy to control avercurrent 1. Difficult to limit current
- conditions with this design due to capacitor
Characteristics 2. Output voltage varies widely 2. Output voltage variations
with changes in load small due to capacitor

e The major advantage of CSI is its reliability. In case of VSIs a
commutation failure would cause the switching devices in the same leg
to conduct simultaneously. This causes a shorting of the source voltage
and hence the current through the devices would rise to very high levels.
Expensive high speed semiconductor fuses are required to be used to
protect the devices.

e In case of CSIs simultaneous conduction of two devices in the same leg

will not lead to sudden rise of current due to the presence of the large
Inductance. This allows time for commutation to take place and normal
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operation will get restored in the subsequent cycles. Further less
expensive HRC fuses are good enough for protection of thyristors.

e As seen in the CSI current waveforms, the motor current rise and fall are
very fast. Such a fast rise and fall of current through the motor leakage
Inductance of the motor produces large voltage spikes. Therefore, a motor
with low leakage reactance is used. Even then voltage spikes could be
large. The commutation capacitors C1 — C6 reduce the voltage spikes to
some extent by limiting the rise and fall of current. But large values of
capacitors are required to substantially reduce the voltage spikes. Large
values of commutation capacitors have the advantage that cheap
converter grade thyristors can be used but then they reduce the frequency

range of the inverter and hence the speed range of the drive.

e Further, due to large values of Inductors and capacitors, the CSI drive is

expensive and will have more weight and volume.

4.8. Cycloconverter:

A cycloconverter is a type of AC-to-AC converter that directly converts AC
power of one frequency to AC power of another, typically lower, adjustable
frequency, without an intermediate DC link. This unique capability makes them
particularly suitable for certain electrical drive applications.

4.8.1. How they work:

e Direct Conversion: Unlike conventional AC-DC-AC converters (which
rectify AC to DC, then invert DC back to AC), cycloconverters directly
synthesize the output AC waveform from segments of the input AC
supply.

e Thyristor-based: They primarily use phase-controlled power
semiconductor switches, such as thyristors (SCRs), arranged in positive
and negative converter groups.

o Waveform Synthesis: By carefully controlling the firing angles of these
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thyristors, the cycloconverter selects and combines portions of the input
AC waveform to create an output waveform with the desired voltage and
frequency.

e Step-down operation: Most commonly, cycloconverters operate in
"step-down" mode, meaning the output frequency is lower than the input
frequency (e.g., typically up to 1/2 or 1/3 of the input frequency for good
waveform quality). Step-up cycloconverters (output frequency higher
than input) are less common due to complexity.

e Four-Quadrant Operation: Cycloconverters can provide four-quadrant
operation, meaning they can control both the direction of torque and
speed, allowing for motoring and regenerative braking.

4.8.2. Key Characteristics in Electrical Drives:

e Variable Speed Control: They provide smooth and continuous speed
control of AC motors by varying the output frequency and voltage.

o High Power Applications: Cycloconverters are often used in very high-
power applications, ranging from megawatts to tens of megawatts.

e Direct AC-AC Conversion: Eliminating the intermediate DC link
means fewer components (no large filter inductors or capacitors) and
potentially higher efficiency in some scenarios.

e Natural Commutation: In step-down cycloconverters, thyristors can
often be naturally commutated by the AC supply voltage, simplifying the
control compared to forced commutation required in some other
converters.

e Harmonics: Cycloconverters inherently produce harmonics in their
output waveform, which can affect motor performance and require
consideration in system design. However, the leakage inductance of the
motor itself can help filter some of these harmonics.
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4.8.3. Applications in Electrical Drives:

Cycloconverters are especially well-suited for heavy-duty, low-speed, and high-
power AC motor drives where precise speed and torque control, as well as

regenerative braking, are essential. Common applications include:

e Rolling Mills: Used for precise speed control of large motors in steel and
metal processing to ensure consistent product quality.

e Mine Hoists: Providing smooth and controlled acceleration,
deceleration, and braking for heavy loads in mining operations.

o Cement Kilns and Ball Mills: Enabling the starting of large, fully loaded
motors at very slow speeds and gradually bringing them up to full speed,
which is crucial for these heavy industrial processes.

e Ship Propulsion Systems: Offering variable speed control for large
marine propulsion motors.

e Scherbius Drives: Used with wound-rotor induction motors for slip
power recovery, improving efficiency.

e Electric Traction: Historically used in electric locomotives to provide
variable frequency power from fixed frequency AC lines.

e Synchronous Motor Drives: Particularly advantageous for large
synchronous motors due to their ability to supply lagging, leading, or
unity power factor loads while the input is always lagging.

4.8.4. Advantages:

e Direct AC-AC Conversion: No intermediate DC link, leading to a
potentially simpler and more efficient power circuit for certain
applications.

e Four-Quadrant Operation: Allows for both motoring and regenerative
braking, offering excellent control over the drive system.

e Smooth Low-Speed Operation: Can achieve very low output
frequencies (down to zero), enabling smooth starting and operation of
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large motors under full load.

Robustness: Often use robust thyristor devices.

Less Maintenance: For AC motors, cycloconverter drives eliminate
brushes, commutators, and slip rings associated with DC motor drives,

leading to reduced maintenance.

Disadvantages:

Limited Output Frequency Range: Typically limited to output
frequencies lower than the input frequency (e.g., 1/2 or 1/3 of input
frequency).

Harmonic Distortion: Produce significant harmonics in both input and
output waveforms, requiring filtering or careful design to mitigate their
effects.

Complex Control: The control circuitry for cycloconverters can be more
complex due to the precise firing angle control required for multiple
thyristors.

Size and Cost: Can be bulky and expensive, especially for higher power
ratings due to the large number of thyristors required.

Poor Input Power Factor: Tend to operate at a lagging power factor,
especially at light loads.

"Fabricated output voltage. Mean output veltage -

az%”j —

0]

M7N _
Figure 4-18. Fabricated and mean output voltage waveform for a single phase

Cycloconverter (half cycle)

173



Power Electronics Control of Electrical Drives

Cycloconverter is a device for directly converting AC power at one frequency to
AC power at another frequency. The input to cycloconverter is a three-phase
source which consists of three AC voltages equal in magnitude and phase shifted
from each other by 120°. The output is the desired frequency at the required

voltage and power level.

As we know, in a three-phase full converter the mean output DC voltage is
maximum with a firing angle of 0° and is zero with a firing angle of 90° and is

negative maximum with a firing angle of 180°. In between it varies from

l' f
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 voltage
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Figure 4-19. Fabricated and mean output voltage waveform for a single phase
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4.9. Cycloconverter (full cycle)

positive maximum to negative maximum with corresponding firing angle
variation. Cycloconverter makes use of this basic principle and generates its
output voltage by selecting the combination of the three phases which are made
to closely approximate the desired single-phase output by varying the firing angle
continuously in accordance with a control signal. The control signal is the low-
level frequency of the desired output.

The synthesized (fabricated) output voltage from the three phases along with the
corresponding desired mean output voltage for half cycle and full cycle for one
phase are shown in the figure below.

A full three phase Cycloconverter is made up of three such cycloconverters
connected together as shown in the figure below utilizing half wave converters
connected in anti-parallel in a circulating current mode as shown in the
subsequent figures below.

A3y supply”

Ci;fo;z ffdf B "
THET

Phase A

0™~
3_—[)11333 :
load

(b) Basic circuit

Figure 4-20. Three phases to Three phase Cycloconverter basic circuit diagram
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4.9.1. Closed loop speed control with VSI/Cycloconverter based
Induction Motor drives:

A closed loop speed control system is shown in the figure below. It employs a
slip speed inner loop and an outer speed loop. Since for a given slip speed, current
and Torque are constant, slip speed inner loop is used in place of inner current
loop. Further it ensures that speed of operation is always on that portion of the
Speed Torque curve between synchronous speed and the speed at maximum
Torque for all frequencies. This ensures high Torque to current ratio. The drive
shown here uses a PWM inverter fed from a DC source which has capability for
regenerative braking and four quadrant operations. This scheme is applicable to
any of the VSI or Cycloconverter drives as well which has Regenerative or
dynamic braking capability. The closed loop operation is explained below.

The speed error is processed through a PI controller and a slip regulator.
PI controller is used to get good steady state accuracy. The slip regulator sets the
slip speed command w X sl whose maximum value is limited to limit the inverter
current to a permissible value. The synchronous speed obtained by adding actual
speed w,, and slip speed w X sl determines the inverter frequency. The
reference signal for the closed loop control of the machine terminal voltage V*
is generated from frequency fusing a function generator which ensures a constant
flux operation up to base speed and operation at constant terminal voltage above
base speed.

A step increases in speed command w X m produces a positive speed error. The
slip speed command w X sl is set to the maximum positive value. The drive
accelerates at the maximum permissible inverter current producing maximum
available torque until the speed error is reduced to a small value. The drive finally
settles at a slip speed for which the motor torque balances the load torque.

A step decreases in speed command w X m produces a negative speed error. The
slip speed command w X sl is set to the maximum negative value. The drive
decelerates under regenerative braking at the maximum permissible inverter

current producing maximum available braking torque until the speed error is
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reduced to a small value. The drive finally settles at a slip speed for which the
motor torque balances the load torque.

With this scheme the drive has fast response because the speed error is corrected
at the maximum available torque. Direct control of slip assures stable operation
under all operating conditions.
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Figure 4-21. Closed loop slips controlled VST Induction motor drive with PWM inverter.

Summary:

e Synchronous speed of an induction motor is directly proportional to the
supply frequency. Hence by changing the supply frequency the
synchronous speed and hence the motor speed can be varied.

e The motor terminal voltage is proportional to the product of the frequency
and the flux neglecting the stator voltage drop as given by the relation:
v(t)aw. . Hence any reduction in the supply frequency without a
corresponding reduction in the Stator voltage would cause an increase in
the air gap flux and a corresponding increase in the magnetization current

which is not desirable.

177



Power Electronics Control of Electrical Drives

Hence to avoid excessive magnetization currents and also to maintain the
torque constant, variable frequency control below the base speed is
normally carried out by reducing the stator voltage along with frequency

in such a manner that magnetic flux is maintained constant. This method

: v
is called constant 7 control. But above the base speed, the stator voltage

is maintained constant because of the limit imposed by the stator
insulation or by supply voltage limitations and hence the developed
torque would come down.

The two important systems of Induction motor speed control using
variable frequency are Voltage Source Inverters (VSI) and Current
Source Inverters (CSI).

The important type of Inverters used in these systems are Quasi Square
Wave Inverters (QSW), Pulse Width Modulated Inverters (PWM) and

Cycloconverters.

Example 4-3:

A3¢,415V,50 Hz,4 pole, 1460 RPM, star connected induction motor has the
following  parameters. R; = 0.650; R, = 0.350; X; = 0950, X, =
1.43 02,X,, = 28 (1. Motor speed is controlled by varying stator Voltage and

frequency keeping the % ratio constant at the rated condition. Determine the

maximum Torque and speed at which it occurs for stator frequencies
(a) 50 Hz (b) 35 Hz (c) 10 Hz.

Solution:

Given data:
f = 50Hz

P =4

N, = 1460 RPM, Stator STAR connected and
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R, = 0.650;
R, = 0.350;
X; = 0950,
X, = 1434,
Xm = 2810

To understand how to work out the problem, the following points are to be noted
first:

* It is not mentioned whether the rotor parameters R and X are referred to
stator. But we know that in the equivalent circuit and in the corresponding
formulae they are normally considered to be referred to stator. Since the
stator/rotor turns ratio is required for calculating stator referred
parameters and it is not given we can assume that the given rotor

parameters are referred to stator.
* Since the stator is connected in STAR, the given stator voltage of 415 V
is line voltage. Hence: V,, = 415 /3 = 239.6V

* The given reactance parameter values X; and X, (which are frequency
dependent) though not mentioned specifically, we can always take them
to be at the rated frequency of 50 Hz. Their values at the other required
frequencies of 35 Hz and 10 Hz are to be scaled down correspondingly.

* It i1s important to note that for the two lower frequencies the applied
voltage Vph is to be scaled down correspondingly so as to maintain
constant V/f as specified in the problem.

* The synchronous speed for the two lower frequencies is also to be scaled
down.

* Then, using these values appropriately, the maximum Torque and the
speed at which it occurs for stator frequencies (a) 50 Hz (b) 35 Hz (c) 10
Hz. can be found one by one using the following formulae. (The formula
for ‘Slip @ maximum Torque’ is also given below since it is required to

find out the ‘Speed @maximum Torque’
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The slip @maximum torque, the speed @maximum torque and the maximum
torque are given by:
* Slip @ maximum Torque: Sy = #1
[RZ+(X1+X2)2]2

* Speed @maximum Torque: N,@maxt = Ny(1 — S,,,)

* Maximum Torque:

2
3V

Tqmax = f
2ws|Ry+H{R2+(X1+X2)2}2

Now, substituting the corresponding values from the above data we can find out
the above three for the three frequencies.

50 Hz:

Synchronous speed (RPM): N, = IZITOf =120 x50 /4 = 1500 RPM

21

Synchronous speed (Rad/sec): wg = 1500 X Pl 157 Rad/sec

0.35 1
[0.652+ (0.95+1.43)2] 2

Speed @max Torque: N. = Ng (1 —S,;,) = 1500 (1 — 0.142) = 1287 RPM

Maximum torque:

Slip @ maximum Torque: s,,, = = 0.142

1
Tymax = 3%239.62/2 X 157[0.65 + {0.65 X 32 + (0.95 + 1.43)2}2 |
Tymax = 175.96 N —m

35S Hz:

Synchronous  speed  (RPM): N = % = 120 X 3:5 = 1050 RPM
2

Synchronous speed (Rad/sec): ws = 1050 X Pl 109.95 Rad/

sec Ry and R, remain same.

ButX, = 095 X2 = 0.6650and X, = 143 x= = 1.00
50 50
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Vo = 239.6 X2 = 167.72V
50

Slip @ maximum Torque: s, = 035 — = 0.1957

[0.652+ (0.665+1.0)2]2

Speed @max Torque:
N, = Ny (1 - s,,) = 1050 (1 —0.1957) = 844.515 RPM
Maximum torque:

Tamar = 3 X 167.72% x 2% 109.95 [0.65 + {0.65% + (0.665 +

1
1% = 2222 = 157.38 N - m

10 Hz:

Synchronous speed (RPM): N5 = 120f/P = 120 x 10/4 = 300 RPM Synchronous

speed (Rad/sec): wg = 300 X z—z = 31.4 Rad/sec R; and R, remain same.

ButX, = 095X — = 0.19Qand X, = 1.43 X =2 = 0.286
50 50

v,

n = 239.6 x 10/50 = 47.92V

Slip @ maximum Torque:
Sm = > ;=0 = 0434
[0.652+ (0.19+0.286)2]2 0.8056

Speed @max Torque:
N, = N;(1- S, = 300 (1— 0.434) = 169.8 RPM
Maximum torque:
1
Tamax = 3 X 47.92%2 /2% 31.4[0.65 + {0.65% + (0.19 + 0.286)?}2]
= 6888.979/62.8 (0.65 + 0.805) = 75.37N —m

Example 4-4.

For a 3-phase delta connected 6-pole 50 Hz 400 V,925 rpm squirrel cage
induction motor is having Ry = 0.20,R, = 0.302,X; = 0.5,and X, =
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1.1 0. The motor is operated from a voltage source inverter with constant V/f

ratio from 0to 50 Hz and having the constant voltage of 400V above

50 Hz frequency. Calculate (i) speed for a frequency of 35 Hz with half full load

torque (ii) torque for a frequency of 35 Hz for a speed of 650 rpm.

Solution:

Given data:

V., = 400V

f = 50Hz

P =

N, = 925 RPM, Stator DELTA connected and
R, = 0.20;

R, = 0.30;

X, = 0.50,

X, =110

The following points are to be noted first:

It is not mentioned whether the rotor parameters R and X are referred to
stator. But we know that in the equivalent circuit and in the corresponding
formulae they are considered to be referred to stator. Since the stator/rotor
turns ratio is required for calculating stator referred parameters and it is
not given we can assume that the given rotor parameters are referred to

Stator.

Since the stator is connected in DELTA, the given stator voltage of 400
V is line voltage as well as Phase voltage. Hence: Vp,, = 400V

The given reactance parameter values X; and X, (which are frequency
dependent) though not mentioned specifically, we can always take them
to be at the rated frequency of 50 Hz. Their values at the other required
frequency of 35 Hz are to be scaled down correspondingly.

It is important to note that for the lower frequency of 35 Hz the applied
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voltage Vpn 1s also to be scaled down correspondingly so as to maintain
constant V/f as specified in the problem.

e Calculation of speed for a frequency of 35 Hz with half full load torque:
We have the standard relation for the Torque developed in an Induction
motor as:

(3% 72)
ws [(R1 + %)2 + (X + XZ)Z]

A close observation of this equation indicates that:

Td:

* Ifwe can first find out ‘half full load torque’ then we can find out the slip
@35 Hz and then we can get the speed corresponding to a frequency of
35 Hz with half full load torque.

* And full load torque can be found out by using the same relation with
data corresponding to the full load condition. (Same as rated values)

Calculation of Full load (rated) Torque:

Synchronous speed (RPM):

N. =22 _ 120 x 22 = 1000 RPM
S P 6

Synchronous speed (Rad/sec):
ws = 1000 X2 = 104.7 Rad/sec

Slip‘s’ @ full load = 222=22% = 0,075

1000
Now using these values along with the given data in the above equation for the
developed torque we can find out the Full load Torque.

R, = 020; R, = 030; X, = 0.50,X, = 1.10

2 Ry
(3Vph'T)
Td = ) 7
ws[(R1+—) +(X1+X2)2]
0.3
_— 3 x 4002 ><20_075
03 2
104.7 [(0.2+ 0_075) +(0.5 +1.1)
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_ 480000 x 4
T 104.7 [(0.2+ 4)2+(1.6)2]

= 1920000 / 104.7 x20.2 = 9078 N —m
Full load (rated) Torque =907.8 N —m

Half full load torque = 22 = 453.9N—m

Before we use this value in the equation for T4, we have to find out the other
required parameters which are frequency dependent 1e.,
Ng, Ws , X, and X, @35 Hz and also Vy,, 35 Hz

Nswssnz = Wsasonz X = = 1000 X 2= = 700 RPM

Ws@35 Hz = Ws@50 Hz Xg = 104.7 Xg = 73.29 Rad/sec
35 35

Xi@35Hz = X1@50Hz><5 = 0.5 X5 = 0.35 .2
35 35

Xo@35Hz = X2050 Hz i 1.1 X = 0.77 2

35 35
Vph@35Hz = ph@ 50Hz X 5 = 400 )(5 =280V

Now we can use these values in the equation for T4 and find out the slip at 35 Hz

2 Ry

3V
T, = —2s
Wg

LetK = %. Then

(R +5) + (y + 2,02

S
4539 = 3x 2802 X ——[(02+ K)? + (0.35+0.77)?]

453.9 = 235200 % [(0.04 + K2+ 0.4K) + 1.2544]

= 235200 —— [(1.2944 + K2 + 0.4K)]

K

453.9 = 235200
[(73.29 x 1.2944 + 73.29 K2 + 29.32 K)]

From which we get:
43060 + 33266K? — 221892K = 0
K? - 6.67K + 1.2944 = 0

1
(6.672-5.18)2] _ [6.67 F 6.27
2 2

K = [667 F
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12 94
2

or—ie 6.47 or 0.2

ButK = —andhence— = 6470r0.20rs = Eo 93 = 0.046 0or 1.5
S S 6.47 02

But slip cannot be larger than 1 and hence slip‘s’ at half full load torque = 0.046
Speed with 35 Hz supply frequency and half full load torque = Synchronous
speed @35Hzx (1 — s)

= 700x (1 —0.046) = 700 x 0.954 = 668 RPM

Speed for a frequency of 35 Hz with half full load torque = 668 RPM

Torque for a frequency of 35 Hz for a speed of 650 rpm:
This can be found out directly by using the formula for torque developed i.e.

R>
312 5 R

To =205 (R +2) 4 (4 )7

and using the same parameters which we have already obtained for 35 Hz and

given below again. But slip alone is required to be calculated taking Ny@3s 4,

=700 RPM and N = 650 RPM

35 35
Ws@35Hz — Ws@50 Hz XE = 104.7 XE = 73.29 Rad/sec

35 35
Xi@35Hz = X1@50 Hz Xﬁ = 05 Xﬁ = 035N

35 35
Xo@3snz = Xo@sonz X5 = 11 X = 0.77 0

35 35
Vor@ssnz = Vpr@sonz X o5 = 400 X~ = 280V

Ns@asHz-N _ 700-650 _ 50

= = 0.071
Ns@3s Hz 700 700

5@35 Hz =

2 R2

V5, =2 2 2
Thus: T, = —2= s(R +%) + (X +X1)2]

0.3

_ 3xx280%x
3xx2802 x5 > 2
_ Zoon [(02 +_0071) +(0.35 + 0.77)?]
= 22202 + 4.225)% + (1.12)7]
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— 993720 (1958 + 125) — 993720

73.29 (73.29 x 20.83)

= 65092N—m

Torque for a frequency of 35 Hz for a speed of 650 rpm = 65092 N —m
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aapeer-s. CONtrol of Induction Motors
and Synchronous Motors

5.1. Static Rotor resistance control:

Before explaining the static Rotor resistance control a brief introduction to the
basic method of Rofor resistance control is given here. The speed of an Induction
motor can be controlled by the introduction of an external resistance in the Rotor

circuit as shown in the figure below.

Figure 5.1. External Rotor resistances connected in a Slip Ring Induction Motor

The speed-Torque characteristics of an Induction motor with such a control are

shown in the figure below.

Before studying /analyzing these characteristics, the basic Torque speed relations
in an induction motor (considering only the Rotor circuit parameters) what we
have learnt earlier are given here for a quick reference. These relations are the
basis for the nature of the characteristics shown in the figure below.
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* Torque developed by the motor Td: Ty = k [s Ez R—i + (sX,)?]

2 g2
. . R
Slip at maximum torque S,, = X—Z
2
: kEZ
Maximum developed Torque Tinax = -~
2
Starting torque Ty, = k [E 2_Ra ]
st 2 R2yx2
800,
ol B R, A Rq

600

3
F 500.
g
g 400,
E .
300,
2
R, = 2R,
1{“} = R:-!Hg
Ry= 4R,
100, b= Ry= 5K,
Ry= &Ru
i) 1 | 1 L 1 L |

0. 250, 500, 750. 1000, 1250, 1500, 17%0. 2000,
Mechanical speed, r/min

Figure 5.2. Induction Motor Torque-Speed Characteristics with variation of Rotor Resistance.

A study of the above relations along with the characteristics shows that:

* For a given Load torque, the motor speed is reduced (since slip s
Increases) as the Rotor resistance is increased. However, the no load
speed remains the same with the variation of the Rotor Resistance.

* The increase in rotor resistance does not affect the value of the maximum
Torque but increases the value of Slip at which it occurs.

* With increase in Rotor resistance the starting torque increases and the
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starting current reduces. Hence the Torque to current ratio improves.

Advantages and disadvantages of Rotor resistance control:

* External resistors can be added only during the accelerating period to
increase the starting torque and can be removed later during the steady state.
This minimizes the losses with dissipation in external resistors.

* The rotor temperature rise is substantially lower than it would have been if
the higher resistance were incorporated in the rotor winding as in the case
of squirrel cage motors. This allows the optimum utilization of the motor
torque capabilities.

* It provides a constant torque operation with high Torque to current ratio.

* Though Rotor copper losses increase with decrease in speed most of it is
dissipated in the external resistors. The copper losses inside the motor
remains constant for a given fixed torque. Because of this, a motor of smaller
size can be employed.

* Motor efficiency decreases and the rotor copper losses increase with the
decrease in speed.

This is the main disadvantage and hence to overcome this, static Rotor resistance

control is adopted.

5.2. Static Rotor Resistance control with a Chopper:

Instead of mechanically varying the Rotor Resistance or electrically by using
contactors it can be varied electronically by using a chopper as shown in the
figure below. This gives a stepless and smooth variation of Resistance and hence
the Speed of the motor. In this system the external resistor is introduced in the
rotor circuit after converting the slip power into DC using a three-phase bridge
rectifier instead of directly connecting in the rotor circuit. Along with the resistor
a chopper is also connected in parallel. By switching the chopper ON and OFF
at a high frequency the effective value of the Resistance is controlled smoothly.
As T,, is changed from O to its full time period of T the resistance changes from
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R to 0. In terms of the duty ratio § of the Chopper the effective value of the
resistance Ry introduced into the Rotor is given by:

Ry = (1 — 6).R

A filter inductor L; is provided in series between the rectifier and the external
resistor to smoothen the current I;. A higher ripple in Iq produces higher
harmonics in the rotor current and hence the rotor copper losses will increase.
The diode bridge is the main contributor for the ripple and not the Chopper

Switch since it operates at a relatively higher frequency.

3-phase

a.c. supply Ly, Rq Iy
ASBoC “EEE0
+
— e — - a
! GTo\/
| iy
I
II Ege R
|
®
I
I
I
A
_HI____.__J
i
Rectifier

section

Figure 5-3. Induction Motor Speed control using a chopper

A filter inductor L, is provided in series between the rectifier and the external
resistor to smoothen the current I; . A higher ripple in I; produces higher
harmonics in the rotor current and hence the rotor copper losses will increase.
The diode bridge is the main contributor for the ripple and not the Chopper
Switch since it operates at a relatively higher frequency.
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The Diode Bridge Output Epc changes from its maximum value at standstill to
about 5 % at near motor rated speed. Here a Thyristor is not suitable as a Switch
since reliable commutation at a higher switching frequency can be obtained only
by external commutating circuits which would be bulky and expensive.

The DC voltage Ep is small because Induction motors are usually designed with
stator to Rotor turns ratio of greater than 1. Hence a Transistor switch is good
enough for low power drives and GTO can be used for ratings beyond the
capability of Transistors. Self-commutation capability of these devices ensures
reliable commutation at all operating points and makes the Semiconductor switch
compact.

5.3. Slip Power Recovery

We have seen that In the Rotor resistance control method, the slip power which
increases with decreasing speed gets dissipated in the resistance and hence the
efficiency of the system gets reduced at lower speeds. The mechanical power that
can be obtained from the Air gap power is with a per unit conversion efficiency
of (1—s) and the overall motor efficiency would still be lesser than this. The
Air gap power is almost totally dissipated as heat in the Rotor circuits at lower
speeds and hence the efficiency would be very poor. Therefore, the Rotor
resistance method of speed control is very inefficient except for a very small
speed range close to the synchronous speed.

However instead of dissipating the slip power in the resistance, if it can be
conveniently returned to the mains or effectively utilized to increase the drive
power then the Drive system becomes more efficient. This is achieved by means
of two widely used slip power recovery methods known as Scherbius and Kramer
drives. They are also called as cascade drives.
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5.4. Scherbius drive

In the traditional Scherbius drive shown in the figure below a rotary converter
rectifies the slip power and the rectified output drives a DC motor which is
coupled to a squirrel cage Induction Generator. The Induction generator is driven
at super synchronous speeds and returns the slip power to the same mains supply
which gives supply to the Induction motor drive.

Figure 5-4. Traditional Scherbius drive.

5.4.1. Static Scherbius drive:

The static Scherbius drive system for the speed control of a wound rotor
Induction motor is shown in the figure below. This is also known as sub
synchronous converter cascade since it is capable of providing speed control only
in the sub synchronous speed range.
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Figure 5-5. Static Scherbius drive

The DC link converter consists of a three-phase diode bridge rectifier which
operates at slip frequency and feeds the rectified slip power to a phase controlled
three phase Inverter through a smoothing Inductor. The inverter returns the
rectified slip power to the AC supply. The rectifier and the inverter are both
naturally commutated by the alternating e. m. f's appearing at the slip rings of the
rotor circuit and supply bus bars respectively. The problem of matching the
frequencies of the injected e.m. f and the rotor e.m.f is eliminated by rectifying
the rotor voltage and using the variable back e. m. f available from the controlled
three phase inverter as the externally injected speed control voltage.

If commutation overlap is negligible the DC output voltage of the uncontrolled
three phase rectifier is given by:

E _3Erm_3\/§Er
pc = =

= = 1.35 E,¢ where E,.,,, is the maximum value of Rotor

side line voltage at stand still where E, is the RMS value of Rotor side line
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voltage at stand still
where E,¢ is the RMS value of Rotor side line voltage in running condition with
slip ‘s’

For a line commutated three phase bridge inverter with negligible commutation

overlap the average back e.m. f is given by:
E; = 1.35.E;.cosa

Where « is the inverter firing angle (¢ > 90°) and E;, is the AC line to voltage.

Neglecting the drop across the inductor,

Epc+ E;, = 00or 1.35E, 5+ 1.35.E;.cosa = 0

And hence s = —(?).Cosa = a|cosa|
T

Wherea = (?) is the effective stator to rotor turns ratio of the motor. Therefore,
T

speed control is obtained by simple variation of the Inverter firing angle. If ‘a’ is
unity the no-load speed of the motor can be controlled from near standstill to full
speed as |cosa| is varied from almost unity (since the maximum value of a is
limited about 165° for safe commutation of Inverter thyristors) to zero. This is
explained in simple words as below.

e As ais varied from 90° to 167° |cosa|varies from 0 to almost unity (0.96)

e Assuming ‘a’ as unity we can say that slip varies from 0 to almost unity

e (0.96) as |cosa| varies from 0 to almost unity (0.96)

e So, we can say that that slip varies from 0 to almost unity (0.96) as a is
varied from 90° to 167°

e In other words, “Speed varies from Full speed to almost Stand still as a.
is varied from 90° to 167%”

In practice the motor turns ratio a is larger than unity resulting in a lower Rotor

voltage. This results in the requirement of lower value of cosa for a given lower

194



Control of Induction Motors and Synchronous Motors

speed and hence a lower power factor which is not desirable. To overcome this
limitation a step-down transformer is introduced in between the supply lines and
the Inverter as shown by the dotted lines with a turn’s ratio of m. The governing
relation between the firing angle (o from 90° to 165°) and the slip then becomes:

s = (%)|cosa|

We know that the power factor of the converter is low at low firing angles. Hence
the turns ratio ‘m’ of the transformer is chosen such that the drive operates always
at a = 165° (Jcosal= 0.966) for the required lowest speed (highest slip S;,qx ) SO
that the power factor is highest.

5.5. Torque-Speed relationship:

Assuming the rotor resistance to be small:

The Rotor slip power is equal to the DC link power .1.e.

5.Pyy = Ep.ly

_ Ig
P,y = El.?

But Py = T.ws

And hence T = El.l—d.

Swg

Substituting the values of s = alcosa| and E; = 1.35.E;.cosa from the earlier

. . . I
relations in to the above expression for torque viz. T = Ej. j we finally get:
s

T = 135.E,. 7%
Thus, the steady state Torque is proportional to the rectified Rotor current I,
which in turn is equal to the difference between the rectified Rotor voltage and
the average back e.m. f of the inverter divided by the resistance of the DC link
Inductor. The inverter e.m. f is constant for a fixed firing angle and hence the
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Rotor slip increases linearly with load torque giving Torque- Speed
characteristics similar to that of a separately excited DC motor with armature
voltage control.

The complete open loop Torque-Speed characteristics of the Induction motor
with a Scherbius drive are shown in the figure below.

Per-umlt tongui¢

Per-unil spoad

Figure 5-6. open loop Torque-Speed characteristics of an Induction motor with a Scherbius

drive
5.5.1. Important features of Scherbius drive:

* Since power is fed back to the source, unlike in rotor resistance control
where it is wasted in external resistors, drive has a high efficiency. The
efficiency is even higher than the static voltage control for the same
reason.

* Drive Input power is the difference between motor input power and the
power fed back. Reactive power is the sum of the motor and inverter
reactive powers. Therefore, this drive has a poor power factor throughout
its range of operation.

5.6. Kramer drive:

Kramer System: The Kramer system is applicable for only sub synchronous
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speed operation. Figure below shows a conventional Kramer system. The system
consists of a 3-phase rotary converter and a DC motor. The slip power is
converted into dc power by a rotary converter and fed to the armature of the DC
motor. The slip ring induction motor is coupled to the shaft of the dc motor. The
slip rings are connected to the rotary converter. The dc output of rotary convener
is used to drive a dc motor. The rotary converter and dc motor are excited from
the dc bus bars or from an exciter. The speed of slip ring induction motor is
adjusted by adjusting the speed of dc motor with the help of a field regulator.
This system 1is also called an ‘electromechanical cascade’, because the slip
frequency power is returned as mechanical power to the slip ring induction motor
shaft by the DC motor.

D.C. Supply

Slip rings
B =" 0n a.c. side

- of refany
u'_—l comverter

——1

Figure 5-7. Conventional Kramer System

5.7. Static Kramer Drive:

In the Static Kramer drive the slip power is converted to DC by a Diode bridge
and fed to a DC motor which is mechanically coupled to the Induction motor.
Torque supplied to the motor is the sum of the torque produced by the Induction
and DC motors. Speed control of the Induction motor is obtained by controlling
the field current of the DC motor. A schematic diagram of this type of Static

Kramer drive is shown in the figure below.
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Figure 5-8. Static Kramer drive circuit

Figure (a) below shows the variations of Va1 and Va2 with speed for two values
of field current. Steady state operation is obtained when Va1 = Va2 i.e., at points
A and B for field currents Ir1 and Ir2. With this method speed control is possible
from synchronous speed to around half of synchronous speed. Below this the
speed cannot be brought down. This limitation is mainly because: To increase
the Speed on the lower side either

* The slope of the line Va1 vs. Speed is to be decreased. For this, the
maximum DC voltage Vg is to be reduced but it is not possible from the
Diode Bridge.

* Ortheslope of the line Va2 vs. Speed is to be increased. i.e., the maximum
value of Va2 is to be increased. This is also not possible because for a
given DC motor with the maximum ratings the maximum value of speed

and hence the maximum back e.m.f Va2 are fixed.

This can be clearly seen in figure (a) below.
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»> S
Wy By Uy Oy

(a) (b)
Figure 5-9. (a) Field control with Diode Bridge (b) Firing angle control of

Thyristor Bridge with constant Motor field.

When larger speed range is required, the above limitation is overcome (lower
limit can be brought down) by replacing the Diode Bridge with a Thyristor
bridge. With this the maximum value of V4; can be brought down and the slope
of the line V;; vs. Speed can be reduced. This increases the lower speed limit as
shown in figure (b) above. As can be seen, with this change, the speed can now

be controlled almost up to standstill.

Summary:
e In Rotor resistance control:
o For a given Load torque, the motor speed is reduced (since slip s
Increases) as the Rotor resistance is increased. However, the no
load speed remains the same with the variation of the Rotor
Resistance.

o The increase in rotor resistance does not affect the value of the
maximum Torque but increases the value of Slip at which it
occurs.

o With increase in Rotor resistance the starting torque increases and
the starting current reduces. Hence the Torque to current ratio
improves.

e In a Scherbius drive: The slip S is a function of the firing angle o of the
Inverter as given by: S = alcosa|. Where a is the effective stator to rotor
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turns ratio of the induction motor and is given by a =n/m. Where n is the
actual stator to Rotor turns ratio and m is the turns ratio of the
Transformer from supply side to inverter side.

* In a Kramer drive:

O The speed on the lower side is limited to about half of the
synchronous speed. This is due to the fact that the maximum value
of the DC output from the Diode Bridge V41 cannot be brought
down and maximum value of the back e.m.f of the DC motor Va2

cannot be increased.

O This problem is eliminated by the use of a fully controlled rectifier
in place of the diode bridge whose maximum value of DC output
Va1 can be reduced by increasing the firing angle.

Example 5-1:

A 4 pole, 50 Hz, 3 phase induction motor has rotor has resistance of 0.2 € per
phase and rotor standstill reactance of 1 Q per phase. On full load it is running
with a slip of 4 %. Calculate the extra resistance required in the rotor circuit per
phase to reduce the speed to 1260 r.p.m., on the same load condition.

Solution:
From the given data:

P =4
f = 50Hz
R, = 020
X, =10

Synchronous speed is given by:
N, ==L = 120 x 2 = 1500 RPM

Let N; = full load speed. Then N; = N (1 — s¢)
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= 1500 (1 - 0.04) = 1440 RPM

Let N, = Reduced speed at the same load = 1260 r.p.m.

Let the new rotor resistance with extra resistance (Rgx) added be R’; for
achieving the reduced speed N.

ie, R, = R, + R,y Where R,,, = Extra resistance

LetT =T, for N = N,andT =T, for N = N, and S, be the slip at
reduced speed 1260 RPM.

Then S, = Ns=Nz _ 1500-1260 _ 0.16
N 1500
We know that:
2 @2 Ra
T o sE5 E5 —[R§+(sxz)2]

LetT =T, forN = N; andT =T, for N = N, and R, = R, for N =
Nl andRZ = R'Z forN = NZ

Then we get:

Ty 2 R N2 (s2X7)?
== ——X (R +

T, 7?2 [R3+(srx2)°] (R’2) s;EZ R,

ButT; = T, asload is as same

Hence:

SPERR(R)? + (S,X,)? = spERRS RS + (57X2)]
Cancelling E? on both sides:

SR(RY)? + (s,)? = sR'[R3 + sX3]

Substituting the values from the given data we get:

i.e., 0.04 x0.2[(R2)>+(0.16 x1)*] = 0.16 xR’ [(0.2) + (0.04 x1)*]
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Simplifying we get: (R’2)* — 0.832 R’2 +0.0256 = 0

/(0.832)2-4x0.0256

R, =[0.832 + = 0.032(, 0.8Q

After adding Rex, R’ cannot be less than R». So, neglecting smaller value of
0.032

wegetR, = 0.8 = R, + R,y
Hence finally: R,, = 0.8- R, = 0.8- 0.2 = 0.6 Q per phase.

Example 5-2:

A Three phase, 440 V, 6 pole, 50 Hz, delta connected SRIM has rotor resistance
of 0.3 Q and leakage reactance of 1Q per phase referred to stator. When driving
a fan load it runs at full load at 3% slip. What resistance must be inserted in the
rotor circuit to obtain a speed of 850 rpm if stator to rotor turns ratio is 2?

Solution:
Given data:

v,

»h = 440V (Since delta connected input line voltage = Phase

voltage) P =6,f = 50 Hz,R, = 0.30,X, = 11, full load slip
sy = 0.03 Synchronous speed
N, = 120 x% = 1000 RPM

000
and wg = 2m X 1? = 104.72 Rad/sec

In this problem we can use the simple equivalent circuit with Rotor side circuit
parameters alone since they are only given and stator side parameters have been
neglected. Then we can use the expression we know for full load torque as

T = (—) [SE} ——2

2mng R2 +(sX5)?

| N—-m
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In this problem the values of R, and X, are given referred to stator side and
hence we can work on the stator side itself except that we have to take Vpp, in
place of E, in the above equation and finally take the answer back to the rotor
side since the Stator to Rotor side turns ratio is 2 (and not unity). Then taking the
full load values we get the above equation as

Trp ——[sz ]N m

h R2+(SX2)2

Substituting the values from the given data we get:

TFL

). [440%.(0.03 x 0.3) /{(0.3)? + (0.03 x 1)?}]

(104 72

0.009

Tp, = 0.0286 [193600 x —_]

= 54821 N —m

Since the load is a fan load, we know that the
TL, N?or T, = k.N? So, at the rated conditions:
Tp, = 548.21 = k.N? = k.[Ng (1 —5)]?> = k.[1000 (1 — 0.03)]?

from which we get:

548.21

= Tooox097 = 5826 X 107* N-m/RPM?

k

Now let us find out the load torque at 800 RPM using the fact that T, = k.N?
and using the value of k as obtained above.

. 1000—-800

The equation (1) given above for the T, @goorpm then becomes:

sk
TL@s00rPM = ( ) [Von- m]
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where s is now the slip @800 RPM = and k is the new rotor resistance with
external resistance R added to the existing R of 0.32i.e.,k = (R + 0.3)

Now substituting the corresponding torque, new rotor resistance and the slip in

the above equation we get:

3 4402,(0.2k)
104.72)' [{(k)2 +(0.2x 1)2} ]

372.86 = TFL == (
Then the above equation becomes:

5547% 0.2k or
(k%24 0.22)

372.86 =
372.86 k? - 1109k + 372.86 X 0.04 = 0 or
K?- 297k + 0.04 = 0 from which we get

_ 1/2 —
[2.97 F (2.97% -4%0.04) / 1 (297 F294) _
- = =

k = 2.955 or

0.015i.e.k = (Rg + 0.3) = 2.955 0r 0.015 From which

R = 2955- 03 =26550Q0rRg=0.015-0.3 =-0.015Q

But resistance cannot be negative and hence Ry = 2.655 (2

But this is the resistance to be added to the Rotor resistance referred to stator.

Hence value of external resistance to be added in the Rotor circuit

= Re 2% _ 06640

T (twrnsratio)? 22

5.8. Introduction to control of Synchronous Motors

A synchronous motor is one in which the alternating current flows in the armature
winding and DC excitation is supplied to the field winding. The armature
winding is on the stator and is usually a three-phase winding. The armature is
identical to that of the stator in an Induction motor but there is no Induction into
the Rotor. The field winding is on the rotor which is a solid forging and the slots
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are milled on the surface in which the DC field windings are placed.

The balanced three phase armature currents establish a rotating magnetic field at
the synchronous speed corresponding to the supply frequency (Ng; = %) just

like in an Induction motor. If the Rotor which is supplied with a DC excitation is
also made to rotate at the same synchronous speed, then the magnetic fields of
stator and rotor are stationary relative to each other and a steady Torque is
developed due to the tendency of the two magnetic fields to align with each other
and this torque sustains the synchronous speed of the rotor. The process of

initially bringing the rotor to the synchronous speed is called Starting.

Unlike an Induction motor Synchronous motor runs only at synchronous speed
until the load Torque exceeds the Pull-out torque which is the Torque beyond
which the motor slips out of synchronism and comes to a halt.

There are several types of synchronous motors like cylindrical Rotor motors,
salient pole motors, Reluctance motors, Permanent magnet motors etc. But to
understand the basic control methodology we will briefly study the equivalent

circuit of a cylindrical rotor motor.

5.8.1. Equivalent circuit of a Synchronous Motor with cylindrical
rotor:

A simplified per phase Equivalent circuit of a Synchronous Motor with
cylindrical rotor is shown in the figure below.

X, 1is the synchronous reactance and E is the excitation e. m. f. The power in put
to the motor is given by:

Py, = 3VI cosp

where ¢ is the phase angle of I; with respect to V

Neglecting the stator loss which is small the power developed by the synchronous
motor is given by:

P, = 3V cosp
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Vv G_jﬁzm 8

Figure 5-10. Equivalent circuit of a synchronous motor with cylindrical rotor

V£0—-E£-6 1% T E v
j=——"—=—s-2—-—s—-(5+6)
jXs Xs 2 X 2

14 4 E b4
Iscos® = —cos———cos (— + 6)
X 2 X 2

N S
E .
[scos@ = —sind
XS

Substituting this in the equation for P,, we get

__ 3VEsind
= ra

P

The rotating field produced by the stator moves at a synchronous speed given by:

anf

T
Wms = —~ rad/sec

Where f is the supply frequency and P is the number of poles.

For a steady torque to be produced, rotor field must move at the same speed as
the stator field. Since rotor field has the same speed as that of the Rotor the Rotor
also runs at the same synchronous speed. Therefore, torque is given by:

T = Pn _ 3VE

= sind
Wm XsWms

For a given field excitation E is constant. Therefore, P,, and T are proportional

to sind. The angle 9 is called Torque (or Power) angle.
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The Pull-out torque Tpy -y (same as maximum Torque Topq, ) is reached at
6 = +90° If the load Torque exceeds Tpyj—oy: the motor pulls out of

synchronism. The plot of developed torque vs. the torque angle § is shown in the
figure 5-11. (a) below.

Torqua T

Mptn"ng S 3 Hﬂgﬂnﬂraﬁﬂﬂ

10

— r & (lagging)
~1B0 -850 Wm

(a) Torque versus torque angle with cylindrical rotor

Figure 5.11(a)

& (teading)

The Speed-Torque curve is shown in figure (b) below. Motoring operation is
obtained when § is positive i.e., E lags behind V. Regenerative braking is

obtained when § is negative or E leads V.

Jlmm

Oms L‘,/Pull out torque

i ;
| Braking | Motoring |
1

: 1 T
'_Tmax O Tn‘lax_

(b) Speed-torque characteristics with a fixed frequency supply
Figure 5-11(b).

The important feature of wound field synchronous motor is that its power factor
can be controlled by varying the field current which in turn varies the excitation
voltage E. The phasor diagrams of a synchronous motor for a given developed
power are shown in the figure below. As can be seen when the field excitation is
small the motor operates with a lagging power factor. The power factor can be
made unity or leading by increasing the field excitation.
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I
¢ V L V 0 v
W& . \J X, IX,
I, E | E E

(a) Lagging power factor  (b) Unity power factor  (c) Leading power factor

Figure 5-12. Variation of power factor with field excitation

5.9. Introduction to speed control of synchronous
motors:

In synchronous motors also, in steady state, the speed is directly proportional to
the supply frequency and the control methodology is same like in Induction
motors. Constant flux operation below base speed is achieved by constant V/f
control. Above base speed once the rated voltage is reached, the terminal voltage
is kept constant and frequency is increased. The pull-out Torque T}, is constant
during the constant flux operation where as it decreases with increase in

frequency for higher speeds.

Unlike an Induction motor the synchronous motor either runs at the synchronous
speed or it does not run at all. Hence the variable frequency control adopts any
of the following two methods.

e True Synchronous Mode or Separate Control Mode

e Self-control Mode

5.9.1. Separate Control Mode:

This is an open loop control mode in which the stator supply frequency is
controlled from an independent oscillator. Hence the frequency is gradually
increased from its initial value to the final desired value so that the difference
between the synchronous and rotor speed is always very small. This enables the
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rotor to track the changes in synchronous speed and catch up without pulling out.
When the desired synchronous speed is reached, the rotor pulls into step, after
hunting oscillations. This method can be used for smooth starting and
regenerative braking. This method is best suited for multiple synchronous,
reluctance or Permanent magnet (PM) motor drives where close speed tracking
is essential among a number of machines in applications such as fiber spinning
mills, paper and textile mills where accurate speed tracking is required.

The block diagram of such an open loop control system using this separate
control method for multiple synchronous motors is shown in the figure below.

1¢ fory 34 ac supply

e w [ _
- -DF‘ Rectifier

Flux C

cantral L/— —
34 voltage fed
s T f Inverter P imverier
Command f f

frequancy - PM for)
Crelay circunt synchronous
relugtance
molors

Figure 5-13. Open loop speed control of multiple PM synchronous motors.

Here all the machines are connected to the same Inverter and they move in
response to the command frequency f* at the input to the Ramp/delay circuit.
The Input speed command is given through a ramp generator with a finite delay
to ensure that the rotor gradually picks up speed and pulls into synchronism with
the stator magnetic field and settles at the final synchronous speed. The
frequency command f* after passing through the ramp/delay circuit generates
the required V and f control signals just like in a VSI with a PWM Inverter as
shown in the figure. The V control is applied to the DC converter through a flux
control block so as to generate the required Voltage to generate a constant flux
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with varying frequency. The Rectifier output then gets applied to the PWM
inverter through L&C filter as required for a VSI type drive. The frequency
command is directly applied to the PWM inverter. The synchronous motor can

be built with damper winding to prevent oscillations.

5.9.2. Self-controlled mode:

In Self-controlled mode, the stator supply frequency is changed in proportion to
the rotor speed, so that the rotating magnetic field produced by the stator always
moves at the same speed as the rotor (Or rotor field). This ensures that the rotor
runs at synchronous speed at all operating points. (In all Load conditions)

Consequently, a self-controlled synchronous motor does not pull-out out of step
and does not suffer from hunting oscillations & instability associated with a step
change in torque or frequency when controlled from an independent oscillator
(Separate control Mode). Hence Synchronous motors working in Self-controlled

mode of operation do not require a damper winding.

Absolute Position Sensors are mounted on the Rotor shaft to track the rotor
position and speed. These sensors are called rotor position sensors. The
frequency and Phase of the Inverter output power are controlled by taking
feedback from the Absolute position sensor. Hence, the stator supply frequency
can be made to track the frequency of these signals.

Alternatively, since the voltage induced in the stator phase has a frequency
proportional to rotor speed, self-control can also be realized by making the stator
supply frequency track the frequency of induced voltages.

The basic block diagram of a self-controlled synchronous motor fed from a three-
phase inverter and working with Rotor Position sensors is shown in the figure
below.
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Figure 5-14. Self-Controlled Synchronous Motor (Brush Less DC Motor)

When an inverter is used the input is a DC source. The stator winding of the
machine is fed from the inverter which generates a variable voltage variable
frequency sinusoidal supply.

Here the frequency and phase angle & of the control signal required to generate
the required input to the synchronous motor is produced by comparing the
Position output and frequency (ff ) of the absolute position sensor, thus giving
it the self-control characteristic. Here the phase angle of the pulse train from the
position sensor can be delayed by an external 8., command as shown in the
figure.

Operation of the drive is similar to that of a DC motor. The rotor position sensor
and inverter now perform the same function as brushes and commutator in a DC

motor.

Due to similarity in operation of a DC motor, an inverter fed Synchronous motor
drive as shown in this figure is also known as a Commutator Less DC Motor
(CLDM). If the synchronous motor is a permanent magnet motor or a reluctance
motor or wound field motor with a brushless excitation, then it is a known as a
Brush Less and Commutator Less DC Motor or simply a Brush Less DC Motor
(BLDC). This type of Self-controlled systems driving synchronous motors offer
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the linear Torque speed characteristics of DC motors and are finding increasing
applications in servo drives.

In this kind of control the machine behavior is decided by the torque angle and
voltage/current. Such a motor can be considered as a DC motor with its
commutator replaced by a fully controlled converter connected to the stator. Such
a self-controlled motor has the properties of a DC motor both under steady state
and dynamic conditions. Hence it is called a Commutator Less Motor (CLM).
These motors have better stability performance.

Alternately the firing pulses for the inverter can be obtained from the phase angle
of the stator voltages in which case the rotor position sensor can be dispensed
with. When synchronous motors are over excited (field current is large) they will
work with a leading power factor and can supply the reactive power required for
commutation of thyristors. In such a case the induced voltages in the synchronous
motor provide the required voltages for commutation of the thyristors in the

inverter just as in a line commutated Inverter.

Here the firing angles are synchronized with the motor induced voltages and
hence they serve both for control as well as commutation. Hence the frequency
of the inverter will be same as that of the motor induced voltages. This type of
inverters is called load commutated Inverters (LCI). Hence the commutation is
simple due to the absence of diodes, capacitors and auxiliary thyristors.

But this natural commutation is not possible at low speeds up to 10% of base
speed as the motor voltages are not sufficient to provide satisfactory
commutation. At that time forced commutation must be employed.

5.10. Load commutated CSI fed synchronous motor:

The circuit diagram of a self-controlled synchronous motor drive employing a
load commutated thyristor Inverter is shown in the figure below. This drive
consists of two parts: Source side converter and load side converter.
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Figure5-16. Self-controlled Synchronous Motor Drive employing Load Commutated Inverter

The source side converter is a 3 phase 6 pulse line commutated fully controlled
converter. When the firing angle range is 0° < as < 90° the converter acts as
a line commutated fully controlled rectifier. During this mode the output voltage

V4 and output current I ;5 are both positive.

When the firing angle range is 90° < as < 180° the converter acts as a line
commutated fully controlled inverter. During this mode the output voltage V4, 1s

negative and output current I ;¢ is positive.

When the synchronous motor operates at a leading power factor, thyristors of the
load side converter are commutated by the motor induced voltages just as the
thyristors in a line commutated converter are commutated by the supply voltages.
This is called Load commutation (here load is synchronous motor).
Firing(triggering) angles are referred to the induced voltages just like the
triggering angles in a line commutated inverter are referred to the supply
voltages.

When the firing angle range is 0° < al < 90° the load side converter acts as
a line commutated fully controlled rectifier. During this mode the output voltage
V4 and output current I; are both positive.

When the firing angle range is 90° < al < 180° the load side converter acts
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as a line commutated fully controlled inverter. During this mode the output
voltage Vg, is negative and current I; is positive.

For0° < as < 90°&90° < al < 180°and with V45 > Vjy; the source side
converter acts like a line commutated Rectifier and load side Converter acts like
a line commutated Converter causing power to flow from the source to the motor

thus giving motoring operation.

When the firing angles are changed such that 90° < as < 180° and 0° <
al < 90° the Load Side Converter acts like a line commutated Rectifier and
Source Side Converter acts like a line commutated Inverter causing power to

flow from the motor to the source thus giving regenerative braking operation.

The magnitude of Torque depends on (Vs - V). The motor speed can be
controlled by control of line side converter firing angles.

When working as an Inverter, the firing angle has to be less than 180° to take
care of commutation overlap and turn off of thyristors. It is common to define a

commutation lead angle for load side converter as
B, = 180° — —

If commutation overlap is ignored, the input AC current of the converter will lag
behind the input AC voltage by an angle a;. Since motor input current has an
opposite phase to converter input current, the motor current will lead its terminal
voltage by an angle f3;. Therefore, the motor operates at a leading power factor.
Lower the value of f;, higher the motor power factor and lower the Inverter

rating.

In a simple control scheme, the drive is operated at a fixed value of commutation
lead angle ;. for the load side converter working as an Inverter and at Sl =
180°(or al = 0°) when working as a rectifier. When good power factor is
required to minimize converter rating, the load side converter when working as

an inverter is operated with constant margin angle control.
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5.11. Closed loop operation of Synchronous drives:

A closed loop speed control scheme of a Load Commutated Inverter (LCI)

Synchronous Drive is shown in the figure below.

It employs outer speed control loop and inner current control loop with a
limiter just as in a DC motor speed control system.

The phase-controlled Thyristor rectifier on the supply side of the DC link
has a constant current regulating loop and operates as a controlled current
source.

The regulated DC current is delivered through the DC link inductor to the
Thyristors in the LCI (Load Commutated Inverter) (shown in the figure
as Load side Inverter) which supplies square-wave line currents to the
synchronous motor.

The terminal voltage sensors generate reference pulses of same frequency
as the motor-induced voltages. The phase delay circuit shifts the
reference pulses suitably to obtain control at a constant commutation lead
angle ;..

Depending on the sign of speed error, ;. is set to provide motoring or
braking operation. Speed w,, can be sensed either from the terminal

voltage sensor or from a separate tachometer.
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Figure 5-17. closed loop speed control scheme of a Load Commutated Inverter (LCI)
Synchronous Drive

An increase in reference speed w,, produces a positive speed error. B;. value is
then set for motoring operation. The speed controller and the current limiter set
the DC link current reference at the maximum permissible value. The motor
accelerates fast. When close to the desired speed the current limiter desaturates

and the drive settles at the desired speed and at a DC link current which balances
motor and load torques.

Similarly, a reduction in reference speed produces a negative speed error. This

sets f5;. for regenerative braking operation (i.e., 180 °) and the motor decelerates.
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When speed error changes sign ;. value is set for motoring operation and the
drive settles at the desired speed.

Advantages:

e High efficiency, four quadrant operations with regenerative braking, high
power ratings (up to 100Mw) and ability to run at high speeds (6000
RPM) are some important advantages of this drive.

Applications:

e Wound field Synchronous motors are used in large power drives.

e Permanent motor synchronous motors are used in medium power drives.

e Some prominent applications are high speed and high-power drives for
compressors, blowers, fans, pumps, conveyors, steel rolling mills, main

line traction, ship propulsion and aircraft test facilities.

5.12. Cycloconverter fed Synchronous Motor:

In a synchronous motor fed from a VSI or a CSI, the DC link converter has two
stage conversion devices that produce variable voltage and variable frequency.
But with a Cycloconverter both variable voltage and variable frequency can be
obtained using a single stage conversion. A Cycloconverter gives high quality
sinusoidal output voltage and hence the resulting current is also sinusoidal.
Consequently, the effects of harmonic current such as heating losses and torque
pulsations are minimal compared to VSI or CSI fed drives. The power circuit
diagram of a Cycloconverter feeding a synchronous motor and total drive system
operating in a Self-Control mode/Commutator less Motor (CLM) Mode is shown
in the figures (a) and (b) below.

The Cycloconverter can be Line commutated or load commutated. In Line
commutated mode it provides a variable frequency, variable voltage source. It
works in self-controlled mode and receives its firing pulses from rotor position
sensors or armature voltage sensor. Due to its limitations in the output frequency,
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a line commutated Cycloconverter  speed control range is limited to zero to
about one third of the base speed. In Load commutated mode the motor operates
on trapezoidal excitation as a current source fed motor. In this mode the motor
can run up to and even beyond its base speed. The other features of four quadrant
mode of operation and good power factor remain same as in a Line commutated
Cycloconverter.
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Figure 5-18. Cycloconverter feeding a 3 Phase Synchronous Motor in Self Control Mode
/Commutator less Motor (CLM) Mode Voltage Source Converter (VSI) fed Synchronous Motor

The basic principle of operation of VSI drives for Synchronous Motors is same
as that of VSIs we have studied for Induction Motor Drives. Just like in Induction

218



Control of Induction Motors and Synchronous Motors

Motor drives three basic configurations are possible to provide variable
voltage/variable frequency supply to synchronous motors fed from

e Square wave inverters
e PWM inverters
e Chopper with square wave inverters

In all these cases the Synchronous motors can be operated in either self-control
or separate control modes. The above three schemes in these two modes are
depicted in the figures (a) to (e) below and explained briefly.

5.12.1. Separate control of a Synchronous Motor with a square
wave inverter:

The Phase Controlled rectifier varies the DC voltage to the inverter and at the
same time the inverter output frequency is varied based on a speed control signal
from a crystal oscillator. The section between the DC source and the Inverter is
known as the DC link and it includes a series Inductance and large capacitance
which smoothes the DC voltage to an almost constant value. The above system
cannot regenerate since current flow cannot be reversed in a phase-controlled
converter. If regeneration is required it can be obtained by replacing the phase-
controlled rectifier with a Dual Converter.

—
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Figure 5-19. Separate control of a Synchronous motor with a PWM inverter
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5.12.2. Separate control of a Synchronous Motor with a PWM
inverter:

A system in which the DC link voltage is constant as obtained from a simple
Diode rectifier is shown in figure (b). In this scheme the Inverter is a PW M based
system and it varies both the voltage and the frequency as controlled from an

external oscillator.

L =
O — 1
A ?: Rachlier (e Inwesher : ) E
gt .
MY o :_\ —‘ —a E0
D link veltage I
v i
J_ Speed from @

crystal oscillator

Figure 5-20. Separate control of SM fed from PWM inverter

5.12.3. Self-control of a Synchronous Motor with a square wave
inverter:

The Phase Controlled rectifier output DC voltage to the inverter is varied with a
speed control loop as shown in the figure and at the same time the inverter output

frequency is varied both based on a control signal from a rotor sensor or armature

induced voltage so as to maintain a constant ; ratio. The section between the DC

source and the Inverter is the DC link as already explained.
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Figure 5-21. Self-control of SM fed from square wave inverter
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5.12.4. Self-control of a Synchronous Motor with a PWM inverter:

A system in which the DC link voltage is constant as obtained from a simple
Diode rectifier is shown in figure (d). In this scheme the Inverter is a PWM based
system and it varies the voltage with a speed control loop as shown in the figure
and at the same time the inverter output frequency is varied both based on a

control signal from a rotor sensor or armature induced voltage so as to maintain

v .
a constant ? ratio.
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Figure 5-22. self-control of synchronous motor fed from a PWM inverter

In the fifth scheme the variation of voltage is obtained by a chopper. Due to the
chopper the harmonic injection into the AC supply is reduced. This scheme is a
combination that is used when a high frequency output is required and hence a

PWM inverter is not used and a normal square wave inverter is used.
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Figure 5-23. Possible combinations of VSI fed Synchronous Motor.
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Chapter-6.

Special Electrical Drives and
Control

6.1. BLDC drive control

A BLDC driver is an electronic device that controls the operation of a BLDC
motor by managing its power, speed, and direction. Unlike brushed DC motors,
which rely on brushes and commutators, BLDC motors require electronic
commutation making the driver an essential component for proper functioning.

The BLDC driver regulates the motor’s performance by switching the direction
of current in stator windings in synchronization with the rotor position. It is
achieved using control algorithms such as trapezoidal, sinusoidal, or field-
oriented control (FOC), ensuring smooth and efficient operation.

The BLDC drivers operate using either sensor-based or sensor less techniques to
determine the rotor’s position. Hall effect sensors or encoders provide feedback
in a sensor-based system, while sensor less drivers detect position using back-
EMF which reduces cost and complexity.

BLDC drivers are widely used in applications requiring high efficiency, precise
speed control, and minimal maintenance, such as industrial automation, robotics,
electric vehicles, drones, and household appliances.
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6.1.1. Components of BLDC Driver

A BLDC driver consists of several key components that work together to control

the motor’s operation efficiently. Key components include:

MCU

Microcontroller (MCU) / Digital Signal Processor (DSP): It acts as the
brain of the driver and executes control algorithms such as trapezoidal,
sinusoidal, or field-oriented control (FOC). It processes sensor feedback or
back-EMF signals to determine the rotor position and adjust the commutation
accordingly.

Gate Driver Circuit: It amplifies the control signals received from
microcontrollers to drive the power switches such as MOSFETSs or IGBTs. It
also ensures proper switching timing and voltage levels for efficient operation.
Power Stage (MOSFETSs / IGBTsS): It handles the high-power switching to
control current flow through the BLDC motor windings. They typically consist
of a three-phase inverter bridge to energize the motor coils in the correct
sequence.

PWM Drive Hall
Signal Sensors

Figure 6-3. Components of BLDC driver

Current and Voltage Sensors: They monitor the BLDC motor’s parameters
to ensure proper operation and protection against overcurrent or Under-voltage
conditions. They are used in closed-loop control systems for precise speed and
torque regulation.
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e Position Sensors: They detect the rotor position for accurate commutation in
a sensor-based system. In sensor less drivers, back-EMF detection or other
algorithms are used to estimate the rotor position.

6.1.2. Working Principle of BLDC Driver

The BLDC driver controls the operation of the brushless DC motor by
electronically commutating the stator windings in synchronization with the rotor
position. Since BLDC motors lack brushes and commutators, the BLDC driver
plays a crucial role in switching the current flow to achieve continuous rotation.

The first step in working the BLDC driver is rotor position detection. The BLDC
driver detects the rotor position using hall effect sensors or other sensor less
control techniques such as back-EMF detection. This information helps to decide
which stator coil needs to energies next to ensure proper commutation.
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Figure 6-4. Working principle of BLDC driver
Next, the BLDC driver performs electronic commutation. Based on the rotor’s
position, it activates specific MOSFETs or IGBTs in a three-phase inverter
bridge. This process generates a rotating magnetic field in the stator.
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In trapezoidal control, current switching follows a six-step sequence while in
sinusoidal and field-oriented control (FOC), current is applied smoothly for
improved efficiency and torque performance.

For speed and torque control, the BLDC driver adjusts the PWM (Pulse Width
Modulation) duty cycle to regulate the speed of the LDC motor. It also uses
current feedback to ensure optimal torque delivery based on load conditions.

Lastly, the BLDC driver incorporates protection and efficiency optimization
features. It includes overcurrent, overvoltage, and thermal protection to prevent
damage. Advanced BLDC drivers further optimize energy efficiency by
dynamically adjusting power delivery.

6.1.3. Factors to Consider When Choosing a BLDC Driver

When selecting a BLDC driver, several factors must be considered to ensure
compatibility, efficiency, and optimal performance. Some of the key factors are:

e Voltage and Current Ratings: The BLDC driver must match the
operating voltage and current requirements of the BLDC motor.
Overrated or underrated drivers can lead to inefficiencies or damage.

e Control Method: Trapezoidal control offers simpler implementation but
may cause torque ripple. Sinusoidal and Field-Oriented Control (FOC)
provide smoother operation and better efficiency.

e Sensor-Based vs. Sensor less Operation: Hall sensor-based drivers
provide precise control but add cost and complexity. Sensorless drivers
rely on back-EMF detection which reduces wiring but requires
sophisticated algorithms.

e Application-Specific Requirements: Compact size, thermal
management, and programmability play a role in selecting the right driver
for applications like drones, robotics, or industrial automation.

6.1.4. Types of BLDC Motor Drivers

BLDC (Brushless DC) motor drivers come in various types and sizes. Each type
of BLDC driver is tailored to specific applications and performance
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requirements.

Here are some common types of BLDC drivers:
6.1.4.1. Sensor-based BLDC Driver

Sensor-based BLDC drivers are essential for applications that require precise
control over the speed and position of the motor. These drivers use feedback from
sensors such as Hall effect sensors or encoders to accurately determine the rotor
position. This information enables drivers to perform the proper commutation of
the motor phase and ensure optimal interaction between the stator and rotor.
Therefore, these drivers offer superior performance in terms of speed regulation,
torque reduction, and position accuracy. They are well-suited for applications
such as robotics, industrial automation, and medical devices, where precise
control and reliability are required.

6.1.4.2. Sensor less BLDC Driver

Sensor less BLDC drivers enable precise control over the speed and position of
the motor without the need for external position sensors such as Hall effect
Sensors.

These drivers use techniques such as back electromotive force (EMF) sensing or
other algorithms to estimate the rotor's position. By analyzing the EMF signals
based on the motor and system, sensor less drivers accurately determine the
position of the rotor and adjust the commutation accurately. This approach
eliminates the cost and complexity of the sensor-based driver and makes these
drivers cost-effective.

These drivers are suitable for applications where cost and size are constraints
such as consumer electronics, automotive systems, and industrial automation.

6.1.4.3. Sinusoidal BLDC Driver

Sinusoidal BLDC drivers produce sinusoidal current in motor windings and offer
an advantage in applications where low noise and vibration are required. Unlike
other drivers, which generate torque in steps, sinusoidal BLDC drivers provide
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smooth torque delivery throughout the motor rotation and result in less torque ripple
and smooth operation. By providing smoother torque it reduces mechanical stress
on components and ensures precise motion control.

These make Sinusoidal BLDC drivers suitable for applications such as electric
vehicles, drones, and medical equipment where a balance of smooth operation, and
reduced noise and vibration is required.

6.1.4.4. Trapezoidal BLDC drivers

Trapezoidal BLDC drivers are known for their simplicity, reliability, and cost-
effectiveness in various applications. Trapezoidal BLDC drivers offer
trapezoidal current in motors winding through a straightforward commutation
method. Their straightforward design makes them robust and offers reliable
performance even in challenging conditions. Additionally, their ease of
installation and compatibility with the motor control system offer a perfect
balance of performance, reliability, and affordability.

This makes trapezoidal BLDC drivers a popular choice for a wide range of
industrial and consumer applications such as where consistent and reliable motor
operation is a concern.

6.1.4.5. Integrated BLDC drivers

Integrated BLDC drivers consolidate all the critical components into a single,
compact package. It integrates driver circuitry, power MOSFETsS, current sensing
capabilities, and protection features and offers a comprehensive
solution. Additionally, integrating all components into a single board reduces the
material cost and simplifies the assembly process. Furthermore, the reduction in
external components enhances the system's reliability contributes to the
longevity and performance of the motor control system, and makes them the
preferred choice for applications where space is constrained.

6.1.5. Applications of BLDC Motor Drivers

BLDC (Brushless DC) drivers find applications across various industries and
sectors where precise control over motor speed, torque, and position is essential.
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Some common applications of BLDC drivers include:

Industrial Automation: BLDC drivers are extensively used in industrial
automation for controlling conveyor systems, robotic arms, CNC
machines, and packaging equipment. Their precise speed and position
control ability ensure efficient and smooth operation in the manufacturing
and assembly process.

Electric Vehicles: BLDC drivers play a crucial role in electric vehicles,
where these drivers control the motor system that drives the electric
vehicle system. These drivers offer efficient and reliable motor control,
improved performance, and energy efficiency to electric vehicles.
HVAC System: HVAC systems use BLDC drivers in fans and blowers
to regulate the airflow and maintain the optimal temperature in buildings
and commercial spaces. These drivers offer energy efficiency operation
and precise speed control, resulting in reduced energy consumption and
quieter operation.

Consumer Electronics: BLDC drivers are found in a wide range of
consumer electronics such as computer cooling fans, hard disk drives,
electric shavers, and kitchen appliances like blenders and mixers. Their
compact size, energy-efficient features, and precise control make them
ideal for applications that require continuous motor operation in compact
size.

Medical Devices: BLDC drivers are used in a wide range of medical
devices such as infusion pumps, ventilators, centrifuges, and surgical
tools. They provide precise control over the speed and position of the
motor and ensure safe and reliable operation in critical healthcare
applications.

6.2. Switched Reluctance Motor (SRM) drive control

Switched Reluctance Motor (SRM) drive control is a crucial aspect of operating
Switched Reluctance Motors, which are gaining increasing attention in various
applications due to their unique characteristics.

229


https://mechtex.com/products/drivers

Power Electronics Control of Electrical Drives

6.2.1. What is an SRM?

A Switched Reluctance Motor is a type of electric motor that operates on the
principle of reluctance torque. Unlike conventional motors, it has no permanent
magnets or windings on the rotor. Both the stator (stationary part) and rotor
(rotating part) have salient poles (protruding poles). The stator has concentrated
windings on its poles.

The fundamental principle is that the rotor always tries to align itself with the
path of least magnetic reluctance. When a stator winding is energized, it creates
a magnetic field that pulls the nearest rotor pole into alignment, thereby
producing torque.

6.2.2. How SRM Drive Control Works:

The control of an SRM is critical because its torque production is highly
dependent on the precise timing and magnitude of the current pulses supplied to
the stator windings. Here's a simplified overview:

¢ Rotor Position Sensing: To achieve continuous rotation and controlled
torque, the exact rotor position must be known at all times. This is
typically done using a rotor position sensor (€.g., an encoder or resolver).
Some advanced control schemes also explore "sensor less" operation,
where rotor position is estimated from motor electrical parameters.

e Electronic Commutation: Unlike brushed DC motors that use a
mechanical commutator, SRMs use power electronics (typically an
asymmetric half-bridge converter) to switch the current to the stator
windings.

e Sequencing and Timing: The control system sequentially energizes the
stator phases in a precise order, ensuring that the magnetic field "leads"
the rotor poles, pulling them forward and creating continuous rotational
motion. The timing of when each phase is switched "on" (turn-on angle) and
"off" (turn-off angle) is crucial for efficient operation and torque control.

e Current/Torque Control:

o Current Chopping Control (CCC): At low speeds, the phase
current can be controlled by chopping (rapidly switching on and off)
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the voltage to maintain a desired current level, thereby controlling
the output torque. This is a constant torque control mode.

Angular Position Control (APC): At high speeds, the back-EMF
becomes significant. In this mode, the on-off switching of the phase
is controlled based on the rotor position, allowing for constant power
operation. Lead angle control (advancing the turn-on angle) is often
used at higher speeds to optimize performance.

Advanced Control Strategies: Due to the inherent non-linearity of SRMs
and challenges like torque ripple and acoustic noise, advanced control
techniques are employed, including:

@)

Direct Torque Control (DTC): Directly controls the instantaneous
output torque.

Direct Instantaneous Torque Control (DITC): A variation of
DTC.

Torque Sharing Function (TSF)-based control: Distributes torque
among active phases to minimize ripple.

Model Predictive Control (MPC): Predicts future motor behavior
and optimizes control actions.

Al-based approaches (e.g., fuzzy logic, neural networks, sliding
mode control): Used to address non-linearity and improve
performance.

Optimization of switching angles: Determining optimal turn-on
and turn-off angles to minimize torque ripple and copper losses.

Advantages of SRM Drive Control:

Simple and Robust Motor Structure: No windings, magnets, or
commutator on the rotor, leading to high reliability and suitability for
harsh environments.

High Fault Tolerance: Phases are electrically isolated, so the motor can

continue operating with reduced capacity even if one or more phases fail.
Wide Speed Range: Can operate efficiently from very low to very high

speeds.

High Efficiency over Wide Range: Can maintain high efficiency across
a broad range of speeds and loads.
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Good Starting Torque and Low Starting Current: Suitable for heavy-
load starting.

Flexible Control: Allows for easy four-quadrant operation (motoring
and generating in both directions) and regenerative braking.
Cost-Effective: Absence of permanent magnets reduces manufacturing
cost.

No Shoot-Through Fault: The power converter topology inherently
avoids direct short circuits across the DC supply.

Disadvantages of SRM Drive Control:

High Torque Ripple: Due to its doubly salient structure and pulsed
excitation, SRMs inherently produce significant torque ripple, which can
lead to vibration and noise. This is a major challenge for applications
requiring smooth operation.

Acoustic Noise: Related to torque ripple and radial forces, SRMs can be
noisy.

Complex Control System: Requires precise rotor position sensing and
sophisticated control algorithms to mitigate torque ripple and achieve
smooth operation, making the control more complex than some other
motor types.

Requires Position Sensor: Historically, a rotor position sensor was
essential, adding to the system's complexity and cost (though sensor less
control is an active research area).

Applications of SRM Drive Control:

Despite the challenges, the advantages of SRMs make them suitable for a
growing number of applications:

Electric Vehicles (EVs): Attractive due to their robustness, magnet-free
design, fault tolerance, and efficiency, especially in scenarios with
frequent starts/stops and wide speed ranges. Research focuses on
reducing torque ripple for smoother EV operation.

Industrial Applications:
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o Textile machinery: Low starting current, high torque, fast
dynamic response, and variable speed capabilities.
o Pumping units: High efficiency at varying loads, frequent
direction changing.
o Heavy-load starting applications: Forging equipment, planers.
o Household Appliances: Washing machines, vacuum cleaners, fans,
cooking machines.
o Aerospace and Robotics: Applications requiring precise speed and
torque control.
o Integrated Starter Generators: In hybrid vehicles.

SRM drive control is a field of ongoing research and development, focusing on
leveraging the inherent benefits of SRMs while addressing their drawbacks,
particularly torque ripple and noise, to expand their applicability in demanding
modern drive systems.

6.3. Stepper motor drivers
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Figure 6-5. Motor driver circuit diagram
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Stepper motor drivers are essential electronic devices that translate control
signals from a microcontroller or other control system into the precise electrical
pulses needed to make a stepper motor rotate in discrete steps. They are crucial
because stepper motors require specific winding energization sequences and
current control to achieve their precise movement.

6.3.1. Why are Stepper Motor Drivers Necessary?

e Voltage and Current Control: Microcontrollers typically cannot
provide the necessary voltage and current levels to directly drive a stepper
motor. Drivers amplify these signals.

e Sequence Generation: Stepper motors operate by energizing their
windings in a specific sequence to create rotating magnetic fields. Drivers
translate simple "step" and "direction" commands into these complex
winding sequences.

e Smooth Motion and Accuracy: Drivers, especially those with micro
stepping capabilities, divide the motor's full steps into smaller micro
steps, leading to smoother motion, reduced vibration and noise, and
increased positional accuracy.

6.3.2. Types of Stepper Motor Drivers:

Stepper motor drivers can be categorized based on several factors:

e Motor Winding Arrangement:

o Unipolar Drives: Designed for unipolar stepper motors (typically
5, 6, or 8 leads with center-tapped coils). They simplify control
by switching current from one coil to another within each phase,
but generally produce less torque (around 30% less) as only half
the windings are used at a time. Best for low-speed applications.

o Bipolar Drives: Designed for bipolar stepper motors (typically 4,
6, or 8 leads without center taps). They achieve rotation by
reversing the current direction in each phase, which requires a
more complex H-bridge circuit but results in higher torque,
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especially at low speeds (if wired in series) or high speeds (if
wired in parallel).

e Drive Circuitry:

o

L/R (Constant-Voltage) Drives: Simpler and less costly. They
apply a constant voltage to the windings. Performance can be
limited, especially at higher speeds, as current rise time is
dependent on the motor's inductance and resistance.

Chopper (Constant-Current) Drives: More complex and
expensive but offer better performance. They regulate the current
flowing through the motor windings, providing consistent torque
output across a wider speed range and improving dynamic
behavior. These are commonly used due to their superior
performance and the availability of integrated circuits (ICs).

e Step Mode:

@)

@)

Full-Step Mode: The motor moves one full step per pulse. It's
simple but can result in coarser movement and more vibration.
Half-Step Mode: Alternates between energizing one winding and
two windings, effectively doubling the steps per revolution and
providing smoother, more accurate movement than full-step
mode.

Micro stepping Mode: Electronically divides each full step into
even finer discrete angles (e.g., 1/4, 1/8, 1/16, 1/32, 1/256 of a full
step). This significantly increases resolution, provides much
smoother operation, reduces audible noise and vibration, and
minimizes resonance effects. The trade-off can be a slight
reduction in step accuracy under loaded conditions.

e Control Interface:

o

Pulse/Direction (Step/Dir) Inputs: The most common interface,
where one input receives step pulses and another receives a
direction signal.

PWM Interface: Directly controls the gate signals of the FETs
in the H-bridge.

Integrated Controller/Programmable Drives: These drivers
have a built-in microprocessor and can execute motion control
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programes, offering advanced features like
acceleration/deceleration ramping, conditional functions, and
communication with other equipment.

6.3.3. Key Stepper Motor Driver ICs (Integrated Circuits):

Many manufacturers produce dedicated ICs for driving stepper motors,
simplifying circuit design. Some popular examples include:

e A4988: A widely used, relatively low-cost micro stepping driver with a
translator for easy control (step/dir interface).

o DRYV8825: Another popular micro stepping driver often considered an
upgrade to the A4988, offering higher current capability and more micro
step options.

e TMC series (e.g., TMC2208, TMC2209): Known for their "Stealth
Chop" technology, which significantly reduces motor noise and provides
very smooth operation, making them popular in 3D printers and quiet
applications.

o ULN2003: A Darlington array IC commonly used for driving smaller
unipolar stepper motors in full-step mode.

e L298N: A dual H-bridge driver that can control two DC motors or one
bipolar stepper motor. It's often used in hobbyist projects.

Manufacturers like Allegro Microsystems, Texas Instruments (TI), and
Microchip Technology offer extensive portfolios of stepper motor driver ICs
with various features, current ratings, and voltage ranges.

6.3.4. How to Choose a Stepper Motor Driver:

Selecting the right driver is crucial for optimal system performance. Consider the
following:

e Motor Compatibility:
o Type of Stepper Motor: Unipolar or Bipolar. The driver must be
compatible with your motor's winding configuration.
o Motor Current and Voltage: The driver's continuous output
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current and peak output current must meet or exceed the motor's
requirements. The driver's supply voltage range should also be
appropriate for the motor's rated voltage.

Performance Requirements:

o

Desired Resolution/Smoothness: For applications requiring
high precision and smooth motion (e.g., 3D printers, CNC
machines), a micro stepping driver is essential.

Speed and Torque: Chopper drives generally offer better high-
speed performance and more consistent torque.

Noise and Vibration: If quiet operation is critical, look for
drivers with advanced algorithms like "Stealth Chop" or adaptive
decay modes.

Acceleration/Deceleration: For moving heavier loads or
achieving higher speeds, drivers with built-in ramping features
can be beneficial.

Control and Interface:

@)

Controller Compatibility: Ensure the driver's input interface
(e.g., step/dir,PWM) is compatible with your chosen
microcontroller or control system.

Programmability: If advanced motion profiles or closed-loop
control (with an encoder) are needed, consider programmable
drivers.

Power Supply: The power supply must provide sufficient voltage and
current for both the driver and the motor.

Protection Features: Look for drivers with built-in protection features
such as overcurrent protection, thermal shutdown, and open-load/stall

detection to protect the motor and the driver itself.

Applications of Stepper Motor Drivers:

Stepper motor drivers are integral to a wide range of applications requiring

precise and repeatable motion control, including:

3D Printers: For precise movement of the print head and bed.
CNC Machines: Controlling cutting tools with high accuracy.
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e Robotics: Enabling accurate angular positioning and movement of
robotic arms and other components.

e Medical Devices: Used in surgical tools, diagnostic equipment, and fluid
pumps where precision is paramount.

e Industrial Automation: Conveyor belts, pick-and-place machines,
automated assembly lines.

e Consumer Electronics: Printers (paper feed, print head movement),
scanners, cameras (focus/zoom).

o Automotive: Gauge clusters, headlight adjustment, air conditioning
vents.

e Vending Machines: Dispensing products accurately.

e Scientific Equipment: Microscopes, telescopes, spectrometers for
precise sample positioning.

6.3.6. Advantages and Disadvantages

The advantages and disadvantages of the stepper motor driver include the
following.

o Battery drive

e Secure design

o Protection of Spark

e Protection of Thermal

e Mounting Space is small

e This motor driver is used to drive Unipolar Stepper Motors.
e By using this, we can evade expensive driver boards.

The disadvantages are

e The design of this driver is not an efficient one.
e It needs a lot of wiring for a tiny application.

6.4. Permanent Magnet Synchronous Motor (PMSM)
drive control

Permanent Magnet Synchronous Motor (PMSM) drive control is a sophisticated
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and crucial aspect of modern electrical drive systems, enabling high
performance, efficiency, and precise control for a wide range of applications,
from electric vehicles to industrial automation and robotics.

Unlike traditional DC motors or induction motors, PMSMs utilize permanent
magnets on the rotor, eliminating the need for rotor excitation current and thus
reducing rotor losses and improving efficiency. However, this also introduces a
challenge: the permanent magnet flux is constant and cannot be directly
controlled like in wound-rotor machines. Therefore, effective control strategies
are essential to manage the interaction between the stator's rotating magnetic
field and the rotor's constant magnetic field.
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Figure 6-6. Block diagram of PMSM drive control

The primary goal of PMSM drive control is to achieve smooth rotation, full
torque control (even at zero speed), fast acceleration/deceleration, and high
efficiency across the entire operating range.

6.4.1. Fundamental Principles of PMSM Operation

Before diving into control, it's essential to understand the basic principles:

e Rotor with Permanent Magnets: The rotor of a PMSM has permanent
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magnets, creating a constant magnetic field.

Stator Windings: The stator has three-phase windings, typically
supplied with AC current to generate a rotating magnetic field.
Synchronous Operation: The rotor's magnetic field locks in with the
stator's rotating magnetic field, and the rotor rotates synchronously with
the supply frequency.

Back EMF: As the rotor rotates, it induces a sinusoidal back
electromotive force (EMF) in the stator windings.

Torque Generation: Torque is generated by the interaction of the stator's
magnetic field and the rotor's permanent magnet field. For optimal
torque, these two fields should be kept perpendicular to each other.

Key Challenges in PMSM Control

AC to DC Transformation: PMSMs are AC machines, meaning the
currents and voltages are sinusoidal and time-varying. For precise
control, it's highly beneficial to convert these AC quantities into DC
quantities in a rotating reference frame, simplifying the control problem.
Rotor Position Information: To maintain the optimal alignment
between stator and rotor fields, accurate knowledge of the rotor's
instantaneous position is critical. This is typically achieved using position
sensors (e.g., encoders, resolvers) or sensor less estimation techniques.
Decoupled Control: To control torque and flux independently, similar
to a separately excited DC motor, the stator current needs to be
decomposed into two orthogonal components: one responsible for
producing torque and the other for controlling flux.

Main Control Strategies

The most common and effective control strategies for PMSMs are:

6.4.3.1. Field-Oriented Control (FOC) / Vector Control

FOC is the most widely used and sophisticated control technique for high-
performance PMSM drives. Its core idea is to transform the complex, coupled,
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and time-varying AC quantities in the stator's stationary reference frame into
decoupled, constant DC quantities in a synchronously rotating reference frame
aligned with the rotor's magnetic flux. This makes the control of a PMSM similar
to that of a separately excited DC motor, where torque and flux can be controlled
independently.

Steps Involved in FOC:

Measurement:

o Stator Currents (I,, I, I.): The three-phase stator currents are
measured using current sensors.

o Rotor Position (8,): The electrical rotor position is measured by
a position sensor (e.g., encoder, resolver) or estimated using
sensor less techniques. This is crucial for transformation.

o Motor Speed (w,,): Motor speed is derived from the rotor
position.

Clarke Transformation (abc to af}): The three-phase (abc) stator currents
are transformed into two-phase orthogonal stationary frame components (g, ig
)- This simplifies the representation of the three-phase system.

1 1
, 1 -2 32|
i iq
il = V3 V3|1
Bl=310 — ——||»
! 2 2 ||,
lo 1 1 1 lc

2 2

(For balanced three-phase systemes, i0 is zero and often omitted.)

Park Transformation (af to dq): The stationary frame components (iy, ig)
are then transformed into the synchronously rotating dq-frame components (i 4
, [q) using the rotor's electrical angle (6,).

e The d-axis (direct axis) is aligned with the rotor's permanent magnet
flux. The current component id primarily controls the flux.

o The g-axis (quadrature axis) is perpendicular to the d-axis and directly
contributes to torque production. The current component iq primarily
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controls the torque.
[id] _ [ cosf, Sin 06] [ia]
igl  |—sin6, cos6,]lig
PI Controllers:

e OQOuter Speed Loop: A Proportional-Integral (PI) controller compares
the commanded speed (w,.f) with the actual speed (w,,) and generates
the reference g-axis current (iqy¢s). This is the primary torque command.

e Inner Current Loops: Two separate PI controllers regulate the d-axis
and g-axis currents.

o d-axis current loop: Compares actual id with reference id,.r
(typically O for surface-mounted PMSMs for maximum torque
per ampere, or a negative value for interior PMSMs for reluctance
torque utilization and field weakening). It outputs the d-axis
voltage command (vd,.f).
o q-axis current loop: Compares actual iq with reference iq,.r
(from the speed controller) and outputs the g-axis voltage
command (Vqyef).
Inverse Park Transformation (dqto afy): The d-axis and g-axis voltage
commands (Vdy.f, Vqrer) are transformed back to the stationary aff frame
(Vayef, VBrer) using the same rotor electrical angle.

[Va _ [cos 6, —Sin6, [Vd]
Up sinf, cosf, |LVq

Space Vector Pulse Width Modulation (SVPWM): The off voltage commands
(Vayef, VPrer) are fed into an SVPWM module. SVPWM is a highly efficient
and effective modulation technique for voltage source inverters (VSIs). It
calculates the switching times for the inverter's power switches
(e.g.,1GBTs, MOSFETs) to generate the required three-phase AC voltages to
the motor windings, synthesizing the desired rotating voltage vector.

Inverter: The VSI, controlled by the SVPWM signals, converts the DC bus
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voltage into variable frequency and variable voltage AC power to drive the
PMSM.

Advantages of FOC:

Excellent dynamic performance (fast response to changes in
speed/torque).

Precise torque and speed control.

High efficiency due to decoupled control and optimal current waveforms.
Allows for field weakening in IPMSMs to extend the speed range beyond
the base speed.

Disadvantages of FOC:

Requires accurate rotor position information (sensor or robust sensor less
estimation).

Computationally intensive, requiring powerful microcontrollers or DSPs.
Requires accurate motor parameters for optimal performance.

6.4.3.2. Direct Torque Control (DTC)

DTC is another high-performance control strategy that directly controls the stator
flux and electromagnetic torque without explicit current control loops or
transformations to a rotating reference frame. It relies on instantaneous errors
between reference and actual flux/torque to select appropriate voltage vectors
from a lookup table.

Key Features of DTC:

Direct Control of Flux and Torque: Measures stator voltage and current
to estimate stator flux and electromagnetic torque.

Hysteresis Controllers: Uses hysteresis comparators for torque and flux
errors, which directly determine the switching state of the inverter.
Switching Table: A switching table maps the outputs of the hysteresis
controllers and the sector of the stator flux vector to the appropriate
inverter switching states.

No Current Control Loops or PWM: Unlike FOC, DTC directly selects
the voltage vectors without needing PWM modulators or inner current

243



Power Electronics Control of Electrical Drives

loops.
Advantages of DTC:

e Very fast torque response.

e No need for Park/Clarke transformations or current regulators.

e Less dependent on motor parameters compared to FOC.

e Does not explicitly require a position sensor (though flux estimation
requires some form of integration or estimation).

Disadvantages of DTC:

e Higher torque ripple and current ripple compared to FOC.

e Variable switching frequency, which can lead to audible noise and
increased losses.

e Performance can degrade at very low speeds without advanced estimation
techniques.

6.4.3.3. Scalar Control (V/f Control)

Scalar control, particularly % (Voltage/Frequency) control, is the simplest

method for controlling AC motors, including PMSMs, though it's primarily used
for open-loop control or less demanding applications. The principle is to maintain

a constant ratio of stator voltage to stator frequency (%) to keep the air gap flux
constant.

How it Works:

o The frequency of the stator voltage determines the synchronous speed.

o The magnitude of the stator voltage is adjusted proportionally to the
frequency to maintain a constant flux, ensuring that the motor produces
sufficient torque.

Advantages of Scalar Control:

o Simple to implement.
e Does not require rotor position feedback (open-loop).
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Disadvantages of Scalar Control:

e Poor dynamic performance.

e Limited speed and torque control range.

o Significant torque ripple, especially at low speeds.
e Not suitable for high-performance applications.

6.4.3.4. Advanced Control Concepts and Techniques

e Sensor less Control: Eliminates the need for physical position sensors by
estimating the rotor position and speed using motor terminal voltages and
currents. Common techniques include:

o Back EMF-based observers: Effective at medium and high speeds.

o High-frequency injection methods: Useful at very low and zero
speeds for salient pole PMSMs (IPMSMs).

o Sliding Mode Observers (SMO), Extended Kalman Filters
(EKF), Luenberger Observers: More advanced estimation
techniques.

o Flux Weakening: For interior permanent magnet synchronous motors
(IPMSMs), where Lg > Ld, a negative d-axis current can be injected to
"weaken" the flux and extend the operating speed range beyond the base
speed (constant power region). This utilizes the reluctance torque
component.

e Maximum Torque Per Ampere (MTPA) Control: For [PMSMs, MTPA
control optimizes the d-q current references to produce the maximum
possible torque for a given stator current magnitude, thereby maximizing
efficiency in the constant torque region.

e Model Predictive Control (MPC): An advanced control strategy that uses
a mathematical model of the PMSM to predict its future behavior. It then
selects the optimal switching states of the inverter to minimize a defined cost
function (e.g., minimizing current ripple, torque ripple, maximizing
efficiency) over a prediction horizon. MPC offers excellent dynamic
performance and can handle multiple control objectives.

e Current and Voltage Limitations: The control algorithms must account for
the voltage and current limits of the inverter and the motor to prevent damage
and ensure stable operation.
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6.4.3.5. Hardware Components of a PMSM Drive System
A typical PMSM drive system consists of:

e Power Supply: Provides DC power to the inverter (often a rectified AC
supply).

e Inverter (VSI - Voltage Source Inverter): Converts DC power into
variable frequency and variable voltage AC power for the motor. It typically
uses power semiconductor switches (IGBTs, MOSFETs) with fast switching
capabilities.

e PMSM Motor: The permanent magnet synchronous motor itself.

e Sensors:

o Current Sensors: To measure the phase currents.

o Position Sensor (Encoder/Resolver): (For sensored FOC) To
provide accurate rotor position feedback.

o Voltage Sensors: To measure DC link voltage and sometimes phase
voltages.

e Control Unit (Microcontroller/DSP): The "brain" of the drive. It
implements the control algorithm (FOC, DTC, etc.), processes sensor
feedback, calculates control commands, and generates PWM signals for the
inverter. Modern digital signal controllers (DSCs) are specifically designed
for motor control applications, offering high processing power and
integrated motor control peripherals.

e Gate Driver Circuit: Amplifies the low-power control signals from the
microcontroller to drive the high-power switches in the inverter.

PMSM drive control is a complex but highly rewarding field. Field-Oriented Control
(FOC) remains the dominant technique for high-performance applications due to its
precise control and high efficiency. Direct Torque Control (DTC) offers faster
dynamics for certain applications. The continuous development of sensor less
techniques, advanced control algorithms like MPC, and more powerful
microcontrollers/DSPs is further expanding the capabilities and applicability of
PMSM drives, making them increasingly popular in various industries requiring
precise, efficient, and dynamic motion control.
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