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CHAPTER

1.1 INTRODUCTION

In this Chapter, we describe very briefly and introduce the topics on control systems, engineering
mechanics, mechanical vibrations and electrical circuits.

1.2 CONTROL SYSTEMS

Control systems in an interdisciplinary field covering many areas of engineering and sciences. Control
systems exist in many systems of engineering, sciences, and in human body. This chapter presents a
brief introduction and overview of control systems. Some of the terms commonly used to describe the
operation, analysis, and design of control systems are presented.

Control means to regulate, direct, command, or govern. A system is a collection, set, or arrangement
of elements (subsystems). A control system is an interconnection of components forming a system
configuration that will provide a desired system response. Hence, a control system is an arrangement
of physical components connected or related in such a manner as to command, regulate, direct, or
govern itself or another system.

In order to identify, delineate, or define a control system, we introduce two terms: input and
output here. The input is the stimulus, excitation, or command applied to a control system, and the
output is the actual response resulting from a control system. The output may or may not be equal to
the specified response implied by the input. Inputs could be physical variables or abstract ones such as
reference, set point or desired values for the output of the control system. Control systems can have
more than one input or output. The input and the output represent the desired response and the actual
response respectively. A control system provides an output or response for a given input or stimulus,
as shown in Fig. 1.1.

Fig. 1.1 Description of a control system
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The output may not be equal to the specified response implied by the input. If the output and input
are given, it is possible to identify or define the nature of the system’s components. Broadly speaking,
there are three basic types of control systems:

(a) Man-made control systems

(b) Natural, including biological-control systems

(c) Control systems whose components are both man-made and natural.

An electric switch is a man-made control system controlling the electricity-flow. The simple act
of pointing at an object with a finger requires a biological control system consisting chiefly of eyes, the
arm, hand and finger and the brain of a person, where the input is precise-direction of the object with
respect to some reference and the output is the actual pointed direction with respect to the same
reference. The control system consisting of a person driving an automobile has components, which
are clearly both man-made and biological. The driver wants to keep the automobile in the appropriate
lane of the roadway. The driver accomplishes this by constantly watching the direction of the automobile
with respect to the direction of road. Fig.1.2 is an alternate way of showing the basic entities in a
general control system.

Fig. 1.2 Components of a control system

In the steering control of an automobile for example, the direction of two front wheels can be
regarded as the result or controlled output variable and the direction of the steering wheel as the
actuating signal or objective. The control-system in this case is composed of the steering mechanism
and the dynamics of the entire automobile. As another example, consider the idle-speed control of an
automobile engine, where it is necessary to maintain the engine idle speed at a relatively low-value (for
fuel economy) regardless of the applied engine loads (like air-conditioning, power steering, etc.). Without
the idle-speed control, any sudden engine-load application would cause a drop in engine speed that
might cause the engine to stall. In this case, throttle angle and load-torque are the inputs (objectives)
and the engine-speed is the output. The engine is the controlled process of the system. A few more
applications of control-systems can be found in the print wheel control of an electronic typewriter, the
thermostatically controlled heater or furnace which automatically regulates the temperature of a room
or enclosure, and the sun tracking control of solar collector dish.

Control system applications are found in robotics, space-vehicle systems, aircraft autopilots and
controls, ship and marine control systems, intercontinental missile guidance systems, automatic control
systems for hydrofoils, surface-effect ships, and high-speed rail systems including the magnetic levitation
systems.

1.2.1  Examples of Control Systems

Control systems find numerous and widespread applications from everyday to extraordinary in science,
industry, and home. A few examples are given as follows:
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(a) Home heating and air-conditioning systems controlled by a thermostat

(b) The cruise (speed) control of an automobile

(c) Manual control:

(i) Opening or closing of a window for regulating air temperature or air quality

(ii) Activation of a light switch to regulate the illumination in a room

(iii) Human controlling the speed of an automobile by regulating the gas supply to the engine

(d) Automatic traffic control (signal) system at roadway intersections

(e) Control system which automatically turns on a room lamp at dusk, and turns it off in
daylight

(f) Automatic hot water heater

(g) Environmental test-chamber temperature control system

(h) An automatic positioning system for a missile launcher

(i) An automatic speed control for a field-controlled dc motor

(j) The attitude control system of a typical space vehicle

(k) Automatic position-control system of a high speed automated train system

(l) Human heart using a pacemaker

(m) An elevator-position control system used in high-rise multilevel buildings.

1.3 CONTROL SYSTEM CONFIGURATIONS

There are two control system configurations: open-loop control system and closed-loop control system.

(a) Block

A block is a set of elements that can be grouped together, with overall characteristics described by an
input/output relationship as shown in Fig.1.3. A block diagram is a simplified pictorial representation of
the cause-and-effect relationship between the input(s) and output(s) of a physical system.

Fig. 1.3 Block diagram

The simplest form of the block diagram is the single block as shown in Fig.1.3. The input and
output characteristics of entire groups of elements within the block can be described by an appropriate
mathematical expressions as shown in Fig.1.4.
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Fig. 1.4 Block representation

(b) Transfer function

The transfer function of a system (or a block) is defined as the ratio of output to input as shown in
Fig.1.5.

Fig. 1.5 Transfer function

Transfer function = 
Output

Input

Transfer functions are generally used to represent a mathematical model of each block in the
block diagram representation. All the signals are transfer functions on the block diagrams. For instance,
the time function reference input is r (t), and its transfer function is R(s) where t is time and s is the
Laplace transform variable or complex frequency.

(c) Open-loop control system

A general block diagram of open-loop system is shown in Fig.1.6.

Fig. 1.6 General block diagram of open-loop control system

(d) Closed-loop (feedback control) system

The general architecture of a closed-loop control system is shown in Fig.1.7.
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Fig. 1.7 General block diagram of closed-loop control system

1.4 CONTROL SYSTEM TERMINOLOGY

The variables in Figs.1.6 and 1.7 are defined as follows:
C(s) controlled output, transfer function of c (t)

D(s) disturbance input, transfer function of d (t)

Ea(s) actuating error, transfer function of ea (t)

Ga(s) transfer function of the actuator

Gc (s) transfer function of the controller

Gp(s) transfer function of the plant or process

H(s) transfer function of the sensor or output transducer = Gs(s)

R(s) reference input, transfer function of r (t).

Summing Point: As shown in Fig.1.8 the block is a small circle called a summing point with the
appropriate plus or minus sign associated with the arrows entering the circle. The output is the algebraic
sum of the inputs. There is no limit on the number of inputs entering a summing point.

Fig. 1.8 Summing point
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Take-off Point: A take-off point allows the same signal or variable as input to more than one
block or summing point, thus permitting the signal to proceed unaltered along several different paths to
several destinations as shown in Fig.1.9.

Fig. 1.9 Take-off point

Input Transducer: Input transducer converts the form of input to that used by the controller.
Controller: The controller drives a process or plant.
Plant, Process or Controlled System Gp(s): The plant, process, or controlled system is the

system, subsystem, process, or object controlled by the feedback control system. For example, the
plant can be a furnace system where the output variable is temperature.

Controlled Output C(s): The controlled output C(s) is the output variable of the plant under the
control of the control system.

Forward Path: The forward path is the transmission path from the summing point to the controlled
output.

Feedback Path: The feedback path is the transmission path from the controlled output back to
the summing point.

Feed Forward (Control) Elements: The feed forward (control) elements are the components
of the forward path that generate the control signal applied to the plant or process. The feed forward
(control) elements include controller(s), compensator(s), or equalization elements, and amplifiers.

Feedback Elements: The feedback elements establish the fundamental relationship between the
controlled output C(s) and the primary feedback signal B(s). They include sensors of the controlled
output, compensators, and controller elements.

Reference Input R(s): The reference input is an external signal applied to the control system
generally at the first summing input, so as to command a specified action of the process or plant. It
typically represents ideal or desired process or plant output response.

Primary Feedback Signal: The primary feedback signal is a function of the controlled output
summed algebraically with the reference input to establish the actuating or error signal. An open-loop
system has no primary feedback signal.

Actuating or Error Signal: The actuating or error signal is the reference input signal plus or
minus the primary feedback signal.

Positive Feedback: Position feedback implies that the summing point is an adder.
Negative Feedback: Negative feedback implies that the summing point is a subtractor.
Transducer: A transducer is a device that converts one energy form into another.
Disturbance or Noise Input: A disturbance or noise input is an undesired stimulus or input

signal affecting the value of the controlled output.
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Time Response: The time response of a system, subsystem, or element is the output as a
function of time, generally following the application of a prescribed input under specified operating
conditions.

1.5 CONTROL SYSTEM CLASSES

Control systems are sometimes divided into two classes: (a) Servomechanisms and (b) Regulators.

(a) Servomechanisms

A servomechanism is a power-amplifying feedback control system in which the controlled variable is
a mechanical position or a time derivative of position such as velocity or acceleration. An automatic
aircraft landing system is an example of servomechanism. The aircraft follows a ramp to the desired
touchdown point. Another example is the control system of an industrial robot in which the robot arm
is forced to follow some desired path in space.

(b) Regulators

A regulator or regulating system is a feedback control system in which the reference input or command
is constant for long periods of time, generally for the entire time interval during which the system is
operational. Such an input is known as set point. An example of a regulator control system is the
human biological system that maintains the body temperature at approximately 98.6ºF in an environment
that usually has a different temperature.

1.5.1  Supplementary Terminology

(a) Linear system

A linear system is a system where input/output relationships may be represented by a linear differential
equation. The plant is linear if it can be accurately described using a set of linear differential equations.
This attribute indicates that system parameters do not vary as a function of signal level.

Similarly, the plant is a lumped-parameter (rather than distributed parameter) system if it can be
described using ordinary (rather than partial) differential equations. This condition is generally
accomplished if the physical size of the system is very small in comparison to the wavelength of the
highest frequency of interest.

(b) Time-variant system

A time-variant is a system if the parameters vary as a function of time. Thus, a time-variant system is
a system described by a differential equation with variable coefficients. A linear time-variant system is
described by linear differential equations with variable coefficients. A rocket-burning fuel system is an
example of time-variant system since the rocket mass varies during the flight as the fuel is burned.

(c) Time-invariant system

A time-invariant system is a system described by a differential equation with constant coefficients.
Thus, the plant is time invariant if the parameters do not change as a function of time. A linear time
invariant system is described by linear differential equations with constant coefficients. A single degree
of freedom spring mass viscous damper system is an example of a time-invariant system provided the
characteristics of all the three components do not vary with time.
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(d) Multivariable feedback system

The block diagram representing a multivariable feedback system where the interrelationships of many
controlled variables are considered is shown in Fig.1.10.

Fig. 1.10 Multivariable control system

1.6 FEEDBACK SYSTEMS

Feedback is the property of a closed-loop system, which allows the output to be compared with the
input to the system such that the appropriate control action may be formed as some function of the
input and output.

For more accurate and more adaptive control, a link or feedback must be provided from output to
the input of an open-loop control system. So the controlled signal should be feedback and compared
with the reference input, and an actuating signal proportional to the difference of input and output must
be sent through the system to correct the error. In general, feedback is said to exist in a system when
a closed sequence of cause-and-effect relations exists between system variables. A closed-loop idle-
speed control system is shown in Fig.1.11. The reference input Nr sets the desired idle-speed. The
engine idle speed N should agree with the reference value Nr and any difference such as the load-torque
T is sensed by the speed-transducer and the error detector. The controller will operate on the difference
and provide a signal to adjust the throttle angle to correct the error.

Fig. 1.11 Closed-loop idle-speed control system

1.7 ANALYSIS OF FEEDBACK

The most important features, the presence of feedback impacts to a system are the following:
(a) Increased accuracy: its ability to reproduce the input accurately

(b) Reduced sensitivity of the ratio of output to input for variations in system characteristics
and other parameters
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(c) Reduced effects of nonlinearties and distortion

(d) Increased bandwidth (bandwidth of a system that ranges frequencies (input) over which
the system will respond satisfactorily)

(e) Tendency towards oscillation or instability

(f) Reduced effects of external disturbances or noise.

A system is said to be unstable, if its output is out of control. Feedback control systems may be
classified in a number of ways, depending upon the purpose of classification. For instance, according
to the method of analysis and design, control-systems are classified as linear or non-linear, time-
varying or time-variant systems. According to the types of signals used in the system, they may be:
continuous data and discrete-data system or modulated and unmodulated systems.

Consider the simple feedback configuration shown in Fig.1.12, where R is the input signal, C is
the output signal, E is error, and B is feedback signal.

The parameters G and H are constant-gains. By simple algebraic manipulations, it can be shown
show that the input-output relation of the system is given by

M = 
GH

G

R

C

+
=

1
...(1.1)

The general effect of feedback is that it may increase or decrease the gain G. In practical control-
systems, G and H are functions of frequency, so the magnitude of (1 + GH) is greater than 1 in one
frequency range, but less than 1 in another. Thus feedback affects the gain G of a nonfeedback system
by a factor (1 + GH).

Fig. 1.12 Feedback system

If GH = –1, the output of the system is infinite for any finite input, such a state is called unstable
system-state. Alternatively feedback stabilizes an unstable system and the sensitivity of a gain of the
overall system M to the variation in G is defined as:

M
GS = 

G/G

M/M

∂
∂

 = 
Percentage change in M

Percentage change in G
...(1.2)

where �M denotes incremental change in M due to incremental change in G (�G). One can write
sensitivity-function as:

M
GS  = 

G/G

M/M

∂
∂

 = 
GH+1

1
...(1.3)

By increasing GH, the magnitude of the sensitivity-function is made arbitrarily small.
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1.8 CONTROL SYSTEM ANALYSIS AND DESIGN OBJECTIVES

Control systems engineering consists of analysis and design of control systems configurations. Control
systems are dynamic, in that they respond to an input by first undergoing a transient response before
attaining a steady-state response which corresponds to the input. There are three main objectives of
control systems analysis and design. They are:

1. Producing the response to a transient disturbance which is acceptable

2. Minimizing the steady-state errors: Here, the concern is about the accuracy of the steady-
state response

3. Achieving stability: Control systems must be designed to be stable. Their natural response
should decay to a zero values as time approaches infinity, or oscillate.

Analysis is investigation of the properties and performance of an existing control system. Design
is the selection and arrangement of the control system components to perform a prescribed task. The
design of control systems is accomplished in two ways: design by analysis in which the characteristics
of an existing or standard system configuration are modified, and design by synthesis, in which the
form of the control system is obtained directly from its specifications.

SUMMARY

A basic control system has an input, a process, and an output. The basic objective of a
control system is of regulating the value of some physical variable or causing that variable
to change in a prescribed manner in time. Control systems are typically classified as open
loop or closed-loop. Open-loop control systems do not monitor or correct the output for
disturbances whereas closed-loop control systems do monitor the output and compare it
with the input. In a closed-loop control system if an error is detected, the system corrects
the output and thereby corrects the effects of disturbances. In closed-loop control systems,
the system uses feedback, which is the process of measuring a control variable and returning
the output to influence the value of the variable.

Block diagrams display the operational units of a control system. Each block in a component
block diagram represent some major component of the control system, such as measurement,
compensation, error detection, and the plant itself. It also depicts the major directions of
information and energy flow from one component to another in a control system.

A block can represent the component or process to be controlled. Each block of a control
system has a transfer function (represented by differential equations) and defines the block
output as a function of the input.

Control system design and analysis objectives include: producing the response to a transient
disturbance follow a specified pattern (over-damped or under damped), minimizing the steady-
state errors, and achieving the stability.
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GLOSSARY OF TECHNICAL TERMS

Terminology used frequently in the field of control systems is compiled here from various sources.

Action of the Controller: Another term used to describe the controller operations is the action of a
controller.

Actuating or Error Signal: The actuating or error signal is the reference input signal plus or minus the
primary feedback signal.

Actuator: The device that causes the process to provide the output. The device that provides the
motive power to the process.

Angle of Departure: The angle at which a locus leaves a complex pole in the s-plane.

Asymptote: The path the root locus follows as the parameter becomes very large and approaches
infinity. The number of asymptotes is equal to the number of poles minus the number of zeros.

Automatic Control System: A control system that is self-regulating, without any human intervention.

Automatic: Self-action without any human intervention.

Bandwidth: The frequency at which the frequency response has declined 3 dB from its low-frequency
value.

Block Diagram: A block diagram is a simplified pictorial representation of the cause-and-effect
relationship between the input(s) and output(s) of a physical system.

Block: A block is a set of elements that can be grouped together with overall characteristics described
by an input/output relationship.

Block-Diagram Representation: In a block-diagram representation, each component (or subsystem)
is represented as a rectangular block containing one input and one output in a block diagram.

Bode Diagram (Plot): A sinusoidal frequency response plot, where the magnitude response is plotted
separately from the phase response. The magnitude plot is dB versus log w, and the phase plot is
phase versus log �. In control systems, the Bode plot is usually made for the open-loop transfer
function. Bode plots can also be drawn as straight-line approximations.

Bode Plot: The logarithm of the magnitude of the transfer function is plotted versus the logarithm of
�, the frequency. The phase, �, of the transfer function is separately plotted versus the logarithm
of the frequency.

Branches: Individual loci are referred to as branches of the root locus. Also, lines that represent
subsystems in a signal-flow graph.

Break Frequency: A frequency where the Bode magnitude plot changes slope.

Breakaway Point: A point on the real axis of the s-plane where the root locus leaves the real axis and
enters the complex plane.

Break-in Point: A point on the real axis of the s-plane where the root locus enters the real axis from
the complex plane.

Cascade Control: Two feedback controllers arranged in such a fashion that the output of one feedback
controller becomes an input to the second controller.
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Characteristic Equation: The resulting expression obtained when the denominator of the transfer
function of the system is set equal to zero is known as the characteristic equation.

Closed-Loop Control System: A control system in which the control (regulating action) is influenced
by the output.

Closed-Loop Feedback Control System: A system that uses a measurement of the output and compares
it with the desired output.

Closed-Loop Frequency Response: The frequency response of the closed-loop transfer function T
(j�).

Closed-Loop System: A system with a measurement of the output signal and a comparison with the
desired output to generate an error signal that is applied to the actuator.

Closed-Loop Transfer Function: For a generic feedback system with G(s) in the forward path and
H(s) in the feedback path, the closed-loop transfer function, T(s), is G(s)/[1 ± G(s)H(s)], where
the + is for negative feedback, and the – is for positive feedback.

Compensation: The term compensation is usually used to indicate the process of increasing accuracy
and speeding up the response.

Compensator: An additional component or circuit that is inserted into the system to compensate for a
performance deficiency.

Configuration Space: Generally speaking, generalized coordinates, qi (i = 1, 2, …, n) define an n-
dimensional Cartesian space that is referred to as the configuration space.

Constant M Circles: The locus of constant, closed-loop magnitude frequency response for unity
feedback systems. It allows the closed-loop magnitude frequency response to be determined
from the open-loop magnitude frequency response.

Constant N Circles: The locus of constant, closed-loop phase frequency response for unity feedback
systems. It allows the closed-loop phase frequency response to be determined from the open-
loop phase frequency response.

Continuous-Time Control Systems: Continuous-time control systems or continuous-data control
systems or analog control systems contain or process only continuous-time (or analog) signals and
components.

Contour Map: A contour or trajectory in one plane is mapped into another plane by a relation F(s).

Control System: A control system is an interconnection of components forming a system configuration
that will provide a desired system response.

Control: Control means to regulate, direct, command, or govern.

Controllability: A property of a system by which an input can be found that takes every state variable
from a desired initial state to a desired final state in finite time.

Controllable System: A system is controllable on the interval [t0, tf] if there exists a continuous input
u(t) such that any initial state x(t0) can be driven to any arbitrary trial state x(tf) in a finite time
interval tf – t0 > 0.

Controlled Output C(s): The controlled output C(s) is the output variable of the plant under the
control of the system.
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Controlled Variable: The output of a plant or process that the system is controlling for the purpose of
desired transient response, stability and steady-state error characteristics.

Controller Action: The method by which the automatic controller produces the control signal is
known as the control action.

Controller: The subsystem that generates the input to the plant or process.

Corner Frequency: See break frequency.

Critical Damping: The case where damping is on the boundary between underdamped and overdamped.

Critically Damped Response: The step response of a second-order system with a given natural
frequency that is characterized by no overshoot and a rise time that is faster than any possible
overdamped response with the same natural frequency.

Damped Frequency of Oscillation: The sinusoidal frequency of oscillation of an underdamped response.

Damped Natural Frequency: The frequency at which the system oscillates before settling down.

Damped Oscillation: An oscillation in which the amplitude decreases with time.

Damping Ratio: The ratio of the exponential decay frequency to the natural frequency.

dc Motor: An electric actuator that uses an input voltage as a control variable.

Decade: Frequencies that are separated by a factor of 10.

Decibel (dB): The decibel is defined as 10 log PG, where PG is the power gain of a signal. Equivalently,
the decibel is also 20 log VG, where VG is the voltage gain of a signal.

Decoupled System: A state-space representation in which each state equation is a function of only
one state variable. Hence, each differential equation can be solved independently of the other
equations.

Delay Time: The delay time td is the time needed for the response to reach half the final value the very
first time. The delay time is interpreted as a time domain specification, is often, defined as the
time required for the response to a unit step input to reach 50% of its final value.

Delayed Step Function: A function of time (F(t – a)) that has a zero magnitude before t = a and a
constant amplitude after that.

Design of a Control System: The arrangement or the plan of the system structure and the selection
of suitable components and parameters.

Design Specifications: A set of prescribed performance criteria.

Design: The term design is used to encompass the entire process of basic system modification so as
to meet the requirements of stability, accuracy, and transient response.

Digital Control System: A control system using digital signals and a digital computer to control a
process.

Digital Signal: A signal which is defined at only discrete (distinct) instants of the independent variable
t is called a discrete-time or a discrete-data or a sampled-data or a digital signal.

Digital-to-Analog Converter: A device that converts digital signals to analog signals.

Direct System: See Open-loop system.

Discrete-Time Approximation: An approximation used to obtain the time response of a system based
on the division of the time into small increments, �t.
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Discrete-Time Control Systems: Discrete-time control system, or discrete-data control system or
sampled-data control system has discrete-time signals or components at one or more points in the
system.

Disturbance or Noise Input: A disturbance or noise input is an undesired stimulus or input signal
affecting the value of the controlled output.

Disturbance Signal: An unwanted input signal that affects the system’s output signal.

Disturbance: An unwanted signal that corrupts the input or output of a plant or process.

Dominant Poles: The poles that predominantly generate the transient response.

Dominant Roots: The roots of the characteristic equation that cause the dominant transient response
of the system.

Eigenvalues: Any value, �i, that satisfies Axi = �ixi for xi � 0. Hence, any value, �i, that makes xi an
eigenvector under the transformation A.

Eigenvector: Any vector that is collinear with a new basis vector after a similarity transformation to a
diagonal system.

Electric Circuit Analog: An electrical network whose variables and parameters are analogous to
another physical system. The electric circuit analog can be used to solve for variables of the other
physical system.

Electrical Impedance: The ratio of the Laplace transform of the voltage to the Laplace transform of
the current.

Element (Component): Smallest part of a system that can be treated as a whole (entity).

Engineering Design: The process of designing a technical system.

Equilibrium: The steady-state solution characterized by a constant position or oscillation.

Error Signal: The difference between the desired output, R(s), and the actual output, Y(s). Therefore
E(s) =  R(s) – Y(s).

Error: The difference between the input and output of a system.

Feed Forward (Control) Element: The feed forward (control) elements are the components of the
forward path that generate the control signal applied to the plant or process. The feed forward
(control) elements include controller(s), compensator(s), or equalization elements, and amplifiers.

Feedback Compensator: A subsystem placed in a feedback path for the purpose of improving the
performance of a closed-loop system.

Feedback Elements: The feedback elements establish the fundamental relationship between the controlled
output C(s) and the primary feedback signal B(s). They include sensors of the controlled output,
compensators, and controller elements.

Feedback Path:  The feedback path is the transmission path from the controlled output back to the
summing point.

Feedback Signal: A measure of the output of the system used for feedback to control the system.

Feedback: Feedback is the property of a closed-loop control system which allows the output to be
compared with the input to the system such that the appropriate control action may be formed as
some function of the input and output.
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Flyball Governor: A mechanical device for controlling the speed of a steam engine.

Forced Response: For linear systems, that part of the total response function due to the input. It is
typically of the same form as the input and its derivatives.

Forward Path: A forward path is a path that connects a source node to a sink node, in which no node
is encountered more than once.

Forward-Path Gain: The product of gains found by traversing a path that follows the direction of
signal flow from the input node to the output node of a signal-flow graph.

Fourier Transform: The transformation of a function of time, f(t), into the frequency domain.

Frequency Domain Techniques: A method of analyzing and designing linear control systems by
using transfer functions and the Laplace transform as well as frequency response techniques.

Frequency Response Techniques: A method of analyzing and designing control systems by using the
sinusoidal frequency response characteristics of a system.

Frequency Response: The steady-state response of a system to a sinusoidal input signal.

Gain Crossover Frequency: The frequency at which the open loop gain drops to 0 dB
(gain of 1).

Gain Margin: The gain margin is the factor by which the gain factor K can be multiplied before the
closed-loop system becomes unstable. It is defined as the magnitude of the reciprocal of the
open-loop transfer function evaluated at the frequency w2 at which the phase angle is –180º.

Gain: The gain of a branch is the transmission function of that branch when the transmission function
is a multiplicative operator.

Heat Capacitance: The capacity of an object to store heat.

Ideal Derivative Compensator: See proportional-plus-derivative controller.

Ideal Integral Compensator: See proportional-plus-integral controller.

Input Transducer: Input transducer converts the form of input to that used by the controller.

Input: The input is the stimulus, excitation, or command applied to a control system, generally from an
external source, so as to produce a specified response from the control system.

Instability: The characteristic of a system defined by a natural response that grows without bounds
as time approaches infinity.

Integration Network: A network that acts, in part, like an integrator.

Kirchhoff’s Law: The sum of voltages around a closed loop equals zero. Also, the sum of currents at
a node equals zero.

Lag Compensator: A transfer function, characterized by a pole on the negative real axis close to the
origin and a zero close and to the left of the pole, that is used for the purpose of improving the
steady-state error of a closed-loop system.

Lag Network: See Phase-lag network.

Lag-Lead Compensator: A transfer function, characterized by a pole-zero configuration that is the
combination of a lag and a lead compensator, that is used for the purpose of improving both the
transient response and the steady-state error of a closed-loop system.
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Laplace Transform: A transformation of a function f(t) from the time domain into the complex
frequency domain yielding F(s).

Laplace Transformation: A transformation that transforms linear differential equations into algebraic
expressions. The transformation is especially useful for modeling, analyzing, and designing control
systems as well as solving linear differential equations.

Lead Compensator: A transfer function, characterized by a zero on the negative real axis and a pole
to the left of the zero, that is used for the purpose of improving the transient response of a closed-
loop system.

Lead Network: See Phase-lead network.

Lead-Lag Network: A network with the characteristics of both a lead network and a lag network.

Linear Approximation: An approximate model that results in a linear relationship between the output
and the input of the device.

Linear System: A linear system is a system where input/output relationships may be represented by a
linear differential equation.

Linearization: The process of approximating a nonlinear differential equation with a linear differential
equation valid for small excursions about equilibrium.

Locus: Locus is defined as a set of all points satisfying a set of conditions.

Logarithmic Magnitude: The logarithmic of the magnitude of the transfer function, 20 log10 |G|.

Logarithmic Plot: See Bode plot.

Loop Gain: For a signal-flow graph, the product of branch gains found by traversing a path that starts
at a node and ends at the same node without passing through any other node more than once, and
following the direction of the signal flow.

Loop: A loop is a closed path (with all arrowheads in the same direction) in which no node is encountered
more than once. Hence, a source node cannot be a part of a loop, since each node in the loop must
have at least one branch into the node and at least one branch out.

Major-Loop Compensation: A method of feedback compensation that adds a compensating zero to
the open-loop transfer function for the purpose of improving the transient response of the closed-
loop system.

Manual Control System: A control system regulated through human intervention.

Marginal Stability: The characteristic of a system defined by a natural response that neither decays
nor grows, but remains constant or oscillates as time approaches infinity as long as the input is
not of the same form as the system’s natural response.

Marginally Stable System: A closed-loop control system in which roots of the characteristic equation
lie on the imaginary axis; for all practical purposes, an unstable system.

Mason’s Loop Rule: A rule that enables the user to obtain a transfer function by tracing paths and
loops within a system.

Mason’s Gain Formula: Mason’s gain formula is an alternative method of reducing complex block
diagrams into a single block diagram with its associated transfer function for linear systems by
inspection.
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Mason’s Rule: A formula from which the transfer function of a system consisting of the interconnection
of multiple subsystems can be found.

Mathematical Model: An equation or set of equations that define the relationship between the input
and output (variables).

Maximum Overshoot Mp: The maximum overshoot is the vertical distance between the maximum
peak of the response curve and the horizontal line from unity (final value).

Maximum Value of the Frequency Response: A pair of complex poles will result in a maximum
value for the frequency response occurring at the resonant frequency.

Minimum Phase: All the zeros of a transfer function lie in the left-hand side of the s-plane.

Minor-Loop Compensation: A method of feedback compensation that changes the poles of a forward-
path transfer function for the purpose of improving the transient response of the closed-loop
system.

Multiple-Input, Multiple-Output (MIMO) System: A multiple-input, multiple-output (MIMO) system
is a system where several parameters may be entered as input and output is represented by
multiple variables.

Multivariable Control System: A system with more than one input variable or more than one output
variable.

Multivariable Feedback System: The multivariable feedback system where the interrelationships of
many controlled variables are considered.

Natural Frequency: The frequency of oscillation of a system if all the damping is removed.

Natural Response: That part of the total response function due to the system and the way the system
acquires or dissipates energy.

Negative Feedback: The case where a feedback signal is subtracted from a previous signal in the
forward path.

Neutral Zone: The region of error over which the controller does not change its output; also known
as dead band or error band.

Nichols Chart: Nichols chart is basically a transformation of the M- and N-circles on the polar plot
into noncircular M and N contours on a db magnitude versus phase angle plot in rectangular
coordinates.

Nodes: In a signal-flow graph, the internal signals in the diagram, such as the common input to several
blocks or the output of summing junction, are called nodes.

Nonminimum Phase: Transfer functions with zeros in the right-hand s-plane.

Nonminimum Phase System: A system whose transfer function has zeros in the right half-plane.
The step response is characterized by an initial reversal in direction.

Nontouching Loops: Loops that do not have any nodes in common.

Nontouching: Two loops are nontouching if these loops have no nodes in common. A loop and a path
are nontouching if they have no nodes in common.

Nontouching-Loop Gain: The product of loop gains from nontouching loops taken two, three, and
four, and so on at a time.
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Number of Separate Loci: Equal to the number of poles of the transfer function, assuming that the
number of poles is greater than or equal to the number of zeros of the transfer function.

Noise Input: A disturbance or noise input is an undesired stimulus or input signal affecting the value of
the controlled output.

Nyquist Criterion: If a contour A, that encircles the entire right half-plane is mapped through G(s)H(s),
then the number of closed-loop poles, Z, in the right half-plane equals the number of open-loop
poles, P, that are in the right half-plane minus the number of counterclockwise revolutions, N,
around –1, of the mapping; that is, Z = P – N. The mapping is called the Nyquist diagram of
G(s)H(s).

Nyquist Diagram (Plot): A polar frequency response plot made for the open-loop transfer function.

Nyquist Path: The locus of the points in the s-plane mapped into G(s)-plane in Nyquist plots is called
Nyquist path.

Nyquist Stability Criterion: The Nyquist stability criterion establishes the number of poles and zeros
of 1 + GH(s) that lie in the right-half plane directly from the Nyquist stability plot of GH(s).

Observability: A property of a system by which an initial state vector, x(t0), can be found from u(f)
and y(t) measured over a finite interval of time from t0. Simply stated, observability is the property
by which the state variables can be estimated from a knowledge of the input, u(i), and output,
y(t).

Observable System: A system is observable on the interval [t0, tf] if any initial state x(t0) is uniquely
determined by observing the output y(t) on the interval [t0, tf].

Observer: A system configuration from which inaccessible states can be estimated.

Octave: Frequencies that are separated by a factor of two.

Open-Loop Control System: A system that utilizes a device to control the process without using
feedback. Thus the output has no effect upon the signal to the process.

Open-Loop System: A system without feedback that directly generates the output in response to an
input signal.

Open-Loop Transfer Function: For a generic feedback system with G(s) in the forward path and
H(s) in the feedback path, the open-loop transfer function is the product of the forward-path
transfer function and the feedback transfer function, or, G(s)H(s).

Output Equation: For linear systems, the equation that expresses the output variables of a system as
linear combinations of the state variables.

Output: The output is the actual response resulting from a control system.

Overdamped Response: A step response of a second-order system that is characterized by no
overshoot.

Overshoot: The amount by which the system output response proceeds beyond the desired response.

Parameter Design: A method of selecting one or two parameters using the root locus method.

Partial-Fraction Expansion: A mathematical equation where a fraction with n factors in its denominator
is represented as the sum of simpler fractions.

Path Gain: The path gain is the product of the transfer functions of all branches that form the path.
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Path: A path is a sequence of connected blocks, the route passing from one variable to another in the
direction of signal flow of the blocks without including any variable more than once.

Peak Time: The peak time tp is the time required for the response to reach the first peak of the
overshoot.

Peak Value: The maximum value of the output, reached after application of the unit step input after
time tp.

Per cent Overshoot, %OS: The amount that the underdamped step response overshoots the steady
state, or final, value at the peak time, expressed as a percentage of the steady-state value.

Performance Index: A quantitative measure of the performance of a system.

Phase Crossover Frequency:  The frequency at which the open loop phase angle drops to –180°.

Phase Margin: The amount of additional open-loop phase shift required at unity gain to make the
closed-loop system unstable.

Phase Variables: State variables such that each subsequent state variable is the derivative of the
previous state variable.

Phase-Lag Network: A network that provides a negative phase angle and a significant attenuation over
the frequency range of interest.

Phase-Lead Network: A network that provides a positive phase angle over the frequency range of
interest. Thus phase lead can be used to cause a system to have an adequate phase margin.

Phase-Margin Frequency: The frequency at which the magnitude frequency response plot equals
zero dB. It is the frequency at which the phase margin is measured.

Phase-Margin: Phase margin of a stable system is the amount of additional phase log required to bring
the system to point of instability.

PI Controller: Controller with a proportional term and an integral term (Proportional-Integral).

Pickoff Point: A block diagram symbol that shows the distribution of one signal to multiple subsystems.

PID Controller: A controller with three terms in which the output is the sum of a proportional term,
an integrating term, and a differentiating term, with an adjustable gain for each term.

Plant, Process or Controlled System Gp(s): The plant, process, or controlled system is the system,
subsystem, process, or object controlled by the feedback control system. For example, the plant
can be a furnace system where the output variable is temperature.

Plant: See Process.

Polar Plot: A plot of the real part of G(j�) versus the imaginary part of G(j�).

Pole of a Transfer Function: The root (solution) of the (characteristic) equation obtained by setting
the denominator polynomial of the transfer function equal to zero; the value of s that makes (the
value of) the transfer function approach infinity (hence the term pole (rising to infinity)); complex
poles always appear as complex conjugate pairs.

Poles: (1) The values of the Laplace transform variable, s, that cause the transfer function to become
infinite, and (2) any roots of factors of the characteristic equation in the denominator that are
common to the numerator of the transfer function.
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Pole-Zero Map: The s-plane including the locations of the finite poles and zeros of F(s) is called the
pole-zero map of F(s).

Positive Feedback: Positive feedback implies that the summing point is an adder.

Primary Feedback Signal: The primary feedback signal is a function of the controlled output summed
algebraically with the reference input to establish the actuating or error signal. An open-loop
system has no primary feedback signal.

Process Controller: See PID controller.

Process: The device, plant, or system under control.

Productivity: The ratio of physical output to physical input of an industrial process.

Proportional Band: The maximum per cent error that will cause a change in controller output from
minimum (0%) to maximum (100%).

Proportional-Plus-Derivative (PD) Controller: A controller that feeds forward to the plant a proportion
of the actuating signal plus its derivative for the purpose of improving the transient response of a
closed-loop system.

Proportional-Plus-Integral (PI) Controller: A controller that feeds forward to the plant a proportion
of the actuating signal plus its integral for the purpose of improving the steady-state error of a
closed-loop system.

Proportional-Plus-Integral-Plus-Derivative (PID) Controller: A controller that feeds forward to
the plant a proportion of the actuating signal plus its integral plus its derivative for the purpose of
improving the transient response and steady-state error of a closed-loop system.

Pulse Function: The difference between a step function and a delayed step function.

Ramp Function: A function whose amplitude increases linearly with time.

Reference Input R(s): The reference input is an external signal applied to the control system generally
at the first summing point, so as to command a specific action of the processor plant. It typically
represents ideal or desired process or plant output response.

Relative Stability: The property that is measured by the relative real part of each root or pair of roots
of the characteristic equation.

Residue: The constants in the numerators of the terms in a partial-fraction expansion.

Resonant Frequency: The resonant frequency of a system is defined as the radian frequency at
which the magnitude value of C(j�)/R(j�) occurs.

Rise Time: The rise time tr is customarily defined as the time required for the response to a unit step
input to rise from 10 to 90% of its final value. For underdamped second-order system, the 0% to
100% rise time is normally used. For overdamped systems, the 10% to 90% rise time is common.

Risk: Uncertainties embodied in the unintended consequences of a design.

Robot: Programmable computers integrated with a manipulator. A reprogrammable, multifunctional
manipulator used for a variety of tasks.

Robust Control System: A system that exhibits the desired performance in the presence of significant
plant uncertainty.
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Root Locus Method: The method for determining the locus of roots of the characteristic equation 1 +
KP(s) = 0 as K varies from 0 to infinity.

Root Locus Segments on the Real Axis: The root locus lying in a section of the real axis to the left
of an odd number of poles and zeros.

Root Sensitivity: The sensitivity of the roots as a parameter changes from its normal value. The root
sensitivity is the incremental change in the root divided by the proportional change of the parameter.

Root: The term root refers to the roots of the characteristic equation which are the poles of the closed-
loop transfer function.

Root-Locus Analysis: The root-locus method is an analytical method for displaying the location of the
poles of the closed-loop transfer function G/(1 + GH) as a function of the gain factor K of the
open-loop transfer function GH. The method is called the root-locus analysis.

Root-Locus: Root-locus defines a graph of the poles of the closed-loop transfer function as the
system parameter, such as the gain is varied.

Routh-Hurwitz Stability Criterion: The Routh-Hurwitz stability criterion states that the dynamic
system is stable if both of the following conditions are satisfied: (1) all the coefficients of the
characteristic equation are positive, and (2) all the elements of the first column of the Routh-
Hurwitz table are positive.

Self-Loop: A self-loop is a feedback loop consisting of a single branch.

Sensitivity: The sensitivity of a system is defined as the ratio of the percentage change in the system-
transfer function to the percentage- change of the process transfer function. In practice, the
system sensitivity is expressed as the ratio of the percentage-variation in some specific quantity
like gain to the percentage change in one of the system parameters.

Settling Time: The time required for the system output to settle within a certain percentage of the
input amplitude.

Signal Flow Graph: A signal flow graph is a pictorial representation of the simultaneous equations
describing a system. The signal flow graph displays the transmission of signals through the
system just as in the block diagram.

Similarity Transformation: A transformation from one state-space representation to another state-
space representation. Although the state variables are different, each representation is a valid
description of the same system and the relationship between the input and output.

Single-Input, Single-Output (SISO) System: A single-input, single-output (SISO) system is a system
where only one parameter enters as input and only one-parameter results as the output.

Sink Node: A sink node is a node for which signals flow only toward the node. Also known as output
node.

Source Node: A source node is a node for which signals flow only away from the node. Hence, for the
branches connected to a source node, the arrowheads are all directed away from the node. Also
known as input node.

Specifications: Statements that explicitly state what the device or product is to be and to do. A set of
prescribed performance criteria.
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Stability: That characteristic of a system defined by a natural response that decays to zero as time
approaches infinity.

Stabilization: The term stabilization is used to indicate the process of achieving the requirements of
stability alone.

Stable Closed-Loop System: A system in which the open-loop gain is less than 0 db at a frequency at
which the phase angle has reached –180°.

Stable System: A dynamic system with a bounded system response to a bounded input.

State Differential Equation: The differential equation for the state vector: x�  = Ax + Bu.

State Equations: A set of n simultaneous, first-order differential equations with n variables, where the
n variables to be solved are the state variables.

State of a System: A set of numbers such that the knowledge of these numbers and the input function
will, with the equations describing the dynamics, provide the future state of the system.

State Space: The n-dimensional space whose axes are the state variables.

State Variable Equations: When a system’s equations of motion are rewritten as a system of first-
order differential equations, each of these differential equations consists of the time derivative of
the one of the state variables on the left-hand side and an algebraic function of the state variables
as well as system outputs, on the right-hand side. These differential equations are referred to as
state-variable equations.

State Variable Feedback: Occurs when the control signal, u, for the process is a direct function of all
the state variables.

State Variables: State variables are the variables which define the smallest set of variables which
determine the state of a system.

State Vector: State vector is a vector which completely describes a system’s dynamics in terms of its
n-state variables.

State: The property (condition) of a system.

State-Space Representation: A mathematical model for a system that consists of simultaneous,
first-order differential equations and an output equation.

State-Transition Matrix: The matrix that performs a transformation on x(0), taking x from the initial
state, x(0), to the state x(f) at any time, t � 0.

Static Error Constants: The collection of position constant, velocity constant, and acceleration constant.

Steady-State Error: The difference between the input and output of a system after the natural response
has decayed to zero.

Steady-State Response: The system response after the transients have died and output has settled
(time response after transient response).

Step Function:  A function of time, which has a zero value before t = 0 and has a constant value for
all time t � 0.

Subsystem: A system that is a portion of a larger system.

Summing Junction: A block diagram symbol that shows the algebraic summation of two or more
signals.
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Summing Point: The summing point also known as a summing joint is the block used to represent the
addition/subtraction of signals. It is represented as a small circle connected to arrows representing
signal lines.

Synthesis: The process by which new physical configurations are created. The combining of separate
elements or devices to form a coherent whole.

System Type: The number of pure integrations in the forward path of a unity feedback system.

System Variables: Any variable that responds to an input or initial conditions in a system.

System: A system is a collection, set, or arrangement of elements (subsystems).

Take-off Point: A takeoff point allows the same signal or variable as input to more than one block or
summing point, thus permitting the signal to proceed unaltered along several different paths to
several destinations. It is represented as a dot (solid circle) with arrows pointing away from it.

The Addition Rule: The value of the variable designated by a node is equal to the sum of all the signals
entering the node.

The Design Specifications: The design specifications for control systems generally include several
time-response indices for a specified input as well as a desired steady-state accuracy.

The Multiplication Rule: A single cascaded (series) connection of (n – 1) branches with transmission
functions G21, G32, G43, …, Gn(n–1) can be replaced by a single branch with a new transmission
function equal to the product of the original ones.

The Steady-State Response: The steady-state response is that which exists a long time following any
input signal initiation.

The Transient-Response: The transient-response is the response that disappears with time.

The Transmission Rule: The value of the variable designated by a node is transmitted on every branch
leaving that node.

Time Delay: A pure time delay, T, so that events occurring at time t at one point in the system occur
at another point in the system at a later time, t + T.

Time Domain: The mathematical domain that incorporates the time response and the description of a
system in terms of time t.

Time Response: The time response of a system, subsystem, or element is the output as a function of
time, generally, following application of a prescribed input under specified operating conditions.

Time-Domain Representation: See State-space representation.

Time-Invariant System: A system described by a differential equation with constant coefficients.

Time-Variant System: A system described by a differential equation with variable coefficients.

Time-Varying System: A system for which one or more parameters may vary with time.

Total Response: The response of a system from the time of application of an input to the point when
time approaches infinity.

Trade-off: The result of making a judgment about how much compromise must be made between
conflicting criteria.

Transducer: A device that converts a signal from one form to another, for example, from a mechanical
displacement to an electrical voltage.
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Transfer Function in the Frequency Domain: The ratio of the output to the input signal where the
input is a sinusoid. It is expressed as G(j�).

Transfer Function: The transfer function of a system (or a block) is defined as the ratio of output to
input.

Transient Response: That parts of the response curve due to the system and the way the system
acquires or dissipates energy. In stable systems, it is the part of the response plot prior to the
steady-state response.

Undamped Response: The step response of a second-order system that is characterized by a pure
oscillation.

Underdamped Response: The step response of a second-order system that is characterized by overshoot.

Unit Step Function:  A function of time that has zero magnitude before time t = 0 and unit magnitude
after that.

Unstable System: A closed-loop control system in which one or more roots of the characteristic
equation lie in the RHP (Right-Hand side of the s-Plane).

Zero of a Transfer Function: The root (solution) of the equation obtained by setting the numerator
polynomial of the transfer function equal to 0; the value of s that makes (the value of) the transfer
function equal to zero (hence the term zero).

Zeros: (1) Those values of the Laplace transform variable, s, that cause the transfer function to
become zero, and (2) any roots of factors of the numerator that are common to the characteristic
equation in the denominator of the transfer function.

Zero-State Response: That part of the response that depends only upon the input and not the initial
state vector.


