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Glossary

Acceleration constant lim
s®0

s2G!s"
Actuating signal The signal that drives the controller. If this signal is the difference between
the input and output, it is called the error.

Analog-to-digital converter A device that converts analog signals to digital signals.

Armature The rotating member of a dc motor through which a current !ows.

Back emf The voltage across the armature of a motor.

Bandwidth The frequency at which the magnitude frequency response is #3 dB below the
magnitude at zero frequency.

Basis Linearly independent vectors that de"ne a space.

Bilinear transformation A mapping of the complex plane where one point, s, is mapped
into another point, z, through z $ !as % b"/!cs % d".
Block diagram A representation of the interconnection of subsystems that form a system.
In a linear system, the block diagram consists of blocks representing subsystems, arrows
representing signals, summing junctions, and pickoff points.

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 !, 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.

Branches Lines that represent subsystems in a signal-!ow 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.

Characteristic equation The equation formed by setting the characteristic polynomial to
zero.

Characteristic polynomial The denominator of a transfer function. Equivalently, the
unforced differential equation, where the differential operators are replaced by s or ".
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Classical approach to control systems See frequency domain techniques.

Closed-loop system A system that monitors its output and corrects for disturbances. It is
characterized by feedback paths from the output.

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 addition of a transfer function in the forward path or feedback path
for the purpose of improving the transient or steady-state performance of a control
system.

Compensator A subsystem inserted into the forward or feedback path for the purpose of
improving the transient response or steady-state error.

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.

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 "nal state in "nite time.

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

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.

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

Decade Frequencies that are separated by a factor of 10.

Decibel (dB) The decibel is de"ned as 10 logPG, where PG is the power gain of a signal.
Equivalently, the decibel is also 20 logVG, 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.

Digital compensator A sampled transfer function used to improve the response of
computer-controlled feedback systems. The transfer function can be emulated by a
digital computer in the loop.

Digital-to-analog converter A device that converts digital signals to analog signals.

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.

Eigenvalues Any value, "i, that satis"es AXi $ "ixi for xi 6$ 0. Hence, any value, "i, that
makes xi an eigenvector under the transformation A.
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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 admittance The inverse of electrical impedance. The ratio of the Laplace
transform of the current to the Laplace transform of the voltage.

Electrical impedance The ratio of the Laplace transform of the voltage to the Laplace
transform of the current.

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

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

Euler’s approximation A method of integration where the area to be integrated is
approximated as a sequence of rectangles.

Feedback A path through which a signal !ows back to a previous signal in the forward path
in order to be added or subtracted.

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

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 gain The product of gains found by traversing a path that follows the
direction of signal !ow from the input node to the output node of a signal-!ow graph.

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.

Gain The ratio of output to input; usually used to describe the ampli"cation in the steady
state of the magnitude of sinusoidal inputs, including dc.

Gain margin The amount of additional open-loop gain, expressed in decibels (dB),
required at 180° of phase shift to make the closed-loop system unstable.

Gain-margin frequency The frequency at which the phase frequency response plot equals
180°. It is the frequency at which the gain margin is measured.

Homogeneous solution See natural response.

Ideal derivative compensator See proportional-plus-derivative controller.

Ideal integral compensator See proportional-plus-integral controller.

Instability The characteristic of a system de"ned by a natural response that grows without
bounds as time approaches in"nity.

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.
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Lag-lead compensator A transfer function, characterized by a pole-zero con"guration 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.

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.

Linear combination A linear combination of n variables, xi, for i $ 1 to n, given by the
following sum, S:

S $ KnXn % Kn#1Xn#1 % ) ) ) % K1X1

where each Ki is a constant.

Linear independence The variables xi, for i $ 1 to n, are said to be linearly independent if
their linear combination, S, equals zero only if every Ki $ 0 and no xi $ 0. Alternatively, if
the xi’s are linearly independent, then Knxn % Kn#1xn#1 % ! ! ! % K1x1 $ 0 cannot be solved
for any xk. Thus, no xk can be expressed as a linear combination of the other xi’s.

Linear system A system possessing the properties of superposition and homogeneity.

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

Loop gain For a signal-!ow 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 !ow.

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.

Marginal stability The characteristic of a system de"ned by a natural response that neither
decays nor grows, but remains constant or oscillates as time approaches in"nity as long as
the input is not of the same form as the system’s natural response.

Mason’s rule A formula from which the transfer function of a system consisting of the
interconnection of multiple subsystems can be found.

Mechanical rotational impedance The ratio of the Laplace transform of the torque to the
Laplace transform of the angular displacement.

Mechanical translational impedance The ratio of the Laplace transform of the force to the
Laplace transform of the linear displacement.

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.

Modern approach to control systems See state-space representation.

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

Newton’s law The sum of forces equals zero. Alternatively, after bringing the ma force to
the other side of the equality, the sum of forces equals the product of mass and acceleration.

Nichols chart The locus of constant closed-loop magnitude and closed-loop phase frequency
responses for unity feedback systems plotted on the open-loop dB versus phase-angle plane. It
allows the closed-loop frequency response to be determined from the open-loop frequency
response.

Nodes Points in a signal-!ow diagram that represent signals.

No-load speed The speed produced by a motor with constant input voltage when the torque
at the armature is reduced to zero.

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-loop gain The product of loop gains from nontouching loops taken two,
three, four, and so on at a time.

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

Notch !lter A "lter whose magnitude frequency response dips at a particular sinusoidal
frequency. On the s-plane, it is characterized by a pair of complex zeros near the
imaginary axis.

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 sampling rate The minimum frequency at which an analog signal should be
sampled for correct reconstruction. This frequency is twice the bandwidth of the analog signal.

Observability A property of a system by which an initial state vector, x!t0", can be found
from u(t) and y(t) measured over a "nite 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(t), and output, y(t).

Observer A system con"guration from which inaccessible states can be estimated.

Octave Frequencies that are separated by a factor of two.

Ohm’s law For dc circuits the ratio of voltage to current is a constant called resistance.

Open-loop system A system that does not monitor its output nor correct for disturbances.

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".
Operational ampli!er An ampli"er—characterized by a very high input impedance, a very
low output impedance, and a high gain—that can be used to implement the transfer function
of a compensator.

Output equation For linear systems, the equation that expresses the output variables of a
system as linear combinations of the state variables.
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Overdamped response A step response of a second-order system that is characterized by
no overshoot.

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

Particular solution See forced response.

Passive network A physical network that only stores or dissipates energy. No energy is
produced by the network.

Peak time, Tp The time required for the underdamped step response to reach the "rst, or
maximum, peak.

Percent overshoot, %OS The amount that the underdamped step response overshoots the
steady-state, or"nal, value at the peak time, expressed as a percentage of the steady-state value.

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

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

Phasor A rotating vector that represents a sinusoid of the form A cos!!t % #".
Pickoff point A block diagram symbol that shows the distribution of one signal to multiple
subsystems.

Plant or process The subsystem whose output is being controlled by the system.

Poles (1) The values of the Laplace transform variable, s, that cause the transfer function to
become in"nite; and (2) any roots of factors of the characteristic equation in the denominator
that are common to the numerator of the transfer function.

Position constant lim
s®0

G!s"
Positive feedback The case where a feedback signal is added to a previous signal in the
forward path.

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.

Quantization error For linear systems, the error associated with the digitizing of signals as
a result of the "nite difference between quantization levels.

Raible’s tabular method A tabular method for determining the stability of digital systems
that parallels the Routh-Hurwitz method for analog signals.

Rate gyro A device that responds to an angular position input with an output voltage
proportional to angular velocity.
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Residue The constants in the numerators of the terms in a partial-fraction expansion.

Rise time, Tr The time required for the step response to go from 0.1 of the "nal value to 0.9
of the "nal value.

Root locus The locus of closed-loop poles as a system parameter is varied. Typically, the
parameter is gain. The locus is obtained from the open-loop poles and zeros.

Routh-Hurwitz criterion A method for determining how many roots of a polynomial in s
are in the right half of the s-plane, the left half of the s-plane, and on the imaginary axis.
Except in some special cases, the Routh-Hurwitz criterion does not yield the coordinates of
the roots.

Sensitivity The fractional change in a system characteristic for a fractional change in a
system parameter.

Settling time, Ts The amount of time required for the step response to reach and stay within
'2% of the steady-state value. Strictly speaking, this is the de"nition of the 2% settling time.
Other percentages, for example 5%, also can be used. This book uses the 2% settling time.

Signal-"ow graph A representation of the interconnection of subsystems that form a
system. It consists of nodes representing signals and lines representing subsystems.

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 the output.

Stability That characteristic of a system de"ned by a natural response that decays to zero as
time approaches in"nity.

Stall torque The torque produced at the armature when a motor’s speed is reduced to zero
under a condition of constant input voltage.

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

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

State-space representation A mathematical model for a system that consists of simultaneous,
"rst-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(t) at any time, t * 0.

State variables The smallest set of linearly independent system variables such that the
values of the members of the set at time t0 along with known forcing functions completely
determine the value of all system variables for all t * t0.

State vector A vector whose elements are the state variables.

Static error constants The collection of position constant, velocity constant, and acceleration
constant.

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

Steady-state response See forced response.

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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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.

Tachometer A voltage generator that yields a voltage output proportional to rotational
input speed.

Time constant The time for e#at to decay to 37% of its original value at t $ 0.

Time-domain representation See state-space representation.

Torque-speed curve The plot that relates a motor’s torque to its speed at a constant input
voltage.

Transducer A device that converts a signal from one form to another, for example from a
mechanical displacement to an electrical voltage.

Transfer function The ratio of the Laplace transform of the output of a system to the
Laplace transform of the input.

Transient response That part 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.

Tustin transformation A bilinear transformation that converts transfer functions from
continuous to sampled and vice versa. The important characteristic of the Tustin transformation
is that both transfer functions yield the same output response at the sampling instants.

Type See system type.

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.

Velocity constant lim
s®0

sG!s"
z-transformation A transformation related to the Laplace transformation that is used for the
representation, analysis, and design of sampled signals and systems.

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

Zero-order sample-and-hold (z.o.h.) A device that yields a staircase approximation to the
analog signal.

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 upon only the input and not the
initial state vector.
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