
 

 “Introduction to Control Systems”.  

 

 

 

 In Section 1 of this course you will cover these topics: 

 Control Systems Engineering 

 Modeling Physical Systems: Differential Equation Models 

 Transfer-Function Models 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Control Engineering 

 Understand the concept of  Control Engineering 

 Learn about the Control Systems 

 Learn about main control strategies 

  

  

Definition/Overview: 

Control Engineering: Control engineering is the engineering discipline that applies control 

theory to design systems with predictable behaviors. The engineering activities focus on the 

mathematical modeling of systems of a diverse nature. 
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Key Points:  

1.   Overview of Control Engineering 

Modern day control engineering (also called control systems engineering) is a relatively new 

field of study that gained a significant attention during twentieth century with the advancement 

in technology. It can be broadly defined as practical application of control theory. Control 

engineering has an essential role in a wide range of control systems from a simple household 

washing machine to a complex high performance F-16 fighter aircraft. It allows one to 

understand a physical system in terms of its inputs, outputs and various components with 

different behaviours using mathematical modelling, control it in a desired manner with the 

controllers designed using control systems design tools, and implement the controller on the 

physical system employing available technology. A system can be mechanical, electrical, fluid, 

chemical,financial and even biological, and the mathematical modelling, analysis and controller 

design shall be done using control theory in one or many of the time, frequency and complex-s 

domains depending on the nature of the control system design problem. 

  

Before it emerged as a unique discipline, control engineering was practiced as part of mechanical 

engineering and control theory was studied as a part of electrical engineering, since electrical 

circuits can often be easily described using control theory techniques. In the very first control 

relationships, a current output was represented with a voltage control input. However, not having 

proper technology to implement electrical control systems, designers left with the option of less 

efficient and slow responding mechanical systems. A very effective mechanical controller that is 

still widely used in some hydro plants is the governor. Later on, previous to modern power 

electronics, process control systems for industrial applications were devised by mechanical 

engineers using pneumatic and hydraulic control devices, many of which are still in use today. 

  

There are two major divisions in control theory, namely, classical and modern, which have direct 

implications over the control engineering applications. The scope of classical control theory is 

limited to single-input and single-output (SISO) system design. The system analysis is carried 

out in time domain using differential equations, in complex-s domain with Laplace transform or 

in frequency domain by transforming from complex-s domain. All the systems are assumed to be 

second order, single variable, and the higher order system responses and multivariable effects are 
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ignored. A controller designed using classical theory usually requires on-site tuning due to 

design approximations. Yet, due to the easiness in physical implemention of the controller 

designs over the controllers designed using modern control theory, these controllers are preferred 

in most of the industrial applications. Most popular controllers that come under classical control 

engineering are PID controller. In contrast, modern control theory is strictly carried out in 

complex-s domain or in frequency domain, and can deal with multi-input and multi-output 

(MIMO) systems. This overcomes the limitations in classical control theory to be used in 

sophisticate control systems design problems such as fighter aircraft control. In modern controls 

a system is represented in terms of a set of first order differential equations defined using state 

variables. Nonlinear, multivariable, adaptive and robust control theories come under this 

division. Being fairly new, modern control theory has many areas yet to be explored. Scholars 

like Rudolf E. Kalman and Aleksandr Lyapunov are well known among the people who have 

shaped modern control theory. 

  

Originally control engineering was all about continuous systems. Development of computer 

control tools, posed a requirement of discrete control system engineering because the 

communications between the computer-based digital controller and the physical system are 

governed by a computer clock. The equivalent to Laplace transform in the discrete domain is z-

transform. Today many of the control systems are computer controlled and they consist of both 

digital and analogue components. Therefore, at the design stage either digital components are 

mapped into the continuous domain and the design is carried out in the continuous domain, or 

analogue components are mapped in to discrete domain and design is carried out there. The first 

of these two methods is more commonly encountered in practice because many industrial 

systems have many continuous systems components, including mechanical, fluid, biological and 

analogue electrical components, with a few digital controllers. 

  

At many universities, control engineering courses are taught in electrical and electronic 

engineering, mechanical engineering, and aerospace engineering departments; in others it is 

connected to computer science, as most control techniques today are implemented through 

computers, often as embedded systems (as in the automotive field). The field of control within 

chemical engineering is often known as process control. It deals primarily with the control of 
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variables in a chemical process in a plant. It is taught as part of the undergraduate curriculum of 

any chemical engineering program, and employs many of the same principles in control 

engineering. Other engineering disciplines also overlap with control engineering, as it can be 

applied to any system for which a suitable model can be derived. Control engineering has 

diversified applications that include science, finance management, and even human behaviour. 

Students of control engineering may start with a linear control system course dealing with the 

time and complex-s domain, which requires a thorough background in elementary mathematics 

and Laplace transform (called classical control theory). In linear control, the student does 

frequency and time domain analysis. Digital control and nonlinear control courses require z 

transformation and algebra respectively, and could be said to complete a basic control education. 

From here onwards there are several sub branches. 

  

2.   Control systems 

Control engineering is the engineering discipline that focuses on the modelling of a diverse range 

of dynamic systems (e.g. mechanical systems) and the design of controllers that will cause these 

systems to behave in the desired manner. Although such controllers need not be electrical many 

are and hence control engineering is often viewed as a subfield of electrical engineering. 

However, the falling price of microprocessors is making the actual implementation of a control 

system essentially trivial. As a result, focus is shifting back to the mechanical engineering 

discipline, as intimate knowledge of the physical system being controlled is often desired. 

Electrical circuits, digital signal processors and microcontrollers can all be used to implement 

Control systems. Control engineering has a wide range of applications from the flight and 

propulsion systems of commercial airliners to the cruise control present in many modern 

automobiles. In most of the cases, control engineers utilize feedback when designing control 

systems. This is often accomplished using a PID controller system. For example, in an 

automobile with cruise control the vehicle's speed is continuously monitored and fed back to the 

system which adjusts the motor's torque accordingly. Where there is regular feedback, control 

theory can be used to determine how the system responds to such feedback. In practically all 

such systems stability is important and control theory can help ensure stability is achieved. 

Although feedback is an important aspect of control engineering, control engineers may also 
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work on the control of systems without feedback. This is known as open loop control. A classic 

example of open loop control is a washing machine that runs through a pre-determined cycle 

without the use of sensors. 

  

3.   Main Control Strategies 

Every control system must guarantee first the stability of the closed-loop behavior. For linear 

systems, this can be obtained by directly placing the poles. Non-linear control systems use 

specific theories (normally based on Aleksandr Lyapunov's Theory) to ensure stability without 

regard to the inner dynamics of the system. The possibility to fulfill different specifications 

varies from the model considered and the control strategy chosen. Here a summary list of the 

main control techniques is shown: 

 Adaptive control: Adaptive control uses on-line identification of the process parameters, or 

modification of controller gains, thereby obtaining strong robustness properties. Adaptive 

controls were applied for the first time in the aerospace industry in the 1950s, and have found 

particular success in that field. 

 Hierarchical control: A Hierarchical control system is a type of Control System in which a set 

of devices and governing software is arranged in a hierarchical tree. When the links in the tree 

are implemented by a computer network, then that hierarchical control system is also a form of 

Networked control system. 

 Intelligent control: Intelligent control use various AI computing approaches like neural 

networks, Bayesian probability, fuzzy logic, machine learning, evolutionary computation and 

genetic algorithms to control a dynamic system. 

 Optimal control: Optimal control is a particular control technique in which the control signal 

optimizes a certain "cost index": for example, in the case of a satellite, the jet thrusts needed to 

bring it to desired trajectory that consume the least amount of fuel. Two optimal control design 

methods have been widely used in industrial applications, as it has been shown they can 

guarantee closed-loop stability. These are Model Predictive Control (MPC) and Linear-

Quadratic-Gaussian control (LQG). The first can more explicitly take into account constraints on 

the signals in the system, which is an important feature in many industrial processes. However, 

the "optimal control" structure in MPC is only a means to achieve such a result, as it does not 
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optimize a true performance index of the closed-loop control system. Together with PID 

controllers, MPC systems are the most widely used control technique in process control. 

 Robust control: Robust control deals explicitly with uncertainty in its approach to controller 

design. Controllers designed using robust control methods tend to be able to cope with small 

differences between the true system and the nominal model used for design. The early methods 

of Bode and others were fairly robust; the state-space methods invented in the 1960s and 1970's 

were sometimes found to lack robustness. A modern example of a robust control technique is H-

infinity loop-shaping developed by Duncan McFarlane and Keith Glover of Cambridge 

University. Robust methods aim to achieve robust performance and/or stability in the presence of 

small modelling errors. 

 Stochastic control: Stochastic control deals with control design with uncertainty in the model. 

In typical stochastic control problems, it is assumed that there exist random noise and 

disturbances in the model and the controller, and the control design must take into account these 

random deviations. 

 Trim and Respond: Trim and Respond is a set point RESET sequence used to reduce energy 

use. For example, consider static pressure controls to an HVAC VAV ducted system. Static 

pressure setpoint can be reset within the range 0.7 in. W.C. to 1.5 in. W.C. WHILE the 

commands to all dampers are <90%, THEN lower the duct static pressure set point by 0.04" 

W.C. every 2 minutes. WHEN the commands to two or more dampers reach 100%, THEN 

increases the set point by 0.06" W.C. every two minutes. 

  

  

   

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Differential Equation 

 Learn about the types of differential equations  

 Learn about the Physical Modelling and its Applications 

 Learn about using Physical Modelling and Optimization  
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 Learn about the modeling of a Continuous Digester  

 Learn about the factors in the cook can be influenced  

 Learn about the Parameter Estimation to fit the Model to Process Data 

  

  

Definition/Overview: 

Differential Equation: A differential equation is a mathematical equation for an unknown 

function of one or several variables that relates the values of the function itself and of its 

derivatives of various orders. Differential equations play a prominent role in engineering, 

physics, economics and other disciplines. A simplified real world example of a differential 

equation is modeling the acceleration of a ball falling through the air (considering only gravity 

and air resistance). The ball's acceleration towards the ground is the acceleration due to gravity 

minus the deceleration due to air resistance. Gravity is a constant but air resistance is 

proportional to the ball's velocity. This means the ball's acceleration is dependent on its velocity. 

Because acceleration is the derivative of velocity, solving this problem requires a differential 

equation. 

  

Differential equations arise in many areas of science and technology; whenever a deterministic 

relationship involving some continuously changing quantities (modeled by functions) and their 

rates of change (expressed as derivatives) is known or postulated. This is well illustrated by 

classical mechanics, where the motion of a body is described by its position and velocity as the 

time varies. Newton's Laws allow one to relate the position, velocity, acceleration and various 

forces acting on the body and state this relation as a differential equation for the unknown 

position of the body as a function of time. In many cases, this differential equation may be 

solved explicitly, yielding the law of motion. 

  

Differential equations are mathematically studied from several different perspectives, mostly 

concerned with their solutions, functions that make the equation hold true. Only the simplest 

differential equations admit solutions given by explicit formulas. Many properties of solutions of 

a given differential equation may be determined without finding their exact form. If a self-
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contained formula for the solution is not available, the solution may be numerically 

approximated using computers. The theory of dynamical systems puts emphasis on qualitative 

analysis of systems described by differential equations, while many numerical methods have 

been developed to determine solutions with a given degree of accuracy. 

  

   

Key Points: 

1.    Types of differential equations  

 An ordinary differential equation (ODE) is a differential equation in which the unknown function 

is a function of a single independent variable. 

 A partial differential equation (PDE) is a differential equation in which the unknown function is 

a function of multiple independent variables and their partial derivatives. 

 A delay differential equation (DDE) is a differential equation in which the derivative of the 

unknown function at a certain time is given in terms of the values of the function at previous 

times. 

 A stochastic differential equation (SDE) is a differential equation in which one or more of the 

terms is a stochastic process, thus resulting in a solution which is itself a stochastic process. 

 A differential algebraic equation (DAE) is a differential equation comprising differential and 

algebraic terms, given in implicit form. 

  

2.   Physical Modelling and its Applications 

Physical modelling is a cost-effective and practical tool for design optimization and problem 

solving. Scaled model studies developed using the principles of dynamic similitude advance our 

understanding of the process and results are presented in a meaningful way to facilitate their use 

for design work. 

At Hatch, physical modelling is typically applied to contaminate transport and fluid mixing 

problems as commonly encountered in the metallurgical industry.  

Applications include:  

 Contaminate capture by fume hoods  
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 Building ventilation flows  

 Dispersion of windblown losses, stack plumes, and fugitive emissions  

 Mixing in reactors and duct systems 

  

3.   Using Physical Modelling and Optimization  

By using a dynamic physical model that is fitted to real process data, robust mathematical 

process models can be created. By doing this it is possible to develop process know how from 

many different sources, and also to include factors, that are not easy to measure on-line. 

Statistical models suffer from the fact that they are built on a specific equipment configuration. If 

this is changed they are no longer valid. The prediction power also is restricted to areas, where 

the process has been operated before. For good physical models the prediction power can be 

quite good also outside the normal operational area, if there is a fair understanding of the 

physical behavior in this region. This gives a significantly better robustness of a good physical 

model compared to pure statistical models, but the calculation speed can still be very fast 

compared to e.g. a CFD calculation of a complex structure. From the dynamic physical model a 

model reduction can be performed to get a MPC, a Model Predictive Control. e.g. by the ABCD 

method. Still, if the measured data is of poor quality, the model predictions will also be poor. 

Thus data reconciliation is needed in order to keep control of all measurements. Control loop 

diagnostics is another important factor to include. If a control loop is oscillating, a valve is 

sticking or there is a bad interaction between control loops, this has to be determined. Otherwise 

we will also get a poor  plant performance.  

  

It is also of interest to optimize at several levels. At the top level, we want to coordinate different 

parts of the plant. This means primarily to give set points to the main sections, what production 

rate or quality to run, and how to ramp between different qualities or production rates. At the 

next level, operation of each section needs to be optimized. This can be done using the same 

model, by putting constraints on this. By running different scenarios, the optimal way of 

operation can be achieved, under given conditions. If some equipment is subject to new 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

9
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



limitations, like a pump not giving full capacity or a screen that is partially clogged, this will be 

handled by the optimization procedure. 

  

Another aspect of this optimization is to determine the performance in the process and the 

equipment, to find out if something is drifting in the wrong direction. This can be that a valve is 

starting to clog or a pump is eroded, causing the flow rate to slowly go less and less. It can also 

be a sensor with mal functioning or a heat exchanger suffering of fouling. By bringing in 

information on the sensor and equipment performance, potential risks for future problems can be 

determined. The information is sent to a root cause analysis system, where different possible root 

causes are identified, by using e.g. a Bayesian network. The network is first developed from 

existing process know-how, and complemented continuously by feed back from how good the 

fault prediction has been. Maintenance staff or operators feed information on what was the real 

problem to the system after the problem has been resolved. This information is then used to 

update the Bayesian network automatically. 

  

4.   Modeling of a Continuous Digester  

The most important factor with respect to the final fibre properties is the wood itself. Hardwood 

and softwood as well as straw have very different chemical and mechanical properties, but also 

different parts of a tree have different properties. Young wood that was produced during the first 

years of the trees life will have different fibre lengths and chemical composition than "old 

wood", produced as the tree has passed its "infancy". Even the place where a tree has been 

growing will be of importance. Eucalyptus, pine or oak grown at the top of a hill may have 

different properties compared to a tree of the same species grown at the bottom of a valley. The 

size of the wood chips is another important factor. Svedman and Tikka (1996) have shown the 

effect on a batch process, while others, eg. M. MacLeod and T. Johnson (1995) have shown the 

effect for continuous cooking. 

The major factors influencing the extraction of lignin is temperature, concentration of Hydroxide 

and Sulphide ( hydrogen Sulphide) for kraft pulp or Sulphite for Sulphite pulp. To this we also 

have to add residence time in the cook zone. 
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In simple terms the Sulphide primarily breaks the bond between fibres and lignin, while 

hydroxide extracts the lignin into water. If there is too little hydroxide or too low temperature, 

lignin may precipitate back onto the fibres. Too high concentration of primarily high molecular 

weight lignin also may cause back precipitation. The kappa number then will go up, and this 

lignin seems to be more difficult to remove again in the bleach plant, according to some theories 

presented, and thus should be avoided. The amount of lignin on the fibres is usually stated as the 

kappa number, where:  

% Lignin in dry pulp = kappa number * 0.15 

  

The delignification is normally modelled as taking place in three phases 1) an initial phase, 2) 

bulk delignification and 3) residual delignification. The first phase is quite rapid. Thereafter we 

get into the bulk delignification phase. Here we have a good correlation between temperature, 

hydroxide/Sulphide concentrations and residence time, on surface lignin remaining on the fibres. 

This is also relatively rapid. The residual lignin normally relates only to a few percents of the 

original lignin, but it significantly affects the bleaching properties and the yield. So the goal must 

be to have the bulk delignification to proceed as far as possible. What can be concluded is that a 

high hydroxide concentration gives less residual lignin for all wood and straw species, but high 

hydroxide especially at the end of the cook also has a negative effect on the fibre strength. High 

concentration of Sulphide has lower impact, but becomes essential if the hydroxide concentration 

is low. Temperature does not affect the residual delignification phase as much, as it does with 

bulk delignification. 

A good strategy should be to add excess Sulphide during impregnation, add a lot of hydroxide 

during the actual bulk delignification and reduce the total amount of free alkali as the actual cook 

is over, to reduce the risk of further break down of cellulose and hemicellulose. It is risky to 

reduce temperature and hydroxide to fast in the washing, as  back precipitation of lignin can be a 

problem. If the temperature is too high at the end of the cook, we may get degradations that give 

viscosity losses, as fibre molecular chains are degraded. 

  

Poor distribution of liquor can be due to non-homogenous chip size distribution across the 

digester or along the digester. If there is a poor distribution across the digester, channeling can 
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occur. The liquor will pass much easier where there is more free space between the chips. In this 

case there will be significant variations in kappa number, and it may be quite difficult to detect 

the reason for this phenomenon.  When the chips are in different sizes, the diffusion of chemicals 

into the chips, and diffusion of lignin and spent chemicals out of the chips, will vary. This will 

also mean, that large chips may have a higher kappa number than the small ones, although they 

have experienced the same cooking cycle. When there is saw mill fines in the feed, they may 

cause clogging of the screens. It is important to keep the screens clean, and to detect clogging 

and accompanying hang ups. If the fines move into the screen, we both risk clogging in the 

screen and hang ups of the chips at the wall, which will cause an increased kappa number 

variation of the digested fibers. In our model, we include both the mechanical aspects like 

transfer of hydroxide and Sulphide ions into the chips, and diffusion of lignin out of the chips. 

Also different chemical reactions are considered for different types of lignin and hemi cellulose, 

and action of hydroxide, Sulphide and temperature. The digester column is separated into a 

number of segments in both vertical and horizontal direction (2D). The number of segments can 

be varied. Inflows, outflows, chemical composition and chemical reactions are included. The 

flow distribution is handled by assuming a chip size distribution. This can be varied in time in 

the feed. Compaction of the chips, as lignin is dissolved is considered. 

  

5.   What Factors In The Cook Can Be Influenced  

The most common factor to control is the H-factor 

 

The H-factor gives a correlation between the dissolution of lignin to the residence time (  dt) and 

the temperature (T). A set of the constants is valid for a certain wood type. A specified H-factor 

will give a certain kappa-number and yield. If the feed flow increases, we should then just use 

the formula to adjust what temperature is needed. This assuming the concentration of hydroxide 

and Sulphide is kept constant, in relation to the wood feed. The H-factor will give the dissolution 

of lignin. For a different hydroxide and Sulphide concentration, a different chemical composition 

or a different average chip size, a new H-factor has to be established. There is also another factor 

called G-factor, giving the degradation of cellulose and hemi cellulose as a function of the same 

product, time and temperature, but with different constants. This will reflect the "viscosity" of 
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the pulp. In reality it is the polymer chain length of the cellulose fibres that is determined. High 

polymer chain length gives higher viscosity number and normally also a better fibre strength.  

  

To get the right H-factor set point when wood is varying, we would also need a feed forward 

signal for the wood feed to the digester. This can principally be achieved from measuring the 

NIR spectrum ( Near Infra Red ) for the incoming wood. This can give both chemical 

composition and moisture content of the chips. In Sweden tests have been done with on-line 

measurements of this at the conveyor feeding the chip bin. As we have mentioned earlier also 

alkali concentration in the white liquor is very important. 

Actually, we can state the lignin dissolution rate with an expression similar to the H-factor 

expression: 

 

where a,b,c,d,f are constants specific for each wood type. 

  

Another important factor to control is the impregnation of the chips. This is done by steam 

blowing the chips to drive air out followed by impregnation with white liquor under pressure. 

When possible, it is best with a Sulphide concentration as high as possible. Sometimes black 

liquor is used, to enhance the wetting. It is very important to keep the chip feed as constant as 

possible, both the mass flow and the composition. These are often problematic to keep constant, 

which causes problems to keep the level constant in the digester. With the model predictions, we 

can see how the composition profile through the digester varies for important chemical 

components of the wood chip.  

  

6.   Parameter Estimation to fit the Model to Process Data  

So far we have mainly been talking about what is included in the model. A concern is how to get 

the model tuned to the process, and how to make use of it for the process control. Typically we 

tune the constants a -f in the expression in the previous paragraph. First, we need to have 

something to measure, and preferably something that is measured on-line, but frequent lab 

measurements may be sufficient. If we do not have the right measurements, we cannot update the 

model. Important variables to measure frequently are free alkali, dissolved lignin and total 
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dissolved solids in white liquor and the extraction lines. Sulphide is also interesting to follow. In 

the future it will also be interesting to add wood properties measured e.g. by NIR spectra, to 

determine lignins ( fast/slow), hemi-cellulose, cellulose and water content of the incoming wood 

at the conveyor. By having these measurements, we can tune the model for a specific wood mix . 

What we do is principally to use the prediction model to determine the dissolution of lignin and 

consumption of the chemicals, and then adjust the parameters until the model predicted values 

and the measured values are as close as possible. This is done for the cooking liquors. 

  

  

  

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Explanation of Transfer Function 

 Laplace Transform    

 s-Domain equivalent circuits and impedances 

 Learn about the identification of Univariate Transfer Function  

  

  

Definition/Overview: 

Transfer Function: A transfer function (also known as the network function) is a 

mathematical representation, in terms of spatial or temporal frequency, of the relation between 

the input and output of a (linear time-invariant) system. With optical imaging devices, for 

example, it is the Fourier transform of the point spread function (hence a function of spatial 

frequency) i.e. the intensity distribution caused by a point object in the field of view. 
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Key Points:  

1.   Explanation of Transfer Function 

The transfer function is commonly used in the analysis of single-input single-output electronic 

filters, for instance. It is mainly used in signal processing, communication theory, and control 

theory. The term is often used exclusively to refer to linear, time-invariant systems (LTI), as 

covered in this article. Most real systems have non-linear input/output characteristics, but many 

systems, when operated within nominal parameters (not "over-driven") have behavior that is 

close enough to linear that LTI system theory is an acceptable representation of the input/output 

behavior. In its simplest form for continuous-time input signal x(t) and output y(t), the transfer 

function is the linear mapping of the Laplace transform of the input, X(s), to the output Y(s): 

 

where H(s) is the transfer function of the LTI system. 

In discrete-time systems, the function is similarly written as  

 

and is often referred to as the pulse-transfer function. 

  

1.1.   Direct derivation from differential equations 

Consider an inhomogeneous linear differential equation with constant coefficients 

 

where u and r are suitably smooth functions of t, and L is the operator defined on the 

relevant function space, that transforms u into r. That kind of equations can be used to 

constrain the output function u in terms of the forcing function r. The transfer function, 

written as an operator F[r] = u, is the right inverse of L, since L[F[r]] = r. 
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Solutions of the homogeneous equation L[u] = 0 can be found by trying u = e
λt

. That 

substitution yields the characteristic polynomial 

 

The inhomogeneous case can be easily solved if the input function r is also of the form 

r(t) = e
st
. In that case, by substituting u = H(s)e

st
 one finds that L[H(s)e

st
] = e

st
 if and only 

if 

 

Taking that as the definition of the transfer function requires to carefully disambiguate 

between complex vs. real values, which is traditionally influenced by the interpretation of 

abs(H(s)) as the gain and -atan(H(s)) as the phase lag. 

  

2.   Laplace Transform    

In mathematics, the Laplace transform is one of the best known and most widely used integral 

transforms. It is commonly used to produce an easily solvable algebraic equation from an 

ordinary differential equation. It has many important applications in mathematics, physics, 

optics, electrical engineering, control engineering, signal processing, and probability theory. 

In mathematics, it is used for solving differential and integral equations. In physics, it is used for 

analysis of linear time-invariant systems such as electrical circuits, harmonic oscillators, optical 

devices, and mechanical systems. In this analysis, the Laplace transform is often interpreted as a 

transformation from the time-domain, in which inputs and outputs are functions of time, to the 

frequency-domain, where the same inputs and outputs are functions of complex angular 

frequency, or radians per unit time. Given a simple mathematical or functional description of an 

input or output to a system, the Laplace transform provides an alternative functional description 

that often simplifies the process of analyzing the behavior of the system, or in synthesizing a new 

system based on a set of specifications. Denoted , it is a linear operator on a 
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function f(t) (original) with a real argument t (t ≥ 0) that transforms it to a function F(s) (image) 

with a complex argument s. This transformation is essentially bijective for the majority of 

practical uses; the respective pairs of f(t) and F(s) are matched in tables. The Laplace transform 

has the useful property that many relationships and operations over the originals f(t) correspond 

to simpler relationships and operations over the images F(s). 

  

3.   s-Domain equivalent circuits and impedances 

The Laplace transform is often used in circuit analysis, and simple conversions to the s-Domain 

of circuit elements can be made. Circuit elements can be transformed into impedances, very 

similar to phasor impedances. 

Note that the resistor is exactly the same in the time domain and the s-Domain. The sources are 

put in if there are initial conditions on the circuit elements. 

  

4.   Identification of Univariate Transfer Function  

A relationship between two variables under investigation may be linear or nonlinear. Sometimes 

it is possible to transform a nonlinear relationship into a linear one by use of power 

transformations. We may identify nonlinearities by using half-slopes. First we partition the 

observations of a scatter plot into three equal parts (each part consisting of approximately the 

same amount of observations). Then we compute the medians of each partition yielding a set of 

three pairs of coordinates: 

 

The half-slopes are computed by 

 

whereas the half-slope ratio is 
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If this ratio is equal to 1, no transformation is required. On the other hand, if 

 

  

The dependence between the input variable (c.q. the exogenous variable), and the output variable 

(c.q. the endogenous variable) must not be restricted to linear models. Let us therefore have a 

closer look at the so-called impulse response function (IRF). A simple example of an IRF is 

 

In order to have the transfer function allow only finite incremental changes in the output series 

(if the input series undergoes a finite change), the model must be checked for stability. 

 

 

is called the steady gain of the model. Note that this gain converges in stable models. 

On using the more general (and parsimonious) formulation of the pure (c.q. without noise) 

transfer function model 

 

 

This result can be used to obtain 

 

Obviously a transfer function model depends on the parameters r, s, and b (c.q. TF(r,s,b)). 

Hence, on using (V.II.1-8), for any TF(r,s,b) model the theoretical impulse-response function can 

be obtained. A likewise procedure can be used to obtain the step impulse functions for any 

TF(r,s,b) model. If one is concerned with identifying a transfer function relationship between the 

input and output variable, and if the input variable is not a white noise series, a prewhitening 

step should precede the computation of a cross correlation function (CCF). In order to see this, 

consider the identification of the impulse response function without prewhitening (c.q. when the 

input series is not white noise). If W(t), X(t), and N(t) are stationary series then the impulse 

response function 
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On assuming that the input variable, and N(t) are uncorrelated; and on taking expectations, the 

covariance function is obtained 

 

from which it can be seen that a relationship exists between the impulse-response function and 

the covariance function. If however the input X(t) is not white noise, the cross covariance 

function (and hence also the CCF) is distorted due to autocorrelation, since (V.II.1-10) becomes 

 

where it is implicitly assumed that X(t) is uncorrelated with N(t); W(t), and X(t) are stationary 

(though autocorrelated) time series with zero mean; and k = 0, 1, 2, ... 

In order to compute the prewhitened cross correlation function (PCCF), we first filter the 

stationary input variable X(t) through its univariate stochastic (ARIMA) model 

 

such that the white noise series a(t) is obtained. Second, the stationary output series Y(t) is 

transformed through the same filter 

 

from which it can be deduced that 

 

  

 

where in practice the estimated standard errors and correlation coefficients are used. Thus, the 

PCCF can be used for transfer function identification purposes and the residual ACF and PACF 

(of the transfer function model) can be used for checking purposes, and provides a mean to adapt 

inadequately identified models. 
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 In Section 2 of this course you will cover these topics: 

 State Models 

 Simulation 

 Stability 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define State Model 

 Learn about State Diagram 

 Learn about Directed Graph 

 Learn about Finite State Machine and its basic concepts 

 Learn about the classification of FSM 

  

  

Definition/Overview: 

State Model: The state model describes the states and events in a system using a diagram or 

table. There are many different types of state diagrams and tables. Causal Loop Diagrams are 

used for System Models. In a structured analysis and design method, state models show the 

modes in a system and usually connect to data flow diagrams using control bars and control 

flows. In an object-oriented approach a state model is typically used to describe the lifecycle of a 

complex object. The Harel state model illustrated below has become popular in recent years due 

to its ability to express concurrency.  
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Key Points:  

1.   State Diagram 

A state diagram is a type of diagram used in computer science and related fields to describe the 

behavior of systems. State diagrams require that the system described is composed of a finite 

number of states; sometimes, this is indeed the case, while at other times this is a reasonable 

abstraction. There are many forms of state diagrams, which differ slightly and have different 

semantics. State diagrams are used to describe the behavior of a system. State diagrams can 

describe the possible states of an object as events occur. Each diagram usually represents objects 

of a single class and track the different states of its objects through the system. State diagram can 

be used to graphically represent finite state machines. This was introduced by Taylor Booth in 

his 1967 book "Sequential Machines and Automata Theory". Another possible representation is 

the State transition table. 

  

2.   Directed Graph 

A classic form of a state diagram for a finite state machine is a directed graph with the following 

elements : 

 States Q: a finite set of vertices normally represented by circles and labelled with unique 

designator symbols or words written inside them; 

 Input symbols Σ: a finite collection of input symbols or designators; 

 Output symbols Z: a finite collection of output symbols or designators; 

The output function ω represents the mapping of input symbols into output symbols, denoted 

mathematically as ω : Σ Q→ Z. 

 Edges δ: represent the "transitions" between two states as caused by the input (identified by their 

symbols drawn on the "edges"). An 'edge' is usually drawn as an arrow directed from the present-

state toward the next-state. This mapping describes the state transitions that is to occur on input 

of a particular symbol. This is written mathematically as δ : Σ Q → Z 

 Start state q0: (not shown in the examples below). The start state q0 ∈ Q is usually represented 

by an arrow with no origin pointing to the state. In older texts, the start state is not shown and 

must be inferred from the text. 
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 Accepting state(s) F: If used, for example for accepting automata, F ∈ Q is the accepting state. It 

is usually drawn as a double circle. Sometimes the accept state(s) function as "Final" (halt, 

trapped) states. 

  

For a deterministic finite state machine (DFA), nondeterministic finite state machine (NFA), 

generalized nondeterministic finite state machine (GNFA), or Moore machine, the input is 

denoted on each edge. For a Mealy machine, input and output are signified on each edge, 

separated with a slash "/": "1/0" denotes the state change upon encountering the symbol "1" 

causing the symbol "0" to be output. For a Moore machine the state's output is usually written 

inside the state's circle, also separated from the state's designator with a slash "/". There are also 

variants that combine these two notations. For example, if a state has a number of outputs (e.g. 

"a= motor counter-clockwise=1, b= caution light inactive=0") the diagram should reflect this : 

e.g. "q5/1,0" designates state q5 with outputs a=1, b=0. This designator will be written inside the 

state's circle. 

  

3.   Finite State Machine  

A finite state machine (FSM) or finite state automaton (plural: automata) or simply a state 

machine, is a model of behavior composed of a finite number of states, transitions between those 

states, and actions. A finite state machine is an abstract model of a machine with a primitive 

internal memory. 

  

4.   Basic Concepts  

A current state is determined by past states of the system. As such, it can be said to record 

information about the past, i.e. it reflects the input changes from the system start to the present 

moment. A transition indicates a state change and is described by a condition that would need to 

be fulfilled to enable the transition. An action is a description of an activity that is to be 

performed at a given moment. There are several action types: 

 Entry action: This is performed when entering the state 

 Exit action: This is performed when exiting the state 
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 Input action: This is performed depending on present state and input conditions 

 Transition action: This is performed when performing a certain transition 

  

A FSM can be represented using a state diagram (or state transition diagram) as in figure 1 

above. Besides this, several state transition table types are used. The most common 

representation is shown below: the combination of current state (B) and condition (Y) shows the 

next state (C). The complete actions information can be added only using footnotes. An FSM 

definition including the full actions information is possible using state tables. An FSM definition 

including the full actions information is possible using state tables. 

  

State transition table 

Current State → 

Condition 

State A State B State C 

Condition X ... ... ... 

Condition Y ... State C ... 

Condition Z ... ... ... 

[Table 1: State transition table] 

  

In addition to their use in modeling reactive systems presented here, finite state automata are 

significant in many different areas, including electrical engineering, linguistics, computer 

science, philosophy, biology, mathematics, and logic. A complete survey of their applications is 

outside the scope of this article. Finite state machines are a class of automata studied in automata 

theory and the theory of computation. In computer science, finite state machines are widely used 

in modeling of application behavior, design of hardware digital systems, software engineering, 

compilers, network protocols, and the study of computation and languages. 
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5.   Classification 

There are two different groups: Acceptors/Recognizers and Transducers. 

  

3.1.   Acceptors and recognizers 

  

 

  

Acceptors and recognizers (also sequence detectors) produce a binary output, saying 

either yes or no to answer whether the input is accepted by the machine or not. All states 

of the FSM are said to be either accepting or not accepting. At the time when all input is 

processed, if the current state is an accepting state, the input is accepted; otherwise it is 

rejected. As a rule the input are symbols (characters); actions are not used. The example 

in figure 2 shows a finite state machine which accepts the word "nice". In this FSM the 

only accepting state is number 7. The machine can also be described as defining a 

language, which would contain every word accepted by the machine but none of the 

rejected ones; we say then that the language is accepted by the machine. By definition, 

the languages accepted by FSMs are the regular languages - that is, a language is regular 

if there is some FSM that accepts it. 

  

5.1.1.   Start state 

The start state is usually shown drawn with an arrow "pointing at it from 

nowhere". 
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5.1.2.   Accept state 

  

An accept state (sometimes referred to as an accepting state) is a state at which 

the machine has successfully performed its procedure. It is usually represented by 

a double circle. An example of an accepting state appears on the right in this 

diagram of a deterministic finite automaton (DFA) which determines if the binary 

input contains an even number of 0s. S1 (which is also the start state) indicates the 

state at which an even number of 0s has been input and is therefore defined as an 

accepting state. This machine will give a correct end state if the binary number 

contains an even number of zeros including a string with no zeros. Examples of 

strings accepted by this DFA are epsilon (the empty string), 1, 11, 11..., 00, 010, 

1010, 10110 and so on. 

  

5.1.3.   Transducers 

Transducers generate output based on a given input and/or a state using actions. 

They are used for control applications and in the field of computational 

linguistics. Here two types are distinguished: 

  

5.1.3.1.   Moore machine 

The FSM uses only entry actions, i.e. output depends only on the state. 

The advantage of the Moore model is a simplification of the behaviour. 

Consider an elevator door. The state machine recognizes two commands: 

"command_open" and "command_close" which trigger state changes. The 

entry action (E:) in state "Opening" starts a motor opening the door, the 

entry action in state "Closing" starts a motor in the other direction closing 

the door. States "Opened" and "Closed" don't perform any actions. They 
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signal to the outside world (e.g. to other state machines) the situation: 

"door is open" or "door is closed". 

 

5.1.3.2.   Mealy machine 

The FSM uses only input actions, i.e. output depends on input and state. 

The use of a Mealy FSM leads often to a reduction of the number of states. 

The example in figure 4 shows a Mealy FSM implementing the same 

behaviour as in the Moore example (the behaviour depends on the 

implemented FSM execution model and will work e.g. for virtual FSM but 

not for event driven FSM). There are two input actions (I:): "start motor to 

close the door if command_close arrives" and "start motor in the other 

direction to open the door if command_open arrives". The "opening" and 

"closing" intermediate states are not shown. In practice mixed models are 

often used. A further distinction is between deterministic (DFA) and non-

deterministic (NDFA, GNFA) automata. In deterministic automata, for 

each state there is exactly one transition for each possible input. In non-

deterministic automata, there can be none, one, or more than one transition 

from a given state for a given possible input. This distinction is relevant in 

practice, but not in theory, as there exists an algorithm which can 

transform any NDFA into an equivalent DFA, although this 

transformation typically significantly increases the complexity of the 

automaton. The FSM with only one state is called a combinatorial FSM 

and uses only input actions. This concept is useful in cases where a 

number of FSM are required to work together, and where it is convenient 

to consider a purely combinatorial part as a form of FSM to suit the design 

tools. 
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Topic Objective: 

At the end of this topic the student would be able to: 

 Define Simulation 

 Learn about Computer Simulation 

 Learn about Simulation versus modeling 

 Learn about Data preparation 

 Learn about CGI computer simulation 

 Learn about Computer simulation in science 

 Learn about Computer simulation in practical contexts 

 Learn about the pitfalls of simulation 

  

  

Definition/Overview: 

Simulation: Simulation is the imitation of some real thing, state of affairs, or process. The act of 

simulating something generally entails representing certain key characteristics or behaviors of a 

selected physical or abstract system. Simulation is used in many contexts, including the 

modeling of natural systems or human systems in order to gain insight into their functioning. 

Other contexts include simulation of technology for performance optimization, safety 

engineering, testing, training and education. Simulation can be used to show the eventual real 

effects of alternative conditions and courses of action. Key issues in simulation include 

acquisition of valid source information about the referent, selection of key characteristics and 

behaviours, the use of simplifying approximations and assumptions within the simulation, and 

fidelity and validity of the simulation outcomes. 
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Key Points:  

1.   Computer Simulation 

A computer simulation, a computer model or a computational model is a computer program, or 

network of computers, that attempts to simulate an abstract model of a particular system. 

Computer simulations have become a useful part of mathematical modeling of many natural 

systems in physics (computational physics), chemistry and biology, human systems in 

economics, psychology, and social science and in the process of engineering new technology, to 

gain insight into the operation of those systems, or to observe their behavior. 

Computer simulations vary from computer programs that run a few minutes, to network-based 

groups of computers running for hours, to ongoing simulations that run for days. The scale of 

events being simulated by computer simulations has far exceeded anything possible (or perhaps 

even imaginable) using the traditional paper-and-pencil mathematical modeling: over 10 years 

ago, a desert-battle simulation, of one force invading another, involved the modeling of 66,239 

tanks, trucks and other vehicles on simulated terrain around Kuwait, using multiple 

supercomputers in the DoD High Performance Computer Modernization Program;  a 1-billion-

atom model of material deformation (2002); a 2.64-million-atom model of the complex maker of 

protein in all organisms, a ribosome, in 2005; and the Blue Brain project at EPFL (Switzerland), 

began in May 2005, to create the first computer simulation of the entire human brain, right down 

to the molecular level.  

   

2.   Simulation versus modeling 

Traditionally, formal modeling (spelled 'modelling' in British English) of systems has been via a 

mathematical model, which attempts to find analytical solutions to problems and thereby enable 

the prediction of the behavior of the system from a set of parameters and initial conditions. 

While computer simulations might use some algorithms from purely mathematical models, 

computers can combine simulations with reality or actual events, such as generating input 

responses, to simulate test subjects who are no longer present. Whereas the missing test subjects 

are being modeled/simulated, the system they use could be the actual equipment, revealing 

performance limits or defects in long-term use by the simulated users. 

Note that the term computer simulation is broader than computer modeling, which implies that 

all aspects are being modeled in the computer representation. However, computer simulation also 
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includes generating inputs from simulated users to run actual computer software or equipment, 

with only part of the system being modeled: an example would be flight simulators which can 

run machines as well as actual flight software. Computer simulations are used in many fields, 

including science, technology, entertainment, and business planning and scheduling. 

   

3.   Data preparation 

The data input/output for the simulation can be either through formatted textfiles or a pre- and 

postprocessor. 

3.1.   Types 

Computer models can be classified according to several independent pairs of attributes, 

including: 

o Stochastic or deterministic (and as a special case of deterministic, chaotic)  

o Steady-state or dynamic 

o Continuous or discrete (and as an important special case of discrete, discrete 

event or DE models) 

o Local or distributed. 

These attributes may be arbitrarily combined to form terminology that describes 

simulation types, such as "continuous dynamic simulations" or "discrete dynamic 

simulations." 

For example: 

o Steady-state models use equations defining the relationships between elements 

of the modeled system and attempt to find a state in which the system is in 

equilibrium. Such models are often used in simulating physical systems, as a 

simpler modeling case before dynamic simulation is attempted. 

o Dynamic simulations model changes in a system in response to (usually 

changing) input signals. 

o Stochastic models use random number generators to model chance or random 

events; they are also called Monte Carlo simulations. 

o A discrete event simulation (DES) manages events in time. Most computer, 

logic-test and fault-tree simulations are of this type. In this type of simulation, 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

29
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



the simulator maintains a queue of events sorted by the simulated time they 

should occur. The simulator reads the queue and triggers new events as each 

event is processed. It is not important to execute the simulation in real time. 

It's often more important to be able to access the data produced by the 

simulation, to discover logic defects in the design, or the sequence of events. 

o A continuous dynamic simulation performs numerical solution of differential-

algebraic equations or differential equations (either partial or ordinary). 

Periodically, the simulation program solves all the equations, and uses the 

numbers to change the state and output of the simulation. Applications include 

flight simulators, construction and management simulation games, chemical 

process modeling, and simulations of electrical circuits. Originally, these 

kinds of simulations were actually implemented on analog computers, where 

the differential equations could be represented directly by various electrical 

components such as op-amps. By the late 1980s, however, most "analog" 

simulations were run on conventional digital computers that emulate the 

behavior of an analog computer. 

o A special type of discrete simulation which does not rely on a model with an 

underlying equation, but can nonetheless be represented formally, is agent-

based simulation. In agent-based simulation, the individual entities (such as 

molecules, cells, trees or consumers) in the model are represented directly 

(rather than by their density or concentration) and possess an internal state and 

set of behaviors or rules which determine how the agent's state is updated 

from one time-step to the next. 

o Distributed models run on a network of interconnected computers, possibly 

through the Internet. Simulations dispersed across multiple host computers 

like this are often referred to as "distributed simulations". There are several 

standards for distributed simulation, including Aggregate Level Simulation 

Protocol (ALSP), Distributed Interactive Simulation (DIS), the High Level 

Architecture (simulation) (HLA) and the Test and Training Enabling 

Architecture (TENA). 
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4.   CGI computer simulation 

Formerly, the output data from a computer simulation was sometimes presented in a table, or a 

matrix, showing how data was affected by numerous changes in the simulation parameters. The 

use of the matrix format was related to traditional use of the matrix concept in mathematical 

models; however, psychologists and others noted that humans could quickly perceive trends by 

looking at graphs or even moving-images or motion-pictures generated from the data, as 

displayed by computer-generated-imagery (CGI) animation. Although observers couldn't 

necessarily read out numbers, or spout math formulas, from observing a moving weather chart, 

they might be able to predict events, much faster than scanning tables of rain-cloud coordinates. 

Such intense graphical displays, which transcended the world of numbers and formulae, 

sometimes also led to output that lacked a coordinate grid or omitted timestamps, as if straying 

too far from numeric data displays. Today, weather forecasting models tend to balance the view 

of moving rain/snow clouds against a map that uses numeric coordinates and numeric 

timestamps of events. Similarly, CGI computer simulations of CAT scans can simulate how a 

tumor might shrink or change, during an extended period of medical treatment, presenting the 

passage of time as a spinning view of the visible human head, as the tumor changes. 

Other applications of CGI computer simulations are being developed to graphically display large 

amounts of data, in motion, as changes occur during a simulation run. 

   

5.   Computer simulation in science 

Generic examples of types of computer simulations in science, which are derived from an 

underlying mathematical description: 

 a numerical simulation of differential equations which cannot be solved analytically, theories 

which involve continuous systems such as phenomena in physical cosmology, fluid dynamics 

(e.g. climate models, roadway noise models, roadway air dispersion models), continuum 

mechanics and chemical kinetics fall into this category. 

 a stochastic simulation, typically used for discrete systems where events occur probabilistically, 

and which cannot be described directly with differential equations (this is a discrete simulation in 

the above sense). Phenomena in this category include genetic drift, biochemical or gene 

regulatory networks with small numbers of molecules. 
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Specific examples of computer simulations follow: 

 statistical simulations based upon an agglomeration of a large number of input profiles, such as 

the forecasting of equilibrium temperature of receiving waters, allowing the gamut of 

meteorological data to be input for a specific locale. This technique was developed for thermal 

pollution forecasting . 

 agent based simulation has been used effectively in ecology, where it is often called individual 

based modeling and has been used in situations for which individual variability in the agents 

cannot be neglected, such as population dynamics of salmon and trout (most purely mathematical 

models assume all trout behave identically). 

 time stepped dynamic model. In hydrology there are several such hydrology transport models 

such as the SWMM and DSSAM Models developed by the U.S. Environmental Protection 

Agency for river water quality forecasting. 

 computer simulations have also been used to formally model theories of human cognition and 

performance, e.g. ACT-R 

 computer simulation using molecular modeling for drug discovery 

 Computational fluid dynamics simulations are used to simulate the behaviour of flowing air, 

water and other fluids. There are one-, two- and three- dimensional models used. A one 

dimensional model might simulate the effects of water hammer in a pipe. A two-dimensional 

model might be used to simulate the drag forces on the cross-section of an aeroplane wing. A 

three-dimensional simulation might estimate the heating and cooling requirements of a large 

building. 

 An understanding of statistical thermodynamic molecular theory is fundamental to the 

appreciation of molecular solutions. Development of the Potential Distribution Theorem (PDT) 

allows one to simplify this complex subject to down-to-earth presentations of molecular theory. 

   

6.   Computer simulation in practical contexts 

Computer simulations are used in a wide variety of practical contexts, such as: 

 analysis of air pollutant dispersion using atmospheric dispersion modeling 

 design of complex systems such as aircraft and also logistics systems. 

 design of Noise barriers to effect roadway noise mitigation 

 flight simulators to train pilots 
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 weather forecasting 

 forecasting of prices on financial markets (for example Adaptive Modeler) 

 behavior of structures (such as buildings and industrial parts) under stress and other conditions 

 design of industrial processes, such as chemical processing plants 

 Strategic Management and Organizational Studies 

 Reservoir simulation for the petroleum engineering to model the subsurface reservoir 

 Process Engineering Simulation tools. 

 Robot simulators for the design of robots and robot control algorithms 

 Traffic engineering to plan or redesign parts of the street network from single junctions over 

cities to a national highway network. 

 modeling car crashes to test safety mechanisms in new vehicle models 

  

The reliability and the trust people put in computer simulations depends on the validity of the 

simulation model, therefore verification and validation are of crucial importance in the 

development of computer simulations. Another important aspect of computer simulations is that 

of reproducibility of the results, meaning that a simulation model should not provide a different 

answer for each execution. Although this might seem obvious, this is a special point of attention 

in stochastic simulations, where random numbers should actually be semi-random numbers. An 

exception to reproducibility are human in the loop simulations such as flight simulations and 

computer games. Here a human is part of the simulation and thus influences the outcome in a 

way that is hard if not impossible to reproduce exactly. 

  

Vehicle manufacturers make use of computer simulation to test safety features in new designs. 

By building a copy of the car in a physics simulation environment, they can save the hundreds of 

thousands of dollars that would otherwise be required to build a unique prototype and test it. 

Engineers can step through the simulation milliseconds at a time to determine the exact stresses 

being put upon each section of the prototype. Computer graphics can be used to display the 

results of a computer simulation. Animations can be used to experience a simulation in real-time 

e.g. in training simulations. In some cases animations may also be useful in faster than real-time 

or even slower than real-time modes. For example, faster than real-time animations can be useful 

in visualizing the buildup of queues in the simulation of humans evacuating a building. 
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Furthermore, simulation results are often aggregated into static images using various ways of 

scientific visualization. In debugging, simulating a program execution under test (rather than 

executing natively) can detect far more errors than the hardware itself can detect and, at the same 

time, log useful debugging information such as instruction trace, memory alterations and 

instruction counts. This technique can also detect buffer overflow and similar "hard to detect" 

errors as well as produce performance information and tuning data. 

  

7.   Pitfalls 

Although sometimes ignored in computer simulations, it is very important to perform sensitivity 

analysis to ensure that the accuracy of the results are properly understood. For example, the 

probabilistic risk analysis of factors determining the success of an oilfield exploration program 

involves combining samples from a variety of statistical distributions using the Monte Carlo 

method. If, for instance, one of the key parameters (i.e. the net ratio of oil-bearing strata) is 

known to only one significant figure, then the result of the simulation might not be more precise 

than one significant figure, although it might (misleadingly) be presented as having four 

significant figures. 

  

  

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Stability Theory and Dynamical System 

 Learn about Numerical Stability 

 Learn about Forward, backward, and mixed stability 

 Learn about Stability of Fixed Points 
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Definition/Overview: 

Stability Theory: In mathematics, stability theory deals with the stability of solutions (or sets of 

solutions) for differential equations and dynamical systems. 

  

Dynamical System: The dynamical system concept is a mathematical formalization for any 

fixed "rule" which describes the time dependence of a point's position in its ambient space. 

Examples include the mathematical models that describe the swinging of a clock pendulum, the 

flow of water in a pipe, and the number of fish each spring in a lake. At any given time a 

dynamical system has a state given by a set of real numbers (a vector) which can be represented 

by a point in an appropriate state space (a geometrical manifold). Small changes in the state of 

the system correspond to small changes in the numbers. The evolution rule of the dynamical 

system is a fixed rule that describes what future states follow from the current state. The rule is 

deterministic: for a given time interval only one future state follows from the current state. 

  

   

Key Points:  

1.   Numerical Stability 

The relevant phenomenon is instability. Researchers are astonished when their calculations are 

swamped by errors even though they can prove they are doing perfect math. Typically their 

computations would work, in the limit, if there were no round-off or truncation errors, but 

depending on the specific computational method small errors can be magnified instead of 

damped leading to enormous errors and the phenomenon called "instability". Sometimes a single 

calculation can be achieved in several ways, all of which are algebraically equivalent in terms of 

ideal real or complex numbers, but in practice when performed on digital computers yield 

different results. Some calculations might damp out approximation errors that occur; others 

might magnify such errors. Calculations that can be proven not to magnify approximation errors 

are called numerically stable. One of the common tasks of numerical analysis is to try to select 

algorithms which are robust that is to say, have good numerical stability among other desirable 

properties. 
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2.   Forward, backward, and mixed stability 

There are different ways to formalize the concept of stability. The following definitions of 

forward, backward, and mixed stability are often used in numerical linear algebra. 

  

Consider the problem to be solved by the numerical algorithm as a function f mapping the data x 

to the solution y. The result of the algorithm, say y*, will usually deviate from the "true" solution 

y. The main causes of error are round-off error, truncation error and data error. The forward error 

of the algorithm is the difference between the result and the solution; in this case, Δy = y* − y. 

The backward error is the smallest Δx such that f(x + Δx) = y*; in other words, the backward 

error tells us what problem the algorithm actually solved. The forward and backward error are 

related by the condition number: the forward error is at most as big in magnitude as the condition 

number multiplied by the magnitude of the backward error. 

In many cases, it is more natural to consider the relative error  

 

instead of the absolute error Δx. 

The algorithm is said to be backward stable if the backward error is small for all inputs x. Of 

course, "small" is a relative term and its definition will depend on the context. Often, we want 

the error to be of the same order as, or perhaps only a few orders of magnitude bigger than, the 

unit round-off. 

  

The usual definition of numerical stability uses a more general concept, called mixed stability, 

which combines the forward error and the backward error. An algorithm is stable in this sense if 

it solves a nearby problem approximately, i.e., if there exists a Δx such that both Δx is small and 

f(x + Δx) − y* is small. Hence, a backward stable algorithm is always stable. 

An algorithm is forward stable if its forward error divided by the condition number of the 

problem is small. This means that an algorithm is forward stable if it has a forward error of 

magnitude similar to some backward stable algorithm. 
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3.   Stability of Fixed Points 

  

3.1.   Linear autonomous systems 

The stability of fixed points of linear autonomous differential equations can be analyzed 

using the eigenvalues of the corresponding linear transformation. 

Given a linear vector field 

 

in R
n
 then the null vector is 

o        asymptotically ω-stable if and only if for all eigenvalues λ of A: Re( λ) 

< 0 

o        asymptotically α-stable if and only if for all eigenvalues λ of A: Re( λ) 

> 0 

o        unstable if there exists one eigenvalue λ of A with Re( λ) > 0 

  

The eigenvalues of a linear transformation are the roots of the characteristic polynomial 

of the corresponding matrix. A polynomial over 'R in one variable is called a Hurwitz 

polynomial if the real part of all roots are negative. The Routh-Hurwitz stability criterion 

is a necessary and sufficient condition for a polynomial to be a Hurwitz polynomial and 

thus can be used to decide if the null vector for a given linear autonomous differential 

equation is asymptotically ω-stable. 

  

3.2.   Non-linear autonomous systems 

The stability of fixed points of non-linear autonomous differential equations can be 

analyzed by linearisation of the system if the associated vector field is sufficiently 

smooth. 

Given a C
1
-vector field 
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in R
n
 with fixed point p and let J(F) denote the Jacobian matrix of F at point p, then p is 

o asymptotically ω-stable if and only if for all eigenvalues λ of J(F) : Re( λ) < 0 

o asymptotically α-stable if and only if for all eigenvalues λ of J(F) : Re( λ) > 0 

  

3.3.   Lyapunov function for general dynamical systems 

In physical systems, it is often possible to use energy conservation laws to analyze the 

stability of fixed points. A Lyapunov function is a generalization of this concept; the 

existence of such a function can be used to prove the stability of a fixed point. 

  

 In Section 3 of this course you will cover these topics: 

 Performance Criteria And Some Effects Of Feedback 

 Root-Locus Techniques 

 Frequency-Response Techniques 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Feedback 

 Learn about Nyquist Plot 

 Learn about Full State Feedback 

 Learn about positive and negative Feedback  
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Definition/Overview: 

Feedback: Feedback describes the situation when output from (or information about the result 

of) an event or phenomenon in the past will influence the same event/phenomenon in the present 

or future. When an event is part of a chain of cause-and-effect that forms a circuit or loop, then 

the event is said to "feed back" into itself. 

   

   

Key Points:  

1.   Overview of Feedback 

Feedback is a mechanism, process or signal that is looped back to control a system within itself. 

Such a loop is called a feedback loop. A control system has input from an external signal source 

and output to an external load; this defines a natural sense (or direction) or path of propagation of 

signal; the feedforward sense or path describes the signal propagation from input to output; 

feedback describes signal propagation in the reverse sense. When a sample of the output of the 

system is fed back, in the reverse sense, by a distinct feedback path into the interior of the 

system, to contribute to the input of one of its internal feedforward components, especially an 

active device or a substance that is consumed in an irreversible reaction, it is called the 

"feedback." 

  

The natural sense of feedforward is defined chemically by some irreversible reaction, or 

electronically by an active circuit element that has access to an auxiliary power supply, so as to 

be able to provide power gain to amplify the signal as it propagates from input to output. For 

example, an amplifier can use power from its controlled power reservoir, such as its battery, to 

provide power gain to amplify the signal; but the reverse is not possible: the signal cannot 

provide power to re-charge the battery of the amplifier. 

Feedforward, feedback and regulation are self related. The feedforward carries the signal from 

source to load. The negative feedback helps to maintain stability in a system in spite of external 

changes. It is related to homeostasis. Positive feedback amplifies possibilities of divergences 

(evolution, change of goals); it is the condition to change, evolution, growth; it gives the system 

the ability to access new points of equilibrium. 
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For example, in an organism, most positive feedback provide for fast autoexcitation of elements 

of endocrine and nervous systems (in particular, in stress responses conditions) and play a key 

role in morphogenesis, growth, and development of organs, all processes which are in essence a 

rapid escape from the initial state. Homeostasis is especially visible in the nervous and endocrine 

systems when considered at organism level. Chemical potential energy for irreversible reactions 

or electrical potential energy for irreversible cell-membrane current powers the feedforward 

sense of the process. Feedback is distinctly different from reinforcement that occurs in learning, 

or in conditioned reflexes. Feedback combines immediately with the immediate input signal to 

drive the responsive power gain element, without changing the basic responsiveness of the 

system to future signals. Reinforcement changes the basic responsiveness of the system to future 

signals, without combining with the immediate input signal. Reinforcement is a permanent 

change in the responsiveness of the system to all future signals. Feedback is only transient, being 

limited by the duration of the immediate signal. 

  

2.   Nyquist Plot 

A Nyquist plot is used in automatic control and signal processing for assessing the stability of a 

system with feedback. It is represented by a graph in polar coordinates in which the gain and 

phase of a frequency response are plotted. The plot of these phasor quantities shows the phase as 

the angle and the magnitude as the distance from the origin. This plot combines the two types of 

Bode plot magnitude and phase on a single graph, with frequency as a parameter along the curve. 

The Nyquist plot is named after Harry Nyquist, a former engineer at Bell Laboratories.  

  

The high frequency response is at the origin. The plot provides information on the poles and 

zeros of the transfer function (eg. from the angle at which the curve approaches the origin). 

Assessment of the stability of a closed-loop negative feedback system is done by applying the 

Nyquist stability criterion to the Nyquist plot of the open-loop system (i.e. the same system 

without its feedback loop). This method is easily applicable even for systems with delays which 

may appear difficult to analyze by means of other methods. Nyquist and related plots are classic 

methods of assessing stability, but have been supplemented or supplanted by computer-based 
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mathematical tools in recent years. Such plots remain a convenient method for an engineer to get 

an intuitive feel for a circuit. 

  

3.   Full State Feedback  

Full state feedback (FSF), or pole placement, is a method employed in feedback control system 

theory to place the closed-loop poles of a plant in pre-determined locations in the s-plane. 

Placing poles is desirable because the location of the poles corresponds directly to the 

eigenvalues of the system, which control the characteristics of the response of the system. 

If the closed-loop input-output transfer function can be represented by a state space equation, 

 

 

then the poles of the system are the roots of the characteristic equation given by 

 

Full state feedback is utilized by commanding the input vector . Consider an input proportional 

(in the matrix sense) to the state vector, 

. 

Substituting into the state space equations above, 

 

The roots of the FSF system are given by the characteristic equation, 

. Comparing the terms of this equation with those of the 

desired characteristic equation yields the values of the feedback matrix which force the 

closed-loop eigenvalues to the pole locations specified by the desired characteristic 

equation. 

  

4.   Other Types of Feedback 

 Positive feedback, which seeks to increase the event that caused it, as in a nuclear chain-

reaction, is also known as a self-reinforcing loop. An event influenced by positive feedback will 
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increase or decrease its output/activation until it hits a limiting constraint. Such a constraint may 

be destructive, as in thermal runaway or a nuclear chain reaction. Self-reinforcing loops can be a 

smaller part of a larger balancing loop, especially in biological systems such as regulatory 

circuits. 

 Negative feedback, which seeks to reduce the feedback signal that caused it, is also known as a 

self-correcting or balancing loop. Such loops tend to be goal-seeking, as in a thermostat which 

compares actual temperature with desired temperature and seeks to reduce the difference. 

Balancing loops are sometimes prone to hunting: an oscillation caused by an excessive or 

delayed feedback signal, resulting in over-correction. The terms negative and positive feedback 

can be used loosely or colloquially to describe or imply criticism and praise, respectively. This 

may lead to confusion with the more accurate terms positive and negative reinforcement, which 

both refer to something that increases the likelihood of a behavior. 

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Root-Locus Technique 

 Learn about the uses of Root Locus Technique 

 Learn about the z-plane vs s-plane 

 Learn about the Nyquist stability criterion 

 Learn about phase margin 

  

  

Definition/Overview: 

Root-Locus Technique: In control theory, the root locus is the locus of the poles and zeros of a 

transfer function as the system gain K is varied on some interval. The root locus is a useful tool 

for analyzing single input single output (SISO) linear dynamic systems. A system is stable if all 

of its poles are in the left-hand side of the s-plane (for continuous systems) or inside the unit 

circle of the z-plane (for discrete systems). 
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Key Points:  

1.   Uses of Root Locus Technique 

In addition to determining the stability of the system, the root locus can be used to identify the 

damping ratio and natural frequency of a system. Where lines of constant damping ratio can be 

drawn radially from the origin and lines of constant natural frequency can be drawn as arcs 

whose center points coincide with the origin. By selecting a point along the root locus that 

coincides with a desired damping ratio and natural frequency a gain can be calculated and 

implemented in the controller. 

  

2.   z-plane vs s-plane 

Root locus can also be computed in the z-plane, the discrete counterpart of the s-plane. An 

equation (z = e
sT

) maps continuous s-plane poles (not zeros) into the z-domain, where T is the 

sample period. The stable, left half s-plane maps as the unit circle into the z-plane, with the s-

plane origin equating to z=1 (because e
0
 = 1). A diagonal line of constant damping in the s-plane 

maps around a spiral from (1,0) in the z plane as it curves in toward the origin. Note also that the 

Nyquist aliasing criteria is expressed graphically in the z-plane by the -x axis, where (wn * T = 

pi). The line of constant damping just described spirals in indefinitely but in sampled data 

systems, frequency content is aliased down to lower frequencies by integral multiples of the 

Nyquist frequency. That is, the sampled response appears as a lower frequency and better 

damped as well since the root in the z-plane maps equally well to the first loop of a different, 

better damped spiral curve of constant damping. Many other interesting and relevant mapping 

properties can be described, not least that z-plane controllers, having the property that they may 

be directly implemented from the z-plane transfer function (zero/pole ratio of polynomials), can 

be imagined graphically on a z-plane plot of the open loop transfer function, and immediately 

analyzed utilizing root locus. Since root locus is a graphical angle technique, root locus rules 

work the same in the z and s planes. The idea of a root locus can be applied to many systems 
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where a single parameter K is varied. For example, it is useful to sweep any system parameter 

for which the exact value is uncertain, in order to determine its behavior. 

  

3.   Nyquist stability criterion 

The Nyquist stability criterion, named after Harry Nyquist, provides a simple test for stability of 

a closed-loop control system by examining the open-loop system's Nyquist plot. Stability of the 

closed-loop control system may be determined directly by computing the poles of the closed-

loop transfer function. In contrast, the Nyquist stability criterion allows stability to be determined 

without computing the closed-loop poles. 

  

The Nyquist Contour mapped through the open-loop transfer function F(s) yields a Nyquist plot 

for F(s). By the Argument Principle, the number of clock-wise encirclements of the origin must 

be the number of zeros of F(s) in the right-half complex plane minus the poles of F(s) in the 

right-half complex plane. If we look at the contour's encirclements of -1 instead of the origin, we 

find the difference between the number of poles and zeros in the right-half complex plane of 1 + 

F(s). Recalling that the zeros of 1 + F(s) are the poles of the close-loop system, and noting that 

the poles of 1 + F(s) are same as the poles of F(s), we now state. Given a Nyquist contour Γs, let 

P be the number of poles of F(s) encircled by Γs, and Z be the number of zeros of F(s) encircled 

by Γs -- therefore the number of poles of \mathcal{T}(s) enclosed by Γs. The resultant contour in 

the F(s)-plane, ΓF(s) shall encircle (clock-wise) the point (-1 + j0) N times such that N = Z − P. 

For stability of a system, we must have Z = 0 , ie. the number of closed loop poles in the right 

half of the s-plane must be zero. Hence, the number of anticlockwise encirclements about − 1 + 

j0 must be equal to P, the number of open loop poles in the right half plane. 

  

4.   Phase Margin 

In electronic amplifiers, phase margin is the difference, measured in degrees, between the phase 

of the amplifier's output signal and -360. In feedback amplifiers, the phase margin is measured at 

the frequency at which the open loop voltage gain of the amplifier and the closed loop voltage 

gain of the amplifier are equal. 

Phase margin and its important companion concept, gain margin, are measures of stability in 

closed loop dynamic [control] systems. Phase margin indicates relative stability, the tendency to 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

44
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



oscillate during its damped response to an input change such as a step function. Gain margin 

indicates absolute stability and the degree to which the system will oscillate without limit given 

any disturbance. The output signals of all amplifiers exhibit a time delay when compared to their 

input signals. For the most part, the delay is caused by internal resistances, current limits and 

capacitances within the amplifier. This delay causes a phase difference between the amplifier's 

input and output signals. If there are enough stages in the amplifier, at some frequency, the 

output signal will lag behind the input signal by one wavelength. In this situation, the amplifier's 

output signal will be in phase with its input signal though lagging behind it by 360, i.e., the 

output will have a phase angle of 360. This lag is of great consequence in amplifiers that use 

feedback. The reason: the amplifier will oscillate if the fed-back output signal is in phase with 

the input signal at the frequency at which its open loop voltage gain equals its closed loop 

voltage gain and the open loop voltage gain is one or greater. The oscillation will occur because 

the fed-back output signal will then reinforce the input signal at that frequency. In conventional 

operational amplifiers, the critical output phase angle is 180 because the output is fed back to the 

input through an inverting input which adds an additional 180. 

  

In practice, feedback amplifiers must be designed with phase margins substantially in excess of 

0, even though amplifiers with phase margins of, say, 1 are theoretically stable. The reason is 

that many practical factors can reduce the phase margin below the theoretical minimum. A prime 

example is when the amplifier's output is connected to a capacitive load. Therefore, operational 

amplifiers are usually compensated to achieve a minimum phase margin of 45 or so. This means 

that at the frequency at which the open and closed loop gains meet, the phase angle is -135. The 

calculation is: -135 - (-180) = 45. Often amplifiers are designed to achieve a typical phase 

margin of 60 degrees. If the typical phase margin is around 60 degrees then the minimum phase 

margin will typically be greater than 45 degrees. A phase margin of 60 degrees is also a magic 

number because it allows for the fastest settling time when attempting to follow a voltage step 

input (a Butterworth design). An amplifier with lower phase margin will ring
[nb 1]

 for longer and 

an amplifier with more phase margin will take a longer time to rise to the voltage step's final 

level. A related measure is gain margin. While phase margin comes from the phase where the 

loop gain equals one, the gain margin is based upon the gain where the phase equals -180 

degrees. 
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 Topic Objective: 

At the end of this topic the student would be able to: 

 Define Frequency Response 

 Learn about Bode Plot 

 Learn about Gain Margin and Phase Margin 

  

  

Definition/Overview: 

Frequency Response: Frequency response is the measure of any system's spectrum response at 

the output to a signal of varying frequency (but constant amplitude) at its input. In the audible 

range it is usually referred to in connection with electronic amplifiers, microphones and 

loudspeakers. Radio spectrum frequency response can refer to measurements of coaxial cables, 

category cables, video switchers and wireless communications devices. Subsonic frequency 

response measurements can include earthquakes and electroencephalography (brain waves). 

  

   

Key Points:  

1.   Overview of Frequency Response 

The frequency response is typically characterized by the magnitude of the system's response, 

measured in dB, and the phase, measured in radians, versus frequency. The frequency response 

of a system can be measured by applying a test signal, for example: 

 applying an impulse to the system and measuring its response  

 sweeping a constant-amplitude pure tone through the bandwidth of interest and measuring the 

output level and phase shift relative to the input 

 applying a signal with a wide frequency spectrum (for example digitally-generated maximum 

length sequence noise, or analog filtered white noise equivalent, like pink noise), and calculating 

the impulse response by deconvolution of this input signal and the output signal of the system. 
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These typical response measurements can be plotted in two ways: by plotting the magnitude and 

phase measurements to obtain a Bode plot or by plotting the imaginary part of the frequency 

response against the real part of the frequency response to obtain a Nyquist plot. Once a 

frequency response has been measured (e.g., as an impulse response), providing the system is 

linear and time-invariant, its characteristic can be approximated with arbitrary accuracy by a 

digital filter. Similarly, if a system is demonstrated to have a poor frequency response, a digital 

or analog filter can be applied to the signals prior to their reproduction to compensate for these 

deficiencies. Frequency response measurements can be used directly to quantify system 

performance and design control systems. However, frequency response analysis is not suggested 

if the system has slow dynamics. Frequency response curves are often used to indicate the 

accuracy of amplifiers and speakers for reproducing audio. As an example, a high fidelity 

amplifier may be said to have a frequency response of 20 Hz - 20,000 Hz 1 dB. This means that 

the system amplifies all frequencies within that range within the limits quoted. 'Good frequency 

response' therefore does not guarantee a specific fidelity, but only indicates that a piece of 

equipment meets the basic frequency response requirements. "By measuring gain and phase over 

a range of frequencies, the full frequency response of the system can be plotted." 

  

2.   Bode Plot 

A Bode magnitude plot is a graph of log magnitude versus frequency, plotted with a log-

frequency axis, to show the transfer function or frequency response of a linear, time-invariant 

system. The Bode plot is named after Hendrik Wade Bode. It is usually a combination of a Bode 

magnitude plot and Bode phase plot  

  

3.   Gain Margin and Phase Margin 

Bode plots are used to assess the stability of negative feedback amplifiers by finding the gain and 

phase margins of an amplifier. The notion of gain and phase margin is based upon the gain 

expression for a negative feedback amplifier given by 
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where AFB is the gain of the amplifier with feedback (the closed-loop gain), β is the feedback 

factor and AOL is the gain without feedback (the open-loop gain). The gain AOL is a complex 

function of frequency, with both magnitude and phase. Examination of this relation shows the 

possibility of infinite gain (interpreted as instability) if the product βAOL = −1. (That is, the 

magnitude of βAOL is unity and its phase is −180, the so-called Barkhausen criterion). Bode plots 

are used to determine just how close an amplifier comes to satisfying this condition. Key to this 

determination are two frequencies. The first, labeled here as f180, is the frequency where the 

open-loop gain flips sign. The second, labeled here f0dB, is the frequency where the magnitude of 

the product | β AOL | = 1 (in dB, magnitude 1 is 0 dB). That is, frequency f180 is determined by the 

condition: 

 

where vertical bars denote the magnitude of a complex number (for example, | a + j b | = [ a
2
 + 

b
2
]
1/2

 ), and frequency f0dB is determined by the condition: 

 

One measure of proximity to instability is the gain margin. The Bode phase plot locates the 

frequency where the phase of βAOL reaches −180, denoted here as frequency f180. Using this 

frequency, the Bode magnitude plot finds the magnitude of βAOL. If |βAOL|180 = 1, the amplifier 

is unstable, as mentioned. If |βAOL|180 < 1, instability does not occur, and the separation in dB of 

the magnitude of |βAOL|180 from |βAOL| = 1 is called the gain margin. Because a magnitude of one 

is 0 dB, the gain margin is simply one of the equivalent forms: 20 log10( |βAOL|180) = 20 log10( 

|AOL|180) − 20 log10( 1 / β ). 

  

Another equivalent measure of proximity to instability is the phase margin. The Bode magnitude 

plot locates the frequency where the magnitude of |βAOL| reaches unity, denoted here as 

frequency f0dB. Using this frequency, the Bode phase plot finds the phase of βAOL. If the phase of 

βAOL( f0dB) > −180, the instability condition cannot be met at any frequency (because its 

magnitude is going to be < 1 when f = f180), and the distance of the phase at f0dB in degrees above 
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−180 is called the phase margin. If a simple yes or no on the stability issue is all that is needed, 

the amplifier is stable if f0dB < f180. This criterion is sufficient to predict stability only for 

amplifiers satisfying some restrictions on their pole and zero positions (minimum phase 

systems). Although these restrictions usually are met, if they are not another method must be 

used, such as the Nyquist plot. 

  

 In Section 4 of this course you will cover these topics: 

 Cascade Controller Design 

 Controller Design Variations 

 Nonlinear Models And Simulation 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Cascade Control 

 Learn about the Nested Cascade Architecture 

  

  

Definition/Overview: 

Cascade Control: Cascade Control uses the output of the primary controller to manipulate the 

set point of the secondary controller as if it were the final control element. Two popular control 

strategies for improved disturbance rejection performance are cascade control and feed forward 

with feedback trim. Improved performance comes at a price. Both strategies require that 

additional instrumentation be purchased, installed and maintained. Both also require additional 

engineering time for strategy design, tuning and implementation. The cascade architecture offers 

alluring additional benefits such as the ability to address multiple disturbances to our process and 

to improve set point response performance. 
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Key Points:  

1.   The Inner Secondary Loop 

The dashed line in the block diagram below (click for a large view) circles a feedback control 

loop like we have discussed in dozens of articles on controlguru.com. The only difference is that 

the words "inner secondary" have been added to the block descriptions. The variable labels also 

have a "2" after them. 

  

So,  

  SP2 = inner secondary set point 

  CO2 = inner secondary controller output signal 

  PV2 = inner secondary measured process variable signal 

And 

  D2  = inner disturbance variable (often not measured or available as a signal) 

  FCE = final control element such as a valve, variable speed pump or compressor, etc. 

  

2.   The Nested Cascade Architecture 

To construct a cascade architecture, we literally nest the secondary control loop inside a primary 

loop as shown in the block diagram below (click for a large view).  

Note that outer primary PV1 is our process variable of interest in this implementation. PV1 is the 

variable we would be measuring and controlling if we had chosen a traditional single loop 

architecture instead of a cascade.  

  

Because we are willing to invest the additional effort and expense to improve the performance 

response of PV1, it is reasonable to assume that it is a variable important to process safety and/or 

profitability. Otherwise, it does not make sense to add the complexity of a cascade structure. 

How can we have two controllers but only one FCE? Because as shown in the diagram above, 

the controller output signal from the outer primary controller, CO1, becomes the set point of the 

inner secondary controller, SP2. The outer loop literally commands the inner loop by adjusting 

its set point. Functionally, the controllers are wired such that SP2 = CO1.  This is actually good 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

50
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



news from an implementation viewpoint. If we can install and maintain an inner secondary 

sensor at reasonable cost, and if we are using a PLC or DCS where adding a controller is largely 

a software selection, then the task of constructing a cascade control structure may be reasonably 

straightforward. 

  

3.   Early Warning is Basis for Success 

 

  

Since PV2 sees the disruption first, it provides our "early warning" that a disturbance has 

occurred and is heading toward PV1. The inner secondary controller can begin corrective action 

immediately. And since PV2 responds first to final control element (e.g., valve) manipulations, 

disturbance rejection can be well underway even before primary variable PV1 has been 

substantially impacted by the disturbance. With such a cascade architecture, the control of the 

outer primary process variable PV1 benefits from the corrective actions applied to the upstream 

early warning measurement PV2. 

  

4.   Disturbance Must Impact Early Warning Variable PV2 

 

The inner secondary controller offers no "early action" benefit for these outer disturbances. They 

are ultimately addressed by the outer primary controller as the disturbance moves PV1 from set 

point. On a positive note, a proper cascade can improve rejection performance for any of a host 

of disturbances that directly impact PV2 before disrupting PV1.  

  

  

  

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about Bounded Variation 
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 Learn about the basic properties of Bounded Variation 

  

  

Definition/Overview: 

Bounded Variation: In mathematical analysis, a function of bounded variation, also known as a 

BV function, is a real-valued function whose total variation is bounded (finite): the graph of a 

function having this property is well behaved in a precise sense. For a continuous function of a 

single variable, being of bounded variation means that the distance along the direction of y-axis 

(i.e. the distance calculated neglecting the contribution of motion along x-axis) traveled by an 

ideal point moving along the graph of the given function (which, under given hypothesis, is also 

a continuous path) has a finite value. For a continuous function of several variables, the meaning 

of the definition is the same, except for the fact that the continuous path to be considered cannot 

be the whole graph of the given function (which is a hypersurface in this case), but can be every 

intersection of the graph itself with a plane parallel to a fixed x-axis and to the y-axis.  

  

Functions of bounded variation are precisely those with respect to which one may find Riemann-

Stieltjes integrals of all continuous functions. Another characterization states that the functions 

of bounded variation on a closed interval are exactly those f which can be written as a difference 

g − h, where both g and h are bounded monotone. In the case of several variables, a function f 

defined on an open subset Ω of is said to have bounded variation if its distributional derivative 

is a finite vector Radon measure. One of the most important aspects of functions of bounded 

variation is that they form an algebra of discontinuous functions whose first derivative exists 

almost everywhere: due to this fact, they can and frequently are used to define generalized 

solutions of nonlinear problems involving functionals, ordinary and partial differential equations 

in mathematics, physics and engineering. Considering the problem of multiplication of 

distributions or more generally the problem of defining general nonlinear operations on 

generalized functions, function of bounded variation are the smallest algebra which has to be 

embedded in every space of generalized functions preserving the result of multiplication. 
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Key Points:  

1.   Basic properties 

Only the properties common to functions of one variable and to functions of several variables 

will be considered in the following, and proofs will be carried on only for functions of several 

variables since the proof for the case of one variable is a straightforward adaptation of the several 

variables case. References (Giusti 1984, pp. 7-9), and are extensively used. 

  

1.1.   BV functions have only jump-type singularities 

In the case of one variable, the assertion is clear: for each point x0 in the interval 

of definition of the function u, either one of the following two assertions is true 

 

 

while both limits exists and are finite. In the case of functions several variables, there are 

some premises to understand: first of all, there is a continuum of directions along which it 

is possible to approach a given point x0 belonging to the domain . It is necessary to 

make precise a suitable concept of limit: choosing a unit vector it is possible to 

divide Ω in two sets 

 

Then for each point x0 belonging to the domain of the BV function u or one of the 

following two assertion is true 
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or x0 belongs to a subset of Ω having zero n − 1-dimensional Hausdorff measure. The 

quantities 

 

are called approximate limits of the BV function u at the point x0. 

  

1.2.   V(, Ω) is lower semi-continuous on BV(Ω) 

The functional is lower semi-continuous: to see this, choose a Cauchy 

sequence of BV-functions converging to . Then, since all the functions 

of the sequence and their limit function are integrable and by the definition of the lower 

limit 

 

Now considering the supremum on the set of functions such that 

then the following inequality holds true 

 

which is exactly the definition of lower semicontinuity. 

  

1.3.   BV(Ω) is a Banach space 

By definition BV(Ω) is a subset of L
1

loc(Ω), while linearity follows from the linearity 

properties of the defining integral i.e. 

 

for all therefore for all , and 

 

for all , therefore for all , and all . The proved vector space 

properties imply that BV(Ω) is a vector subspace of L1(Ω). Consider now the function 

defined as 
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where is the usual L1(Ω) norm: it is easy to prove that this is a norm on BV(Ω). To 

see that BV(Ω) is complete respect to it, i.e. it is a Banach space, consider a Cauchy 

sequence in BV(Ω). By definition it is also a Cauchy sequence in L
1
(Ω) and 

therefore has a limit u in L
1
(Ω): since un is bounded in BV(Ω) for each n, then 

by lower semicontinuity of the variation , therefore u is a BV function. 

Finally, again by lower semicontinuity, choosing an arbitrary small positive number  

 

  

1.4.   Chain rule for BV functions 

Chain rules for nonsmooth functions are very important in mathematics and mathematical 

physics since there are several important physical models whose behavior is described by 

functions or functionals with a very limited degree of smoothness.The following version 

is proved in the paper: all partial derivatives must be intended in a generalized sense. i.e. 

as generalized derivatives Theorem. Let be a function of class C
1
 (i.e. a 

continuous and differentiable function having continuous derivatives) and let 

be a function in BV(Ω) with Ω being an open subset of . Then 

and 

 

where is the mean value of the function at the point , defined as 

 

A more general chain rule formula for Lipschitz continuous functions has been 

found by Luigi Ambrosio and Gianni Dal Maso and published in the paper. However, 

even this formula has very important direct consequences: choosing where 

is a BV function the preceding formula becomes the Leibnitz rule for BV functions 

 

This implies that the product of two functions of bounded variation is again a 

function of bounded variation, therefore BV(Ω) is an algebra. 
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1.5.   BV(Ω) is a Banach algebra 

This property follows directly from the fact that BV(Ω) is a Banach space and also an 

associative algebra: this implies that if {vn} and {un} are Cauchy sequences of BV 

functions converging respectively to functions v and u in BV(Ω), then 

 

therefore the ordinary product of functions is continuous in BV(Ω) respect to each 

argument, making this function space a Banach algebra. 

  

   

   

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Nonlinear Control 

 Learn about P2D Non-Linear Model and Simulation 

  

  

Definition/Overview: 

Nonlinear Control:  Nonlinear control is the area of control engineering specifically involved 

with systems that are nonlinear, time-variant, or both. Many well-established analysis and design 

techniques exist for LTI systems (e.g., root-locus, Bode plot, Nyquist criterion, state-feedback, 

pole placement); however, one or both of the controller and the system under control in a general 

control system may not be an LTI system, and so these methods cannot necessarily be applied 

directly. Nonlinear control theory studies how to apply existing linear methods to these more 

general control systems. Additionally, it provides novel control methods that cannot be analyzed 

using LTI system theory. Even when LTI system theory can be used for the analysis and design 

of a controller, a nonlinear controller can have attractive characteristics (e.g., simplier 
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implementation, increased speed, or decreased control energy); however, nonlinear control 

theory usually requires more rigorous mathematical analysis to justify its conclusions. 

   

   

Key Points:  

1.   P2D Non-Linear Model and Simulation 

Measurement-based nonlinear amplifier models ideally predict the performance of a high-

frequency amplifier as accurately as possible. A usable nonlinear behavioral model can project 

the performance of a design under different operating conditions, saving the time and expense of 

building an amplifier circuit for experimentation. Of course, detailed circuit models often require 

a transistor model, a package model, and models for the transmission lines, passive elements, and 

other devices found in the matching and bias networks. Alternately, it is possible to treat a 

packaged transistor as a "black box" as part of a measurement-based circuit behavioral model, to 

speed and simplify the large-signal amplifier modeling and simulation process.  The nonlinear 

Microwave Data Interchange Format (MDIF) power-dependent S-parameter (P2D) files 

available in the Advanced Design System (ADS) simulation suite of tools from Agilent 

Technologies (www.agilent.com) serve as a simple behavioral model format for nonlinear 

microwave devices.
1 

Because high-frequency power amplifiers tend to exhibit power-dependent 

transducer gain, where the output signal level is no longer a linear relationship of the input signal 

level, their behavior can be recreated through the use of a P2D file-based model. The P2D format 

is essentially measurement based, using vector-network-analyzer (VNA) test results for a device 

under test (DUT) to fashion a device model that can be integrated into an amplifier model.  

  

The P2D modeling approach is simple and convenient, since these models are readily available 

in the ADS software site, although it also has limitations. A good review of alternative 

behavioral models emerging from the extensive research being conducted worldwide in this area 

can be found in ref. 2. In terms of limitations, a P2D model, for example, is not the best choice 

when predicting device/amplifier load-pull contours or load-dependent power behavior. More 

advanced behavioral models are becoming available for these and other more complex 

simulations. Since the P2D model is based on measurement data, the type of measurement and 

the amount of data both play a large role in defining the amount of data that can be reliably 
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extracted from simulating the model within a system. Since the P2D file is rather versatile, the 

amount of data needed to reliably represent a device's behavior depends largely on the 

application for which the model is being developed. However, the MDIF P2D file's sole 

requirement for operation in Agilent ADS is that large-signal S-parameters for the device are 

available and are inserted into the file in the proper format. Additionally, data blocks for small-

signal S-parameters, intermodulation-distortion (IMD) information, and noise-figure data offer 

the potential for relatively versatile small-signal and large-signal models. 

  

To demonstrate the P2D modeling approach, a 2.45-GHz WLAN amplifier was measured in 

order to create a P2D model for simulation and comparison with the measured results. For the 

purpose of creating an accurate, nonlinear amplifier model, measured data was required for 1-dB 

compression, amplitude-modulation-to-amplitude-modulation (AM-to-AM) conversion, AM-to-

phase-modulation (AM-to-PM) conversion, small- and large-signal (power-dependent) S-

parameters, and the input-power-versus-output-power response. A P2D model was developed, 

simulated, and compared with the measured data in order to demonstrate the reliability of the 

model, resulting in eventual integration into a communication system design for system-level 

analysis. Careful attention to detail is needed in creating a P2D file in the suitable format. While 

it is true that a device model is being extracted by means of the measurements, this is a file-based 

model format, so the programming and/or creation of functional MDIF files is a critical step in 

the model creation. The procedures detailed in this article have been developed for the Agilent 

Citifile format associated with the company's (now obsolete or discontinued) Agilent HP 8719C 

and Agilent HP 8753D VNAs. The procedures deal with the creation of the P2D file rather than 

the specific measurement techniques performed to collect the data for the P2D file. 

  

The test configuration used to build the example P2D-file-based amplifier model. The test setup 

features an HP 8753 RF/microwave VNA, DC power supply, broadband bias tee, 6-dB 

attenuator, and a microwave power meter. In order to collect data for the model, a commercial 

power amplifier operating at the nominal wireless-local-area-network (WLAN) frequency of 

2.45 GHz was tested. Measurements were set for a frequency sweep of 2 to 3 GHz while the 

input power sweep range was set between 20 and 0 dBm, with device S-parameters measured on 

the HP 8753 VNA.  The measurement-based nonlinear P2D model was constructed in order to 
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perform analysis of the amplifier model's AM-to-AM compression, AM-to-PM compression, and 

output power versus input power behavior within the Agilent ADS simulator. The 6-dB fixed 

attenuator was added to the power amplifier (PA) under test in order to improve the load 

impedance match with the test equipment at fundamental as well as harmonic frequencies.  

  

  

 

 In Section 5 of this course you will cover these topics: 

 Nonlinear Systems: Analytical Techniques 

 The Application Of Discrete-Event Control Techniques 

 Design Examples 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the Properties of Non-linear Control System 

 Learn about the Analytical Methods for Non-linear Systems 

  

  

Definition/Overview: 

Nonlinear Control:  Nonlinear control is the area of control engineering specifically involved 

with systems that are nonlinear, time-variant, or both. Many well-established analysis and design 

techniques exist for LTI systems (e.g., root-locus, Bode plot, Nyquist criterion, state-feedback, 

pole placement); however, one or both of the controller and the system under control in a general 

control system may not be an LTI system, and so these methods cannot necessarily be applied 

directly. Nonlinear control theory studies how to apply existing linear methods to these more 

general control systems. Additionally, it provides novel control methods that cannot be analyzed 
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using LTI system theory. Even when LTI system theory can be used for the analysis and design 

of a controller, a nonlinear controller can have attractive characteristics (e.g., simplier 

implementation, increased speed, or decreased control energy); however, nonlinear control 

theory usually requires more rigorous mathematical analysis to justify its conclusions. 

  

   

Key Points:  

1.   Properties of Non-linear Control System 

Some properties of nonlinear dynamic systems are 

 They do not follow the principle of superposition (linearity and homogeneity). 

 They may have multiple isolated equilibrium points. 

 They may exhibit properties such as limit-cycle, bifurcation, chaos. 

 Finite escape time: Solutions of nonlinear systems may not exist for all times. 

  

2.   Analytical Methods for Non-linear Systems 

  

2.1.   Describing Function Method    

The Describing Function Method of Krylov and Bogolyubov is an approximate 

procedure for analyzing nonlinear control problems. It is based on quasi-linearization, 

that is the approximation of the non-linear system under investigation by a system that is 

linear except for a dependence on the amplitude of the input waveform. This quasi-

linearization must be carried out for a specific family of input waveforms. One choice 

might be to describe the system response to the family of sine wave inputs; in this case 

the system would be characterized by an SIDF or sine input describing function 

H(A,\,j\omega) giving the system response to an input consisting of a sine wave of 

amplitude A and frequency ω. This SIDF is a generalization of the transfer function 

H(jω) used to characterize linear systems. In a quasi-linear system when the input is a 

sine wave, the output will be a sine wave of the same frequency but with different 
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amplitude and phase as given by H(A,\,j\omega). Many systems are approximately quasi-

linear in the sense that although the response to a sine wave is not a pure sine wave, most 

of the energy in the output is indeed at the same frequency ω as the input. This is because 

such systems may possess intrinsic low-pass or band-pass characteristics such that 

harmonics are naturally attenuated, or because external filters are added for this purpose. 

An important application of the SIDF technique is to estimate the oscillation amplitude in 

sinusoidal electronic oscillators. Other types of describing functions that have been used 

are DFs for level inputs and for Gaussian noise inputs. While not a complete description 

of the system, the DFs often suffice to answer specific questions about control and 

stability. DF methods are best for analyzing systems with relatively weak nonlinearities, 

such as saturation or deadband effects. 

  

2.2.   Phase Plane Method    

In the context of nonlinear system analysis, the phase plane method refers to graphically 

determining the existence of limit cycles. The phase plane, applicable for second order 

systems only, is a plot with axes being the values of the two state variables, x2 vs. x1. 

Vectors representing the derivatives [f2(x1,x2),f1(x1,x2)] at representative points are 

drawn. With enough of these arrows in place the system behavior over the entire plane 

can be visualized and limit cycles can be easily identified. 

  

2.3.   Gain Scheduling 

In control theory, gain scheduling is an approach to control of non-linear systems that 

uses a family of linear controllers, each of which provides satisfactory control for a 

different operating point of the system. One or more observable variables, called the 

scheduling variables, are used to determine what operating region the system is currently 

in and to enable the appropriate linear controller. For example in an aircraft flight control 

system, the altitude and Mach number might be the scheduling variables, with different 

linear controller parameters available (and automatically plugged into the controller) for 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

61
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



various combinations of these two variables. It is one of the simplest and intuitive forms 

of adaptive control. 

  

2.4.   Feedback Linearization 

Feedback linearization is a common approach used in controlling nonlinear systems. The 

approach involves coming up with a transformation of the nonlinear system into an 

equivalent linear system, through a change of variables and a suitable control input. 

Feedback linearization may be applied to nonlinear systems of the following form: 

 

 

Where x  R 
n
 is the state vector,  

u  R 
p
 is the vector of inputs, and  

y  R
 m 

is the vector of outputs. The goal, then, is to develop a control input u that renders 

either the input-output map linear, or results in a linearization of the full state of the 

system. 

  

2.5.   Backstepping 

In control theory, backstepping is a technique developed circa 1990 by Petar V. 

Kokotovic and others for designing stabilizing controls for a special class of nonlinear 

dynamical systems. These systems are built from subsystems that radiate out from an 

irreducible subsystem that can be stabilized using some other method. Because of this 

recursive structure, the designer can start the design process at the known-stable system 

and "back out" new controllers that progressively stabilize each outer subsystem. The 

process terminates when the final external control is reached. Hence, this process is 

known as backstepping. 
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2.6.   Sliding Mode Control 

In control theory, sliding mode control, or SMC, is a form of variable structure control 

(VSC). It is a nonlinear control method that alters the dynamics of a nonlinear system by 

application of a high-frequency switching control. The state-feedback control law is not a 

continuous function of time; it switches from one smooth condition to another. That is, 

the structure of the control law changes based on the position of the state trajectory; 

hence, sliding mode control is a variable structure control method because it switches 

from one smooth control law to another. The multiple control structures are designed so 

that trajectories always move toward a switching condition, and so the ultimate trajectory 

will not exist entirely within one control structure. Instead, the ultimate trajectory will 

slide along the boundaries of the control structures. The motion of the system as it slides 

along these boundaries is called a sliding mode. 

  

Intuitively, sliding mode control uses practically infinite gain to force the trajectories of a 

dynamic system to slide along the restricted sliding mode subspace. Trajectories from 

this reduced-order sliding mode have desirable properties (e.g., the system naturally 

slides along it until it comes to rest at a desired equilibrium). The main strength of sliding 

mode control is its robustness. Because the control can be as simple as a switching 

between two states (e.g., "on"/"off" or "forward"/"reverse"), it need not be precise and 

will not be sensitive to parameter variations that enter into the control channel. 

Additionally, because the control law is not a continuous function, the sliding mode can 

be reached in finite time (i.e., better than asymptotic behavior). Sliding mode control is 

sometimes critiqued as being a blunt instrument when compared to other forms of 

nonlinear control that have more moderate control action. In particular, because actuators 

have delays and other imperfections, the hard sliding-mode-control action can lead to 

chatter, energy loss, plant damage, and excitation of unmodeled dynamics. Continuous 

control design methods are not as susceptible to these problems and can be made to 

mimic sliding-mode controllers. 
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Topic Objective: 

At the end of this topic the student would be able to: 

 Define Discrete-event simulation 

 Learn about the components of Discrete-event simulation 

  

  

Definition/Overview: 

Discrete-event simulation: In discrete-event simulation, the operation of a system is 

represented as a chronological sequence of events. Each event occurs at an instant in time and 

marks a change of state in the system . For example, if an elevator is simulated, an event could 

be "level 6 button pressed", with the resulting system state of "lift moving" and eventually 

(unless one chooses to simulate the failure of the lift) "lift at level 6". A common exercise in 

learning how to build discrete-event simulations is to model a queue, such as customers arriving 

at a bank to be served by a teller. In this example, the system entities are CUSTOMER-QUEUE 

and TELLERS. The system events are CUSTOMER-ARRIVAL and CUSTOMER-

DEPARTURE. (The event of TELLER-BEGINS-SERVICE can be part of the logic of the 

arrival and departure events.) The system states, which are changed by these events, are 

NUMBER-OF-CUSTOMERS-IN-THE-QUEUE (an integer from 0 to n) and TELLER-STATUS 

(busy or idle). The random variables that need to be characterized to model this system 

stochastically are CUSTOMER-INTERARRIVAL-TIME and TELLER-SERVICE-TIME. A 

number of mechanisms have been proposed for carrying out discrete-event simulation, among 

them are the event-based, activity-based, process-based and three-phase approaches. The three-

phase approach is used by a number of commercial simulation software packages, but from the 

user's point of view, the specifics of the underlying simulation method are generally hidden. 
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Key Points:  

1.   Components of Discrete-event simulation  

In addition to the representation of system state variables and the logic of what happens when 

system events occur, discrete event simulations include the following: 

  

1.1.   Clock 

The simulation must keep track of the current simulation time, in whatever measurement 

units are suitable for the system being modeled. In discrete-event simulations, as opposed 

to real time simulations, time hops because events are instantaneous the clock skips to the 

next event start time as the simulation proceeds. 

  

1.2.   Events List 

The simulation maintains at least one list of simulation events. This is sometimes called 

the pending event set because it lists events that are pending as a result of previously 

simulated event but have yet to be simulated themselves. An event is described by the 

time at which it occurs and a type, indicating the code that will be used to simulate that 

event. It is common for the event code to be parameterised, in which case, the event 

description also contains parameters to the event code. 

When events are instantaneous, activities that extend over time are modeled as sequences 

of events. Some simulation frameworks allow the time of an event to be specified as an 

interval, giving the start time and the end time of each event. Single-threaded simulation 

engines based on instantaneous events have just one current event. In contrast, multi-

threaded simulation engines and simulation engines supporting an interval-based event 

model may have multiple current events. In both cases, there are significant problems 

with synchronization between current events. 

  

The pending event set is typically organized as a priority queue, sorted by event time. 

That is, regardless of the order in which events are added to the event set, they are 

removed in strictly chronological order. Several general-purpose priority queue 
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algorithms have proven effective for discrete-event simulation, most notably, the splay 

tree. More recent alternatives include skip lists and calendar queues.
 
Typically, events are 

scheduled dynamically as the simulation proceeds. For example, in the bank example 

noted above, the event CUSTOMER-ARRIVAL at time t would, if the 

CUSTOMER_QUEUE was empty and TELLER was idle, include the creation of the 

subsequent event CUSTOMER-DEPARTURE to occur at time t+s, where s is a number 

generated from the SERVICE-TIME distribution. 

  

1.3.   Random-Number Generators 

The simulation needs to generate random variables of various kinds, depending on the 

system model. This is accomplished by one or more Pseudorandom number generators. 

The use of pseudorandom numbers as opposed to true random numbers is a benefit 

should a simulation need a rerun with exactly the same behaviour. 

One of the problems with the random number distributions used in discrete-event 

simulation is that the steady-state distributions of event times may not be known in 

advance. As a result, the initial set of events placed into the pending event set will not 

have arrival times representative of the steady-state distribution. This problem is typically 

solved by bootstrapping the simulation model. Only a limited effort is made to assign 

realistic times to the initial set of pending events. These events, however, schedule 

additional events, and with time, the distribution of event times approaches its steady 

state. This is called bootstrapping the simulation model. In gathering statistics from the 

running model, it is important to either disregard events that occur before the steady state 

is reached or to run the simulation for long enough that the bootstrapping behavior is 

overwhelmed by steady-state behavior. (This use of the term bootstrapping can be 

contrasted with its use in both statistics and computing.) 

  

1.4.   Statistics 

The simulation typically keeps track of the system's statistics, which quantify the aspects 

of interest. In the bank example, it is of interest to track the mean service times. 
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1.5.   Ending Condition 

Because events are bootstrapped, theoretically a discrete-event simulation could run 

forever. So the simulation designer must decide when the simulation will end. Typical 

choices are at time t or after processing n number of events or, more generally, when 

statistical measure X reaches the value x. 

  

2.   Analysis Methods 

  

2.1.   Simulation for Discrete Event Systems 

The simulation algorithm of DEVS models considers two issues: time synchronization 

and message propagation. Time synchronization of DEVS is to control all models to have 

the identical current time. However, for an efficient execution, the algorithm makes the 

current time jump to the most urgent time when an event is scheduled to execute its 

internal state transition as well as its output generation. Message propagation is to 

transmit a triggering message which can be either an input or output event along the 

associated couplings which are defined in a coupled DEVS model. For more detailed 

information, the reader can refer to [Zeigler84] [Zeigler87] [ZKP00][Nutaro10]. 

  

2.2.   Simulation for Continuous State Systems 

By introducing quantization, DEVS can simulate behaviors of continuous state systems 

which are described by networks of differential algebraic equations. This research has 

been initiated by Zeigler in 90's and many properties have been clarified by Prof. Kofman 

in 2000's and Dr. Nutaro. In 2006, Prof. Cellier who is the author of Continuous System 

Modeling[Cellier91], and Prof. Kofman wrote a text book, Continuous System 

Simulation[CK06] in which Chapters 11 and 12 cover how DEVS simulates continuous 

state systems. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

67
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



  

2.3.   Verification for Discrete Event Systems 

As an alternative analysis method against the sampling-based simulation method, an 

exhaustive generating approach, generally called ``verification`` has been applied for 

analysis of DEVS models. Based-on a finite-vertex reachability graph which is 

behaviorally isomorphic to the original DEVS models:   

o Dead-lock and live-lock freeness as qualitative properties are decidable with 

Schedule-Preserving DEVS (SP-DEVS) and Finite & Deterministic DEVS 

(FD-DEVS)  

o Min/max processing time bounds as a quantitative property are decidable with 

SP-DEVS. 

  

  

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Design Pattern 

 Learn about Design Pattern Practice 

 Learn about Structure of Design Pattern 

 Learn about Documentation 

 Learn about MATLAB and its limitatins 

  

  

Definition/Overview: 

Design Pattern: A pattern must explain why a particular situation causes problems, and why the 

proposed solution is considered a good one. Christopher Alexander describes common design 
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problems as arising from "conflicting forces" -- such as the conflict between wanting a room to 

be sunny and wanting it not to overheat on summer afternoons. A pattern would not tell the 

designer how many windows to put in the room; instead, it would propose a set of values to 

guide the designer toward a decision that is best for their particular application. Alexander, for 

example, suggests that enough windows should be included to direct light all around the room. 

He considers this a good solution because he believes it increases the enjoyment of the room by 

its occupants. Other authors might come to different conclusions, if they place higher value on 

heating costs, or material costs. These values, used by the pattern's author to determine which 

solution is "best", must also be documented within the pattern. A pattern must also explain when 

it is applicable. Since two houses may be very different from one another, a design pattern for 

houses must be broad enough to apply to both of them, but not so vague that it doesn't help the 

designer make decisions. The range of situations in which a pattern can be used is called its 

context. Some examples might be "all houses", "all two-story houses", or "all places where 

people spend time." The context must be documented within the pattern. 

  

   

Key Points:  

1.   Design Pattern Practice 

A pattern must explain why a particular situation causes problems, and why the proposed 

solution is considered a good one. Christopher Alexander describes common design problems as 

arising from "conflicting forces" -- such as the conflict between wanting a room to be sunny and 

wanting it not to overheat on summer afternoons. A pattern would not tell the designer how 

many windows to put in the room; instead, it would propose a set of values to guide the designer 

toward a decision that is best for their particular application. Alexander, for example, suggests 

that enough windows should be included to direct light all around the room. He considers this a 

good solution because he believes it increases the enjoyment of the room by its occupants. Other 

authors might come to different conclusions, if they place higher value on heating costs, or 

material costs. These values, used by the pattern's author to determine which solution is "best", 

must also be documented within the pattern. A pattern must also explain when it is applicable. 

Since two houses may be very different from one another, a design pattern for houses must be 

broad enough to apply to both of them, but not so vague that it doesn't help the designer make 
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decisions. The range of situations in which a pattern can be used is called its context. Some 

examples might be "all houses", "all two-story houses", or "all places where people spend time." 

The context must be documented within the pattern. 

  

2.   Structure of Design Pattern 

Design patterns are composed of several sections. Of particular interest are the Structure, 

Participants, and Collaboration sections. These sections describe a design motif: a prototypical 

micro-architecture that developers copy and adapt to their particular designs to solve the 

recurrent problem described by the design pattern. A micro-architecture is a set of program 

constituents (e.g., classes, methods...) and their relationships. Developers use the design pattern 

by introducing in their designs this prototypical micro-architecture, which means that micro-

architectures in their designs will have structure and organization similar to the chosen design 

motif. In addition, patterns allow developers to communicate using well-known, well understood 

names for software interactions. Common design patterns can be improved over time, making 

them more robust than ad-hoc designs. 

  

3.   Documentation  

The documentation for a design pattern describes the context in which the pattern is used, the 

forces within the context that the pattern seeks to resolve, and the suggested solution. There is no 

single, standard format for documenting design patterns. Rather, a variety of different formats 

have been used by different pattern authors. However, according to Martin Fowler certain pattern 

forms have become more well-known than others, and consequently become common starting 

points for new pattern writing efforts. One example of a commonly used documentation format 

is the one used by Erich Gamma, Richard Helm, Ralph Johnson and John Vlissides (collectively 

known as the "Gang of Four", or GoF for short) in their book Design Patterns. It contains the 

following sections: 

 Pattern Name and Classification: A descriptive and unique name that helps in identifying and 

referring to the pattern. 

 Intent: A description of the goal behind the pattern and the reason for using it. 

 Also Known As: Other names for the pattern. 
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 Motivation (Forces): A scenario consisting of a problem and a context in which this pattern can 

be used. 

 Applicability: Situations in which this pattern is usable; the context for the pattern. 

 Structure: A graphical representation of the pattern. Class diagrams and Interaction diagrams 

may be used for this purpose. 

 Participants: A listing of the classes and objects used in the pattern and their roles in the design. 

 Collaboration: A description of how classes and objects used in the pattern interact with each 

other. 

 Consequences: A description of the results, side effects, and trade offs caused by using the 

pattern. 

 Implementation: A description of an implementation of the pattern; the solution part of the 

pattern. 

 Sample Code: An illustration of how the pattern can be used in a programming language 

 Known Uses: Examples of real usages of the pattern. 

 Related Patterns: Other patterns that have some relationship with the pattern; discussion of the 

differences between the pattern and similar patterns. 

  

4.   MATLAB 

MATLAB is a numerical computing environment and programming language. Maintained by 

The MathWorks, MATLAB allows easy matrix manipulation, plotting of functions and data, 

implementation of algorithms, creation of user interfaces, and interfacing with programs in other 

languages. Although it is numeric only, an optional toolbox uses the MuPAD symbolic engine, 

allowing access to computer algebra capabilities. An additional package, Simulink, adds 

graphical multidomain simulation and Model-Based Design for dynamic and embedded systems. 

  

5.   Limitations of MATLAB  

For a long time there was criticism that because MATLAB is a proprietary product of The 

MathWorks, users are subject to vendor lock-in. Recently an additional tool called the MATLAB 

Builder under the Application Deployment tools section has been provided to deploy MATLAB 

functions as library files which can be used with .NET or Java application building environment. 
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But the drawback is that the computer where the application has to be deployed needs MCR 

(MATLAB Component Runtime) for the MATLAB files to function normally. MCR can be 

distributed freely with library files generated by the MATLAB compiler. 

  

MATLAB, like Fortran, Visual Basic and Ada, uses parentheses, e.g. y = f(x), for both indexing 

into an array and calling a function. Although this syntax can facilitate a switch between a 

procedure and a lookup table, both of which correspond to mathematical functions, a careful 

reading of the code may be required to establish the intent. MATLAB lacks a package system, 

like those found in modern languages such as Java and Python, where classes can be resolved 

unambiguously, e.g. Java's java.lang.System.out.println(). In MATLAB, all functions share the 

global namespace, and precedence of functions with the same name is determined by the order in 

which they appear in the user's MATLAB path and other subtle rules. As such, two users may 

experience different results when executing what otherwise appears to be the same code when 

their paths are different. 

  

Many functions have a different behavior with matrix and vector arguments. Since vectors are 

matrices of one row or one column, this can give unexpected results. For instance, function 

sum(A) where A is a matrix gives a row vector containing the sum of each column of A, and 

sum(v) where v is a column or row vector gives the sum of its elements; hence the programmer 

must be careful if the matrix argument of sum can degenerate into a single-row array. While sum 

and many similar functions accept an optional argument to specify a direction, others, like plot, 

do not, and require additional checks. There are other cases where MATLAB's interpretation of 

code may not be consistently what the user intended (e.g. how spaces are handled inside brackets 

as separators where it makes sense but not where it doesn't, or backslash escape sequences which 

are interpreted by some functions like fprintf but not directly by the language parser because it 

wouldn't be convenient for Windows directories). What might be considered as a convenience 

for commands typed interactively where the user can check that MATLAB does what the user 

wants may be less supportive of the need to construct reusable code. 

  

Array indexing is one-based which is the common convention for matrices in mathematics, but 

does not accommodate any indexing convention of sequences that have zero or negative indices. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

72
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



For instance, in MATLAB the DFT (or FFT) is defined with the DC component at index 1 

instead of index 0, which is not consistent with the standard definition of the DFT in any 

literature. This one-based indexing convention is hard coded into MATLAB, making it difficult 

for a user to define their own zero-based or negative indexed arrays to concisely model an idea 

having non-positive indices. M-code written for a specific release of MATLAB often does not 

run with earlier releases as it may use some of the newer features. To give just one example: 

save('x','filename') saves the variable x in a file. The variable can be loaded with load('filename') 

in the same MATLAB release. However, if saved with MATLAB version 7 or later, it cannot be 

loaded with MATLAB version 6 or earlier. As workaround, in MATLAB version 7 

save('x','filename','-v6') generates a file that can be read with version 6. However, executing 

save('x','filename','-v6') in version 6 causes an error message. 
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