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" Abstract
1t has bean suggested that the inability to quantify the financlal benefits of advanced -
process control is a key barricr to s more widespread use and acceptance. This
 report discusses the financlal analysie of advanced process control opportunities, Po--
tential benefits of advanced cantrol are predicted by considering the power spectral = =
density of load disturbances likely to affect the control system, and the ideal chax-
acteristics of feedback systems us proposed by H.W, Bode. Financial ratio analysis
 and modern measures of prefitabilty, such as Discounted Ca_.sh Flow Rate of Return
' (DCFRR) and Net Present Valiie (NPV) are used to evaluate the economic poten-
tial of control opportunities for an organisation. The results indicate that financial -
benefits of advanced process control stra.teg.es can be predicted, quantified and then .
evaluated, with the’ ultlmate a.lm of improving the overall financial position of an
' orga,msa.tmn. : : : .

i

3n



| ACKNOWLEDGM‘ENTS

I am gra.tefnﬂ to Professor I M. Ma.cLeod fcu permission to pub]ish the routmes for : -

deternuning the optlmu:m ]oop gain shape for umty feedba.ck systems

iy



2.3

8

o3l

L1 Background . . u i L i i e e e e
1.2 Rela.tedWork R
138 Overview ofthe PrOJect Report R
_Fmanclal ’I‘argets and Objectives
21 Imtroduction o', ... v i, i e v e e e e e
2.2 TFinancial Statements and Ratios - . .. .. ... ...
- 2.2.1 Liquidity Ratios . ... ..., ...... e :
2.22 TeverageRatips, ............ ...... ‘ . 11
2.2.3 Activity Ratios . .. ... ..ol T N |
2.2.4 - Profitability Ratios . . . . . e e e i e e e .11
22,6 SummaryofRatio Analysie . ., . ..., ... ..... ... . 11
. Time Value of Monsgy .. ......... C e e e e e . 12
Cdd Fon‘_'rml'a.tidnof_Ta,rgets....'....,'.......:.. - . 13
'I'he Beneﬁts of Feedback Control 15
Introduction . . . . .. .. R
3.2 Disturbance Rejectmn e e e e e e e e .
33 Spectral Analysis of Load D1sturbances e e e e e, .17
. 3.3.1 Using Matlab for Spectral Analysis . .., .. ..., .. ... 19
3.4 Ideal Feedback Characteristics ... ......... e e 22
. 3441 (.:ontroller Demgn ..... e s e 25
3.5 Summary ..... ..... ey v .. 25
Quantifying ths Benefits 28
4,1 Iotreductioni. . ... o i N L. 28
- 42 Performanc:Fanctions . . . . 0. i i e e . 28
421 Regulation ......... R ... 28
42,2 Optimization .......... B - |
_ 42.3 Polynomial Performance FPunctions « . .+« . .. . .. . 30
4.3 Constraint Handling . ....... ..o, e
4.4 Cost Bstimation .-..... e ,...;.. - |
45 Summary ........ - . 37

‘Contents ; |

" Introduction

W =3O o N

11

15

15 - -

84



5 a 'w"';r—

. 38

40 -

41 -
4
o4k

.'.:52_"'

66

68

Rankmg of Control Opportumtles _ .
51 Introducton . o'y v v i s i e e s e e e, B8
. 82 Truditional Measures of Profitability . ... ... ... ... 88
- B21 RateofReturm ......... Y- -
5,22 Payback Period . e e e e e e A
5.2.3 Annual Return on Gaplta.l Employed Ve iy e RN
524 Summary of 'I‘radltxonal Methnds e e e .
-~ . B3 Cash Flow Analysis.. , S e
5.4 Modern Profitability Measures .o - . v v v i v e W
© . B4 ’I‘hePrmmpleofDmcountmg . e 4
- 54.2  Net Present Value ....., ..
- 5.4.3 Discounted Cash Flow Rate of Retum I . 2
- B.4.4 Summary of Modern Methods. e e e e
5.5 Risk and Sensitivity Analysis . ...\ 0% . iw. e ... 48
B SUMmATY . . . v i s e e e e e .. 8L
- Clase Study . . _ B2
B Inbroduchion s . L e L h i e s e e e e b e B2
%2 Problem Statement , . ... ... o v e e
6.3 Controller Design , v ¢ . v v v it h vl i s
6.4 Performance Funetion . .. .. v v v v vv v v v e 58
65 Fina.ncia.lAnalysi_s e e e e 60"
Conclusion I 66
7.1 Discussion of Results , . . . ... . SRR
72 A.reas for Future Development e v s e s o 66
Derwatm_n of Power Spectral Denslty -
Matlab Routines for Feedback Analysis 70
Matlab Routines for Financial Analysis 95
Derivation of Two Tank Transfer Function 78



List OfFigﬁr'e#s'

3.1 The Sta.ndard I‘eedback Control System e = .

3.2 Linear Time-Invariant System , . « . -« .« oo i i v vt
8.3 Cotnparison of Power Spectral Density Calcula.tmns e e ey

3.4 Optimum Loop Characteristic for a Unity Feedback System . ... .
3.5 Sensitivity Funetion for Optimum Loop Characteristic. . . ... . .. .
3.6 Optimum Loogp Cha.ractenstlcs for Umty Feedha.t:k System thh In-
~ fegrator ..., ., e e PR
T .Senﬂtlv.lty Functlon for 0pt1mum Loop Chaxactenstlc w1th I.ntegra.tor

41 : Statlstlcal Represanta.tmn of Time-Varying Process Slgnal .

4.2 Time-Varying Process Sigaal subject to a Constraint . e
4.3 Constraint Pushing for a Linear Performance Function . .o .. . ..

44 Penalty Function for Process Variable exceeding Specification . .. e

4.5 Quaé‘ra.tm Fit {:o Linear Function with a Penalty Constraint . . . . .-
8 Cumula.twe Cash Flow D:gram e e e e ch s

5.2 Characteristic Cumulative Cash Flow Pattern for Control Progects .
. 5.3 Comparison of Discounted and Undiscounted Cumulative Cash Flows

54 Cumulative cash flows discounted at different interest rates . .. ..

- 6.1 Case Study + Two Tank Level Coritrol Sys_tem, e e

- 8.2 Unity Feedback System for Two Tank Level Control System . . . . .
6.3 Power Spectral Density of Load Disturbance Model , . . . . . ...

6.4 Bode Plot of Uncompensated Two Tank Systern . .. ... ., ...

6.5 . Bode Plot of Two Tank System with PID Compensatmn e
8.6 Sensitivity Punction of Two Tank System with PID Compensation
6.7 Optimum Loop Gain Shape for Two Tank System. . . . .
6.8 Sensitivity Function of Two Tank System with Optimum Feedba.ck
6.9 Comiparison of Controller Design with the Optimum Loop Gain Shape
for Two Tank System (Optimum Shape ~ bold; Controller ~ dash)
6.10 Sensitivity Function of Approximation to Optimum Feedback Sys,em
© 6.11 Comparison of Step Responses for Controller Designs . . . . . ... .
6.12 Performance Function and Qua.dra.tm A.pproxxma.tmn for Two I‘ank :
System , .. ....... b e e e

‘D.1 The 'I‘_woi-Ta.nk Level Contro} Sys.'tt_zm' cia .. . e i

18 -
s
24

2%
2%
97

29

31
35

36.

37

45

47
49

53

53 .
. B4

55
57

.- 58
59

60

61

62
62

63
79



List of Tables

21 Types of Financial Batios © . ..\t ovoivunn it vin

6.1 -Prepa.ratmn ofa. Cash Flow Sta.temsnt ., Co iaa - Ve w

5.2 Cash Flow Statement for Savings I-'rogect R P S

53 Dlscouuted Lash Flow Statement fnr Sa.vmgs Project . IO

6.1 _'-Aver.a.ge Performa,nces of Opportunities for Two Tank System
- 6.2 - Cash Flow. Statement for PID Control of Cwo Tank System .. ...
- 6.3 Cash Flow Statement for Ophmum I‘eeaba.ck Control of Two Tank
' Systemi. . . .. i, b e e e e e T

6.4 _Proﬁta.bﬂxty of Control Opportumtes for Two Tark System N



Chapter 1
Introduction |

1.1 Background
~ Management in the Chemical Process Industry is frequently called upon ta critically
analyze the profitability of certain areas of plant and to consider methods to improve
the operation of a plant. Experience has shown that the conirol upgrade project
can offer significant improvements in the profitability of the operation of a plant [1].
A method is required, however, whereby the economic v.ability of such an upgrade
project can be evaluated and compared with the axisting mode of operation, before
the upgrade is sanctioned. The application of advanced process control techniques
can be considered to fall into the category of control upgrades, and hence this method
is alsg applicable to the evaluation of advanced process control strategies. _

‘The opportunities for applying advanced control in the Chemical Process In-
dustry are vast and numerous. The need exists to be able estimate the financial
returns that a particular control application will yield in order that management
committment, investor confidence and finally, financial support can be gained. If
the financial benefits of a control strategy can be predicted and quantified, com-
_parisons can be made between various alternative strategies based on profit yield,
as well as on technical merit. The end result js that the most profitable and suit-
able projects can be selected and implemented, thus improving the overa.]l financial
position of the organisation.

The aim of this project is to develop a set of analysis too]s to assist with the pre-
diction, quantification and evaluation of the benefits that advanced process control
~ techniques have to offer. The financdial decision-making process of selecting prof-
itable investment opportunities for improving overall financial performance is a key
theme throughout this work.

1_..2 Related Work |

It has been suggested that the inability to quantify the financial benefits of ad-

vanced process control is a key barrier to its more widespread use and acceptance
{see Warren Centre Report [2]).The Warren Centre, at the University of Sydney,

‘therefore initiated a 9.5 man-year investigation, known as the Advanced Process

Control Project, to demonstrate a general benefits analysis methodology for the

. prediction and quantification of benefits of applying advanced process control tech-

nology. : :



The Warren Centre Advanced Process Control Project used a benefits analysis
‘method developed by T.E. Marlin for large, continuous petrochemical plants. The -
method was extended during the projeci so that it could be applied to a wide range
of plants in different process industries. The project culminated in a Project Re-
port [2] and the detailed documentation of seven in-depth case studies in Australian
industry. The extended methodology evaluated the potential of advanced process
control projects for these case situdies by comparing the proposed operation with
~ the existing, so-called base case, mode of operation. The extended benefits analysis
method developed during the project has been well documented in the literature by
Marlin, Perkins, Barton and Brisk {3] and Brisk [4]. :

The extended methodology suggested that financial benefits of various control
} 0pportumt1es can be caleulated using the following formula: :

Benpﬁt = Improvement  Incremental Value x
Time x Throughput X Serwce Factor (1 1)

Equa.tlon 1 1 requirés that an: incremental monetary value be associated with the
jmprovement brought about through improved control. This incremental value is
assumed to be the value of operating process variables closer to their optimum targets
~ or set points. Jmproved control reduces the deviation of a process variable and allows
the variable to bz moved closer to the desired operating target or constraint. The
incremental value ¢an be derived from the profit function relating monetary value to
the operating point. The Warren Centre work focussed on a linear profit function, up
to a given constraint or set point. The benefits attributable to mproved regulation
were assumed only to be the contributions from moving the operating point of the
‘variable doser to the constraint or target set point. The benefit of reducing the
standard deviation of the variable about its u;,\era.tmg point was not quantified, and
was assumed ornly to enable the variable to e moved closer to the target. _
Latour [5}, in his work in the area of controlling the blending of fuel oils, con-
cluded that improved regulation alone is algo beneficial. Latour considered the con-
sequences of violating the comstraint or target beyond the linear region assumed in
the Warren Centre Report [2]. This benefit of improved regulation was included in
the development of his improved control profit i'unctmn, whicl fea.tured a non-linear
penalty region around the constraint,
Stout and Cline [6] extended the analysis of profit functions to hi lude quadratic
* and higher order functions. They proved mathematically that if the profit function is
linear, reducing the standard deviation has no benefit; reducing variability however,
allows the process variable to be operated at a mean value closer to a constraint.
Furthermore, they showed that for quadratic profit functions, benefits are obtained
from reducing the standard deviation and from moving the average operating point.
This study combines all of the above documented research in the area of profit -
and penalty functions b} censidoring the formulation of an overall performance func-
tion, The performance function approach proposed in this report caters for linear
and higher order functions as well as the handling of constraints.
‘Maalin, Perkins, Barton and Brisk {3] proposed four methods for the estimation
of the improvement derived from advanced control:

1. Review of historical plant data to determine the best operation achieved in
the plant for sustained periods, This approach assumes an advanced process
control scileme can duplicate this best operation on a continuous basis.



2. Improvements calculated on expenence gained with similar process umts and '
the resultant beneﬁts obta.med with advanced process control stra.tegles

3. Plant tests conducted which emulate the proposed advanced process control _
strategy and from which the predicted 1mprovements over existing base case’
_ operatxon can bhe calcula,ted : : '

4. Predict the Jmprovement based on knowledge of the typical d:sturba.nce expe- |
rienced by the process and on estimates of the control strategy to be employed.

Brisk [4] states that in practice, plant tést rams are seldom used and that simula-
tion is substituted for the more rigorous approach of analyzing disturbances. Brisk
' suggests that advanced process comirol projecs typically yield 2%—6% savings of

- total production costs, when implemented correctly. This suggesnon is based on - -

the seven doctmented case studies [2] and on subsequent experience gained in the
ICI group of companies. This research project suggests that the rigorous approach
of analyzing dlsturba.nces_ca.n be used to quantify the benefits or savings of each
praposed control project in more specific ferms, It is hoped that the quantification
of real, specific control benefits will allow the more w1desprea.d use and acceptance
of advanced control principles,

The costs fer 1mp1ementmg control projects and for recewmg their correspondmg
benefits, can be estimated once the implementation strategy is known. The Warren
Centre methodology suggests that all generated control opportunitites be ranked
according to their benefits to cost ratio. Projects for implementation can then be
proposed from the list of ranked prajects. The ranking of projects according to a
benefits to cost ratio (& “traditional” measure of profitability) can, however, provide
very misleading results. This method of ranking does not take into account the time
value of money. Modern methods for determining profitahility of projects have been
. developed which provide a more realistic overview of the returns a project will yield.
Net Present Value methods and Discounted Cash Flow analysis are stich modern
methods and are presented in [7) and {8] respectively. The modern methods for
profitability assessment will be used in this project to assist in the decision- making
process of ranking control project opportunities. :

1.3 Overview of the Project Report

The report is presented in the following format:

Chapter 2 discusses the financial analysis of an organisation using firancial ratios.
This analysis is used to assess the ability of an organisation to obtain finanting fo
investment in projects and to set financial targets for control projects.

Chapter J discusses the benefits of feedlack control by analyzing the power
spectral density of load disturbances likely to affect the system. Ideal feedback’
gystems, as proposed by Bode, are used to quantify the maximum achievable benefit .
feedback has to offer.

Chapter 4 presents the formulation of performance functions relating the oper-
ating point of a precess variable to a correspondmg financial value,

Chapter 5 examines various methods for ranking control project opportumtles,
based on different measures of profitability. This ranking is used in the final decision-
making process of selecting the most suitable project opportunities for a pa.rtlrular
' orga.msa.tmn :



Chapter 6 presents B case stud}' whe:re the prmmples of tlle preceedmg chapters-". o
are applied. : '

Chapter 7 coucludes the report a.nd presents the main results of the resea.rch___-____ S

study.
The fmanmal atd a.na.]ysm tools are developed wuth the pe‘rsonal computer based
‘software package Matlah.  Matlab is ‘widely used amongst contzol engineers and
" provides a suitable mathematical environment for the development of control and
system identification tools, Application of the “toolbox” is demonstrated to identify
_and assess the econamic viability of advanced process control techniques on a selected
case study mvolvmg the classical two tank liquid level control problem. Economie -
evaluations are tested against financial ta.rgets set for an orga.msa,tmn, based on the
financial performance of the organisation and guidelines are given for the decision-
'ma.kmg process of selecting pro _]ects which improve the owara]l :ﬁnancla.l condltion of -
an orgamsa,tmn o o
' Cost estimation of implementmg a.dvanced control PIo Jects is not Wlth.lll the -
'scope of tl'us regearch pro _]ect : o



) Chapter 2

; Fmanmal Targets and
:_Ob Jectwes |

2 1 Intro duct ion

“The 1mp1ementa.tlon of control upgrade and advanced process control pm_]ects re-
quires the investment of capital resources. The ability of an organisation to obtain
financing for the capital requirements of a project is dependent on the financial
condition and performance of the organisation. The yardstick by which financial
performance can ba measured {(and thus the ability to obfain financing for invest- -
‘ments) is derived from financial ratios gad interpretation of information recorded in
the financial statements issved by uhe organisation.

I'his chapter discusses the financial analysis of an organisation using financial

ratios. The AECI Group of companies is used as a case study for the period 1990-91.
The insight gained from the financial performance ¢f an organisation is then used to
assess ihe a.bi]ity tn finance projects and to set targets which the control opportu-
nities under cas '+t~ sration must comply with and meet. The targets set for control
projects mclude ‘limitations on capital resources (forced by the ability to obtain
finance) and minhnum returns which the project must yield in order for the organi-
sation to presper, Control upgrades and advanced process control opportunities are
presented as a possible means to achieve this prosperity.

2.2 Fin’ancial Statements and Ratios

Financial statements summarize the financial transactions of an organisation, The
- day-to-day transactions are recorded and then summarized mto a format required -
by law. '
The ﬁ.na.nmal sta.temenl,q comprise of two parts: a balance sheet which shows
the financial “position at a yarticular time and the income statement, a record of
the loss or gain over & period of time; The financial information recorded in an
organisation’s financial staternents can be analysed and interpreted using financial
ratios. These financial ratios can be used to measure business performance, or be
used 25 the basis for setting business ub_]ectwes for an organisation. '



_  Ratios. allow comparisons to be ma.de be*ween the present performance of an
_ orga.msatlon and the fo]lowmg measures: . .

1. predetenmned expected sta.nda.rds or ta.rgetb, expressed as ﬁnanmal ratios.:
- 2. the historiciil perfm'mm::e of the same orgamsa.tmn R s

S B the performa.nces of snnﬂa,r orgamsa.tlans 01 orgarusa.tmns w;tlun the same
' -mdusfry, -

- One can; for exa.mple, compare the performa.nce of t“o orga.msa.mons c:pera.tmg
~ in the same sector of industry by divectly comparing ratios. Care must, however, -
" be exercised when comparlsons are made, as ratios can only be compa.red if the
information used m the calculation has been sta.nda,rdlzed -
- Business objectives can also be set for an orgamsa.tlou using financial ratios.
- The past business performance of an organisation can be measyred from historical -
‘data and used to specify future targets and objectives for the organisation. Once -
. again, care must be taken to ensure that historical information ha.s been calculated
according to the same standard as current data. ' _
Financial ratios can be classified by type: hqmd.lty, leverage, a.ctlvlty and prof---
1ta.h1lity. A number-of financial ratios are presented in table 2,1. Table 2.1 includes:
the ratio type, method of derivation, typical average values for the Chemlca_.l Process
Industry (refexence Perry [9]) and ratio values for the AECI Group of comparies for.
1990. The AECI ratios were determined directly from 1nform&tnon recc:rded in the
- AECI Limited A_rmual Beport 1990 [10]

Typé_ . | Ratio © . ' E'q1ia.-t.iqn' | Indusc vy | AECI
Liquidity | Current Ratio Querent Agsete 260 | 187
- | Acid Test | Querent Assots_Tnueniory | 19 | 0.64
Leverage | Debt Ratio(%) | fatelpat. - lgzg | 570
Times Interest .Prog;f;g{:—jg%fﬁf;;gw 8.00 - 4.84
Activity .Inventory.Tumovér | T% © .| 9.00 5.20
Collection Period docgunt Rocohiarles 1610 | 610
Fixed Asset T/over | wraf smess - [s00 | 3.50
Total Asset T/over | Sfiei - | 2.00 2.10
Profit | Profit Margin NeFrofis lso0 | 490
: Return on A-ssets. L }:; :: £ ’:’E‘;i . (100 | 760

; . el Profit . . 1
Retarn on Net W01t]1 WW%%? o 15.0 1 18.0

- Table 2.1: T}'pes of Financial Ratios



2.2.1 Liquidity Ratios

Liquidity ratios are a measure of the a.V&llaJthty of cash or the a.bxhty to meet short-
- term obligations from available funds. The most general and frequently used of |
these ratios, is the current ratio. The higher the current ratio for an orgamsatlon, '
the greater the ability an organisation has to pay Its bills.

The quick or acid test ratio gives another perspective of liquidity by mea.surmg
* the ability of an organisation to pay its bills without having to sell off inventory.

During 1990, AECI was below the Industry average for liquidity, mdlca.tmg; that
the Group was vulnera.ble if forced to settle short term obhga.tmns.

2.2.2 . Leverage Ratlos

Leverage can be considered 2 ga.uge of the level of debt or borrow;ngs an orgamsa.tlon
‘has entered into. In comparison to liqnidity ratios, leverage ratios are based on long-
term obligations. Organisations with high leverage ratios run the risk of large loszes
in an economic downturn, although they may be poised to earn large profits during
~ an economic boom if their assets, acquired with borrowed ca.pzta.l produce high
-TetuIns.
~ The “times-interest-earned” ra.l;m maeasures the extent to which an orga.msa.tlon
can service annual interest charges. Failure to meet mterest charges may result in
bankruptcy.
The leverage ratios for AECT indicate a high level of borrowings to finance assets
This high level of leverage may prevent investors from making add1t10na.l funds
available to the (:roup for investment in projects.

2.2.3 Actlvity Rat‘.ios

Activity ratios measure the effectiveness of an organisation to utilize ava,llable re-
sources, generated from sales.

AECI seems to be making good use of revenue genera.ted from sa.les, although
ihe fixed asset turnover js too low Fixed assets may be under-performing.

2.2.4 Profitability Ratios

Profitability is a measure of the return from investments. Proﬂta.blhty ratios mdlca.te
the efficiency of operation of an organisation.

AFECI is performing satisfactorily when proﬁtablhty ratios are considered, indi-
cating that operations management is sound,

2.2.5 Summary of Ratio_ Analysis. -

Financial interpretation of the results reported by the AECI Group of compa jes
- during 1990 [10], indicate that AECI must improve its liquidity and leverage position.
In order to acquire additional resources for the financing of projects, AECI must be
liquid to service any shori-term obligations and correctly levered to avoid heavy
losses, By improving upon its liquidity and leverage rating, an orgmusa.tmn can
presvnt projects as attractive investment oppmtumtles fo Investors.

11



In 1991, AECI re-valued its assets, resulting in the debt ratio falling from 57% to
47%. By improving this ratio, it is hoped that investors will be attracted to invest
in projects proposed by AECI in the futvire.

- An alternative approach to improving the liquidity a.nd levera.ge ratmg for ADCI-
would be to invest in projects requiring a small capital investment but which provide
high returns. Small investment, high yield projects provide a “quick fix* solution
to poor performance in the short- -term; long-term projects must be considered if
financial prosperity is to be sustained. Control upgrades and advanced control can
provide both shiort-term, quick fix solutions as well as longer-term, growth onenta.ted
_ opportumnes :
Control projects are ideal ca.ndlda.tes for 1mpr0vmg benefits from ex:stmg ﬁxed_
- astets. -Benefits can be achieved by: reducing maintenance and operating costs,
" improving process and equipment efficiencies and by increasing production capacity,
Furthermore, these benefits can be achieved without large capital investment in a
new plani, thus improving the financial ratios and reﬂectmg an improved overall '
financial performa.nce of the organisation. :

2.3 Time Value of Mo:ne_y

The primary purpose of all normal business operations Is to earn profit from in-
vestments made in the business, The profit made should be at least equal to, but
preferably greater than, the cost of borrowing the capital to fund the invastment.
Even if the business funded its own capital requirements, the business would still
waat to earn at leéast as much as if it had been invested in a secure investment, A
gecure investment could be considered as onc where a guaranteed return is offered,
eg. a bank deposit or in stocks and shares. -

The time value of money refers to the effect that interest rates or polential,
alternative investment opportunities have on the value of money. The underlying
. maxim is that money received now is more valuable than money recoived Jater. This
is because money received earlier can be re-invested and interest earned on this
meney. Conversely, money earned later is worth Iess because of the 1ost investment
upportunities.

Consider an entrepreneur who wlshes to make an investment. He has an oppor-
tunity to invest, in say, a fixed deposit which earns him a guaranteed return. His
original investment capital remains in tact which he can reclaim at the end of the
investment period. This opportunity is relatively free from risk, Alternatively, the
" entrepreneur also has an opportunity to invest his capital in an engineering project
venture. The entreprenecur will be looking for the following returns from the venture:

1. The return of the oﬁgina.l investment capital at the end of the project life,

2. Sums of money equivalent to the interest that could have been earned from a
risk-free venture. : '

3. Extrasums of money as an inducement to undertake a potentially risky project,
for example, in terms of: the technology used, political stability of the envx-
:rcmment or the avallability of markets.

The future worth, or future value, of money, relative to the present value, cau be.

12



determined using the compound interest formula:

| CFV=PVx (144 (2
FV = future value of a sum of money at a future da.te |
PV = present value or principal

i interest rate {may be cost of borrowutg capital)
n = number of periods specifying investment lifespan .

From the above formula it ¢an be clearly seen that the potential fnture va.lue of
capital invested at an interest rate, i, is greater by a factor:

Factor= (148 . (2.2)

E Compou_nd interest tables have been genera.ted which list the factors for various .
interest rates and number of time periods. Tables, however, have limjtations with
respect to accuracy because of round-off errors. This accuracy limitation has been’
teduced with the adveii of cpreadsheet computer programs and the need for look-up
tables of factors has diminished,

One can compound over different. time periods to obtain atmua.l monthly, daily
or even continuously compounded results, In this research project, compounding
and interest rates quoted on an annual basis will be used throughout. .

2.4 Formulation of Targets

Projects and investments must support the business objectives of an organisation.
The justification of advanced control and control upgrade projects must. therefore
include an awareness of the business objectives set for an orga.msatmn and the eco-
nomic climate the organisation operabes in.

The financial performance of an organisation is reflected in financial ra.tms de-
‘rived from information recorded in the financial statements. Financial ratios, there-
fore, provide criteria against which financial performance can be measured. Ratios
can be used to set ohjectives; performance can be judged against these objectives
or targete. The financial performance of an organisation will influence the ability
of that organisation to acquire financing from an lastitution or from investors. Ra-
tio analysis therefore also allows one to determine the probability of success of an
organisation acquiring financing. If this financial interpretation is available, control
projects and upgrades can be tailored to meet the ( straints exerted by business
performance, preset targets or financing charges. '
~ The time value that an organisation places on money can be used to set minimum
rates of return that an organisation would expect from any investment—be it a
control upgrade or any other investment opportunity. The minimum rate of return
. canl be expressed as an interest rate { and is sometimes referred to as the “hurdle
rate”. The hurdle rate sets a minimum standard which projects must exceed before
they can be considered to offer an acceptable rate of return. Different hurdle rates
will be set by different orgamsa.tions, but - different hurdle rates may also apply to
the same organisation during various stages of financial performance. The hurdle
rate during poor financial performance will obviously be higher than during times

of strong performance. The hurdle rate can be set using different criteria:

1. The cost of borrowing capital.
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2 Interest ra.tes tha.t could be ea.rned from risk-free venturehv

3. Inte:rest rates retumed from risk—free ventures plus an a.ddxtmnal cuntnbutmn_.
for undertakmg risk, R =

- Inﬁatmn cani alsa be- mcluded in the deterrmna.tmn of a hurdle rate, Tha eﬂ‘ects '
“of inflation. are beyond the sc.ope of this pm;ect report and will therefor*ﬂ not he. .
- conmdered : : '

_2 5 Summary

‘Financial performance of an orga.msatmn affects the. abihty of an orga,msatmn 40 age
(quire financing for projects. Ratio analysis can be used to estitmate the probability of '
success of acquiring this financing from an institution or from other investors. Ratio
analysis Tequires interpretation of information pnbhshed in an organisation’s finan-

- cial statements—information which ie usually freely available. AECI, the group of .

companies used as a case study, is curreutly suffering {rom a weak liquidity and lever- .
age rating. Limitations will have to be placed on capital resotrces for any pro_]ects
likely to be underta.ken, until the financial performance of the group improves. .
The time value of money, for an organisation, sets a minimum rate of return
or “hurdle tate” which projects must show the potential to yield, before they can’
be considered to he economically feasible. Projecis must offer returns which will
attract investors and which will gather suppors for the proposed venture. ABECY will
be setting fairly high hurdle rates, hoping to attract the attentmn of mmestorg and

" thereafier to reap the benefits of high yielding plOJects. .

The scope of advanced control vpportunities is vast; not all upgrades and op-
portunities need be capital-intensive. Upgrades which provide large returns for a
relatively small capital outlay could well provide an organisation, suffering from poor
financial resulis, with the potential for imptoving its short-term position. Upgrades
requiring larger capital investments could yield larger, long-term benefits which or-
~ ganisations with a sound financial position could take advantage of to continue to
prosper and grow. AECI would do well in tlie short-term to invest in a number of
high yielding control upgrades requiring a small investment of capital resourees, In -
the longer term, AECI would prosper if larger, growth orientated control upgrades
were implemented, assuring that the improved short-term ﬁna.nma,l performa,nce of
the group tontinues into the future,

* Control upgrades and advaticed process ccntrol projects must support the busi-
ness objectives of an organisation. An awareness of financial performance, preset
targets and the economic climate an organisation operates in, provides valuable in-
sight into possible financial constraints whick control upgra.de or advanced process
cont:rul prOJects may face. '
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| Chapter 3

The Beneﬁts of Feedback
Control

3.1 __Inf roduction

The rejection of disturbances is one of the main functions of a feedback controller;
without dist  .mces there would be no need for feedback control. The effect that
disturbances nave on a system can be quantified by investigating the characteristics
of these disturbances ahd the overall system transfer functions.

The purpose of this chapter is to quantify the effects that (letermmlstic and
stochastic load disturbances have on a feedback control system. The description
of disturbances and their effects is developed using continuous-time random gignal -
theory, with special attention paid to the unity feedback system.

Ideal single loop feedback amplifier characteristics, as- proposed by Bode, are then
used to quantify the maximum achlevable bencfit feedback has to offer. The ability
of the ideal single loop amplifier to reject disturbances and thus to minimize the
vartance of the output due to these disturbances, is investigated using the sensitivity
function and the power spectral density of the disturbance.

3.2 Disturbance Rejection

The nature of disturbances affecting a system determines the quality of regulation
that can be achieved by a control system. Disturbances, therefore, place limits on
the performance of a controller design.

Consider the feedback system In figure 3.1. The main objectives of the controller
. C’(s) are; - : :

1. To keep the change in output signal y caused by the introduction of a loa.d B

dJsturba.nce d small.

2. To keep the tra.ckmg error ¢ small for changeb in set pomt r {sometimes referred
to as the reference input).

Noise or measarement errors in the measurement gignal can also be classified as
disturbances. This class of disturbances will not be considered in deta.ll in this
project report hence n =0 for tlus investigation.
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Flgure 3. 1 The ota.nda:rd Feedback Control System

. Refernng to fignre 3.1 and deﬁmng G s) as the forward or open loop gain and'
I:{s) as the loop gain:

| C(s)P(s)__

G(s) =
L(s) = C(s)P(s)H(s)
. = G(s)H(s)

- The sensitivity functmn S(s) is defined as the transfer function from measured -
process variable y to disturbance d: :

y e
d =1

i + L(s)

Therefore: . _
=y _ 3.1)
1+ L{s) 3
The complerentary sensmmty function T(s), or closed loop transfer functlon, is
defined as the transfer function from measured variable y to set point »

A< O
T 1+L(.s)_
= T{s)

The sum of the two sensitivity transfer functions is unity, S(s) + T'(s) = 1. Ideally
S(s) = 0 and T(s) = 1. This ideal situation is not physically realizable becanse
unknown high frequency components in a system must be attenuated $o avoid in-
_stability. Sensor noise and mechanical resonances are examples of undesirable high-
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frequency s1gnals whose effect must be nunmuzed Tha result of thls hrmta.non is
tha.t for a physu.a]ly rea.hza.ble system: ' : :

lim .5'(8) =1

llm T(s) = 0
A tra.de-oﬂ’ must thereforc be made between the quunements of d.lsturba.nce re;ec—
tion and the reduction of tracking error for a physically realizable system, where -
high frequency noise must be attenuated. Bode has developed ideal characteristics

for single loop amplifiers. These optimum trade—off cha.ra.t.tenstlcs wﬂl be dxscussed
Ia.ter in th.ls chapter : : :

33 Sp_ectr'al' Aﬂalysis Qf'and Dist’ur’baﬁCes E

" Load disturbances which influence the measured process varlable can éometimes_. 3

be described by $o-called simple disturbance models. If this approximation can be

made, four different types of models are typically used: impulse and pulse, step,
ramp and sinusoid. Simple disturbance models fall into. the hroader category of
deterministic signals, which are uniquely determined by mathematical expressions
or rules. Deterministic signals (including simple disturbance models) can be directly
transformed using the Fourier transform. '

The effect of deterministic load disturbances on the magnitude of the output of
the unity feedback controller, H{s) = 1, can be ca.Icula.ted from equation 8.1 aad
application of the Fourier tra.nsfmm.

WG = |rpgrems] ¥ 10G)

X 1D{jw)|

1'-+ C(jw)P(jw)i

In real-world measurement applications, disturbances are not always simple and de-
terministic. Disturbances may be very complex, making a precise description of the
signal difficult, or they may be random in rnature. By usi_ng' a random or stechastic
approach to disturbances, it is possible to describe a much wider range of distur-
bance characteristics. Stochastic signals do not directly have Fourier transforms, but
many of these signals can be summarised by means of an autocorrelation function,
for which a Fourier transform does exist. The effect of stochastic disturbances on
the magnitude of the output of feedback controllers can therefore be investigated if
the Fourier transform of the autocorrelation function is considered. Power spectm!
“density is defined as the Fourier transform of the autocorrelation funetion.

To specify a random disturbance signal, certain statistical properties of the sig-
nal must be known. Amplitude behaviour can be specified in terms of means and
standard deviations, whereas frequency behaviour can he spemﬁed in verms of the
power spectral density,

Consider a stable, lineay time-invariant system with unpulse response b, sub-
jected to a continuous-time stochastic input () t) as shown in figure 3.2. The rela-
tionship between output and input is:

_y(t):/_éoh(taa)u(s)ds_ _. o (32)
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F'figm'e' 3.2: Linear Tire-Invariant Sjrstem_

or . o R | o -
| ROE f Hault-sds o (33)

o : : N
The mean of a plocess is &eﬁned as: o '

fy = E{ﬂ(fl}

where £ denotes expected value.
The autocorrelation function of a process is:

5(8) = ey + B B Y

Substituting equa.tmn 3.3 into equation 3.4 and applying the Convolutmn theorem
whilst takmg Founer transforms yields: :

Byy(w) = |HG X Suulw) - (38

B, (w) and ﬁ)w(w) are termed the power spectral densztzes of the output and input
signals respectively. .

A more detailed derivation of equation 3.5 is presented m Appendlx A. Oppen-
heim and Schafer [11] and Astrém and Wittenmark [12] can both be referred to if
additional reference material Is required, Both references provide detailed analysis

of the discrete-time stochastlc process yleldmg the analogous result:

Bpu(e) = [H ()] X Buale™)

From the properties of the correlation function for a stationary process with Teal
input, and knowing that the variance of a signal is the square of the rita.nda,rd
deviation, it can be shown that for the input signal u: :

variance = 0.

e{ (B} — lpl®
= L[ -l l?
= 5/ ) |l

A more detailed derivation of o2 = £{|u($)|*} - |,u,“]2 is prov1ded in a later sectlon,
subsection 4.2.3, in the deriva.tmn of equation 4.2,

' It can alao be shown that ., is both real and even. Therefore, for a 51gnal with

a zero mean, iy = 0, it follows that: .

1 - |
2 1 : )
= [ buw)do @38



Thus the variance of a signa.l with zero mean is the area under the povéer spactral
" density curve,

Interpreting the results of equa.tmns 3.5 and 3.6 mth reference to. ﬂgure 3.1,
the standard deviation of the output signal 4 can be determined by considering the
. power spectral density of the disturbance signal d, and the fransfer function from

the output signal to the disturbance—the sensitivity functlon. :

From equatlons 3.1 and 3.5:

§'w("“‘)

| lsu@F X Bae)

X dg(w)

i

5 | 14 L(

" In the unity feedback case, where H(s)=1
1

14 Cjw)P(jw)

2

EMOE X Bulw)

Applying equation 3.6 _

a1 ("

=7 /o AT+ CGw)P(jw)
The variaznce of a sontrolled process variable y subject to a disturbance d can be
calculated directly using equation 3.7. The variance of variable y is therefore the
area under the curve of the power spectral density of d, modified by the sensitivity
function, For a given disturbance signal, the performance of a controller can there-
fore be judged by the size of the variance of the process variable. The smaller the
variance, the better the control performance

2'>< _@dd(w)cfo_) L .(3'7)

R 3.3.1 Using Matlab for Spectral Analysm

Matlab provides an ideal environment for the spectral analysis of load disturbances.
~ Signals are entered into Matlab as time series vectors and Matlab provides functions
for the manipulation of this data, The area under a curve, represeuted as a time
series vector, can be calculated directly by summing the individual components,
between the upper and lower hmlts of interest, From equa.tlon, 3.6 and usmg the
Matlab function sum: .

_ aﬁ = $ x sum{®,,)

Maitlab 6ffers a number of functions for the estimation of spectra and for spectral
analysis. The signal processing toolbox [13] contains the function spectrum, which
uses the Welch method of power spectrum estimation, The units of the power
spectrum produced by this method are such thait:
o2 = sum(Pyy) B - (3.8)
The signal processing toolbox also offers the detrend function, which can be used
to remove the mean value from an input time series. This feature can be used prior
to the calculation of the vatiance o2 using equation 3.8, therefore ensunng that the
mean value of the Input, sy, is always equal to zero.. '
The system identification foolbox [14] has two functions for the estimation of
spectra: spa and etfe. The first function spa, estimates the covariance function of
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the input series, applies a Hamn:ung window and then Fourier transforms the result. - o

The second, etfe, compites the periodogram of the input series as the normalized
absolute square of the Fourier transform of the series. Both these functions are
normahzed with respect to the sampling interval T, such that:

1
.a;-i: w/ Bou(w) div

© . or uging Matlab notation: _ :
. ) . : 0'2 - Sum(@;m,)
uw NT
_ where S o
- T = sampling mterval S ' .
. N = length of the series generated by the estlma.non fun‘.tion, calculated usmg the '
Matlab function length{ 8., ) _
. The resultant power spectral density can be plotted for the spectrur and spa
“or etfe functions using the corresponding plot routines specplot anc¢ bodeplot
respectively, It should be noted that the normalization differs between spectrum
‘and the other two functions and herce care must be exercised when comparing plots..

Example
Consider a time-varying input signal of the form:
O y{t) = Aysin(2n fit) + Agsin(2m fot) + Ag sin(2x ft)

For A4 = 2, Ay = ~0.5, A3 = 1, fi = 0.0032 Hz, fo = 0.003 Hz, f3 = 0.0025
Hz and a one second sampling interval, the power spectral densities produced by
-each Matlab function are plotted in figure 3.3, The mean of the time-varying input
signal was removed using the detrend function. The plot for the Welch method,
spectrum, was generated using a 128-point FFT size and the plots for the spectral
ahalysis and empirical methods, spa and etfe, were genel ated using function default
values.,
- The sample variance is deﬁned as:

_ (!h #y)z
0.2 . i=1

¥ a—1

For a signal with its mean value removed, By =0

n .
2 ‘Ely‘?
FL = =
L T |

" For the above exampk.', the variance is ca.lc'uia.ted as
0‘3 = 1.4337

Comparing the variance of the time-varying input signal with the variance derived
from calculating the areas under the various power spectral density curves presented
in table 3.3.1, one can see the errors introduced by the different smoothing, wmdow
functlons
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Method _ '.Pa.ra,-meter Vatiance | Frror

'siiectiﬁm m=128 {0.0773 | 94.6 %
m = 2L8 0.8138 - 432 %
| m =512 3.9485 | -175.4 %

spa M=10 |1.4335 0.0 %
' | M=30 | 13130 84 %
M=5 |11964 | 23.7%
|M=100 {1020 | 289%

fletfe | N=64 100954 | 933%
N=128 |0.0773 4.4 %
N =256 |0.8138 -9.8 %
N =512 |[3.9485 0.1% |

number of points for FFT ca.lcula.tmn, m must be a power of two
length of the lag window
number of frequency pomts, N must be a power of two

=3
o

Smoothing windows are used to give gra.phjca.l_ clarity-—mot necessarily numeri-
cal accuracy. Therefore, either the empirical method of calculating power spectral
density, etfe, or the spectral analysis function, spa, with the correct lag window
length specified, is recommended for the determination of the variance of a signal
from disturbance spectra considerations.

3.4 Ideal Feedback Charact ~ristics

Bode [15}, in considering the design of feedback amplifiers, developed ideal character-

isties for the loop gain of single loop amplifiers. A single loop amplifier is equivalent

- to a unity feedback system. Thus, ideal characteristics for the loop gain of a unity
feedback system can be developed using the characteristics proposed by Bode,

' Bode's work focussed on sha,pmg the loop gain of a feedback amplifier in the

fo]lowmg areas: :

1. Mam’mtmr obtainable feedbac!%-»to_specify the absolute level of gain in the
useful band.

9. Ideal cut-off characteristics—to maximise the rate at which the gain outside
the useful band is reduced; without producmg a phase slnft. greater than a
prescribed design margin.

3. High frequency asympiotic _chamcterists'&—_the loop gain and phase must ap-
proach asymptotes determined by the pole-zero excess of the plant plus its
contro]ler, at high frequencies.

Macleod {16] has developed fwo Matlab m-ﬁles to a,smst the Ma.tlab user to develop
the ideal loop gain cha.ra,ctenstlcs according to Bode’s theorem. These m-files appear
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in Appendix B as bodeopt.m and badeoptl.m, Macleod has included the facility
to have integrator(s) in the loop gain. This additional facility extends the ideal Bode

loop gain characteristics to include a wide vange of systems typical of the Chemical -

Process Industry. Integrating processes and the standard PI or PID controliérs are

found extensively in chemical processes, both of which introduce integrator(s) into

the loop gain. Tt should be noted that the bodeopt.m function does not cater for

systems with dead time. Dead time modifies the loop gain shape further, but the

~ scope of this resea.rch project does not inviude the handling of systems with dead-
time, :

The ideal loop gain characteristic features a pha.se margin which has been gilar-
anteed for g large portion of the frequency spectrum. The crossing of the phase .
over the -180 degree stability point, is only permitted below a specified gain margin
threshold., High frequency noise ar resonant comporents which may affect the sia-
bility of the Joop have therefore been actenuated by an amount at least equivalent
“to the ga.m margin. : _

Example _

Consider a system requiring a loop gain of 200 in the useful operating band, which is
required to extend up to 1 radian/second in frequency. If one specifies a gain margin
of 12 dB and a phase margin of 40 degrees, bodeopt.m yields the bode plot for
which the magnitude response appears in figure 3, 4 For this example, the poie-zero
excess is assumed to be 3.

A Matlab m-file has been wiitten to calculate the sensitivity function of the
idesl loop gain characteristic. This m-file is included in Appendix B. The magni-
tude response of the sensitivity function for the a.hove example, a3 calculated using
sensit.m, is plotted in figure 3.5,

Example -

Including a single integrator at the origin changes the loop shape. If one considers
the same system specifications fur the above example and interprets the operzi--
ing band ag the region providirg a minimum loop gain, up to a certain frequenc, .
point, bodeopt.m yields the bnde plot in figure 3.6. The corresponding magpitude
reaponse of the sensitivity Tunction for the above example, including the single inte-
grator, is plotted in figure 3.7. The variance of a process variable, controlled by an
optimum feedback controller, can therefore be caleculated from equation 3.7 as:

3=t [MIsGuf x buwrde (39)

The variance of a process variable calculated in this manner can he considered to
be the best possible using feedback as compensation, and as such, indicates the
maximum performance {benefit) feedback has to offer. Comparing this “best possi-
ble” variauce value for a system under evaluation, with variance values obtained for
existing or alternative control schemes, one obtains a quantitative measure of the
performance of a control system relative to an optimum system. '
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Figure 3.5; Sensitivity Funetion for Optimum Loop Characteristic

3.4.1 Controller Dé_sign

The design of a controller to meet specified performance criteria in an optimum
manner, using the optimum loop characteristic proposed by Bode, can be achieved
if the behaviour of the process is known. The disturbances Iikely to affect the
system performance must also be characterized, so that the performance criteria the
controller must meet can be specified,

The standard method of loop shaping can be used to design a controller for the

known process, with the aim of producing a combined loop gain which a.ppromma.tes _'

the optimum characteristic proposed by Bode.

Using the sensitivity function of the combined controller a-.d known plant trans-
fer {unctions, a measure of the performance of the control system design can be
gained by calculating the variance of the process variable due to load disturbances,

- Care must be taken to ensure that the same frequency interval is used when multi-

plying the power spectral denslty wath the square of the ma.gmtude response of the

sensitivity function. -

3.5 Summary

- Matlab routines and functions have been demonstrated as a means of quaatifying
the effects of deterministic and stochastic load disturbances. The quality of control
of a system can be judged by the variation in the process variable, subj Ject to such
load disturbances.

For a signal with zero mean, e variation in process variable can be directly
calculated from the area under the power spectral density of the disturbance and
the sensitivity function.

It has also been shown that Ideal characteristics for feedback a.mphﬁers, devel-
oped by Bode, can be applied to unity feedback systems. Loop shaping can then
be used to design a controller for a known process, with the combined loop gain
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 Figure 3.7 Sensitivity Function for Optimum Loop Characteristic with Tntegrator -

_ apprommatmg the optlmum chd.ractenstm sha.pe proposed by Bode
Calculation of the process vaziable variance usmg the magnitude response of the

sensitivity fiinction for an optimum loop shape, gives an indication of the maximum

achievable peformance feedback has to offer, The improvement in variance between
~ an existing control scheme and the optimum feedback scheme can be uged to qua.ntxfy
the potential benefits of applying advanced control strategies.

The financial valite of these potential beneﬁts will be quantlﬁed using perfor—

maince functlons in the next cha.pter.
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Chapter 4
Quantifying the Benefits

4,1 Introduction

‘This chapter discusses the formulation of an overall performance function for a sys-
tem. The performance function, relating the operating point of the process variable
to financial value, is derived from knowledge of profit and penalty functions for the
system. Linear, quadratic and higher order polynomial performance functions are -
investigated. The operation of the process variable close to an imposed system con- -
straint is also considered. The benefits of improved regulation and othmlza.tion are
then quantified using the derived performance function. :

To conclude the chapter, a brief discus?ion of the estimation of the costs requu-ed
to implement control sirategies is presented, Once the financial benefits and the as-
soclated costs of implementation for a control system have been quantified, financial
analysis can then be performed. This chapter presents the benefits of improved per-
formance of the controlled system and the costs of implementation in a form suitable
for financial evaluation, : :

4.2 Performance Functions
4.2.1 Regulation
Referring to Chapter 3, the main objectives of a control system are to keep changes
in the measured process variable from a desired set point small, for changes intro-
duced by load and set point disturbances. The performance of a control system can
therefore be judged by the ability of the controller to maintain the process variable
close to the desired value or set point—a process known as regulation. The variation
of & process variable about the desired set point therefore indicates the quality of
contral (or lack of it!) and hence indicates the overall performance of the system.
If one considers the variation of a process variable about the set point to vary
due to the influence of random disturbances, statigtical parameters can be used to
characterige this random behaviour. The gaunssian, or normal, distribution fits many
different types of data and statistical applications; it will be assumed for this project
repart that the variation of a process variable about the set point will approximate a
normal distribution. The time-varying process variable signal can then be completely
described by a mean value and a standard deviation. The statistical description of
a signal 18 presented in figure 4.1
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The aim of a control system is therefore to maintain the mean value of the
variable at, or close to, a desired value and to minimize the variation of the signal
about this value, desplt.e the Influence of disturbances. Minimizing the variation
amounts to minimizing the standard deviation, An improved control system will
reduce the standard deviation of the measured process variable and will result in
financial benefit if a value is associated with tighter control. This potential for .
fma.ncla.l benefit Is reflected in the performanca. function for the process.

: 4.2._2 O ptilmzation _

Optimization can be considered as the process of identifying and enforcing optimum
set points for the controller. These optimum set points may correspond to conditions
of maximum profit, minimum cost, maximum savings or any other economic objec-
tive set for the process. Opiimization consists of moving the suboptimal operating
point of a process varla.ble toa new, pptimum position Which gatisfies the economic
objective.

Constraints a.nd limitations may be imposed on the process of optlmlza.tmn by
physical limitations of the process itself or by economic constraints affecting the
financial performance of the process, if a limit or threshold value is exceeded. The
result of these constraints is that the control set point may have to be moved away
from the limit, in order to satisly the overall economic objective. Figure 4.2 illus-
trates the control of a process variable subject to an operating constraint. Note the
small, finite probability of exceeding the limit as represented by the area of the tail -
of the normal distribution beyond the constraint.

- An improved control system will reduce the variation of the process variable
a.nd allow the operating point to be moved closer to the limit, without increasing
the probability of exceeding the limit and without incurring the associated financial
penalty. The control improvement has a corresponding financial benefit dependent
on the value of the difference in operating postitions. The relationship between
‘the operating position and financial performauce is described by the performance
function.
- The handling of constraints will be discussed, in greater detail, later in this
~ chapter, :

4.2.3 Polynomial Performance Functions

I the performance of a system can be related to the economics of the process, an
improvement in regulation and the benefits of optimization can be quantified in
financial terms. If the assumption is made that performance is dependent on only
one key process variable, for a particular control application, a relationship can be
established which relates the operating postition of the key variable to economic
performance. This relationship may be described in terms of a profit, cost (or-
penalty) or savings function, depending on the objective set for the process. These
Tunctions will be collectively referred to as performance functions, '
A standard method for deriving performance and economic relationships ca;mot
“exist, because differences in processes and business objectives prevent any general
observations from being made about the economic implications of improved control.
However, if such a performance function can be derived for a specific application,
- the benefits of improved regulation and optimization can be quickly assessed.
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If the perfurma.nce of a system can be expressed or a.ppmmma.ted by a polyno— '

mial funeticor, of the key measured process variable y, then the bencfits attributable -

to improve, rogulation and opt1m13a.t10n can be calculated Consxder the mean valne -
 of the key process vanable, pro o : :

- and that y expenences pos;tnre and nega.t.we vanatmns from ﬂus mean va]ue Fy,-"
" denoted by d. .

~ The tlme—va.rymg process va,riable SJgnaJ such as the exa.mple 111ustrated in ﬁgure S

_4 1 can then be wntten as:
. P»y + d

The expected value E, is defined as the mean Value of a vamable aver a la.rge number
of observatlons It fu]lows that: : '

e{y} = )
N | = E{ﬁy}+s{d}
_ .From the deﬁmtmn, s{y} thys 1t follows that:
| - | o{d}= 0
“Also, | o |
| .‘5{32}' "—‘ 5{#; + 2F3d+-dz} . _
= e{pl} + 2e{pyd} + £{d%}
= oy + pye{d} + e{d’}
= pg + S{dz}
By definition, e{dz} =02, where & is the standa;rd deviation. _
Therefore, : _ _ ' : :
.s{y’}’=uy+¢ R C &)
I:mear Perfornmnce Funetion - _ . |
A linear performance function, as discussed by the Wa.rren Centre Report wm-k,

be expressed as a polynomial in process, variable y:

p(y)=my+C

~ The average performance value can be written as:.

we = e{p(n)}
: e{my+C}
e{my} +¢{C}
me{y} +C
mpy +C
= pluy)

TR

I
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The average performance of a system, descnbed by a.]mea.r performa.uce functlon,
is therefore the value of the performance function evaluated at the mean operating
" position, Py It can be seen that the average performance is independent of any
variation o in y. Therefore, reducing the variation in y with improved control will

have no effect on the performance of the eystem and will have no direct financial

‘benefit, for a linear performance function. However, if constraints exist for the - -
system, reducing va.na.blhty w111 aliow the opera.tmg posﬂ.mn of y to be moved closer -
. to the constra.mt : :

' Quadratlc Performance Functmn :

A quadra.tm performance functmn, typical of combustlon eﬁiclency Versus excess air
and the hydrogen-nitrogen ratio in the synthesm of a.mmoma., ‘can be expressed as 2
polynomlal in process variable y as: :

p(y) = Ax/ +By+0

The performance functmn has either a mmﬂmum or a rmmmum value w11e:re af; 0,
: 1e. at: : : B '

¥="57

24
The avera.ge performa.nce value can 'be wntten as:

o = e{p(y)}
: e{Ay® + By+C})
= Ae{y’} + Be{y} +C

I

. Applying equations 4.2 and 4.1: _
= A(ﬁﬁ +06%)+ Buy +C | {4.3)

= )+ Ad - (4.4)

It can be seen that the average performance has two components, The first com-
ponent is a contribution from the performance calculated at the average operating
value of y; the second is a contribution from the variation in y. In order to maximize
or minimize the value of the average performance, equation 4.4 should be eqnated
with the performance function evaluated at y = —%. Tt follows, therefore, that if

the vatiance is non-zern, the average operating position must be moved away from -
the optimum operating point to achieve the best possible ay verformance:

ola) = (_ ) . dg? | SO _(4..5)

Higher Order Polynomials

Higher order performance functions can be treated in a similar fashion. It can be -
shown that for a cubic function of the form:

P, = Ay’ + By + Cy+ D
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that the average performa.nce is:

- o)
= o)+ o*(BAy + B) + Ae{d®)

In pra.ctlce, the performance functions of many applications can be approximated .
by linear and yuadratic polynomials over the region of interest. The additional effort
required to develop higher order polynomials may not always be justified.

-In Chapter 3 it was shown that the variance in process variable can be calcu-
lated from the area under the power speciral density and the sensitivity function.
This variance can be used to calculate the average performance of a system for
quadratic and higher order polynomial performance functions. In the special case of
" a quadratic performance function, the variance and the performance function eval-
uated at the mean operating position completely describes the average performance
-for the system. However, for higher order polynomials, additional information is
required before the average performance can be completely described. The cubic .
polynomial, for example, requires additional information regarding the £{d®} term.

Based on this information, it was decided to concentrate on linear and quadratic
performance fiinctions during this research project. It is recommended that higher
order polynomla.ls be mvestiga.ted in posmble future Iesea,rch studies.

43 Constraint Handling

. The process or economic objectives set for a process may fix maximum values for the
. operating positions of the process variable y. Maximum values may exist because
of: product quality specifications, safety limits, physical limitations of equipment
or environmental legislation. If this maximum limit cannot be exceeded under any

circumstances, the operating position of § must be moved away from the limit, guch

that this limiting region is never entered. If the maximum value can be exceeded
an associated cost penalty is normally paid for doing so.

Tt has already been shown that for a linear performance function, reducing the
variability of variable y alone has no benefit. If however, a constraint exists, reduc-
ing the varlation wili allow the operating position of ¥ to be moved closer to the
maximum limitation, This principle is clearly shown in the accompanying figure 4.3.

The improvement in control, resulting in a chiange in the operating position, has
" brought about a financial benefit which can be directly read off the performancr
function curve:

Dpup=mAy
where ' ' :
Ap, = change in avérage performance
Ay = change in operating position of y
m = glope of linear performance function curve

The calculation of variance, derived in Chapter 3 as being the area under the
power spectral density curve and the sensitivity function, can thus be used to indicate
the average performance possible for a system described by a linear performance
function, subject to a constraint,

Latour [§], in his discussion of the control of the blending of fuel oils, starts off
wli a linear profit function with a specification limit as shown in figure 4.3 and
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then adds a penalty function when the process va.ria.ble exceeds the speaﬁca.tion
limit, see figure 4.4, The optimum operating point for the process variable is chosen

which offers the best comprimise between the profit and penalty functions for a given -

varfation. A signal with a large variation must be moved away from the constramt'
a signal with a small variation can be moved closer to the limit.

If & polynomial ig fitted to the combined profit and penalty functions, one has
an overall performance function which includes the haodling of constraints. A first
approximation to the combined function could be a quadratic polynomial, or if
greater accuracy is required, higher order polynomials can he fitted. In this project,
a quadratic polynomial is fitted to the combined profit and penalty function. The
variation of process variable together with the performance calculated at the mean
operating position therefore completely describes the average performance of the
~ system. The fitting of a quadratic polynomial to a linear profit and a linear penalty
function is illustrated in figure 4.5

4.4 Cost Estimation

Cost estimation is a vital part of investment analysis; without costs, the profltability
of projects yielding benefits cannot be assessed, The timing of these costs and when
payments fall due must also be known before financial analysis can be performed.
[17] outlines a number of methods for determining an estimate of the capital re-
quirements for a project, depending on the level of accuracy required. Whichever
method is selected, an estimate of the capital costs required to implement & control
project must be obtained before the economic evaluation stage can be entered.

The focus of this research project is on predicting, quantifying and evaluating
advanced control benefits, Although cost estimaiion is an important consideration,
it is a vast area In itself and will not be investigated in this report,

Perry [9] can be referred to for estimating the capital cost of process equipment
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and genel'al mstrumenta.tlon, but the estlma.tlon of advanced control a.ppllcatlon
costs will require additional research work in the future. .

4.5 Summary

The development of a performance function relating the operating point of a process
. variable to financial value and performance was investigated. It was concluded that
linear and quadratic polynomials can be used to aduguately describe the relationship -
between operating point and financial valie In many applications. If a system is
limited by & constraint, it is possible to develop an overall performance function
which includes the financial impact of the constraint. '
The variation and operating position of a process variable deS(:nbes the aver-
age performance of a system if & normal distribution is assumed for the variable.
Improved control offers the potential to reduce variations through belter regulation
and to move the operating point closer to the system constraint {optimization) and
the financial benefit of these changes is reflected in the value of the improved average
performance as described by the aversll performance function. :
In the following chapter, the relative valie of differcnt contral pro,]ects will be
evaluated and a methodology develo;:ed for the overall ranklng of control opport;u»
nities. o
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Ch.épt.e-r. "5'

Rankmg of Control
Opportumt1es

5.1 Introduction

All prOJects, contml upgrades and others, compete for the resources and capital made.
available by managemen  investment opportunities. It is therefore the task of
managers to allocate funds in stch & manner that the profitability of the organization
~ is maximized. A methodology for quantifying and presenting the benefits of projects
and investments, specifically control upgrades, will asaist in this demsmn making
process and in the correct allocation of funds.

The aim of this chapter is to present various measures of pr oﬁta.bmty and to select
the most appropriate method for determining the profitability of control projects.
The method selected must be flexible to cater for the wide range of different con-
trol project types and suitable for computer implementation. Both traditional and .
modern metheds of profitability are investigated as a source of methods, -

By correctly assessing the profitability of control investment opportunities under
consideration, an overzll ranking can be generated which will greatly assist with the
task of a.]loca.ting resources for inVestment opportunities.

5. 2 'Ii'adltmnal Measures of Proﬁtablhty

Rate of Retum a.nd the payback period methods have been widely used in the past
- for estimating the profitability of projects. Despite the advent of more modern meth-
ods for determining profitability, these techniques are still applied because of their
simplicity and ease of use. Although the traditional methods have the advantage of
being casy to use, they can provide very misleading results and %hould only be used -
if 1:11e1r thtatmns are known.

5.2.1 Rate of Return

The Rate of Return method, also commonly known as the Return on Investment
~ (ROI) and the Retwrn on First Cost, is a measure of the annval rate of return
generated by an investment and the total original capital employed.
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Rate of return is célcula,ted,' expressed a5 a percentage, as follows: -

Annual Profit S ey
. Rate o‘fRetum = " Capital Investment X 100% __ | (5.1)

The annual proﬁt is nmma]ly calculated as an average once the pro;]ect has rea.ched
maturity. The profit may either be calculated before or after tax has been deducted,
and hence the method of calenlation must be clearly indicated, Rate of return,
s therefore the average annual profit, taken over the productive life of the plant,
" expressed as a percentage. of the total initial investment:.
Variations on the Rate of Return method include taking a.nnual profit for a

particular year (not on an average basis) and including depreciation -of the initial
_investment as a charge against the annual profit. It is therefore important for the
precise method of calculation to be known before comparisons can be made betwean
the rates of retum of d,lfferent projects or investraents,

Disadvantages

1. The Rate of Return method assumes that the inconie or profit generated by
the project is reasonably constant over the project lifespan. Furthermore, the
a.ssumptmn is made that the capital outlay is made at one point in time. It 1s
tmiikely that a project will display such simple cha.ra.ctenstics

2. The method cannot reflect the advantages of recewmg income earlier eg; ea.rly
commissioning of projects.

3. The effects of replacing or expanding upon capital eq’uipmént after commis-
sioning cannot be measured.

4 No account is taken of the residual value of the investment at the end of the
project life. -

Control upgrade projects do not display the simple characteristics required for the
-correct interpretation of Rate of Return methods.

5.2.2 Payback Period

Payback period is defined as the time taken for the cash generated by the project
1o recoup the original capital expenditure. Alternatively, the payback period can be
thought of as the period of time during which the original capital is at risk, before
the capital sum is regained by way of cash generated or savings reahzed

"Payback or payout period can be ca.lcula.ted B8 follows :

_ Original Capital

Annuel Income — Deprec:a,f.m' : (8.2)

Payback Period =

- The annual income used to determine the payback period is normally calcu.lated on
an after tax basis, If a different definition of annual income is to be used , this must
be clearly indicated in any comparative studies. -

The payback period defines a breakeven point in time for the project. Prior to
the breakeven point the project is still in overall debt; beyond the breakeven point
the project shows an increasing profit, It follows, therefore, that the sooner the



breakeven pomt is reached (the shorter the payba.ck pemod), the more a.tt.ractwe the o
project appears to be. )
Payback period can also be caleilated from cash flow considerations. Cash flow _
analysm and the determination of paybatk persod from cash :ﬂows will be dlscussed :
in greater detail in section 5 3. '

Dlsadvantages

1 The Payback Period method i ignores the time perxod after the breakeven point
has been reached! No account is taken of income generated or savings realised
after the original capital has been regained, - The underlying assumption for.
this method is that if a project exhibits an attractive payback period, the cash

* generated by the project after the breakeven point will continue at a favourable
rate. This assumption Is unlikely to be true for the control upgrade project.

Fluctuations in the income generated or the savm'gs realised over time cannot
be accounted for. Capital repla-cements or expanslons also cannot be evalua.ted
using tlns methocl .

2.

3. No account is taken of remdual value of t.11e mvestment at the end of the pro,]ect
life. : S

4. Usmg the Payback Period as a single criterion of profitability places emphasis
" on short term income to the detriment of possible longer term, growth ori-

entated projects, Payback period, if used exclusively, favours liquidity rather
than profitability, :

5.2.3 Annual Return on Gapltal Employed

This methed is a measure, in n each year, of the annual profit a.fter tax expressed as
a percentage of the capital outstanding in that year. :

~ Annual Profit < 100%
Ougma.l Capital - Deplecmtion

Annual Return on Capitai Empfoyéd =

The original capxtal amount is depremated by an annual depreciation charge. The
capital employed, determined each year, is the decreasing (or declining) balance of
the original capital minus the cumulative deprecxatmn amount a.llowerl up to the
_ year of calculation, :
' Consider 4 5 year investment requiring & ca.pltal investment of 100 units, return-
ing an annual profit of 20 units. Assuming efraight-line depreciation, the capital
employed each year would be 100, 80, 60, 40 and 20 units respectively. The annual
return on capital employed for each cm'respnndmg yea:r would be 20% 26%, 33%,
. 50% and 100% per annum,

This method is often tsed to present overalt long term planning goals where the

annual cash generated versus the capital requirements can be represented.

Disadvantages

1. The Annual Return on Capital Employed does not allow for easy comparison
between investment opportunities because it yields varying profitability values
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~ for ea.ch opportumty No szngle index of proFtabmty is gwen {'c)r a pattlcular _
opportunity, thus making dec.smn—ma.kmg difficult.

An mcreasmg proﬁta.bﬂlty value is indicated despite a constant net income. Tt -
is preferable to have & method which md.u.ates a consta.n{. proﬁtabjhty value
for a constant net lncome .

3 During times of inflation, this method tends to indicate proﬁtablhty results
which are very optimistic. Hicks and Bridgwater [18] show graphically that

" the Return on Capital Employed method consxstent]y mdlca.tes hlgher returns
: tha.n other met.hods '

| 5.2. 4 Summary of Tradxtmnal Methods

The tra,dltlonal methods for measuting the proﬁta.blhw of pro;ects do not take into
account the time value of money. Dus to this limitation, the traditional methods
provide very m.lsleadmg results when used in the selection of investment opporfuui-

"~ ties.

The Rate of Return method assumes a constant mcome over the life of the project
and a capital outlay 4t one point in time; the Payback Period method ignores the
time period after the capital investment has been repaid. Control upgrade projects
do not display the simple characteristics required for the correct a.pp].lca.tmn and
mterpretatmn of the tra.dltmna.l methods,

5.3 Cash Flow Analy_sis

Projects cost money, the spending of which must usually be justified in terms of the
expecter benefits. These benefits may be direct returns in profit or indirect benefits
such as increased public esteem, political advantage or enhanced social value.

Cash flow analysis is based on estimates of the monetary costs, the timing of
the effort and the resources the project will crusume, together with the monetary
value and timing of the resultant benefits. Estimates are combined in an appropriate
manzer to find the pattern of cash flow throughout the anticipated life of the project. -

The expenditures of money on capital and the returns of money from profit
are termed cash flows. By convention, expenditure (cash outflow) is negative and

-income (inflow of cash) is positive. Cash flows are normally assumed to be received
_on an annual basis at the end of the financial year. Taxation charges and depreciation .
allowarnces can therefore all be brought to a vommon reference point in time. To allow
for the initial capital investment signifying the start of the project, it is common
practice to assume the initial cash flow occurs at the end of the financial year 0
- {zero). Even though this initlal cash flow is realized at the beginning of year 1, the
‘notation of using year end results is consistent, In order to corstruct a cash flow

statement for a project, the fo]lowing information Imist. be available:

1. Knowledge of the project investment capital {or principal), plus the tunmg
thereof. . .

2, Knowledge of 'tﬁe'project returns or savings, plus the timing thereof.

3, Knowledge of depreciation allowances and the relevant tax laws,
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4. Knowledge of the iutention to sell off assets at the end of the project life,

Example '

" Consider a project requiring a fixed capital investment of R50 000 payable over two
years, with a working capital committment of R10 000. The estimated life of the
project is 10 years and there will be no salvage value, If the estimited profit before
tax in each of the ten years is known and straight line deprecication and a 50% tax

rate is assumed, the cash flow statement can be constructed. Table 5.1 presents the
cash flow statement. :

- || Year Capital | Depreciation | Profit [ Tax | Cash Flow
I ol 25000 = - B ~-25 000
1| -85000 | 5000 [ 10000 | 2 500 -27 500

2 5000 | 20 000 [ 7 500 12 500
-3 -5000.{30000 [ 12500 | 17500

4 5000 ]20000) 7500 12 500

5 5 000 | 25 000 | 10 000 15 000

6 5 000 | 30 000 | 12 500 17 500

7 5000 [ 30 000 [ 12500 | - 17 500

8 ~ 5000 | 30 000 | 12 500 17 500

91 : 5000 | 25000 [ 10000 [ 15000

101 +10000 | 5000 | 20 000 [ 7 500 22 500

Table 5.1 Prepa.ratmn of a Cagh Tlow Sta,tement

The workmg capital includes raw materials and a’ spares holdmg required to

start up the plant during commissioning. Working capital is recoverable at the end
of the project ag all raw materials and spares will have been converted into saleable
products,
. The characteristic pattern of cash flow for a prOJect in time, can be’ ldentiﬁed
by plotting the cumulative cash flow versus time, as illustrated in figure 6.1 for
the above example. It should he noted that not all projects earn income or profit
from sales. Projects can also be considered as generating income through savings in
expenditure. Savings in expenditure are benefits which can be treated as positive,
Incoming cash flows lor a project. The so-called control upgrade project can fall
~ into both categories depending on the application. -A cash flow statement can be
. prepared for both types of project lncluding those which generate income through
savings in expend:ture

Example

Consider a project which requires a capital investment of R50 000 payable over two
years. The project ylelds maintenarnce savings of R15 000 per year for the full 10 year
life span of the project. Assuming that there will be no salvage value at the end of
the project life, the cash flow statement for the project can be constructed. Table
5.2 presents the cash flow information. '
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Figure 5.1: Cumulative Cash Flow Digram

' A control upgrade is characterised by additions, replacements or improvementis
to existing plant eq.ulpment Objectives for the control system may be to achieve
savings in operating costs, to increase production or to meet other ob_]ectwes Ext-
amples of typical contrel projects might include;

- 1. The replacement of an existing plant control system to reduce opera;t;mg and
' malntenance -.ost:s

2 To uprate the exlstmg facility to produce more p"oduct or to improve the
product quality.

3. The introduction of new control measures to prevent the 111ega.1 discharge of
waste to the environment,

Consider the pattern of cash flowing in the implementation of a control upgrade
project. The e sly stages of the project consist of development and design work.
These preliminary activities involve the expenditure of money and hence the cumu-
lative cash flow diagram goes negative, This phase is followed by the purchase and
installation of capital equipment. The rate of expenditure during thiz procurement
phase is high and the cumulative curva drops steeply. A slowing down of the rate of
expenditure is characterisiic of the commissioning phase. The minimum point on the
curve represents the maximum cumulative expandifure (or maximum debt incurred
by the project). Bevond this minimum point, the income resulting from savings
through, for exampie, improved operation or better quality product ave realized.
The positive incoming cash flows turn the cumulative curve trend and, hopefully,
* the incomifig cash flows will exceed the maximum expenditure. As the cumulative
cash flow curve changes from negative to positive, a breakeven point for the project
is reached. The breakeven point ¢an be thought of as the payback period for the
project. At this point, the total income received from the project halances out the
project expenditure. For a profitable project, the project continues to accumulate
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Year | Capital | Savings | Cash Flow | Cumulative
TG 25 000 | -25 000 35 000
1] -35000 [ 15000 -20000| -45000 |
2 ' - 15 000 15000 | ~30 000
3 15 000} 15000 | - -15 000
4 15000 15000 0000 |
b 15 000 - 15 000 15 000 §:
6 15 000 15000 30 000
71 15 000 15000 | -~ 45000
8 15000 15 000 | . 60 000
9 _ 15000 . 15000 | 75000
- 10| 410 000 | .15 000 25 000 | - 100 000

| Table 5.2: C. sh Flow Statement for Savings Project -

 net income beyond the payback period. Towards the end of the project life the
rate of cash inflow may diminish due to increased maintenance costs as the project
components show signs of wear, The characteristic pattern of cumulative cash flow
for a control praject is illustrated in figure 5.2. Note that the payback period can
be read directly off the cumulative cash flow diagram, where the cumulative cash
- flow equals zero. The payback period is defined as the length of time required for
the project to recoup the original capital expenditure—the cumulative cash flow
diagram graphically depicts this value,

The calculation, preparation and presentation of cash flow information is well
guited to the spreadsheet format offered by commercial Personal Computer programs
such as Lotus 1-2-8 and Borland’s Quattro-Pro. Matlab is however retained as the -
comjutationa' and presentation environment for this research project, to provide
the user with an integrated environment for the analysis of control projects.

5.4 Modern Profitability Measures

The modern methods for determining profitability aim to take into consideration the
time value of money. The traditional methods rely on the assumption that the initial
investment is made at one point in time and that income is received continuously
throughout the life of the project. Very few projects exhibii the characteristics
required for this assumption. The modern methods overcome this limitation by
considering the costs and benefits of a praject as wel] #s the timing of these cash
flows,

- A brief desanpt.;on of the principle of discounting is used to mtwduce the mod-

ern measures of profitability, namely the Discounted Cash Flow Rate of Return

(DCFRR} and Net Present Value (NPV) methods.

5.4.1 The Principle of’Dlscountmg

In chapter 2 the concept of the Lime value of money was intro.duced; money carned
now is worth more than money earned later. Using the compound interest formula,
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it was found that the potential future value of capital 11wesl.ed at an mterest i, was
greater than the present value by & fa.ctoa : :

Factor = (1 + 1)

Dlscountmg is the inverse operation to compounding, Muney received in the future
is discounted back to the present using an appropriate discount factor, Remembering
that money received in the future is worth less than money received in the present
because of lost 11westment opportunities, the appropriate discount factor iy therefore:

1 . :
Discount icto_:i = (_f‘i_:i)—“ (5.3)
Discounting accounts for the time value of money in cash flow analysis by rewarding
the project which recelves money early and penalises the project where benefits are
delayed, Applying the compounrl interer« formula:

' FV
PV = 54
PV = present value of money recewed in the future
FV = future value of money as it is received
i = interest rate (interest of other opport.umtles)
n - = number of periods specilying investment lifespan
Examplé

Ha project eatns R 100 a year for 10 years, the R 100 earned in the first year must
he worth more than that received in the tenth year. Assuming that the interest rate
of an opportunity lost to the project is 10% then the value of the R 100 earnad in

the first year is:
PV = 2 100
(14000 T
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The value of the R 100 earned in the final year of the project is :

PV = L—asss

_ (140100

The procedure to apply d.iscbuntmg, is to draw up a series of cash flows for the lifes-
- -pan of the project and then to discount each cash flow by the appropriate discount
factor. The chosen interest rate for this factor could be the cost of capital {cost of
“borrowing money) or the rate of return an alternative investment may yield. The
discounted cash flows for the Savings Pro,;ect example in section 5.3 are presented
in ta.ble 5 3 for a discount rate of 10%

Year | Cash Flow | D.Factor | D.Cash Flow | D.Cumulative

0 35000 | 1.0000 -25 000 | ~-25 000
1f -20000] 0.9091 -18 182 | -43 182
2' 15000  0.8284) - 12397 . -30 7865 .
3 15000 | 0.7513 | 11270 - -19515|  *
4 15000 | 0.6830| 10245} -9 270
5 15000 | 0.6200 | - 9 314 44
6 15 000 | 0.5645 8467 = 8511
7| 15000 05132 7697 | . . 16208
8 15 000 | 0.4665 6 998 | 23 206
9 15000 { 0.4241 6361 = 29867
10 25 000 |  0.3855 9639 39206

Table 5.3: Discounted Cash Flow'Sta.teme_nt for Savings Project.

Plotting the discounted cumulative cagh flows for a project versus time and com-
paring this plot to the undiscounied plot, one can see in figure 5.3 that discounting
makes projects appear less attractive, The mterpretatmn of this plot w:]l be dis-
cussed in a later section.

Discounting supports the two principles of making money:

1. Receive or collect money early. Eanly col-]et':tions. will not be effected by dis-
‘counting,

2. Pay later. Muney paid in the future w:ll be dtscounted by an a.pproprla.te.
factor.

Discount fa.ctors at varioas interest rates and period intervals are wailable In printed
tables, but the advent of financial calculators and spreadsheet cumpiter prngra.rris
have superseded the use of these tables.

A disadvantage of the cash flows analysis method, is that vhe cash flows for
the entire duration of the project or irvestment must be known. If the cash flows
ate not known exactly, they must be at least estimated within a falr degree of
accuracy. Discounting, however, provides a mechauigm whereby Tufure cash flows -
have a smaller impact than present cash flows. Discaunting therefore protects onr
from large inaccuracies and assumptions made when detesmining future returns.’
Conversely, one must have accurate estimates of present and not-too-distant costs
and benefits, as discounting weights these vosts and benefits heavily.
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Figure 5.3: Comparison of Discounted and Undiscounted Cumulative Cash Flews

'5.4.2 Net Present Vﬁlue

In the discussion of cash flow analysis, it was shown that in economic terms a
project can be regarded as a series of cagh flows occurring throughout the lifespan
of the project. To take account of the time value of money, these ca.sh flows can be
discounted back to the present time for evaluation purposes.

The Net Present Value (NPV) of a projact is deﬁned as the cumula.twe sum of
the present values of the annual cash flows: '

. n ' '
NPV=) PV;= ' (5.5
PT{,* = present value of investment in year j
¢y = cash flow in year j
n = number of periods in project lifespan

i = interest rate (minimum accepta,ble rate of return)

The objective of the NPV method is to assess the profitability of a project in
terms of a lurp sum of money at the present time, after allowances have been made
for the time value of money. The NPV is therefore the sum of discounted cash flows
for the duration of the project. If the NPV of a project is zero, the sum of all
~ discounted cash outflows or costs Is balanced by the sum of discounted cash inflows
or benefits. The physical interpretation of this result is that for an NPV of zero,
the project returns the initial capital investment plus mterest on the investment
equivalent to the discounting rate i.

The discounting interest rate i can be mterpreted in dlﬂ'erent ways. If the dis-
count rate i js chosen to be the cost of capital, ie, the interest charged for borrowing
money to fund the project, an NPV of zerp indicates that the project has no benefit
other than returning the initial investment back to the investor. If however the dis-
count rate is chosen tu be the minimum acceptable rate of return or “hurdle rate”
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for project acceptance, then an NPV of zero implies that the project has met the
minimum acceptable requirements as laid down by the organisation,

A positive NPV indicates that the project yields returns in addition to the mini-

mum aceeptable rate, whereas a negative NPV indi¢ .tes that the minimum rate *as
not been achievied. In cases where the NPV has a larg» negative va.lue, all of the
initial investment capitu: may not even be recovered. :
_ Referring to table 5.3, the NPV for the Savings’ PrOJect for a 10% discount rate
can be calculated as the cumulative sum of the discounted cash flow column entries,
" or can be read directly from the table as the last entry of the cumulative column,
ie. R39 206.

The mterpreta.tlon of the NPV method ties up very closely with the aims of an
investor mentioned previously, who looks for the folluwmg returns from an mvest.- o
~ ment: . S

1. Return of the initial capital investment — PV should be at least zero.

2. Sums of money eqm.va.lent to the interest rate, i, that could have been earned
from a risk-free ventule. If NPV is zero and a,bove, this interest rate has been
achieved. '

8. Extra sums of money as an mducement te undertake risk. An NPV greater |
than zero mdlca.tes the value of money offered as inducement. '

The greater the expected _p‘os:twe value of a project, the more econormca.]ly attractive
the project is. I a project iz to he implemented to achieve objectives other than
returns on investment, eg. to conform to enviroumental regulations, then the project

- with the greater (least negative) NPV, will be the more econotnically attractive for
this type of project. :

5.4.3 Discounted Cash Flow Rate of Return

The Discounted Cash Flow Rate of Return (DCFRR) or Internal Rate of Return
(IRR) is defined and calculated as the discount interest rate which yields an NPV
equal to zero. The DCFRR is therefore the value of i which satisfies the non-linear
equation:
: C;

t(1+ a)é‘

The value of i can be obtained by 501vmg'the equation using a recursive technique
such as Newton-Raphson. A solution can also be determined graphically by iaterpo-
lating between points plotted on an NPV versus distount rate graph. The points are
determined by selecting various values of i, a.nd then solving for the corrcsponding
NPV. The DCFRR is found where NPV =

DCFRR can be thought of as the d1scoun1. rate at which the present value of
the benefits balances the present value of the cosis. The DCFRR is analogous to

NPV = L =4  (5.8)

. the concept of calculating a rate to repay a mortgage bond. Annual paynients on a

mortgage consist of hoth interest payments on outstanding capital and payments to -
repay the initial loan amount. ‘Ciese annual payments are calculated such that the
total payments over the period of the loan, meet the interest and capital repayment
obligations, at a piescribed 1ate of juterest. '
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Referring to the cash flow statement for the savings project in table 5.3, the
DCFRR is 26.1329%. Figure 5.4 shows a graphical interpretation of the DCFRR
when compared to cumulative cash flows discounted at different interest rates, i

The DCFRR is used in pracfice as a single quantitative measure for comparing
the profitability of projects. The higher the DCFRR, the more profiiable the project.

5.4.4 Summary of Modern Methods

Two modern methods of profitability have been discussed, namely the discounted
cash flow rate of return {DCFRR) and the net present value (NPV) method.

A rigk-fres project is economically viable if the NPV, discounted at the cost of

" capital, is positive, or if the DCFRR is greater than the cost of capital interest rate,

Inducements to undertake a potentially 1isl‘cy project would have to be offered to
an ‘nvestor and these would be reflected in a greater positive NPV or a DCFRR
sigaificantly greater than the cost of capital.

Matlab routines to generate and plot cumulative undiscounted and dlscounted
cash flow information, as well as the calculation of the DCFRR and NP\' for projects,
are provided in Appendix C, : .

- 8.5 Risk and Sensitivity .Analysis

The information required to evaluate the economic potential of projects is based
on estimates of costs and forecasts of benefits, Uncertainty will exist on the cost
estintates, on the predicted benefits or savings and on external inflnences such as -
the inflation rate. Associated with uncertainty, is the economic risk that the project
will not be as profitable as expected, _

The object of investment decision-making is to select projects which have the -
highest probability of generating the highest returns, within limits dictated by the
financial position of the organisation. Investment decisions made only on the basis
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“of maximum expected returns may mot always be the best decisions, Risk and -
uncertainty must therefore be considered if correct decisions are to be made.

A simple approach to allow for uncertainty or risk when evaluating projects is to
increase the “hurdle rate” for risky projects. However, to take risk and uncertainty
into account in a more tigorous manner, the sources of uncertainty must be inves- -
tigated, Two approaches to evaluate risk and uncertainty in economic evaluations
are: sensitivity a.na.lyms and rlsk analysis (otherwlse known as probablhty sensitivity
-analysis). ' R

Sensitivity ana.iysis is a means s of evaluating the relative mﬂuence of pa.rameter
vatiations on the overall evaluation result. Individual parameters are changed one
at atime and the effect of these changes o sither the NPV or DCFRR calculation

are observed. Sensitive parameters are identified as those parameters which havéa

* largeinfluence on the resulf. Sensitive parameters require the best. possible ertimates
in order that the profitability calculation can arcurately reflect the true econoniic -

potential of the project, [19] a.nd [20] give details of hnw to a.pply sengitivity a.na.]yszs o

o project evaluations.

Risk analysis invalves assugmnd subjective pmbabmtles to possible outcomes to
quantify judgements about uncertain parameters. The assigned probabilities are
combined to give an overall NPV or DCFRR result in terins of a probability dis-
tribution. One method to combine the parameter probability distributions is to
uge a computational technique known as Monte-Carlo sirwls sion. The Monte-Carlo
method Involves performing numerous iterative calculations, selving for a DCFRR
or NPV result using random parameter values selected from within user-defined,
subjective probability distzibutions assigned to key parameters. In effect, all valid
combinations of key variables are tested in order to simulate all possible outcomes,
Monte-Carlo simulations can be performed on cash flow information in spreadsheet
form using an add-in package for the Lotus 1~2-3 spreadsheet, known as @RISK. The
@RISK package allows various probability distributions to be assigned to key vari-
ables and presents the simulated end result as a probability distribution of achieving
a NPV or DCFRR, value. The principles underlying Monte-Carlo simulation are de-
veloped in [21]. The @RISK user guide [22] is a useful reference, providing practical
examples of risk analysis using simulation methods,

Analytical techniques can also be used to perform probability sensitivity a.naJy—
sis. These techniques require that probability distributions of uncertain variables be
described mathematically and solved to yield an equation for the resultant distiibus
tion of possible outcomes, Analytlcal techmques are tlme-consummg and difficult
to implement.

Tt should be noted that sensitivity and risk analysis do not provide definitive
avswers or decisions. A declsion must still be made based on the information pro-
vided and targets and objectives set for an organisation. Risk analysis should never
be substituted in place of sound judgement. A quantitative assessment of risk does,
however, provide dacision-makers with a better insight into the probability of achiev-
ing predicted benefits and results. Risk and sensitivity analysis is a vast area of
research which has only been briefly discussed in this report. Further research into
- this field of study, specific to control project evaluaiions, is recommended. '
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5.6 Summary
The modern methods for assessing the profitability of projects, the Discounted Cash . - -
Flow Rate of Return (DCFRR) and the Net Present Value (NPV), provide a better
insight into the financial prospects of projects than the traditional methods do,
because they take into account the time value of money. These modern methods
can be easily coded into a compuiational environment, such as Ma.t]ab and lend
themselves to graphical presentation and interpretation.
: The cumulative cash flow diagram complements the modern methods of prof-
itability by graphically presenting the information used in the DCFRR and NPV
calculations, The combination of the DCFRR and NPV methods with the cumula- -

tive cash flow diagram provides a useful metlodology for the assessment of control

projects. The use of this methodology tugether with sensitivity and risk analy-
sis greatly assists with the decision-making proesss of selectmg the most profitable
project opportr nities for al orga.nlsa.tmn. :



Casé_ Study |

6.1 Introduction -

The level control of a hypothetical two tank system in a chemical process pla,nt
within the AECI Group of companies is analyzed using the prmc:ples outhned in
this research project,
_ A standard PID controller and a controller offering a loop shape a.pplomma.tlng
- the ideal loop gain characteristic are designed. The beuefits of both designs are
identified and quantified by considering load disturbances likely to affect the system.
Financial analysis of both control systems is performed, based on knowledge of
the financial position of the AECI Group. The control designs are then ranked .
" accarding to their potential profitability and a design is proposed which will help to
improve the overall financial position of the organisation.

6.2 Problem Statement

The two tank system under consideration is llustrated in figure 6.1. The side stream
Fy, from the overflow of another process unit, can be considered to be a disturbance
to the basic two tank system. The aim of the control scheme is to regulate the
control valve such that the level in the second tanx, hg, is kept constant, despite the
influence of the disturbance flow, Fy. F,u is constant, fixed by the delivery of the
pump and F = ahy. The transfer function fr om output g to input F, for the Jevel
contrul of this two tank system s

1

G} = Tias + )

The derivation of the transfer function appears in Appendix D,

A block diagram of a unity feedback system to control the level in the two tank
system js presented in figure 6.2. The known load disturbance s cyclical i in nature
and is modelled as a function of the form:

y(t) = 28in(270.0032t) — 0.5sin(270.0038) + sia(20.0025¢)

The power spectral density of the disturbance signal {with the mean value removed
using detrend) appears in figure 6.3, as generated with the function etfe, using
a 512 point FFT and no window. Calculating the area under the power spectral
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density and comparing the result to the variance of the disturbance signal using
statistical techniques, the numerical accuracy of the proposed technique can be
‘validated. The results show that adequate accuracy can be achieved by careful
selection of the sampling interval, FFT size and windowing technique. Using the
Matlab statistical function std, the variance o2 = 1.8863, whereas calculating the
ares, under the power spectral density, the variance 2 = 1,8825. THe two tank
system, without compensation, would pass this varying load dlsturba.nce through to
the process variable without attenuation.

6.3 Controller Design

The bode plot of the uncompensated open icop system, as shown in figure 6.4,
indicates a phase margin of 5.75 degrees, which would give a highly oscillatory step
Tespotise if feedback comipensation were applied. A controller must be designed to
jmprove the system performance under closed loop conditions, as well as to reduce
"the effects of the varying load disturbance on the process variable.
The following values for a PID-type controller were chosen:

K = 0.1
Ty = 250s
Ty = 50s

where _

K = controller gain

T; = Iintegral time (seconds)

Ty =

-derivalive time (seconds)

'
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The phase margin is increased to an acceptable 48.65 degrees using PID compen-
sation, whilst still maintaining an agreeable combination of rise time, overshoot and
settling time, The bode plot for the plant with PID compensation is illustrated in
figure 6.5. The sensitivity function for the plant plus PID-type compensation shows
that disturbances containing frequency components below 0,04 radians/second are
attenuated—see figire 6.6. The variance of the process variable, due to a varying
load disturbance can be calculated from equation 3. as:

o = 0.2835

A check on the numencal accuracy of the resulf usmg the Matlab sta.tlstlca.l function
std ylelda. :
= 0.2781

A matlab m-file used 1o genera,te the a.bnve resulis appears in Appendix B as pet-
fesd.m. :
' The_mtrodutttion of a PID:type feedback controller reduces tl_le varjance of the
process variahle caused by the load disturbance. Further improvement in the re-
Jjection of disturbances, using feedback, can be achieved by considering the ideal
loop chavacteristics of feedback systems as proposed by Bode, The penalty for this
improvement is additional design effort and implementation complexity,

Chousi_ng a loop gain of 200 at a 0.01 radian/second operating point and spec-
ifying gain and phase margins of 12 dB and 35 degrees respectively for the overall
system, the optimum loop gain shape can be deLermmed as illustrated in figure 6.7,
The pa.ra.meters for the bodeopt routine are:

K = 200
w0 = 0.1
P = 5§
G = 4
k2 =
no= 3
where _ . o
K = gain at a frequency point in the operating hand
wl = Irequency point at which gain is specified
P = phase margin (degrees)
‘G = ‘gair margin expressed as an arfthmetic ratio
k%2 = numver of integrators in system
n = pole-zero excess

. The sengitivity function for the optimum loop gain characteristie is shown in
figure 6.8 and illustrates that disturbance frequency components up to 0.3 radi-
ans/second are attenu-ted. Designing a controller which approximates this optimim
loop gain shape therefore provides greater attenuation of loa.d disturbances than the
_PID-type controller up to higher frequency values,

Using the standard method of loop shaping, the optimum loop ga.m characteristic
can be closely approximated by introducing a controller to the two tank system of

the for:n:
{s+ 1s+ 1){s + 0.03)
(s+2)%(s +3)°
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" where :
Go(s) = transfer function of controller which approximates an optimum feedback
controller o :

The approximation to the optimum loop gain shape is plotted in figure 6.9. The
corresponding sensiuvity function, figure 6.10, closely resembles the optimum shape-
designed for and provides attenuation of load disturbances up to a proximately 0.6
radians /second, Calculating the variance of the process variable, due to the known
varying load disturbance for this case study, using eq avion 3.9 yields:

ol = 00016

A matlab m-file used to generate the above resulis appears in Appendix B as
optpsd.m. ' ' '

The time-domain performances of the two controller designs aré compared using
the step responses of the two compensated systems as presented in figure 6.11. The
optimum controller offers improved disturbance rejestion and superior time domain -
performance, Faster rise time, smaller overshoot and reduced settling time has been
obtained in this case study with the correcily designed, optimum controller.

6.4 Performanc_.e Function

A hypothetical performance function for the two tank level control system has been
generated using a combination of linear profit and penalty functions around a con-
strained operating position. Operating with a tank level below the optimum position
increases the probability of draining the tank completely during a plant vpset, result-
ing in pump damage. An operating level for the tank above the optimum poesition
Increases the probability of the tank overflowing, with an associated loss of profit due
to foss of product. A quadratic polynomial has been fitted, over the operating region
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of interest, to the overall performance function. The actual performance function
and quadratic approximation appear in figure 6.12. The financial value associated
with tank level operating position, is the annual contribution the tank level system
offers to the overall plant performance. The quadratic was fitted to the performance
function data using the Matlab polyfit routine and resulted in a polynomial:

 ply) = ~321.497 + 38571y — 7828.6

Assuming the intention is to operate the tank as close to the constraint as possible in
order to maximize the financial potential of the system, the actual operating position
will be governed by the expected variance of the pracess variable: A process variable
subject to variance will have to be moved away from the constraint to avoid any cost

penalty. Equation 4.5 cant be used to calculate the average performance value for

each control opportunity with s associated process variable variance. The resulis
are presented in table 6.1.

Opportunity | Variance | Avg Performance
No Compensation | 1.8825 ~ R 31374
PID-type Control | 0.2835 R 3652.5-
| Optimum Control | 0.0016 - - R 3743.6

Tabla 6.1: Average Performances of Opportunities for Two Tank System

6.5 Financial Analysis

The uncompensated two tank system can be considered to be the base case of oper-

ation for financial evaluation, From table 6.1,if a PID-type control algorithm were
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to be implemented, the aperation would benefit by an additional R 517 saved each
-year; if the optimum control scheme were implemented, an annual benefit of R 606
would be saved. These annual benefits can be used to perform cash flow analysis
for each of the two control opportunities if the costs of implementation are known
.and if the life-span over which the benefits will be received can be predicted.

Assuming costs of implementation of R 2500 and R 3000 for the PID-type and
optimura controllers respectively and a predicted life of 15 years, the cash flow
statement can be prepared and the tools developed in Chapter 5 used to evaluate
the potential of the two investment opportunities. The cash flow statements for the
two control opportunities on the two tank system, PID-type and optimnm feedback -
appear in tables 6.2 and 6.3 respectively.

Table 6.4 presents a summary of the results of the modern methods of proﬁta.bll-' :
ity used to assess the financial potential of each opportunity. _

As discussed in Chapter 2, AECI needs to improve its liquidity and leverage
position. AECI should implement high yielding projects which require small capital
investraent. .

The PID-type control opportunity offers a high yield from a relatively sma]l
capital investmnent. The DCFRR of 19.2% for the PID-type controller is higher than
that of the optimum controller at 18.6%. The return is achieved with . smaller
capital investment than that required for the optimum controller, which favours
AECT's current financial position. It shouid be noted, however, that the optimum
contraller offers a greater return over the project life with an NPV discounted at '
15% of R 543 versus R 523 for the PID solution,

It is recommended that AECI implement the PID-type control opportunity for
the two tank system under consideration. Omnce the firancial position »f the or-
ganisation improves, AECI could prosper by investing in longer-term, larger return
opportunities, such as the 0pt1rm1n1 contm]ler, as the opportunities present them-
selves in the future.

63



S
g ] .

T Capital

[ Cash Flow_

Table 6.2 Cash Fl_o_w Statement for PID C_onti'ol of Two Tank System

( Savings Cumulative
0 [-2500 - -2500 ~ -2500
1. |17 pBT O - 1983
2 517 | B1T - -1466
3 517 517 949
I 4 + 517 517 432
s 517 517 85
6 517 517 602
7 BI1T | 817 1119
18 1517 | B1T 1636 -
.9 517 517 2153 |}
10 517 517 . 2670 |
11 . }.517 517 3187
12 - | 817 517 3704
13- | 517 517 4921
4 517 | 517 4738
15 1517 - | 517 5255

Cash Flow

Year | Capital | Savings Cumulative
o [-3000- — | -3000 ~3000

T ] GO6 606 -2394

2 606 806 -1788 |

3 606 - | 606 1182

4 606 - 606 -576 |

5 606 606 30

6 606 606 636

7 604 666 1242

8 606 606 1848

9 606 606 2454 ||

10 1606 | 605 3060

11 606 - 606 3666 ||

12 606 606 4272

13 606 | 606 4878

14 606 1 606 5484

15 606 606 6090 ||

Table 6.3: Cash Flow Statement for Optimum Feedback Control of Two T&nk System
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Opp.ortunity | NPV (15.%) | DCFRR. | Capital

No Compensation | R0 .~ [ N/A RO
PID-type Control | R 528 19,19 % | R 2500
 Optimum Control | R 543 18.64 % | R 3000

Table 6.4: Profitability of Control Opportunites for Two Tank System



Chapter 7
Co_ndu_sio_n

7.1 Discussion of Results

A set of analyms tools to agsigt with the pred.:ctmn, qua.ntlﬁca.tmn and evalua,tmn
of the benefits of advanced process control techniques was developed. The analysis
tools were developed using Matlab and presented as an aid to the financial decision- -
making process of selecting profitable control in estment opportumties fori 1mprcwmg
the overall financial performance of an organisation.

The findings suggest that the rigorous approach of a.na.lyzmg dxsturba.nces likely
to affect a system can be used to quantify the benefits or savings of proposed con-
trol projects, using the power spectral density of the disturbance and the system
sensitivity function.

The development of a performant: function relating the operating point of a
process variable to financial value was investigated. It was concluded that linear
and quadratic polynomials can be used to adequately describe the perfomance fune-
tion and if a system is limited by a constraint, it is possible to develop an overall
performance function which includes the financial impact of the constraint.

The ranking of control project opportunities was performed by taking into ac-
count the tirne value of money using the medern methods for determining profitabil-
ity of projects. These methods provide a more realistic view of the returns a project
will yield thai the traditional benefits-tv-cost ratioc method. The combination of
the Net Present Value (NPV) and Discounted Cash Flow Rate of Return (DCFRR)
methods of profitability assessment, together with graphical interpretation of the
cumulative cash flow diagram, provides valuable insight into the ﬁnanclal potential
of advanced control and control upgrade projects.

The significance of the study is that it has shown that tlie quantification of real,
specific benefits for advanced contrel applications is feasible and will allow for the
more widespread use and acceptance of advanced control principles. '

7.2 Areas for Future Development

1. The estimation of costs to implement and install advanced contrcl strategies
was not included in the scope of this research project. Farther research into
the estimation of these costs, in the specialized field of advanced control and
contrnl upgrade projects, would ass'st management in their decision-making
process
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‘2. The effects of inflation on the decision-making process have not been addressed =~

in this project report. In these inflationary times, it would be worthwhile to -

- mvesmga.te and qua.ntify these effects on the ranking of opportumtles

-

The calculatwn of feedbacL beneﬁts shcmld be extended to mclude sensor no;se .

or mea.su:ement errors in the measured process va.na.ble

. 01113,r unity feedback systems were considered in this report. The effect of

non-umty feedhack in systems shcmld be evalua.ted

‘The eﬂ'ects of dea.d tnne, on the optimum loop gain characterastlc of feedback

- systems (both umty a.nd non—umty) as nroposed by Bode, should be mvestl-_ )

o ga,ted

. Further development is reqmred in the area of spemfymp‘ performa.nce functmns.
-usulg high order polynomla.ls and other lmploved function fits. .

Risk and senmtmty ana.lysm is a vast area of research which ha,s only been: :
* discussed briefly. Further research in ﬂus ﬁeld could help to reﬁne the a.rt of

demmonwma.kmg

. The prmmples outlined in tlus report should be - lied to more a,dirancéd A

control case studies in practice. The process of prechctmg, quantifying and
evaluating benefits is an iterative one, with experience helpmg to contmunusly
1mprove the metlmdology. ' .
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- Appendlx A

Derwatmn of Power Spectral
- Denmty |

" Consider a..sté.ble, linnar time-invariant system with impulse response A, The system )
1s subjected to a contiavous-time stocha,stlc mput sxgnal u(t) The relationship
between output and input is: _

t o : _
o(t) / h(t-s)u(e)ds -(A.l)'
. —pa

= fu.mh(s)u('t-—s)ds - | (A2)

fI

The a.utocorrela.tlon functmn of a process is:

éy(B) = e{y()u(t + ﬂ)} | - (A3)
Substituting equation A.2 into equation A.3 '

Su(B) = 's{f: R(kYu(t — k) dk J/: h,(r)u(; + 8 —r)dr}
e fu ™ k) fo " u(t — K)u(t + B — r)h(r) dhuir)
= Am h{k) fm h{r)e{ult - k)u(f + 8-} dkd-r.

K ouft)is statmnary, then ef{u(t — k)u t 4 8 — r)} depends only on the the time
difference f —~r+ k. _

I

¢w_(;_3-— r-l-k = g{u(t - k)u(t-+ g —~ r)}

(8= [ 1) [ hr)oaB = 7+ K) dbir
By making the substitution { = r— k: :

by(B) = f - m(ﬁ—f) fﬁ h(k)h(!+ k) dkd! _

Ife(l)is s defined as o7 h{k)A{I 4 k) dk, noting that f°° h(L)h(I-J— k) dk is the convo-. .
lution of k(%) with itself, then

%(ﬁh fo ¢uu(6—z)c(ndz
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*....The a.utocorrela.tlon of the output of a linear systein gbyy(ﬁ) is tllerefore the convo-
lution. of the input autocorrelation ¢y, (B) with a systemi impulse response.
Taking Founer tra.nforms and a.pplymg the ccmvolutmn theorem

: yy(w) = C_(.?‘P)@uﬁ{‘-") .
S CGe) = H@EGw) -
 Eyw) = [HGR) X Suwlw)

il
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B Appendlx B

'_ Matlab Boutmes for Feedback
Analys:ls

functlon {A Blwbndaopt(K w0,P,G,k2,n NOIT

- WBODEOPT [A B] = bodeopt(K, w0, P, G, k2, n, w),

% Generates the 1dea1 Bode loop transfer function characteristic.

% Parameters:

A 'K the gain in (at the edge of) tha useful band

w0 the useful band extends from 0 to w0 rad/s

‘P the phase margln in degrees

@ the gain margin as an arithmetic ratio

k2 the slope of an optional infinite Cdecreasing) charactristic
n  the required pole-zerc excess for the loop transfer function’
% a vector of frequencies at which the magnitude A and

o the phase angla B must be calculated

% Bode, H.W. (1940). "Relations betwaem attenuation and phase

% in foodback amplifier design®, Bell System Tach. J., 19, 421-454;
-z I. MacLeod 3-Feb-1992 : o

S Y DT IS

= log(K); % convert gain st edge of useful band to nepers
hlflag = G>0; } G<=0 means no. horizontal segment
1og(abs(G)), % gain margin or margin below unity gain

%  to maintain cutoff magnitude slope
kcutoff = 2%(1 - P/180); '
ki = keutoff - k2; % reducs if inflnlte nagnituda char. iz present
= (K+ ¢ - ki*log(2)){kcutoff

1f heflag,
k4 = kcutoff; % to bring magnitude slope to zero
k3 = n; _ % final slope
wb = exp{y)*w0; : T
we = nfkcutoff*wb;
else '
k4 = 05 _ _ _ _
%3 = n - keutoff; % additional slope to reach final slope
wh = 0; '
we = axp(y)¥w0}
end :
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w=w()y
A = zeros(w);
B zeras(w), -
ilew0 = find(w <= w0);
- igtw0 = find(w > wo),_'
- ro wiwo; . .
= r0{ilew0);
n(ilewo)'= K - k2*log(s0); _
B(ilewO) “k1%asin(s0) - p1f2*k2
= r0(igtw0}; L S L
A(lgtwo} = K -ki*log(sqrt(to %50~ 1. 0) + t0) - k2&log(t0);
. B(igtw0) = pif2»(-ki = k2)#ones(t0),
if we v= 0. B o
igtwe = find(w > wc),
(igtwe) = A(igtwe) - k3*10g(w(1gtWC)fwc}.
BsB ~ k3*bodeopt1(w/wc), :
end
it wb "= 0,
- igtwh = flnd(w > wb), : _
A{igtwdb) = A(igtwb) + kaxlog(w(igtwh)/wb);
B = B + kdxbodeopti(w/wh);

[

"B

end _
4 = exp(A); % magnitude as arithmetic ratio
= B*isolpi;_ :

function phase=bodeopti(xxc);

#BODEOPT: phase = bodeopti(xxc)

% Subroutine for bodeopt.m _ _

% Caleulates the approximate phase angle (in rads} cerresponding
%  to an (increasing) semi-infinite magnitude characteristic

¥ using the first two terms of the saries derived in:

4 Bode, H.W. (1945). "Network Analysis and Feadback Ampllflar
% Design", van Nostrand, New York, p342,

% Parameter xxc is a vector of frequency ratios w/wc whera
% w0 is tha "corner" frequency of the semi-infinite

% characteristic. I. MacLeod 3-Feb-1392

phase = zarag(xxc);

ilel = find(xxe <= 1.0);
igtl = find(xxc > 1,0);
ilef = find(xxc(ilei} <= 0.414);

igtf = find(xxc{ilel) > 0.414);
xc .= xxc(ilef);
phasa(ilef) = 2/pitxc.*(1 + xc. *¥xcf9);
xc = xxc(igtf);
= (4-x¢) ./ (i+xa);’
phase(igtf) pi/4 - log(xc). *Jog(yc)}p: - 2/pixyc.*(1 + yc. *ycls),
% For xxc>1 use Ph{w/w0) = pi/2 -~ Ph{(w0/w)
invzc = 1 ./ xxc;
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 ilef = find(invxc <= 0.414); _
igtf = find(xxc > 1.0 & invxc > 0.414);
xc = invxe(ilef); '
phasa(ilef) = pi/2 - 2/pi*xc #(1 + xc.¥xc/9);
xc = invxe(igtf);
= (1-xc) ./ (i+xc); .
phasa(igtf) pif4 + log(xe). *1og(yc)fp1 + 2!p1*yc *Ci *+ ye. *yc/S);

function [as, bSJ = sensit(a,B,w); _ o

% Senalt generates the Boda Diagram of the Sensitivity function S.
% The M-file BODEDPT plots a Boede Diagru.: for the loop gain L.

% Sensit transforms L to S using the dblock diagram form S=1/(1+L).
% transfer function (H) =L = a, *axp(g*b) where bsBipi/i80.

% Parametera : '

% a = magnitude response (in magnltude NOT dB*s)
% B = phase response (in degrees NOT radians)
Y w =

a vector of frequencies at which magn1tuda and paasa
% iy calculated. . o

% Author N.Bawden Date 13/7/92

L=a, *exp (j*B#pi/180);

ontop=ones(length{w),1);

S=ontop./(1+L);

aS=abs(5);

BS=angle(8); o

bS=BS*180/pi; s % convert radians back to degrees
Yend sensit . E '

petfasd m
An m-file to test power spactral density calculatious
for determining standard deviations of PID controller
disturbance rejection characteristics NMB 16/8/92.
\ modified NMB 7/11/92. _
t=0:1:500; % sampling interval = 1 second
y=2%gin(2%pix0,0032%t) - 0. s*szntz*pl*o 00B#t) +8in(2%pix0.0025%t) ;
% rand(’normal?’) . : '
% yn=y+0.B4rand(t);
y=detrand(y);
% Calculate variance (devlatlon 2) of disturbanca 31gnal
variance=gtd(y)~2,pauss
u = mean(y),pause
varied2 =sum(y.~2)/(length{y}~ 1) pause
% Determine Power Spectral Density of the disturbance
ne = input{’enter no of frequency points in spectrum ?)
% P=spectrum(y,no); % no = no. of points in spaCtrum-
% specplot(P,deltaT),pause
¥, Calculate standard deviation by 1ntegrat1ng under PSD
% Pdev=sum(P),pause :

4

'“ﬂxgﬂ‘-‘%
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% Calculate Power Spectral Density for preset frequencies
M=input(’Enter smoothing function window size °)
- g=etfe(y’ ,M,n0,1); ¥ use default values if f1 & £2 > 0. 02 Hz
bodeplot(g) ,pause :
ffplot(g) ,pauss =
[ws, amp]=gatff(g),
clear. g.;
. % Check consistency of calculations
spavar=sum(amp) /longth(amp) ,pause
% Set plant model and PID controller '
namP=1; -~ .-
denP={100 1 0]; -
- [mumC, donG]-cpld(O 1,260,80);
% Close the feedback loop around controller and plant
[As,Bs Ca,Ds]nsfb(numG denC, numP denP),_
.pack
% Display Bode plots. of closed loop systam
- [dmagl=bode(As,Bs,Cs,Ds,2,ws);
~ semilogx(ws,20%logi0(dmag)). - :
~ title(’Sensitivity Function for Companaated Plant’ ),pause
% Simulate response of system to disturbance at input2
U=[zeros(1: langth(y))’ y!'1; % set point = inputi
. clear y spavar, '
pack :
yout-lazm(ﬂs,Bs Gs,Ds,U t),
yout=detrend(yout) ;
plot(t,yout(:,1),72?,t,U0¢:,2),7g")
clear t U As Bz Qs Ds; _
title(’Disturbance effaects on output signal’),pauss
newvariance=std(yout(:,1))"2,pause
newu=mean{yout(:,1)),pause
newvaried? =sum(yout(.,1) ‘2)/(length(yout( 1)) 1),pause
clear yout
% Compare similated response with caloulated effect on system
% using PSD and amplitude
H=dmag{:,1) .#dmag(:,1);
semilogx(ws,20%loglOCH))
title(’Senzitivity function squared’),pause
output=H.*amp;
semilogx (ws,20*1ogl0 (output))
title(!Output Powsr Spectral Density’)
finalvar=sum(output)./length(output)

% optpsd.m

% An m-file to test powar spactral density calculations

% for determining standard deviations of Optimum controller

% disturbance rejection characteristics.NMB 8/11/92.
t=0:1:500; ¥ sampling interval = 1 second
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ym2*sin(2*p1*0 0032*t)~0 5*51n(2*pl*0 003*t)+sinﬁ2*p1*0 00254%) 3.

¥ rand(’normal’) ' :

¥ yn=y+0.5¢rand(t) ;
z=detrend(y); o S _
% Calculate Power Spectral Densl‘by for prese‘l‘. frequenc:les

' no=input(’Enter no. of frequency points in spactrum y
© Msinput(’Enter smoothing function window size ). o
'_g-etfa(y' M,no,1): % use default values if fi & f2 > 0. 02 Hz

bodeplot(g) ,pause : =
- ffplet(g) ,pause -

- [ws,ampl=getff(g);

% Set plant model and Dpt:.mum cont..\. cller
CkeBO; : -

z=[-1 -1 -0, 03]’ o
~p={0 -0.01 -2 -2 -3 -3 ~3}';
. [num,den]=zp2tf(z,p.k);
- I[mag,phasel=bode(num,den,ws};.
' [a8,bS]=sensit(mag, phase;ﬁs);~.
margin(as,bs wa) pause o
shg ' ' .

% Calculate effect ot dlsturbance on systam us;ng PSD and amplltuda _

_ H=aS.*a$; :
semilogx (ws, 20*10g10(H)} :

" title(? Sen81t1v1ty funct;an gquared’),pause
output=H *amp ; _ S
gemilogx(vs, 20*10510(output))
title(’Output Power Spectral Demsity’}
finalvar=gmm{output)/length(cutput)
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App endlx C

Matlab Routmes for Fmanmal |

Analy51s

functlon cashflow=cumcash(fIGWS)

%
.
%
4
%

A cash flow matrix is formed, including a cumulative cash flow.
Author ¥.Bawden Dats 1/7/92, moditied 20/10/92,

The cumulative casgh flow is subgequently plottad versus time.
Nota: caah flows are entered in an n by 1 vactor.

n=length{flows);

years=(0:1:n-1)?;

cumflowsucumsum(fIQWS), _

caghflow=[years flows cumflows];
plot(years,cumflows),title(’Cumulative cash flow’)
¥label(’Time (years)’);

ylabal(*Cumulative Cash Flow!);

grid

Y%end cumcash

function Dcr-'lm = def(x)

"
%
%
%
%
%

%
[

Calculation of the Discounted Cash Flow Rate of Return (DCFRR).
Also commonly referred to as the Internal Rate of Return (IRR).
Author N.Bawden { Ref. p.187 D.H.Allen 43.2 - with modifications)
DCFRR is defined as the discount rate required to yield of NPV = 0.
The Newbon-Raphson nethed i1s used to solve the non-linear equation.
Iteration x{k+1] = x[k] - £{x[k)}/5*{x[k]}, where £{x[k]} = NPV.

‘% 4 guess for the DCFRR must be supplied to initialize function.

A negative DCFRR implies no raeturn and is therefore set to zZero.

nrlengthcx).
guess=input(’Enter initial guess (?) '}
ﬂF-i/(1+guess/100),

B
4

=1/n;

while abs(p) > 6.00001_ % limit sets degree of accuracy required '
PV=x(n); -} Calculation of NPV = £{x[j1}
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for j=ilin~1 .
PV=PV#DF+x(n-j);

~ end Yfor o
DPV=(n-1)*x{n); % Calculation of d/dpF{NPV} = £7{x[jl}
for j=1:n-2
DPV=DPV+DF+{n-j- 1)*x(n-J),
and Yfor .
p=FV/DPV; % Tteration x[3+1]=x[{]~NPV/£*(x[§]}
'DF=DF~p} I -
end ¥while
A o
L Ist/pR-1; o % Discount Factor = 1/(1+Interast)
if I<0. % Negative DCFRR set to zaro:
DCFRR=0; ' ' ' :
alse : .
DCFRRﬂlOO*I, ' . % Convert to parcentage result
end Yif '
%end def

function discashflow=discount(flows) -

% This function discoints a given vector of cash flows.

% Author N.Bawden Date 7/7/92, modified 20/10/92.

% User must supply appropriate discount factor as input to routina.
% Cumulative plots of discounted and undiscounted cash flows versus
% time ars plotted.

4

n=length(flows);

“years=(0:1:n~1)*;

cunfloy=cumsum{flaws} ;

“interest=input(’Enter discount factor (%) ');
disfactor=ones(n,1)./({1+interest/100). years);
discash=flows,%*disfactor; .

discunflow=cumsun({discash)}

discashflow=[years discash discumflow];

plot{years,discumflow, 'r’,years,cumfiow, g’ );

title(’Discounted versus Undiscounted Cumulative cash flows’),
xlabal(’Time (years)’); :
ylabel(’Gumulative Cash flow’ )3

grid
¥ond discount

function probdist=normdist(y,T) |

% A normal probability distribution is calculated for a process
% variable, y, entered as a vector. The distribution is plotted
% versuz the operating mean position for comparison with the

% plot of process variable versus time, '

% Author N.Buwden Date 20/10/92.

- % Normal Distribution is calculated agcording to the formula:
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4(x-mgan)/(2*sigmaf§}:

'sqxttzﬁpi¥sigma*2)'

Enter v od process variable in vector form
sampling pﬂrlod in saconds

S N R
-3
"

n = 1ength(y},
points {n-1)#T;
= 0:T: po:nts,_
;Blgma = gtd{y);
mu - = mean(y); -
- upperlim= mu+d¥sigma; -
lowarlim- mu-4*sigma‘
) = lowerlim:sigma:upperlim;
probdist = exp(-abs(x-mu)!(2*31gmaf2))f(aqrt(2*p1*31gma“2)). )
CooxL lowerlim: 31gmal25 upperlim;
oyl spline(x,probdist,;xi);
axis([Lowerlim upperlim O pointsl)
subpldt(?ii),plof(y,t)
-axis([lowerlim upperlim ¢ 11)
: subplot(212),plof{xl,yl).
Y%end normdist

function y = npv2(x)
% Calctlation of the Net Present Value (NPV) of cash flows
% Author N.Bawden ( Reference p.185 D.H.Allen A3.1 ) Date 6/7/92
% The input x is an n by vector of undiscounted cash flows,
" ¥ User must supply an interest rate for discounting.
o . o _ _ .
n=length(x);

disrate=input{’Enter discaunt rate (%) '),
4
y=x(n};

for i=1:n-1

y-y/(1+d19rata/100)+x(n-3),

end -}if

hnpv2
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Appendnc D

| _Derwatlon of Two Tank
:.-Transfer Func‘tmn

" Tonsider the two tank system illustrated in figure D.1. :
Performing a mass. balance for. ea.ch of the two tanks, assuming the density of
. the hqmd is constant

_ H—{'Volume} = Input Flow— Output Flow
dhy |
Al‘a't'!‘ = Fp-F
dh i '
A2 d: = - Foy

Fliminating Ay a,nd.F and changing to incremental values yletds: '

d*hy o dh; __aFm
dt2 Agdit n Ay A,

4= Ag = l'm"1 and o = 0.01 then

dghg dhg
e +0.01—== 7

The transfer function from output kg to input Fi is therefora

I
s(100s + 1)

= 0,017,

Gls) =
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- Figure D.1: The Two Tank Level Control Systerh
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