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SYNOPSIS 

thesis ",,",,,,,,,,""v .. ., apl)ll(;atllOn of robust controller .... "..,Lp;;,L. techniques namely 

and to 

control problem of syst(;ms. It forms a comparative of 

,-, .. v,,,,", .... loop control electrical 

generating units to the frequency at nominal 

disturbances. Load frequency control also includes the "'5,"ua<.lVH of the 

interchange powers. 

'-O('USI.ne:iS is a loop defined as ability control ",,,,,,r<>1'YI 

to V ...... ~LAH satisfactorily in the of model uncertainty unmodelled system 

dynamics. 

to any 

(model uncertainty and unmodelled dynamics) are inherent 

and the of control system depends to a 

on the ability the to account The 

methods ch£lra(~teristjcall) 

the controller. with application to 1"\,"",,,,, .. dynamics of 

<'''l·1-A ..... varies continuously, the controller strateglt:s forms a viable solution to 

load frequency control problem. 

Results mOlcalce that similar response .... "MU' .......... ""' ......... '" 

can obtained for above-mentioned structures. distinguishing 

are different approaches the 

techniques resultant controller. Hoo IVI"'\·tu'r.a control is a robust 

domain controller method, from 

disadvantage that controller zeros cancels all poles of be 

undesirable. can be overcome by two-degree freedom Boo problem 

formulation or the loop approach pre,po;sea by and 

application is well documented. 
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SYNOPSIS. 

Quantitative feedback theory 

templates on the 

properties over a 

that it requires 

..... UJ"'"''''' .. to 

III 

incorporates uncertainty pmranlCUrIC!;lll) as 

performance specifications are as 

QFT technique, being a freedom design 

rejection 

disadvantage to IS 

loop shaping which may prove 

Common to He>:> V",,,L .. control, quantitative feedback theory and PI con.trol is that 

a required mathematical of the plant. studies load frequency con.trO! an 

accurate of not be readily obtained, which motivates the use 

a fuzzy controller. 

favourable pel~tolrm,mc:e III "'''''''r'''1"(1" to pru:arrlen~r ease with 

controller designed. 

based on the results presented reached 

all are load It is thus 

be considered their application to 

frequency control. is because of versatility and ability to stabilise 

<,,,,,1,,,,,",, over a operating region. 
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CHAPTER 1 

1. INTRODUCTION 

Modem robust control affords the opportunity to design and synthesise feedback 

controllers able to regulate a given process acceptably over a wide operating region as 

is possible. This includes the effective closed loop control of the process in the 

presence of model uncertainty and in the presence of random disturbances. Controller 

design methods encapsulated under the term modem robust control includes Hexo 

optimal control, fuzzy logic control and quantitative feedback theory. These design 

techniques are renown for their ability to deal effectively with model uncertainty 

(Maciejowski, 1989; Kandel and Langholz, 1994), which cannot be neglected in any 

physical process, hence motivating feedback control. 

This project describes the application of these controller design methods including the 

classical PI controller to the load frequency control problem of power systems. Thus a 

comparative study of the performance of these controllers with its application to load 

frequency control is thus pursued. For this purpose an experimental laboratory motor 

generator unit emulating the operation of power system control in regard to frequency 

regulation is constructed and the designed control law is implemented digitally. 

Load frequency control can be described as the closed control of electrical generating 

units to maintain the system frequency at its nominal value. Due to load imbalances or 

the power mismatch between the generated power and that of the demanded load, 

frequency deviations win occur. It is thus essential for the effective operation of the 

system and that of the connected load that the frequency remain at its nominal value 

or within certain tolerance bands. 

H:o optimal control is a frequency domain controller synthesis method, where an 

objective function is minimised in order to satisfy multiple control objectives. 
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CHAPTER 1: INTRODUCTION. 2 

Similarly quantitative feedback theory is a domain f'>r. ....... ,,' 

tool, where the design is perfonned on Nichols 

however, "'v~.vU'V"''' the characteristics on a and 

calculates required a set of HHJ'5Y,.l.:>UV 

objectives project can be summarised as follows. 

1. the operation and control of electrical power sv~>telns, concentrating 

on the load problem as In 1,1"",,.,,1",,,,.,,, 

u.V""~l"rl~ techniques 

and quantitative theory. 

purposes ,-,.",,,,on,,,,", PI is also eX'imJmeo. 

control, 

comparative 

3. implement controller and comment on their to 

load frequency control and to analyse their perfonnance comparatively. 

4. To 

obtained 

conclusions and 

the course project. 

'h", ..... +".. 2 

theoretical COIl cents 

control methodology 

''''n~'+~~ 3 describes 

is as follows: 

subject load 

control 

for load 

based on results 

control, the 

operation. It further eXt,oultHls on the 

control. 

mathematical 

the synthesis It thus serves as a tutorial "''''",.'v' .. where '-'HIVH(~l" IS 

on mixed Sel1lS1IIVl1':)' controlIJL"".JL""H. where designer is allowed to design 

multiple include stability, and disturbance 

rejection specifications. 
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CHAPTER 1: INTRODUCTION. 3 

Chapter 4 focuses on operation and design fuzzy controllers. It presents 

the various stages involved in the design of controller, 

J. ... J'UiVH. This concludes commenting on the 

stability 

"-'U''''fJ'''''~ 5 concentrates on 

feedback and 

above {'{'WiT ... '" 

method. 

controller. 

as a 

"''''l',,,,,,t,, of the 

domain 

Chapter 6 thus on the application these methods, the 

experimental laboratory unit the implementation of designed controllers. It 

the design the by 

response This concludes pre:sen1tmg a connparatl 

methods and making appropriate mtlerenCt~S 

Chapter 7 concludes 

designed "Ar'''''A 

recommendations 

their to 

on the content of this 

case . 

....... , ..... F>,.u and disadvantages 

frequency control, 

these 

by 
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CHAPTER 2 

2. LOAD FREQUENCY CONTROL 

the operation of load control by the a 

survey, detailing basic conceptual 

systems are COllce:mf~a 

efficient 

the 

conversIOn to another, n<:>''"t',,,I',, 

fuels of water (hydro-plants) or 

"""I'A,," plants) to electrical where it is utilised by power consumers and 

or 

1993). Electrical power systems primarily 

order to L"'~""LU''''' 

to 

U«leu"_,, employ 

desired system 

ian<1schln and .... A',"",,,, 1991). £c>'U'.VAUUUV ITPnp .. ,,11,n" 

control methodology where it a comer stone 

power 

units 

use of sur>pl(;ml~ntary 

specifications 

fOmls of 

of 

aims at 

control to achieve this objective. Thus are two distinct elements 

comprising automatic generation control, namely a control objective (frequency 

regulation) and secondly, an economic (minimisation of cost). 

The IS as load (LFC) the econorD1 

as the economic dispatch (ED). 

briefly the constituents 
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CHAPTER 2 : LoAD FREQUENCY CONTROL. 5 

2.1. LOAD FREQUENCY CONTROL 

Load control in the AGC system 

frequency interchange power 

such a controller is that 

the closed system must satisfy the (North 

Electric Reliability is an international power regulatory body (NERC 

I-'''''L' .... u'"'A manual). The main to LFC controller is area control error 

(ACE) defined as the sum of the tie-line deviation and frequency deviation 

by a frequency bias p. Mathematically the 

~ie + fJ * 11/ 

where = deviation [MW]. 

[Hz]. 

fJ == h'""",,,,,n,-.u bias factor ~ 10. 1HZ] 

error is defined as, 

The shown nnf'r",tinn of load frequency 1 below illustrates 

,",Vl,"IVH'-'1 within an mtlerC'OnIlected control area. The controller all 

units the instruction of where proportion 

(determined participation the 

units is calculated by the economic load dispatch routine. 

plant, the generating unit, is the input the turbine governor. 

operating characteristic of the governor enables the in 

unison throughout entire control area, thus the power 

synchronously (Wood and It is more important to note 

is by positive synchronising of 

sin(8». 

shown 1 all interchange powers control area are 

summed to form the power. deviation the 
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CHAPTER 2 : LOAD FREQUENCY CONTROL. 6 

power its nominal value is added to the system deviation to form the 

error of the individual COllUn)i area. Ptie f the u'" H"'''' power 

system treCluc~nc:v H •• "I-I' ..... the subscript 0 denotes the nominal value. It is thus the 

of the to drive this error to zero. following 

various controller design methods that 

to the the controller. 

To"",ighb~ 

G"m!,atirlgUnit control_as, 
n 

2.1.1. OPTIMAL CONTROL 

Optimal control is a synthesis method at UlillHUUC>J.Up:, a peltto'nnanc;e 

which state vector 

weighting malrm:es ensures are achieved. 

In we want to to reduce 

therefore optimal control this is conveniently accomplished by matrices 

Q and R on the state vector and on control input vector ""'''''''''1''1"1 

and Elgerd (Fosha and 1970) 

via optimal control. Simulation 

interconnected power system reveals an improvement in 

over existing cOlrltn)! ~'~~"~b"~~ present at the 

on a two area 

damping of system 

the classical VI-"lHiJUC",lUVH 
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CHAPTER 2 : LOAD FREQUENCY CONTROL. 

finding 

controL 

Considering robustness 

uncertainty 

gain 

Wang et al. 

the state 

Studies were 

7 

frequency bias ~, known 

and Zhou 

of the to 

area 

rate constraint. showed that the of 

the guaranteed in presence of model 

2.1.2. ADAPTIVE CONTROL 

Most design methods a mathematical of the plant to 

controlled. this model not accurately the dynamics a 

particular or may vary leading to a that is not to 

stabilise the in the model 

view solution to where are 

parameter (Pierre, 1987; Yamashita and 

1991). 

Adaptive r<"''''~'''''''' is a control scheme which the controller ..... ..,.u.., .... to correct 

due to model parameters. forms part the 

adaptive "'V"ILL'ln structure in which output measurements are used to obtain 

a model of Thus as the model plant varies the ,",V"ALL'''1H",1 will adjust in 

such a way as to compensate for these ,",,",",'U;::"""" The operation is to firstly 

estimate or 

controller 

(Maciejowski, 

the model of the plant followed a means 

leading to 

the 

specificati ons 

"",.n .. ,"",'. for the application of adaptive control to n"'ll1Pr The motivating 

more specifically to 

changes are the on,new 
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CHAPfER 2 : LOAD FREQUENCY CONTROL. 8 

installations or power 

cannot account for 

in cerl:am areas the control area. If the controller 

dire "'vu,,"" ........ "u,"'..,'" can result. 

1. Vajk et and Kovacs, 1985) has 

reported ~U"',lvl.#i:>~ an AUV...,UA.'j;;, the 

load frequency controL It is reported that improved dynamics and a more efficient 

control effect under wide operating conditions Yamashita and 

(Yamashita and Miyagi, 1991) used to account for interaction between 

power/frequency and reactive power/voltage control loops. The cr",",pr-:> 

STR is in form of a equation where the parameters are updated 

usually least 

2.1.3. VARIABLE STRUCTURE CONTROL 

Variable structure control (VSC) is also COllceme:a with 

the the the structure of the 

a an 1rn'". ....... ,""',,..,,,,,,,,t 

most control systems are in nature, J:',,",'UHll et (Kumar and and 

Hope, 1987) the discretising the system model has on 

performance of loop "",,,r,,,1"1"1 It is noted that with comparison with the 

controller drives the error to zero 

2.1.4. FUZZY LOGIC CONTROL 

O. A Chown et aL (Chown and "''''"LU''-"' .... U, 1997) implemented a logic 

for automatic control to 

structure. control is based on the philosophy of placing 

control on a an if error is the 

control action should adjusted as to the ACE error towards zero. In their 
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CHAPTER 2 : LOAD FREQUENCY CONTROL. 9 

paper it is shown that satisfactory perfonnance can achieved by the 

application of logic £"",.-.1"""'" 

2.2. THE ECONOMIC DISPATCH PROBLEM 

Included in automatic control is the economic dispatch problem (ED). 

The dispatch routine attempts to control the geIler:amLg units in the 

economical way, minimising input to the plant such 

a as to minimise the operational costs the units. solution to this problem is 

achieved means of neural ... ot"", ... !?-" ~~~iU"'~ and Short, 

1997), geneuc U.Ll".'J.LHl (Orero 

prognllmming ",,,,,,,uu'-1,"''''''' (Wood 

Irving, 

Wollenberg, 1996). 

and 1997) 

Also are program routines that predict the load the system as a 

of time. prediction methods the use a regression to 

load at the ta.king into account as and total 

the time. Dispatching is by adjusting participation factors for 

unit accordingly until the required power balance is achieved. disadvantage of 

an approach is that it has an effect on perfonnance system. so 

doing the controller is u...,~~un ....... which 

(Chown, 

frequency behaviour 

2.3. EFFECTS OF FREQUENCY DEVIATION 

deviation is a common problem within power control industry 

(Miller Malinowski, This ""''''''" ...... load 

is it power operator to 

T .. "" .. 1>"1""I1"·" at its HV"UlllLUU the frequency deviation can 

constrained to within certain that are by is that the 

frequency not more 50 rnHz nominal and it 
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CHAPTER 2 : LOAD FREQUENCY CONTROL. 10 

should at its nominal for 90% the time. the by a 

.... U'HUJlUi':;U amount 

loads as rnr,rr.,,,, transfonners and clocks are cmme:cte:Cl to the power 

system are frequency aelDellOe:nt. 

upon the system rre,qu(~nc 

would vary in rp<1 .... r.,n<1p 

leading to hazardous 

operational perfonnance depends 

given point case of motors power 

m 1"r"'.OIH'l"I"" undesirable, 

and of In 

lClL<l'U'.A.", theses motors are induction motors which n .... '''' .. ''''tp synchronously 

system 

Clocks or timing instrumentation operating the power supply would acquire 

a a""V .. J:al\,.JU with deviation frequency. can be illustrated by 

means of ""'"" .... ,,1-'.,..., '--''-'.hH' .... ..,. a positive frequency deviation of which is 

sustained would result an time error of 2.4 In 

error appl y some sort error 

This is achieved or 

generation depending the error to or the 

Should frequency deviation exc::ee:Cl prescribed limit, precautionary 

measures are 

Measures are usually 

tripping unit, or ""'.,"'VILU .... '''' .. 

deviation is a 

generation an 

a factor 

bias 13 is MW per 0.1 

of personnel and unit. 

safe of are 

load, is known as shedding. 

result of under or over generation. When the 

area or 

typically (Miller and Malinowski, 

a change generation MW will 

Therefore 

This is 

depends on known as the frequency response characteristic 

droop of individual units as as on the 

at the time. 
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2.4. THE OPERATION OF POWER SYSTEMS 

The process of electricity generation is shown in figure 2 below. It shows the 

electricity generation process from the procurement of the fossil fuel (coal), the 

pulverisation of the coal, the boiling of water to form super heated stearn, which 

eventually drives the turbines and the generator to generate electricity. 

" "' 
Coal Water - Steam Driving oftwbine & 

Coal 
Procl:1l!:ment Pulveruation Conver.;ion Generation of electricity 

FIGURE 2: THE ENERGY CONVERSION PROCESS FOR ELECTRICITY GENERATION. 

The last part of the above diagram is of importance to automatic generation control 

namely the driving of the turbines and the generation of electricity. Thus in 

maintaining the system frequency and powers at their desired values, control is 

required. The control of the system frequency and interchange powers is divided into 

two distinct controller sections, the primary and the secondary controllers. The 

primary control involves the rapid response of the system to load variations where fast 

controller action is required (Wood and Wollenberg, 1996). This is achieved by the 

turbine governor, where it senses the speed of the turbine shaft and depending upon 

the desired setpoint it applies corrective action to the main stearn valve resulting in an 

increase or decrease of stearn flow to the turbine. Shown in figure 3 below is an 

illustration showing of the operation ofthe turbine governor. 

Speed reference 
input 

Steam input 
--.---NlI------l 

FIGURE 3: THE OPERATION OF THE PRIMARY CONTROLLER. 

Tu:tbil1.e Speed 

-+ To electrical 
generating unit 
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ch;mgmg the reference of the op(~ratmg point the 

system. of turbine shaft is by the 

and corrective action is LLIJIJU,"'Y steam valve either 

characteristic oP,eraltlOn ("".rPMn.-w is vnn,ulrI as 

droop cn<:lTa(~teI'lst1 frequency 

or closed). 

for example, a 5% droop "" .. "'CU.."' ..... LL.: .... ..., will £''''',...''' .. 0 ............ ,.. to a 0.05Hz deviation 

is 

will cause a 100% change in output power 

frequency, this will cause a 100% cnlmJ;~e m 

change output "."un"".". The droop characteristic is shown in figure 4 below. 

o p. 

Thus 

that 

droop chalractefl 

the unit output 

variations 

VIce versa, 

by the a,n''''Mn,rn' 

"0 ... , 

A - No load, 
B - Nominal load, 
C - Full load, 

=R= 

from nominal power. 

Ul'lit Out-put P"",,,,,r 
[MW] 

the slope of shown 

ch,in~~e m 

An 1nl"""""'''' result 

ae(;re:ase in :frequency will 

of the system, 

4, 

point the C'uc,t"".... at nominal the governor retlereltlCe input 

must be changed requmng supplementary control or also known as 

control. 
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above can verified by means of 

model power employed 

nl1ft"\I"'C~'" are shown 5 below (Wood 

[MW] pu. 

parameters are asKp HzlMW, 20s, 

2.4 HzIMW, parameters are unit (Bose a.'1d 

8 

6 

4 
N 
:£. 
c: 
.9 2 ro 
'> 
'" 0 

'" 0 
" " '" :J 
U 

f! -2 It. 

-4 

-6 

0 

The efleel 01 speed rsferane input variations 
on frequency 

Operating Point (OP) # 1 

2 3 4 5 
Speed reference deviation [MWj 

13 

A commonly 

load control 

1996). appendix 1. 

6 

Frequency Deviation 
[Hz] 

Tt = O.3s, 

1980). 

7 
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With .. pt,,, .. P'!"!"P to shown in 6 illustrates 

'1£"IP"'""'" on the system frequency. 

from 6 it is seen order to maintain frequency at its uV.U"'''' .. A-. 

value the Pft::sel1ce variations the rpti"'rp1n{'p. input of 

governor must be 

will reflect an increase 

point of the 

load VH'"U.F''''' IS 

applied, 

AREAS 

7) illustrates 

area is isolated 

operation a two area interconnected 

other, for the interchange 

This is to 

support the event 

Int~~rcOllllecteQ areas 

system. 

requirement for 

it should 

IS 

load 

<Ul.,ClU>"VU.l'-'U.L'" as 

one area cannot supply 

an extra level of Se(:urll!' to 

Tie - line interchange 

within an nte:rC()llIlleclteQ area is 

status InIIOn1lallIOn fro111 own area. common 

which should be constant as contracted 
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between the power utilities concerned. If this is not the case it leads to a loss of 

generation for the control area. This is known as inadvertent energy. 

2.6. THE NERC CRITERIA 

The NERC council is responsible for setting up international compliance standards on 

power utilities to regulate the power system to prescribed standards. The standards 

most relevant to load frequency control are given in terms of the area control error. 

These criteria are outline below. 

• Criteria AI: The ACE error must cross zero at least once within every 10 

minute period. 

• Criteria A2: The average ACE error must be within certain bounds (should 

not exceed ±Ld) over all 10 minute period. 

Criteria Bl: Following a disturbance, the ACE should return to zero within 

10 minutes. 

• Criteria B2: Following a disturbance, the ACE should begin to return to zero 

within one minute. 

Since the load on the power system is constantly changing, the measure of the how 

well the control system is performing is accessed by the ACE error. The performance 

criteria under normal conditions are given by Al and A2. Criteria B I and B2 apply to 

disturbance conditions. The bound in criteria A2, namely Ld, limits the magnitude of 

the ACE error. It (Ld) represents the largest hourly load change experienced by the 

control area during the year. 
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optimal "{"\1"IT,.{"\ 

synthesis 

also known as 

where pnor to 

IS a 

peClllc:atIlC)flS are LUYLU..\"U as _A/'"yU.AA,'b functions on chosen closed 

:function models (Williams, 1991). name 

functions are in the 

are stable trallst!:!r functions) refers to a 

16 

transfer 

of 

mathematIcs dedicated to its study synthesis procedure aims 

at minimising infinity norm the 1'''<;'''PI'·t1 closed loop traJlsn~r function 

chosen by advantage 1"..,1J",",U by an He" 

J~U'W.",,~;:) is that it O'''''''''''''!-''''''<' closed performance robustness. In 

.:J .. >C'VU,U,",,, multivariable controller design, however this is dedicated 

to a output the solution to the 

Svrl1:m:~SlS problem is 

selection of 

motivating 

iiiU,'U,",UiU' .. ""'U, during the COfn:rouer 

is hidden 

UVI-'HV';.tU'-"U (Matlab H,IV' .. .:>L control toolbox, 1998). 

Hoo PROBLEM FORMULATION 

designer 
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rejection properties, this configuration must first be formulated as an ReI) synthesis 

problem. The plant G(s) is augmented with the functions WI, W2 and W3 to form the 

augmented or generalised four port system shown in figure 9 below. 

iat Setpo 

R (11') + -

FIGURE 8: STANDARD CONTROL DlAGRAL\1. 

+----f 

11 ~ 

R(s) 

ContlOll!.!! 

AUl::t!.entecl Ple.J:"l.t 

prs) 

K.(s) 

FIGURE 9: AUGMENTED PLANT AND FEEDBACK CONTROLLER. 

Out put 
G(s) 

Y( 8) 

Plot 

} 

pes) is the augmented plant, K(s) is the synthesised controller, w is an exogenous 

input including all external signals such as setpoints and disturbances, u is the control 

input to the plant and y are all the measured signals or system outputs used for 

calculating the necessary control law. Characteristic to synthesis methods, HX) control 

theory defines an objective function as a measure of the level of success of the design 

(Francis and Zarnes, 1984). This objective function is defined as the minimisation of 

the infinity norm of the closed loop transfer function (or transfer function matrix for 

MIMO systems) between w and z. By describing the augmented plant pes) as a matrix 

of the form, 
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P(s) = [Pu (s) P12 (s)] 
P21 (s) P22 (s) 

18 

(1) 

the closed loop relation between wand z can be obtained. From figure 9 the following 

matrix equation can be defined. 

Substituting for u = K(s) * y and applying matrix multiplication to the above 

expression the following closed loop expression is obtained. 

From (4), 

(5) 

(3) 
(4) 

Substituting equation (5) into equation (3) the closed loop transfer function between w 

and z is obtained. This transfer function is denoted as F(K,P), which is a function of 

the feedback controller Kes) and the augmented plant pes). 

TZ1w = F(K, P) = ~l (s) + ~2 (s) * K(s) * [1- P22 (s) * K(s)r * P21 (s) (6) 

Thus the IL synthesis problem is to find a stabilising controller that minimises the 

infinity norm of F( K,P). This is written as, 

minllF (K, p)11 < r 
K(s) = 

IIF(K, p)L is an operator norm, which by definition represents a matrix by means of a 

scalar number. Equation 7 denotes the minimisation of IIF(K,p)tover all stabilising 
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controllers K(s). as stability margin is 

which the infinity norm 

satisfy for all 

upper singular 

'viV",",,"" loop transfer function 

controllers. The infinity norm is U'-'iUH .. 'U maximum 

supremum) of a transfer function uu..,.un. (Maciejowski, 

1989). of the 

transfer function 

infinity norm represents 

expressing it as a single number 1989). is 

a = upper Singular value. 

sup supremum or the upper 

A common problem is the mixed .,,",u..,, .. which more 

function is HllUHJlll 

the closed loop sensitivity S( s) cOlnplenlenltary sensitivity 1996). 

T(s) .. .uH~"HJU" are optimised with the control formulated as, 

< r (8) 

W 3 are weighting on control U~HU'" 

sensitivity functions motivation for 

v!\J,C)vU loop transfer functions is to achievement of 

pertormance objectives (Skogestad 1996). Since S(s) is 

function between the yes) and the output 

impose a performance output disturbance 

the control system. constraints on 

of the system. specifications, namely 

rejection specifications cannot achieved simultaneously, the 

are frequency 

these specifications. 

enabling a frequency 

equations (9), (10) and (11), 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 3: OPTIMAL CONTROL. 

1 

1 + K(s) * G(s) 

M(s) == -_'-....:.--
1 + K(s) * G(s) 

into equation (8) 

augmented can 

20 

(9) 

(10) 

(11) 

1989). 

(12) 

have been chosen and the augmented 

obtained, the corLtroller proceed. 

3.2. Hoo CONTROLLER SYNTHESIS 

An algorithm, which 

procedure outlined in 

controller by 1t", .. "t1~)'",1 

controller 

system. This 

mathematics is 

solution) is 

shown in 9 state 

VVA'"Ui, is the Doyle 

algorithm solves for the Boo 

and finds a sub-optimal 

domain specifications of the closed loop 

synthesis solutions however the 

solution (the Glover and Doyle 

QQ111T1P{"1 that the augmented plant pes) 

realisation. 
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(13 ) 

equations, Dll D22 are ... ...,~ .... u.v ... to be zero. Further 

are, 

i) (A, Bl) is stabilizable (Cj , A) 

ii) B2) is and A) 

D'i2[C1D12] fJ. 

iv) ]D;, [~] 
Assumptions i) and ii) are required to ensure the V"Y.LLUI~. controller stabilises 

"LV,"''' .... loop system, while that of iii) iv) ensure that to the of 

is both row column this ensures the 

synthesised controller is proper and hence detailed 

assumptions can found the original of Doyle and Glover et aI, 

1989). 

UH;.","... involves the of two 

Riccati equations. 

the Riccati equations. 

equations are as follows, Xx, and are solutions to 

(14) 

AYe<) + (1 

the spectral of, 
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p(X,,> ) < 

satisfaction of 

optimal controller can 

= 

A 

=A+ 

noted that the 

the mathematics 

+ 

the solving 

is defIned as, 

T 

explanation is 

more detailed uU'~""'''~'''vu 

3.3. CONTROLLER DESIGN 

The design of an H::o the 

WI, Appropriate choice 

are maintained in 

below are a as to the 

classical where multiple 

defIned as setpoint tracking disturbance rejection, a 

compromIse all closed must be 

1996). In Hx> control by 

filter and as high pass 

(16) 

Riccati equations, a 

(17) 

of 

references 

functions 

system 

of model 

selection of 

objectives are 

domain 

and 

as a low pass 
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3.3.1. SELECTION OF WEIGHT WI 

WI a pertormance UT"",crtU on the v"''''''''' .... 

as equation (9), 

disturbance 

Traditionally output 

of the 

U'mU1C(~S occur over lower 

that of sensor noise and as a result it is £1"c1 ... ,,£1 

3dB 

function 

for output 

8. 

as compared to 

should be low over 

IS 

(18), where the 

less or to the 

< 1 (18) 

is illustrated below by defining as a simple first order low filter 

10. Weight WI is cno'sen as ~ = _1_. The hashed region figure 10 indicates the 
s+1 

LV",""VU, which function not the -r""'"1""nro'u 

In addition WI manipulates the (.I.U,;:>Jl\ .. U, pertbrmance of 
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20 

15 

1D 

beG which 3M Jhould not 
lJiolat6 

D~~U.~~==~----~n~--~--~----~--~ 
1I,'l [0-

Fl!'equ.e:ncy (rads/,) 

WEIGHTW2 

sensitivity M(s). It is ... ...,'au .• v'"'" 

24 

W 2 is a performance 

the amount of control frequencies to reduce actuator C>UlUJ.<C'UV'H 

or spurious high frequency .u.v ...... " Grimble and Zhang, 

filter, initially a first to accomplish this, 

function is used. However, 

satisfy rank conditions 

analogue is shown in equation 

jM(s)1 
1 
(s) 

< 

pracm:e it sutl1C~~S to 

1 

W2aS a 

controller. 

Vw 

(19) 
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3.3.3. SELECTION OF 

Weight must "''''H,v''",,,,,, in compliance with WI the relation + =1. 

This ensures tra<;i(Ulg S]:leCIIlcalUOlIS are mamunne~a 

to model uncertainty is ,.,.nIP'}?'(J (Kwakemaak, 1993). 

!Urlcuon. must be at low 

• t.. T') IS that \s, 

high at low frequencies and small high frequencies. This is 

..... ''''.<" .... <JCVU Dr(mertH~s Mathematically IS PYT'TP'"Pl as, 

Vw 

Illustrated figure 11 below is for a simple high 

Robu5tl1»ss W'eight 
4'; 

40 

,,, A~ n';";".k T(,,}:;~ 
,ll<':Jt f<vhhrl 

><} 

j ,2'; 

C§ 
:2l 20 

j,; 

1~ 

" 

" ,a-" 'Ii} -I 1<}" 

fu'l.1el'lCY (1"'1.<11.) 

W3 must be 

ensure sufficient 

(20) 

W3 
s 

s+1 

1 
l 

'i>' 
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4 

4 .. LOGIC AND CONTROL 

fuzzy set theory and its application to control systems was L.A 

LJ""''''''U during mid 1960's 1965) when concluded work on 

fuzzy set theory. The principle operation of set theory or commonly known as 

logic is to .... "",' ... ~UlV'"' n"'~'l'H'~ information an 1m' ....... ""', 

, .. " .... 'LAU"-, 1997). This can 

u",.",~u of a nA1",'''''''' 

to be l.5m, 

in fuzzy terms John might 

1 to 

U~Aj.,",,'JLA'" term tall and 

performing 

John when 

crisp system description. 

conSI,ller the 

precisely can be 

medium height, where than 

.U1,,,,'."'.';>U'"' term than I.7m to 

in between as U"'-',.. .... UH. 

operational arena within a context. 

enables designer to incorporate technical knowledge on the behaviour of the 

"',","1i"." of the ,..,-.... wn 

operation, control is a convenient uV':>'j;<,U 

as 

applications of fuzzy logic control have bcen reported. Thus with application to 

power the IS by it 

forms a controller design (Kandel Industrial 

applications logic to power systems include, the start up control of a 

stcam OPt""''''''''''''' 

Britta 

1 

these 

aui:onlatllc g(:':neratJlon control (Chown. R.C, 

a power plant (Pruessmann, 

''''''A'V''''' indicate logic control operated 
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4.1. FUZZY THEORY 

heart of control is set theory, to 

traditional notion which an a member 1 

or 0), fuzzy sets the membership the object over a range between 

1 o (Zadeh, 1 for a fuzzy set consisting of real for example, 

a value will an degree of denoted 

~A(X). This is illustrated 

Dllftl! of 
.mbership , uuy Set A 

!1(X) 
1 

(Modi ... ) 

--- -

The degree jl(x) 12 reflects measure to cnsp 

set introductory 

all crisp set will have a 

degree it will be 0, that it is not a set 

of the set shown above is the crisp input to 

input, it is a convenient tool two variables the 

and of membership. there are fuzzy set 

shapes to from (Le. set is chosen 

based on its mathematical ease and as 

fuzzy sets notreadiIy significant effort 1997). 
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4.2. J1'U~ZY SET OPEHATIONS 

As stated above fuzzy set theory forms an integral part in fuzzy control and in order to 

maxiIPise the operation of the resultant controller, fuzzy mathematical operations are 

performed on each fuzzy set. Detailed analysis of these operations are not given, only 

the relevant functions applicable to the proper functioning of the designed controller 

are described. The commonly encountered fuzzy operations are the union and 

intersection of fuzzy sets. The union of two sets refers to the combination of all 

elements within both sets, whereas the intersection of two sets, are the elernents of the 

sets that axe cornman in both sets. Figure 13 below demonstrates the union and 

intersection of fuzzy sets. 

D@gre@ of 
Me:mh2Il1mp 

fl,(x) 

F'tizySd A 

fl,A(X) --- -------.-----

x 

FIGURE 13: UNION AND INTERSECTION OF FUZZy SETS. 

Intersection 

Union 

.. 
U :o.i.veille of Discomse 

As seen from figure 13 the intersection of two fuzzy sets, are represented by the grey 

coloured region. The mathematical interpretation of this by considering the crisp input 

x, within the universe of discourse, yields two degree of membership functions, 

namely !lA(X) and )lB(X) for fuzzy sets A and B respectively. Thus to obtain one 

membership function for variable x to represent the collective effect due to the 

functions )lA(X) and )lA(X), the mathematical min (miniulU.l'l1) function is used. The 
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bold solid 

4.3. 

IS "chain is only as strong as its weakest 

the intersection of fuzzy sets A and B are UClme:u 

sets are depicted by the 

encapsulates aU elements pre:sellt 

mathematical 

sets are ael:me~a by ~ 

CONTROL 

a 

max 

"'Lu ... ru~ controller design methods employ the use a ,",,,,.,uu\,.,,", IIlaUlenlatl.caJ 

or process to be controlled. When to 

criteria based on 

1.JV'.LUVU...,. design are sought (Tong, 1977). 

controller design is based on a 

IS .LV1,'UU.U.U"u. as follows and are known as 

if 

memOiQ is 

and then 

{ } 

then 
{ Do this } 

end 

The conditional part of the above statement is Il'nn.urn as antt~CeClent part and that 

the then part as the consequent part. 

which are formulated based on 

"'~"U.L'~U"L "" .... "' .• ,,~'" of a set of 

of the controller 
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thus on fuzzy rules. success of the 

to a rules and 

number employed. or 

polynomial manner depending the number of inputs 

sets (Chwee, et 

controller can divided distinct 

inferencing 

figure illustrates structure 

inputs outputs are aU used for measurement and controL 

outputs are to controller. 

FUZZIFICATION 

x to 

}leX). Traditionally universe of 

input 

is divided 

sets known as fuzzy .... " ... T1T",..."<' as shown in 15 below. 

a 

fuzzy 

fuzzy 
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Der,ree of 

ll-.-.:::::::Im:......., 

-1 

quantitatively. 

terms big, 

As above 

II. c 1 
Uni'lte:me of Discoume 

the 

quantitative 

positive big 'I"P"' .... """.1"\.!"" 

J. ..... J,"' .. 'uu» are Chc)sen based tJU.JlllUUi)' on mathematical ease 

are described as follows. 

o ........................... x < a 

,u(x) := 

-'-----'- .................. b ::;; x S; c 
-b) 

O ........................... x > c 

4.3.2. 

forms the data orcicel;SUUI engine logic 

rules are structured as a controller. 

appropriate ""Tlt'l"" 

of if and statements where the 

Depending upon is calculated when a certain condition is 

of the its related linguistic a fuzzy 51.u." .. ..,.<.i'" rule will 
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I. 

2. 

3. 

4. 

5. 

6. 

7. 

B. 

CHAPTER 4: Fuzzy LOGIC CONTROL. 

can by means an example. Shown below are typical 

controlofa motor with following sets. 

D .. gr .... of 
1\II."mt>...",I>ip 

It(x) 

Degree of 
1\11." ... "", ... "1]> 

NIAe) 

o:r 1----.. ---""'----,..--.-.-\ 

are as 

If the error is Negative and the Aerror is ("aa-m'm", then the Output is 

If the error is NOCTn;i"o and the Aerror is Zero then the Output is ,,,pum'rop 

error is /Vp,oniiup and the Aerror is Positive then the is Zero. 

error is Zero and the Aen'or is /Vpanl'1\)o then the 

If the error is Zero and the Aenor is Zero then the Output is Zero. 

error is Zero and the Aerror is Positive then the Output is Positive. 

error is Positive and the Aerror is Naafll'i"" then the is Zero. 

error is Positive and the Aerror is Zero then the is Positive. 

9. If the error is Positive and the Aerror is Positive then the Output is Positive. 

16 above from the ler'enCmlg rules, 

for 

(fired) 

(fired) 

(fired) 

(fired) 

fuzzy 5 and 6. rule yields an appropriate 

Rule 2 : 

de) = min(pN(-O.25), 

min(O.25,O.7) 
Intersection of Sets Nand Z 
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Rule 3: 

5: 

Rule 6: 

4.3.3. 

preVIOUS 

J1N.p(e, de) = min(J1N(-O.25), ,lip(O.3} 

min(0.25,O.3) 

min(jlz(-O.25), 

== min(O.75,0.7) 

0.7 

:::: min(J1Z{-O.25), J1p(O.3) 

= min(0.75,O.3) 

OF FUZZY 

cOllcelltr2lted on the 

fired inferencing 

control output, .",-< ... """" praice~;slflg of 

33 

Intersection of Fuzzy Sets Nand P 

Intersection of Fuzzy Sets Z and Z 

Intersection of Fuzzy Sets Z and P 

degree of members<lllp 

in order to obtain a 

The which 

these membership on the output 

(Mamdani, 1974). fired interem;mg 

is to clip or 

nrC'GUICCS a clipped v .... v .. n 

set, the fmal output ~"""""'H'" by taking the union the clipped output 17 

below illulStn'ltes 

of 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 4: FuZzy LOGIC CONTROL. 

The m 17 renreSt~nts 

to the error and V""'''''''F,V 

output 

clipped 

Thus in 

34 

sets corresponding 

to obtain a 

DEFUZZIFICATION OF OUTPUTS 

btaliml1tg a CrISp COl1tr()1 ..." ..... ..., .... from a output L"''4 ........ '~O 

'.n ,",',","'.J.., can different defuzzification methods, such as 

l.1,,,,,,,""""L. middle maXID1Ul111, largest of maximum, smallest of U ..... "'UL.U ...... U and 

centriod methods of which we will ,",VJ'L •. U''''''''''' latter 

input to is a set which is result from 

agl~eigatlon or union of all clipped output fuzzy sets yields control 

output. In LU .... UV'U the output is 

are used to 

illustrated in figure 18 below where is chosen as 

value. 

DegJ:ee of 
Membership Sets 

lUx) 

11----n 

into 

1S 

The four points are , Ys2 Ys3 = 0.5 = 1. points 

are compared with the COll1Se:Quent parts fired usmg 
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rurLctJ!on. This is illustrated as follows by considering the result rule 2 

tabulating results rules. 

if the error is Negative the /f"' .... "' .. is the Output is Negative. 

) = 1):;:: 1 (membership vu..,u<:;. for po 1) 

Therefore, 

ile), 

is Negative ) 

Likewise 3,5 and 

== min(,uNP(e, Ae), 

Rule 3: min(O.3,l) 
::::: 

min(.uzz(e, ile), 

= 

::::: 0.7 

::::: 
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the union values 

max(,u VI • , fiV3 , fiV4 ) 

max(0.25, 0.3, 0.7, 

Repeating above pn)CedUlre each ........... p,'''' ... output point, following tabulated 

are 

i 
Output ~rt"f/rtnlr> Value 

~ "1' Consequent Value 

Usi 

1 -1 0.7 

2 -0.5 0.5 

3 0.5 

4 1 0.5 

The output can thus be "'C;U"'UI.a~ .. ,u by the equation. 

Control u = -'---"----

N is .. '><U.I.>,","'" value Us result 

obtained taking the COrLSe(IUeltn: parts of rule. 

output is calculated as 
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0.7 + 0.5 + 0.5 + 0.5 

= -0.091 V ""'''I11''1''1,nO the control is a voltage) 

f'r.l".nor. value mallCaltes that £,"">"\,"1''''' input should decrease by 

0.091V. value .... "'''-'va' .... ., "'H"'~'-'''' of the " ......... LIJL'-' points 

1 maxImum con.trol 

4.4. STABILITY OF THE FUZZY LOGIC CONTROLLER 

control system 

towards fui 

to if when no step test) states 

IS 

\LJL.LU-Uj;:;, X et aI., 1994). logic control, theory 

since the cannot be mathematically UCIlnCIQ.. However, a ... LVLU.U."'",,," 

U ••• .u,",U'-'H approximation of 

analysis. 

of system can 

in which 

towards the centre 

is said to be 

unstable 

investigated 

Lyapunonv's .;,. .... ' .... LUq 

controller can be which enables .uV'.llllJl"'~ 

evaluating the of fuzzy systems are as 

the fuzzy rules are an indication of stability 

1979) 

aspects of systems and analysed stabiiity by 

proposed an Via 
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CHAPTERS 

S. QUANTITATIVE FEEDBACK THEORY 

Quantitati ve .. " ........ 1.1, ... "', .. design Tn""",,,",, is a domain "xv", ...... loop 

design Isaac M. Horowitz early 1970's (Horowitz, 

1991). technique exploits in the 

on classical 

made to automate the loop shaping nrr,,...,'"'''' 

Chait Chen and 1999). design pr()CeaUI~e it is 

eXl0eCUeIlt to stability and transient reS1Don of the controlled system to consider 

Ui..., ....... ~ uncertainty, quantitative .. v ........ v,,, ....... in 

of plant templates are geometric 

uncertainty drawn on Nichols (Wu and 

uncertainty parametrically or non 

this is by 

the range of IJV.::I':UIJ.l\.c parameter values. 

to COlt1v<:mtllOnal controller and LQG, 

optimal control, oelrtonn;an<:e st)ecmc:atlIDnS must be 

methodologies such 

methods such as 

the --."M.' .. This is achieved by bounds 

on oJ ........ "'" .... , .... or all functions models. 

translate to gain and bounds on the nominal tr'Alu,h'r function 

Les), which must not be design. loop shaping procedure 

then finds an appropriate performance bounds on Nichols 

chart. process is by no means to a extent on 

the controller This is significantly simplified if the 

problem at is convex, which means a global optimum exists. 19 

system diagram employed for a 

plant to be feedback Kes) and 

Thus the design OJi,-,U'X'"UL is to find 
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as 

is 

disturbance rejection and robustness properties. 

as a two degree of freedom controller. 

Set Point 

Pl'I!fiiter COD troller 

FIGURE 19: FEEDBACK CONTROL LOOP FOR OFf. 

Input Distll.Ibll.ll.ce 
V(s) 

+ 

application of QFT has varied extensively over the 

previous This is a direct result of the availability of 

Output DistunullI.cl! 
D(s) 

+ 
+ 

PllI.II.t 

cOllIlPan:;on to 

1-/"',","--«',",,"" such as the Matlab QFT design toolbox (Matlab 

LlH"UU'-/U of QFT includes flight control systems (Wu and '-"'ULU.A" 

1999). 

vibration control of piezoceramic - based smart structures Cho 

... UjO,HUA control of multiple input multiple output or ~'.LJw. ..... ....., OllOC(~SS(~S 

active vibration control (Yaniv and 1990) and power 

"'H.t"" .... "H ......... 'uc .. J. (Rao and Sen, 1999) to name a illustrated in the above 

~~~ •• ~~u the QFT design and has 

satisfied 

Essentially QFT consists of 

formulation of time domain 

1993). Though time domain 

a tool for obtaining frequency UVJ.Hu.e.Ll 

specification does not 

Secondly the plant uncertainty is p • .u ............ 

set. This is followed by the (JPf1,PT!Ol 

the QFT design is of 

include the 

constraints (Horowitz, 

merely form 

........ uUVH mf~t1ng frequency 

means a parameter 

Nichols chart. Thirdly 

bounds on the nominal open 
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loop transfer function Finally the controller designed the 

performance and all bounds by use of loop uU"'+'''''F> design 

lCCJUlllil.lUes. This is followed a prefilter design, necessary for translating closed 

loop transfer function to within a 

specifications. following the 

more 

5.1. SYSTEM TRACKING SPECIFICATIONS 

Since quantitative feedback theory is a frequency domain ____ ,.., .. methodology, time 

pecUIC:awons must be UUJ'UL ... ,U as 

Sidi, 1972). output 

to a unit step both high frequency steady state 

properties of system under investigation. Thus analysis 

lends of domain specifications 

concepts time settling time and maximum overshoot Mp 

(Horowitz, 

are placed on both the 

reSPOIlse. This is formulated as follows. 

and lower ,,",vr'"'''' 

Where 

:::; y(t) :::; b(t) 

y( t) = step reSl}Om;e. 

are 

art) = lower tracking bound specification. 

b(t) upper specification. 

"H.,H .... ~'~ to the i",..PrllH''t'It''U domain as 

I A(jw) I:::; I TR(jw) I:::; I B(jw) I 

Uw)= * L(s) closed loop tracking 

of the unit step 
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A(s)= 

B(s) 

Initial "H'.Ii""",'" 

FEEDBACK THEORY 41 

lower frequency bound. 

frequency bound. 

are the prefilter and open 

Sidi, 1972). 

par'arnlete:rs enables the corresponding 

on the 

""VA.a<u... U'IJ ..... uO to be 

these models 

the 

'.H .... ' .• Va of the damping factors and 

",,,,"rn,pnt of tracking .,tJ ......... H~"'" •• V'c1., 

model is shown below. 

lower bound 

) 
upper bound 

tre(::juenClies of 

structure of 

Where ronh ~I frequencies and damping factors for 

and bounds respec:t1 I and u denote lower and upper 

Notice the addition the lower bound specification A( s) and a zero 

upper bound This is done to lower the lower 

and to raise the upper bound Spe~Cll]C,mCm in the high frequency 

figure 20 and tracking performance "p ... '''UH ...... U'''" 

their respective noted that depending 

specifications, the does not 

tolerance band is usually ac(:epltaOle 

and or A(s) should 
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FEEDBACK THEORY 

Tracking specification for a unit step 

bet) 

o 
Tim 

Lower bound specification 
Upper bound specification 

Frequency domain tracking specifications 

Lower frequency bound 
- Upper frequency bound 

Frequency (rad/sec) 

IB(jw)1 

IA(jw)1 

3 
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to 

concern in 

functions 

rnrn",,!"p signal 

Wv], Ws2 are 

FEEDBACK THEORY 43 

specifications, disturbance .... "'1." .. 1"11.... properties are also 

are typically HHIJV".., .... on closed loop transfer 

Yes) to the disturbance Yes) and the 

Their models are as follows. 

== Yes) == <w 
V(s) 1 + L(s) - sl 

1 
=---::::; 

are chosen as 

constants or as a frequency .... "'1--''-'1>' .. '''11 de!nre;d frequency 

range disturbance "''''WlVH. Unlike 

upper vv, ... u,,,,,,, upper bounds are needed disturbance 

5.2. PLANT TEMPLATE GENERATION 

Central to theory is 

templates are geometric representations 

over a set of pal~arrletl3r 

numbers 

discrete 

repres,entmg the -r-",,,,,nna,.,,,, 

the !-'v" ...... 'u 

a 

m 

COflCe})t of templates. 

all plant uncertainty described 

(Duncan, They are complex 

uncertain plant evaluated at 

The design is to manipulate 

chart an undesirable IJva'HH.'U to 

form on 

rotation 

fact that 

Nichols chart plant 

multiplication by a 

loglt! + j arg(L)). 

number 

is illustrated as 

controller) l)e(~OnleS the translation 

below. 

= 
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Where Zj, Pi are zeros and 

the uncertain parameter 

uncertain set is calculated and 

and of 

= 

,."''' .. '1 .. '' by manual construction, 

5.3. QFT BOUNDS 

s+ 

S+ Pi 

uncertain plant G( s), a and bare elemems 

frequency of all plants within the 

ueipeIllOlrlg upon shape 

aPT)rmunJlatllDns must be usually 

22111ulstnltes 

As QFT VV'"l.U.\.L'" are evaluated at frequencies over a ch,)sen 

bound also at 

principle computing bounds is the concept 

of quadratic and Chait HoHot, 1997; .lJv .• F,u'"'" ..... u 
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Chait and 1995). bounds are from closed loop 

function models and y"" ... ,-,y performance specifications. 

5.4. QFT LOOP SHAPING 

loop is the term for the of shaping loop 

function transmission) model L(s) to achieve 

performance Shaping of the IS 

accomplished by manipulating gain and phase on the 

Nichols chart. This process follows a 

C01TIpem;at()! elements phase phase lag, integral terms are 

added to structure nominal transmission the desired 

pel:tolrm.mc:e bounds are " ...... ,,'-'v .... The final ('{"w,t .. " then is aggregation 

all these dynamic elements. procedure is tedious and time consuming, "',",'J,",U~""" 

to a deal on of the U"''''~l''.H'.''' 

Thus to the loop process, 

the QFf controller design. 

respect to an objective function, inclusive 

Approaches to problem H."'·J. ........ ..., 

1999; and Halikias, 

1998) nonlinear prograJmI11l1llg n01TIn:son and 

the Bode 

made to automate 

gains 

peI101rm:mc:e bounds. 

and Hollot, 

1994). In linear 

relationship 

Horowitz, 1980). 

a O(s) transfer function model analytically 

automatic approach to shaping is it 

from the disadvantage . .. ~ .. ,.., ... into controller design. 

It been response or Nichols 

contour nominal "'''C'T'''''''' QFf bound at 

point (Gera Horowitz, Though 

means a fixed Thus an acceptable would 

is by no 

to restrict 

dynamics are complexity controller ensure high 
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minimised. objective then is to an which satisfies the 

boundary controller gain at frequencies. The loop 

shaping approach aaclP{e:a in this project will on loop shaping 

techniques. 

5.5. PREFILTER DESIGN 

Following the 

properties against 

is necessary to shift the 

region satisfying 

19 only ensures that the 

difference of the upper and 

the Bode 

are manipulated until 

design for disturbance 

a prefilter design 

loop transfer function T(s) to 

specifications. The controller 

in T(s) due to plant 

bounds. That 

I-I A(jwJ I· 

design, the gain 

lJVy" ... ., are satisfied. The 

is 

and robustness 

This 

an acceptable 

is that 

the filter 

set 

should not be chosen arbitrarily, but 

fixed the uncertainty set 

the one who built the plant 
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CHAPTER 6 

6. CONTROLLER DESIGN APPLICATION 

The preceding chapters presented the relevant theory and design approaches 

pertaining to Hoo optimal control, quantitative feedback theory and fuzzy logic control. 

The common characteristic feature of these methods are, that they inherently consider 

plant uncertainty, whether it be parametric (structured uncertainty) or non-parametric 

(unstructured uncertainty). The application of these methods have varied substantially 

from complex systems such flight control (Wu and Grimble and Breslin, 1998) to 

relatively simpler systems such as consumer electronics (Reznik, 1997). In this 

chapter we present the application of the above controller strategies to an 

experimental turbo - alternator system. The experiment is aimed at emulating the 

operation of electric power systems, more specifically the load frequency control 

problem. It is a well known fact that power system parameters are constantly varying 

due to load changes, maintenance and temperature effects, and etcetera. Thus with the 

load frequency control problem in mind, the designed controller is required to regulate 

the system frequency satisfactorily and to account for system uncertainty and load 

disturbances, thus favourably motivating the use of the above controller design 

methods to load frequency control. 

6.1. THE LABORATORY TURBO-ALTERNATOR SET 

In conventional power systems, frequency control is achieved by manipulating the 

reference input of the speed governor, thereby increasing or decreasing the system 

generation. This process is simulated by realising the operation of load frequency 

control on an experimental turbo-alternator set, which consists of a DC motor driving 

an AC generator. This is equivalent to a single control area in power system 

terminology, where the control area has an equivalent droop characteristic and prime 

mover or turbine model (see Chapter 2). In our experiment the motor represents the 
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prime mover and the three-phase generator the electrical generating unit of the power 

system. The load frequency controller forms part of the supervisory control of the 

control area, applies control to the speed reference input of the turbine governor. 

The previously discussed controller design methods namely, Roo optimal control, 

quantitative feedback theory and fuzzy logic control are proposed as the supervisory 

controllers for load frequency control, the PI controller is designed for comparative 

purposes. A comparative study between these methods is thus undertaken 

commenting on their effectiveness to the load frequency control problem. Shown 

figure 23 below is a block diagram of the experimental power system. 

DAC 

DC Power 
Drive 

Load Frequency 
con troller 

..,....,..,~,.,., 

FIGURE 23: EXPERIMENTAL LOAQ£RJ=,:QUENCY CONTROL 

IDe 

Freq\lency at 
P~'W:er 

Mess~ent 

Not shown in figure 23 are the excitation systems for both the DC motor and the 

generating unit. In addition the isolation circuitry protecting the micro-computer is 

also not shown (refer to appendix 6). The nominal specification data for the motor and 

generator are as follows. The DC motor used is a compoundly wound Mawdsley 

motor, rated at 250V at 28A with a rate speed of 3000rpm. The generator is a three 

phase generator, with 400V, 7.25A and 5KVA output voltage, current and power 
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respectively. It A1"\"·r.:.t,,,.,, at 50Hz with a nO'",,,,1' factor 

is lOOVat 

49 

VUlVUl from the ",uJ",'''.U to __ .. ~>..,~_ P£u"n,<>,,.,..,..,. is a OV the contro) 

input, however the signal 

range between a and lOY. Thus aDt)rormate voltage "'-'UJllU~ DAC 

IS to form input u(t). excitation "",,1:1""'" by means of a 

eXCitatIon of the The assumption is 

IS U_t.,ul':,~~'-' 

the turbo--altemator set differs 

"''''''1'''''' systems, it verifYing the provide a means 

controller ....... "'.LO,.L 

performance 

of control of uv,.t.l\<.U is it not the 

to ''''''1'\"r/Y,rp. "'F-,'ll.U""LULL on of resporlse, but on the "'J ... ' ....... ,,'""v.J'" 

nl" ..... n"" .. t1"'''' of the prclPo:sed controllers. 

SYSTEM MODELLING AND PARAMETER 

IDENTIFICATION 

Characterising the dynamic behaviour a by means a mathematical HLV .... ",,' 

the model 

disturbance model. It is 

an integral part control design. Figure 

loop G(s) is the plant and Gd(s) is 

that the 

investigation. of obtaining models 

analysis based on the system or 

procedure is commonly applied taking the form 

motivated by and to examine both 

characteristics 

24 are the system lllustralted by 

L .. V ... ..., .. of the <o"",rpm 

experimental 

test data. IS 

high and low .... p.'"1nl"1'1l''\/ 

rest)on~~e data m 
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Unit step response 

(Turbo - Alternator system) 

50 

-----,-----.--............. ,---

1.8 

1.6 

1.4 

?: 
~ 1.2 
l'i 
o 
Q.. 

'" 1.; 

~ 
l'i 

" ;; 
cr 
1: 
'" 

0.8 

0.6 

0.4 -

0.2 

0 
0 10 20 30 40 

To ,1"'1"\· ..... 1"I'.u"'" on the HU""".l"';;:" properties 

employed, standard 

MatIab toolbox. 

The plant model system is 

---~----

Actual 
Model 

50 60 70 80 90 100 
Time (s) 

model an V~U.ull procedure was 

and '1H'':''~J'''' • .'c,UL) found 

below. 

10.02 
G( s) == ---:-3 ----:-------e -1.00s 

S + 

time 

response 

Poles at s 

-0.28576± 

0.14848 

one second was included 

24), was a delay 

model since examining the 

spcms,e. It is a ..,,,,,,,vuu. order 
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system a one 

DC power 

delay in response time. Second order v""~ ... , .. :>'" we 

constant assumed negligible), DC motor and 

~ 
" (/J 

l': 

" "" (J) 

" \.. 

» 
<.l 
\:: 
Q 

::l 

'" l:! 

"" 

constant, but more specifically 

area shown in figure 5 of 2 

to a 

motivates the structure of the above "L~~~L 

response data. Similar procedures are 

load increase is shown in 

Disturbnace response 

(Turbo - Alternator system) 

0.5 --..... ~--~ 

o 

-0.5 

-1 

-1.5 

-2 

-2.5~~~~---~~~·········~~~~~~~···········L ..... ~~~J.-~ ............ ~~~~~ 
o 10 20 30 40 50 60 70 

Time (s) 

''''''UHLUF> model is as follows. 

a 
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+ 

(s) = --------

Poles at s = 
0.31878 ± 59.504i 

-0.18244 

[V] 

[KW] 

[V] 

52 

5, ",h"rh<llC1("'p model (Od(S) above) should have the exact same 

denominator term as O(s). However this is not so, since .... U~~L'V~ .. identification runs 

were in diagram form model of the 

figure above, where 

disturbance in kilowatts 

is the (,AM1"rAI 

output 

(V), d(t) the 

volts (V). 

experiment conducted which involved synchronising the experimental unit with mains 

proved to be to in "plant that the 

..",+',-, .. e,a'-"L"'''' unit that of the mains supply. 

6.3. SAMPLING TIME SELECTION 

Since the laws are implemented selection of sampling are 

important to the of Should the U~'UPL"'h time 

too it lead to where 
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frequency CTI,lra(;tellstllCS, which lead to instability. On other hand CU'V\.uu the 

time be too may be control due to 

of high gam. Thus a procedure for the selection 

sampling times, are as follows (Zafiriou Morari, Kanniah et aI, 

system 

in 

selection is 

(overcome 

limits the 

An initial 

by the 

Goodwin's 

cost 

transform 

by 

bandwidth open loop 

the sampling for the 

A bode the plant G(s) is 

below, it shows that most of the 

upon which it attenuates by apI)roxHnat:ely 

sampling criteria which states that the sampling 

is below 

Following the Shannon 

should be at twice that of 

operating 

calculations are 

Since 

the system, OUf case w = 6 fad/s, the 

w=2*1l*f 

=2*1 ~J Shannon's criteria 
\ 2*rr: 

1 w 
-= =1.9s 

rr: 

Sodo plot of G(s) 

10' 

Frequency (rad/s) 

! ! ~ I I I 
I ! ~ I I' 
I I II P 

I I i III'; 
- -1- -t --j -t H tt' 

I "" "~' I Ii 1111 
I 11111 
I 1111 

'I II II 
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1.9s, work will 

ts 0.3s is well below calculated time of ts 

the complex on this initial value ...... "' .. "'u-u •. u 

of G(s) we see that there is a component This HUIJU'",.:> a 

period approximately Is ((J) 
1 

T == f)' ... .HUll ........ complex 

the 

..., ...... ", ... of O.ls. Thus 

implies 

sampling time 

of response 

sampling time should 

is much faster than 

than O. As 

the discussion . ....... ulPupr on the 

practical experiment ts = O.3s 'Xln,r"'~'rl 

6.4. APPLICATION OF Hoc OPTIMAL CONTROL 

in 

design in an IL ....... u.fO>U are contained in 

Thus by appropriate choice of these 

are imposed on 

is the nUL"""'" 

functions W J 

In addition, 

\,,;"''-'''''','s excessive 

controlled system. 

problem, 

function T(s) are 

commonlyenc:ounte:rea 

the sensitivity T1l'nf'T1r, ..... S(s) 

by frequency (1p.,,\pn,(1pn 

on 

control a minimising 

control "P1"IC)1T1 function M(s). 

action, thereby ~"""'U.".'H;:; the wear tear on system 

actuators. This is control, since the amount of control 

utilised can be HUl.UUU',...,'" the 

mixed sensitivity IJH.}UL'.dU is posed as 
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Gamma (y) below, 

should is iteratively 

5<.1. ..... "' .. is found, performance and 

the weighting addition the controller 

Synthesis algorithms solving the mixed 

as the Doyle and algorithm (Doyle and 

functions hinf and the robust control 

weighting 

the performance 

of the controlled W 3 manipulates 

due to model The greater the 

system the more system is said to 

S+ 1 (SISO 

norm of the 

minimum value 

properties imposed 

stabilise the normnal 

problem are available, 

et aI, 1989). The H ...... LUUJ 

ILc controller 

disturbance rejection 

properties of 

rejected by 

on relation, 

care 

to 

taken in weighting functions. it is impractical 

this relation over all Uv",,, • ....,o. a frequency domain COltnOrorms,e must 

Thus from classical control theory, disturbances occur over low frequency 

sensor noise at much <"5<Lv" frequencies. This implies that 

should be small at low and the 

at high of sensor 

"'''''~I''V''''' trac1<mg W3 should over the low frequency 

6.4.1. CONTROLLER DESIGN 1 

An ,",11,-"",", for the weighting are order trallstf~r 

form shown below. 
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1 
-s + WB 

Wi (S) = K -=.M=-__ 
S + A * W B 

56 

Where, K is the gain, M the high frequency gain, A the low frequency gain and (J)B the 

desired system bandwidth. This is illustrated in figure 28 below. We notice that as the 

A parameter of the weight is decreased the system approximates a type 1 system, this 

is important for zero steady state error. The slope of the curve is 20 dB per decade. 

Magni tude [dE] 

_1 

20Log
g
I ~ J ............................................................................................................. Wi 

OclEr-----------------~-------------------+ 

./ 

./ 

/' /Type 1 approxim.a.tion 
./ 

FIGURE 28: BODE PLOT OF TYPICAL WEIGHTING FUNCTION. 

Frequenoy [racl./sJ 

Slope = 20 dB/decade 

Using the Nyquist plot for a perturbed system and comparing it to the nominal system, 

the following condition can be shown to be true (Bode, 1947; Horowitz, 1963; 

Kwakemaak, 1993). 

ILUw) - Lo uw)I.IT Uw)1 < 1 
ILoUw)1 0 

I
Ll I = ILUw) - Lo Uw)1 

m ILoUw)1 

Where LoUw) is the nominal open loop transfer function, LUw) is the uncertain 

(perturbed) system and ToUw) is the nominal complementary sensitivity function. The 
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tenn IS a measure the size of the Thus when ~m is a 

1"r"".(1nt>""" dependent we see its relevance to optimal control 

uw)1 S tw3UW~ .................... 'if w 

tenn ~m is thus the 

function W3 

the ll1~ag!!tt1l4e 

more robust 
'-"-----. 

is illustrated in 

is shown 

is expected to 

80 

60 

40 

20 

,...... 
f;3 0 
'-' 

1,20 

:l'il. 40 

·60 

·80 

,.. 
100 

./ 

" 
.1; 

10 
·1 

10 

representation 

robustness 

between the upper 

where ~m 

shown below. This 

parameter uncertainty 

Bode plot ofW3 and L':;;,.", 

./ 
/ 

t 
" , ... 

1 
10 

Therefore 

system. Thus 

parameter variation 

that the controlled 

well. 

1; 

10 
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Their 

weighting as follows, 

simulation shown in 2. 

WI 

W2 

W3 = 

-.2 (I 

s+O.l = 0.01, A 
s+O.OOOl 

1000s + 100 
(M =0.01, 

s+100 

bode plots are shown in 

/ 

.' 

f 

I 

I , 

Bode 

I 

I 

( 

( 

f 

I 

values are from the 

, W B = 10, K = ) 

10, wB = 10, 10) 

30 

importance of 

of the system, 

crossover (Ole) is that it speed of 

this faster the "'IU",",U loop response De(~Olll1eS 

Weight is chosen as 3.5 it was observed control input a high 

spike ,;p'np1",;1 on 

an acceptable ("{'\1"Tr, ... 1 input was 

manipulated 

section A2.2). 
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the Matlab J. ... U"'~' ... 'H HUJlJ.V,J, , which solves 

yielding the minimum infinity nann, the 

described by section 6.2 was used 

was obtained. The 

the synthesis process. Dead was 

am:)rO;l{1rrlatt~a by a 

+ 1.133e4 s + 1 
K=(s) = -;;--------;;;:--------;------;::-------;::-------

+ 2.404e4 + 2.873e4 s + 2.873 

r 0.4258 gamma) 

The poles zeros of controller are '"~, ... , ..... "' ... in 2 

• 
I Closed loop Weight 

Plant G(8) Controller 
11W3(s) 

.. -
-0.27619 + 5.6709i " ·100 " -100 * -0.1 

·0.27619 5.6709i " -2.3302 + 6.0848i -2.3416 + 6. 1246i 

I -2 -2,3302· 6.0848i -2.3416 - 6.1246i 

-0,17161 -2.4264 + 0.93793i • -0.27619 + 5.6709i * 

Poles 
-2.4264 - 0.93793i -0,27619 - 5,6709i 

-0.0001 -23479 + 0,2864li 

-2.3479 - 0.28641i 

-2 * 

I 
-0.17161 

-0.13436 

12 
-100 " -100 * ·100 

-0.27619 + 5.6709i * -0.27619 + 5.6709i " 

Zeros 
·0.27619 - 5.6709i " -0.27619 - 5,6709i * 

·2 -2 " 
·0.17161 * 2 

·0,17161 * 
• 

2 we see that controller zeros cancels all of the plant O(s), 

Secondly the IL method the 

controller poles such that the VHJUV,", (!U'ltf>lTl are vicinity of 

poles of of the functions. can be seen by observing 
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T(s) and 
1 

poles of as 
W3 (s) 

in table Since _1_ has a dominant pole at s = -0.1, 
W3 (s) 

T(s) a 

dominant at s ::;: 13436, same poles 

and zeros marked by (*) and zeros 

T(s). poles that are canceHed by 

controller zeros. We note T(s) two complex at s::;: ± 

6.1246i at s = ± O.2864li respectively, these correspond to controller 

s::;: 2.3302 s= + 0.93793i. are to the 

of the non minimum zero at s = 2 a result Pade approximation). The 

synthesis method, more specifically the .u,,""' .... sensitivity formulation, the 

~~~~u~ of right plane poles UHelL-"U.I'" poles) by use a unique jill 

This characteristic pole zero cancellation 

solutions to circumvent property are discussed by 

Glover, and Kwakernaak (Kwakernaak, 1993). A method that 

1991) 

(Sefton 

this 

problem is the and loop shaping 

is shaped 

(McFarlance 

the loop and weighting 

functions on and the two degree of rreeQ()m structure 

and Postlethwaite, 1996). 

Converting UL~VH'''''' to discrete was realised by the UHJLll'-"W. transform 

a sampling time of ts = 0.3s. 

31, conmaImg 

and 

.:>HIIU.I"<""U results 

responSi'::8 are shown 

parameter uncertainty. 

domain r::,~s.';:}"',y .. \u~;u are 

actually 

31 and with 

Step 

and ±30% 
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Slep lesl response 
H Infinity design 1 

1,5 r-- ' . ' ~' ---,--- ------.-- . _ .. ----.,-----,.---- r--------,-

:;-

-0 ,5 I 

o 
, _____ ~ __ ••• ___ , __ __ .1. ___ _ 

10 20 30 

Control inpul 

::- 0 6 ~ 

f 04 l,~ 
g ! 
U I 

02 , 

I ___ L 

,L ______ '_ 

40 50 

-- ----'-

J 
60 

Time (5) 

I 

1 
, ___ l o 

o 10 20 30 40 50 60 

FIGURE 31: STEP RESPONSE FOR H", CONTROL.LER DESIGN 1. 

Disturbance response (H inljn~y design 1) 

0,5
1

-- ---,-------,---- -- --- -----

~ Of 
~ -0 .5 : 
CT \ 

~ 
-1 -

I -1 ,5 L _______ _ • _. 1. .• 

Time (5) 

---,------ r I 
! 

_J 
o 10 20 30 40 50 60 

Control input 

3 ~ --,- -----------,. 

I 
2 -

2 , 
Q. 

1 -5 ~, e 
" 

01 
8 

-1 , __ " .1 . ___ .. ________ --1..--__ . __ 

0 10 20 30 

FIGURE 32: DISTURBANCE RESPONSE FOR H", DESIGN I. 
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SesiHvity function S(5) and its weight I!WI 

o --:-. 

·20 . 

-40 

-50 -

10 
Frequency (rad/s) 

FIGURE 33 : SENSITIVITY FUNCTION FOR VARJOUS PARAMETER VALUES. 

Compfemenlary sensiliv ily funclion T(s } 

20 
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-- ~ 
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-40 
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I
~~~ 

Nominal T(s) 

-120 
I +20% 

·l_ ·20% +30% 

-30% -__ I 
-140 

10 
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l 
i 
! 

-i 

I 

_I 
lIW1 i~ 
Nominal S(s) I ·1 

+20% , 
-20% . ~ 

+30% 

~30% 

10' 
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\ 

\ 

10' 

\ 
\ 

\ 

\ 

\ 
\ 

I 
10

2 

\ 

FIGURE 34: COMPLEMENTARY SENSITIVITY FUNCTIONS FOR VARIOUS PARAMlOTEl{ VALU ES. 
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Bode plots of the closed loop sensitivity functions S(s) and complementary sensitivity 

functions T(s) are shown above in figures 33 and 34. It can be seen that there is a 
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good correlation between the desired and actual frequency responses up to 2rad/s, 

however, the complementary sensitivity function deviates from that of the function 

lIW3 at high frequencies by attenuating much faster than that of 1/W3. This does not 

pose any problem of concern since it will attenuate the effect of high frequency noise 

more effectively and is deemed satisfactory. 

Examining the time response curves shown in figure 31, it is seen that steady state 

error is not zero, as can also seen from the structure of the controller. This is attributed 

to the fact that the level of integral action obtained by employing the weights shown 

above, depends upon the A parameter of WJ' Therefore, for pure integral action, A 

should ideally be zero. Actual time domain results are shown in figures 35 and 36. It 

is seen that the actual response is similar to that of the simulated response. 

>" 
-;: I 

~ 0.5 ~ 1 

g ! 
o,_J 

I 
~ 0 .5 ~ 

! OJ ' 

-0 .5 ' 
o 

Frequency response for H inf controller design 1 

----- . -----~---. 

____ I 

50 100 
_L . _. 

150 

_~_-1-__ .. . , 

50 100 150 

200 250 

Control input 

200 250 

~-A-ctu-a-t --l 
I Simutation 

300 350 400 

300 350 

Time (5) 

400 
Time (5) 

FIGURE 35: ACTUAL Al'JD SIMULATED RESPONSE FOR H", DESIGN I. 
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1.5 ----r 

1 ~ 
~ 05 r 
~ , 
g OJ 

! 
~ -0 5 1~ . .' 

-1 , 

O~lu rbanCe response to r H irl f controller 1 

.. ----.----- -. .. . --"T---- ,- - - - --"- . 

I 
I 
I 

I 

-1.5 l.----.-~ . J ___ ........ _ __ . 1 _______ --1... __ _ . _ ---1......- •. _____ . _ 

a 50 100 150 200 250 300 

Control input 
1.5 ---.-- --__ .~--... ---.--, 

I 

I 

\ 

-0.5 l~------ __ L _ .. ~_._._. __ . ___ • ..L . _ •.. J . _____ _ L __ 

a 50 lOa 150 200 250 300 

FIGURE 36: DISTURBANCE RESPONSE FOR H", DESIGN I. 

6.4.2. CONTROLLER DESIGN 2 

64 

1 _ ____ 1 

350 

Time (s) 

__ .J 
350 

Time (5) 

Choosing the weighting functions as follows yields the results shown below. The aim 

of the design is to implicitly add integral action into the controller. 

w _ (s+0 .65Y 
1 - s(s + 3.65) 

W2 = 2.25 

W3 = 1000s + 10 
s+100 

(M = 0.01, A = 10, w B = 10, K = 10) 

The double zero in W I is to ensure that the weight is both proper and that there is 

sufficient roll at high frequencies to guarantee that the closed loop gain of S(s) is OdB 

within this frequency range. Bode plots and response curves are shown in figures 37, 

38 and 39 below. 
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Yielding the resulting controller. 

K (s)= 0.8576s6 +91.74ss +637.6s4 +4075s3 + 1. 862e4s2 +2.662e4s+4039 
<Xl S7 + 113.8s6 + 1493s5 + 1. 224e4s4 +5.075e4s3 +9.253e4s2 +6.313e4s +6.843e-Oll 

r = 0.5313 (optimal gamma) 

As seen from the structure of the above controller, the complexity of the controller 

increases as the order of the performance weights increases. In comparison with 

design 1, design 2 has a higher optimal gamma value which indicates that design 1 is 

the more optimal design, in addition the integral action of the controller (design 2) 

improved as seen by the larger steady state gain. A table tabulating the poles and 

zeros of the controller shown above are given below in table 3. 

Plant G(s) Controller Koo(s) 
Closed loop system Weight 

T(s) I /W)(s) 

-0.27619 + 5.6709i • -100 * -100 • -0.1 

-0.276 I 9 - 5.6709i • -3 .3831 + 6.5808i -3 .3769 + 6.596i 

-2 • -3.3831 - 6.5S0Si -3.3769 - 6.596i 

-0.17161 ~ -3 .65 -0.27619 + 5.6709i • 
-1.6712 + 0.60492i -0.27619 - 5.6709i • 

Poles -1.6712 - 0.60492i -3.6004 

-1084e-015 -2 • 
-2063 

I 
-1.1 90S 

I -0.17161 • 
-0.15065 

2 -100 • -100 • -100 

-0.276 19 + 5.6709i • -0.27619 + 5.6709i • 
-0.27619 - 5.6709i • -0.27619 - 5.6709i • 

Zeros -4 .2575 -4.2575 

-2 ~ 2 

-0.17161 • -2 * 
-0.17161 * 

TABLE 3: POLES AND ZEROS FOR H", DESIGN 2. 
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As observed from table 3, the lL controller zeros cancels the poles of the plant O(s). 

In addition we also see the placing of redundant pole and zeros at s = -100. Thus 

appropriate controller reduction can be done by the removal these spurious poles and 

zeros. 

Bode plots of S(s) the sensitivity function (figure 37), T(s) the complementary 

sensitivity function (figure 38) and time domain results (figures 39, 40 and 41) are 

shown below. Time domain results are shown for ±20% and ±30% uncertainty (see 

note below) variation in the pole and zero positions of the plant. 

Sensitivity func tion Sea) lot H infinity des ign 2 . 

10 r-~~~TTOI-~~.......,--~~rn-r~~~~·~/-.~./"~.-::!=~_,-, .. ~~~,~~·~-----'-'-''''''''''''' 

/ '--... 
~-~---"----:~-- -o 

-10 

-20 

-30 

] 
-40 

-50 

I / Wl 

-- Nominal 8(5) 

Frequency (fad/ s) 

FIGURE 37: BODE PLOT OF SENSITIVITY FUNCTION FOR H~ DESIGN 2. 

Note: The plant model is of the form shown below, where z and p denotes zeros and poles 
respectively. N with its respective subscripts is the number of poles and zeros. The uncertainty 
considered is ±20% and ±30% of the pole/zero positions from their nominal value (ie. Zj ±20%). 

N, 

ITCs+zi) 

GCs) =-,i,_=l __ _ 
Np 

IT (s + Pi) 
ip=l 
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Complementary sensitivity funclion T(s) 
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---, 
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-140 r I 
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·20% 
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., 10.3 10" 10 10° 10 
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FIGURE 38: BODE PLOT OF THE COMPLEMENTARY SENSITIVJTY FUNCTION FOR H", DESIGN 2. 
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0.5 ~ 
1 

I 
O ~ 

~ l. -0 .5 : . 
It 

-1 . 

-1 .5 -
o 

?: 
2 1· 

.~ 1 ,.. 
g 
8 0

1
, 

-1 ! 
0 

I 

10 

'._--, 

-~.,., 

10 

'r-

---'-
20 

H infinity controller design 2 

Disturbance response 

30 

Control input 

r- --------, 

,-
20 30 

40 50 

40 50 

I 

J 

60 
Time (s) 

I 
I 

60 
Time (S) 

L 

FIGURE 40: DISTURBANCE RESPONSE FOR H", CONTROLLER DESIGN 2. 
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Simulation results in comparison with the actual measured results are shown above in 

figure 41. The tracking performance and disturbance rejection properties are observed 

to be satisfactory. However, on the negative step response, the actual response is 

characterised by a momentary overshoot, this can be explained by the nonlinear 

behaviour of the motor, generator and load system. In addition the rotational inertia of 

the generator shaft contributes to this overshoot. The disturbance response is also 

shown above, illustrating satisfactory disturbance rejection properties of the 

controller. There is also a discrepancy between the actual and simulated results, which 

is attributed to modelling inaccuracies. 
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6.5. APPLICATION OF FUZZY LOGIC CONTROL 

Described in this section is the application of fuzzy logic control to the experimental 

load frequency control system. The design of the fuzzy logic controller is a threefold 

process, consisting of fuzzification, fuzzy input processing by means of inferencing 

rules and defuzzification. The structure of the controller chosen is that of the standard 

PI fuzzy controller, which is shown in figure 42 below. 

f=y Logic ConlroUer 

FIGURE 42: STRUCTURE OF FUZZY LOGIC CONTROLLER. 

Where Ki and Kp are the integral and proportional gains respectively and ~t is the 

sample time delay. The controller is of PI type, which can be described 

mathematically as follows, 

Where, e(t) is the input error signal. 

However due to the difficulty of formulating the inferencing rules based on the 

integral of the error (Reznik, 1997), the above equation is differentiated to obtain the 

following, which is the change in control input. 

~F'uZZYPI(t) = ~u(t) = Kp * ~e(t) + K[ * e(t) 

Where the output of the above control strategy is integrated to revert back to the PI 

controller structure. 
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6.5.1. FUZZIFICATION 

Fuzzification involves the conversion of crisp input to fuzzy inputs. This is achieved 

by the use of membership functions. A convenient choice of the membership 

functions, are the triangular shaped functions. These map the entire universe of 

discourse of the crisp input to a value between 0 and I. The reason for fuzzification is 

that concise information can be described by relative terms (or in colloquial 

language), this enables a human interpretation of data. Shown in figure 43 below are 

the membership functions for the design. 

Membersh ip functions for fuzz ification 

1.2
1

- " .·r----

I 
I 

1 ~ 

0,8 
\ 
\ 
\ 

c: \ 
0 \ g 1 I. 

i .2 I _9- 0 ,6 , 
~ 

~ 
Q) 
D 
E 
Q) 

::E 
0.4 

I 
I 

I I 
0,2 r / 

I ) 
I I 

NS zz 
A A A 
1\ !\ /\ 
/\ /\, / 

/ \ I \ ) 
" \. (/ \ / 
! \ \ I 

'\1 \/ \,. /{ ( \ f V \/ \1 
/\ /' '\ ! " " f \ 

/ \ 

/\ /\\ ! '\, 
! \ / . j \ / \ 

\ \ I \ 

\ I \\ / \ 
'\ I \ / 

I / \ J 

PS 

\ i 
\: 

! 
! 

/ 
\' ,I 

i 
1\ 
! '. 

, I 

, 

I' \ 

/ I, 

f 

/ \. 
/ ' 

! 
i 

~l 
1 
I 

i 

I 

;--! 
j I 

I \ 
, \ 

\\ i 
, I 
\ i 

0
1 I 

( ____ .V. _.. . , .v \ ._J .. --:1-- ___ ____ . 

-10 -5 0 5 10 
Crisp frequency input (V) 

fiGURE 43: MEMBERSHIP FUNCTIONS FOR FUZZIFICATION. 

To improve on the versatility of the fuzzy logic controller the inputs and outputs of 

the controller should be normalised, however the input range was considered to be 

±lOV. 
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6.5.2. FUZZY INFERENCING 

Inferencing is the decision making utility of the controller and calculates the control 

effort required by considering the membership value and its respective linguistic term, 

such as negative big (NB) or positive small CPS). Shown below are the fuzzy 

inferencing table used in calculating the required control input. 

~ Ae(I) 
NB NS ZZ PS PB 

Error 
e(l) 

NB NB N.B NB NS ZZ 

NS NB N.B NS ZZ PS 

ZZ NB NS .ZZ PS PE 

PS NS ZZ PS PB PB 

PB ZZ PS PE PB PB 

TABLE 4: Fuzzy INFERENCLNG TABLE. 

6.5.3. DEFUZZIFICA TION 

Defuzzification is the reverse of fuzzification and is a mappmg procedure that 

converts the fuzzy control output to an equivalent crisp control output. The most well 

known defuzzification procedure is the centroid method. This method samples the 

universe of discourse of the control output at discrete points chosen by the designer 

and calculates the required control action depending upon the fuzzy outputs. 

6.5.4. THE CONTROL SURFACE 

In fuzzy control the shape of the control surface is of importance, since it conveys 

information on the performance quality of the resultant controller. It is thus desired 

that this surface be as smooth as possible without any sudden transition from one 
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extreme control value to another. The control surface for the above fuzzy controller is 

shown below, figure 44. 

10 

Enor 
e 

FIGURE 44: Fuzzy CONTROL SURFACE. 

-10 -10 

o Change in Enor 
AE 

10 

6.5.5. FUZZY CONTROLLER PERFORMANCE RESULTS 

Choosing parameters Ki and Kp by trial and error suitable values were obtained as 

follows (see appendix 3). 

K j = 0.035 

Kp = 0.6 

Simulation and experimental results are shown in figures 45,46, 47 and 48 below, 

showing the nominal response in comparison with ±20% and ±30% uncertainty in 

polelzero positions. 
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FIGURE 45: UNIT STEP RESPONSE OF FUZZY CONTROLLER. 
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Fuzzy controller tracking response 
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FIGURE 47: FuZZY CONTROIJL.ER TRACKfNG RESPONSE (ACTUAL AND SIMUL.ATION). 
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6.6. APPLICATION OF QUANTITATIVE FEEDBACK 

THEORY 

76 

During the initial design stages of QFT, time domain specifications are formulated as 

frequency domain constraints on the magnitude and phase characteristics of the open 

loop transfer function L(s). Developed by Horowitz (Horowitz, 1993), QFT deals 

exclusively with model uncertainty, where these are represented as plant templates on 

the Nichols chart. Thus by considering the frequency domain constraints on L(s) and 

the corresponding plant templates, QFT bounds are calculated at discrete frequencies 

chosen from a given frequency set. This frequency set is chosen by the designer to 

reflect the most critical or dominant frequency modes of the system. A point of 

concern when choosing these frequencies are that QFT bounds are evaluated at these 

frequencies and by choosing them widely dispersed would fail to calculate the 

intermediate QFT bound. Described below is the application of QFT to the turbo­

alternator system. 

6.6.1. DESIGN SPECIFICATIONS 

The design specifications ofthe closed loop control system are shown below. 

• Robust Stability margin 

L(s) 
~ 1.2 

1 + L(s) 

Gain margin::::; 5.26 dB. 

Phase margin::::; 60°. 

• Tracking specifications 

for all G(s), W E [0, 00] 
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where, 

A(s) -- 0.005 (I k' 'fi') ower trac 109 specI Icat Ion 
(S2 + 0.2s + O.OI)(s + 0.5) 

B(s) -_ 0.03*(s + 3) ( k' 'fi') upper trac mg specI Icat Ion 
S2 + 0.6s + 0.09 

T(s) = L (s) 
1+ L(s) 

77 

These specifications are selected to achieve robust stability and setpoint tracking. The 

upper and lower bounds are chosen such that there is no overshoot, and that the 

settling time of the system due to a unit step input is between 16s (upper bound) and 

50s (lower bound), Robust stability is expressed as the conventional M-drcle, where 

desired gain margins and phase margins are 5.26dB and 60° respectively. The second 

specification is that of tracking, with a lower and upper tracking bound A(s) and B(s) 

respectively. The frequency set is chosen as (OQFT = [0.001 0.01 0.1 1 46 102050100 

250] in radians per second. This frequency array was chosen such that it incorporates 

the most dominant system response characteristics. We notice the frequency at w = 

6radls, this is included since most of the uncertainty is pronounced in this region. 

Step Response for tracking specifical ions 

lo;-;-;P;~-Hic .tiO-~-·l 
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" ~ c 0' 0 
Co . 
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00 

J 
<T 

~ 
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0, 
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0 ,. 

]0 )0 '0 '00 

Tim e (s ec.) 

FIGURE 49: OFT TRACKING SPECLFICATIONS. 
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6.6.2. PLANT TEMPLATES 

Plant templates of the model shown in section 6.1 above is illustrated below, figure 

50. These represent the frequency response of the uncertain plant by considering 

±20% parameter uncertainty in the plant model. As can be seen the plant templates 

tend towards a vertical line of length, 

v = 20* logJO(K max) -20* loglo(K min) dB 

Where Kmax and Kmin are the maximum and minimum plant gains. This is apparent 

from the fact that all transfer functions tends to, 

K 
L(s)s-" ,,> ~­

se 

as the variable s tends to infinity. K is the plant gain and e is the excess of poles over 

zeros. Plant templates are shown below for the plant O(s). 

Plant templates 

o ....... ..... ... . 

.W.= .. 1 

~ -40 
~ 

' . .. . .... .. . . . . . ........... ... .. .. .. . .... .. . . 
· . · . · . 

1-60 
::g w= 20 

-80 
. . 

.: ... .... ~ .. . 

• ::~ w=50 

-100 

-120 

-350 -300 -250 -200 -150 -100 -50 
Phase (degrees) 

FIGURE 50: OFT PLANT TEMPLATES. 

o 50 100 
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6.6.3. QFTBOUNDS 

Shown in figure 51 and 52 below are the QFT bounds for the specifications shown 

above (namely, robust stability and QFT tracking bounds). These bounds were 

computed by using the function routines available from the Matlab QFT toolbox. 

Robust Stability bound. 
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FIGURE 51: OFT TRACKING BOUNDS. 
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FIGURE 52: OFT TRACKING BOUNDS. 
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6.6.4. QFT LOOP SHAPING 

QFT loop shaping is the process of shaping the open loop transfer function to meet the 

specified QFT bounds. This process follows a trial and error approach where dynamic 

compensator elements are added to the open loop transfer function until the bounds 

are satisfied. Though this procedure is transparent to the designer, it is tedious and 

time consuming resulting in a controller design of high complexity, however this is 

the procedure that will be followed. The loop shaping procedure followed in finding 

an appropriate controller K(s) is as follows . Starting with a unity gain controller K(s) 

= 1, we plot the resulting loop transmission L(s) on the Nichols chart with the QFT 

bOW1ds. This is shown in the diagram below. 

80 - - - - - - - ~~-~ I - --=--=--: - ~ - - - - - - - -:~~ -:--~~~=-=-~~ --: -------~ --- ~- ~-: 
I I I ~,/i I I ............ . I I 

60 ------t -------t -------~ ---\\-/( -:- -------!--------~ -------~Y f- -- -- t -------t ---
I I I I I I I V I I 40 - - - - - - - .1. __ _ ____ .1 ______ _ .J ___ _ :J _ __ , _ _ _ _ ____ '=.... ____ _ L _ _ _ ___ _ L _ _ __ ___ 1. __ _ ____ J. _ _ _ 

' .---------: ~ : I : 

/ ' , , ~ /. ' , """ , / ' , 
20 - ---- - -~--- - ---~---- - - :I:2--- ~/- -:--- -~ - ' -- -: ~ - --- -y-- - - - -~--~T-

~] 0 _______ ~ ____ . ___ i ___ -- ~--------:- ~ - -: ------~--~- .. -~--- ~-:---~T---
I - . I -.! : " .. I I I I - ... 

. ~ ,- - ----r=';'- , - - ~ , , , -------

::za -20 - (- - - - - - : - - - - - - - ~ - - - - - - - ~ - - - - ~ ~~-~~ -~~ - - - - - ~ - - - - - - - f -------~ ---
I I I I I I I I I 

::: ~ -~ -~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ J ~ ~ ~ ~ ~ ~ ~ T ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ 
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FIGURE 53 : NICHOLS CHART OF US) FOR K(S) = I. 

As can be seen from figure 53, to meet the bounds at frequencies w = [0.001 0.01 

0.1], lag of approximately -900 should be added to the system and the gain should be 

increased by 40dB. This can be achieved by adjusting the loop gain accordingly and 

inserting an integrator into the system. This also sets the correspondjng type number 
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for zero steady state error. The Nichols chart of the open loop transfer function L(s) 

and its satisfied bounds are shown in figure 54 below. A point of interest is that we 

must force the gain of the open loop at high frequencies to be attenuated as quickly as 

possible, this is necessary to minimize excessive control action at high frequencies 

(eg. due to a step input). Though the Nichols chart contour satisfies all its specified 

bounds, it is by no means an optimal trajectory. The optimal design should follow the 

universal high frequency bound until approximately -180°, where it should attenuate 

rapidly. 

Nichols charl loop shaping 
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FIGURE 54: NICHOLS CHART OF OPEN LOOP TRANSMISSION. 

The resultant controller obtained after a few iterations is given below. 

0.3226 S5 + 0.5963 S4 + 12.5 S3 + 15.67 S2 + 8.156 S + 0.9874 

S5 + 17.83 S4 + 45.07 S3 + 40.63 S2 + 12.39 S 

A table tabulating the poles and zeros of this controller is shown below. 

o 
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Plant O(s) Controller K..(s) 

-0.27619 + S.6709i 0 

-0.27619 - S.6709i - IS .003 

Poles -2 -1.0079 

-0.17161 -1 

-0.81937 

2 -0.28012 + 6.1051 i 

-0.28012 - 6.IOSli 

Zeros -0.S6001 + 0.41 679i 

-0.S6001 - 0.41679i 

-0.1681 6 

TABLE 5: POLES AND ZEROS OF OFT DESIGN I . 

It is a fifth order controller with an integrator to set the type number. The motivation 

for the other poles and zeros are to keep the transfer function proper and realizable, 

this is due to the fact that by adding the integrator, lag is introduced into the system. 

Therefore to compensate for this lag, zeros are added to satisfy the bounds at each 

frequency. It tends to be easier to satisfy the bounds at lower frequencies and then 

move towards higher frequencies. Since the design of the controller takes place on the 

Nichols chart, the stability of the control system is guaranteed by ensuring that the 

open loop gain and phase characteristics does not pass to the left of the Nichols chart 

origin (-180°, OdB). From table 5 it can be seen that though there is no exact pole zero 

cancellation, the zeros of the controller, s = -0.28012 ±6.1051 i and s = -0.16816 are 

in the vicinity of the plant poles s = -0.27619 ± 5.6709i and s = -0.l7161. For all 

practical purpose these poles and zeros cancel. An alternative design would be to use 

a PI type control law with a lead/lad if required. 

6.6.5. PREFILTER DESIGN 

As described in chapter 5, following the design of the feedback controller is the 

design of an appropriate prefilter. The prefilter shifts the closed loop frequency 

response model to within a region satisfying the required tracking specifications. 

Shown in figure 55 below is a bode plot of the nominal closed loop transfer function 

T(s) without a prefilter (ie. F(s) = 1) for ±20% plant uncertainty. 
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FIGURE 55: BODE OF T(S) WITHOUT PREFILTER P(S). 

The prefilter F(s) was thus chosen as the following second order model. 

F 0.07555 s + 0.2083 
QFT (s) = S2 + 1.649 s + 0.2083 

T(s) FQTF"(s) 

-14.981 -1.5112 

-0.28575 + 60962i -0.13784 

-0.28575 - 60962i 

-2.4898 

Poles -0.89303 + 0.56852i 

-0.89303 - 0.S6852i 

-0.40002 

-0.16057 + 0.077385i 

-0.16057 - 0.077385i 

-0.28012 + 6. 1051 i -2.7571 

-0.28012 - 6.10Sli 

2 
Zeros 

-0.56001 + 0.41679i 

-0.5600 I - 0.41679i 

-0.16816 

TABLE 6: POLES AND ZEROS OF T(s ) AND FQfI{§1 

Table 6 above compares the closed loop poles of the complementary sensitivity 

flU1ction T(s) with that the prefilter F(s). With reference to the time domain response 
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shown in figure 57, the sluggish response due to a unit step input can be explained by 

the dominant pole at s = -0.13784 of the prefilter. The two poles of F(s) gives the 

required damping by moving T(s) between the upper and lower tracking bounds, 

while the zero positioned at s = -2.76 increases the gain at high frequencies. The 

resultant closed loop system F(s)*T(s) is shown below. 

PrefUlu Bode plot 
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FIGURE 56: PREFILTER BODE PLOT. 

The droop as observed in figure 56 around O.lradJs accounts for the slow tail response 

in figure 57. There are deviations at both low and high frequencies as seen above in 

figure 56, however this is acceptable since for tracking at low frequencies the gain of 

the prefilter should be 1, while that of high frequencies is of less consequence because 

it is not expected that tracking should realised at these frequencies. Time domain 

simulations in comparison with experimentally observed results are shown in figures 

57,58, 59 and 60 below. As expected there are bound violations at low frequency, this 

can be improved by choosing an appropriate prefilter that is more stringent over the 

low frequency range, however this may require a high order filter. 
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OFT tracking response 
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FIGURE 57: OFT TRACKING RESPONSE FOR DESIGN 1. 
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FIGURE 58: OFT DISTURBANCE RESPONSE FOR DESIGN 1. 
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6.6.6. QFT DESIGN FOR DISTURBANCE REJECTION 

This section illustrates the QFT design technique based on disturbance rejection 

specifications. The disturbance rejection specification is chosen as the worst case 

output disturbance response, being 1 - A(s), where A(s) is the lower tracking bound 

or a suitably chosen specification defined by tracking specifications (Horowitz, 1993). 

A plot of the tracking specifications are shown in figure 61 below, it also shows the 

worst case disturbance rejection response due to a unit step input and their 

corresponding tracking specifications. The specifications are chosen as follows. 

where, 

• Robust Stability margin 

L(s) 
~ 1.2 

1 + L(s) 

Gain margin;::; 5.26 dB. 

Phase margin;::; 60°. 

• Tracking specifications 

A(s) = 0.0050125 
(S2 + 0.2s + 0.01003)(s + 0.5) 

for all O(s), W E [0, 001 

(lower tracking specificat ion) 

B(s) = 0.03033 * (s + 3) 
S2 + 0.6s + 0.0901 

(upper tracking specificat ion) 

T(s) = L(s) 
1 + L(s) 

• Disturbance rejection specification (worst case disturbance). 
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Td(S) = 0.012019 
(S2 + O.4s + 0.04006)(s + 0.3) 

5(S) ___ 1_ 
1 + L(s) 

Tracking and disturbance bound 
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Time (5) 

FIGURE 61: TRACKING SPECIFICATION AND DISTURBANCE REJECTION SPECIFICATION. 

88 

Computing the QFT robust stability, tracking and disturbance rejection bounds yields 

similar Nichols charts as those shown above (figures 51 and 52) and are not repeated 

here. The final QFT design is thus shown below in figure 53 , it shows the satisfied 

QFT bounds for a sub optimal QFT controller. The loop shaping process follows a 

similar trial and error approach of that described above (sections 5.4 and 6.6.4), by 

first satisfying the low frequency bounds and progressively moving towards satisfying 

the higher frequency bounds. Figure 62 illustrates the final QFT design. The resultant 

controller is, 
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K FT(S) = 0.003807s 5 + 0.04805 S4 +0.221 s3 +1.739s 2 +2.033s+0.258 
Q S5 + 7.912 S4 + 13.21 S3 + 10.2 S2 + 3.609 s 

Plant G(s) Controller K~(s) 

-0.27619 + 5.6709i 0 

-0.27619 - 5.6709i -5.9679 

Poles -2 -0.9063 

-0.17161 -0.5189 + 0.63087i 

-0.5189 - 0.63087i 

2 -10.749 

-0.27444 + 6.0791i 

Zeros -0.27444 - 6.079Ii 

-1.1787 

-0.14443 

TABLE 7: POLES AND ZEROS FOR OFT DESIGN 2. 

Seen from table 7 there are approximate pole zero cancellation between controller 

zeros (s = -0.27444 ± 6.0791i, s = -0.14443) and plant poles (s = -0.27619 ± 5.6709i, 

s = -0.17161). From the Nichols chart below at w = 0.1 and w = 1, there is a violation 

of the bounds. This is not severe 

N.,hob CIw1 

I : : ; : j j _ ~ __ : W' 000: j 
::k-~ ::::.:.······r·:"·"":=···z:,n ... "~. :.I~.,"r·. 

--..... : : //-: : "-- ~ ' . --:-- :' -'\ ~'Ol: .--
o --"~"\iT------:r-'----1-------r-----/:-~' L:-----T~7"'--

. ,,, ...... y .... , ....• : ..... : .... ~ : , .. ,',:: :: ......... : ............ . 
: : :: :::: 
I' I I I I I .140 - -- ----r - - - - __ J _______ J _______ L _______ 1 _______ .J _____ __ J. _______ '- _______ , ______ _ 

I : ' : : : : : : 

: I I I I I I r 

-1 m --- --- -; - --- -- -~ --- --- - ~ -- --- -- ~ - -- --- -1- ------ ~ -------t -------~- -------~ -------

-500 -450 -400 -350 ·300 -250 ·200 -150 ·100 -50 o 
PIw. (deg,..,) 

FIGURE 62: OFT DESIGN BASED ON DISTURBANCE REJECTION. 
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The prefilter chosen for the design is shown below, it moves the closed transfer 

function T(s) to within the region satisfying the tracking specifications. Its bode plot 

is shown below in figure 63. 

F FT (s) = 0.06426s + 0.1265 
Q S2 + 1. 165s + 0.1265 

Frequency (radlsec) 

FIGURE 63 : OFT PREFILTER DESIGN. 

6.6.7. SIMULATION AND EXPERIMENTAL RESULTS FOR 

THE DISTURBANCE DESIGN 

Figures 64 and 65 shows the tracking and disturbance rejection response of the above 

designed QFT controller. The simulation and experimentally observed results 

correspond reasonably well. However due the effect of the prefilter over the high 

frequency range (the region just after the unit step in figure 64), the tracking response 

is sluggish. This can be remedied by increasing the prefilter gain over this frequency. 
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6.7. PI CONTROLLER DESIGN 

Though modem control theory results in excellent control system perfonnance, the 

consideration of classical controller design techniques such as PI, should not be 

neglected. This is based on the simplicity of the controller design. For this reason a PI 

controller is designed for the process shown in figure 23. The tracking specifications 

for the PI control system are chosen in sync with that of the QFT controller design 

described by the previous section. The structure of the PI controller is shown below, 

where the design objective is to find parameters K and T such that the closed loop 

system is stable and satisfies the tracking specifications. 

K ( ) 
_ K * (Ts + 1) 

Pl S -
S 

The following controller parameters obtained VIa simulation satisfies the above 

specifications. 

K =0.5 T = 0.15 

Time domain simulations and the actually observed results are shown below (figures 

68, 69, 70 and 71). Also shown are the robustness properties of the controller for 

±20% parameter uncertainty in all O(s) parameters. 
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6.8. CONTROLLER DESIGN COMPARISON 

A tenn prevalent in the chemical engineering industry is that of dynamic operability, 

in which the control quality of the closed loop system is accessed (Morari, 1983). The 

quality of control is thus a function of the controller design variables, the structure of 

the controller, the manipulated inputs chosen for control and that of the plant 

characteristics (Ross, 1997). The effectiveness of the resultant control system is then 

tested in regard to robustness or sensitivity of the system to uncertainty and whether 

the system perfonnance is maintained over the varying operating region. The 

following section attempts to expound on the quality of control of the above designed 

controllers, it is by no means an operability study but aims at commenting on the 

effectiveness of these controllers (Hoo, QFf, Fuzzy, PI) to the power system load 

frequency control problem. 

In evaluating the quality of control, a perfonnance measure generally is defined (Kirk, 

1970). The choice of a perfonnance index should be done prior to the design of the 

controller, however the perfonnance index has been chosen towards the end of the 

design. Thus to a certain extent this comparison is biased. The selection of the 

perfonnance measure depends on its ability to accurately represent the desired 

perfonnance of the closed loop system. In our design problem we want to minimise 

the frequency deviation and that of the control input utilised. Therefore the following 

perfonnance index is chosen. Where kl and k2 are constants signifying the relative 

importance of the error deviation and that of the control input deviation respectively. 

J = ~ rT 
k * e(t)2 + k * u(tf dt T Jo I 2 

Where T is the time period over which the perfonnance measure is applied. Shown in 

figures 72 and 73 below are time domain simulation results of the above described 

controllers for a unit step input (figure 72) followed by a 3KW load disturbance 

response (figure 73). As seen from these figures similar response characteristics can 
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be achieved for all the designed controllers. However, the PI controller uses 

substantially more control input than that utilised by the other controller structures 

(lL, Fuzzy and QFf), in that it initial almost instantaneously increases its control 

energy. This may have negative effects on the actuators of the control system (eg. the 

turbine governors) and is not desirable. 

Conlroller comparison lor unit slep input 

1.5 ,---------,----------,----------,--------------------,---------, 

~ 
> 
o 
c . 
" ~ 0.5 

o 
o 10 

o,S I I 

~ 0.6 ft/~~"'=--
; )' f 04 • 

.3 02 ( / / 

20 30 40 50 60 
Time (a) 

Control input 

o ','-.' "----______ --'---________ ----'--__________ 1-----__ _ ----"------------"--------
o 10 20 30 40 

FIGURE 72: CONTROLLER COMPARISON PLOT FOR A UNIT STEP INPUT. 
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FIGURE 73: CONTROLLER COMPARISON FOR LOAD DISTURBANCE. 
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Nic hols cha ri complIIr teon 

-_ .. _. PI 

FIGURE 74: NICHOLS CHART COMPARISON . 

By using these time domain simulation results (figures 72 and 73) and the open 

loop frequency characteristics of the system as shown on the Nichols chart in 

figure 74, the following tabulated closed loop characteristics can be observed (table 

8) for a unit step input. 

NA = not applicable, %OS = percentage overshoot. GM = gain margin , PM = phase margin , BW = bandwidth, Td = delay 

time, T, = rise time, T, = settling time, eo = steady state error, Uo = steady state control input. 

GM PM BW %OS Td Tr Ts eo 

(dB) (0) (rad/s) (%) (s) (s) (s) (V) 

2l.95 78.07 0.13 0.08 7.17 15.84 22.28 890.60* 10-9 

20.44 75.29 0.15 0.3 7.19 14.37 20.53 9.37*10- 15 

NA NA NA 0.87 7.45 14.64 20.34 0 

20.58 71.52 0.11 0 13.06 19.53 29.56 0 

QFT#2 12.29 69.01 0.10 0 14.26 21.43 34.54 0 

PI 22.24 8l.86 0.16 0 5.53 13.90 19.84 0 

TABLE 8: TABULATED CLOSED LOOP CHARACTERISTICS. 

Uo 

(V) 

0.55 

0.55 

0.55 

0.55 

0.55 

0.55 
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As tabulated in table 8, judging the robustness properties of the controlled system by 

means of gain (OM) and phase margins (PM), the PI controller is more robust with a 

gain margin of 22.24dB and a phase margin of 81.86°. This is achieved at the expense 

of the control input used. Reducing the gain of the controller will increase the gain 

margin, however this is at the sacrifice of system performance. The Hoo design 1 and 

QFf design 1 are comparatively similar in robustness properties. The only 

discrepancy between these controllers are their response times under closed loop 

control. Thus in order to evaluate the performance of the closed loop system, figures 

75 and 76 below show the frequency of occurrence of the error signal as a percentage 

of time. Figure 75 shows the frequency response due to a unit step input and figure 76 

shows the response due to a 3KW load disturbance. 

~ 30 
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10 

ConlroUer comparison lor a unit step input 

Percentage lime vs the frequency error 

. .. PI 

OFT #1 

OFT #2 

H inl #1 
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o l....J....._ .... _ .. ..L1 __ ---'--__ "--_--'-__ .....L.. __ -'--_----''--__ ----'--__ --'--' 

o 0 . 1 0.2 0.3 0.4 0 .5 0 .6 0.7 0 .8 0.9 

Error (Vl 

FIGURE 75: THE ERROR AS A PERCENTAGE OF TIME FOR A UNIT STEP INPUT. 

As seen from figure 75, the error signal is zero for 75% of the time in the case of the 

PI controller followed by 70% for the Hoc design (1 & 2) together with that of the 

fuzzy logic controller and 55% and 48% for the QFf design 1 and 2 respectively. 

Also shown is the maximum error excursion of the response, being 0.9V for the PI, 
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This indicates that the QFT design is best at minimising the frequency error deviation 

due to a unit step input. Figure 76 below illustrates the performance of the system due 

to load disturbance. It shows that the QFT design regulates the system error deviation 

to zero 57% of the time and that of controllers PI, H«> and fuzzy logic to 

approximately 55% of the time. 
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FJGURE 76: THE ERROR AS A PERCENTAGE OFTIME FOR 3KW LOAD DISTURBANCE. 

To complement the above discussion on the robustness properties of the system, the 

following figure illustrates the performance of the system by varying the plant gain 

(figure 77) and that of the time delay (figure 78). It shows the above performance 

index as a function of these variables. Placing equal emphasis on the error and control 

input signals; the weighting gains kl and k2 are chosen as 0.5. These graphs show that 

the controllers can maintain system performance over a large operating region. 
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7. CONCLUSION 

It IS shown that these control methodologies 

stability 

With 

controllers are ,",,,,-,,,",".,,,,,,.. as candidate "r.'n~"''"''' 

and control COIJnparea 

102 

satisfactorily over a wide 

pertormance and 

with 

the 

QFT 

the extra degree freedom 

the """""'1-'''''1''. of loop ..... u" .. "",.vu which is vital to load 

control design. 

and 

fuzzy 

knowledge of 

IS a nOl1IDlltnt~m~lUcal "" .. ..nT,,,,,,/,, 

contrary to that 

dependent on ","v,..,,,,..,. 

characteristic of controller is III 

"'HIT'!'''''!;> where a mathematical model of the plant is not available or difficult to 

obtain, such as 

The design un,,,,",,,,,,,,, YnPTnr,n is that 

I.U.I.,,, • ...,' .. ,, .. These n""Mu'JJ.'M "'.v"'''' .... loop 

the """'f",,,,",", on the process. "'''''HpJ''''''''''') of controller thus U"""',""u,,,'" on 
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the mixed Hoo 

cancellation. this fonnulation the controller zeros cancels all poles 

G( s), thus it removes unoleslI 
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a 
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zero 

the plant 

LJ.""_U~"'j::, the 

lVl(]lllle Carlo 

QFT however, the designer access to the synthesis of the controller. 

method is a by step process are 

the 

domain Secondly, performance constraints are imposed as 

dependent functions on closed transfer functions, ie. sensitivity function 

complementary function T(s) the control M(s). 

nn'," .. ''' ..... it is COIltrCjl. as presentea n ..... 1-nT"f'n 

conventional approach to fuzzy controller design fuzzzification, inferencing 

\,.I.V",UL.'~U1'vULj'VU is to the proportional of controller. 

""""'l"'T' this mampllllalJOn 

"""it",,,,,, thus vU'UL5 lli5 Though this 

to be an arduous 

cotrtra:st to 

to be 

the 

LUlJ'~"J"U robust f'n .. n .. ", ..... .:l'.&"' ll ... ·UL~;".:> such as described above provide 

adequate closed loop regulation in the of uncertainties and 

VUl."',"",. The reC:01I1l11lemtatJ:on controllers 

as solutions to load frequency <'"rltr" problem of power systems. 
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APPENDIXl 

A.1. THE MODEL OF A SINGLE CONTROL AREA 

79 shows model of the system that throughout course of 

this project. is open loop model and OdeS) is the 

while u(s), des) and f(s) are input, load and output frequency 

Control 

+ 

Pload 
[MW] pu. 

dis) 

I(s) 

Frequency Deviation 
[Hz] 
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ApPENDIX 1: THE MODEL OF A SINGLE CONTROL AREA. 

80 above is the nrn"p .. system model commonly load 

control .:"",.uv,, 1994; Wood 

1994). Using block diagram algebra and arranging the model 

80 to 79 function can obtained. 

transfer function between u(s) and f(s) by setting des) :::: 0 figure 81). 

G(s) :::: 1(s) :::: q(s) 

u(s) 1 + I * q(s} 

Gl(s} * G2(s) * G3(s} ::::----------------
1 + ~ * Gl(s) * G2(s) * 

Kp 

(Tgs + l)(Tts + 1}{7ps + 1) + R 

• function npr,,,p"T1 des) and by uCs):::: 0 82). 

/"1 

d(s) 
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APPENDIX 1: THE MODEL OF A SlNGLE CONTROL AREA. 

\ 

y(s) = * G2(s) * y(S) - d(s) j * G3(s) 

\ 

=> (1 + ~ • Gl{s)' G2(s)' G3(S)J' y(s) ~ -(;3(s)' dIs) 

- G3(s) 
.. = -:------------,-

d(s) 1 + - * Gl(s) * G2(s) * 
R 

+ l)(Tts + 1) 
=--~-~~-----------

(Tgs + + 1)+ 
R 

steady state error of r"'''T''''''i'''' to a load disturbance as seen 

from the 

That is, 

.6.f(s) = * .6.d(s) 

to droop characteristic R. 

is frequency deviation and .6.d(s) is the load (Wood and 

Model 

R 2.4 

1996). 

parameters are chosen as 

HzIMW, all parameters are 

the use supplementary 

= 120 HzlMW, = Tg = 0.08s, = 
unit values and Atiyyan, 1980). 
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APPENDIX 2 

A.2. Boo CONTROLLER DESIGN BY TRIAL AND 

ERROR 

section at obtaining aPt,rOtlriate weights 

weights are WI, W2 W3 for the standard H<XJ controller synthesis problem. 

aenneaas, 

Wi(S) 

(OB IS as 10 for 

the poles zeros the 

response both step 

divided the following 

Section 1 : Variations for 

Variations Mfor 

Section : Variations C 

L>eCllUn A2.3 : 

Variations 

1 

*OJ B 

1 ::::: 

The 

followed by a 

WI (table 4, 

WI (table 5, 

74 

W3 (table 6, 

below tabulates 

plot 

appendix can 

70 and 71). 

72 73). 

weight (table figures and 79). 
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ApPENDIX 2: H·" CONTROLLER DESIGN BY TRIAL AND ERROR. 1 

SECTION A2.1 

M 1, 10e-3, (OB 3.5 ; 1 (OB 10). 

controller # 1 controller #2 controller #3 controller #4 #5 
Plant 

(A (A= 

1-------
·100 -100 -100 -100 -100 

-0.27619 5.6709i -2.3302 6.0848i -2.3152+ 6.0747i -2.3433 6.1139i -2.3443 + 6.13l1i -2.345+ 6.1241 i 

-0.27619 - 5.6709i -2.3302 - 6.0848i -2.3152 - 6.0747i -2.3433 - 6.1139i -2.3443 - 6.131li -2.345 - 6.124li 
Poles 

-2 -2.4264 + 0.9379i -2.9752+ 0.6825i -1.669 + 0.5569i -1.9682 -1.7738 

-0.17161 -2.4264 - 0.9379i -2.9752 - 0.6825i -1.669 - O.5569i -0.35422 -0.97184 

-0.0001 -0.01 -0.02 -0.05 -0.08 

-100 -100 -100 -100 
-100 

-0.27619 5.6709i -0.27619+ 5.6709i -0.27619+ 5.6709i -0.27619+ 5.6709i 
-0.27619+ 5.6709i 

Zeros 2 ·0.27619 - 5.6709i -0.27619 - 5.6709i -0.27619 5.6709i -0.27619 - 5.6709i 
·0.27619 - 5.6709i 

-2 -2 -2 -2 
-2 

-0.17161 -0.17161 -0.17161 -0.l7161 
-0.17161 

Gain -10.02 1.6113 2.0512 0.58364 0.052299 0.069249 

Gamma 
N/A 0.42578 0.46094 0.5 0.67578 0.91406 
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ApPENDIX 2: H", CONTROLLER DESIGN BY TRIAL AND ERROR, 

I I', ----------,-----

I 
0 .6 .-, 

- I 

~ O.6 r 
~ I 

! :: f _1_' ____ _ 
o 10 

0 .6 

0.6 

10 

H inrlnlty conlroner deSign by trial and error 
Varlalion of the A para mater in weight w 1 

____ L 

20 

.- r 

..l. _ __ _ 

20 

30 
Time (s) 

Controllnpul 

30 
Time (S) 

40 50 

_~ ____ _ . _ __ .. L_ 

40 50 

I 
"1 
I 
J 

60 

-] 
I 

---1 , , 
i 
i , , 

"1 

J 
60 

FIGURE 83: EFFECT VARYING THE A PARAMTER IN W!~ 

-3 _ -----------'------
o 10 20 

10 20 

Disturbance response due to 3KW 
V Qrialion of the A parameter in w 1 

-.----r 

, 
_______ -'-_____ __. __ .1._ .. ___ . ______ , 

30 
Time (s) 

Control input 

40 50 60 

,0. -_________________ . 

30 
Time (5) 

40 

i 
1 
i 

------j 
50 60 

FIGURE 84: EFFECT OF VARYING 'mE A PARAMETER OF W j ON 1HE DISTURBANCE RESPONSE. 

118 

A = 108-6 

A = 108-4 

A = 20e-4 

A = 50e-4 
A = 80e-4 

A = 10e-6 

A = 10e-4 

A = 20e-4 

A = 50e-4 

A = 80e-4 
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WI: (A = 10e-6, M = varies, K = lOe-3, (OB = 10); W2 = 3.5; W3 : (A = 10, M = 0.01, K = 10, (OB = 10). 

Plant G(S) 
H", controller #6 H", controller #7 H", controller #8 H", controller #9 H", controller #10 

(M= 0.0025) (M = 0.00375) (M = 0.005) (M = 0.01) (M = 0.05) 

-100 -100 -100 -100 -100 

-0.27619 + 5.6709i -1.7338 + 5.9869i -10.235 -2.233 + 6.0277i -2.3302 + 6.0848i -30.732 

-0.27619 - 5.6709i -1.7338 - 5.9869i -2.0362 + 6.0579i -2.233 - 6.0277i -2.3302 - 6.0848i -2.2372 + 6.1367i 
Poles 

-2 -5.6685 + 2.2425i -2.0362 - 6.0579i -5.1045 -2.4264 + 0.9379i -2.2372 - 6.1367i 

-0.17161 -5.6685 - 2.2425i -3.4208 -3.2169 -2.4264 - 0.9379i -2.3759 

-0.0001 -0.0001 -0.0001 -0.0001 -0.0001 

-100 -100 -100 -100 -100 

-0.27619 + 5.6709i -0.27619 + 5.6709i -0.27619 + 5.6709i -0.27619 + 5.6709i -0.27619 + 5.6709i 

Zeros 2 -0.27619 - 5.6709i -0.27619 - 5.6709i -0.27619 - 5.6709i -0.27619 - 5.6709i -0.27619 - 5.6709i 

-2 -2 -2 -2 -2 

-0.17161 -0.17161 -0.17161 -0.17161 -0.17161 

Gain -10.02 2.0431 3.6323 2.5913 1.6113 20.18 

Gamma 
N/A 0.24219 0.3418 0.39453 0.42578 0.43359 

(y) 

TABLE 10: POLES AND ZEROS FOR H",pESIGN. 
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M = 0 .0025 
M = 0.00375 
M = 0.005 
M = 0.01 
M = 0.05 

M = 0.0025 ._\ 

M = 0.00375 I 
M = 0005 I 
M = 0 .01 I 
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ApPENDIX 2: H", CONTROLLER DESIGN BY TRIAL AND ERROR. 

SECTION A2.2 

WI : (A = 10e-6, M = 0.01, K 10e-3, WB vanes W3 (A 

0.01, K = 10, WB = 10). 

Variation of weight w 2 

.. ~-...,...---~-

20 30 40 50 60 
Time (8) 

Control input 
- -"-T-" ------.. ---.-,--~----______r_ 

J 
I 

J 
_____ L_~ ______ L __ _ , 

20 30 40 50 Time (s) 

Zoomed control Input 
i i ~---.---. T ---- -

10 

FIGURE 87: TI-IE EFFECT OF VARYING WEIGHT W2 DUE TO A STEP INPUT. 
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\ 
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1 i .----- -
:; /' 
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FIGURE 88: THE EFFECT OF VARYING WEIGHT W2 ON THE DISTURBANCE RESPONSE. 
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10, M 

w2 = 0.01 ·1 
w2 = 0.5 I 
w2 = 3 

w2 = 3.5 
w2 = 4 
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= ,K= 1 roB = 10); 

1 

9+ 

9-

-2 

-0.17161 

-0.0001 

-

2 

-0.1 

; W3 : varies, 

controller 

(A 1) 

+11 

- 11 

+ 

-4.0143 

roB 

5 

(A 1 

Ii I -1 + + 

Ii 

+ 

-0. 

1 1 1 
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ApPENDIX 2: H", CONTROLLER DESIGN BY TRIAL AND ERROR. 

Variation of the A paramter in w 3 

O.B 
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'" ~ 04 
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0.2 
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Control input 
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2 ,,--
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0. 
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() 0.2 
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FIGURE 89:V ARlATlONS OF THE A PARAMTER IN WEIGHT w3 (STEP RESPONSE). 
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FIGURE 90: VARIATIONS OF THE A PARAMETER IN WEIGHT w) (DISTURBANCE RESPONSE). 
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WI : (A = lOe-6, M = 0.01, K = lOe-3, roB = 10); W2 = 3.5 ; W3 : (A = 10, M = varies, K = 10, roB = 10). 

Roo controller #16 Roo #17 Hoo #18 He" #19 Roo #20 
Plant G(s) 

(M=0.006) (M = 0.008) (M = 0.01) (M = 0.1) (M= 1) 

-100 -100 -100 -100 -100 

-0.27619 + 5.6709i -32.668 -2.8025 + 6.2675i -2.3302 + 6.0848i -0.30946 + 5.6568i -0.22092 + 5.6516i 

-0.27619 - 5.6709i -3.4603 + 6.6776i -2.8025 - 6.2675i -2.3302 - 6.0848i -0.30946 - 5.6568i -0.22092 - 5.6516i 
Poles 

-2 -3.4603 - 6.6776i -3.5238 -2.4264 + 0.93793i -3.3205 + 0.2031li -3.1241 + 0.59186i 

-0.17161 
I 

-2.3463 -3.0809 -2.4264 - O.93793i -3.3205 - 0.20311i -3.1241 - 0.59186i 

-0.0001 -0.0001 -0.0001 -0.0001 -0.0001 

-100 -100 -100 -100 -100 

-0.27619 + 5.6709i -0.27619 + 5.6709i ·0.27619 + 5.6709i ·0.27619 + 5.6709i -0.27619 + 5.6709i 

Zeros -0.27619 - 5.6709i -0.27619 - 5.6709i -0.27619 - 5.6709i ·0.27619 - 5.6709i -0.27619 - 5.6709i 
I 

2 -2 -2 -2 -2 -2 

-0.17161 -0.17161 -0.17161 -0.17161 -0.17161 

Gain -10.02 20.524 2.6987 1.6113 2.512 2.2873 

Gamma 
N/A 0.41406 0.42188 0.42578 0.4375 0.4375 

(y) 
-

TABLE 12: VARIATION OF THE M PARAMETER OF WEIGHT W3, 
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APPENDIX 2: H., CONTROLLER DESIGN BY TRIAL AND ERROR. 

Variation of parameter Min w elghl W3 
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APPENDIX 3 

A.3. FUZZY CONTROLLER (MONTE CARLO SIMULATION) 
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APPENDIX 3: Fuzzy CONTROLLER (MONTE CARLO SIMULATION). 

Unit step response for fuzzy logic controller 
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APPENDIX 4 

A.4. MATLAB CODE FOR Hoo CONTROLLER SYNTHESIS 

% H infinity optimal controller for Load frequency control . 
% Matlab code for calculating the H infinity optimal control law . 
% The funclion used is lhe rnallab "hinfopl " funcLion which iLerdL i vely 
% solves for the h infinity controller . 

clea r; 
c lc ; 

% G(s) model . 
% The model is a second order system with a 1 second 
% delay is modelled as a fist order Pade approximati o n . 

Ts = 0 . 3 ; 
nurng 10 . 02 ; 
d eng [1 0. 72 432. 33 5. 532 ]; 

numd [ 521 . 6] ; 
de nd [ 1 0. 82 354 1 646.1 ] ; 

! t ! - • 

.J 

\./ C C( 

\ 

G = tf (numg , deng) ; 
[num ,den ] = pade (l,I ) ; 
d = tf (n um ,de n ) ; 

% G(s) model. 
% 1 second delay . 

Gsl = G* d ; 

[nurn , den ] = t fda ta (Gs l, ' v ' ) ; 

% Conversion to state space . 

[ag , bg,cg , dg] = t f 2 s s(num, den ) ; 
ss g = mksys (ag, bg, cg ,dg); 

% Weighting functions . 

M = 0 .01; 
A = 10e - 6 ; 
wb 1 0; 

rc 

130 

wI 10e- 3*t f ( [I/M wb ], [ 1 A*wb] ) ; %wl for disturbance rejection and integral action . 

%design 2 . 

%A 0 . 65 ; 
%8 3 . 65 ; 

%wl = tf([1 2*A AA2] , [18 0]) ; 
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ApPENDIX 4: MATIAB CODE FOR H", CONTROLLER SYNTHESIS. 

w2 = 3.5; ~ design 1 . 

%w2 2 . 25 ; % design 2 . 

M = le-2; 
A = 10; 
wb 10; 

w3 10*tf (( l/M wb], (1 A*wb]); 
% The H infinity control law calculation . 

/ [TSS] augtf(ssg,wl,w2,w3); 
[SS_CPopt,SS_CLopt,HINFOopt] = HINFOPT(TSS); % 
(AGopt,BGopt,CGopt,DGopt ] = BRANCH(SS_CLopt); 

1numcopt,dencopt] = ss2tf(AGopt,BGopt,CGopt,DGopt); 

~ the augmentation of the plant . 
H infinity controller synthesis . 

131 

Kopt = tf(numcopt,dencopt); %the resultant H infinity controller . 

[Kznum,Kzden] = c2dm(numcopt,dencopt,Ts, ' t-llstin ' ); 

sim( ' NewHinfDesignll ' ,500); 

figure(l) ; 
[mag,phase,freql] = bode(l/wl); 
for c = l:length(mag) 

magl(c) = mag(c); 
e nd 

[mag,phase,freq3] = bode(1/w3); 
for c = l:length(mag) 

mag3(c) = mag(c); 
end 

% H inf controller . 

% control system simulation 

semilogx(freql,20*loglO(magl), ' r ' ,freq3,20*loglO(mag3), ' g ' );grid; 
legend( ' l/~\Tl ' , r l/~·l3 ' ); 

figure(3); 
plot(time,freq);title( ' Frequency ' );grid; 

figure(4); 
plot(time,con);title( ' Control Input ' );grid; 

% Analysis of closed loop system . 
% This section plot the respective bode plots of 
% the sensitivity function S(s) and complementary sensitivity T(s) 
% and their weightinq funct i ons . 

%Sensitivity function . 

S = 1/(1 + Kopt*G); 

[Smag,phase,Sfreql] = bode(S); 
f o r c = l:length(Smag) 

Smagl(c) = Smag(c); 
end 

figure(5); 
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APPENDIX 4: MATLAB CODE FOR H.r. CONTROLLER SYNTHESIS. 

semilogx(Sf regl, 20* logI0 (Smagl ) , ' r ' , freg l, 20*logI0(magl) , ' g ' ) ;grid ; 
legend ( ' S ' , ' 1/1'11 ' ) ; 
title( ' Spnsitivity fllnr.tinn ' ); 

% Complementary Sensitivity function . 

T = (Kopt*G)*S; 

[Tmag, phase, Tfregl) = bode(T); 
for c = l:length(Tmag) 

Tmagl(c) = Tmag(c); 
end 

f igure(6); 
semilogx(Tfreql,20*logI0(Tmagl), ' r ' ,freg3,20 *log I 0(mag3) , ' g ' );grid; 
legend( ' '!" ' , ' 1/W3 ' ); 
tit le ( ' Complementary Sensitivity function ' ); 
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APPENDlXS 

A.S. MATLAB CODE FOR QFT CONTROLLER DESIGN 

% Matlab code for QFT controller desig. 
% The matlab QFT control design toolbox is used . 
clear ; 
clc; 

~ G(s) model with first order pade approximation . 
KO 10 . 02 ; 
AO 0 . 724 ; 
BO 37 . 33; 
co 5 . 532; 

nO [KO] ; 
dO [1AO BO COJ ; 

% delayed process . 

n10 [ - KO 2*KO] ; 
d10 [1 (AO+2) (BO+2*AO ) (CO +2*BO) 2*CO] ; 

~ n10 lKJ ; 
%d10 [1 ABC] ; 

% Plant templat e generation (for +- 20 % uncertainty). 

c1 = 1; 

for K = linspace((KO-0 . 2 *KO) , (KO+0 . 2*KO) , 4) 

for A = 1inspace((AO-0 . 2*AO ), (AO+0 . 2*AO) , 4 ) 

end 
end 

end 

for B linspace( (BO - 0 . 2 *BO ) , (BO+0.2*BO) , 4) 

for C = linspace((CO - 0 . 2*CO) , (CO +0.2*CO),4) 

end 

n1 (c1 , : ) 
d1 (c1 , : ) 

[ -K 2*K] ; 
[1 (A+2) (B+2*A) (C+2*8) 2*C] ; 

c1 = c1 + 1 ; 

% Frequency vector used for the design . 

w = [0 . 001 0 . 0 1 0.1 1 4 6 10 20 50 100 250J; 
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ApPENDIX 5: MATLAD CODE FOR QFT CONTROLLER DESIGN. 

P = freqcp(n1 ,d1,w ) ; 

p10ttmpl (w , [], P, 1); 
~ Roh\lst stAbility spp.cificatlons . 

wi = 1.2; 

ws1 = [0 . 0010 . 01 0 . 114610]; 

bndl = SISOBNDS(1,w,ws1 , w1,P); 

~ Tracking specification . 

Kl 
Ku 

zpk( [], [ - 0 . 1-0.005i - 0 .1+0. 005i -0. 5] , [0 . 0050125]) ; 
zpk([ - 3] , [ - 0 . 3-0.01 i -0 . 3+0.0li] , [ 0.03003333 ] ) ; 

~ relaxed specs . 

%Kl tf(l , [0 . 11 9 . 44 10 . 33 1]) ; % more (too) stringent specs. 
%Ku tf([0.002 1],[0.001 3 1]) ; 

134 

Kdl 
spec . 

zpk( [] , [ -0. 2 - 0 . 00Bi -0 . 2+0 . 00Bi - 0.3] , [0 . 0 120192] ) ; ~ more stringent lower 

[nTl , dTl] 
[nTu, dTu] 

tfdata(Kl , ' v ' ) ; 
tfdata (Ku , ' v ' ) : 

% Frequency vector for tracking specifications 
% and for calculating the QFT tracking bounds . 

w7 = [0 . 001 0 . 0 1 0.1 1 4 6 10]; 

[num l , den1j = tfdata(Kl, ' v ' ) ; 
ws7l = freqcp(numl , denl , w) ; 
ws7l = abs(ws71) : 
[numu ,denu ] = tfdata(Ku , ' v ' ) ; 
ws7u = freqcp(numu,denu, w) ; 
ws7u = abs(ws7u); 
ws7 = [ws 7u ;ws7l]; 

% bnd7 = SISOBNDS(7 , w, w7 , ws7 , P) : 

%disturbance specification . 
% Disturbance rejection vector. 

ws2 [0 . 001 0.0 1 0 .1 1 4 6 10]; 

Kdl tf(Kdl) ; 

ws = (1 - Kdl) ; 
[num , den] = tfdata(ws , ' v ' ) ; 
ws freqcp(num , den,w) : 
ws = abs(ws) ; 

bnd2 = SISOBNDS(2,w,ws2 , ws , P) ; 

plotbnds(bnd1,1) ; 
plotbnds(bnd2,2 ) ; 
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APPENDIX 5: MA TLAB CODE FOR QFT CONTROLLER DF.SIGN. 

%plotbnds(bnd7 , 7) ; 

%bnd3 = grpbnds(bndl , bnd2 , bnd7) ; 
bnd3 = grpbnds(bnd1,bnd2); 

plotbnds(bnd3); 

inbnds = sectbnds(bnd3); 
plotbnds(inbnds); 
title( ' Intersection of bnunds ' ); 

numc [0.8576 91.74 637.6 407 5 1.862e4 2.66e4 4039]; 
denc [1 11.3 1493 1.224e4 5.075e4 9.253e4 6.313e4 6.843e-l1]; 

numc [0.3226 0.5963 12.5 15.67 8.156 0.9874]; 
denc [1 17.83 45.07 40.63 12.39 0]; 

nc = [0.3226 0.5963 12. 5000 
controller for relaxed system . 
dc [1.0000 17.8300 45.0700 

15.6700 8.1560 

40.6300 12.3900 

0.98 74]; 

0 ] ; 

%QFT design 1 

nc [0.03161 0.1749 1.7016.609 16.4 19 2.098]; %QFT design 2 more stringent 
controller . 
dc [1 10. 58 42. 7 80. 61 68. 54 18. 95 0]; 
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nc [0.003807 0.04805 0.221 1.739 2.033 0.258]; 
rejection . 

% QFT controller for disturbance 

dc = [1 7.912 13.21 10.2 3.609 0]; 

% LPshape the semi automatic QFT loop shaping environment . 
LPSHAPE(w,inbnds,nl 0 ,dl0 , 0,nc,dc) ; 

~ pfshape(7 , w , w , ws7 , P) ; 

% Prefilte r design . 
'/; Using the matlab Pfshapp. func:tion . 
nf 0.13; 
df [1 0.13]; 

nf 
df 

[0.07555 0.2083]; 
[1 1.649 0.2083]; 

~ QFT design 1 , tor relaxed control system . 

nf [1.095 0.2679 38.18 ] ; % QFT design 2. 
df [1 13. 14 56. 91 ] ; 

nf [0.561 0.00776 17.15 ]; % QFT design 2 - fine . 
df [125.57 17.15 ] ; 

nf [0.06426 0.1265]; 
df [1 1. 165 0. 1265 ] j 

PFSHAPE(7,w,w,ws7,P,O, [], [],nf,df); 

% QFT a nalysis . 

[tout,xstate,yout) sim ( ' QFTnln ' ,200) ; 
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ApPENDIX 5: MATLAB CODE FOR QFT CONTROLLER DES IGN. 

f igure(24) ; 
plot(tout , yout) ; 
p l ot (tout , yo ut (:,2 ) ) ; 
figure(25) ; 
ho l d on ; 
plot(tout , yout( :, l)) ; 

[yTl , tTl] 
[yTu , tTu ] 

step(K1, 100); 
step(Ku , 100) ; 

[tout , xstate , you t ] = s i m ( ' QFTrun ' , 200) ; 

~ [toutl , xstate , yout1] = sim( ' Track ', 60) ; 

figure(26) ; 
hold on ; 
plot(tout , yout( :, 1) , tT1 +l 1 , yTl , tTu +ll , yTu) ; 

fi gure(27) ; 
hold on ; 
plot(tout , yout( :, 2)) ; 

[Kznum, Kzdenj 
[Fznum, Fzdenj 

c2dm(nc , dc , 0 . 3 , ' tustin ' ) ; 
c2dm(nf , df , 0.3 , ' LusLin ' ) ; 

KO 10 . 02 + 0* 1 0 . 02 ; 
AO 0 . 724 + 0*0 . 724 ; 
80 37 . 33 + 0*37 . 33 ; 
CO 5 . 532 + 0*5 . 532 ; 

% delayed process . 

n10 [ - KO 2*KOj ; 
d10 [1 (AO+2) (BO +2*AO) (CO+2*80) 2*CO ]; 

F tf (nf , df) ; 
G tf(n10 , dlO) ; 
K tf(nc , dc) ; 

T F* ( (K*G) / ( l+K*G) ) ; 

[m , phase , w] = bode(T) ; 

for c = l : length(m) 

ml(c) = 20* l oglO(m(c)) ; 
e nd 

[ml , phase , wlJ = bode(Kl) ; 

for c = l:l eng th (ml ) 

ml l (c) = 20* 10gl0(ml(c)) ; 
end 
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ApPENDIX 5: J\llATLAB CODE FOR QFT CONTROLLER DESIGN. 

[mu , phase ,wu] = b ode(Ku) ; 

for c = l : length(mu) 
mul(c) = 20*loglO(mu(c)); 

end 

figure (28) ; 
hold on ; 
semilogx(w , ml , wl , mll , wu , mul) ; 

KO 10 . 02 + 0.2*10. 02 ; 
AO 0 . 72 4 + 0.2*0.724; 
80 37 . 33 + 0.2*37.33; 
CO 5 . 532 + 0.2*5.53 2 ; 

% d e layed process . 

nlO [-KO 2*KO] ; 
dlO [1 (AO +2) (80 +2*AO) (CO+2* 8 0) 2*CO ] ; 

F tf (nf , df) ; 
G tf(nlO , dlO) ; 
K tf(ne , de) ; 

T F*((K*G) / (l +K*G)); 

[m , phase , w] = bode(T); 

for e = I: leng t h(m) 

ml (e) = 20*10gI0(m(e) ) ; 
end 

[ml , phase , wl] = bode(Kl) ; 

for e = l : length(ml ) 

ml l(e) = 20*10gI0(ml(e)); 
end 

[mu , p hase , wu] = bode(Ku) ; 

for e = I:length(mu) 

mu 1 (e) = 20*10g10(mu(e)) ; 
end 

figure(28) ; 
hold on ; 
semi l ogx(w , m1 , wl , mll , wu, mu l) ; 

KO 1 0 . 02 - 0 . 2* 1 0 .02; 
AD 0 . 72 4 - 0 . 2*0 .724; 
80 37 . 33 - 0 . 2*37 .33; 
CO 5 . 532 - 0 . 2*5 . 532 ; 
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ApPENDLX 5: MATiAB CODE FOR QFT CONTROLLER DESIGN. 

% delayed process . 

n10 [ - KO 2*KOj ; 
d10 [1 (AO+2) (BO+2*AO) (CO +2*BO) 2*CO] ; 

F t f (nf , df) ; 
G tf(n10 , d10) ; 
K tf (nc , de) ; 

T f* ( (K*G) / (I+K*G)) ; 

[m, phase ,w] = bode( T) ; 

for c = 1:1ength(m) 

ml (c) = 20*10g10(m(c) ) ; 
end 

[ml , phase , wl] = bode(K1) ; 

for c = l : length(mI ) 

mIl (c) = 20*10g 10(mI( c)) ; 
end 

[mu , phase ,wu] = bode(Ku); 

for c = l :Iength (mu) 

mul(c) = 20*10glO(mu(c)) ; 
e nd 

figure(28 ) ; 
ho ld on ; 
semi l ogx(w , ml , wl , ml1 ,wu, mu1) ; 

KO 10 . 02 + 0 . 2*10.02 ; 
AO 0 .724 + 0.2*0.724; 
80 37 . 33 + 0 . 2*37 . 33 ; 
CO 5 . 532 + 0.2*5.532; 

% delayed process . 

n210 [ - KO 2*KO] ; 
d210 [1 (A O+2) (BO+2*AO) (CO+ 2 *80) 2*CO ] ; 

KO 10 . 02 - 0 . 2*10 . 02 ; 
AO 0 . 724 - 0.2*0 . 724 ; 
BO 37 .3 3 - 0.2*37 . 33 ; 
CO 5 . 532 - 0 . 2*5 . 532 ; 

% de l ayed process . 

n102 [-KO 2*KO ] ; 
d 102 (1 (AO+2) (BO+2*AO) (CO+2*BO) 2*CO] ; 
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APPENDIX 6 

A.6. ELECTRONIC CIRCUITRY FOR MEASUREMENT AND CONTROL 
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APPENDIX 7 

A.7. PHOTOGRAPHS OF EXPERIMENTAL UNIT 

Figure 97 (right) shows the complete experimental load 

frequency control system. It shows the motor generator 

set (front center), DC power drive (extreme left), load 

frequency controller (PC, left rear), power supply and 

electronic measurements circuitry (rear centre) and the 

excitation system used for the excitation of the AC 

generator (front right). 

FIGURE 97: EXPERJMENTAL LOAD FREQUENCY CONTROL UNIT. 

142 

Figure 98 (left) shows the motor generator unit. It 

consists of a DC motor driving a three phase generator. 

The generator is positioned to the further left and that of 

the motor to the nearer right of the observer. 

F1GURE 98: MOTOR GENERATOR SYSTEM. 

FIGURE 99: THE ELECTRONIC MEASUREMENT CIRCUIRY. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

ApPENDIX 7: PHOTOGRAPHS OF EXPERIMENTAL UNIT. 143 

Figure 99 above shows the electronic measurement circuitry for the frequency sensor (left) and 

the speed sensor (right). 

FJGURE 100: EXCITATION SYSTEM. 

Shown above in figure 100 is the excitation system used for the excitation of the generation. It 

consists of a three phase variac (left) and a 100V AC to DC converter. 

Figure 101 (right) shows the load used for the 

experiment. Each heating element is approximately 

1 K W in power. 

FIGURE 101: ELECTRICAL LOAD. 
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APPENDIXS 

A.S. VISUAL C++ IMPLEMENTATION CODE 

Visual implementation IS gIVen Only source code is shown. 

mam IUn.CtlC)ll that pertorms all various ~"'U''';F, LFCView.cpp program 

below). It performs required control and displays response on the screen in 

are this, one thread the control task and the other 

updates screen as new display are obtained. disadvantage to the is that 

quality of be 

is priority. 

The are Iffi1Plemente:Q by the transformation, 

the QFT controller designs, are implemented the state space 

npJrerrtentatlon. Since it was VUJlU",'L,U transformation does not seen to 

maintain action of controller .... '-''''LF,~. (from Matlab 

there was a discrepancy the actual simulated in terms steady state 

was not implementation.A listing the 

routines are 

• LFCView.cpp 

• 

• T _ Sample.cpp & 

It Ntdt2801.cpp 

below. 

LFCView.h: n"'''N1'Cl1'n UnpJlerrlents the optimal control law, QFT 

and the 

data on the screen. 

controller. 

: implements the 

l">arnme.n : counts the number of clock cycles, 

it the respOllse 

logic corltroHeI 

counting elapsed 

time for next ».......,'L'p''''O instant. input to 

: code used to interface DT2801 ADCIDAC converter. 

This was nTM-rr"' .... by Warren. 
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/I LFCView.cpp . implementation of the CLFCView cla.~s 

#include "time. hI! 

#include "stdatX.h" 

#include "LFc'h" 

#include "mruh.h" 

#include 

#include "Ntdt2801.h" 

#include "T_SampJe.h" 

#inc!ude "LFCDoc.h" 

#include "LFCView.h" 

#define new DEBUG_NEW 

#undefTHrS_FILE 

stalic char THIS ]ILE[] 

#endif 

volatile int threadController 

volatile int who'" 0; 

UINT ControlProc_ Fllzzy(LPVOID panun); 

UINT param); 

UINT ControlProc _ QfT(LPVOID param); 

UlNT ControlProc_ 

UINT ControlProc _ StepTest(LPVOID param); 

UINT ConlrolProoc_LoadModelling(LPVOID param); 

/111111/11111111//1 f/! //II/lilt/II III /1/1/1 /I II II!! /fI1/I1II/ /11/111/11111111 

CLFCView 

IMPLEMENT_DYNCREATE(CLFCView, CView) 

CView) 

~ MAIN PROGRAM ). 

ON_COMMAND(ID _MENUITEM32772, OnStopLFC) 

ON_COMMAND(ID_MENUITEM32773, OnFuzzyControl) 

ON _ COMMAND(ID _MENUlTEM32774, OnHInfinityControl) 

ON_COMMAND(ID_MENUITEM32775,OnQFTControl) 

ON_ COMMAND(ID _MENUITEM32776,OnStepTest) 

ON_ COMMAND(ID _MENUlTEM32778, OnLoadModeiling) 

ON_COMMAND(ID_MENUITEM327n OnPH 

II} }AFX_MSG_MAP 

II III II/ 1111111111111111111111111 / J 11111 / 1111 / 111111111111 11111111111 111111 f I 

II CLFCView construction/destruction 

CLFCView::CLFCViewO 

TOOO: add construction code here 

tacho_speed~ort = 0; 

Droop = 0.2; 

frequency = 0; 

I' 

.~v .. ~_"t'~~ 0; 

Droop_the_system 0; 

SpeedJeference 0; 

=0; 

t=O; 

Error 0; 

ttemp 0; 

xO 0; 

0; II stop LFC if Stop_control I; 
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for(int c=O;c 599;c++) 

0; 

0; 

cposition[c] 0; 

setposition[ c J 

CLFCView: :-CLFCViewO 

{} 

BOOL CLFCView::PreCreateWindow(CREJ\TESTRUCT& cs) 

1/ TODO: the Window class or styles here by ",,,,,jifi"i ... ,, 

1/ the CREATESTRUCT cs 

return CView::PreCreateWindow( cs); 

/II/I !If 111/1111 /II//I/I!l1 / 11111/11111111/1111111111111/11 I I fill I 111111 !!III 

CLFCView drawing 

void CLFCView::OnDraw(COC* pOC) 

CLFCDoc* pDoc = GetDocumentO; 

ASSERT_ VALlD(pDoc); 

II TODO: add draw code tor native data here 

pOC·>MoveTo(lOO, -1000); 

pDC->TextOut(2450,-1IOO:Time (8)"); 

/I Draws grid lines, 

cbars[2S]; 

IIENGLISH); 

for(int time = 10;time 120;time time + 10) /I x axis, 

- MAIN PROGRAM ). 

"%d",time); 

pDC·>TextOut(70 + II time 

pDC->MoveTo(lOO + (time*200)/1O,·IOOO); II Lines. 

pDC->LineTo(lOO + (time*200)/1O,-980); 

for(int volt -1O;volt <= 10;volt volt+ 2) II v axis, 

"%d",volt); 

pDC·>TcxtOut(lO,30 - 1000 (volt*800)/l0,s); II Voltage 

pDC->MoveTo(lOO,-IOOO (volt*800)llO); II Lines. 

pDC->MoveTo(lOO,-lOO); 

pDC->LineTo(lOO,-1900); 

+ (volt*800)/IO); 

pDC-> T extOm(80,-1 00, "Freq (V)"); 

for(int index 0; index < 599;index++) 

CPcn 

CPen'" oldPen = pDC->SelectObject(&pcn); 

pDC->MoveTo(xposition[index] + 100,yposition[indcxj- 1000); 

pOC->LineTo(xpositionlindex+ I} + 1000); 

pOC->SelectObject( oldPen); 

CPen 

CPen'" oldPenc = pUC-:>Se:lectUllJe(:t(<'Itpenc); 

pDC->MoveTo(xposition[index] + lOO,cposition[index] 1000); 

100,cposition[index+l] - 1000); 
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CPen penset(PS _DOT, I ,RGB(0,255,O»; 

CPen" oldPenset pDC->SelectObject(&pensel); 

pDC->MoveTo(xposition[index] + 100,setposition[index] - 1000); 

pDC->LineTo(xposition[index+ I] 1 OO,setposition[index+ I] 1000); 

pDC->SelectObjecl(oldPenset); 

it{who I) 

wsprintf\s,": Fuzzy Control"); 

pDC->TextOut(800,-15,s); 

else 

if(who 2) 

else 

wsprintf( s,": Hinf Control "); 

pDC->TextOut(800,- J 5,s); 

jf(who 3) 

. QFT Control"); 

pDC->TextOul(800,-15,s); 

else 

if(who 4) 

wspnnttls,": PI Control"); 

pDC->TextOul(800,-15,s); 

else 

wsprintf(s," "); 

pDC->TextOut(SOO,-IS5,s); 

if(threadController I) 

else 

wsprintf(s,"LFC ON 

wsprintf(s, " 

pDC->TcxtOu!(500,-IS5,s); 

who 0; 

it{threadController 2) 

"Step Test"); 

pDC->TextOut(500,-55,s); 

if\threadControUer == 

wsprintf(s,"Load Modelling"); 

pDC->TextOut(500,-55,s); 

111111111111111111111111/111/11111111//111//1//1/11/111111111111//1111111111/ 

1/ CLFCView diagnostics 
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#ifdef _DEBUG 

void CLFCView::AssertValidO const 

CView: :AssertValidO; 

void CLFCView::Dump(CDumpContext& de) const 

CView: :Dump( de); 

CLFCDoc* CLFCView::GetDocumentO /1 non-debug version is inline 

return (CLFCDoc*)m-"pDocument; 

#endifll_DEBUG 

I /II/I!! /III! 11111111111111111111111111111111111111111/111/111111111111111/11 

II CLFCView message handlers 

lJINT ControlProe ]uzzy(LPVOID param) 

CLPCView *theView (CLFCView*)param; 

NT _DT280 1 theApp; 

T_Sanlp\e "~"_O_H"'>V_"" 

FILE *stream; 

FILE *streamx; 

stream = fopen("FData.txt","w"); 

streamx fopen(nFDatax.txt","w"); 

double trcoucncv 0; 

double tacho_speed'" 0; 

double power = 0; 

doublet=O; 

int U:U.o'l.lU. __ ;,')}J\;.r,",U,.JIVl 

int frequency_port 3; 

int power-"port = 2; 

0; 

double R 2.4; !!Regulation. 

int =0; 

double Drooped_speed"" 0; 

double control I , 

double error = 0; 

double xI '" -15,16; 

double xI_I = -15.16; 

double eon 0; 

double delta = 0; 

double erp = 0; 

double eITorl = 0; 

double to 0; 

double to 10; 

int stepped 0; 

double selpoin! 2,5; 

Fuzzy_Controller Fuzzy; 

while(tbreadControJler) 

II Reading ADC. 

taoho _speed theAppADC(tacho _speed_port); 

power = theApp,ADC{power 

/I Adding system droop. 

Drooped_speed = (0.8 - tacho_speed)!R; 
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/I Calculating control. 

II error = 2 frequency; 

if(t 30) 

setpoint 3.5; 

if(t >= 90) 

{ 

setpoint 2.5; 

error setpoint tacho_speed; 

error = 2 - tacho_speed; 

delta = (error - crp)*0.6; 

erp = error; 

errorl error*0.035; 

Fuzzy Controller. 

con Fw.zy.FuzzyController( error I ,delta); 

xl con+xCI; 

control 

xCI xl; 

the View->Plot( t, tacho _speed, controi,setpoint); 

thcApp.DAC(O,eontrol); /I outout control. 

t+ 

fprintf(stream,"%f%f%f%f%f%f\n"",,,,,,,.v_,l""'U, 

fprintf1:strcamx, "%f %f%1\o" ,t,xCI,xI); 

who 1; 

IltheView->InvalidateO; 

- MAIN PROGRAM ). 

fclose(siream); 

fclose(streamx); 

return 0; 

1J INT ControlProc _ Hinf(LPVOID param) 

CLFCView *theView = (CLFCView*)param; 

NI_DT2801 theApp; 

I_Sample 

FILE *stream; 

FILE *streamx; 

stream fopen("HData.txt","w"); 

strcamx fopen("HOatax.txt","w"); 

double frequency 0; 

double tacho_speed = 0; 

double powcr = 0; 

double t 0; 

int l«vm.J_~p""""u" 

int frequency_port 3; 

int power_port 2; 

double R 2.4; 

0; 

int ControUnput~ort 0; 

double 0; 

double control = 1; 

double error 0; 

double setpoint 2.5; 

double xo_7 -696; 

douhle Xfl_6 -696; 
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double xn_S -696; 

double xu_ 4 -696; 

double xu_3 ~ -696; 

double xn_2 -696; 

double xu_I -696; 

double x -696; 

II Reading ADe. 

power theApp.ADC(power-port); 

Adding system droop. 

.lJAVVP,","_ol''''''"U (0.8 l,«''vuV_':''}-'VV"j' 

Ilerror 2 - frequency; 

if{t 30) 

setpoiot 3,5; 

if{t 90) 

2.5; 

error = setpoiot - tacho __ speed; 

II Hiof cootroller design 1. 

~ MAIN PROGRAM ). 

x error 

O.0935*xu_6; 

+ 0.0287*xo_2 - 0.2930*xu_3 + 0,4771*xo_4 0.3667*xu_S + 

/I control 0. II 68*x - 0.0716*xo_2 - O,0845*xu_ 4 

II Hiof cootroller 2, 

x = error + 1.4560*xu_1 - 0.1634*xo_2 - 0.4984*xo_3 0.4432*xl1_ 4 0.4166*)(0_5 of 

0.2139*xo_6 - 0.0347*xo_7; 

control 0.0643*x 0,0089*xo_l­

+ O.0325*xu_6 0,0058*xn,_7; 

xu_7 xu_6; 

xu_6 = XD_S; 

xo_5 =xo_4; 

xu_4=XIl_3; 

xo_3 xo_2; 

XIl_l; 

xu_I X; 

L11<;ftpp,LJft~~V,"UllllmJ, II output controL 

theVicw->Plot(t,tacho_speed,control,setpoint); 

t=l+ 

fprintf(stream."%f%f%f%f%f%f\n",.,~ .. v_Of' 

fprintf(streamx,"%f%f%f%f%fo/of%f%f\n" 

who 2; 

IltheView->IovaHdateO; 

fclose(stream); 

fclose(streamx); 

return 0; 

UINT ControJProc_QfT(LPVOID param) 

CLFCView *theView (CLFCView*)param; 
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NT_DT2801IheApp; 

T_Sample .,_,_~~ .. " 

FILE *stream; 

FILE *streamx; 

stream ."wn)~ 

streamx = fopen(HQDatax.txt","w"); 

double frequency 0; 

double tacho_speed 0; 

double power = 0; 

double t 0; 

int tacho _speed ""port 0; 

int frequency -port 3; 

int power....POrt = 2; 

double R = 2.4; l!Regulation. 

int ControUnput....p0rt 0; 

double 0; 

double control = i' 

double error 0; 

double 2.5; 

Ildouble Xfl_7 -IlOO; 

lldouble Xfl_6 = -1 100; 

I/doublexn_5 -IlOO; 

Iidouble xn_ 4 -1100; 

IIdoublexn_3 -1100; 

Ildoublexn_2 -1100; 

Iidouble Xfl_1 = -1100; 

Ildoub1e x ·1100; 

double step = 2.5; 

double.xF 65.352968; 

double xFn_l 65.352968; 

MAJN PROGRAM ). 

II 

II 

/I 

1/ 

/I 

1/ 

II 

IIdouble xFn_2 = 65; 

II QFT design based on tracking specifications. 

double A[5J[5J {{2.8729, -2.7027, 0.6022, 0.3914, ·0.1638}, 

{1.0000, 0, 0, 0, O}, 

{ 0, 1.0000, 0, 0, a}, 

0, 0, 1.0000, 0, O}, 

0, 0, 0,1.0000, O}}; 

double B[ 5)[ IJ = { I}, 

o 
{ 0 }, 

{ 0 

{O }}; 

double = {{O.0122, 0.1485, ·0.4441, 0.4057, -O.l218l}; 

If double D 0.1553; 

If QFT design for disturbance rejection. 

double A[5][5] = {{3.498710l1577202, 

0.70062488839118,O.03088035740237}, 
-4.64788348703597. 2.81891790225276, -

{1.00000000000000, 0, 0, 

0, 

0, 

t 0, l.OOQOOOOOOOOOOO, 0, 

0, 

0, 

double B[5][1] = (( 1 

{ 0 

{ 0 

{ 0" 
{ 0 H; 

0, 1.00000000000000, 0, 

0, 0, 1.00000000000000, 

O}, 

O}, 

O}, 

OJ}; 
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double C[1J[5] {0.01728476210795, -0.02912510453265, 0.01478264225133, -

0.00427861435167, 0,00158507289009}}; 

double 0 0.00908825601860; 

Ildouble x[51 = { -9220,208336, -9219.969509, -9219.726427, -9219.477683, -9219.221853}; 

II QFT 1 

double x[5] = ( -18620.702065, -18621.139941, -18621.567605, -18621.991796, -

18622.416593 J; 1/ QFT 2; 

double temp 0; 

double u 1; 

doubley=O; 

double state 0; 

double xtemp[5J; 

ffQFT 1; 

II 

double xFI 166.965076; 

double xF2 = 166.965082; 

double xFlnext = 166.965076; 

II double xF2next 166.965082; 

QFT2; 

double xFI = 258.585035; 

double xF2 258.585035; 

double xF 1 next = 258.585035; 

double xF2next = 258.585035; 

while(threadController) 

wait_sample_time.Sample3imeO; 

II ADC. 

frequency theApp.ADC(frequency -port); 

tacho __ speed 

power theApp,ADC(power -POrt); 

II Adding system droop. 

IfDrooped_speed (0.8 - tacho_speed)/R; 

II Caleulating control. 

lIerror = 2 - frequency; 

if(t >= 90) 

step 3,5; 

if(t 210) 

step 2.5; 

II Prefilter. 

IlxF step + O.8476*xFn_l; 

/I setpoint 1.7698*xF - 1.6174*xFn_l; 

IlxF = step - O.1329*xFn_1 + 0.8547*xFu_2; 

IIsetpoint = 0.255*xF + 0.1391 *xFn_1 0.11S9*xFu_2; 

IlxF step 0.9302*xFn_l; 

Iisetpoint O.3304*xF 0.2606*xFn_'; 

IIxF step + O.9302*xFn _ I; 

IIsetpoint 0.331 7*xF - O.2619*xFn_l, 

xF step + 0.9617*xFn_l; 

II setpoint O,OI913*xF 0.01913*xFn_); 

IlxF step+0.9617*xFn_l; 

I/setpoim= 0.OI913*xF + 0.01913*xFn_l; 

xFn_l; 

IIxFn_l xF; 

Ilstate 0.03752236007948*state 0.01912702305051 *step; 

setpoint 0.96174595389897*state + step; 
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/I xF step + O.96174595389897*xFn_l; 

setpoint 0,01912702305051*xF + 0,01912702305051 *xFn_l; 

xFn~l xF; 

QFT prefilter for tracking design, 

MAIN PROGRAM ). 

0,02782879605870*xFl - 0,01304716882353*xFl + 0,01279455255607*5tep; 

II xFlnext 1.58991059966890*xFI-O,60488380233248"xFl+ l*step; 

II xF2next xFI; 

1/ xFl = xF I next; 

If xF2 xF2next; 

1/ QFTT tor disturbance design, 

sctpoint 0,02278945983691 *xFl - 0.01322396350591 *xF2 + 

xFl next = L69354097382698*xF I - 0, 70320897336417*xF2 + step; 

xF2next = 1.000OOOOOOOOOOO*xFl + 0*xF2 + O*step; 

xFI xFlllext; 

xF2 = xF211ext; 

u = setpoint - tacho_speed; l*setpoint*1 

/I Calculates the current control vector, 

for(intj 0;j<5;j++) 

temp = temp + qO][H*x[j]; 

y = temp + D*u; 

temp=O; 

II Calculates the next state vector. 

for(int i = 0; i<5; i++) 

for(intj =0;j<5;jH) 

temp temp A[i][j]*x[jJ; 

xtemp[i] temp + B[iJ[O]*u; 

temp=O; 

for(i = 0;i<5;i++) 

xli] = xtemp[i]; 

1/ OFT Controller, 

II x = error + 0, 1690*Xl1~1 + L7068*xn_2 

0.2067*xu_6 - O,0378*xu_7; 

0.2159*xu_3 - l.2222*xu_ 4 - + 

II control "" 0,0620*x 

0,0137*xu_5 + Q,0332*xn_6· 

+ 0,0243*xn_3 - 0,0578*xu_ 4 -

Ilx = error + 2,078*xu_l 

Ilcontrol 004069''x· 03"f~~xu O,4053*xn_2 + OJ505*xu_3; 

Ilx error + lo4OI*xn_' - - OA058*xn .. 3 + 0,06667*xl1_ 4 - O,002466*xu_5; 

IIcol1trol O,3688*x 0.3476*xn_1 + + 0,09967*xn_3 - O,3824*xu_ 4 + 

0,2538*xn_5; 

Ilx error + 

IIcontrol = 0,404*xu_ 0.536*xn_2 + 

+ 4,754e-005*xn_5; 

0.455*xn... 4 + 0,2557*xn_5; 

x error+2,873*xn_l- +0.6022*xl1_3+ - 0.1638*xn_5; 

control 0,1553*x 0.434*xn.J + 0.5682*xu_2 . + 

0.09635*xn_5; 

x error 2,406*xn_ 1.901 *xu_2 + 0.5462*xl1_3 - O,05155*xn_ 4; 

II control O.l177*x - 0,01564*xn~1 - 0.1941 *xn_2 + 0,01623*xn_3 + 

fIx error 3.492*xn_l + - 0,9415*xn_ 4 (U078*xn_5; 

Iloontrol 0.002212*x 

+ O,OO1462*xn_5; 

II xn_7 xn_6; 

If xn 6 xn_5; 

+ 0,OOOI043*xn_2 + 
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II 

1/ 

II 

II 

1/ 

II 

Xll_S xn_4; 

xll_4 Xll_3; 

xD_3 xn_2; 

xn_.2 =xn_l; 

xll_l = x; 

x error+xn_l; 

control 0.5112*x - O.4887"xn_l; 

Xll .. 1 = x; 

Ilcontrol (colltrol + Drooped_speed); 

output controL 

t=l+ 

- MAIN PROGRAM ). 

>p,.uu.'\Ou .. ,,,,,,,"%fo/of%f%f%f%f%f\n",t,tacho_speed,rrequency,powel 

fhrintfl~trc~mx "%f%f%f%f%f%f%f%f\n",t,x[0],x[lj,x[2],x[3],x[4],xFl,xF2); 

who 3; 

II theView->lnvaiidateO; 

!heApp.'~N'CDT2801 0; 
retUnl 

UINT ControIProc]I(LPVOfD param) 

CLFCView *theView (CLFCView*)param; 

NI_DT2801 theApp; 

I_Sample 

fILE "stream; 

FILE *streamx; 

stream = fopen("PlData.txt","w"); 

strcamx fopen("PIDatax.txt","w"); 

double fTequency 0; 

double tacho_speed = 0; 

double power = 0; 

double t 0; 

int 0; 

int frequency -POri = 3; 

int power.'port 2; 

double R 2.4; /IRegulation. 

int ControUnput-port 0; 

double Drooped_speed 0; 

double control I ; 

double error = 0; 

double setpoint 2.S; 

double Xll_I = ·2 It ; 

double x -211; 

while(threadController) 

Reading ADC. 

frequency = 

tacho _speed = theApp.ADC(tacho _speed-port); 

power theApp.ADC(power_rort); 

Adding system droop. 

1/ Drooped_speed (0.8 tacho_speed)/R; 

1/ Calculating control. 

lIerror = 2 • frequency; 

int 60) 

sctpoint = 3.5; 
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if(t >= 120) 

setpoint 2.5; 

error'" setpoint tacho .. speed; 

II PI control. 

x error+xn_l; 

control = O.5112*x O.4887*xn_l; 

xn_l =x; 

theApp.DAC(O,control); II output control. 

t = t + wait_sample_time.TsO; 

MAIN PROGRAM ). 

fprintf( stream, "%f%f %f %f %f%f\n" ,t,tacho _speed,frequency,power,control,error); 

f'nt'tntfY"t'l"f'>.On<llV ItO/...f'OLA.n ll ,t,x"xn _1); 

who = 4; 

fclose{streamx); 

theApp. -NT _ D1'280 1 0; 

return 0; 

OINT ControIProc_StepTest(LPVOID param) 

Test Begun"); 

CLFCView *theView= (CLFCView*)param; 

NT_DT2801 

T_Sample wait_sample_time; 

FILE *stream; 

stream = "h •. ~n,("".~_T~,+ 
double frequency 0; 

double tacho_speed 0; 

doubl.e power = 0; 

double t 0; 

int l.UVU'U' ~""I:"V"""-l ~l-' 

int frequencY.-POrt = 3; 

int power.-POrt 2; 

0; 

double R 2.4; !!Regulation. 

int Control_Input_port = 0; 

double Drooped_speed 0; 

double control = -6; 

while(threadContmllcr 2) 

,IIWn); 

wait_sample _time. Sample _ TimeO; 

II Reading ADC 

tacho_speed theApp,ADC{tacho_speed_port); 

power = theApp.ADC(power-.J)ort); 

II Adding system droop, 

1/ Calculating control. 

if(t >= 30) 

{ 

control -5; 

IIcontrol = control Drooped_speed; 

output control. 

the View->Plot(t,tacho _ speed,control,control); 

t t + wait_sampll'Ltime,TsO; 
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fprintft'stream,"%f%f%f%f%fln",t,tacno_speea,trequency 

lithe View->InvalidatcO; 

fclose(stream); 

return 0; 

UINT ControlProc _ LoadModelling(LPVOID param) 

'Y"'U".IUll~ Begun"); 

CLFCView *theView = 

NT_DT2801 theApp; 

T_Sample 

FILE *stream; 

stream 

double frequeney = 0; 

double =0; 

double power = 0; 

double t 0; 

int l.tl.\IUV_"P\"lt...-U 

int frequency_port 3; 

int POWCf-port = 2; 

double R = 2.4; IIRegulation. 

im o· 
double Drooped_spoed 0; 

double control = 3.5; 

while(threadController ~ 

Reading ADe. 

,ftw"); 

frequency = the.AplP.AV(;(fhequem:y 

MAIN PROGRAM ). 

power 

II Adding system droop. 

VVP~~._""V~U = (1.4 meho _speed)/R; 

Ileontrol = control Drooped .. specd; 

fheAppDAC(O,control); II output control. 

t t + 

fprintft' stream,"%f %f %f %f %f In ",t,tacho _speed,frequcncy .nower.control 

IItheView->InvalidateO; 

fclose( stream); 

rciurn 0; 

void 

Stop_control = 0; 

thrcadControllcr = 0; 

who 

void CLFCVicw::OnFuzzyControIO 

TODO: Add your command handler code here 

fhreadContro!ler = I; 

/fHWND hWnd = Ge!SaleHwndO; 

AfxBcginThread{ ControlProc ]uzzy,this, THREAD_PRIORITY _NORMAL); 

void CLFCVicw: :Onl I1nfinityControlO 

TODO: Add your oommand handler code here 
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threadControlier 1; 

II HWND hWnd GctSafeHwndO; 

void CLFCView::OnQFTControIO 

/1 TOOO: Add your command handler code here 

threadControlier 

IIHWND hWnd GetSafeHwndO; 

void CLFCView::OnPIO 

TODO: Add your command handler code here 

threadController I; 

void CLFCView::OnStepTestO 

II TODO: Add your command handler code here 

threadController 2; 

void CLFCView: :OnStopModellingO 

TODO: Add your command handler code here 

threadController 0; 

void CLFCView: :OnLoadModellingO 

- MAIN PROGRAM ). 

TODO: Add your command handler code here 

threadControlier = 3; 

void CLFCView::Plot(double double y,doub\e c,double set) 

UINT tempx[600]; IItemporary time vector. 

UINT tempy[600]; 1/ output. 

UINT tempe[600}; II control. 

UINT II setpoint. 

for(int index = 0; index < 599;index++) 

tcmpx[index] = xposition[indcx+I]; 

tempy[indexl = yposition[index+lJ; 

tempc[index] = cposition[index+ I]; 

tempset[index] setposilion[index+ I]; 

for(indcx 0; index < 599;index++) 

xposition[index] = tempx[index]; 

ypositioll[index] tempy[index]; 

cposition[illdex] tcmpc[illdcx]; 

setposition[index] tempset[index]; 

xpositioll[599] = UINT«ttemp*200)/10); IllOOmm lOs. 

800mm lOY. 

cposition[599] = UINT«c*800)/IO); 1/800mm lOY. 

setposition[599] lJINT«set*SOO)/lO); 

!temp = ttemp (x· xO); 

xO=x; 
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if(ttemp 120) 

ttemp= 0; 

for(index O;index <= 599;index++) 

0; 

ypu~lllunlmQexJ 0; 

=0; cpo:""VUt__ - 0; 

Invalidllte(TRUE); l Invalidate(FALSE):} 
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#illclude "stdalx.h" 

#include "Fuzzy _ Controller.h" 

#include <iostream.h> 

#inc1ude <math.h> 

#inelude <stdlib.h> 

}; 

mu_NB 0; 

NBvalue=O; 

mu_NS =0; 

NSvaluc=O; 

mu_ZZ 0; 

ZZvalue 0; 

mu]S 0; 

PSvalue 0; 

mu_PB 0; 

PBvalue 0; 

control 0; 

double Fuzzy_Controller: :NBmf( double x) 

doubfe al = -10; 

double a2 = -5; 

a3 0; 

Qouble a4 5; 

as = 10; 

double vect[2] <= {O,O}; 

if(x al) 

mu_NB=(a2 -

if(x al) 

- al); 

mu_NB 1; 

NBvalue = 1; 

else 

mu_NB 0; 

NBvalue 0; 

return mu_NB; 

int Fuzzy_Controller: :NBO 

return NBvalue; 

double FUZZLControllcr::NSmf{double x) 

double al -10; 

double a2 -5; 

double a3 0; 

double a4 

double 
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if(x >= aJ) &A (x <= a2» 

mu_NS (x-al)/(a2 - al); 

NSvalue= I; 

else 

mu_NS=O: 

NSvwue 0; 

if«x >= a2) && (x a3» 

mu_NS = (a3-x)/(a3-a2); 

NSvalue= 1; 

else 

mu_NS mu_NS; 

NSvwue NSvwue; 

return mu_NS; 

int FUZZL Controller: :NSO 

return NSvalue; 

double Fuzzy _ Controller::ZZmf( double x) 

double al -10; 

double a2 = -5; 

double a3 = 0; 

double a4 5; 

double as 10; 

if(x a2) && <= a3» 

mu_ZZ (x-a2)1(a3 - a2); 

ZZvalue 1; 

else 

mu_ZZ=O; 

ZZvalue 0; 

if(x >= a3) && (x <= a4» 

muJ:Z = (a4-x)/(a4-a3); 

ZZvaluc I; 

else 

mu_ZZ = mu_ZZ; 

ZZvalue = ZZvwue; 

return mu_ZZ; 
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int Fuzzy_ControlIer::ZZO 

return ZZvalue; 

double FUZZLColltroller::PSmf~double x) 

double al -10; 

double a2 -5; 

double a3 0; 

double a4 5; 

double as = 10; 

if«x a3) && a4» 

{ 

mu_PS (x-a3)/(a4 a3); 

PSvalue I; 

else 

lnu]S 0; 

PSvalue 0; 

a4) && as» 

InU_PS (a5-x)/(aS-a4); 

PSvalue 

else 

muyS = mu_PS; 

PSvalue PSvalue; 

return mu_PS; 

int Fuzzy_Controller:: PSO 

retum PSvalue; 

double Fuzzy_Controller::PBmf1:double xl 

double al -10; 

double a2 -5; 

doublea3 0; 

double a4 = 5; 

double a5 10;, 

if1:(x >= a4) && (x <= as» 

rnu]B (x-a4)/(aS-a4); 

PBvalue ~ I; 

else 

muYB 0; 

PBvalue 0; 

if1:x as) 

mu_PB = 1; 

PBvalue I; 
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else 

lUu]B mu_PB; 

PRvaluc PBvalue; 

return lUu_PB; 

iut Fuzzy-Controller: :PBO 

return PBvalue; 

double NBE, double mu_NSE, int NSE, 

lUUJ~,",L:, int ZZE,double mu]SE,int PSE,double lUu]BE,int PBE,double mu_NBD,int 

NBD, double lUu_NSD, iut NSD, double mu_ZZD, int ZZD,double mu_PSD,int PSD,double 

mu]BD,int PBD) 

1* 

NBmf(crror); 

NSmf(errr); 

[ZZE,mu_ZZE] ZZeromf(error); 

= PSrnf(error); 

= PBmf(crror); 

%Delta. 

[NBD,mu_NBD] = NBmf(delta); 

= NSmf(delta); 

= ZZeromf(delta); 

= PSmt~delta); 

[PBD,mu]BD] PBmfCdelta); 

*1 

double NB I 0; 

double NB2 0; 

double NB3 0; 

double NB4 0; 

double NB5 0; 

double NB6 0; 

double NSI 0; 

doubleNS2 

double NS3 0; 

double NS4 0; 

double ZZI 0; 

double ZZ2 0; 

double ZlJ 0; 

double ZZ4 0; 

double ZZS 0; 

double 0; 

double PS2 

double PS3 = 0; 

double PS4 = 0; 

double PBI 0; 

double PB2 0; 

double PB3 0; 

double PB4 0; 

double PBS 0; 

doublePB6 

IIInferencing rules. 
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ifl:(NBE I) && (NAD 1» II Rule 1. NSI =0; 

{ 

NBI _min(mu_NBE,mu_NBD); if{(NBE I)&&(PBD=-I» IIRulcS 

{ 

else ZZI -.--lUUl\UlU ...... l. 

NBI 0; else 

= 1) && (NSD I» /1 Rule 2. ZZI 0; 

NB2:::;; _uUU\lU\.J ...... ""iU.1.:",HIU_L = J) && (NBD~ il) II Rule 6. 

else NB4 _min(mu_NSE,mu_NBD); 

NB2 0; else 

ifl:(NBE = 1) && (ZZD = 1» IlRule 3. NB4 0; 

{ 

NB3 _min(mu_NBE,mu]ZD); it(NSE I) && (NSD I» II Rule 7. 

{ 

else NBS _min(mu_NSE,mu_~NSD); 

NB3 =0; else 

if«NSE 1)&& (PSD I» Rule 4. NBS 0; 

{ 

NS 1 _lUUI\.HtU_} 'H...JL,lllU it(NSE \) && (ZZD I) Rule 8. 

{ 

else NS2 = _minCmu_NSE,mu_ZZD); 
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else 

NS2 0; 

} 

if«NSE 1) && (PSD = I» II Rule 9. 

{ 

ZZ2 _min(mu_NSE,mu_PSD); 

else 

ZZ2 0; 

if{(NSE 1)&&(PBD=I» II Rule 10, 

{ 

PSI _ ..... 'v .... _. 

else 

PSI 0; 

if( (ZZE = I) && (NBD = I)) II Rule II. 

{ 

NB6 = _,min(mu_ZZE,mu_NBD); 

else 

NB6=0; 

if{(ZZE = I) && (NSD 1» II Rule 12, 

{ 

NS3 = _min(mu_ZZE,mu_NSD); 

else 

NS3=O; 

if«ZZE = I) && (ZZD I» Rule 13, 

( 

ZZ3 = _IUlll\iUU ....... L.rL...L<,u.t"_L.fL.tL.l'j, 

else 

ZZ3 =0; 

if{(ZZE I)&&(PSD 1» II Rule 14. 

{ 

PS2 _ ...... \' .. ~_~~,'''"_, 

else 

PS2 0; 

if(ZZE t) && (PBD 1» /I Rule 15, 

{ 

PBI _min(mu_ZZE,mu]BD); 

else 

PBI 0; 
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ifl,(PSE I) &&(NBD I»~ 1/ Rule 16. PB2=O; 

{ 

NS4= min(mu PSE.mu NBD); if«PSE \) &&(P8D 1» II Rule 20. 

I 
else PB3 

NS4 O· else 

if(PSE 1) &&(NSD 1» II Rule 17. PB3 0; 

{ 

ZZ4 min(mu PSE.mu NSD); if«PBE = I) && (NBD = 1» Rule2L 

else ZZ5= 

ZZ4=O; else 

if«PSE I) &&(ZZD I)) II Rule 18. ZZ5 0; 

{ 

1'83 minfmu PSE,mu 72D): iit(PBE == I) && (NSD = I» II Rule 22. 

{ 

else 1'84 _min(mu _PBE,mu_ NSD); 

1'83 O· , else 

if«PSE = I) && (PSD = I»~ 1/ Rule 19. PS4 0; 

PB2= min(mu PSKmu PSo); i1t(PBE == I) && (ZZD ~ 1) II Rule 23. 

{ 

else PB4 = _min(mu]BE,mu_ZZD); 
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else 

PB4 0; 

} 

if«PBE = 1) && (PSD = I)) /I Rule 24. 

{ 

PBS _min(mu]BE,mu]SD); 

else 

PBS = 0; 

if«(PBE I) && (PBD I» 

{ 

PB6 _min(mu]BE,mu_PBD); 

else 

PB6 

Defuzzification. 

double NB = 0; 

double NS = 0; 

doubleZZ 0; 

double PS 0; 

double PB 0; 

II Rule 25. 

NB __ maxLmaxLmax(NBI,NB2),_max(NB3,NB4»,_max(NBS,NB6»; 

NS _maxLmax(NS I ,NS2),_max(NS3,NS4»; 

ZZ = _maxLmaxLmax(ZZl,ZZ2),_max(ZZ3,ZZ4»'zZ5); 

PS = _maxLmax(PSI,PS2),_max(PS3,PS4»; 

PB _ maxLmaxLmax(PB I ,PB2),_max(PB3,PB4»,_max(PB5,PB6»; 

double mu_NBlrl = 0, mu_NSzrl O,mu_"ZZzrl O,mu_PSzrl O,mu]Bzrl = 0; 

double mu_NBzr2 0, mu_NSzr2 = O,mu]Zzr2 = 0,mu]Szr2 0,mu]Bzr2 0; 

double mu_NBzr3 0, mu_NSzr3 O,mu_ZZzr3 = 0,mu]Szr3 = O,mu]Bzr3 0; 

double mu_NBzr4 0, 

yrl = -8; 

yrl - -10; 

mu_NBzrl 

mu_NSzrl min(NS,O.4); 

mu_ZZzrl = _min(ZZ,O); 

mu]Szrl _min(PS,O); 

mu_PBzrl 

II yr2 -3; 

mu_NBzr2 _min(NB,O); 

mu_NSzr2 = _min(NS,0.6); 

mu_ZZzr2 ~min(ZZ,0.4); 

_min(PS,O); 

mu.YBzr2 _min(PB,O); 

lIyr3 = 5; 

mu_NBzr3 = _min(NB,O); 

mu_NSzr3 = _min(NS,O); 

mu_ZZzr3 = _min(ZZ,OA); 

mu]Szr3 = _min(PS,0.6); 

mu_PBzr3 _min(PB,O); 

yr4 8; 

II yr4 10 

mu_NBzr4 _min(NB,O); 

mu_NSzr4 = __ min(NS,O); 

muJZ7..r4 __ min(ZZ,O); 

0,mu]Szr4 = 0,mu]Bzr4 0; 
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mu_PSzr4 = _min(PS,O.4); 

_min(PB,O.6); 

double mU3rl = 0; 

double mU3r2 = 0; 

double muy3 = 0; 

double mU3r4 = 0; 

mu.yrl 

mU3r2 

_maxLmaxLmax(mu_NBzr2,mu_NSzr2),_max(mu_ZZlr2,muYSu2»,muyBzr2); 

mU3r4 

doubleC 0; 

C = (muyl *(-8) + mUJT2*(-3) mU3r3*(3) 

+muy4); 

return C; 

double FUlZY_Conlroller::FuzzyController(double error, double delta) 

double mu_NBE ={); 

double mu_NSE 0; 

double mu_ZZE 0; 

double muYSE = 0; 

0; 

muy2 -t" muy3 

illtNBE 0; 

intNSE 0; 

inlZZE=O; 

illt PSE =0; 

intPBE = 0; 

double mu_NBD 0; 

double mU_NSD = 0; 

double mu_ZZD 0; 

double mu_PSI) 

double mu YBD = 0; 

intNBD=O; 

intNSD 0; 

intZZD=O; 

intPSD 0; 

intPBD=O; 

IIdouble eITor 10; 

{{double delta = 10; 

double c= 0; 

Fuzzification of Error. 

mu_NBE theApp.NBmf(error); 

NBE theApp.NB(); 

mu_NSE = tbeApp.NSmf(error); 

NSE= 

mu]ZE 

ZZE 

mu .. PSE 

PSE = theApp.PSO; 

muYBE =tbeApp.PBmf(error); 

PBE = thcApp.PB(}; 
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II Fuzzific'\tion of Delta. 

mu_NBD = theApp.NBmf(delta); 

NBD = theApp.NBO; 

mu_NSD 

NSD 

mu_ZZD tbeAppZZmf{delta); 

ZZD thcAppZZO; 

mu]SD = tbeApp.PSmf(delta); 

PSD = thcApp.PS(); 

mu _PBD thcApp.PBmf( delta); 

PRD = theApp.PBO; 

II Iuferencing and Dcfuzzification. 

c 

u _ NBD,NBD, mu_ NSD,NSD,mu.~ZZD,ZZD,mu_ PSD,PSD,mu ]BD,PBD); 

return c; 

r 
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class FUZZL Controller 

public: 

FUZZLController(); /Iconstructof. 

II functions for fuzzification. 

double NBmf(double x); 

intNBO; 

double x); 

intNSO; 

double ZZmi\double x); 

intZZO; 

double PSmftdouble x); 

intPSO; 

double PBmftdouble x); 

intPBO; 

Illnfercncing Rules. 

double fnferencing(double NBE, double mu_NSE, int NSE, double mu_ZZE, jilt 

ZZE,double mu]SE,int PSE,double PBE,double mu_NBD,int NBD, double 

Ulu...NSD, int NSD, double mu __ ZZD, int ZZD,double mu]SD,int PSD,double mu]BD,int 

PBD); 

double fuzzyController(doub\e elTor, double delta); 

private: 

double mu_NB; 

illt NBvalue; 

double mu_NS; 

int NSvalue; 

double mu ]Z; 

lnt ZZvalue; 

double mu_PS; 

jut PSvalue; 

double mu_PB; 

int PBvalue; 

double control; 




