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Foreword
Dear Reader,

=+(#+D5&F&.0:09+)"+?5&)0+)<0+2"50?"59+)"+)<&*+D$>.&'()&"%P+?<&'<+D50*0%)*+)<0+3%(.7;0(5+D5"B0')*+)<()+*)$90%)*+
50(9&%:+2"5+)<0+GQL%:QRK"%Q*S+90:500+()+)<0+4('$.);+"2+L%:&%005&%:+"2+)<0+E%&F05*&);+"2+8(.)(+$%905)""T+(%9+
'"#D.0)09+9$5&%:+)<0+('(90#&'+;0(5+UVWW7UVWUQ+

=%+ )<&*+>""T.0)+0('<+*)$90%)+>5&0X;+90*'5&>0*+<05+"5+<&*+D5"B0')P+:&F&%:+(%+"F05F&0?+"2+ )<0&5+('<&0F0#0%)*+
(%9+<"?+)<0*0+?050+())(&%09Q+1%+>5"?*&%:+)<0*0+D(:0*+;"$+?&..+9&50').;+50(.&*0+)<()+(+9&F05*&);+"2+)"D&'*+(50+
)('T.09+>;+"$5+*)$90%)*+ &%+ )<0&5+?"5TP+*D(%%&%:+*"+#(%;+9&22050%)+(*D0')*+"2+"$5+0%:&%005&%:+D5"20**&"%Q+
N"5T+"%+)<0*0+D5"B0')*+*D50(9*+"F05+>")<+*0#0*)05*+"2+)<0+3%(.7;0(5P+(%9+'$.#&%()0*+&%+)<0+9&**05)()&"%P+(+
9"'$#0%)+"2+(5"$%9+WVV+D(:0*P+)<0+'50()&"%+"2+?<&'<+50Y$&50*+)<0+*T&..*+('Y$&509+>;+)<0+*)$90%)*+"F05+)<0+
'"$5*0+"2+)<0+0%:&%005&%:+90:500Q+A<0*0+&%'.$90+(+'(D(>&.&);+2"5+)0'<%&'(.+50*0(5'<P+)<0+90*&:%+(%9+(')$()&"%+
"2+0ZD05&#0%)*P+)<0+(DD.&'()&"%+"2+*'&0%)&3'+#0)<"9*+(%9+)<0+(%(.;*&*+(%9+&%)05D50)()&"%+"2+9()(+)"+())(&%+F(.&9+
0%:&%005&%:+'"%'.$*&"%*Q++A<&*+9"'$#0%)+(%9+)<0+D50*0%)()&"%+"2+)<0&5+?"5T+&%+)<0+0Z<&>&)&"%+'()(.":$09+&%+
)<&*+>""T.0)+*0(.+)<0+2"5#()&"%+"2+"$5+:5(9$()0+0%:&%005*Q+

@5(')&'(..;+"F05+ )<0+9$5()&"%+"2+ )<0+0Z<&>&)&"%+"$5+*)$90%)*+>0'"#0+"$5+(.$#%&P+(%9+?&..+D5"'009+)"+*)$9;+
()+D"*):5(9$()0+.0F0.+"5+*)(5)+)<0&5+D5"20**&"%(.+'(5005*Q+N0+?0.'"#0+)<"*0+?<"+50)$5%+)"+*)$9;+()+8(*)05*+
"5+M"')"5(.+.0F0.+&%+"$5+4('$.);[+(50+D5"$9+)"+*00+)<"*0+?<"+D05$*0+)<0&5+*)$9&0*+(>5"(9+9"+?0..[+(%9+.""T+
2"5?(59+)"+?"5T+(*+'"..0(:$0*+?&)<+)<0+:5(9$()0*+?<"+*)(5)+)<0&5+D5"20**&"%(.+'(5005*+9&50').;Q+

=%+'"%'.$*&"%+ =+"%'0+(:(&%+ )<(%T+(..+ )<0+*)(22+"2+"$5+4('$.);P+(%9+ &%+D(5)&'$.(5+ )<0+@/+ )0(#+<0(909+>;+M5+
@&05.$&:&+8"..&'"%0[+(%9+"2+'"$5*0+"$5+*)$90%)*P+?&)<"$)+?<"*0+?"5T+(%9+'"%)5&>$)&"%+)<&*+>""T.0)P+(%9+)<0+
exhibition, would not be feasible. 

Dr John C Betts 



9

Current Funded Research Projects

*897:9;2<45=62>?9;764>:@24:239?7;6A;927:327??;>7B=24:2"7869@92.4;@?7B9

4$%9&%:+@5")"'".\+8!HA+/,=+UVWW
@5"B0')+-'5"%;#\+!IL-674I=JKA
M0*'5&D)&"%\++ A<0+ D5"B0')+ 2"'$*0*+ "%+ )<0+ "D)&#&*()&"%+ "2+ X&:<)+ D5"3.0*+ "2+ '"##05'&(.+ (&5'5(2)+
X;&%:+&%+(%9+"$)+"2+8(.)(+)"+#&%&#&*0+'(5>"%+0#&**&"%*+&%+8(.)0*0+(&5*D('0Q++60?+(%9+0#05:&%:+
)0'<%".":&0*+&%+X&:<)+)5(B0')"5;+"D)&#&*()&"%+(%9+?0()<05+&%2"5#()&"%+#(%(:0#0%)+?&..+>0+$*09+)"+
90*&:%+(%9+90F0."D+(+%0?+:5"$%97>(*09+'"%'0D)+ &%F".F&%:+*)(T0<".905*+*$'<+(*+"D05()"5*+(%9+
-6H@*+)"+'""59&%()0+"D)&#(.+X&:<)+"D05()&"%*+(%9+0%(>.0+D&.")*+)"+X;+>0))05+)5(B0')"5&0*+2"5+#&%&#(.+
fuel burn and reduced emissions.

@5"B0')+/02Q\+/,=7UVWW7VUW
H)(5)+M()0\+-$:$*)+UVWW
M$5()&"%\+U]+#"%)<*
@5"B0')+G$9:0)\+^W_WPV`a
E"8+4$%9&%:\+̂ WVUP_V`
 

.C?84DE4:52!::>F764>:24:2"7:AD7B6A;4:5

L/M4+Vba+/0*0(5'<+A0%905+
A<0+cVVT+L/M4+Vba+D5"B0')+d+/0*0(5'<+H05F&'0*+2"5+-#D.&2;&%:+=%%"F()&"%+&%+8(%$2(')$5&%:+*)(5)09+
&%+-D5&.+UVWVQ+=)+&*+'"%*)&)$)09+"2+)<500+50*0(5'<+D5"B0')*+50.()09+)"+#(%$2(')$5&%:P+?<&'<+'"..0')&F0.;+
'"%)5&>$)0+)"?(59*+L$5"D0e*+H)5()0:&'+f&*&"%+2"5+8(%$2(')$5&%:+2"5+UVUVQ+A<0+D5"B0')*+(50\

!" L%05:;+L23'&0%';+&%+8(%$2(')$5&%:
!" =!A+&%+8(%$2(')$5&%:
!" =%%"F()&"%+&%+8(%$2(')$5&%:

A<0+M0D(5)#0%)+"2+ =%9$*)5&(.+ (%9+8(%$2(')$5&%:+L%:&%005&%:+<(*+>00%+ 50*D"%*&>.0+ 2"5+ )<0+ )<&59+
D5"B0')+(%9+&)*+"F05(..+50*0(5'<+:"(.+<(*+>00%+)"+(#D.&2;+)<0+90:500+"2+&%%"F()&"%+&%+D5"9$')+90*&:%+
(%9+#(%$2(')$5&%:Q+A?"+&%&)&()&F0*+<(F0+>00%+)(T0%+)"+(''"#D.&*<+)<&*+:"(.P+%(#0.;\

!" M0F0."D&%:+ (%+ =%9$*)5&(.+ !"..(>"5()&"%+ 45(#0?"5T+ 2"5+ -#D.&2;&%:+ =%%"F()&"%+ &%+
8(%$2(')$5&%:+ R=!74-=8SQ+A<0+">B0')&F0+"2+ )<&*+ &%&)&()&F0+<(*+>00%+ )"+(#D.&2;+ &%%"F()&"%+
(%9+ '50()&F&);+ &%+ #(%$2(')$5&%:+ )<5"$:<+ &#D5"F09+ D5"9$')+ 90F0."D#0%)+ *)(T0<".905+
collaboration.

!" M0F0."D&%:+ (+ I&207"5&0%)09+@5"9$')+M0F0."D#0%)+H&#$.()&"%+45(#0?"5T+ 2"5+-#D.&2;&%:+
=%%"F()&"%+ &%+ 8(%$2(')$5&%:+ RIH74-=8SQ+ A<0+ ">B0')&F0+ "2+ )<&*+ &%&)&()&F0+ '"%'05%09+
)<0+ (#D.&3'()&"%+ "2+ &%%"F()&"%+ (%9+ '50()&F&);+ &%+ #(%$2(')$5&%:+ F&(+ )<0+ D509&')&"%+ "2+
'"%*0Y$0%'0*+ )<5"$:<+ )<0+ *&#$.()&"%+ "2+ D5"9$')+ .&20+ D<(*0*+ (%9+ )<0+ F&*$(.&*()&"%+ "2+
D5"9$')+(%9+#(%$2(')$5&%:+*;*)0#+D052"5#(%'0+#0(*$50*+9$5&%:+#(%$2(')$5&%:+*;*)0#+
design. 

A<0+25(#0?"5T+90F0."D09+&%+0('<+&%&)&()&F0+<(*+>00%+&#D.0#0%)09+&%)"+(%+-=8+D"5)(.+?<&'<+'(%+
>0+(''0**09+>;+50.0F(%)+*)(T0<".905*+&%+&%9$*)5;Q++A<0+-=8+D"5)(.+<(*+>00%+0F(.$()09+$*&%:+50(.+
D5"9$')+ 90*&:%+ (%9+#(%$2(')$5&%:+ '(*0+ *)$9&0*+ ()+ )<0+ D5"B0')+ D(5)%05*P+?<&'<+ &%'.$909+/(;(&5+
-$)"#()&"%+I)9QP+A0'<%&D.(*)+I)9QP+4gG+J5"$D+"2+!"#D(%&0*+I)9QP+A".;+8(.)(+I)9Q+(%9+@.(;#">&.+
8(.)(+I)9Q+A<0+0F(.$()&"%+50*$.)*+90#"%*)5()09+)<()+)<0+-=8+D"5)(.+<(*+>00%+2"$%9+>0%03'&(.+>;+)<0+
&%9$*)5&(.+*)(T0<".905*+&%+(#D.&2;&%:+)<0+90:500+"2+&%%"F()&"%+&%+)<0&5+D5"9$')*+(%9h"5+#(%$2(')$5&%:+
processes.
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.209@45:2,>>82D>;26=92'F78A764>:2>D2">3A892!:69;D7B9@2
4$%9&%:\+G0%'<+200*\+^cVVV
A&#0+HD(%\+W*)+1')">05+UVWW7W*)+40>5$(5;+UVWa

A<0+">B0')&F0+"2+)<&*+50*0(5'<+&*+)"+D5"F&90+)<0+$*05+?&)<+(+.&20+"5&0%)09+90*&:%+)"".+?<&'<+*$DD"5)*+
)<0+$*05+&%+)<0+0F(.$()&"%+"2+#"9$.0+&%)052('0*Q+4".."?&%:+)<0+0(5.;+*;%)<0*&*+"2+90*&:%+'"%'0D)*P+
)<0+$*05+&*+$*$(..;+50Y$&509+)"+0F(.$()0+(%9+*$>*0Y$0%).;+*0.0')+)<0+#"*)+*$&)(>.0+90*&:%+'"%'0D)Q+
-)+)<&*+*)(:0+)<0+0%:&%005&%:+90*&:%05+&*+$*$(..;+50Y$&509+)"+(DD5(&*0+#$.)&D.0+90*&:%+'"%'0D)*+?&)<+
50*D0')+)"+'"%X&')&%:+'5&)05&(Q+1F05+)<0+;0(5*+%$#05"$*+0F(.$()&"%+)0'<%&Y$0*+<(F0+>00%+D5"D"*09+
>;+('(90#&(+ &%+"5905+ )"+*$DD"5)+ )<0+$*05+9$5&%:+ )<&*+'5&)&'(.+*)(:0Q+i0)P+%$#05"$*+*)$9&0*+<(F0+
&%9&'()09+)<()+#"*)+"2+)<0+'"%'0D)+0F(.$()&"%+)0'<%&Y$0*+?<&'<+<(F0+>00%+D5"D"*09+(*+(+50*$.)+"2+
('(90#&'+50*0(5'<+(50+%")+>0&%:+0#D.";09+>;+0%:&%005&%:+90*&:%05*+&%+50(.+.&20+90'&*&"%+#(T&%:+
*'0%(5&"*Q+A<&*+?(*+D(5)&(..;+())5&>$)09+)"+)<0+2(')+)<()+)<0*0+'"%'0D)+0F(.$()&"%+)0'<%&Y$0*+9"+%")+
D5"F&90+(+>(.(%'0+>0)?00%+)<0+0(*0+"2+$*0+(%9+)<0+(>&.&);+)"+D5"9$'0+'.0(5+;0)+F(.&9+50*$.)*Q

A<&*+50*0(5'<+&*+D5"D"*&%:+(+U+*)(:0+<;>5&9+'"%'0D)+0F(.$()&"%+RUH!KLS+(DD5"('<+?<&'<+&*+*<"?%+
&%+4&:$50+WQ+A<0+D5"D"*09+(DD5"('<+0#D.";*+#$.)&+'5&)05&(+90'&*&"%+(%(.;*&*+ R8!M-S+ &%+"5905+ )"+
*;*)0#()&'(..;+0F(.$()0+#"9$.0+&%)052('0+90*&:%+'"%'0D)*+?&)<+50*D0')+)"+'"%X&')&%:+'5&)05&(Q+A<&*+
(DD5"('<+D5"F&90*+)<0+$*05+?&)<+(+'"%'0D)+0F(.$()&"%+(DD5"('<+?<&'<+&*+0(*;+)"+$*0+;0)+'(D(>.0+
"2+ D5"F&9&%:+ '.0(5+ (%9+ F(.&9+ 50*$.)*Q+ A<0+ ">B0')&F0+ "2+ )<&*+ 50*0(5'<+ &%+ )<0+ %0(5+ 2$)$50+?&..+ >0+ )"+
implement this approach into a computer support tool. With this computer design tool the user will 
be in a better position to evaluate module interface design concepts with respect to various life 
';'.0+D<(*0*Q

Figure 1. Proposed (2SHCE) approach.
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09@45:2-A??>;62D>;2"4B;>2G7H;4B764>:
4$%9&%:\+G0%'<+200*\+^U`_V
A&#0+HD(%\+W*)+1')">05+UVWW7W*)+40>5$(5;+UVWa

This research is concerned providing design support in the micro domain. The demand for micro 
D(5)*+(%9+D5"9$')*+<(*+&%'50(*09+5(D&9.;+50'0%).;Q+H"#0+"2+)<0+(DD.&'()&"%*+2"5+*$'<+D(5)*+(50+#&'5"+
*0%*"5*+(%9+(')$()"5*P+#&'5"+*$5:05;P+#09&'(.+&#D.(%)*+(%9+95$:+90.&F05;+*;*)0#*Q+@5"'0**0*+*$'<+
(*+#&'5"+#&..&%:P+#&'5"+)$5%&%:P+#&'5"+ &%B0')&"%+#"$.9&%:P+#&'5"+LM8P+#&'5"+<")+0#>"**&%:+(%9+
.(*05+(>.()&"%+(50+$*09+)"+2(>5&'()0+*$'<+D(5)*Q+-+#&'5"+D(5)+#(;+50Y$&50+#"50+)<(%+"%0+"2+)<0*0+
D5"'0**Q+4"5+0Z(#D.0+(+#&'5"+&%B0')&"%+#"$.909+D(5)+*<(..+50Y$&50+(+#"$.9+&%*05)+?<&'<+#$*)+>0+
'(55&09+"$)+$*&%:+#&'5"+LM8[+?<&'<+ &%+ )$5%+ 50Y$&50*+0.0')5"90*+#(%$2(')$509+F&(+#&'5"+#&..&%:Q+
K0%'0+?<0%+)(T&%:+(+90'&*&"%+50:(59&%:+(+:0"#0)5&'(.+20()$50+"2+)<0+D.(*)&'+D(5)+)"+>0+#"$.909[+
)<0+'(D(>&.&)&0*+"2+(..+)<0+D5"'0**0*+#$*)+>0+)(T0%+&%)"+'"%*&905()&"%Q+A<&*+:&F0*+)<0+50Y$&50#0%)+"2+
(+#$.)&+)0'<%".":&'(.+D05*D0')&F0+#$*)+>0+0#D.";09+?<0%+D5"F&9&%:+90*&:%+*$DD"5)Q+A<&*+&%F".F0*+
)<0+ &%F0*)&:()&"%+"2+ )<0+D<;*&'(.+D5&%'&D.0*+ &%F".F09+9$5&%:+ )<0+#&'5"+D5"'0**0*+'"%'05%09Q+4"5+
example the vertical and lateral forces on micro cutters during micro milling, as well as the effects 
"2+)<0+*D(5T+:(D+(%9+F".)(:0+"%+)<0+0.0')5"90+(%9+#0)(.+50#"F(.+5()0+9$5&%:+#&'5"+LM8Q+1%'0+)<0+
D5"'0**0*+<(F0+>00%+2$..;+$%905*)""9P+90*&:%+*$DD"5)+'(%+>0+:&F0%+?&)<+50:(59*+)"+)<0+*0.0')&"%+"2+
)<0+#()05&(.+(%9+:0"#0)5&'(.+20()$50*+"2+(+#&'5"+D(5)+>(*09+"%+)<0+#$.)&+)0'<%".":&'(.+T%"?.09:0+
gathered about the processes.
 

Figure 1. Micro EDM fabricated parts
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!C?;>F4:52'DIB49:BE23A;4:5269@64:52>D20*29JA4?C9:624:2"7:AD7B6A;4:5

/0*0(5'<05\+45(%'(5.+J(.0(
H$D05F&*"5\+M5Q+=%:Q+8($5&'0+-D(D
!"7*$D05F&*"5*\+@5"2Q+=%:Q+!;5&.+HD&)05&+H)(&%0*P+@5"2Q+j"*0D<+!&.&(

A<&*+ D5"B0')+ 2"'$*0*+ "%&#D5"F&%:+ 023'&0%';+ 3:$50*+ &%+ )<0+ )0*)&%:+ 0Y$&D#0%)+ $*09+ >;+ )<0+
#(%$2(')$5&%:+&%9$*)5;+&%+"5905+)"+)0*)+M!+0Y$&D#0%)Q+A<&*+D5"B0')+.""T09+()+)?"+9&22050%)+);D0*+"2+
M!+0Y$&D#0%)\+M!+D"?05+*$DD.&0*+(%9+>())05&0*Q+=%+>")<+'(*0*P+)<0+M!+0Y$&D#0%)+&*+."(909+$*&%:+
9&**&D()&F0+."(9*+)<()+'"%F05)+)<0+0%05:;+95(?%+25"#+)<0+M!+D"?05+*$DD.&0*+"5+>())05&0*+&%)"+<0()Q
-+/0:0%05()&F0+ ."(9+?(*+90*&:%09+)"+50D.('0+)<0*0+9&**&D()&F0+ ."(9*Q+A<0+50:0%05()&F0+ ."(9+?&..+
(.."?+)0*)&%:+"2+)<0+M!+0Y$&D#0%)+$%905+)<0+*(#0+'"%9&)&"%*+>$)+&%*)0(9+"2+'"%F05)&%:+)<0+0%05:;+
(>*"5>09+9$5&%:+ )0*)&%:+ &%)"+<0()P+ &)+ 509&50')*+ )<0+0%05:;+ )"+ )<0+:5&9+(*+*<"?%+ &%+4&:$50+UQ+A<0+
50:0%05()&F0+."(9+<(*+)<0+D")0%)&(.+)"+*(F0+$D+)"+`Vk+"2+)<0+0.0')5&'(.+0%05:;+)<()+&*+'$550%).;+>0&%:+
'"%*$#09+9$5&%:+)<0+)0*)&%:+"2+M!+0Y$&D#0%)Q
  

Figure 1: This project proposes to replace the dissipative loads with a 
Regenerative load to redirect back the energy to the grid

A<0+/0:0%05()&F0+."(9+<(*+>00%+D5"F0%+)"+*(F0+(+'"%*&905(>.0+(#"$%)+"2+0%05:;+9$5&%:+)<0+)0*)&%:+
"2+ @"?05+ *$DD.&0*P+ >())05;+ 0Y$&D#0%)+ "5+ ")<05+ M!+ 0Y$&D#0%)Q+ M&**&D()&F0+ ."(9*+ '(%+ 0(*&.;+ >0+
50D.('09+>;+(+50:0%05()&F0+."(9+(*+."%:+(*+&)+&*+"D05()09+?&)<&%+&)*+"D05()&%:+'"%9&)&"%*+>0&%:[+(%+
&%D$)+F".)(:0+5(%:0+"2+UVf+)"+cVVfP+(+#(Z&#$#+&%D$)+D"?05+"2+UVVVN+(%9+(+#(Z&#$#+'"%)&%$"$*+
'$550%)+"2+_V-Q
A<0+35*)+'(*0+*)$9;+<(*+D5"F09+)<()+)<0+D05'0%)(:0+0%05:;+*(F&%:*+">)(&%09+?<0%+)0*)&%:+D"?05+
*$DD.&0*+?&)<+)<0+50:0%05()&F0+."(9+R0Z'.$9&%:+."**0*+25"#+)<0+D"?05+*$DD.;+&)*0.2S+?(*+25"#+lUk+
)"+bbkQ+A<0+*0'"%9+'(*0+*)$9;+<(*+D5"F09+)<()+ )<0+D05'0%)(:0+0%05:;+*(F&%:*+">)(&%09+?<0%+
9&*'<(5:&%:+ )<0+ >())05&0*+ ?&)<+ (+ 50:0%05()&F0+ ."(9+ ?(*+ _ak+ 2"5+ I0(9+ -'&9+ >())05&0*+ (%9+ _`k+
2"5+I&)<&$#+="%+>())05&0*+R&%'.$9&%:+(..+)<0+."**0*+&%'$5509+?&)<&%+)<0+*;*)0#+9$5&%:+)<0+';'.&%:+"2+
batteries).
-'T%"?.09:0#0%)*\+ /0*0(5'<+ 2$%9&%:+ $%905+ )<0+ 8(%$2(')$5&%:+ /0*0(5'<+ @.()2"5#+ D5"B0')+
L/M4VbaP+1D05()&"%(.+@5":5(##0+=+7+!"<0*&"%+@".&';+UVVl7UVWa+m=%F0*)&%:+ &%+!"#D0)&)&F0%0**+
2"5+ (+ G0))05+ C$(.&);+ "2+ I&20nP+ D5"B0')+ D(5)73%(%'09+ >;+ )<0+ L$5"D0(%+ E%&"%+ L$5"D0(%+ /0:&"%(.+
M0F0."D#0%)+4$%9+RL/M4SQ

H)(5)+9()0\+-D5&.+UVWV
M$5()&"%\+U+;0(5*+

 



13

,=9209@45:2>D272K;A@=89@@20;4F92D>;272@>87;23;4F9:2-64;84:52':54:9

%HL9B64F9@
A<0+(&#+"2+)<&*+50*0(5'<+&*+)"+90*&:%+(%9+90F0."D+(+>5$*<.0**+95&F0+)"+>0+'"#>&%09+?&)<+(+H)&5.&%:+
0%:&%0Q+=%+9"&%:+*"P+&)+?"$.9+>0+D"**&>.0+)"+">)(&%+(+'"*)+0220')&F0+*".$)&"%+)"+0ZD."&)+<0()+0%05:;+
25"#+ )<0+ *$%+ (%9+ '"%F05)+ &)+ )"+ 5")()&"%(.+ 0%05:;+ $*&%:+ (+ H)&5.&%:+ 0%:&%0Q+ =%+ )$5%P+ )<&*+ 5")()&"%(.+
0%05:;+&*+'"%F05)09+)"+$*02$.+0.0')5&'(.+D"?05P+$*&%:+)<&*+*D0'&3'(..;+90*&:%09+>5$*<.0**+95&F0Q+A<0+
">B0')&F0*+"2+)<&*+50*0(5'<+(50+)"+90F0."D+(+."?+'"::&%:+(.)05%()"5+(%9+(.*"+$*&%:+)<0+*(#0+95&F0+)"+
T&'T7*)(5)+)<0+H)&5.&%:+0%:&%0+(%9+)5(%*205+)<0+0%05:;+:0%05()09+)"+)<0+:5&9Q

"96=>3@27:3269B=:>8>549@
=)+&*+"2+2$%9(#0%)(.+&#D"5)(%'0+)<()+)<0+'"::&%:+)"5Y$0+"2+)<0+>5$*<.0**+95&F0+&*+%0:.&:&>.0+&%+"5905+
)"+>0+(>.0+)"+:0%05()0+D"?05+?&)<+)<0+.0(*)+)"5Y$0+D"**&>.0Q+M&22050%)+)0'<%&Y$0*+(50+>0&%:+(%(.;*09+
&%+90)(&.+)"+'"%'.$90+(%9+&#D.0#0%)+)<0+>0*)+90*&:%+'"%'0D)*P+(*+9&*'$**09+>;+*0F05(.+50*0(5'<05*+
in this area: dual alternator to create cogging cancellation, fractional pitch construction.

A"+">)(&%+)<0+(>"F0+#0%)&"%09+50Y$&50#0%)*P+(%+(Z&(.+X$Z+(.)05%()"5+&*+>0&%:+90*&:%09+*&%'0+&)+&*+
D"**&>.0+)"+$*0+(+'"50.0**+'"%*)5$')&"%+(%9+&%+9"&%:+*"P+)<0+'"::&%:+"2+)<0+95&F0+'"$.9+>0+*&:%&3'(%).;+
509$'09Q+/0(5+0(5)<+#(:%0)*+(50+>0&%:+$*09+&%+)<&*+&#D.0#0%)()&"%+*&%'0+)<0*0+#(:%0)*+"2205+)<0+
<&:<0*)+ X$Z+D05+ F".$#0+"2+#(:%0)&'+#()05&(.Q+H0F05(.+ )0*)*+ $*&%:+9&22050%)+ *&o0*+ (%9+ *<(D0*+"2+
#(:%0)*P+?&)<+*0F05(.+9&22050%)+'"&.*+(50+>0&%:+'(55&09+"$)+)"+*)$9;+&%+90D)<+)<0+0%05:;+D$.*0+&%9$'09+
in the coil, and its relation to the shape of the coils and magnets. This is of utmost importance to 
90*&:%+(%+023'&0%)+95&F0Q+

=%+"5905+)"+'"%%0')+*$'<+(+*;*)0#+)"+)<0+:5&9P+ &)+ &*+%0'0**(5;+)"+'"%%0')+)<0+(>"F0+*;*)0#+)"+(+
50')&3'()&"%+'&5'$&)P+D"**&>.;+(+M!+)"+M!+'"%F05)05+(%9+(.*"+(%+ &%F05)05Q+4"5+0('<+*)(:0P+ 50(9&.;+
(F(&.(>.0+#"9$.0*+?&..+>0+&%)0:5()09+&%)"+(+*;*)0#+)"+">)(&%+)<0+#(Z&#$#+023'&0%';+()+(..+)&#0*Q++
A<&*+*)$9;+&*+>0&%:+*$D05F&*09+>;+@5"2+jQ+!&.&(+(%9+M5Q+8Q+-D(D+25"#+)<0+M0D(5)#0%)+"2+=%9$*)5&(.+
L.0')5&'(.+@"?05+!"%F05*&"%P+(%9+&*+(.*"+*$DD"5)09+>;+(%+&%9$*)5&(.+D(5)%05P+H&5&$*+H;*)0#*+I)9Q

Figure 1: The experimental set up showing the drive and the inverter that controls the latter, 
together with the rotor & stator where the magnets & coils under test are mounted and also the 

oscilloscope used to monitor the energy pulse from the coil.

H)(5)\+1')">05+UVWW+++++M$5()&"%\+U]+8"%)<*
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-9:@>;89@@2*>:6;>82>D272"76;4M2*>:6;>88932
0>AH8ENG932!:3AB64>:2"7B=4:92

/0*0(5'<+H)$90%)\+p5&*+H'&'.$%(
/0*0(5'<+H$D05F&*"5*\+@5"2Q+=%:Q+!;5&.+HD&)05&7H)(&%0*P+M5Q+=%:Q+8($5&'0+-D(D
M0D(5)#0%)\+=%9$*)5&(.+L.0')5&'(.+@"?05+!"%F05*&"%
/0*0(5'<+HD"%*"5\+HAL@H+8(.)(

A<0+$*0+"2+?&%9+)$5>&%0*+)"+'(D)$50+?&%9+0%05:;+<(*+>00%+"%+)<0+5&*0+2"5+)<0+D(*)+90'(90Q+8"*)+"2+#"905%+
?&%9+)$5>&%0*+>0&%:+'"%*)5$')09+$*0+(+M"$>.;7409+=%9$')&"%+8('<&%0+RM4=8S+)"+:0%05()0+0.0')5&'&);Q+K0%'0+
)<&*+#('<&%0+'"%3:$5()&"%+&*+"%0+"2+)<0+#"*)+?&90*D50(9+#('<&%0*+$*09+2"5+?&%9+0%05:;Q+

M4=8*+(50+ );D&'(..;+'"%)5"..09+ )<5"$:<+F0')"5+'"%)5".+*'<0#0*P+?<&'<+ 50Y$&50+ &%2"5#()&"%+(>"$)+
>")<+)<0+5")"5+(%:$.(5+D"*&)&"%+(%9+(%:$.(5+250Y$0%';Q+H$'<+#0(*$50#0%)*+(50+$*$(..;+D5"F&909+
F&(+(+*D009+*0%*"5Q+A<0+(&#+"2+)<&*+D5"B0')+&*+)"+&#D.0#0%)+*0%*"5.0**+(.:"5&)<#*P+?<&'<+(50+$*09+
&%+"5905+)"+D5"F&90+2"5+)<0+5")"5+(%:.0+(%9+250Y$0%';+)<5"$:<+(%+(.)05%()&F0+?(;P+?&)<"$)+$*&%:+)<0+
*0%*"5Q+A<0+(9F(%)(:0*+"2+*0%*"5.0**+)0'<%&Y$0*+&%'.$90+&#D5"F09+*;*)0#+50.&(>&.&);P+5">$*)%0**+
(%9+ '"*)+ 509$')&"%Q+ A<0+ 8"90.+ /02050%'0+ -9(D)&F0+ H;*)0#+ R8/-HS+ ?<&'<+ &*+ (+ #"90.7>(*09+
*0%*"5.0**+)0'<%&Y$0+?(*+50F&0?09+(%9+&#D.0#0%)09+(*+D(5)+"2+)<&*+50*0(5'<Q+A<0+(9F(%)(:0+"2+
8/-H+(.:"5&)<#*+&*+)<()+)<0;+'(%+>0+&#D.0#0%)09+"%+#"*)+F0')"5+'"%)5"..09+M4=8+*0)$D*+?&)<"$)+
the need for additional hardware.
 
A<0+ >(*&'+8/-H+ '"%)5"..05+ 2"5+ )<0+M4=8+?(*+ *)$9&09+ (."%:+?&)<+ F(5&"$*+ H)()"5+ f".)(:0+8"90.+
&#D.0#0%)()&"%*Q+A<0+M4=8+(%9+)<0+F(5&"$*+*0%*"5.0**+(.:"5&)<#*+?050+*&#$.()09+$*&%:+8-AI-Gh
H&#$.&%Tq+(%9+&#D.0#0%)09+"%+)<0+0ZD05&#0%)(.+*0)$D+*<"?%+&%+4&:$50+WQ+A<0+0ZD05&#0%)(.+*0)$D+
$*0*+(+%"F0.+D"?05+'"%F05)05+)"D".":;+T%"?%+(*+(+8()5&Z+!"%F05)05+?<&'<+(.."?*+2"5+9&50')+('+)"+
('+'"%F05*&"%+?&)<"$)+)<0+50Y$&50#0%)+"2+(+M!+.&%TQ

A<&*+50*0(5'<+&*+>0&%:+'"%9$')09+(*+D(5)+"2+(+8(*)05+"2+H'&0%'0+&%+L.0')5&'(.+L%:&%005&%:+90:500+
?&)<+)<0+4('$.);+"2+L%:&%005&%:P+E%&F05*&);+"2+8(.)(Q

   Figure 1 - Matrix Controlled DFIM Experimental Setup

H)(5)\+1')">05+UVWW+++++M$5()&"%\+Wb+8"%)<*
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">;92':9;5E2'DIB49:62'89B6;4B2">6>;2D>;26=92"7:AD7B6A;4:52!:3A@6;E/

p0;+LZD05)\+@5"2Q+=%:Q+!;5&.+HD&)05&+H)(&%0*
!"7H$D05F&*"5\+M5Q+!095&'+!(5$(%(
/0*0(5'<05\+85Q+@0)05+HD&)05&

8")"5+95&F0%+*;*)0#*+(''"$%)+2"5+(DD5"Z&#()0.;+c_k+"2+)<0+0.0')5&'&);+'"%*$#09+>;+LE+&%9$*)5;Q+
H?&)'<&%:+)"+0%05:;+023'&0%)+#")"5+95&F0%+*;*)0#*+'(%+*(F0+L$5"D0+UVUAN<+&%+(%%$(.+0.0')5&'&);+
'"%*$#D)&"%Q+A<&*+0Z'0**+0%05:;+'"%*$#D)&"%+50D50*0%)*+(%+(%%$(.+^WV+>&..&"%+"D05()&%:+'"*)+(%9+
(%+$%%0'0**(5;+l`+#&..&"%+)h;5+"2+!1U0Y+0#&**&"%*Q+A<0*0+3:$50*+#(T0+&)+F05;+())5(')&F0+)"+.""T+&%)"+
&%)5"9$'&%:+*0F05(.+*'<0#0*+(%9+'"%9$')&%:+'(*0+*)$9&0*+"%+)<0+8(.)0*0+#(%$2(')$5&%:+&%9$*)5;P+
&%+"5905+)"+&%'50(*0+)<0+023'&0%';+&%+2(')"5&0*+"2+8(.)(Q

A<0+D5"B0')+'(55&09+"$)+(%+0Z)0%*&F0+50F&0?+(%9+50*0(5'<+'"%'05%&%:+#")"5+*)(%9(59*P+#")"5+0%05:;+
'"%)5"..05*+(%9+0%05:;+023'&0%)+#")"5*+(F(&.(>.0+"%+)<0+#(5T0)Q+-+*)$9;+"2+)<0+#")"5+D"D$.()&"%+&%+)<0+
8(.)0*0+&%9$*)5;+?(*+'(55&09+"$)+)"+0*)(>.&*<+)<0+$*0+(%9+5()&%:+"2+#")"5*+&%+)<0+9&22050%)+&%9$*)5&0*Q+
=%+D(5)&'$.(5P+D.(*)&'+&%B0')&"%+#"$.9&%:+D.(%)*+(%9+2""9+D5"'0**&%:+D.(%)+?050+'"%*&90509Q

1%7*&)0+#"%&)"5&%:+"%+F(5&"$*+#")"5+95&F0%+*;*)0#*+?(*+D052"5#09+)"+(%(.;*0+ )<0+"D05()&"%+"2+
F(5&"$*+#")"5*Q+=%+#(%;+'(*0*P+&)+?(*+2"$%9+"$)+)<()P+(D(5)+25"#+)<0+2(')+)<()+*"#0+"2+)<0+#")"5*+
?050+"F055()09P+ )<0;+"D05()0+#"*)+ "2+ )<0+ )&#0+ ()+ ."?+ ."(9+?<&'<+#0(%*+ )<()+ )<0&5+ "D05()&"%+ &*+
&%023'&0%)Q+A<0+023'&0%';+"2+)<0+#")"5+95&F0%+*;*)0#+'(%+>0+&#D5"F09+>;+&%*)(..&%:+(+#")"5+0%05:;+
'"%)5"..05+R8L!S+?<&'<+509$'0*+)<0+*$DD.;+F".)(:0+"2+)<0+#")"5+(%9+'"%*0Y$0%).;+)<0+#(:%0)&*&%:+
X$Z+?<0%+&)+*0%*0*+."?+."(9Q++A0*)*+"%+*$'<+8L!*+?050+'(55&09+"$)+&%+)<0+.(>+(%9+"%7*&)0+(%9+(%+
(F05(:0+"2+_k+"F05(..+0%05:;+*(F&%:*+?050+">*05F09Q+-%")<05+)0*)+?(*+'(55&09+"$)+>;+50D.('&%:+(%+
".9+*)(%9(59+#")"5+?&)<+(+%0?+<&:<+023'&0%)+#")"5+R/0205+)"+4&:$50+WS+(%9+&%+)<&*+D(5)&'$.(5+'(*0+(%+
"F05(..+0%05:;+*(F&%:+"2+(>"$)++U_k+?(*+">*05F09Q

M$5&%:+)<0+D5"B0')+(+*"2)?(50+(DD.&'()&"%P+%(#09+8LHA+R8")"5+L%05:;+H(F&%:+A"".SP+?(*+90F0."D09+
)"+:$&90+)0'<%&'(.+D05*"%*+&%+&%9$*)5;+)"+)(T0+*0F05(.+#0(*$50*+&%+"5905+)"+&%'50(*0+)<0+023'&0%';+
in motor applications.

!"#$%&'()'*'+,-./%"0,1'2&34&&1'/'+,15&13",1/6'0703&-'/18'/1'"-.%,5&8'&9:+"&1+7'0703&-'27'
"13%,8$+"1#'/'-,3,%'&1&%#7'+,13%,66&%'/18'%&.6/+"1#'3;&'03/18/%8'-,3,%'4"3;';"#;'&9:+"&1+7',1&

-'T%"?.09:0#0%)*\+ /0*0(5'<+ 2$%9&%:+ $%905+ )<0+ 8(%$2(')$5&%:+ /0*0(5'<+ @.()2"5#+ D5"B0')+
L/M4VbaP+1D05()&"%(.+@5":5(##0+=+7+!"<0*&"%+@".&';+UVVl7UVWa+m=%F0*)&%:+ &%+!"#D0)&)&F0%0**+
2"5+ (+ G0))05+ C$(.&);+ "2+ I&20nP+ D5"B0')+ D(5)73%(%'09+ >;+ )<0+ L$5"D0(%+ E%&"%+ L$5"D0(%+ /0:&"%(.+
M0F0."D#0%)+4$%9+RL/M4SQ
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G7H;4B764>:2>D2.3F7:B932OEH;432*>C?>@4692
-7:3P4B=2#7:98@2Q2,9@64:527:32-4CA8764>:/2

@5"B0')+3%(%'09+>;+)<0+8(.)(+!"$%'&.+2"5+H'&0%'0+,+A0'<%".":;+)<5"$:<+)<0+6()&"%(.+/0*0(5'<+,+
=%%"F()&"%+@5":5(##0+UVWW+j"&%)+D(5)%05+?&)<+G$''(%005+G"()*+I)9P+:5(%)+2$%9+L55"5O+E%T%"?%+
9"'$#0%)+D5"D05);+%(#0QP+U+;0(5*P+*)(5)&%:+WU)<+H0D)0#>05+UVWW

8(&%+=%F0*)&:()"5\+M5Q+!Q+M0+8(5'"

09@B;4?64>:R
I(#&%()09+'"#D"*&)0+<$..+D(%0.*+(50+?&90.;+$*09+&%+<&:<+*D009+.&:<)+'5(2)+RKHI!SP+*#(..+D.0(*$50+
'5(2)+(%9+*(&.&%:+;('<)*Q++A<0+*$D05&"5+*)&22%0**+"2+)<0+<&:<7#"9$.$*+3>50*+<(*+50*$.)09+&%+(%+&%'50(*0+
in use of these materials for fast marine vessels from lengths ranging a few meters long to vessels 
&%+0Z'0**+"2+_V+#Q+@5"D05)&0*+*$'<+(*+.&:<)+?0&:<)P+'"55"*&"%+50*&*)(%'0P+."?+#(&%)0%(%'0+'"*)*P+
0%<(%'09+D5"D05)&0*P+(%9+."?+#(:%0)&'+'<(5(')05&*)&'*+<(F0+>00%+*$''0**2$..;+(DD.&09+)"+#(5&%0+
F0**0.*+"2+(..+T&%9*Q

H&%:.0+ *T&%+ '"#D"*&)0+ .(#&%()0+ D(%0.*+#(;+ .('T+ *)&22%0**+ 9$0+ )"+ )<0&5+ 50.()&F0.;+ ."?+ )<&'T%0**P+
(%9+?<0%+ 90(.&%:+?&)<+ ."%:+ *<&D*P+ <$..+ X0Z&>&.&);+#$*)+ >0+ '"%*&90509P+ *&%'0+ '"#D"*&)0+ F0**0.*+
<(F0+50.()&F0.;+."?+*)&22%0**+?<0%+'"#D(509+)"+*&#&.(5+F0**0.*+"2+(.$#&%&$#+"5+*)00.+'"%*)5$')&"%P+
2()&:$0+9(#(:0*+&%+)<0+<$..+#(;+50*$.)Q++=%+*#(..+'5(2)+90*&:%+(%9+&%+);D&'(.+>"()+>$&.9&%:+."'(..;P+)<0+
>"()+>$&.905*P+)5(9&)&"%(..;+ &%)5"9$'0+*)&220%05*+"2+?""9+0%'(D*$.()0+ &%+(99&)&"%(.+3>50+(%9+50*&%P+
D5"9$'&%:+(99&)&"%(.+25(#0*+2"5+*)50%:)<P+)<050>;+(99&%:+)"+)<0+?0&:<)+"2+)<0+>"()+(%9+&%'50(*&%:+
)<0+'"%*)5$')&"%+'"#D.0Z&);Q

-+*(%9?&'<+'"%*)5$')&"%+'"%*&*)&%:+"2+)?"+<&:<+*)50%:)<+'"#D"*&)0+.(#&%()0+*T&%*+(50+*0D(5()09+>;+
a core material.  The core material is light weight, with favourable properties of shear strength and 
*)&22%0**Q++A<0+D(%0.+?<&'<+(.)<"$:<+#(;+&%'50(*0+&%+)<&'T%0**P+9"0*+%")+*$2205+(+?0&:<)+D0%(.);P+
(%9+"2205*+(99&)&"%(.+*)50%:)<+*$DD"5)P+?<&'<+(')*+(*+(%+=7>0(#+*<0(5+?0>P+(*+)<0+:.">(.+*(%9?&'<+
D(%0.*+>0%9+(%9+X0Z+9$5&%:+)<0+&%+*05F&'0+ ."(9&%:P+*$'<+(*+<;95"*)()&'+ ."(9*P+>"))"#+*.(##&%:+
loads, and impact load on the side shell.

A<0+$*0+"2+*(%9?&'<+'"%*)5$')&"%+&%+>"()+>$&.9&%:+50Y$&50*+)<0+$)&.&o()&"%+"2+(9F(%'0+'"%*)5$')&"%+
)0'<%&Y$0*+&%+"5905+)"+:(&%+)<0+#(Z&#$#+D052"5#(%'0+25"#+)<0+>$&.9+#()05&(.*Q++f('$$#+>(::&%:+
&*+"%0+*$'<+)0'<%&Y$0+?<&'<+.0%9*+&)*0.2+%")+"%.;+)"+)<0+D5&#(5;+*)5$')$50+"2+>"()*P+>$)+)"+(..+(*D0')*+
"2+>"()+>$&.9&%:Q+A<&*+2(>5&'()&"%+D5"'0**+&*+(%+0220')&F0P+'"*)70220')&F0+)0'<%&Y$0*+$)&.&*&%:+D50**$50+
9&22050%'0+)"+D5"9$'0+(+*$D05&"5+<&:<+*)50%:)<+<;>5&9+*(%9?&'<+#()05&(.Q
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07C7592.:78E@4@2>:2"7;4:92&9@@98@S2

@5"B0')+3%(%'09+>;\+E"8P+:5(%)+2$%9+^+aPVVV\+j(%+UVWU+d++"%:"&%:
8(&%+=%F0*)&:()"5\+M5Q+!Q+M0+8(5'"

09@B;4?64>:R
A<0+D5"B0')+&*+)"+&%F0*)&:()0+)<0+>0<(F&"$5+(%9+50*D"%*0+"2+*<&D*e+D.()&%:+(%9+*)5$')$5(.+25(#0?"5T*+
"%+&#D(')+?&)<+0&)<05+#"F&%:+"5+*)()&"%(5;+*)5$')$50*h*<&D*+(%9+9$5&%:+:5"$%9&%:+*'0%(5&"*Q++A<0+
50*D"%*0+(%9+50*&*)(%'0+"2+)<0+#()05&(.+(%9+*)5$')$50+)"+.(5:0+*'(.0+902"5#()&"%+X"?+(%9+D"**&>.;+
fracture of the plating and frames are to be investigated.  Experiments on scaled bodies simulating 
the scoring, denting, perforation and puncturing of plating and small or large deformation of 
25(#0*+(%9+*0')&"%*+(50+)"+>0+&%F0*)&:()09Q+-%(.;)&'(.+#0)<"9*+$*&%:+D5"F0%+0.(*)"7D.(*)&'+25(')$50+
#0'<(%&'*+2"5+2$..+*&o0+(%9+*'(.09+>"9&0*+(%9+4L-+?&..+>0+$*09+)"+(%(.;*0+)<0+0ZD05&#0%)(.+50*$.)*Q++
A<0+">B0')&F0+ &*+)"+>0+(>.0+)"+D509&')+)<0+(#"$%)+"2+9(#(:0+)<()+'(%+>0+*$*)(&%09+9$5&%:+*$'<+
&%'&90%)*+(%9+)"+D"**&>.;+D5"F&90+*)5$')$5(.+:$&90.&%0*+2"5+*$'<+*'0%(5&"*

09F98>?C9:62>D272#;>6>6E?92->87;N#>P9;932-64;84:52':54:92D>;20>C9@64B
'89B6;4B782#>P9;2T9:9;764>:

8(&%+=%F0*)&:()"5*\+M5Q+AQ+H(%)P+M5+8Q8$*'()P+@5"2Q+/QJ<&5.(%9"
=%+'"..(>"5()&"%+?&)<+)<0+M0D(5)#0%)+"2+=%9$*)5&(.+L.0')5&'(.+@"?05+!"%F05*&"%+R@5"2Q+j"*0D<+!&.&(S
H)&5.&%:+L%:&%0+@5"B0')+7+4$%909+>;+=%9$*)5;+RH&5$*+H;*)0#+I)9QS+

4$%9&%:\+L$5"]_PlVV
@05&"9\1')+UVWW+7+H0D)+UVWa
 

09@45:27:32.:78E@4@2>D27:2!::>F764F92%DD@=>;92U4:32,A;H4:92-A??>;6
-6;AB6A;92D>;2099?2U769;2.??84B764>:@

8(&%+=%F0*)&:()"5*\+M5Q+AQ+H(%)P+M5+8Q8$*'()P+M5+@Q+8"..&'"%0P+M5+MQ+!(#&..05&
=%+'"..(>"5()&"%+?&)<+)<0+=%*)&)$)0+2"5+H$*)(&%(>.0+L%05:;+R=%:Q+/">05)+6Q+4(55$:&(S
M00D122*"50N&%9+RM1N+@5"B0')S+7+4$%909+>;+8!HA+R/,=7UVV`7VVaSQ+

4$%9&%:\+L$5"`bPVVV
@05&"9\+1')+UVWV+7+6"F+UVWU

G4$9*>C?2Q2!::>F764F92G4H;92$94:D>;B932*>C?>@469@209@45:932D>;2
O45=9;2-6;AB6A;782-64DD:9@@

8(&%+=%F0*)&:()"5\+M5Q+MQ+!(#&..05&
4$%9&%:+G"9;\+8!HA+d+6()&"%(.+/0*0(5'<+,+=%%"F()&"%+@5":5(##0+UVV`
4$%9&%:\+L$5"+WVVPVVV
@05&"9\+U+;0(5*+d+H)(5)+9()0+40>+UVWW

 
O!10.2Q2O45=2!:695;46E21>P204@6>;64>:2.@@9CH8E

8(&%+=%F0*)&:()"5\+M5Q+MQ+!(#&..05&
4$%9&%:+G"9;\+L$5"D0(%+!"##&**&"%+4@l
4$%9&%:\+L$5"+UPWa`P`a`
@05&"9\+a+;0(5*P+H)(5)+9()0+)"+>0+0*)(>.&*<09
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-.,&.U,2N2-98D2.3LA@64:52,>;JA92&9;64B782.M4@2U4:32,A;H4:9

@5"B0')+3%(%'09+>;+)<0+8(.)(+!"$%'&.+2"5+H'&0%'0+,+A0'<%".":;+)<5"$:<+)<0+6()&"%(.+/0*0(5'<+,+
=%%"F()&"%+@5":5(##0+UVWW
8(&%+=%F0*)&:()"5*\+M5Q+@Q+8"..&'"%0P+MQ+AQ+H(%)P+85Q+MQ+8&'(..02
!"%*"5)&$#\+L'"%0)&Y$0
M0D(5)#0%)+"2+80'<(%&'(.+L%:&%005&%:P+4('$.);+"2+L%:&%005&%:P+E%&F05*&);+"2+8(.)(

-.$5?&%9
-5'<&)0')$5(.+@5"B0')*+d+-@

f05)&'(.+-Z&*+N&%9+A$5>&%0*+Rf-NA*S+(50+(+'.(**+"2+?&%9+)$5>&%0*+)<()P+9$0+)"+)<0&5+&%)5&%*&'+90*&:%P+
do not need to be oriented into the wind direction. Whilst this gives them a number of advantages 
"F05+")<05+);D0*+"2+?&%9+)$5>&%0*P+'$550%)+)0'<%".":;+2"5+f-NA*+*$2205+25"#+D5">.0#*+"2+*)(5)7$D+
(%9+#(Z&#$#+)"5Y$0+"$)D$)Q

A<0+H-Af-NA+D5"B0')+&*+(&#09+()+90F0."D&%:+(+%"F0.+90*&:%+(9(D)()&"%+)"+f-NA*+&%+"5905+)"+
&#D5"F0+)<0&5+*)(5)&%:+*D009+(%9+'"%)5".+'(D(>&.&);Q+A<0+90F0."D#0%)+?&..+.0(9+)"+(%+&%'50(*0+&%+
023'&0%';+(%9+5(%:0+"2+(DD.&'()&"%*P+#(T&%:+)<&*+);D0+"2+?&%9+)$5>&%0+())5(')&F0+2"5+$*0+&%+90%*0.;+
D"D$.()09+(50(*+>;+&%)0:5()&"%+)"+0Z&*)&%:+.(%9*'(D0Q+A<0+90F0."D#0%)+?&..+(.*"+>5&%:+(>"$)+
T%"?<"?+"%+)<0+#"*)+20(*&>.0+90*&:%+2"5+2$)$50+#(%$2(')$50+(%9+9&*)5&>$)&"%+25"#+."'(.+&%9$*)5;Q
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!:F9@645764>:2>D272:>F982H4>C769;4782D>;2A@924:239:67827??84B764>:@

8&%05(.+ A5&"Z&90+-::50:()0+ R8A-S+ &*+ (+ 90%)(.+ 5"")70%9+ 3..&%:+#()05&(.+ '"#D5&*&%:+ bVk+@"5).(%9+
'0#0%)+?&)<+UVk+>&*#$)<+"Z&90+5(9&"D('&305+)"+#(T0+)<0+#()05&(.+9&*)&%:$&*<(>.0+25"#+>"9;+)&**$0+
"%+ g75(;*Q+ A<0+#(&%+ (9F(%)(:0+ "2+8A-+ &*+ &)*+ >&"(')&F&);+ d+ &)+ 50(')*+?&)<+ >"9;+ X$&9+ )"+ 90F0."D+
(+ *$52('0+ .(;05+ "2+ >"%07.&T0+ <;95"Z;(D()&)0Q+ A<&*+ .(;05+ &#D(5)*+ >&"'"#D()&>&.&);+ (%9+ :&F0*+8A-+
0Z'0..0%)+*0(.&%:+(>&.&);Q+

8A-e*+ 9&*(9F(%)(:0*+ &%'.$90+ ."%:+ *0))&%:+ )&#0+ Rra+ <"$5*S+ (%9+ D""5+ 50*&*)(%'0+ )"+ m?(*<"$)n+
R)0%90%';+"2+ '0#0%)+ )"+9&*&%)0:5()0+$D"%+D50#()$50+'"%)(')+?&)<+ .&Y$&9*SQ+8;+ 50*0(5'<+(&#*+()+
&%F0*)&:()&%:+%"F0.+8A-7>(*09+#()05&(.*+)"+(9950**+)<0*0+*<"5)'"#&%:*P+%(#0.;+8A-+#&Z09+?&)<+
D5"D5&0)(5;+(%)&?(*<"$)+:0.+)"+&#D(5)+?(*<"$)+50*&*)(%'0P+(%9+8A-+#&Z09+?&)<+90%)(.+.&:<)7'$5&%:+
"5+'<0#&'(..;7'$5&%:+50*&%+R&%*)0(9+"2+?()05S+)"+509$'0+)<0+*0))&%:+)&#0Q+

A<0+*0))&%:+)&#0+"2+)<0+%"F0.+8A-+&*+B$*)+UV+*0'"%9*+?&)<+.&:<)7'$5&%:+50*&%+(%9+UU+#&%$)0*+?&)<+
'<0#&'(..;7'$5&%:+ 50*&%Q+ -+ %"F0.+#0)<"9+ 2"5+ 0F(.$()&%:+?(*<"$)+ 50*&*)(%'0+?(*+ 90F0."D09+ (%9+
D$>.&*<09+&%+=%)05%()&"%(.+L%9"9"%)&'+j"$5%(.Q+A0*)&%:+50F0(.09+)<()+)<0+(%)&?(*<"$)+:0.+*$''0**2$..;+
mitigated washout.

A<0+#()05&(.*+<(F0+>00%+'<(5(')05&o09+(%9+)<0&5+<;95()&"%+#0'<(%&*#*+*)$9&09+$*&%:+)0'<%&Y$0*+
&%'.$9&%:+ *'(%%&%:+ 0.0')5"%+ #&'5"*'"D;P+ g75(;+ 9&225(')&"%+ (%9+ 4"$5&057A5(%*2"5#+ =%25(7509+
*D0')5"*'"D;Q+4$5)<05#"50P+ )<0+#()05&(.*+(50+>0&%:+ )0*)09+ 2"5+ )<0&5+ *$&)(>&.&);+(*+ 5"")70%9+3..05*+
2".."?&%:+=H1+*)(%9(59*+2"5+(**0**#0%)+"2+5(9&"D('&);P+'"#D50**&F0+*)50%:)<P+'(.'&$#+&"%+50.0(*0P+
DKP+X$&9+$D)(T0P+D"5"*&);P+#&'5"7+(%9+%(%"7<(59%0**+(%9+(9<0*&"%+*)50%:)<+)"+0Z)5(')09+<$#(%+
teeth.
 

View of MTA surface at 40,000x zoom, taken with an electron microscope at the DMME. The MTA 
was cured for 28 days in physiological solution prior to taking this image. The spherical particles 

are hydroxyapatite (refer to text).
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.:2!:F9@645764>:2>:26=92'DD9B62>D2':F4;>:C9:6782095;73764>:2>:2T87@@2
G4H;92$94:D>;B932*>C?>@4692"769;4782#;>?9;649@/

!:6;>3AB64>:
!"#D"*&)0+8()05&(.*+"2205+*&:%&3'(%)+D5"D05)&0*+"F05+")<05+#()05&(.*+*$'<+(*+?0&:<)+(%9+'"*)+*(F&%:+
(%9+)<0+(>&.&);+)"+90*&:%+)<0+#()05&(.+(*+50Y$&509Q+A<&*+50*$.)*+&%+0%05:;+*(F&%:*+(%9+"DD"5)$%&)&0*+
for technological improvement that reduce running costs and emissions, as well as new product 
*".$)&"%*+(%9+90*&:%*+WQ

!"#D"*&)0*+(50+*0.0')09+2"5+F(5&"$*+(DD.&'()&"%*P+ &%'.$9&%:+($)"#")&F0P+(05"*D('0P+#09&'(.+(%9+
#(5&)&#0+?<&'<+ 50*$.)+ &%+0ZD"*$50+ )"+(+F(5&0);+"2+0%F&5"%#0%)*P+(%9+ )<&*+'(%+ .0(9+ )"+*;%05:&*)&'+
90:5(9()&"%+?&)<+D5"D05);+."**P+(**"'&()09+50D(&5+'"*)*+(%9+509$'09+D052"5#(%'0+UQ++

.4C2V2%HL9B64F9@2
A<0+E%&F05*&);+ "2+8(.)(+ <(*+ (%(.;o09+ )<0+ Y$(.&)()&F0+ '<(%:0*+ )"+ '"#D"*&)0*P+ >;+ 0%F&5"%#0%)(.+
90:5(9()&"%Q+ !$550%).;P+ Y$(%)&)()&F0+ (%(.;*&*+ "2+ )<0&5+ D5"D05);+ '<(%:0*+ &*+ >0&%:+ &%F0*)&:()09Q+
80)<"9".":;+&%'.$90*\

WS+ 80(*$5&%:+D5"D05)&0*+"2+(*7#(%$2(')$509+*(#D.0*Q
US+ LZD"*0+*(#D.0*+)"+(''0.05()09+90:5(9()&"%+2"5+_VV+(%9+W_VV+<"$5*Q
aS+ 80'<(%&'(.+)0*)&%:+"2+)<0+0ZD"*09+*(#D.0*+)"+#(D+)<0+D5"D05);+'<(%:0Q

A<0+*$>*0Y$0%)+50*$.)*+?&..+<0.D+90*&:%05*+(%9+&%9$*)5;+$%905*)(%9+<"?+)<0+#()05&(.+?&..+>0<(F0+
9$5&%:+ &%730.9+ (DD.&'()&"%*+ (%9+ D5"F&90+ 9()(+ 2"5+ 0%:&%00509+ 90'&*&"%*+ "%+ <"?+ )"+ '()05+ 2"5+ )<&*+
0%F&5"%#0%)(.+0220')Q+A<&*+:(&%09+T%"?.09:0+?&..+"2205+&%9$*)5;\

WQ+ -%+$%905*)(%9&%:+"2+<"?+)<0+0%F&5"%#0%)+'<(%:0*+#()05&(.+D5"D05)&0*[
UQ+ =%2"5#()&"%+ )<()+'(%+>0+(DD.&09+ )"+ &#D5"F0+(+90*&:%P+ )"+(F"&9+0Z'0**+"5+ &%*$23'&0%)+

material.

A<0+&#D5"F09+90*&:%*+(%9+#()05&(.+(DD.&'()&"%+25"#+)<&*+T%"?.09:0+>(*0+'(%+#(T0+(+D5"9$')+#"50+
competitive whilst reducing costs and introducing weight savings and technological improvements 
)<()+509$'0+5$%%&%:+'"*)*+(%9+'(5>"%+2"")D5&%)Q+I"%:05+D5"9$')+.&20+2$5)<05#"50+#0(%*+.0**+?(*)0+
and environmental impact.

$9D9;9:B9@
WQ8&5('.0P+MQGQ+(%9+HQIQ+M"%(.9*"%P+=%)5"9$')&"%+)"+!"#D"*&)0*P+-&5+4"5'0+/0*0(5'<+I(>"5()"5;Q

UQ+-5#*)5"%:P+pQGQP+IQ+J5(<(#P+(%9+NQ4Q!Q+==P+!(50+(%9+/0D(&5+"2+-9F(%'09+!"#D"*&)0*Q+U%9+L9&)&"%+09P+
N(55(%9(.0P+@(\+H-L+=%)05%()&"%(.Q

 



21

.:2!:F9@645764>:2>:217@9;2-A;D7B92#;>B9@@4:52>D2.8AC4:4AC2.88>E@

.H@6;7B6 
-.$#&%&$#+ (..";*+ 3%9+ $*0+ &%+ (+?&90+ 5(%:0+ "2+ (DD.&'()&"%+ 9$0+ )"+ )<0&5+ ."?+ 90%*&);+ (%9+ 0(*0+ "2+
fabrication, but their poor hardness and tribological characteristics limit the extent of their use. 
=%+)<&*+*)$9;+.(*05+*$52('0+D5"'0**&%:+"2+(.$#&%&$#+(..";*+&*+&%F0*)&:()09+(*+(+#0(%*+)"+&#D5"F0+
)<0+D5"D05)&0*+"2+)<0+*$52('0+"2+*$'<+(..";*Q+I(*05+50#0.)&%:+(%9+(..";&%:+"%+(%+-a_c+(.$#&%&$#+
(..";+?(*+ '(55&09+"$)+ $*&%:+ (+!1U+ .(*05P+ 0Y$&DD09+?&)<+ (+ '"(Z&(.+ D"?905+90.&F05;+ *;*)0#Q+A<0+
D(5(#0)05*+%00909+2"5+*$'<+D5"'0**&%:+&%+"5905+)"+'50()0+$%&2"5#+(%9+50D0()(>.0+*$52('0+.(;05*+
?050+&90%)&309+(%9+"D)&#&o09Q+

-+ '"%*&905(>.0+ &#D5"F0#0%)+ ?(*+ ('<&0F09+ ?&)<+ .(*05+ (..";&%:+ ?&)<+ %&'T0.P+ ?<050+ (+ <(59%0**+
&#D5"F0#0%)+"2+%0(5.;+a+)&#0*+)<()+"2+)<0+$%)50()09+#()05&(.+?(*+50D"5)09+2"5+$%&2"5#+'5('T72500+
*$52('0*Q+8&'5"*)5$')$5(.P+'<0#&'(.+(%9+D<(*0+(%(.;*&*+"2+*$'<+*$52('0*+*<"?09+)<()+90%95&)0*+"2+
-.a6&+(%9+-.a6&U+&%)05#0)(..&'*+?050+2"5#09+&%+)<0+#&'5"*)5$')$50*[+)<0*0+>0&%:+)<0+'($*0+"2+)<0+
<&:<+<(59%0**+('<&0F09Q+4$5)<05+0ZD05&#0%)()&"%+?&)<+)<0+&%)5"9$')&"%+"2+'05(#&'*+&%+)<0+(..";09+
*$52('0*+D5"F09+)"+>0+*$''0**2$.+*&%'0+(..";&%:+?&)<+6&7A&7H&!+(%9+6&7A&7!+50*$.)09+&%+)<0+2"5#()&"%+
"2+3%0+A&!+D(5)&'.0*Q+A<0+50*$.)&%:+#&'5"*)5$')$50+?(*+&%+2(')+#(90+$D+"2+A&!+D(5)&'.0*+9&*D05*09+
0F0%.;+ &%+ (+ *)5$')$50+"2+ (.$#&%&$#7%&'T0.+ (%9+(.$#&%&$#7*&.&'"%7)&)(%&$#+ &%)05#0)(..&'*+?&)<&%+ (%+
(.$#&%&$#7*&.&'"%+#()5&ZQ+A<0+D50*0%'0+"2+)<0*0+'(5>&90*+(%9+&%)05#0)(..&'*+'"$.9+>0+>0%03'&(.+)"+
wear resistance, thus further experimentation is due in this respect.
 

SEM image of the microstructure of a surface alloyed with Ni-Ti-C
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!:NF46;>2@6A349@2>D2B>H7862B=;>C4AC2C>8EH39:AC2H4>C934B782788>E@

A<0+D5"B0')+(&#*+)"+)0*)+)<0+&%7F&)5"+>&"'"#D()&>&.&);+"2+!">(.)7!<5"#&$#78".;>90%$#+(..";*+R!"7
!578"S+?<&'<+<(F0+>00%+*$52('0+)50()09+>;+(+D5"'0**+'(..09+p".*)05&*&%:sQ+p".*)05&*&%:s+&*+(+."?+
)0#D05()$50+'(5>$5&o&%:+D5"'0**+)<()+'(%+>0+$*09+"%+#09&'(.+(..";*+9$0+)"+)<0+<(59%0**+&)+&#D(5)*+
)"+ )<0+*$52('0P+?&)<"$)+ 509$'&%:+ &)*+'"55"*&"%+ 50*&*)(%'0Q+ +p".*)05&*&%:s+ &*+(+D5"D5&0)(5;+*$52('0+
<(590%&%:+)50()#0%)+>;+G"9;'")0+J#>KQ

A<0+">B0')&F0+"2+)<&*+50*0(5'<+&*+)"+(%(.;*0+)<0+>&"'"#D()&>&.&);+"2+p".*)05&*09s+'">(.)7'<5"#&$#7
#".;>90%$#+(..";*P+(%9+)"+'<(5(')05&*0+)<0+#()05&(.+*$52('0+&%+"5905+)"+*<"?+)<0+(9F(%)(:0*+:(&%09+
>;+$*&%:+)<0+p".*)05&*09s+#()05&(.+50.()&F0+)"+)<0+"5&:&%(.+$%)50()09+(..";P+(%9+")<05+#()05&(.*Q+A<&*+?"5T+
?&..+>0+'"%9$')09+"%+2"$5+(DD5"('<0*+&%'.$9&%:\+RWS+#()05&(.+'<(5(')05&*()&"%P+RUS+ &%7F&)5"+'"55"*&"%+
)0*)&%:P+RaS+&%7F&)5"+'"55"*&"%7?0(5+)0*)&%:P+(%9+R]S+>&".":&'(.+)0*)&%:+'"%2"5#&%:+)"+-HA8+4l]b7V]Q

45"#+D50.&#&%(5;+50*$.)*+&%+)<0+35*)+20?+#"%)<*+"2+)<0+@<QMQ+*)$9;P+H7D<(*0++2"5#()&"%+?(*+">*05F09+
"%+)<0+p".*)05&*09s+#()05&(.Q+A<0+(')$(.+)<&'T%0**+"2+)<0+H7D<(*0+.(;05P+WaQ]t#P++?(*+'"%35#09+>;+
HL8+(%(.;*&*+"2+)<0+0)'<09+*(#D.0Q+-.)<"$:<+)<&%%05+)<(%+)<0+p".*)05&*&%:s+.(;05+%"5#(..;+'50()09+
"%+*)(&%.0**+*)00.*+&)+&*+*)&..+)<&'T+0%"$:<+)"+D5")0')+)<0+$%905.;&%:+*"2)05+#()05&(.Q+@50.&#&%(5;+%(%"7
&%90%)()&"%+)0*)*+*<"?+)<()+)<0+<(59%0**+"2+)<0+H7D<(*0+.(;05+"%+p".*)05&*09s+!"7!578"+&*+WlQab+
u+VQaVJ@(+R``k+'"%390%'0+.&#&)*S+?<&'<+&*+UQ_+)&#0*+:50()05+)<(%+)<0+<(59%0**+"2+)<0+$%)50()09+
#()05&(.+?<&'<+<(*+(+<(59%0**+"2+cQlb+u+VQVbJD(+R``k+'"%390%'0+.&#&)*SQ

!0..+F&(>&.&);+)0*)&%:+(%9+")<05+>&"'"#D()&>&.&);+)0*)*+?&..+(.*"+>0+'(55&09+"$)+$*&%:+>")<+#"$*0+(%9+
<$#(%+"*)0">.(*)+(%9+D507"*)0">.(*)+'0..+.&%0*+&%+)<0+.(>"5()"5&0*+"2+)<0+M0D(5)#0%)+"2+-%()"#;+
?<&'<+?050+50'0%).;+502$5>&*<09+$*&%:+2$%9*+25"#+L/M4+D5"B0')+VbWQ+A<&*+?&..+)<0%+D(F0+)<0+?(;+
2"5+2$)$50+50*0(5'<+)"+>0+'(55&09+"$)P+&%+"5905+)"+0%*$50+)<()+)<0+p".*)05&*09s+!"7!578"+*;*)0#+&*+
D5"F0%+)"+>0+>&"'"#D()&>.0P+D05#&))&%:+&)*+$*0+(*+(+#()05&(.+2"5+<&D+(%9+T%00+50D.('0#0%)*+(*+?0..+
as in other biomedical components.
HD"%*"509+>;\+G"9;'")0+J#>KQ

Figure: superposition of Birmingham hip replacement prosthesis onto X-ray image of pelvic 
area adapted from:  http://www.childrenhealthwatch.com/wp-content/uploads/2010/09/wpid-

1285631496_hip-resurfacing.jpg (viewed: 14/04/2012) and http://www.qmtmag.com/images/BHR-
device.jpg (viewed: 14/04/2012)
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*=7;7B69;4W764>:27:32C>39884:5226=9287@9;2
39?>@464>:2>D2XN34C9:@4>:782@6;AB6A;9@

A<0+%009+2"5+(+509$')&"%+&%+)<0+)&#0+>0)?00%+)<0+&%&)&(.+'"%'0D)+90*&:%+)"+)<0+3%&*<09+D(5)+.09+)"+
)<0+90F0."D#0%)+"2+F(5&"$*+5(D&9+2(>5&'()&"%+)0'<%&Y$0*+*$'<+(*+I(*05+8()05&(.+M0D"*&)&"%+RI8MSQ+
A<&*+#(%$2(')$5&%:+ D5"'0**+ $)&.&o0*+ (+ .(*05P+#0)(..&'+ D"?905P+ (%9+ (+ !6!+#('<&%0+ )"+ 2(>5&'()0+
)<50079&#0%*&"%(.+ 2$..;+ 90%*0+ (%9+ 2$..;+ 2$%')&"%(.+ '"#D"%0%)*Q+ I8M+ &%F".F0*+ '"#D.0Z+ )<05#(.P+
mechanical and metallurgical interactions. Due to these interactions, the optimum parameters 
%009+)"+>0+903%09+&%+"5905+)"+D5"9$'0+#"90.*+?&)<+&#D5"F09+)<05#(.7#0'<(%&'(.+D5"D05)&0*Q+-%+
0ZD05&#0%)(.+ (DD5"('<+#(;+ >0+ $*09+ )"+ 3%9+ )<0+ "D)&#$#+D(5(#0)05*P+ <"?0F05P+ )<&*+ &*+ Y$&)0+ (+
'"*).;+(%9+)&#0+'"%*$#&%:+#0)<"9Q+A<0+3%&)0+0.0#0%)+#0)<"9+R4L8S+#(;+>0+$*09+)"+(''$5()0.;+
#"90.+)<&*+D5"'0**P+(.."?&%:+2"5+"D)&#&o09+*0.0')&"%+"2+&%D$)+D(5(#0)05*Q+=%+)<&*+*)$9;+-%*;*+?(*+
used to model the laser material deposition process to predict thermal histories and residual 
*)50**0*+90F0."D09+&%+)<0+90D"*&)09+'.(9+?(..*Q+A<05#"'"$D.0*+(%9+g/M+?050+$*09+)"+#0(*$50+
)<0+)0#D05()$50+(%9+50*&9$(.+*)50**0*+50*D0')&F0.;+&%+"5905+)"+'"#D(50+)<0+*&#$.()&"%+50*$.)*+?&)<+
)<0+0ZD05&#0%)(.+50*$.)*+2"5+F(.&9()&"%+D$5D"*0*Q+-+D(5(#0)5&'+*)$9;+?(*+D052"5#09+)"+90)05#&%0+
<"?+)<0+)<05#"7#0'<(%&'(.+D5"D05)&0*+F(5;+?&)<+)<0*0+D(5(#0)05*Q+A<0+#&'5"*)5$')$50+"2+0('<+'.(9+
wall produced was also evaluated in order to investigate the effects different process parameters 
<(F0+"%+)<0+#&'5"*)5$')$50Q+8"50"F05P+'<(%:0*+&%+)<0+9&#0%*&"%+(%9+*<(D0+"2+)<0+#0.)+D"".+9$0+)"+
<0()+>$&.9+$D+9$5&%:+90D"*&)&"%+(%9+)<0+50*$.)&%:+'<(%:0*+&%+#"90.+:0"#0)5;+?050+&%F0*)&:()09+>;+
the use of both a coaxial camera and a mounted side camera.
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+7:>N?7;64B892H7@932B>:@>8437:6@2D>;2T8>H459;4:7214C9@6>:9

HD"%*"509+>;\+HAL@H

N0()<05&%:+ D5"'0**0*+ (50+ '"%)&%$"$*.;+ (220')&%:+ >$&.9&%:*+ (%9+ *)"%0+ #"%$#0%)*Q+ 6()$5(.+
?0()<05&%:+&*+&%0F&)(>.0+(%9+)<0+90:500+"2+90)05&"5()&"%+90D0%9*+"%+)<0+);D0+"2+*)"%0Q+!"%*".&9()&"%+
&*+"%0+?(;+&%+?<&'<+*)"%0+#"%$#0%)*+'(%+>0+D5")0')09Q+!"%*".&9(%)*+(50+#()05&(.*+)<()+D0%0)5()0+
&%)"+)<0+*)"%0+#()5&Z+(%9+(')+>;+:.$&%:+)":0)<05+)<0+90)05&"5()09+*)"%0+#()05&(.+?&)<+)<0+$%905.;&%:+
<0(.)<;+*)"%0Q

I&#07>(*09+'"%*".&9(%)*+(50+?&90.;+$*09+&%+8(.)(+?<050+)<0+#(&%+>$&.9&%:+#()05&(.+&*+(+*09&#0%)(5;+
.&#0*)"%0Q+ !"##05'&(.+ (.T"Z;*&.(%0+ '"%*".&9(%)*+ <(F0+ (.*"+ &%3.)5()09+ )<0+ ."'(.+#(5T0)P+ ;0)+ )<0+
0220')*+"2+)<0*0+#()05&(.*+"%+."'(.+J.">&:05&%(+I&#0*)"%0+(50+*)&..+%")+?0..+9"'$#0%)09Q+=%+)<&*+?"5TP+
J.">&:05&%(+I&#0*)"%0+)0*)+*D0'&#0%*+(50+)50()09+)"+)<0+2".."?&%:+*&.&'(+<;>5&9+'"%*".&9(%)*\+

R&S+ -+*&.&'(+'"%*".&9(%)+D5"9$'09+25"#+)0)5(0)<;."5)<"*&.&'()0+RAL1HS[
R&&S+ -+*&.&'(+<;>5&9+'"%*".&9(%)+'"#D"*09+"2+*&.&'(+?&)<+0D"Z;7:5"$D+2$%')&"%(.&)&0*[+
R&&&S+ A<0+<;>5&9+'"%*".&9(%)+&%9&'()09+&%+R&&S+?&)<+U+k+R?)hFS+."(9&%:+"2+WV%#+D(5)&'.0*[+
R&FS+ A<0+*(#0+<;>5&9+&%9&'()09+&%+R&&S+>$)+?&)<+Uk+R?hFS+."(9&%:+"2+WV+%#+0D"Z;72$%')&"%(.&o09+

particles. 

A<0+'"%*".&9(%)+)50()#0%)+?(*+(DD.&09+>;+2$..;+ &##05*&%:+)<0+)0*)+*D0'&#0%*+&%+)<0+'"%*".&9(%)+
"5+>;+>5$*<&%:Q+-+%$#>05+"2+ .&#0*)"%0+*D0'&#0%*+?050+(.*"+ .02)+$%)50()09+)"+*05F0+(*+'"%)5".*Q+
4".."?&%:+(DD.&'()&"%P+ )50()09+*D0'&#0%*+?050+ .02)+ )"+95;+(%9+*$>B0')+)"+(''0.05()09+?0()<05&%:+
R?0)795;+ ';'.0*+?&)<+ &%)05#&))0%)+Ef+ 0ZD"*$50SQ+ 4".."?&%:+ )<0+?0()<05&%:+ 50:&#0P+ '"%*".&9(%)+ d+
.&#0*)"%0+*;*)0#*+?&..+>0+'<(5(')05&*09+)<5"$:<+'"."5&#0)5;P+"D)&'(.+(%9+0.0')5"%+#&'5"*'"D;+(%9+
&%25(7509+*D0')5"#0)5;Q+A<0+D<;*&'(.+D5"D05)&0*+"2+)<0+'"%*".&9()09+*)"%0+?&..+>0+(**0**09+)<5"$:<+
H<"50+<(59%0**P+#&'5"795&..&%:P+50*&*)(%'0+)"+*"9&$#+*$.D<()0+'5;*)(..&*()&"%+(%9+(+?()05+(>*"5D)&"%+
>;+'(D&..(5&);+)0*)Q
 



25

-?764>N69C?>;782.:78E@4@2>D2#>88A64>:207672

8(&%+ &%F0*)&:()"5*\+M5Q+p0%%0)<+H'055&+(%9+8*Q+I$(%(+!<0)'$)&+v(##&)+ &%+'"..(>"5()&"%+?&)<+M5Q+
8(5&(+-))(59+(%9+8*Q+A<050*0+G(B(9(+()+)<0+=%*)&)$)0+"2+H$*)(&%(>.0+M0F0."D#0%)+()+)<0+E%&F05*&);+
"2+8(.)(+(%9+85Q+8(5T+H'055&+()+)<0+L%F&5"%#0%)+@5")0')&"%+M&50')"5()0+"2+)<0+8(.)(+L%F&5"%#0%)+,+
@.(%%&%:+-$)<"5&);Q
4$%9&%:\+8(.)(+J"F05%#0%)+H'<".(5*<&D+H'<0#0+R8JHHS
@5"B0')+*)(5)\+1')">05+UVWW
@5"B0')+M$5()&"%\+a+i0(5*

A<0+L%F&5"%#0%)+@5")0')&"%+M&50')"5()0+"2+)<0+8(.)(+L%F&5"%#0%)+,+@.(%%&%:+-$)<"5&);+<(*+>00%+
'"..0')&%:+D"..$)&"%+#0(*$50#0%)*+$*&%:+9&22$*&"%+)$>0+)0'<%".":;+*&%'0+UVV]Q+E%2"5)$%()0.;P+)<&*+
9()(+<(*+%")+>00%+0Z)0%*&F0.;+(%(.;o09P+#"*).;+9$0+)"+)<0+)0'<%&'(.+'<(..0%:0*+&%F".F09+&%+90(.&%:+
?&)<+ *$'<+%"&*0+'"55$D)09+#0(*$50#0%)*Q+A<0+(&#+"2+ )<&*+D5"B0')+ &*+ )"+(DD.;+ (+ *;*)0#*+ )<0"5;+
(DD5"('<+)<()+0220')&F0.;+90(.*+?&)<+)<0+%"&*0+&%)5"9$'09+&%+)<0+#0(*$50#0%)*+2"5+)<0+(%(.;*&*+(%9+
#"90.&%:+"2+)<&*+9()(Q+A<&*+?"5T+<(*+*<"?%+)<()+D"..$)&"%+D())05%*+&%+8(.)(+(50+<&:<.;+$%'"550.()09P+
&%9&'()&%:+)<()+."'(.+*"$5'0*+5()<05+)<(%+9&22$*&"%+(50+)<0+D5"#&%0%)+9;%(#&'*+>0<&%9+)<0*0+D"..$)&"%+
#0(*$50#0%)*Q+4$)$50+?"5T+(&#*+)"+">)(&%+)5(%*D"5)+#"90.*+90*'5&>&%:+)<0+)5(F0.+D())05%*+&%+8(.)(+
(%9+Y$(%)&)()&F0.;+ 50.()&%:+ )<0*0+#"90.*+ )"+ )<0+D"..$)&"%+D())05%*+>0&%:+">*05F09Q+A<0+D"..$)&"%+
#"90.&%:+50*$.)*+<(F0+>00%+50'0%).;+D$>.&*<09+()+(%+&%)05%()&"%(.+'"%2050%'0+(%9+)<&*+?"5T+?(*+
'<"*0%+>;+)<0+'"%2050%'0+'<(&5*+2"5+D$>.&'()&"%+&%+(+*D0'&(.+B"$5%(.+&**$0+'"F05&%:+)<0+'"%2050%'0Q
 

Correlation analysis results
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Facilities
09?7;6C9:62>D2'89B6;>:4B2-E@69C@2':54:99;4:5

'89B6;>:4B2-E@69C@217H>;76>;ER
!" U_+?"5T*)()&"%*+&%9&F&9$(..;+0Y$&DD09+?&)<+'&5'$&)+'"%*)5$')&"%+(%9+)0*)+0Y$&D#0%)Q
!" H)(%9(59+:5(90+0Y$&D#0%)+2"5+'(.&>5()&"%+(%9+F05&3'()&"%
!" Digital storage oscilloscopes
!" I":&'+(%(.;o05*
!" @!G+0)'<&%:+2('&.&);
!" =!+D5":5(##&%:+2('&.&);
!" L#>09909+H;*)0#*+I(>"5()"5;\
!" -/8l+#&'5"D5"'0**"5+90F0."D#0%)+>"(59*
!" 15!(9+'&5'$&)+*&#$.()&"%+(%9+@!G+90*&:%+*"2)?(50+.&'0%*0*
!" 6()&"%(.+=%*)5$#0%)*+I(>f&0?+.&'0%*0*
!" 6()&"%(.+=%*)5$#0%)*+(%(.":$0h9&:&)(.+9()(+('Y$&*&)&"%+>"(59*
!" -F&"%&'+-DD.&'()&"%+I(>"5()"5;\
!" @50*(:&*+f-@H+(%9+f-@H+gA+7+K8=+5(D&9+D5")");D&%:+)"".*
!" 8&'5"6(F+G0*)+7+-A8+*&#$.()"5
!" !.(**+-+-&5'5(2)+*&#$.()&"%+)0*)+>09
!" 8"90.+-&5'5(2)+*&#$.()&"%+(%9+)5(&%&%:+*"2)?(50
!" E-f+X&:<)+'"%)5".+(DD.&'()&"%+>"(59
!" E-f+)0*)+>09

 
09?7;6C9:62>D2!:3A@6;47827:32"7:AD7B6A;4:52':54:99;4:5
!" !-Mh!-8+HiHAL8H+I-G
!" !-M+H;*)0#*+RUMP+aMP+-%&#()&"%S
!" !-Mh!-8+H;*)0#*
!" 8".94."?P+aM+H)$9&"P+-$)"!-MP+-$)"90*T+=%F0%)"5
!" A0'%"#()&Z+7+#(%$2(')$5&%:+90F0."D#0%)+(%9+*&#$.()&"%+D('T(:0

*'$)217H
*>:BA;;9:62':54:99;4:52$9@97;B=2G7B484649@
!" A<05#"D.(*)&'+M0*&:%+J$&90.&%0*
!" @&'o(+I@g7U_V+aM+I(*05+*'(%%05
!" /=-I+4('&.&)&0*
!" 8&)*$>&*<&+/f7cHI+c7M14+50F".$)0+&%9$*)5&(.+5">")P+`W'#+50('<P+cT:+D(;."(9P+?&)<+'"%)5"..05+

$D:5(90P+)5('T&%:+'(59P+(%9+(9B$*)(>.0+:5&DD05P+"5+F('$$#+:5&DD05Q+8"$%)09+"%+(+<&:<.;+
50'"%3:$5(>.0+)(>.0Q+

!" LD*"%+LUHc_WH+]7M14+H!-/-+5">")P+c_'#+50('<P+_T:+D(;."(9+
!" @E8-+UcV+c7M14+5">")P+]V'#+50('<P+WT:+D(;."(9+
!" A?"+!":%0ZhMfA+*#(5)+&#(:0+*0%*"5*+R#('<&%0+F&*&"%S+
!" H&Z+8&)*$>&*<&+4gW67U]+@I!*+
!" A?"+X()+>0.)+'"%F0;"5*+R"%0+?&)<+F(5&(>.0+*D009S+
!" 8('<&%0+F&*&"%+.&:<)&%:+R5&%:+.&:<)P+*)5">0S+
!" 1)<05+*$%95;+0Y$&D#0%)P+'"#D"%0%)*+(%9+)"".*

"96;>8>5E217H
!" 80)5".":;+LY$&D#0%)+=%'.$9&%:+!88+(%9+H$52('0+/"$:<%0**+80(*$50#0%)
!" !(.&>5()&"%+"2+80)5".":;+LY$&D#0%)+&%+/"$%9%0**P+I&%0(5+(%9+-%:$.(5+80(*$50#0%)*
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):4F9;@46E2Y':54:99;4:5Z2U>;[@=>?
!" !"%F0%)&"%(.+8('<&%0+A"".*
!" !6!+I-G
!" !6!+f05)&'(.+8&..&%:+8('<&%0
!" !6!+f05)&'(.+8('<&%&%:+!0%)50
!" 616+!16fL6A=16-I+8-!K=6=6J+I-G
!" !6!+L.0')5&'+M&*'<(5:0+8('<&%&%:+RLM8S+?&)<+8&'5"+LM8+'(D(>&.&)&0*
!" /(D&9+D5")");D&%:+0Y$&D#0%)+@.(*)&'+d+M&#0%*&"%+WUVV0*
!" /(D&9+D5")");D&%:+0Y$&D#0%)+A&)(%&$#+7+-/!-8+LG8+HWU+RL.0')5"%+G0(#+8('<&%&%:S
 
09?7;6C9:62>D2!:3A@6;4782'89B6;4B782#>P9;2*>:F9;@4>:
!" J5&9+!"%%0')09+@f+(%9+N&%9+H;*)0#*
!" K(5#"%&'+f".)(:0+(%9+!$550%)+80(*$50#0%)+H0)7$D
!" K&:<+F".)(:0+(%9+'$550%)+M!+*$DD.&0*
!" @(**&F0h-')&F0+4&.)05*+2"5+@"?05+4(')"5+=#D5"F0#0%)
!" H?&)'<&%:+450Y$0%';+!$550%)+H0%*&%:+2"5+@"?05+L.0')5"%&'*+(%9+!"%)5".
!" Electrical Drives
!" UVVf+-!+UbTf-+a7D<(*0+(%9+UVVf+M!+UVTN+H$DD.;+2"5+A0*)&%:+@$5D"*0*
!" L.0')5&'(.+M5&F0*+(%9+!"%)5".+H&#$.()&"%+H"2)?(50
!" K&:<+@052"5#(%'0+8('<&%0+!"%)5".
!" 809&$#+@"?05+M!+8('<&%0+I"(9&%:+E%&)*
!" f0')"5+'"%)5"..05+=%9$')&"%+8")"5P+@05#(%0%)+8(:%0)+H;%'<5"%"$*+8")"5+(%9+H?&)'<09+

/0.$')(%'0+/&:*
!" L.0')5&'(.+8">&.&);
!" L.0')5&'+!(5
!" Electric Boat
!" N()05+A(%T+2"5+L.0')5&'+1$)>"(59+A0*)&%:
!" H".(5+!()(#(5(%
 
09?7;6C9:62%D2"9B=7:4B782':54:99;4:5

,=9;C>3E:7C4B@217H>;76>;E
!" I(>"5()"5;+0ZD05&#0%)*+2"5+)<05#"9;%(#&'*+(%9+<0()+)5(%*205
!" Testing beds for internal combustion engines
!" 1%0+0.0')5&'(.+9;%(#"#0)05P+)?"+?()05+>5(T0+9;%(#"#0)05*+(%9+")<05+*#(..05+9;%"*
!" M0#"%*)5()&"%+);D0+:(*+)$5>&%0
!" Testing beds for air conditioning setups, including variable speed (inverter) compressor
!" K0()+)5(%*205+&%+D&D0+)0*)&%:+2('&.&);
!" H$D05*"%&'+%"oo.0+*0)$D+)0*)&%:+>0%'<
!" I(>F&0?+(%9+p0&)<.0;+9()(+('Y$&*&)&"%+*;*)0#*

"9B=7:4B@27:32"9B=7:4B782,9@64:5217H>;76>;49@
!" 8('<&%0+F&>5()&"%*+9&(:%"*)&'*
!" f&>5()&"%+#"%&)"5&%:+0Y$&D#0%)+(%9+*"2)?(50
!" /$%7$D+/$%+9"?%+F&>5()&"%+)0*)&%:+0Y$&D#0%)
!" 8"9(.+(%(.;*&*+0Y$&D#0%)
!" M;%(#&'+>(.(%'&%:+"2+#('<&%0*+)0*)&%:+>09
!" H"$%9+.0F0.+#"%&)"5&%:+0Y$&D#0%)
!" A0%*&.0+(%9+&#D(')+)0*)&%:+0Y$&D#0%)
!" H)5(&%+:($:&%:+0Y$&D#0%)+(%9+9()(+('Y$&*&)&"%+'(59*

*.'217H2N2*>C?A69;2.43932':54:99;4:5217H>;76>;E
!" !"#D$)05+2('&.&)&0*+)"+5$%+)<0+2".."?&%:+0%:&%005&%:+*"2)?(50\
!" 4L-+d+4&%&)0+L.0#0%)+-%(.;*&*+d+-6HiH\+('(90#&'+(%9+50*0(5'<+.&'0%*0*
!" !4M+d+!"#D$)()&"%(.+4.$&9+M;%(#&'*+4.$0%)\+('(90#&'+.&'0%*0*
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!" 8-AI-GhH&#$.&%T\+('(90#&'+.&'0%*0*
!" !-M+d+!"#D$)05+-&909+M0*&:%+H1I=MN1/pH
!" N&%9@/1+RL8MS
!" N-fLhf-IMi6+R/&'(59"S
!" 4."AKL/8
!" 8(Z*$52

G8A432"9B=7:4B@217H>;76>;E
!" I"?+?&%9+*D009+?&%9+)$%%0.+ab+Z+ab+'#+)0*)&%:+*0')&"%
!" I"?+?&%9+*D009+?&%9+)$%%0.+`VV+##+9&(#0)05+)0*)&%:+*0')&"%
!" N(F0+#(T&%:+:0%05()"5+<(F&%:+)(%T+b+#+."%:+(%9+l_V+##+?&90+(%9+W+#+900D
!" 8$.)&7'<(%%0.+<")+?&50+(%0#"#0)5;+0Y$&D#0%)
!" 4.$&9+#0'<(%&'*+9()(+('Y$&*&)&"%+*;*)0#*

U9834:5217H>;76>;E2
!" H0#&7($)"#()09+?0.9&%:+5&:+'(D(>.0+"2+#0(*$5&%:+)<05#(.+(%9+9&*)"5)&"%+)5(%*&0%)*+

developed during fusion welding 

09?7;6C9:62>D2"96788A;5E27:32"769;478@2':54:99;4:5

0""'217H>;76>;E
!" @5"'0**+LY$&D#0%)\
!" @.(*#(+-**&*)09+@<;*&'(.+f(D"$5+M0D"*&)&"%+R@-7@fMS
!" J(*+h+@.(*#(+6&)5&9&%:+4$5%('0
!" f('$$#+4$5%('0
!" I(*05+-9909+8(%$2(')$50+!0%)50
!" -&5+4$5%('0
!" -.$#&%&$#+(%"9&*&%:+4('&.&);
!" I"?+)0#D05()$50+2"$%95;+2$5%('0
!" 8(5)0#D05&%:+*(.)+>()<

-A??>;62'JA4?C9:6R
!" 8(%$(.+H$52('0+:5&%905
!" 8(%$(.h+($)"#()&'+*(#D.0+D".&*<05*
!" !6!+(%9+8(%$(.+8&..&%:
!" I()<0
!" 8$.)&*)(:0+E.)5(*"%&'+'.0(%05*
!" M0:50(*&%:+4('&.&);
!" H(%9+>.(*)&%:
!" @"?05+<('T*(?
!" N0.9&%:+RJA-NP+88-S
!" 1Z;2$0.+:(*+>5(o&%:+h+?0.9&%:

"9B=7:4B782,9@64:5R
!" A0%*&"%h+!<(5D;+=#D(')+)0*)05
!" !"#D50**&"%+A0*)&%:+R_+A"%S
!" G0%9&%:+A0*)&%:+RWV+A"%S
!" 8$.)&D$5D"*0+9;%(#&'+)0*)&%:+RU_+A"%S
!" 8('5"+<(59%0**+)0*)05
!" 8&'5"+<(59%0**+)0*)05
!" H<"50+<(59%0**+)0*)05
!" @&%7"%79&*T+?0(5+)0*)05
!" /")(5;+>0%9&%:+2()&:$0+)0*)05
!" J0(5+)5&>".":&'(.+)0*)05
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*=7;7B69;4@764>:2'JA4?C9:6R
!" 1D)&'(.+8&'5"*'"D;+?&)<+50(.+)&#0+&#(:0+('Y$&*&)&"%Q
!" =%'&90%)+.&:<)+#0)(..":5(D<&'+8&'5"*'"D0
!" H&90+D5"B0')09+*)050"+8&'5"*'"D0
!" H$DD"5)+#0)(..":5(D<&'+#&'5"*'"D0*
!" !"%2"'(.+#&'5"*'"D0
!" @")0%)&"9;%(#&'+?0)+'0..+'"55"*&"%+)0*)05
!" I(*05+=%9$'09+G50(T9"?%+HD0')5"'"D;+RI=GHS+2"5+0.0#0%)(.+Y$(.&)()&F0+(%(.;*&*

-B7::4:52'89B6;>:2"4B;>@B>?92Y-'"Z2P46=R
!" =%7.0%*+>('T*'())05&%:+90)0')"5
!" =%7.0%*+*0'"%9(5;+0.0')5"%+90)0')"5
!" LZ)05%(.+*0'"%9(5;+0.0')5"%+90)0')"5
!" L.0')5"%+@5">0+8&'5"7(%(.;*&*+RL@8-S+?&)<&%+HL8+&%'.$9&%:\
!" L%05:;+9&*D05*&F0+*D0')5"*'"D0
!" Wavelength dispersive spectroscope
!" L.0')5"%+G('T*'())05+M&225(')&"%+RLGHMS+?&)<&%+HL8
!" E.)5(+<&:<+F('$$#+=%)0:5()09+!<(5(')05&*()&"%+4('&.&);+&%'.$9&%:\
!" H$52('0+(%(.;*&*+>;+0.0')5"%+(%(.;*&*
!" 8"%"'<5"#()09+g7/(;+*"$5'0
!" K&:<+0%05:;+#$.)&+?(F0.0%:)<+g75(;+*"$5'0
!" K&:<+&%)0%*&);+0.0')5"%+*"$5'0
!" I"?+0%05:;+Ef+*"$5'0
!" L.0')5"%+0%05:;+(%(.;*05
!" /(*)05&%:+&"%+*"$5'0
!" I(5:0+(50(+&"%+*"$5'0
!" Quadrupole mass spectrometer
!" I"?+0%05:;+0.0')5"%+9&225(')&"%+RILLMS
!" H0'"%9(5;+0.0')5"%+90)0')"5
!" H$52('0+(%(.;*&*+>;+*$52('0+D5">0+#&'5"*'"D;
!" -)"#&'+2"5'0+#&'5"*'"D;+R-48S
!" H'(%%&%:+)$%%0..&%:+#&'5"*'"D;+RHA8S
!" g75(;+9&225(')&"%+R!$7)$>0S+2"5+)<&%+3.#+(%(.;*&*+?&)<\
!" @(5(..0.+>0(#+h+G5(::+G50%)(%"+"D)&'*
!" f(5&(>.0+)0#D05()$50+50(')&"%+'<(#>05

\N;7E2?>P39;234DD;7B64>:2Y">N,AH9Z2P46=R
!" Bragg Brentano optics
!" f(5&(>.0+)0#D05()$50+50(')&"%+'<(#>05
!" 6(%"+=%90%)()&"%+0Y$&D#0%)+?&)<\
!" Wet cell attachment
!" f(5&(>.0+)0#D05()$50+50(')&"%+'<(#>05
!" M;%(#&'+)0*)&%:+())('<#0%)
!" 4"$%95;
!" K0()+)50()#0%)+(%9+I(*05+D5"'0**&%:+I(>"5()"5;
!" @<;*&'(.+f(D"$5+M0D"*&)&"%+I(>"5()"5;
!" 80'<(%&'(.+!<(5(')05&o()&"%+I(>"5()"5;
!" 6(%"+-%(.;)&'*+I(>"5()"5;
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09?7;6C9:62>D2-E@69C@27:32*>:6;>82':54:99;4:5
K4>C934B782':54:99;4:5217H>;76>;ER
!" f&'"%+1D)&'(.+8")&"%+-%(.;*&*+H;*)0#
!" A0T*'(%+G"9;+@50**$50+80(*$50#0%)+H;*)0#
!" G&"D")0%)&(.+R0Q:Q+LLJS+-'Y$&*&)&"%+H;*)0#
!" 6"%7&%F(*&F0+G&"#09&'(.+M()(+-'Y$&*&)&"%+H;*)0#
!" M&(:%"*)&'+E.)5(*"$%9+H;*)0#
!" K(D)&'+4009>('T+H;*)0#
!" /0<(>&.&)()&"%+/">")&'+8(%&D$.()"5
!" A<05#(.+=#(:&%:+H;*)0#
!" HD0')5(.+!(#05(
!" H&:%(.+@5"'0**&%:+G"(59*
!" M()(+-'Y$&*&)&"%+G"(59*
!" K&:<70%9+*05F05*+(%9+'"#D$)&%:+0Y$&D#0%)
!" 8().(>+(%9+H&#$.&%T+/0*0(5'<+I&'0%'0*

*>:6;>82-E@69C@217H>;76>;ER
!" @5":5(##(>.0+I":&'+!"%)5".+R@I!S+$%&)*+?&)<+*)()0+"2+)<0+(5)+K$#(%+8('<&%0+=%)052('0*+

RK8=*S
!" f(5&"$*+#">&.0+5">")+)0(#*+(%9+")<05+<&:<+0%9+#">&.0+5">")*
!" /">")&'+#(%&D$.()"5*
!" 4"5'0P+)"5Y$0P+.(*05+(%9+&%05)&(+*0%*"5*+2"5+5">")&'+(DD.&'()&"%*
!" L#>09909+(%9+)(>.0)+@!+2"5+50(.+)&#0+'"#D$)05+'"%)5".+"2+#">&.0+*;*)0#*
!" 4&%:05D5&%)hD(.#+(%9+&5&*+>&"#0)5&'+*'(%%05*
!" H)050"+'(#05(*+?&)<+D(%h)&.)+(')$()&"%
!" -%(.":$0+(%9+9&:&)(.+(50(+*'(%+'(#05(*+(%9+*#(5)+'(#05(*+?&)<+ILM+&..$#&%()&"%
!" f(5&"$*+9&:&)(.+(%9+(%(.":$0+F&90"+:5(>>05*+(%9+'(#05(+#$.)&D.0Z05*
!" Electronic test and measurement instrumentation
!" @!+&%)052('09+*05F"*+(%9+D5"'0**+'"%)5".+$%&)*
!" f(5&"$*+@!+&%)052('0+$%&)*+2"5+'"#D$)05+'"%)5".
!" -+'"#D$)05+%0)?"5T+?&)<+F(5&"$*+.&'0%*0*+2"5+*&#$.()&"%+(%9+50(.7)&#0+'"%)5".+"2+*;*)0#*
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Staff
 
09?7;6C9:62>D2'89B6;>:4B2-E@69C@2':54:99;4:5

O9732>D209?7;6C9:627:32#;>D9@@>;
@5"2Q+!(5#0.+@$.wP+GQH'QR6e'.0SP@<QMQR6e'.0SP!QL%:QP8Q=QLQLQ+

.@@>B47692#;>D9@@>;
@5"2Q+=%:Q+M(F&9+v(##&)78(%:&"%P+GQL.0'QL%:QRK"%*QSP8QH'QR!5(%QSP+@<QMQR!5(%QSPL$5Q=%:QP+
8Q=QLQLQLQP-Q8QHQ-QLQP8Q-Q=Q-Q-QP8Q/Q-0QHQ++ + + +
 
19B6A;9;@
M5+=%:Q+-%950?+H(##$)P+GQL%:QRK"%*QSP+R80.&)QSP@<QMQR80.&)QSP8Q-Q=Q-Q-P+8Q=QLQLQLQ+
 
.@@4@67:6219B6A;9;@
=%:Q+G5&(%+v(##&)P+GQL%:QRK"%*QS
=%:Q+p0%%0)<+!<&5'"DP+GQL%:Q+RK"%*QSP+8Q-Q=Q-Q-QP+8Q=QLQLQLQ+ +
=%:Q+8(5'+-%)<"%;+-oo"D(59&P+GQL%:QRK"%*QSP+R80.&)QSQ+8Q@<&.Q+R80.&)QSP+8Q=QLQLQLQP+8Q-Q=Q-Q-Q+
85+@($.+v(##&)Q+ + + +
  
#7;6N64C9289B6A;9@
=%:Q+!(5.+-oo"D(59&P+GQL%:QRK"%*QSP+8Q=QLQLQLQ+
M5+=%:Q+1?0%+!(*<(P+GQL%:QRK"%*QSP+R80.&)QSP@<Q9QR80.&)QSP+8Q&QLQLQLQ+
=%:Q+G5&(%+!($'<&P+GQH'Q=QAQRK"%*QS
=%:Q+!.&22"59+M0+/(22(0.0P++8QH'Q=!AR!Q!QLQSP+GQL%:QL.0'QRK"%*QSP+8Q=QLQAQP+8Q=QLQLQLQ++
85+j"<(%%+J(.0(
85+8(.'".#+A(>"%0
85+I(?50%'0+v(##&)
M5Q+I"$&*+v(##&)78(%:&"%P+GQH'QP@<QMQRG()<QSP8Q=%*)Q@QP8Q=QLQLQL++

#;>L9B62%DIB9;@
85+!<5&*)&(%+v(##&)P+GQ+L%:Q+RK"%*QS+
=%:Q++LF(%+j"0+M&#0'<P+GQL%:Q+RK"%*QS
85+=(%+-:&$*+
85+8())<0?+8&'(..02P+GQL%:Q+RK"%*S
8*+@($.(+-Y$&.&%(P+GQL%:Q+RK"%*QS
85+/(;#"%9+8$*'()P+GQL%:Q+RK"%*QS
85+8())<0?+H(##$)Q+GQL%:QRK"%*SP+8QH'QR!5(%QS+
85+8())<0?+g$050>PPGQH'Q+=A+RK"%*QSP+8QH'Q+

#7;6N64C92#;>L9B62%DIB9;@
85Q+-.(%+8$*'()

,9B=:4B782-67DD
H;*)0#*+L%:&%005
=%:Q/0$>0%+M0>"%"P+GQL%:RK"%*QSP+8*'R80.&)QSP+8*'RH<0230.9QS+ +

17H/2%DIB9;2!!!
85+H)0D<0%+I"$&*+!(5$(%(

17H/2%DIB9;2!!
85+/(;#"%9+-))(59
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'M9BA64F92%DIB9;
8*+j('Y$0.&%0+H(.&>(

*89;[
8*+/"#&%(+HD&)05&+A(:.&(2055"

 
09?7;6C9:62>D2!:3A@6;4782V2"7:AD7B6A;4:52':54:99;4:5

O9732>D209?7;6C9:627:32.@@>B47692#;>D9@@>;R
@5"2Q+=%:Q+j"%()<(%+!Q+G"5:P+GQ+80'<QL%:QRK"%*QS+8QH'Q+RH)5()<QSP+8Q=QLQMQP+=QL%:Q

-9:4>;219B6A;9;27:32.@@>B47692#;>D9@@>;R
@5"2Q+=%:Q+8&'<(0.+-Q+H(.&>(P+GQ+80'<Q+L%:Q+RK"%*QSP+8Q-QH'Q+RG5&)Q+!".QSP+@<QMQ+RG5&)Q+!".SP+8-H8LP+
8=LLLP+8-@H

19B6A;9;@R
M5Q+=%:Q+@<&.&D+jQ+4(55$:&(P+GQ+L%:Q+RK"%*QSP+@<QMQ+RE"8SQP+J5(9=LM
M5Q+=%:Q+-5&2+/"'<#(%P+M&D.Q=%:QRK8+8$%&'<SP8QH'QRKAN+-(.0%SP@<QMQ+RCEG+G0.2(*)S

.@@4@67:6219B6A;9;@R
=%:Q+L##(%$0.+45(%'(.(%o(P+GQL%:Q+RK"%*QS8H'+R=@MSQ
=%:Q+@&0550+f0..(+GQ80'<Q+RK"%*SP+8QH'Q
=%:Q+@($.+/02(."+GQL%:Q+RK"%*SP+-Q8Q=Q+80'<QLQ

#7;6N64C9219B6A;9;R
M5Q+=%:Q+!"%5(9+@('0P+GQL%:Q+RK"%*QSP+8QH'Q+RI(%'QSP+@<QMQ+RI(%'QSP+8=LLL

$9@97;B=9;@R
8*Q+-#(%9(+J(.0(P+GQ+L%:Q+RK"%*S
85Q+!<5&*)&(%+HD&)05&
85Q+I$T0+H(&9
85+I(?50%'0+4(55$:&(

.3C4:4@6;764F92.@@4@67:6R
8*Q+H<(5.0%0+!('<&(

*89;[R
8*Q+A<050*0+!(5$(%(

"7:AD7B6A;4:52-E@69C@2':54:99;R
=%:Q+j"<%+@($.+G"5:+GQL%:+RK"%*S

17H2%DIB9;2!&
85Q+8&'<(0.+-))(59P+M&DQ+L%:Q

17H2%DIB9;2!!!
85Q+j0*#"%9+@('0P+M&DQ+=%9*)Q+L%:Q
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Electrical Stream
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during landing.
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a painted curve which would simulate an aircraft 
'."*&%:+ &%+ )"+ )<0+ '0%)50.&%0+ "2+ )<0+ 5$%?(;Q+ =%+ )<&*+
D5"B0')+ "%.;+ )<0+ ."'(.&o05+ ?<&'<+ D5"F&90*+ .()05(.+
guidance to the aircraft was simulated.
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performance.
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and simulating how it would perform when 

built. In a nutshell, the circuit consists of a 
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output the distance from the centreline could 
be calculated. This is then fed to a controller 
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motors in order to improve the response and 
reduce oscillations as far as possible. Then the 
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other batteries and are also much lighter.
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because of its speed however it follows straight lines 
(%9+#"905()0+'$5F0*+F05;+?0..Q

M

Permanent Magnet
DC Motors

Gearbox

Wheels

Sensor Controller PWM
Motor Driver

Error signal Voltage to motors PWM Pulses

A very fast, line-following Wheeled Machine 
adapted to imitate Aircraft Landing Systems
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individual sensor alone.
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The whole design was completed, the printed circuit 
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.&%TQ+

$9D9;9:B9@
W+ K(..Q+ IQ+ M(F&9+ H0%&"5+ 80#>05+ =LLL+ (%9+ I.&%(*+
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Design of an Embedded System 
for GPS & IMU Data Fusion

Figure 1: Printed Circuit Board for Data Fusion of 
INS and GPS information

H".905&%:+"2+'"#D"%0%)*+"%+)<0+@!G+R@5&%)09+!&5'$&)+
G"(59S+?(*+ )<0%+'(55&09+"$)Q+ + I(*).;+35#7?(50+?(*+
90F0."D09P+D5":5(##09+(%9+90>$::09Q+A<0+*;*)0#+
?(*+#(90+ "D05()&"%(.+ 50(9;+ )"+ >0+ )0*)09+ "$)+ ?&)<+
9()(+2$*&"%+(.:"5&)<#*QU++

Figure 2: Conceptual Model for Data Fusion platform
Results and Achievements
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Figure 1: XY Plot Expected Output 2
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fashion to produce a sine wave. If turned on and off 
"%.;+ "%'0+ &%+ 0('<+ ';'.0P+ (+ *Y$(50+?(F0+?(F02"5#+
50*$.)*Q+K"?0F05P+&2+)$5%09+"%+*0F05(.+)&#0*+&%+(+';'.0P+
(%+ &#D5"F09+ <(5#"%&'+ D5"3.0+ #(;+ >0+ ('<&0F09Q+
A<0+ );D0*+ "2+ *?&)'<&%:+ (%9+ '"%)5".+ &%+ &%F05)05*+ (50+
discussed

H0'"%9.;P+ GG!+ G-H=!+ (%9+ 8-AI-GhH=8EI=6p+
#"90.*+ (50+ >$&.)+ &%+ )<0+ 9Y7(Z&*+ 5")"5+ 502050%'0+
25(#0Q+ A<0+ H)()"5+ 4.$Z+ )5(B0')"5;+ &*+ 9&*'$**09+ (%9+
understood
 
-*+(+3%(.+:"(.P+)<0+D5"D"*09+9&50')+)"5Y$0+'"%)5".+"2+
)<0+&%9$')&"%+#")"5+#0)<"9+&*+90F0."D09+&%+8-AI-Gh
H=8EI=6p+$*&%:+ )<0+ 5")"5+ 502050%'0+ 25(#0+?&)<+ )<0+
<0.D+"2+&%0ZD0%*&F0+<(..70220')+*0%*"5*+?&)<"$)+$*&%:+
(%;+M!7.&%T+F".)(:0+*0%*&%:Q

$9@A86@27:32.B=49F9C9:6@
H&%'0+ )<&*+ )<0*&*+ &*+#"*).;+ )<0"50)&'(.+ (%9+ 50*0(5'<+
>(*09P+(.#"*)+(..+50*$.)*+(50+D5"9$'09+>;+*&#$.()&"%+
?&)<+*"2)?(50Q+f(5&"$*+D5":5(#*+?050+?5&))0%+$*&%:+
)?"+ 9&22050%)+ T&%9*+ "2+ D5":5(#*\+ GG!+ G(*&'+ (%9+
8().(>hH&#$.&%TQ+-.*"P+(+@!G+%009*+)"+>0+90F0."D09+
&%+"5905+)"+*<"?+(+#&#&'+"2+)<0+'$550%)+)5(B0')"5;+)<()+
would be seen at the current output of a motor. The 
following chapter is divided into three sections, each 
section explaining what program was used and what 
was simulated. 

Figure 2: Matlab Output

$9D9;9:B9@
W+ !<&$7T&%:+ 6:Q+ I&**(B"$*+ 4&:$50*Q+ 1%.&%0Q+
<))D\hh%:*&5Q%0)35#*Q'"#h0%:.&*<<)#hI&**(B"$*Q<)#
U+ MQ!(*(90&P+ JQH055(+ JQG$B(P+ mM&50')+ H)()"5+
4.$Z+ (%9+ A"5Y$0+ !"%)5".+ "2+ (%+ =%9$')&"%+ 8")"5\+
A<0"50)&'(.+ -%(.;*&*+ (%9+ 0ZD05&#0%)()&"%+ 50*$.)*Pn+
@5"'009&%:*+"2+)<0+=L!16+z`bP+DDQ+A_V7Ac]P+W``bQ
a+ MQ+ N(%:+ pQ+ v<"$P+ m/0.()&"%*<&D+ G0)?00%+
HD('07f0')"5+8"9$.()&"%+(%9+A<5007@<(*0+!(55&057
G(*09+ @N8\+ -+ !"#D50<0%*&F0+ -%(.;*&*Pn+ =LLL+
A/-6H-!A=16H+ 16+ =6MEHA/=-I+ LIL!A/16=!HP+
F".Q+]`P+%"Q+WP+40>5$(5;+UVVUQ
]+ 8&'5"'<&DP+ mH0%*"5.0**+ 4&0.9+ 15&0%)09+
!"%)5".+"2+@8H8+8")"5*Pn+-6WVlbP+UVVbQ

Displaying 3D Transients in Inverters and Networks
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-6A39:6R2`7@>:2*7;A7:72*7C9:WA84
-A?9;F4@>;R2#;>D/20/2_7CC462"7:54>:
*>N@A?9;F4@>;R2!:5/2'F7:204C9B=

!:6;>3AB64>:
Harvesting small amount of energies from 
environmental sources to power portable or remote 
0.0')5"%&'+90F&'0*+?<&'<+?"5T+&%+)<0+#N+5(%:0+<(*+
>00%+)<0+&%'0%)&F0+2"5+'(55;&%:+"$)+)<&*+)<0*&*Q++LF0%+
though the main materials available that are capable 
"2+ 0%05:;+ '"$D.&%:+<(F0+>00%+(5"$%9+ 2"5+ 90'(90*P+
their harvesting capabilities haven’t been examined 
$%)&.+ 50'0%)+ ;0(5*Q+ + 1%.;+ 50'0%).;+ <(F0+ 0.0')5"%&'+
90F&'0*+ 0F".F09+ &%+ (+ ?(;+ *"+ )<()+ )<0&5+ D"?05+
50Y$&50#0%)*+<(F0+:"%0+9"?%+(%9+)<0+:(D+>0)?00%+
0%05:;+*'(F0%:&%:+25"#+0%F&5"%#0%)(.+*"$5'0*+(%9+
D"?05+50Y$&50#0%)*+<(*+%(55"?09Q

#;>L9B62%HL9B64F9@
-%(.;o&%:+(%9+&%F0*)&:()&%:+D50*0%)+0%05:;+<(5F0*)&%:+
solutions.  

Designing and developing methods to enhance the 
D"?05+ "$)D$)+ "2+ (+ D&0o"0.0')5&'+ 0%05:;+ <(5F0*)&%:+
90F&'0+)"+D"?05+(%+($)"%"#"$*.;hD(5)&(..;+D"?0509+
automotive electronic sensor.  

#;>L9B62"96=>3>8>549@
The thesis starts with an investigation of present power 
harvesting technologies available for harvesting from 
)<0+9&22050%)+);D0*+"2+0%05:;+*"$5'0P+&%'.$9&%:+*".(5P+
)<05#(.+ (%9+ )<0+ F(5&"$*+ );D0*+ "2+ #0'<(%&*#*+ )"+
harvest from vibrations detailing power output levels 
found from literature.

4".."?&%:+)<&*P+50(*"%*+2"5+2"'$*&%:+"%+D&0o"0.0')5&'+
'"%F05*&"%+"2+F&>5()&"%+0%05:;+?050+"$).&%09+(%9+(%+
"F05F&0?+"2+)<0+D&0o"0.0')5&'+'"%'0D)+(%9+#()05&(.*+
?(*+ &%)5"9$'09Q+ + -+ F&0?+ "2+ )<0+ )0'<%".":&'(.+
contexts with approaches to power enhancement of 
D&0o"0.0')5&'+:0%05()"5*+?(*+:&F0%Q+

A<0+)<0*&*+ )<0%+D5":50**09+)"+*)$9;&%:+#0)<"9*+"2+
0%<(%'&%:+)<0+D"?05+"$)D$)+"2+(+D&0o"0.0')5&'+0%05:;+
harvesting device.  Through initial investigation, the 
D"?05+"$)D$)+"2+(+D5")");D0+90F&'0+$*&%:+(+*&#D.0+
)0*)+ *0)$D+ ?(*+ ">*05F09Q+ + -+ '"#D$)057>(*09+
"D)&#&o()&"%+(.:"5&)<#+?(*+90F0."D09+?&)<+8().(>+)"+
D509&')+"$)D$)*+(%9+"D)&#&o0+)<0+90F&'0Q+

A<0+*0'"%9+D(5)+'"%'05%09+)<0+<(5F0*)&%:+'&5'$&)5;Q+
Initial investigations were performed using the 
D5")");D0+ <(5F0*)&%:+ 90F&'0+ (%9+ (+ >5&9:0+ 50')&305+
'&5'$&)Q+ +A<0+"D05()&"%+?(*+(.*"+(%(.;*09+F&(+'&5'$&)+
simulation.  The mechanisms that limit power from 
being transferred from the harvesting device to 
)<0+ ."(9+ ?050+ ">*05F09+ (%9+ (%(.;o09+ 25"#+ )<0+
simulation.  Following this, a new harvesting circuit 
concept was proposed. The new concept comprises: 
(+H;%'<5"%&*09+H?&)'<+K(5F0*)&%:+"%+=%9$')"5+RHHK=S+
2$%')&"%(.+>."'TP+?<&'<+>""*)*+)<0+"$)D$)+F".)(:0+"2+
)<0+ D&0o"0.0')5&'+ :0%05()"5[+ (+ z*)"5(:0e+ 2$%')&"%(.+
>."'TP+ (%9+ (+ zM!7M!+ '"%F05)05e+ >."'T+ ?<&'<+ '(%+
D5"F&90+ 50:$.()09+ M!+ D"?05+ )"+ (%+ 0%9+ (DD.&'()&"%+
*;*)0#Q+ + =%+ 3:$50+ -P+ )<0+ >."'T+ 9&(:5(#+ *<"?*+ )<0+
50.0F(%)+>."'T*+(%9+'"%%0')&"%*Q

-+D5")");D0+'&5'$&)+ )<()+'(%+ &#D.0#0%)+ )<0+'"%'0D)+
was designed and built, using a mixture of discrete 
and integrated components, and the performance of 
the concept was assessed through an experimental 
and simulation approach.

$9@A86@27:32.B=49F9C9:6@
G")<+ )<0+ (%(.;)&'(.+ #"90.+ *&#$.()&"%+ (%9+ %0?+
harvesting circuit concepts provided methods 
of enhanced power output.  The model helped 
&%+ 90*&:%&%:+ 2"5+ )<0+ "D)&#&o09+ D(5(#0)05*+ "2+ )<0+
material.  The new circuit concept provided an 
(DD5"Z&#()0+ "2+ bVk+ #"50+ 0%05:;+ <(5F0*)09+ &%)"+
*)"5(:0+"F05+)<0+'"##"%.;+$*09+>5&9:0+50')&305Q++-)+
the time of writing the circuit is now being compared 
)"+ ")<05+ )0'<%&Y$0*+ 2"$%9+ &%+ .&)05()$50+ )"+ F05&2;+ &)*+
023'&0%';Q

Low Power Piezoelectricity Energy Harvesting

Figure A: Block Diagram of proposed harvesting circuit and envisaged power management circuitry
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-6A39:6R2.:3;a2*4847
-A?9;F4@>;R2!:5/2"7;B2.:6=>:E2.WW>?7;34

!:6;>3AB64>:
I"%:+9&*)(%'0+'"##$%&'()&"%+<(*+>00%+(+'<(..0%:0+
2"5+ <$#(%&);+ 2"5+ #&..0%%&(Q+ /(9&"+ )0'<%".":;+ '(%+
provide long distance transmission and reception 
"2+9()(Q+K"?0F05P+&)+ &*+9&23'$.)+)"+:&F0+(+9&50')&"%+)"+
5(9&"+*&:%(.*P+(%9+(+.")+"2+D"?05+&*+50Y$&509+)"+('<&0F0+
successful reception at long distances. 

Free space optical communications solve this 
D5">.0#+>;+$*&%:+.(*05*Q+A<0&5+%(55"?+>0(#+'"%)(&%*+
(..+)<0+D"?05+50Y$&509+2"5+."%:+9&*)(%'0+)5(%*#&**&"%+
and the signal to be transmitted.

#;>L9B62%HL9B64F9@
A<0+ (&#+ ?(*+ '50()0+ (+ <&:<.;+ 9&50')&"%(.+ %0)?"5T+
>0)?00%+ )?"+9()(+ )05#&%(.*+ R(+EQ-Qf+(%9+(+:5"$%9+
station), through which data and commands can be 
)5(%*#&))09+(%9+50'0&F09+(*+*<"?%+&%+4&:$50+WQ

A<0+ 9&50')&"%(.&);+ "2+ )<0+ %0)?"5T+ 0%*$50*+ )<()+ )<0+
D"?05+$*09+)"+)5(%*#&)+)<0+50Y$&509+9()(+&*+$*09+(*+
023'&0%).;+(*+D"**&>.0+>;+9&50')&%:+&)+"%.;+?<050+)<&*+
&*+50Y$&509+WQ

A<&*+9&50')&"%(.&);+(.*"+<(*+ )<0+(9909+(9F(%)(:0+"2+
#(T&%:+)<0+*;*)0#+D5(')&'(..;+)(D7D5""2Q+=%+2(')+2"5+(%+
0(F0*95"DD05+)"+*$''0**2$..;+:()<05+(%;+&%2"5#()&"%P+
<0+ #$*)+ >0+ ."'()09+ ('5"**+ )<0+ >0(#Q+ -.*"P+ *$'<+
(')&F&);+ &*+0(*&.;+90)0')09P+*&%'0+)<0+)5(%*#&**&"%+"2+
9()(+&*+&%)055$D)09+"5+*0F050.;+<(#D0509Q

#;>L9B62"96=>3>8>549@
A<0+?<".0+D5"B0')+?(*+*$>9&F&909+&%)"+)<0+2".."?&%:+
categories:
!" !"%9$')&%:+(+I&)05()$50+50F&0?+"2+")<05+*&#&.(5+

?"5T*+?(*+'"%9$')09+*"+(*+)"+3%9+)<0+>0*)+?(;+
)"+ &#D.0#0%)+)<&*+*;*)0#Q+K0%'0+(+ .&*)+"2+*$>7
9&F&*&"%*+ 50Y$&509+ 2"5+ *$''0**2$.+ )5(%*#&**&"%+
and reception was created as can be seen in 
4&:$50+UQ

!" !50()&%:+(+)0*)+)"+0%*$50+)<()+L)<05%0)+?"5T*+"%+
a directional cable pair.

!" M0*&:%&%:+(%9+*&#$.()&%:+)<0+50Y$&509+'&5'$&)5;+
2"5+)<0+9&22050%)+*$>7*0')&"%*Q

!" Designing and etching the boards implementing 
)<0+90*&:%09+'&5'$&)5;Q

!" Testing the individual subsections to ensure 
'"550')+"D05()&"%+()+)<0+50Y$&509+250Y$0%'&0*Q

!" !"%%0')&%:+(+%0)?"5T+>0)?00%+)?"+'"#D$)05*+
"5+(+'"#D$)05+(%9+(+%0)?"5T+?0>'(#Q+

!"#$%&'()'<&0+%".3",1',9'3;&'1&34,%='+,1:#$%/3",1

!"#$%&'>)'?"-.6":&8'26,+='8"/#%/-',9'3;&'4;,6&'0703&-

$9@A86@27:32.B=49F9C9:6@
H&:%(.*+5(%:&%:+25"#+a8Ko+$D+)"+U_8Ko+<(F0+>00%+
*$''0**2$..;+ )5(%*#&))09+ (%9+ 50'0&F09Q+ A<0+ *&:%(.*+
)5(%*#&))09+ (%9+ 50'0&F09+ (50+ *Y$(507?(F0+ *&:%(.*+
R<0%'0+ '"%35#&%:+ "D05()&"%+ ()+ .0(*)+ $D+ )"+ l_8KoP+
)<500+)&#0*+U_8KoSQ+K0%'0+WVG(*07A+250Y$0%'&0*+(%9+
WVVG(*07A+250Y$0%'&0*+(50+'"F0509Q+WVVG(*07A+%009+
(+#&%&#$#+"2+aWQU_8Ko+U

$9D9;9:B9@
W+I(T<5(+HQP+H<(5#(+MQ+@QP+H&%:<+jQP+mH)$9;+"2+I(*05+
G(*09+ A5(%*#&**&"%h/0'0D)&"%+ @(5(#0)05*+ E%905+
4(9&%:+ !"%9&)&"%*nP+ =%*)5$#0%)+ H"'&0);+ "2+ =%9&(P+
K;905(>(9P+=%9&(P+UVVaQ
U+ =LLL+ !"#D$)05+ H"'&0);P+ m=LLL+ H)(%9(59+ 2"5+
=%2"5#()&"%+)0'<%".":;+{+A0.0'"##$%&'()&"%*+(%9+
&%2"5#()&"%+0Z'<(%:0+>0)?00%+*;*)0#*+{+I"'(.+(%9+
#0)5"D".&)(%+(50(+%0)?"5T*+{+HD0'&3'+50Y$&50#0%)*+
@(5)+a\+!(55&05+ *0%*0+#$.)&D.0+(''0**+?&)<+!"..&*&"%+
M0)0')&"%+ R!H8-h!MS+-''0**+80)<"9+(%9+@<;*&'(.+
I(;05+HD0'&3'()&"%*nP+=LLLP+60?+i"5TP+EH-P+UVVbQ
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-6A39:6R2*=;4@6>?=9;2*A@9:@
-A?9;F4@>;R2#;>D2*7;C982#A89^

!:6;>3AB64>:
Even with the development of new technologies, 
*$'<+ (*+ )<0+ J.">(.+ @"*&)&"%&%:+ H;*)0#P+ *"%(5+
50#(&%*+"%0+"2+)<0+D5&#(5;+$*0*+2"5+90)0')&%:+">B0')*+
."'()09+$%905?()05Q+A<0+&%'50(*0+&%+)055"5&*)+())('T*+
<(*+:&F0%+5&*0+)"+)<0+%009+2"5+0%<(%'09+D5")0')&"%Q+-+
*$>*$52('0+())('T+'(%+<(F0+90F(*)()&%:+50*$.)*P+)<$*+
)<0+90)0')&"%+"2+(%;+)<50()+&*+"2+$)#"*)+&#D"5)(%'0Q+
The use of a module that can detect the position of 
(%+0%0#;+F0**0.+9$5&%:+*$5F0&..(%'0+"D05()&"%*+'"$.9+
come as a great advantage.

#;>L9B62%HL9B64F9@
A<050+ (50+ )<500+#(&%+ (&#*+ )"+ )<&*+ D5"B0')Q+ A<0+ 35*)+
(&#+ &*+ )"+ &%F0*)&:()0+ (%9+ *)$9;+ )<0+ F(5&"$*+ );D0*+
of capacitors and oscillators available in order to 
&90%)&2;+ )<0+#"*)+*$&)(>.0+*0)$DQ+4".."?&%:+ )<&*P+ )<0+
development and construction of a device capable 
"2+90)0')&%:+)<0+(%:$.(5+D"*&)&"%+"2+(+)<50()h)(5:0)+&*+
)"+>0+&#D.0#0%)09Q+4&%(..;P+)<0+(DD5"D5&()0+'&5'$&)5;+
*<(..+ >0+ 90*&:%09+ (%9+ )0*)09+ &%+ "5905+ )"+ 9&*D.(;+ (+
positional result in a digital format to the user. 

#;>L9B62"96=>3>8>549@
A<0+ #0)<"9".":;+ &#D.0#0%)09+ &%+ )<0+ D5"B0')+ &*+
0**0%)&(..;+9&F&909+&%)"+)<0+>0."?+*)(:0*[
!" I&)05()$50+/0F&0?+ d+ A<&*+?(*+ '(55&09+ "$)+ )"+ &%+

order to obtain a better understanding of the 
)(*T+ ()+ <(%9Q+ A<0+ .&)05()$50+ *$5F0;+ D5"F&909+
(+ >0))05+ $%905*)(%9&%:+ "2+ )<0+ 9&22050%)+ );D0*+
of transducers available. Each component 
)"+ >0+ $*09+ &%+ )<0+ 3%(.+ 90*&:%+?(*+ )<"5"$:<.;+
researched in order to gain optimum 
performance.

!" M0*&:%+"2+)<0+!(D('&)"5+d+LY$()&"%*+)<()+50.()0+
@"*&)&"%+ )"+!(D('&)(%'0+(%9+450Y$0%';+ .09+ )"+
the appropriate shape of the capacitor to be 
$*09Q+ -+ D5")");D0+ ?(*+ >$&.)+ )"+ *&#$.()0+ (%9+
gather results.

!" 1*'&..()"5+ M0*&:%+ d+ M&22050%)+ /!+ (%9+ I!+
"*'&..()"5*+?050+*)$9&09Q+A<0+I!+"*'&..()"5+?(*+
'<"*0%+)"+D5"9$'0+)<0+250Y$0%';+50Y$&509+25"#+
the variable capacitance. 

!" !"%F05)05+ (%9+ 8&'5"'"%)5"..05+ =#D.0#0%)()&"%+
d+ -+ *$&)(>.0+ '"%F05)05+ ?(*+ '<"*0%+ )"+ '<(%:0+
)<0+F(5;&%:+250Y$0%';+)"+(+F(5;&%:+F".)(:0Q+A<0+
voltage was then fed to a microcontroller input 
and with the use of an appropriate algorithm, 
an output that shows the angular position of 
the capacitor plates was given. This output is 
D50*0%)09+"%+(+9&:&)(.+9&*D.(;Q

Figure 1 - Diagrammatic representation of the stages 
to be implemented

Figure 2 - Frequency (KHz) vs Angular Position (

$9@A86@27:32.B=49F9C9:6@
Once the construction of the capacitor was complete, 
)<0+ '(D('&)(%'0+ ?(*+ #0(*$509+ 2"5+ F(5;&%:+ (%:$.(5+
positions. The capacitor was connected to the 
"*'&..()"5P+?<&'<+&%+)$5%+D5"9$'09+(+F(5;&%:+250Y$0%';Q+
4&:$50+U+*<"?*+<"?+250Y$0%';+F(5&09+&%+(+.&%0(5+2(*<&"%+
(."%:+(+.(5:0+D"5)&"%+"2+)<0+acV|++50F".$)&"%Q

6"%7.&%0(5&);+?(*+9&*D.(;09+)"?(59*+)<0+0Z)50#&)&0*+
9$0+)"+*)5(;+'(D('&)(%'0*Q+A<&*+?(*+)<0+#(&%+.&#&)()&"%+
"2+)<0+D5"B0')Q+K"?0F05P+)<&*+'"$.9+>0+"F05'"#0+>;+
#(%&D$.()&%:+ )<0+ #&'5"'"%)5"..05e*+ (.:"5&)<#Q+ -*+ (+
50*$.)P+(+?&905+ 5(%:0+"2+ )<0+acV|+ &%)05F(.*+'"$.9+>0+
9&:&)(..;+9&*D.(;09Q

The use of a Rotating Vane Capacitor 
to detect a Target Position
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-6A39:6R207;;9:209K7664@67
-A?9;F4@>;R20;/2b9::96=2-B9;;4

!:6;>3AB64>:
The motivation behind this thesis is to gain experience 
in the design, construction and assemble of electronic 
*;*)0#*+ )"+ 90F0."D+ (+ #(:%0)&'+ .0F&)()&"%+ *;*)0#Q+
-DD.&'()&"%+"2+)<&*+)<0*&*+&%'.$90+8(:%0)&'+G0(5&%:+}W~+
$*09+)"+0.&#&%()0+25&')&"%+")<05?&*0+'($*09+>;+$*&%:+
standard bearings, high precision magnetic planar 
.0F&)()&"%+ 90F&'0*+ $*09+ 2"5+ D<")".&)<":5(D<;+ R=!+
M0*&:%S++}U~+(%9+)5(%*D"5)()&"%+?050+)5(&%*+T%"?%+(*+
8(:I0F+(50+#(:%0)&'(..;+.0F&)()09+)"+509$'0+25&')&"%Q

#;>L9B62%HL9B64F9@
The aim of this thesis is to construct a magnetic 
.0F&)()&"%+ *;*)0#+ )"+ >0+ $*09+ (*+ (+ )0*)+ >09+ )"+ )0*)+
different control algorithms. The construction of this 
*;*)0#+'"%*&*)*+"%+)<0+2".."?&%:+)(*T*\
!" Design and construct the electromagnets to be 

used
!" Design and construct a current driver for the 

electromagnets 
!" Design and construct a sensing circuit to sense 

)<0+D"*&)&"%+"2+)<0+.0F&)()09+">B0')+&%+UM+*D('0
!" !50()0+(%+&%)052('0+)"+)<0+'"%*)5$')09+*0)$D+)"+

0%(>.0+'"%)5"..05*+)"+>0+$*09+"%+@!
!" Obtain a mathematical model describing the 

*;*)0#+9;%(#&'*+
!" Design, implement and test different controllers 

'(D(>.0+ "2+ *)(>&.&o&%:+ )<0+ #(:%0)&'+ .0F&)()&"%+
*;*)0#Q+

#;>L9B62"96=>3>8>549@
-+#()<0#()&'(.+905&F()&"%+"2+)<0+2"5'0+D5"9$'09+>;+
(%+0.0')5"#(:%0)+"%+(+:&F0%+">B0')+?(*+35*)+9"%0Q+
The result was seen to be too complex and hence, 
a simulation was done to approximate the force 
D5"9$'09+>;+ (%+ 0.0')5"#(:%0)+?&)<+ (+#"50+ *&#D.0+
0Y$()&"%Q+ + 4".."?&%:+ )<0+ *&#$.()&"%P+ '$550%)+ 95&F05*+
were designed and built which could give enough 
'$550%)+(*+90)05#&%09+>;+)<0+*&#$.()&"%*+9"%0Q++A<0+
'$550%)+95&F05+&*+*<"?%+&%+3:$50+WQ

The sensor circuit was next designed. This circuit was 
#(90+>;+$*&%:+(%+(55(;+"2+=/+*0%*"5*Q+80(*$50#0%)*+
from these sensors with different position of the 
.0F&)()09+ ">B0')+ ?050+ )(T0%+ (%9+ (+ #()<0#()&'(.+
relation between the output of the sensors and the 
D"*&)&"%+ "2+ )<0+ .0F&)()09+ ">B0')+ ?(*+ )<0%+ 905&F09Q+
4&%(..;P+ )<0+ .0F&)()09+ ">B0')+ #()<0#()&'(.+ #"90.+
?(*+(.*"+905&F09Q+G;+(%(.;*&%:+ )<&*+#"90.P+*$&)(>.0+
controllers were designed and tested to determine 
(%9+'"#D(50+)<0&5+D052"5#(%'0+"%+*$'<+(+*;*)0#Q

$9@A86@27:32.B=49F9C9:6@
M$0+ )"+ )<0+ %()$50+ "2+ )<0+ *;*)0#P+ 0*D0'&(..;+ 9$0+ )"+

)<0+ .('T+ "2+ (&5+ 25&')&"%P+ )<0+ *;*)0#+ &*+ F05;+ *0%*&)&F0+
to modelling errors. The sensors used were also too 
sensitive and induced reading errors. Both issues 
#(90+ &)+ F05;+ 9&23'$.)+ 2"5+ )<0+ *;*)0#+ )"+ ?"5TQ+ A<&*+
*<"?09+ )<()+ )"+ 90*&:%+ *$'<+ (+ *;*)0#P+ )<050+ &*+ )<0+
%009+"2+<(F&%:+(+:""9+(%9+055"5+.0**+2009>('T+(%9+
also to design more robust controllers which can 
?"5T+(%9+:&F0+:""9+D052"5#(%'0+0F0%+?&)<+*;*)0#+
modelling errors. 

$9D9;9:B9@
+ }W~+ A$)).0+ 8QKQP+ 8""50+ MQ+ IQP+ (%9+ p&.:"50+ /Q+ -QP+
z8(:%0)&'+ H$*D0%*&"%+ (%9+ G(.(%'0+ H;*)0#*\+ -+
'"#D50<0%*&F0P+ -%%")()09+ G&>.&":5(D<;eP+ 6-H-+
A0'<%&'(.+80#"5(%9$#+]aWbP+W``WP+DDQ}W7cV~
}U~+N"%7B"%:+p&#�+(%9+M(F&9+IQ+A5$#D05�Q+�H()!"%+
A0'<%".":;+ !"5D"5()&"%P+ !(#>5&9:0P+ 8-+ (%9+
�8(**('<$*0))*Q+=%*)&)$)0+"2+A0'<%".":;P+!(#>5&9:0P+
8-P+EH-Q+ @50'&*&"%+ L%:&%005&%:+ UU\ccdllP+ W``b+q+
W``b+L.*0F&05+H'&0%'0+=%'Q+-F0%$0+"2+)<0+-#05&'(*P+
60?+i"5TP+6i+WVVWV+

Figure 1 Current Driver

Figure 2 Physical Setup use

Two-Axis Magnetic Levitation of a Magnetic Material
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-6A39:6R2.:3;92"4B7889D
-A?9;F4@>;R2!:5/2"7;B2.:6=>:E2.WW>??7;34

!:6;>3AB64>:
6"?(9(;*+ E-fe*+ <(F0+ :(&%09+ (+ .")+ "2+ &#D"5)(%'0+
9$0+ )"+ )<0&5+ 023'&0%';+(%9+X0Z&>&.&);Q+8"*)+"2+ )<0*0+
F0<&'.0*+ (50+ 0Y$&DD09+ ?&)<+ /(9&"+ 450Y$0%';+ .&%T*+
?<&'<+(50+5()<05+&%023'&0%)+(%9+*."?+?<0%+&)+'"#0*+
)"+ *&:%(.+ )5(%*#&**&"%Q+ -+ 2500+ *D('0+ "D)&'(.+ .&%T+
would be ideal for such use. However due to its high 
9&50')&"%(.&);+)<&*+50Y$&50*+(+*;*)0#+)"+($)"#()&'(..;+
D"&%)+ (%9+ )5('T+ )<0+ .(*05+ >0(#+ )"+ 0%*$50+ 9()(+
'"%%0')&F&);+>0)?00%+)?"+D"&%)*Q+

!"#$%&'()'?"-.6":&8'8"/#%/-'0;,4"1#'/..6"+/3",1

#;>L9B62%HL9B64F9@
A<0+#(&%+)(5:0)*+(50+)"+:(&%+T%"?.09:0+"%+2500+*D('0+
"D)&'(.+'"##$%&'()&"%+*;*)0#*+?<&.*)+(.*"+90*&:%&%:+
and implementing a simple hardware solution capa7
>.0+"2+#(&%)(&%&%:+(%+"D)&'(.+.&%T+>0)?00%+)?"+D"&%)*Q

#;>L9B62"96=>3>8>549@
In the initial stages a literature review was done to 
*0(5'<+(%9+0ZD."50+(%;+D50F&"$*+?"5T+9"%0+ &%+ )<&*+
30.9Q+A<&*+?(*+2".."?09+>;+(+)<"5"$:<+50*0(5'<+(%9+
(%(.;*&*+ )"+ 90)05#&%0+ ?<&'<+ '"%3:$5()&"%+ &*+ >0*)+
based on resources available.  It was decided to opt 
2"5+(+U+M14+:&#>(.+?<&.0+)5('T&%:+?(*+)"+>0+>(*09+
"%+>0(#+9&50')&"%(.&);Q++8"50"F05+(+D5"B0')+D.(%+?(*+
95(?%+2"5+)<0+2".."?&%:+*)(:0*+"2+?"5TP+.0(9&%:+$D+)"+
(+3%&*<09+D5"9$')Q

A<0+3%(.+*0)7$D+'"%*&*)*+"2+]+#(&%+)<0#()&'+(50(*P+?&)<+
0('<+>0&%:+2$5)<05+9&F&909+&%)"+#(5T0)+(%9+20(*&>&.&);+
*0(5'<P+90F0."D#0%)P+(%9+3%(..;+&#D.0#0%)()&"%+(%9+
testing. 

A<0+35*)+'"#D"%0%)+&*+)<0+*0%*"5P+?<&'<+&*+50*D"%*&>.0+
of detecting the direction of the incoming beam. This 
*0%*"5+&90(..;+<(*+)"+>0+$*09+?&)<+(%+"D)&'(.+*0)7$D+
'(D(>.0+"2+D5"B0')&%:+)<0+>0(#+"%)"+(%+&#(:0+D.(%0+
as a spot.  

A<0+ *0'"%9+ >."'T+ &*+ )<0+ D5"'0**&%:+ D(5)Q+ K050+ &*+
?<050+)<0+9()(+&*+>0&%:+D5"'0**09+2"5+>")<+)5('T&%:+
(%9+ ('Y$&*&)&"%+ &%+ <&:<+ *D009+ *"+ )<()+ )<0+ #")"5*+
(50+ (')$()09+ (''"59&%:.;Q+ I(*)+ "%+ )<0+ .""D+ (50+ )<0+
drivers. These must be responsible for the current 
#"9$.()&"%+50Y$&509+>;+)<0+*)0DD05+#")"5P+&%'.$9&%:+
(%;+*(20);+20()$50*+50Y$&509Q+

-%")<05+&#D"5)(%)+D(5)+&*+)<0+#0'<(%&'(.+(%9+"D)&'(.+
*0')&"%Q+-%+0Z)0%*&F0+50*0(5'<+?(*+9"%0+&%+50:(59*+
)"+"D)&'(.+0%:&%005&%:P+(%9+*D0'&3'(..;+J($**&(%+.(*05+
"D)&'*Q+-%+&%+90D)<+50F&0?+"2+)<0+)<0"5;+&%F".F09+?(*+
9"%0+ )":0)<05+ ?&)<+ $)&.&o()&"%+ "2+ "D)&'(.+ *&#$.()&"%+
software for design purposes. 
 
$9@A86@27:32.B=49F9C9:6@
6009.0**+ )"+ *(;+ 0('<+ *0')&"%+?(*+ &#D.0#0%)09+ &%+
<(59?(50+ *0D(5()0.;+ (2)05+ )<"5"$:<+ *&#$.()&"%+ (%9+
)0*)&%:Q+ -+ *0D(5()0+ #"9$.0+ 2"5+ 0('<+ '"#D"%0%)+
had to be designed, manufactured, assembled and 
)0*)09+$%905+9&22050%)+'"%9&)&"%*+)"+0%*$50+50.&(>&.&);+
(%9+)<$*+D5""2+"2+'"%'0D)Q+-..+9&22050%)+>."'T*+<(F0+
?"5T09+ *"+ 2(5+ (%9+ <(F0+ *<"?%+ 0Z'0D)&"%(.+ 50*$.)*+
0F0%+ &%+ 0Z)50#0+ '"%9&)&"%*Q+ -+ 3%(.+ D5"9$')+ ?(*+
)<0%+90*&:%09+(%9+>$&.)+ &%'"5D"5()&%:+0F05;+*0')&"%+
&%)"+"%0+<".&*)&'+D5"9$')Q+-)+ )<&*+ )&#0+"2+?5&)&%:+ )<0+
D5"9$')+&*+>0&%:+)0*)09+)<"5"$:<.;Q

Figure 2: Gimbal with sectioned out components

Acquisition and Tracking for UAV Communications
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-6A39:6R2+76=7:4982'H9L9;
-A?9;F4@>;R20;/2!:5/2.:3;9P2-7CCA6

!:6;>3AB64>:
-+ J.">(.+ 6(F&:()&"%+ H()0..&)0+ H;*)0#+ RJ6HHS+ &*+ (+
*()0..&)0+ >(*09+ )0'<%".":;+ )<()+ D5"F&90*+ D"*&)&"%P+
F0."'&);+ (%9+ )&#&%:+ &%2"5#()&"%+ "2+ (+ 50'0&F05Q+ A<0+
J.">(.+@"*&)&"%&%:+H;*)0#+RJ@HS+)<()+&*+$*09+&%+)<&*+
D5"B0')+ '"%*&*)*+ "2+ U]+ *()0..&)0*+ "5>&)&%:+ )<0+ L(5)<Q+
The navigation solution of a receiver is calculated 
using the positions of these satellites and the ranges 
between them and the user. These measurements 
(50+<"?0F05+'"55$D)09+>;+(+%$#>05+"2+055"5*+*$'<+
(*+ '."'T+ "22*0)*P+ ()#"*D<05&'+ 90.(;*+ (%9+ 5(%9"#+
%"&*0P+'"%)5&>$)&%:+)"+(%+055"5+&%+)<0+50'0&F05e*+J@H+
905&F09+D"*&)&"%Q+1%0+ )0'<%&Y$0+ )"+'"#D0%*()0+ 2"5+
)<0*0+ 055"5*+ &*+ (+ I"'(.+ -50(+ -$:#0%)()&"%+ H;*)0#+
RI--HSQ+A<&*+ &*+(+M&22050%)&(.+J@H+RMJ@HS+)0'<%&Y$0+
that improves the performance of a standalone 
50'0&F05+ >;+ 2(')"5&%:+ "$)+ )<0+ '"##"%7#"90+ 055"5+
0ZD05&0%'09+>;+(+3Z09+502050%'0+*)()&"%+(%9+(+5"F&%:+
50'0&F05Q+ A<&*+ )0'<%&Y$0+ &*+ (DD.&'(>.0+ ?<050+ )<0+
range between the reference station and receiver is 
>0."?+WVVT#+(%9+ &*+ )<0502"50+ &90(.+ 2"5+ )<0+8(.)0*0+
scenario.  

#;>L9B62%HL9B64F9@2
!" -%(.;*&*+ "2+ )<0+ >(*&'+ J@H+ D5&%'&D.0*+ (%9+

M&22050%)&(.+J@H+)0'<%&Y$0*Q+
!" A<0+ *0.0')&"%+ "2+ )?"+ J@H+ 50'0&F05*+ D5"F&9&%:+

)<0+ 9()(+ 50Y$&509+ )"+ '(.'$.()0+ (+ *)(%9(."%0+
navigation solution.

!" The implementation of an algorithm that 
'(.'$.()0*+ )<0+ D"*&)&"%+ 2"5+ (+ *)(%9(."%0+ J@H+
50'0&F05+$*&%:+8().(>Q

!" A<0+*0)$D+"2+(%+&%)05%0)+.&%T+>0)?00%+)<0+>(*0+
station and rover station.

!" The calculation and transmission of corrections 
>;+)<0+>(*0+*)()&"%+(%9+)<0+(DD.&'()&"%+"2+)<0*0+
'"550')&"%*+>;+)<0+5"F05+*)()&"%Q+

!" A<0+ &#D.0#0%)()&"%+ "2+ (+ p(.#(%+ 3.)05+ )"+
provide a further improvement to the differential 
correction.

#;>L9B62"96=>3>8>549@
-+E>."Z+J@H+50'0&F05+?(*+'"%3:$509+&%+8().(>+(%9+
communication was performed using the Instrument 
!"%)5".+A"".>"Z+R=!ASQ+1%'0+(+J@H+D('T0)+&*+50'0&F09+
the satellite positions and ranges are calculated, 
<0%'0+ ">)(&%&%:+ (+ %(F&:()&"%+ *".$)&"%Q+ -+ 50*&90%'0+
&%+ -))(59+ ?(*+ '<"*0%+ (*+ (+ 3Z09+ 502050%'0+ *)()&"%+
?<&.*)+ (%+ "23'0+ &%+ 8(5*(+ ?(*+ '<"*0%+ )"+ (')+ (*+ (+
5"F05+ *)()&"%P+ *0D(5()09+ >;+ (DD5"Z&#()0.;+ cT#Q+ -%+
=%)05%0)+ .&%T+?(*+ *0)$D+ >0)?00%+ >")<+ *)()&"%*+ (.*"+
$*&%:+ )<0+8().(>+ =!@+(%9+ )<0+EM@+D5")"'".Q+N<0%+
the base station performs the standalone calculation, 
the satellite range corrections are calculated using a 

D5090)05#&%09+ *0)+ "2+ 0Y$()&"%*Q+ A<0*0+ '"550')&"%*+
are transmitted to the rover station over the Internet, 
?<&'<+"%'0+('Y$&509+>;+)<0+5"F05+(50+$*09+)"+">)(&%+
(+#"50+(''$5()0+%(F&:()&"%+*".$)&"%Q+-%+(90Y$()0.;+
)$%09+p(.#(%+4&.)05+ &*+ )<0%+$*09+)"+ 2$5)<05+ &#D5"F0+
the estimate of the rover’s position.

$9@A86@27:32.B=49F9C9:6@
1%0+'(%+&%)05D50)+)<0+#"*)+*&:%&3'(%)+50*$.)*+"2+)<&*+
D5"B0')+(*+(9950**&%:+)?"+D"*&)&"%+055"5+'"#D"%0%)*+
?<&'<+ (50+ *;*)0#()&'+ "22*0)*+ (%9+ 5(%9"#+ %"&*0Q+
The differential algorithm reduced the offset and 
*)(%9(59+90F&()&"%+?<&.*)+)<0+p(.#(%+3.)05+90(.)+?&)<+
the residual random noise. In fact, the standalone 
'(.'$.()&"%+50*$.)09+&%+(+*)(%9(59+90F&()&"%+"2+_Q`c#+
(%9+ (%+ "22*0)+ "2+ cQ`W#Q+ A<0+ 9&22050%)&(.+ (.:"5&)<#+
&#D5"F09+)<&*+)"+(+90F&()&"%+"2+WQcU#+(%9+(%+"22*0)+
"2+ VQWW#Q+ A<0+ p(.#(%+ 3.)05+ 2$5)<05+ &#D5"F09+ )<&*+
*".$)&"%+ )"+(+*)(%9(59+90F&()&"%+"2+VQ_#+(*+*00%+ &%+
4&:$50+WQ

Figure 1: Rover Station Position Error for 
Standalone, Differential and Kalman Filter 
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GNSS Local Area Augmentation System
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-6A39:6R2K7;:7HE2#>;69884
-A?9;F4@>;R2!:5/2"7;B2.:6=>:E2.WW>?7;34

!:6;>3AB64>:
-+#(B"5+D(5)+"2+ )<0+%(F&:()&"%+D5">.0#+ &*+">)(&%&%:+
an accurate position of the aircraft with respect 
)"+ )<0+ *$55"$%9&%:+ 0%F&5"%#0%)Q+ 1%0+ ?(;+ )"+ :"+
(>"$)+ )<&*+ D5">.0#+ &*+ J.">(.+ 6(F&:()&"%+ H()0..&)0+
H;*)0#*+RJ6HHS+*$'<+(*+J@HQ+A<0+95(?>('T+"2+)<&*+
)0'<%".":;+&*+)<()+)<0+*()0..&)0+*&:%(.*+'(%+>0+B(##09+
during wartime and in some environments the signal 
&*+ $%(F(&.(>.0Q+ A055(&%+ -&909+ 6(F&:()&"%+ RA-6S+ &*+ (+
different approach that compares the terrain with a 
stored digital elevation map to obtain the position. 
A<&*+ *;*)0#+ &*+ %")+ 90D0%90%)+ "%+ 0Z)05%(.+ 90F&'0*+
(%9+&*+F05;+<(59+)"+>."'TQ

#;>L9B62%HL9B64F9@
A<0+#(&%+ ">B0')&F0+ "2+ )<0+ D5"B0')+ &*+ )"+ 90*&:%+ (%9+
*&#$.()0+(.)05%()&F0+?(;*+2"5+)<0+A-6+D5">.0#Q+A<0*0+
algorithms are implemented over a Digital Elevation 
8(D+ RML8S+"2+ )<0+8(.)0*0+ &*.(%9*+ *<"?%+ &%+4&:$50+
WP+(*+)<0;+(50+(&#09+2"5+2$)$50+&#D.0#0%)()&"%+"%+(+
E-f+)<()+*$5F0;*+)<0+&*.(%9*Q+A<0+(.:"5&)<#*+(50+)"+
>0+*&#$.()09+"%+8-AI-G+(%9+.()05+&#D.0#0%)09+"%+
(%+4@J-+&%+"5905+)"+">)(&%+)<0+*D009+50Y$&50#0%)+2"5+
*$'<+*;*)0#Q

#;>L9B62"96=>3>8>549@
A<0+D5"B0')+&*+9&F&909+&%+2"$5+*)(:0*Q+A<0+35*)+*)(:0+
&*+ 50*0(5'<+ "%+ )<0+ '$550%)+ *;*)0#*+ ?&)<+ 90)(&.09+
(%(.;*&*+ "2+ 9&*(9F(%)(:0*+ (%9+ (9F(%)(:0*Q+ A<0+
*0'"%9+ *)()0+ &*+ )"+ (%(.;*0+ (.)05%()&F0+ (DD5"('<0*+
(%9+*&#$.()0+(+UM+#"90.+"2+)<0+*;*)0#+)"+*<"?+&)*+
effectiveness. In this part alternatives to the common 
iterative trilateration algorithm are implemented and 
)0*)09Q+A<0+(.:"5&)<#+&*+)<0#+'"%F05)09+)"+aM+*D('0+
(%9+)0*)09+"F05+)<0+8(.)0*0+=*.(%9*Q+A<0+3%(.+*)0D+&*+
)"+'"%F05)+)<0+*;*)0#+)"+fKIM+(%9+$*&%:+)<0+D(5(..0.+
(9F(%)(:0*+ "2+ )<&*+ *;*)0#+ )"+ ">)(&%+ (+ 2(*)+ *;*)0#+
response. 

Figure 1: Map area where simulations were carried 
out showing the path of the aircraft

/0*$.)*+(%9+-'<&0F0#0%)*
-+ *;*)0#+ )<()+ $)&.&o0*+ *;*)0#+ (+ )5&.()05()&"%+
(%9+ &%%"F()&F0+ D"*&)&"%&%:+ )0'<%&Y$0+ <(*+ >00%+
*$''0**2$..;+ &#D.0#0%)09Q+ A<0+8-AI-G+ *&#$.()&"%+
?(*+)0*)09+"F05+(+ML8+"2+8(.)(+(%9+)<0+'"%)&%$"$*+
increasing inertial error was corrected. Demanding 
parts of the algorithm have also been implemented 
"%+)<0+!18W_VV+4@J-+90F0."D#0%)+>"(59+50*$.)&%:+
in an increase time performance. 

Figure 2: Results with dead reckoning errors (narrow 
line) and errors after correction (bold line)
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Terrain Aided Navigation for 
TERCOM UAV/Missile Guidance using FPGA
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-6A39:6R2-69?=7:92$>89
-A?9;F4@>;R2";2b9::96=2*=4;B>?

!:6;>3AB64>:
Oscilloscopes and signal generators help resolve the 
#;*)05&0*+ >0<&%9+ 0.0')5"%&'*Q+ A<0+ #"*)+ '"##"%.;+
$*09+!/A+"*'&.."*'"D0*+(50+>0&%:+50D.('09+?&)<+)<0&5+
digital brothers. Digital oscilloscopes and instrument 
>"(*)+ (+ %$#>05+ "2+ (9F(%)(:0*+ "F05+ 2$..;+ (%(.":$0+
*;*)0#*Q+ A<0+ *&o0+ "2+ )<0+ 0Y$&D#0%)+ (*+?0..+ (*+ )<0+
2$%')&"%(.&);+"2+)<0+&%*)5$#0%)+<(*+:50().;+&#D5"F09Q+
A<0*0+ 0Y$&D#0%)+ <0.D+ 0%:&%005*+ 9(&.;+ )0*)P+ 3Z+ (%9+
90*&:%+ '"#D.0Z+ '&5'$&)5;Q+ K(F&%:+ >")<+ "2+ )<0#+
'"#>&%09+"%+(+*#(..+D"5)(>.0+@!G+'(%+&#D5"F0+)<0+
Y$(.&);+"2+.&20+2"5+0%:&%005*Q+WP+U

#;>L9B62%HL9B64F9@
A<0+(&#+"2+ )<0+D5"B0')+ &*+ )"+90*&:%+(%9+90F0."D+(%+
&%*)5$#0%)()&"%+ *;*)0#+ "%+ (%+ 4@J-+ >"(59Q+ A<0+
*;*)0#+*<"$.9+&%'.$90+(%+"*'&.."*'"D0+(%9+(+*&:%(.+
:0%05()"5Q+A<0+>"(59+*<"$.9+'"##$%&'()0+?&)<+(+@!+
*;*)0#+)"+9&*D.(;+)<0+9()(+"%+(+#"%&)"5Q+A<0+>"(59+
*<"$.9+ (.*"+ >0+ (>.0+ )"+ '<(%:0+ )<0+ 250Y$0%';+ (%9+
F".)(:0+*'(.0*+(*+?0..+(*+)<0+*&:%(.+:0%05()"5e*+);D0+
R*Y$(50+"5+*&%0+?(F0SQ
@5"B0')+80)<"9".":&0*

Figure 1: Basic PCB Diagram

A<0+D5"B0')+?(*+9&F&909+&%)"+*&Z+9&22050%)+D<(*0*\
!" I&)05()$50+ 50F&0?+(%9+ 50*0(5'<+"%+ )<0+'"#D"7

%0%)*+%00909+)"+'(55;+"$)+*$'<+(+*;*)0#

!" M0F0."D#0%)+"2+(%(.":$0+'&5'$&)5;+ )"+ &%)052('0+
signals to the analogue to digital converters and 
the digital to analogue converters.

!" M0F&*&%:+)<0+4@J-+&%)052('0*+(%9+&%D$)h"$)D$)+
modules.

!" M0*&:%&%:+(+@!G+>"(59+.(;"$)Q
!" /0*0(5'<P+M0*&:%P+M0F0."D#0%)+(%9+)0*)+)<0+2$..+

4@J-+*;*)0#Q
!" M0F0."D#0%)+"2+(+!��+D5":5(#+)"+9&*D.(;+ )<0+

results and provide a user interface.

4&:$50+ W+ *<"?*+ )<0+ *&#D.&309+ @!G+ 9&(:5(#Q+ A<0+
-M!+ *(#D.0*+ )<0+ (%(.":$0+ '&5'$&)5;+ (%9+ '"%F05)*+
the voltages to digital values. The digital values are 
*0.0')09+ >;+ )<0+ 4@J-+ (%9+ *0%)+ )"+ )<0+ @!+ $*&%:+ (+
H05&(.+ RE-/AS+ )"+ EHG+ &%)0:5()09+ '&5'$&)Q+ A<0+ @!+
sends data to the board through the same interface to 
'"%)5".+)<0+#(%;+2$%')&"%*+?<&'<+(50+:0%05(..;+2"$%9+
"%+ (%+ "*'&.."*'"D0+ *$'<+ (*[+ )<0+ )5&::05&%:+ F".)(:0P+
oscilloscope timescale, the voltage gain, the signal 
:0%05()"5+ 250Y$0%';P+ )<0+ );D0+"2+?(F02"5#+ R*&%0+"5+
*Y$(50S+(%9+)<0+*&:%(.+:0%05()"5+(#D.&)$90Q

A<0+>"(59+<(*+ )"+9&*D.(;+ )<0+"*'&.."*'"D0+50(9&%:*+
on a screen of   pixels. Therefore to populate the 
*'500%+ (%+ -M!+ "2+ ()+ .0(*)+ `7>&)*+ + &*+ %00909Q+ A<0+
-M!+<(*+)"+"D05()0+()+ .0(*)+ )?&'0+ )<0+ 250Y$0%';+"2+
)<0+ <&:<0*)+ 250Y$0%';+ ?(F02"5#+ (''"59&%:+ )"+ )<0+
6;Y$&*)+)<0"50#Q

$9@A86@27:32.B=49F9C9:6@
A<0+(%(.":$0+'&5'$&)5;+?(*+*&#$.()09+(%9+ )0*)09+ &%+
)<0+.(>Q+-.*"+(+%$#>05+"2+4@J-+#"9$.0*+<(F0+>00%+
<(59?(50+ )0*)09+ "%+ (%+ 4@J-+ 90F0."D#0%)+ >"(59Q+
K(59?(50+ )0*)&%:+ &%F".F0*+ )<0+ ?5&)&%:+ "2+ D<;*&'(.+
#"9$.0*+ )"+ *0%9+ )<0+ 50Y$&509+9()(+ )"+ )<0+#"9$.0*+
being tested.

$9D9;9:B9@
W+jQ8&:$0.+M&(*+@050&5(P+A<0+K&*)"5;+(%9+A0'<%".":;+
"2+1*'&.."*'"D0*P+=LLLP+UVVc
U+ <))D\hh???Q5(9&"70.0')5"%&'*Q'"#h(5)&'.0*h)0*)7
#0(*$50#0%)h90F0."D#0%)*7&%7"*'&. ."*'"D07
)0'<%".":;7(%7ac

An FPGA based instrumentation system
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-6A39:6R2b9F4:2,=9AC7
-A?9;F4@>;R2#;>D/2!:5/207F432_7CC462"7:54>:

!:6;>3AB64>:
8"*)+ ($)"#")&F0+ %(F&:()&"%+ *;*)0#*+ *$'<+ (*+
)<0+ J.">(.+ @"*&)&"%&%:+ H;*)0#+ 50.;+ "%+ *()0..&)0*Q+
E%2"5)$%()0.;+)<0*0+*;*)0#*+'(%+50('<+&%(''$5('&0*+
"2+$D+)"+WV#+9$0+)"+*"$5'0*+"2+055"5*+#(&%.;+)<"*0+
25"#+ *()0..&)0+ :0"#0)5;P+ *()0..&)0+ "5>&)*P+ #$.)&D()<+
0220')*P+()#"*D<05&'+0220')*P+50.()&F&*)&'+0220')*P+'."'T+
inaccuracies and rounding errors. Technologies 
*$'<+(*+-**&*)09+J@HP+M&22050%)&(.+J@HP+N&90+-50(+
-$:#0%)()&"%+H;*)0#+(%9+I"'(.+-50(+-$:#0%)()&"%+
H;*)0#+ ())0#D)+ )"+ 509$'0+ )<0*0+ 055"5*Q+ K"?0F05+
)<0*0+ *;*)0#*+ *)5$::.0+ )"+ D5"F&90+ '0%)&#0)5&'+
(''$5(';+(%9+"%0*+?<&'<+9"+(50+0ZD0%*&F0Q

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+?(*+)"+3%9+(+'<0(D05+*".$)&"%+
?&)<+ ?<&'<+ (+ F0<&'.0+ '(%+ >0+ '"%)5"..09Q+ -%+ &#(:0+
50)5&0F09+ 25"#+ (+ !!M+ '(#05(+ <(9+ )"+ >0+ (%(.;*09+
&%+50(.7)&#0+>;+(%+4@J-+&%+"5905+)"+&90%)&2;+)<0+5"(9+
.&%0+(%9+'(.'$.()0+ &)*+(%:.0+(%9+"22+ )5('T+055"5Q+A<&*+
information had to be used to control the vehicle so 
that it followed the road line.

#;>L9B62"96=>3>8>549@
A<0+ D5"B0')+ ?(*+ "5:(%&*09+ &%+ )<0+ 2".."?&%:+
manner. First, research on different algorithms and 
#()<0#()&'(.+D5"'09$50*+50.0F(%)+)"+)<0+D5"B0')+?(*+
done. The advantages and disadvantages of these 
algorithms and procedures were compared to each 
")<05Q+8"*)+ ())0%)&"%+?(*+:&F0%+ )"+ )<0+ 50*$.)*+ )<0;+
produce and their execution time. The best solutions 
2"5+)<0+D5"B0')+?050+'<"*0%+(%9+)<0;+?050+'"#>&%09+
)":0)<05+ )"+ '"%*)5$')+ (+ D5")");D0+ "%+ 8().(>Q+ A<&*+
D5")");D0+?(*+)0*)09+$*&%:+9&22050%)+&#(:0*+)":0)<05+
with additional effects such as change in contrast, 
'<(%:0+ &%+ >5&:<)%0**+ (%9+ >.$55&%:Q+ 4&:$50+ W+ *<"?*+
)<0+'$5F0+3))&%:+2"5+"%0+"2+)<0+&%D$)+&#(:0*Q+45"#+)<0+
50*$.)*+ &)+?(*+D"**&>.0+ )"+ &90%)&2;+ )<0+*)50%:)<*+(%9+
?0(T%0**0*+ "2+ )<0+ D5":5(#+ (%9+ <0%'0+ &#D5"F0+ &)Q+
-2)05+(DD.;&%:+'<(%:0*P+ &)+?(*+)0*)09+"%'0+(:(&%+ &%+
"5905+)"+T%"?+&)*+.&#&)()&"%*+?<0%+$*&%:+&)+&%+D5(')&'0Q+
1%'0+)<0+D5")");D0+?(*+2$..;+3%&*<09P+)<0+8().(>+'"90+
?(*+D"5)09+)"+)<0+HD(5)(%+aL+WcVVL+90F0."D#0%)+T&)+
?<&'<+'(%+>0+*00%+&%+4&:$50+UQ+A<0+4@J-+90*&:%+?(*+
D5":5(##09+ &%+ fKMI+ $*&%:+ g&.&%Z+ =HLQ+ A<0+ D5"B0')+
was simulated using the inbuilt simulator. The results 
"2+*&#$.()&"%+?050+'"#D(509+)"+)<"*0+"2+8().(>+(%9+
&)+?(*+#(90+*$50+)<()+)<0;+?050+&90%)&'(.Q+A<0%+)<0+
D5"B0')+ ?(*+ *;%)<0*&o09+ (%9+ )0*)09+ "%+ )<0+ (')$(.+
<(59?(50+$*&%:+!<&D*'"D0+&%+'(*0+"2+(%;+9&22050%'0*+
due to timing.

$9@A86@27:32.B=49F9C9:6@
=%+)<&*+D5"B0')+9&22050%)+(.:"5&)<#*+(%9+#()<0#()&'(.+

procedures were combined together to produce a 
50(.7)&#0+ *;*)0#Q+ A<0*0+ '"#D"%0%)*+ '(%+ >0+ $*09+
(*+."?+'"*)+*".$)&"%*+2"5+")<05+50(.7)&#0+(DD.&'()&"%*+
>0'($*0+ )<0;+ '(%+ >0+ &%)0:5()09+ &%)"+ 90F&'0*+ .&T0+
4@J-*+(%9+#&'5"'"%)5"..05*Q

!"#$%&'('@'A$%5&':33"1#',9'/'%,/8'6"1&

Figure 2 – Spartan-3E 1600E Development Kit

Real Time Ground Vehicle Navigation Sensor
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-6A39:6R2`>@9?=2&98872U788H7:[
-A?9;F4@>;R20;2!:5/2.:3;9P2-7CCA62

!:6;>3AB64>:
A<&*+ ?"5T+ 90(.*+ ?&)<+ )<0+ D5">.0#+ "2+ ($)"%"#"$*+
'"%)5".+"2+(+:5"$%9+F0<&'.0P+*D0'&3'(..;+)<0+&**$0+"2+
D()<+D.(%%&%:Q+H".$)&"%*+<(F0+>00%+'"%*&90509+?&)<+
(%+0#D<(*&*+D$)+"%+)<0+)0'<%&Y$0+T%"?%+(*+-5)&3'&(.+
@")0%)&(.+4&0.9*+ R-@4S+ 2"5+%(F&:()&"%+"2+($)"%"#"$*+
F0<&'.0*Q+ A<0+#()<0#()&'(.+ 2"5#$.()&"%+ "2+ )<0+ -@4+
has been explored and an implementation of a navi7
:()&"%+'"%)5"..05+<(*+>00%+D5":5(##09+"%+(+@!Q

A<&*+?"5T+'"%)&%$0*+?&)<+)<0+90*&:%+"2+(+50(.+?"5.9+
test setup and describes the issues considered when 
implementing navigation of unmanned vehicles. The 
setup consists of a simple obstacle course to be run 
>;+(+ 5(9&"+'"%)5"..09+:5"$%9+F0<&'.0Q+ +-%+"F05<0(9+
camera allows the controller to monitor the progress 
of the vehicle and issue commands over a wireless 
.&%T+)"+:$&90+)<0+F0<&'.0+(5"$%9+)<0+'"$5*0Q

#;>L9B62%HL9B64F9@
A"+)0*)+)<0+F&(>&.&);+"2+-@4+&%+(+50(.+?"5.9+*'0%(5&"+)<0+
2".."?&%:+">B0')&F0*+<(9+)"+>0+('<&0F09\
!" Building a ground vehicle that can be controlled 

"F05+?&50.0**+.&%TQ
!" -+ D5":5(#+ '(D(>.0+ "2+ 0Z)5(')&%:+ )<0+ ."'()&"%+

"2+)<0+F0<&'.0P+)<0+0%9+D"&%)+(%9+(%;+">*)('.0*+
within an image.

!" =#D.0#0%)&%:+ )<0+-@4+(.:"5&)<#+(*+(+D5":5(#+
able to issue commands to the vehicle so as to 
complete an obstacle course.

Building an obstacle course for the vehicle to trav7
erse with a camera above the setup providing images 
for the program.

#;>L9B62"96=>3>8>549@
M$0+)"+)<0+*D0'&3'()&"%*+50Y$&509+&)+?(*+90'&909+)"+
construct the vehicle using discrete electronics con7
%0')09+"%+(+@!GQ++A<0+@!G+?(*+())('<09+)"+(+D&0'0+
"2+('5;.&'+D.(*)&'+(%9+)?"+#")"5*+?050+#"$%)09+$%7
905%0()<P+ )<0+#")"5*+?050+0Y$&DD09+?&)<+0%'"905*+
*"+)<()+)<0+*D009+'"$.9+>0+#"%&)"509+(%9+(9B$*)09+
(''"59&%:.;Q+-+'"%)5"..05+D5":5(#+?(*+'"909+&%+!��+
which monitored the test setup using an overhead 
'(#05(Q+45"#+)<0+'(#05(+)<0+."'()&"%*+"2+)<0+">B0')*+
?050+2"$%9P+(%9+$*&%:+(%+-@4+(.:"5&)<#+W+9&50')&"%*+
could be passed to the vehicle over the wireless 
module allowing it to complete the obstacle course.

$9@A86@27:32.B=49F9C9:6@
A<0+50*$.)*+25"#+)<&*+D5"B0')+*<"?+)<()+)<0+'"%)5"..05+
D5":5(#+&*+(>.0+)"+0Z)5(')+">B0')*+25"#+(%+&#(:0P+0*7
)(>.&*<+)<0+."'()&"%+2"5+0('<+"2+)<0+">B0')*+(%9+D(**+
)<&*+9()(+"%)"+(%+-@4+(.:"5&)<#Q+A<0+-@4+&%9&'()0*+
in which direction a ground vehicle should travel to 

reach the destination. Full control over the vehicle 
?(*+('<&0F09+?&)<+)<0+(>&.&);+"2+95&F&%:+0('<+#")"5+()+
(%;+*D009+(%9+(.)05&%:+&)+"%+)<0+X;Q

$9D9;9:B9@
8Q-Q+ J""95&'<+ @")0%)&(.+ 4&0.9*+ A$)"5&(.+ "%.&%0+
@M4+ -F(&.(>.0\+ <))D\hh>"5:Q''Q:()0'<Q09$h&D5h3.0*h
:""95&'<�D")0%)&(.�30.9*QD92+

!"#$%&'('B'C"%3$/6'%&.%&0&13/3",1',9'/'37."+/6'*%3":+"/6'
Potential Field. Obstacle shown in white and target 
shown in black. The line indicates the path a vehicle 

would take.

Figure 2 – A picture of the constructed vehicle.

Obstacle Avoidance of an Unmanned Vehicle
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-6A39:6R2"766=9P2.54A@
-A?9;F4@>;R20;2!:5/2"7A;4B92.?7?

!:6;>3AB64>:
A<0+L.0')5&'&);+)(5&22*+&%+8(.)(P+(*+&%+#(%;+")<05+'"$%7
)5&0*+(5"$%9+L$5"D0P+(50+'"%*)(%).;+"%+ )<0+ 5&*0+(%9+
<0%'0+L%05:;+L23'&0%';+<(*+>0'"#0+)"9(;+(+#(B"5+
concern for both engineers and the general public. 
A<&*+&*+(.*"+50X0')09+&%+)<0+D".&'&0*+?<&'<+>")<+."'(.+
and European governments have been issuing. The 
8(.)0*0+:"F05%#0%)+2"5+0Z(#D.0+<(*+&**$09+(%+L%057
:;+@".&';+@5"D"*(.+?<&'<+90(.*+(#"%:*)+")<05+&**$0*+
?&)<+0%05:;+0%97$*0+023'&0%';+R0%05:;+$*(:0+&%+9"7
mestic premises and how this can be more sustain7
(>.0SQ+A<&*+D5"B0')+>(*&'(..;+90(.*+?&)<+&#D.0#0%)&%:+
(%+0ZD05&#0%)(.+*0)$D+2"5+9"#0*)&'+0.0')5&'(.+0%05:;+
023'&0%';+#0(*$50#0%)*Q+A<0+*0)$D+&*+)<0%+$*09+)"+
D052"5#+ 50.0F(%)+ &%F0*)&:()&"%*+ &%)"+0%05:;+023'&0%7
';+"2+ 9"#0*)&'+ (DD.&(%'0*+ )<()+ (50+ (F(&.(>.0+?<&'<+
#(&%.;+ &%'.$90+ )?"+ 9&22050%)+ (&57'"%9&)&"%&%:+ $%&)*+
and a water heater.

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0*+"2+)<&*+D5"B0')+(50+)<0+&#D.0#0%7
tation of an experimental setup for domestic appli7
(%'0*e+0%05:;+023'&0%';+#0(*$50#0%)*Q+A<&*+*0)$D+&*+
$*09+)"+*)$9;+)<0+0.0')5&'(.+'"%*$#D)&"%+"2+0.0')5&'(.+
$%&)*+(%9+<"?+)<0;+'(%+>0+#"50+023'&0%)Q+A<0+*0)$D+
90*&:%09+(.."?*+)<0+$*05+)"+D.$:+(%;+(DD.&(%'0+(%9+

monitor the electrical consumption, which can also 
be logged in a computer though an available port for 
2$5)<05+(%(.;*&*+(%9+?(F02"5#+D."))&%:Q

#;>L9B62"96=>3>8>549@
A<0+(DD5"('<+)(T0%+)"?(59*+)<&*+)(*T+?(*+)"+&#D.07
#0%)+(+D"?05+#"%&)"5&%:+z>"Ze+?<&'<+&*+)")(..;+'."*09+
)"+)<0+$*05+?&)<+"%.;+(+9&*D.(;P+(+'"#D$)05+'"%%0'7
tion and plug outlets on the outside. The internal 
*)5$')$50+ "2+ )<0+ *;*)0#+ &*+ *<"?%+ &%+ 3:$50+ W+?<&'<+
>(*&'(..;+ 0#D.";*+ (+ D"?05+ *$DD.;+ 2"5+ )<0+ '"#D"7
%0%)*P+ D5")0')&F0+8!G*+ (%9+ 2$*0*P+ (+ D"?05+#0)05P+
(+'$550%)+ )5(%*2"5#05P+(%+L)<05%0)+J()0?(;P+(+@I!+
(%9+&)*+)0#D05()$50+(%(.":$0+#"9$.0+?&)<+(+@AWVV+
*0%*"5+(%9+(+50.(;Q+

$9@A86@27:32.B=49F9C9:6@
E*&%:+)<0+(>"F0+*0)$D+&)+?(*+D"**&>.0+)"+('<&0F0+(+
series of results related to the electrical consumption 
(%9+023'&0%';+"2+)<0+#0%)&"%09+(DD.&(%'0*Q+J5(D<&7
cal representations of the results were used for the 
ease of discussion and in order to compare the out7
'"#0*+ "2+ )<0+ 9&22050%)+ (&57'"%9&)&"%&%:+ $%&)*P+ *"+ (*+
to show which unit is more feasible and for what 
application. Interesting results which came out and 
their relevant discussion are summarised in the dis7
*05)()&"%+2"5+)<&*+D5"B0')+?<&'<+:&F0*+(+:""9+&%*&:<)+
)"?(59*+ >0&%:+ #"50+ 0%05:;+ 023'&0%)+ &%+ "$5+ <"#0*+
?<&'<+&*+"2+>0%03)+2"5+$*+(..Q

Figure1 – Power Monitoring Apparatus

/&0+LM$/NUH,0&HM$,&$V3F0)*,H$/.0H*+,H-.$6OO.,-&H0)
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-6A39:6R2b7;82-7F4>A;2.@B47[
-A?9;F4@>;R2#;>D/!:5/2*E;482-?469;42-674:9@

!:6;>3AB64>:
A<0+$*0+"2+%"%7.&%0(5+."(9*+&%+&%9$*)5;+&*+&%'50(*&%:+
5(D&9.;+ ?&)<+ )<0+ (9F(%'0#0%)+ "2+ D"?05+ 0.0')5"%&'+
converters. This is leading to several harmonic 
D5">.0#*+ (%9+ ."**+ &%+ D"?05+ Y$(.&);Q+ A<0+ F".)(:0+
*$DD.;+ ?(F02"5#+ &*+ (+ D$50+ *&%0+ ?(F0Q+ 6"%7.&%0(5+
."(9*+95(?+%"%7*&%$*"&9(.+'$550%)*+25"#+)<0+*$DD.;P+
which are added to the sine wave, leading to losses 
(%9+:50()05+)<05#(.+"F05."(9Q+!05)(&%+#0(*$50*+(50+
)<0502"50+)(T0%+)"+509$'0+<(5#"%&'*+D5"9$'09+>;+(+
."(9Q+A<&*+'(%+>0+9"%0+>;+#0(%*+"2+ (+ 3.)05P+?<&'<+
#(;+>0+0&)<05+D(**&F0+"5+(')&F0Q+

#;>L9B62%HL9B64F9@
-%+(')&F0+3.)05+*;*)0#+?&..+>0+*0)+$D+&%+)<&*+D5"B0')+)"+
#0(*$50+)<0+<(5#"%&'+'$550%)*+D50*0%)+&%+)<0+*;*)0#+
(%9+<0%'0+:0%05()0+'$550%)*+0Y$(.+(%9+"DD"*&)0+ &%+
phase to them.

Two induction motors are coupled together, with one 
acting as the driving motor (prime mover) to drive the 
motor acting as a load. The driving motor would be 
'"%)5"..09+ >;+ )?"+#")"5+ 95&F0+ *;*)0#*P+ %(#0.;+ (%+
&%F05)05+(%9+(+*"2)7*)(5)05P+?<&'<+(50+>")<+%"%7.&%0(5+
loads, generating harmonics. The load motor would 
be connected to a regenerative inverter, capable of 
*0%9&%:+0%05:;+>('T+)"+)<0+D"?05+:5&9+>;+#0(%*+"2+
50:0%05()&F0+>5(T&%:Q+

A<0+ *;*)0#+ ?&..+ (.*"+ >0+ &%)052('09+ )"+ (+ @!+ )"+
#"%&)"5+ )<0+ D052"5#(%'0+ "2+ )<0+ (')&F0+ 3.)05+ (%9+
(+ @5":5(##(>.0+ I":&'(.+ !"%)5"..05+ R@I!S+ ?<&'<+
enables automatic running of the setup.

#;>L9B62"96=>3>8>549@
!" A<0+ %0'0**(5;+ <(59?(50+ 0Y$&D#0%)P+ &%'.$9&%:+

D5")0')&F0+(%9+'"%)5".+'&5'$&)5;P+?(*+(**0#>.09+
and wired

!" -+ *0Y$0%)&(.+ @I!+ D5":5(#+ ?(*+ 90*&:%09+ )"+
0%(>.0+)<0+*0)$D+)"+?"5T+($)"#()&'(..;

!" A0*)*+?050+D052"5#09+)"+'"%35#+2$%')&"%(.&);+"2+
)<0+0Y$&D#0%)

!" Waveforms were measured using a Power 
C$(.&);+-%(.;*05

$9@A86@27:32.B=49F9C9:6@
!$550%)+(%9+f".)(:0*+()+)<0+&%F05)05+(%9+*"2)7*)(5)05+
terminals were measured to obtain their respective 
?(F02"5#*+(%9+)<0+<(5#"%&'+'"%)0%)+D50*0%)Q+-+<&:<+
(#"$%)+ "2+ 9&*)"5)&"%+ ?(*+ F&*&>.0P+ 0*D0'&(..;+ ?<0%+
the motor was operated through the inverter. The 
3%(.+*)0D+&*+)"+90)05#&%0+?<0)<05+)<0+(')&F0+3.)05+ &*+

())0%$()&%:+ )<0+'$550%)+<(5#"%&'*+D5"9$'09+>;+ )<0+
%"%7.&%0(5+."(9*Q

 

Figure 1: Active Filter Setup

Figure 2: Programmable Logic Controller

Setting up of an Active Filter for Non-Linear Load 
Harmonics Filtering
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-6A39:6R2`>@9?=2.WW>?7;34
-A?9;F4@>;R2#;>D/2!:5/2*E;482-?469;42-674:9@

!:6;>3AB64>:
Following sharp increases in the cost of fossil fuels 
and the increasing awareness of the greenhouse 
0220')*P+*$*)(&%(>.0+.&F&%:+<(*+>0'"#0+F05;+&#D"5)(%)+
&%+ )"9(;e*+ ?"5.9Q+ + =%+ 2(')+ 2".."?&%:+ *'<0#0*+ *$'<+
(*+ )<0+ L/M4+ *'<0#0+#(%(:09+ >;+ )<0+8/-P+ )<050+
has been a steep increase in the number of grid 
'"%%0')09+ 50%0?(>.0+ 0%05:;+ *;*)0#*+ >0&%:+ $*09P+
&%+ D(5)&'$.(5+ D<")"F".)(&'+ *;*)0#*Q+ + H$'<+ *;*)0#*+
#(;+'($*0+)<0+F".)(:0+)"+ &%'50(*0P+(%9+0.0F()0+ )<0+
<(5#"%&'*+&%+)<0+$)&.&);+:5&9Q++A<0*0+%0:()&F0+0220')*+
#&:<)+ '50()0+ D5">.0#*+ 50:(59&%:+ )<0+ D"?05+ Y$(.&);+
of the grid as the penetration of such grid connected 
*;*)0#*+&%'50(*0*Q

#;>L9B62%HL9B64F9@
A<0+#(&%+ (&#+"2+ )<&*+D5"B0')+ &*+ )"+D052"5#+(+ *05&0*+
of monitoring exercises on grid connected renewable 
0%05:;+ *;*)0#*+ *&)$()09+ &%+ F(5&"$*+ D50#&*0*Q+ + A<0+
9()(+('Y$&509+25"#+)<0*0+*)$9&0*+ &*+ )<0%+'"#D(509+
)"+ )<0+ L%0#(.)(+ %0)?"5T+ '"90+ (%9+ ")<05+ 50.0F(%)+
*)(%9(59*Q+ + N<050+ D"?05+ Y$(.&);+ &**$0*+ (50+
90)0')09+ )<0*0+ *<(..+ >0+ D"&%)09+ "$)+ (%9+ (%(.;*09Q++
J5&9+ '"%%0')09+ *;*)0#*+ *<(..+ >0+ *&#$.()09+ $*&%:+
@H!-MshL8AM!�Q++A<0+50*$.)*+">)(&%09+25"#+)<0+
simulations shall then be compared to the actual 
data obtained from the monitoring exercises.

#;>L9B62"96=>3>8>549@
=%+ "5905+ )"+ )('T.0+ )<0+ D"?05+ Y$(.&);+ D5">.0#+ )<()+
#&:<)+ (5&*0+ 2".."?&%:+ (+ *&:%&3'(%)+ &%'50(*0+ &%+ )<0+
D0%0)5()&"%+"2+:5&9+'"%%0')09+50%0?(>.0+0%05:;+*;*7
)0#P+#"%&)"5&%:+"2+*$'<+*;*)0#*+?(*+'(55&09+"$)+(*+
*<"?%+&%+3:$50+WQ++45"#+)<0+9()(+">)(&%09P+D(5(#7
0)05*+ *$'<+ (*+ F".)(:0P+ '$550%)P+ D"?05P+ D"?05+Y$(.7
&);+ (%9+ <(5#"%&'*+ D50*0%)+ &%+ )<0+ F".)(:0+ (%9+ '$57
50%)+D5"3.0+?050+(%(.;*09Q++E*&%:+)<0+."'(.+%0)?"5T+
'"90+(%9+")<05+50.0F(%)+*)(%9(59*+(*+(+>"%$*P+(%;+
(%"#(.&0*+?050+D"&%)09+"$)Q+ +H&#&.(5+*;*)0#*+?050+
then simulated and the results compared to the ac7
tual data.

$9@A86@27:32.B=49F9C9:6@
G;+2".."?&%:+)<0+(>"F0+D5"'09$50P+&)+?(*+%")09+)<()+
problems such as overvoltage at the point of common 
'"$D.&%:+(50+(.50(9;+D50*0%)+&%+)<0+:5&9+(.)<"$:<+)<0+
'($*0*+ F(5;+ 25"#+ "%0+ *&)0+ )"+ )<0+ ")<05Q+ + A<0+ :5&9+
connected inverters have also been observed to 
&%B0')+(+'$550%)+?(F02"5#+?&)<+<&:<+<(5#"%&'+'"%)0%)+
when operating with an input power much less than 
rated.  It has also been observed in some sites that 
overvoltage at the point of common coupling has 

interrupted the operation of the inverter leading to a 
*$990%+."**+"2+D"?05Q++4".."?&%:+(+*&:%&3'(%)+&%'50(*0+
&%+)<0+D0%0)5()&"%+"2+:5&9+'"%%0')09+50%0?(>.0+0%05:;+
*;*)0#*P+ *$'<+ 0220')*+ '50()0+ D5">.0#*+ 50:(59&%:+
250Y$0%';+(%9+F".)(:0+F(5&()&"%*+&%+)<0+:5&9+*$'<+)<()+
)<0;+#(;+%")+'"#D.;+?&)<+)<0+50Y$&50#0%)*+*D0'&309+
&%+)<0+%0)?"5T+'"90Q+++-%+0.0F()09+.0F0.+"2+<(5#"%&'*+
will increase losses in the grid and reduce the lifetime 
"2+ '"#D"%0%)*P+ <"?0F05+ <(5#"%&'*+ ?050+ &%B0')09+
when the inverter was operating at a power much 
.0**+)<(%+5()09+&#D.;&%:+)<()+)<0+<(5#"%&'*+?050+"2+(+
50.()&F0.;+*#(..+D"?05Q

Figure 1 - Schematic diagram showing setup used

Investigating the Effect on Power Quality due to 
Renewable Energy Systems
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-6A39:6R2,9;9:B92">@9@2K7;6>8>
-A?9;F4@>;R2";/2.89M7:39;2"4B7889D
*>N@A?9;F4@>;R20;/2!:5/2$94[>2$7A69

!:6;>3AB64>:
-+ )<5007D<(*0+ &%9$')&"%+ #")"5+ );D&'(..;+ 95(?*+
c+ 7+ b+ )&#0*+ )<0+ 2$..+ ."(9+ '$550%)+ ?<0%+ &)+ &*+ *)(5)09+
9&50')7"%7.&%0Q+A<&*+*)(5)&%:+'$550%)+509$'0*+)<0+.&207
time of the motor windings due to thermal effects, 
causes mechanical stresses on the rotor shaft and 
(.*"+ '($*0*+ F".)(:0+ 9&D*+ "%+ )<0+ *$DD.;+ .&%0*Q+ A"+
reduce the starting current, conventional starting 
)0'<%&Y$0*+*$'<+(*+*)(5790.)(+*)(5)&%:+(50+*)&..+>0&%:+
$*09Q+K"?0F05P+ 2"5+(DD.&'()&"%*+ 50Y$&5&%:+(+*#"")<+
*)(5)7$DP+*$'<+(*+'"%F0;"5+>0.)+*;*)0#*P+0*'(.()"5*+
(%9+'"#D50**"5*P+D"?0570.0')5"%&'+*)(5)&%:+90F&'0*+
*$'<+(*+*"2)+*)(5)05*+(50+:0%05(..;+0#D.";09Q+=%+*"2)+
*)(5)05*P+ 9&*'50)07)&#0+ '"%)5".+ (.:"5&)<#*+ 0Z0'$)09+
>;+(+#&'5"'"%)5"..05+$%&)+(DD.;+(+509$'09+F".)(:0+)"+
)<0+#")"5+>;+'"%)5"..&%:+)<0+35&%:+(%:.0+"2+)<;5&*)"5*+
*"+ (*+ )"+ '"%)5".+ )<0+ *)(5)&%:+ '$550%)Q+ A<&*+ D5"B0')+
was based on optimising the control algorithms 
&#D.0#0%)09+&%+*"2)+*)(5)05+$%&)*+D5"9$'09+>;+!(5."+
J(F(oo&+ 8(.)(P+ $*09+ 2"5+ '"%)5"..&%:+ )<0+ *)(5)&%:+
'$550%)+"2+)<5007D<(*0+*'5"..+'"#D50**"5*Q++

#;>L9B62%HL9B64F9@
!" =%F0*)&:()0+ )<0+ D50*0%)+ 2"$5+ 9&*'50)07)&#0+

'"%)5".+ .""D*+ (%9+ (%(.;*0+ )<0+ *)(>&.&);+ "2+ )<0+
*)(5)&%:+'$550%)+'"%)5".+.""D+R'"%)5".+.""D+WS+(%9+
the initial starting current control loop (control 
.""D+USQ

!" H0.0')+ (%9+ 90*&:%+ (+ %0?+ '"%)5".+ (.:"5&)<#+
?<&'<+D5"F&90*+(+<&:<05+90:500+"2+*)(>&.&);+ 2"5+
these two control loops.

!" E*0+*&#$.()&"%+#"90.*+&#D.0#0%)09+&%+H&#$.&%T+
)"+F05&2;+)<0+0ZD0')09+50*$.)*Q

!" Implement control algorithms in the soft starter 
units provided and perform functional tests on 
)<5007D<(*0+#")"5+(%9+'"#D50**"5+*0)$D*Q

#;>L9B62"96=>3>8>549@
=%&)&(..;P+ *)(>&.&);+ (%(.;*&*+ "2+ '"%)5".+ .""DW+ R'"%)5".*+
*)(5)&%:+ '$550%)+ 9$5&%:+ *)(5)7$DS+ (%9+ '"%)5".+ .""D+ U+
(controls initial starting current from start to start) 
"2+)<0+D50*0%)+*;*)0#+?050+'(55&09+"$)Q+-2)05?(59*P+
a new control algorithm with a higher degree of 
*)(>&.&);+?(*+ 90*&:%09+ 2"5+ )<0*0+ )?"+ '"%)5".+ .""D*Q+
The algorithm was then tested using simulation 
#"90.*+(%9+3%(..;+ &)+?(*+ &#D.0#0%)09+ &%+(%+(')$(.+
soft starter unit. Hardware testing consisted of two 
*)(:0*Q+=%+)<0+35*)+*)(:0P+)0*)*+?050+D052"5#09+"%+(%+
$%."(909+ )<5007D<(*0+ &%9$')&"%+#")"5P+?<&.0+ &%+ )<0+
*0'"%9+*)(:0+)0*)*+?050+D052"5#09+"%+(+)<5007D<(*0+
scroll compressor induction motor. 

$9@A86@27:32.B=49F9C9:6@
A<0+ 50*$.)*+ ('<&0F09+ 9$5&%:+ )0*)&%:+ '"%35#09+ )<()+
)<0+ %0?+ '"%)5".+ (.:"5&)<#+ + ;&0.9*+ (+ <&:<05+ 90:500+
"2+ *)(>&.&);+ )<(%+ )<0+ D50*0%)+ '"%)5"..05Q+ A<&*+ &*+ 9$0+
)"+ )<0+ <&:<05+ :(&%+ #(5:&%+ )<()+ ?(*+ ('<&0F09+ >;+
compromising the rise time of the r.m.s starting 
'$550%)Q+4&:$50+W+(%9+4&:$50+U+*<"?+50*$.)*+">)(&%09+
using the present and the new control algorithms.

 
Figure 1: First start of 16A three-phase scroll 
compressor using present control algorithm

Figure 2: First start of 16 A three-phase scroll 
compressor using new control algorithm

Advanced Phase Angle Control of 
Induction Motors Soft Starters
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-6A39:6R2`A;59:2K>:7F47
-A?9;F4@>;R20;/2"7A;4B92.?7?

!:6;>3AB64>:
On average the sun’s power is , the earth’s 
()#"*D<050+50'0&F0*+(+'"%*)(%)+*$DD.;+"2++"2+?<&'<+
"%.;++50('<0*+)<0+0(5)<+*$52('0Q++

@<")"F".)(&'+D(%0.*+'"%F05)+.&:<)+0%05:;+&%)"+0.0')5&'(.+
0%05:;P+ <"?0F05+ "%.;+ (+ *#(..+ D(5)+ "2+ )<0+ (F(&.(>.0+
0%05:;+&*+'"%F05)09+&%)"+0.0')5&'(.+0%05:;+9$0+)"+)<0+
023'&0%'&0*+ "2+ )<0+ #"9$.0*Q+ + 4"5+ )<&*+ 50(*"%P+ )<&*+
D5"B0')+ &%F".F0*+ )<0+*0))&%:+$D+"2+(+?0()<05+*)()&"%+
(%9+ )<0+ %0'0**(5;+ *"2)?(50+ )"".*+ )"+ '"#D(50+ )<0+
:0%05()09+ 0%05:;+ ?&)<+ )<0+ 0ZD0')09+ :0%05()09+
0%05:;+2"5+)<0+(F(&.(>.0+*".(5+&55(9&(%'0+()+(%;+)&#0Q

#;>L9B62%HL9B64F9@
!" H0))&%:+$D+"2+)<0+($)"#()&'+?0()<05+*)()&"%Q
!" H0))&%:+$D+"2+)<0+9()(+."::&%:+0Y$&D#0%)+2"5+

)<0+@f+@.(%)+"$)D$)
!" /0'"59+ *$23'&0%)+ #0(*$50#0%)*+ "2+ *".(5+

&55(9&(%'0+(%9+@f+"$)D$)+)"+D5"F&90+(90Y$()0+
9()(+2"5+(%(.;*&*

!" -%(.;*0+(%9+(**0**+ )<0+D052"5#(%'0+"2+@f+
plant from data recorded on the basis of 
(F(&.(>.0+*".(5+D"?05+()+(%;+)&#0Q

@5"B0')+80)<"9".":;
-+ *".(5+ )5('T05+ ?(*+ &%*)(..09+ )":0)<05+ ?&)<+ )?"+
D;5(%"#0)05+ *0%*"5*+ (%9+ (+ D;5<0.&"#0)05+ *0%*"5Q++
1%0+ "2+ )<0+ D;5(%"#0)05+ ?(*+ &%*)(..09+ ?&)<+ (+
*<(9&%:+ >(..+ (**0#>.;+ 2"5+ 9&22$*0+ *".(5+ &55(9&(%'0+
measurement while the other was set up to measure 
)<0+:.">(.+&55(9&(%'0Q++A<0+D;5<0.&"#0)05+?(*+%00909+
to measure the direct solar irradiance.  

-%+(%0#"#0)05P+?&%9+F(%0P+>(5"#0)05P+)0#D05()$50+
(%9+ <$#&9&);+ *0%*"5+ ?050+ &%*)(..09+ &%+ D.('0+ (%9+
connected to the data logger.  Each sensor was 
'"%3:$509+ *0D(5()0.;+ 90D0%9&%:+ "%+ )<0+ );D0+ "2+
signals generated.  The data logger provides enough 
*D('0+2"5+W]_+9(;*+"2+9()(+()+&%)05F(.*+"2+W+#&%$)0Q
A?"+ *"2)?(50+ D5":5(#*+ ?050+ ?5&))0%+ $*&%:+8().(>+
)"+'50()0+(+J5(D<&'(.+E*05+ =%)052('0Q+ + A<0+35*)+"%0+
calculates all relevant information on the solar 
D"*&)&"%+ >0&%:+ (>.0+ )"+ :0%05()0+ U]+ <"$5+ 9()(+ (%9+
storing it into a spreadsheet.

A<0+ *0'"%9+D5":5(#+'"..0')*+ )<0+ 50Y$&509+ 9()(+ 2"5+
)<0+ (%(.;*&*+ (%9+ *)"50*+ &)+ &%)"+ "%0+ *D50(9*<00)Q+++
The user is also able to enter the photovoltaic plant 
'<(5(')05&*)&'*+(''"59&%:+)"+)<0+*D0'&3'+&%*)(..()&"%P+
)<$*+ #(T&%:+ &)+ D"**&>.0+ )"+ >0+ $*09+ "%+ 9&22050%)+
*;*)0#*Q++A<0+0%)0509+9()(+&*+)<0%+$*09+)":0)<05+?&)<+
)<0+ *".(5+ &55(9&(%'0+ 9()(+ )"+?"5T+ "$)+ )<0+ 0ZD0')09+
-!+ D"?05+ :0%05()09+ >;+ )<0+ *;*)0#Q+ + A<&*+ 9()(+ &*+

then available to the user through graphs.  The same 
D5":5(#+(.*"+:&F0*+ )<0+$*05+ )<0+(>&.&);+"2+'<""*&%:+
which variables to plot.

The current data was obtained from the solar panels 
?<0%+)<0;+?050+9&5);P+(%9+(%")<05+*(#D.0+?(*+)(T0%+
after cleaning.  The collected data was then used in 
)<0+8().(>+JE=+)"+D5"9$'0+)<0+%0'0**(5;+50*$.)*+2"5+
)<0+9()(+(%(.;*&*Q

!"#$%&'()''?,670'>'0,6/%'3%/+=&%':D&8'4"3;'
pyranometer and pyrheliometer sensors

$9@A86@27:32.B=49F9C9:6@
Both the data obtained from the weather station and 
)<0+9()(+">)(&%09+ 25"#+ )<0+@f+D(%0.*+?050+D."))09+
onto each other.  One could note that most of the 
D0(T*+(%9+:.&)'<0*+'"&%'&90+"%+>")<+:5(D<*+*<"?&%:+
)<()+ >")<+ *;*)0#*+ 0ZD05&0%'09+ )<0+ *(#0+ ?0()<05+
conditions.  Predictions for the expected power 
output for the available solar irradiance were also 
performed.

$9D9;9:B9@
W+K05*'<+@Q+(%9+v?0&>0.+pQP+zG(*&'+@<")"F".)(&'+
@5&%'&D.0*+(%9+#0)<"9*e+H".(5+L%05:;+/0*0(5'<+
=%*)&)$)0P+!"."5(9"P+W`bUQ

Solar Irradiance and PV Plant Generation Analysis
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-6A39:6R2"766=9P2K>:988>
-A?9;F4@>;R2#;>D/2*/2-?469;42-674:9@2

!:6;>3AB64>:
A<&*+ D5"B0')+ ?&..+ <0.D+ )<0+ #(5T0)+ #"%&)"5+ )<0&5+
50%0?(>.0+ 0%05:;+ *"$5'0*+ F&(+ )<0+ &%)05%0)+ ?&)<"$)+
having to read the parameters from the inverter itself. 
=)+ *<(..+ (.*"+ D5"F&90+ (+ >('T$D+#0(%*+ "2+ 0.0')5&'&);+
?<0%+)<0+*$DD.;+:5&9+&*+&%)055$D)09Q

#;>L9B62%HL9B64F9@2
A<0+D5"B0')e*+ ">B0')&F0+ &*+ )"+ &%*)(..+ (+ *;*)0#+?<&'<+
can still operate a load when the grid is interrupted. It 
(.*"+&%'.$90*+)<0+"%.&%0+9&*D.(;+"2+50%0?(>.0+0%05:;+
9()(+*"+)<()+&)+#(;+>0+F&0?09+50#")0.;Q+

#;>L9B62"96=>3>8>549@
A<0+ 35*)+ D(5)+ "2+ )<&*+ D5"B0')+ ?(*+ '"%'05%09+ ?&)<+
*0))&%:+ $D+ (%+ &*.(%9+ *;*)0#+ ?<&'<+ '(%+ &*".()0+ )<0+
*;*)0#+ 25"#+ )<0+ :5&9+ (%9+ )<$*+ T00D&%:+ (..+ &%)05%(.+
."(9*+"%.&%0Q+-%+($)"#()&'+*?&)'<+>"Z+*0%*0*+?<0)<05+
the grid is on. When the grid is uninterrupted the load 
&*+*$DD.&09+25"#+)<0+:5&9P+(%9+(%;+0%05:;+D5"9$'09+
25"#+50%0?(>.0+0%05:;+*"$5'0*+&*+209+)"+)<0+:5&9Q+i0)P+
when the automatic control box senses that there is 
%"+:5&9P+&)+&*".()0*+)<0+&%)05%(.+*;*)0#+25"#+(%;+:5&9+
'"%%0')&"%*+?<&.0+()+)<0+*(#0+)&#0+'50()0*+(+*)(%97
(."%0+*;*)0#+?&)<+);D&'(.+:5&9+D(5(#0)05*Q+A<$*P+)<0+
load will still be energised. The load power is now 
0&)<05+ *$DD.&09+ 9&50').;+ 25"#+ )<0+ 50%0?(>.0+ 0%05:;+
&%F05)05+"5+25"#+)<0+>())05;+D('T+?<&'<+'"#0*+(*+D(5)+
"2+)<0+G('T$D+*;*)0#Q+

The second part of this thesis concerns the gathering 
"2+ 9()(+ (%9+ &)*+ 9&*D.(;+ "%+ (+?0>*&)0+?<&'<+ '(%+>0+
F&0?09+ 50#")0.;Q+ 4"5+ )<&*+ D(5)P+ (+?&%9+ &%F05)05+ (%9+
a solar inverter were used. The wind inverter saves 
9()(+9&50').;+ )"+(+D5090)05#&%09+3.0+?<&.0+ )<0+*".(5+
inverter needs a data logger which logs the inverter’s 
9()(Q+A<&*+9()(+#(;+)<0%+>0+(''0**09+#(%$(..;+(%9+
*(F09+ (''"59&%:+ )"+ )<0+ 9()0+ &)+ ?(*+ ('Y$&509Q+ A<&*+
9()(+&*+)<0%+D$>.&*<09+:5(D<&'(..;+"%+(+?0>*&)0Q

$9@A86@27:32.B=49F9C9:6@
A<0+H$%%;+G('T$D+*;*)0#+&*+$D+(%9+5$%%&%:+(%9+(..+
)0*)*+<(F0+>00%+*$''0**2$..;+D052"5#09Q+M()(+&*+(.*"+
>0&%:+ '"%*)(%).;+ :()<0509P+?<&'<+?&..+ >0+ 9&*D.(;09+
on the website.

Figure 1: Solar Data Logger: Sunny Boy Control Plus

Figure 2: Sunny Backup System S

Set-up of Stand-Alone RES System 
& On-line Parameter Display 
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-6A39:6R2$>H9;62*7;A7:7 
-A?9;F4@>;R2#;>D/2`>@9?=2*4847

!:6;>3AB64>:
@05#(%0%)+ 8(:%0)+ 8")"5*+ R@88*S+ (50+ Y$&'T.;+
becoming popular for use as generators or 
alternators in micro wind turbines. This is due to 
the fact that the permanent magnets provide the 
0Z'&)()&"%+"2+)<0+'"&.*P+&%*)0(9+"2+50Y$&5&%:+(+'$550%)+
)<5"$:<+?"$%9+'"&.*+)"+:0%05()0+)<0+#(:%0)&'+30.9Q+
A<0+);D0+"2+(.)05%()"5+>0&%:+*)$9&09+<050+&*+(%+(Z&(.+
X$Z+ (.)05%()"5P+ #0(%&%:+ )<()+ )<0+ #(:%0)&'+ .&%0*+ "2+
X$Z+(50+D(5(..0.+)"+)<0+(.)05%()"5+*<(2)Q+A<&*+(.."?*+)<0+
rotor to be placed as close to the stator as possible, 
:&F&%:+)<0+(.)05%()"5+&)*+X()P+D(%'(T0+*<(D0Q+4"5+)<&*+
application two rotors can also be used, mounted on 
)<0+*(#0+*<(2)Q+A<&*+?&..+ &%'50(*0+)<0+#(:%0)&'+X$Z+
90%*&);+()+)<0+*)()"5Q

#;>L9B62%HL9B64F9@
!" Design, development and implementation of 

(+D05#(%0%)+#(:%0)+(Z&(.+X$Z+(.)05%()"5+2"5+(+
micro wind turbine.

!" 8(Z&#&o&%:+)<0+D"?05+"$)D$)+(%9+'"*)+
023'&0%';+"2+)<0+(.)05%()"5+>;+)0*)&%:+2"5+
different numbers of magnets, coils and wire 
)<&'T%0**Q

#;>L9B62"96=>3>8>5E
A<0+ D5"B0')+ '"%*&*)09+ 35*)+ "2+ (+ .&)05()$50+ 50F&0?+
0Z(#&%&%:+ ?&%9+ )$5>&%0+ );D0*P+ 9&22050%)+ #")"5+
95&F0*P+ (%9+#"*)+ *&:%&3'(%).;+ )<0+9&22050%)+ );D0*+"2+
motors available for the wind generation application, 
(%9+?<;+(+@88+?(*+'<"*0%Q+-+*<"5)+*)$9;+"%+)<0+
#(:%0)&'+X$Z+0Y$()&"%*+(%9+?<()+#(:%0)+*<(D0*+)"+
$*0+2"5+)<0+<&:<0*)+X$Z+90%*&);+?(*+(.*"+D052"5#09Q+
A<0+ '"%*)5$')&"%+ "2+ )<0+ 5")"5+ (%9+ *)()"5+ ?(*+ 35*)+
mounted on a testing rig. This testing rig was used 
)"+)0*)+9&22050%)+'"%3:$5()&"%*+"2+#(:%0)*P+9&*)(%'0*+
of these magnets from the coils and speed of 
rotation of the shaft. Tests were also performed on 
the wind turbine itself, examining its rotational speed 
at different wind speeds to be able to design the 
(.)05%()"5+(''"59&%:.;Q

$9@A86@27:32.B=49F9C9:6@
/0*$.)*+ <(F0+ *<"?%+ )<()+ (%+ &%'50(*09+ %$#>05+ "2+
magnets on the rotor, decreased distance between 
the magnets, a faster turbine speed, and a larger 
number of coils all contribute to generating a higher 
output power. Thus it is important to balance out 
)<0*0+ 2(')"5*+ )"+ T00D+ )<0+ '"%*)5$')&"%+ '"*)+ (*+ ."?+
as possible while generating as much power as 
possible.

Figure 1: Stator and rotor construction 
of the alternator

Figure 2: Testing Rig Set up

Permanent Magnet Pancake Wind Generator
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-6A39:62R2.84@674;2*47:67;2
-A?9;F4@>;R2#;>D/2`>92*4847

!:6;>3AB64>:
-*+ )<0+ (?(50%0**+ )"?(59*+ (+ '.0(%05+ 0%F&5"%#0%)+
continues to raise discussions worldwide, one of 
the main sources of pollution is transportation. The 
&%)5"9$')&"%+ "2+ 0.0')5&'+ F0<&'.0*+ ?"$.9+ >0+ )<0+ 35*)+
step in reducing carbon content and particulate 
matter from the atmospehere. 

H0F05(.+#(%$2(')$505*+<(F0+*0)+)<0&5+D5")");D0*+>$)+
)<0+$*0+"2+.0(9+('&9+)0'<%".":;+<(*+2(&.09+)"+90.&F05+
)<0+ 9&*)(%'0*+ )<0+ #(5T0)+ 90#(%909Q+ + A<&*+ &*+ )<0+
#(B"5+50(*"%+?<;+0.0')5&'+F0<&'.0+D5"*D0')&F0+>$;05*+
?050+(.?(;*+*'0D)&'+(>"$)Q+

A<0+9&*'"F05;+"2+I&)<&$#+:(F0+0.0')5&'+F0<&'.0*+(+%0?+
9&#0%*&"%Q+ H0F05(.+ .&)<&$#+ )0'<%".":&0*+ <(F0+ >00%+
&#D.0#0%)09+?<050+I&)<&$#+D<"*D<()0+50*$.)09+)"+>0+
)<0+#"*)+D5"#&*&%:+)0'<%".":;+2"5+vLf+Ro05"+0#&**&"%+
F0<&'.0SQ+I&40@1]+)0'<%".":;+('<&0F0*+(+<&:<+0%05:;+
90%*&);P+ $D+ )"+ W]V+ N<hT:+ (%9+ &*+ &%)5&%*&'(..;+ *(20+
when overcharged or operated at high tempertures. 
I&)<&$#+ D<"*D()0+ '(%+ >0+ '<(5:09+ 5(%9"#.;+ )"+ 2$..+
'(D('&);P+*&%'0+&)+9"0*+%")+*$2205+25"#+#0#"5;+0220')Q+
A<&*+?(*+ (+ D5">.0#+?<0%+ $*&%:+6&7!9+ (%9+6&78K+
)0'<%".":&0*Q+A<&*+?"$.9+:&F0+)<0+"?%05+)<0+>0%03)+
of plugging in the vehicle near the closest charging 
D"&%)P+T00D&%:+)<0+'0..*+()+#(Z&#$#+'<(5:0Q+

#;>L9B62%HL9B64F9@
A<0+ (&#+ "2+ )<0+ D5"B0')+ ?(*+ )<()+ "2+ *0))&%:+ $D+ (+
I&40@1]+ 0%05:;+ D('TQ+ A<0+ >())05;+ D('T+ D5"D"*09+
?(*+)"+&%'.$90+(..+%0''0*(5;+'&5'$&)5;+)"+#(&%)(&%+(..+
'0..*+?&)<&%+)<0+*)5&%:P+<0(.)<;+(%9+>(.(%'09Q

-2)05+90F0."D&%:+)<0+%0'0**(5;+<(59?(50+)<0+I&40@1]+
0%05:;+D('T+?(*+)"+>0+)0*)09+"%+(+#")"5+."(9+5&:+2"5+
transient performance and testing the behaviour of 
the output current. 

-%")<05+">B0')&F0+?(*+)"+&%*)(..+(%9+)$%0+(+%0?+Wc_pf-+
F0')"5+'"%)5"..09+a+D<(*0+ &%F05)05Q+A<&*+ &%'.$909+)<0+
&%)052('&%:+ "2+ )<0+ Y($95()$50+ 0%'"905P+ 0Z)5(')&"%+ "2+
motor data including stator and rotor inductances and 
the voltage and current operating limits. 

#;>L9B62"96=>3>8>549@
+@5&"5+)"+)<0+'"#D.0)0+(**0#>.;+"2+)<0+0%05:;+D('TP+
several tests were performed on the batteries in 
"5905+ )"+(%(.;*0+ )<0&5+>0<(F&"$5Q+ +A<&*+ &%'.$909+ )<0+
'<(5:&%:+ (%9+ 9&*'<(5:&%:+ D5"3.0*P+ D5">.0#*+ ?<0%+
charging and discharging unbalanced cells within 
(+*05&0*+(55(;+P+(%9+)<0+>0<(F&"$5+"2+D(5(..0.+ .&)<&$#+

>())05;+>(%T*Q+

-+ *&:%&3'(%)+ D5">.0#+ ?&)<+ I&40@1]+ ?(*+ )<()+ "2+
'0..+ >(.(%'&%:Q+ A<&*+ 50Y$&509+ )<0+ $*0+ "2+ >(.(%'&%:+
'&5'$&)*Q+ -2)05+ (%(.;*&%:+ *0F05(.+ )0'<%&Y$0*+ )<0+
'<(5:0+*<$%)&%:+#0)<"9+?(*+D5")");D09+(%9+)0*)09Q+
The circuit was tested for performance and for the 
percentage of power being dissipated in the resistor 
during a balanced and an unbalanced charge. 
-+'"##$%&'()&"%+ *;*)0#+$*&%:+ (+ *&%:.0+?&50+ 9(&*;+

chain communication protocol was also developed 
?<050+ )<0+ '"#D.0)0+ >())05;+ D('T+ ?(*+ #"%&)"509+
)<5"$:<+ (+ 50#")0+ )05#&%(.Q+ H0F05(.+ 2$%')&"%*+
embedded on the cell balancer were also controlled 
from the main terminal including the selection of the 
9&*'<(5:0+D5"3.0Q

$9@A86@27:327B=49F9C9:6@2
Testing showed that when unbalanced cells within 
(+>())05;+D('T+(50+D50*0%)P+)<0+"$)D$)+D"?05+"2+)<0+
D('T+?&..+>0+*&:%&3'(%)0.;+90'50(*09Q++

G;+ )<0+ $*0+ "2+ >(.(%'&%:+ '&5'$&)*+ )<0+ '0..*+ ?<050+
50*)"509+)"+(+>(.(%'09+*)()0+>;+(+*&%:.0+'<(5:0Q++45"#+
>")<+D5")");D0*P+)<0+(')&F0+>(.(%'05+<(9+*&:%&3'(%).;+
shorter balancing times. The integration of embedded 
communication made the balancer more versatile. 

-*+ 50:(59*+ )"+ )<0+ I&40@1]+ )0'<%".":;P+ 9&*'<(5:0+
)0*)*+ <(9+ (+ F05;+ X()+ '<(5(')05&*)&'+ (%9+ (%+ (F05(:0+
'<(5:0+2(')"5+"2+WQVc+#(T&%:+)<0+)0'<%".":;+&90(.+2"5+
L.0')5&'+f0<&'.0*Q+

The design and implementation of a Lithium Phosphate 
(LiFePO4) energy pack for EV applications. 
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-6A39:6R2';:9@62*47:67;
-A?9;F4@>;R2#;>D2*2-?469;42-674:9@
*>N@A?9;F4@>;R2!:5/2.2*7@@7;

!:6;>3AB64>:
I()0.;P+(+*0)+"2+*)5&')+)(5:0)*+<(F0+>00%+&**$09+>;+)<0+
L$5"D0(%+ E%&"%+ &%+ "5905+ )"+ $*0+ 50%0?(>.0+ 0%05:;+
*"$5'0*Q+H&%'0+8(.)(+ &*+(+#0#>05+"2+ )<0+L$5"D0(%+
E%&"%P+&)+&*+2".."?&%:+*$'<+)(5:0)*P+#(&%.;+>;+0#>(5T&%:+
"%+)?"+.(5:0+D5"B0')*+&%+)<0+%0(5+2$)$50Q+A<0+35*)+"%0+
&*+ )<0+ &%)5"9$')&"%+ "2+ )<0+ UVV8N+ &%)05'"%%0')"5+
?<&'<+ 0.0')5&'(..;+ '"%%0')*+ 8(.)(+ )"+ H&'&.;Q+ A<&*+
#(T0*+ &)+ D"**&>.0+ 2"5+ 8(.)(+ )"+ >$;+ 0.0')5&'&);+ 25"#+
.0**+ D"..$)&%:+ D"?05+ *)()&"%*Q+ A<0+ *0'"%9+ D5"B0')+
'"%*&*)*+ "2+ )<0+ &%)5"9$')&"%+ "2+ (+ `V8N+?&%9+ 2(5#Q+
G02"50+ &%)0:5()&%:+*$'<+?&%9+ 2(5#+?&)<+ )<0+8(.)0*0+
0.0')5&'(.+:5&9P+(+*)$9;+"2+)<0+"D05()&"%+"2+*$'<+2(5#+
and its effects on the grid has to be studied.  

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0*+"2+)<0+D5"B0')+(50+)"+#"90.+)<0+
M"$>.;+ 409+ =%9$')&"%+ J0%05()"5+ RM4=JS+ ?<&'<+ &*+
)<0+ :0%05()"5+ #"*).;+ $*09+ &%+ ?&%9+ )$5>&%0*Q+ -2)05+
#"90..&%:+)<0+M4=JP+)<0+90*&:%+"2+)<0+50Y$&509+'"%)5".+
loops used for the control of the wind farm have to be 
'"%*&90509Q+8"50"F05P+)<0+(%(.;*0*+"2+)<0+?&%9+2(5#+
?<0%+ &%)0:5()09+?&)<+)<0+8(.)0*0+0.0')5&'(.+:5&9+(50+
*)$9&09+>;+F(5&"$*+*&#$.()&"%*Q

#;>L9B62"96=>3>8>549@
=%&)&(..;P+ 50*0(5'<+ "%+ F(5&"$*+ L$5"D0(%+?&%9+ D"?05+
:5&9+'"90+50Y$&50#0%)*+?(*+9"%0Q+4".."?&%:+)<&*P+)<0+
#"90..&%:+ (%9+ '"%)5".+ "2+ )<0+M4=J+?(*+ '(55&09+ "$)+
and the control loops were designed and implement7
09+&%+)<0+=%)05(')&F0+@"?05+H;*)0#+-%(.;*&*+*"2)?(50P+
=@H-Q++A<&*+?(*+$*09+)"+'(55;+"$)+*&#$.()&"%*+"2+(+%$#7
>05+"2+?"5*)+'(*0+*'0%(5&"*+*"+(*+)"+*)$9;+(%9+(%(7
.;*0+)<0+)5(%*&0%)+50*D"%*0+"2+)<0+90*&:%09+'"%)5".7
.05*+?<&.*)+F05&2;&%:+?<0)<05+)<0+"D05()&"%+"2+)<0+?&%9+
2(5#+&*+&%+'"#D.&(%'0+?&)<+)<0+L$5"D0(%+H)(%9(59*Q 

$9@A86@27:32.B=49F9C9:6@
The simulation results showed that when using the 
designed control loops, the operation of the wind 
turbine forming the wind farm are in compliance with 
)<0+L$5"D0(%+H)(%9(59*Q+8"50"F05P+?<0%+'"#D(5&%:+
the results obtained when using the controllers 
designed in this thesis to the results obtained 
?<0%+ $*&%:+ ")<05+ 50(9&.;+ (F(&.(>.0+ '"%)5"..05*P+ )<0+
controllers designed gave the best performance in all 
cases.

Figure 1: Wind Turbine Control System

Modelling, Control and Analysis of a 
90MW Wind Farm connected to the 
Local Power Network using IPSA
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-6A39:6R2"4B=7982T9>;592*4:4
-A?9;F4@>;R2#;>D/2`>@9?=2*4847

!:6;>3AB64>:
The aim of this thesis is to design, build and test 
(+ '"%)5"..05+ 2"5+ (+ *".(5+ ?()05+ <0()&%:+ *;*)0#Q+
!"#D"%0%)*+ 50.()09+ )"+ )<0+ *)5$')$50+ &%'.$90+ )<0+
*".(5+ '"..0')"5+ RH'<"))+ H".(5+ !"..0')"5+ A$>0*SP+ )<0+
<0()+ 0Z'<(%:05+ Rv&.#0)+K0()+LZ'<(%:05SP+ (%+ &%9""5+
&%*$.()09+<")+?()05+*)"5(:0+)(%TP+(+D5&#(5;+'&5'$.()&"%P+
(+ *0'"%9(5;+ '&5'$.()&"%+ D$#D+ R?()05SP+ )0#D05()$50+
*0%*"5*+R$*09+2"5+#"%&)"5&%:+(%9+2009>('T+(%(.;*&*SP+
(%+0ZD(%*&"%+)(%T+(%9+(')$()"5*Q

=)+?(*+'.0(5+)<()+)<0+*;*)0#+<(9+F(5&"$*+#(5:&%*+"2+
error that needed continuous automated control to 
#(&%)(&%+Y$(.&)()&F0+50*$.)*Q++A<&*+?(*+&%*)5$#0%)(.+)"+
<(F0+ )<0+ D5"B0')+ 9&50')09+ )"+ (+ 2"'$*+ D"&%)+ &%+ "5905+
)"+ 0*)(>.&*<+ )<0+ '<(5(')05&*)&'*+ "2+ (%+ 023'&0%)+ *".(5+
?()05+<0()&%:+*;*)0#Q+A<&*+ .0(9+ )"+ )<0+ 50*0(5'<+ 2"5+
)<0+ *0.0')&"%+ "2+ )<0+ 0Y$&D#0%)+ 50Y$&509P+ >0(5&%:+
in mind the environmental factors surrounding the 
."'()&"%+"2+ )<0+ *;*)0#Q+A<$*P+ )<0+ &90(+ 2"5+ (+ '."*09+
.""D+#"%&)"509+2009>('T+*;*)0#+?(*+*$*)(&%09Q+

#;>L9B62%HL9B64F9@
A<0+ ">B0')&F0+ "2+ )<0+ *".(5+ ?()05+ <0()05+ ?(*+ )"+
control the circulation of the water and the transfer 
of heat between the heat exchanger and storage 
)(%T+."'()09+'."*0+)"+)<0+>()<5""#+R"5+T&)'<0%+0)'SQ+
A<&*+ ?(*+ 9"%0+ >;+ )<0+ &%)5"9$')&"%+ "2+ (+ '&5'$.()&"%+
D$#DQ+ + A<0+ *;*)0#+ $*09+ &*+ '(..09+ (+ 507'&5'$.()&"%+
*;*)0#+>0'($*0+)<0+&%.0)+(%9+)<0+50)$5%+)"+)<0+<0()+
exchanger are in a closed loop.

A<0+ <0(9+ "2+ )<0+ '."*09+ .""D+ 507'&5'$.()&"%+ *;*)0#+
'(%+F(5;+25"#+"%0+)"+*0F05(.+*)"5&0*+<&:<Q+A<0+.(5:05+
the separation between the heat exchanger and the 
*)"5(:0+)(%TP+)<0+.0**+)<0+*;*)0#+&*+0220')&F0[+50*$.)&%:+
&%+(+."%:05+)&#0+50Y$&509+)"+50('<+)<0+)0#D05()$50+*0)+
>;+ )<0+$*05+ &%+ )<0+*)"5(:0+ )(%TQ+H0F05(.+ )0*)*+?050+
performed in order to demonstrate this.

#;>L9B62"96=>3>8>549@R
A<0+ *;*)0#+ D052"5#(%'0+ ?(*+ &%F0*)&:()09+ )<5"$:<+
the following three methods:
!" The complete setup, without plumbing between 

)<0+K0()+LZ'<(%:05+(%9+)<0+H)"5(:0+A(%T
!" A<0+*;*)0#+?&)<+.(::09+D.$#>&%:+>0)?00%+)<0+

K0()+LZ'<(%:05+(%9+H)"5(:0+A(%T
!" A<0+*;*)0#+?&)<+%"%7.(::09+D.$#>&%:+>0)?00%+

)<0+K0()+LZ'<(%:05+(%9+H)"5(:0+A(%T
A<0*0+#0)<"9*+?050+ (DD.&09+ )"+ (+ *;*)0#+?<&'<+ &*+
(.*"+ '"##"%.;+ 2"$%9+ &%+ <"$*0<".9*Q+ K0%'0+ )<0+
50*$.)*+">)(&%09+'(%+>0+0(*&.;+(DD.&09+&%+D5(')&'0Q

$9@A86@27:32.B=49F9C9:6@R
A<0+*;*)0#+?&)<+%"+D.$#>&%:+"D05()0*+*()&*2(')"5;[+
<0%'0+ ?&)<+ *$'<+ (+ '<"&'0+ "2+ 0Y$&D#0%)+ "%0+ '(%+
('<&0F0+)<0+50Y$&509+)0#D05()$50+*0)+>;+)<0+$*05+ &%+
)<0+*)"5(:0+)(%TQ

A<0+.(::09+*;*)0#+D052"5#(%'0+&*+*$D05&"5+)"+)<()+"2+
)<0+%"%7.(::09+*;*)0#+&%+)05#*+"2+<0()+)5(%*205+(%9+
023'&0%';+"2+)<0+'"#D.0)0+*;*)0#Q

A"+ "D)&#&o0+ )<0+ D052"5#(%'0+ "2+ )<0+ *;*)0#+ )<0+
following implementations are to be done: 

!" 8&'5"'"%)5"..05+
A<0+ *$%+ '"%'0%)5()&"%+ D0(T*+ "%.;+ 2"5+ (+ *<"5)+
period of time. This results in warmer oil in the heat 
0Z'<(%:05+ )<(%+ &%+ )<0+ *)"5(:0+ )(%T+ >$)+ )<0+ <0()+
)5(%*205+ &*+ F05;+ ."?+ &%+ *$'<+ (+ ?(;+ )<()+ &)+ (')*+ .&T0+
a radiator. The scope of heating the water present 
&%+ )<0+ *)"5(:0+ )(%T+ >;+ D(**&%:+ &)+ )<5"$:<+ )<0+ <0()+
0Z'<(%:05P+ &%+ 50(.&);P+ 9$5&%:+ )<()+ )&#0+ &)+ &*+ >0&%:+
'"".09Q+ A<0+#&'5"'"%)5"..05+ &*+ 50Y$&509+ *$'<+ )<()+ &)+
senses the difference in temperature between the 
)?"+(%9+*?&)'<0*+)<0+D$#D+16+(%9+144+(''"59&%:.;+
in order to balance the temperatures.

=%+ "5905+ )"+ &#D5"F0+ )<0+ *;*)0#+ 2$5)<05+ )<0+ <0()+
collector (solar tube panel) could be mounted on 
a revolving structure such that it would align itself 
)"+ 3%9+ )<0+ >0*)+ D"*&)&"%+ )"+ '"..0')+ *".(5+ <0()Q+ A<0+
alignment process would be within a closed loop 
?<&'<+&*+'"%)5"..09+>;+)<0+#&'5"'"%)5"..05Q

!" Heat Exchanger
A<0+ <0()+ 0Z'<(%:05+ '"$.9+ >0+ "2+ (+ .(5:05+ '(D('&);+
in order to ensure better heat transfer with lower 
*".(5+ (')&F&);Q+ A<0+ "%0+ $)&.&o09+ &%+ )<0+ *;*)0#+ 9"0*+
%")+ <(F0+ 0%"$:<+ '(D('&);+ )"+ 0%*$50+ "D)&#$#+<0()+
)5(%*205+)<5"$:<"$)+)<0+9(;Q+=%+2(')+25"#+)<0+(%(.;*&*+
D052"5#09+"%+ )<0+9()(+('Y$&509P+ )<0+*;*)0#+?"5T*+
*()&*2(')"5&.;+2"5+]+)"+_+<5*+9(&.;Q+A<&*+)&#0+?&%9"?+&*+
(DD5"Z&#()0.;+25"#+WV+(#+)"+a+D#Q+A<&*+D05&"9+&*+)""+
*<"5)+'"%*&905&%:+)<0+*".(5+D")0%)&(.+&%+8(.)(Q

!" Plumbing
The circulation of water and the temperature 
(50+ (220')09+ >;+ *0F05(.+ 2(')"5*+ *$'<+ (*+ )<0+ );D0+
of insulation, route selected and the ambient 
temperature. Hence the planning of the installation is 
'5&)&'(.+&%+"5905+)"+&#D5"F0+)<0+023'&0%';+&%+90.&F05&%:+
and circulating water at the desired temperatures. 

The Design, Building and Testing of a Solar Water 
Heater Circulation Pump Controller
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-6A39:6R2-4C>:20AB7
-A?9;F4@>;R20;/2!:5/2"7A;4B92.?7?

!:6;>3AB64>:
The increase in the electrical demand on board super 
;('<)*P+ .0&*$50+ >"()*+ (%9+ 3*<&%:+ F0**0.*+ <(*+#(90+
D"?05+#(%(:0#0%)+'"%)5".+(+%0'0**&);+"%>"(59+#"*)+
F0**0.*Q+A5(&%09+D05*"%%0.+<(F0+)"+'"%*)(%).;+#"%&)"5+
0.0')5&'(.+ D(5(#0)05*P+ (%9+#(%$(..;+ *;%'<5"%&o0+ )<0+
generators in the event of an increase in the load 
90#(%9+ $*&%:+ (+ *;%'<5"*'"D0+ "5+ )<0+ 9(5T+ .(#D+
)0*)+(%9+#(%$(..;+'."*0+)<0+'&5'$&)+>50(T05+?<0%+)<0+
:0%05()"5*+(50+*;%'<5"%&o09Q

#;>L9B62%HL9B64F9@
/0'":%&o&%:+ (%+ "DD"5)$%&);+ 2"5+ &#D5"F0#0%)P+ )<&*+
9&**05)()&"%+D5"B0')+(&#09+ )"+0ZD05&#0%)(..;+90F0."D+
(%+ &%)0..&:0%)+ D"?05+ #(%(:0#0%)+ '"%)5".+ *;*)0#Q+
A<0+ #(&%+ ">B0')&F0+ ?(*+ )"+ 90F0."D+ (+ #"9$.(5+
D5")");D0+*?&)'<>"(59+ )<()+0%(>.09+ 2$..+ '"%)5".+"F05+
)<0+ :0%05()"5*+ (%9+ ($)"#()09+ )<0+ *;%'<5"%&o()&"%+
D5"'0**Q+-99&)&"%(..;P+ &)+?(*+ &#D"5)(%)+ )"+ &#D.0#0%)+
(+ *;*)0#+ )<()+ &%'.$909+ )<0+ (9909+ 2$%')&"%+ "2+
monitoring load variations, as well as implement load 
sharing and load depending generator start and stop. 
N&)<+ )<0+ &%)0%)&"%+ "2+ 90F0."D&%:+ (+ 2$..;+ ($)"#()09+
*;*)0#P+ )<0+D5"B0')+?(*+90*&:%09+ )"+ &%'"5D"5()0+ (%+
immediate reaction response in a controlled manner 
)"+509$'0+)<0+5&*T+"2+)")(.+*<&D+>.('T"$)Q+-%+&#D"5)(%)+
">B0')&F0+?(*+)<0+&#D.0#0%)()&"%+"2+(+#"9$.(5+90*&:%+
(DD5"('<+ 2"5+ )<0+ D$5D"*0+ "2+#(5T0)&%:+ )<0+ D5"9$')+
(*+ (+ D.$:+ (%9+ D.(;+ *;*)0#Q+ A<&*+ ?(*+ (%+ &#D"5)(%)+
feature to implement as it facilitates future installations 
"2+ (99&)&"%(.+ :0%05()"5*+ >;+ )<0+ *&#D.0+ (99&)&"%+ "2+
another generator switchboard panel thus avoiding 
)<0+'"#D.0)0+5090*&:%+"2+)<0+@8HQ

#;>L9B62"96=>3>8>549@
!" Design of electrical schematics including the in7

)052('0+ >0)?00%+ )<0+ :0%05()"5*P+ *;%'<5"%&o&%:+
(%9+ ."(9+*<(5&%:+$%&)*P+@I!*P+#")"5&o09+'&5'$&)+
>50(T05*P+ D$*<>$))"%*P+ *0.0')"5+ *?&)'<0*P+ #07
)05*+(%9+&%9&'()"5+ .&:<)*P+'"#D.&(%)+?&)<+I.";9e*+
/0:&*)05+*)(%9(59*+?<&'<+&*+(+#(5&%0+'.(**&3'(7
)&"%+*"'&0);

!" H"2)?(50+90F0."D#0%)+2"5+'"%)5".+"2+@I!*P+*;%7
'<5"%&o&%:+(%9+."(9+*<(5&%:+#"9$.0*

!" 8"9$.(5+90*&:%+(DD5"('<
!" N&5&%:+"2+)<0+'"#D.0)0+*;*)0#+(*+D05+)<0+0.0')5&7

cal designs
!" Interfacing of the power management control 

*;*)0#+)"+)<0+:0%05()"5*+(%9+*<"50+D"?05
!" H"2)?(50+90>$::&%:+(%9+*;%'<5"%&o()&"%+)0*)&%:
!" M"'$#0%)()&"%+(%9+3%(.&o()&"%+"2+9&**05)()&"%

Figure 1: Modular Power Management Control 
System Panels

Figure 2: Generator Under Test

$9@A86@27:32.B=49F9C9:6@
-.)<"$:<+ )<0+'&5'$&)+?(*+90*&:%09+(%9+ &#D.0#0%)09+
)"+'(55;+"$)+."(97*<(5&%:+>0)?00%+)<0+:0%05()"5*P+)<&*+
2$%')&"%(.&);+ '"$.9+ %")+ >0+ )0*)09+ 9$0+ )"+ $%2"50*00%+
'&5'$#*)(%'0*+ 50:(59&%:+ )<0+ .('T+ "2+ (F(&.(>&.&);+ "2+
:0%05()"5*+ <(F&%:+ (%+ 0.0')5"%&'+ :"F05%"5+ &%+ 8(.)(Q+
60F05)<0.0**P+ )<0+ >$&.9&%:P+ ?&5&%:+ (%9+ )0*)&%:+ "2+
panels was successful and both generator panels 
?050+0220')&F0.;+*;%'<5"%&o09+?&)<+)<0+:5&9Q+8"50"F05P+
0Z'0..0%)+ '"%)5".+ "F05+ )<0+ *;%'<5"%&o()&"%+ D5"'0**+
?(*+ ('<&0F09Q+ K0%'0+ )<0+ ">B0')&F0+ "2+ )<&*+ D5"B0')+
was reached and the intelligent power management 
'"%)5".+*;*)0#+?(*+2$..;+"D05()&"%(.Q

$9D9;9:B9@
W++6Q+AQ+H)5&%:05P+mf".)(:0+!"%*&905()&"%*+M$5&%:+
J0%05()"5+H;%'<5"%&o&%:Pn+=LLL+A5(%*(')&"%*+1%+
=%9$*)5;+-DD.&'()&"%*P+DDQ+_Uc7_U`P+8(;hj$%0+W```Q+
U++8Q+jQ+A<"#D*"%P+m4$%9(#0%)(.*+(%9+-9F(%'0#0%)*+
&%+J0%05()"5+H;%'<5"%&o&%:+H;*)0#*Pn+H'<?0&)o05+
L%:&%005&%:+I(>"5()"5&0*P+@$..#(%P+EH-P+UVWVQ

Power Management Control System for Boats and 
Super Yachts in the 25 – 70 Meter Range
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!:6;>3AB64>:
J&F0%+)<0+D5".&205()&"%+"2+%"%7.&%0(5+."(9*+&%+)<0+:.">(.+
#(5T0)+)<050+<(*+>00%+(%+&%)05%()&"%(.+022"5)+>;+$)&.&);+
companies as well as governing bodies regarding the 
permissible amount of harmonic pollution these loads 
(50+(.."?09+)"+0#&)Q+-+'"##"%+%"%7.&%0(5+."(9+2"$%9+
)<5"$:<+:5&9*+?"5.9?&90+&*+)<0+)<500+D<(*0+50')&305Q+
!"%*&905&%:+ )<0+<(5#"%&'+D"..$)&"%+ .&#&)*+ (50+>0&%:+
tightened as more of these loads are connected to the 
grid it has become of importance to offer reliable and 
0'"%"#&'(..;+*"$%9+(.)05%()&F0*+)"+)<0+$%'"%)5"..09+
*&Z7D$.*0+ 50')&305Q+ -+ >0))05+ &#D.0#0%)()&"%+ &*+ )"+
&%'.$90+*$DD.;+*&90+&%9$')(%'0*+>$)+*$'<+&%9$')"5*+
(50+>$.T;+(%9+9"+%")+*".F0+)<0+D5">.0#Q++A<0+@N8+
50')&305+ "2205*+ <&:<+ D"?05+ 2(')"5+ 50')&3'()&"%+ ()+ (..+
&%D$)*+ (%9+ ?&)<+ >&79&50')&"%(.+ D"?05+ X"?+ <"?0F05+
this comes at a high price and complex controller 
design.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<0+D5"B0')+&*+)"+90*&:%+(+%"F0.+(DD5"('<+
2"5+ (+ <&:<+D"?05+ 2(')"5+ )<500+D<(*0+ 50')&305+ >(*09+
"%+ )<0+ >""*)+ )"D".":;[+ )<0+ 90*&:%+ ?&..+ #(T0+ $*0+
"2+ <;*)050*&*+ '$550%)+ '"%)5".Q+ @5"B0')+ 90.&F05(>.0*+
&%'.$90+*&#$.()&"%*+>(*09+"%+8-AI-G+"2+*&%:.0+(%9+
)<500+ D<(*0+ >""*)+ 50')&305+ 90*&:%*+ (*+ ?0..+ (*+ )<0+
practical implementation of a the single phase circuit.

#;>L9B62"96=>3>8>549@
A<0+ #(&%+ (*D0')+ "2+ )<0+ D5"B0')+ &*+ )"+ 90*&:%+ )<0+
(DD5"D5&()0+ '$550%)+ '"%)5".+ #0'<(%&*#+ 50Y$&509+
for high power factor operation. To this end the 
<;*)050*&*+ '$550%)+ '"%)5".+ (.:"5&)<#+ ?(*+ *0.0')09+
9$0+)"+&)*+50.()&F0+0(*0+(%9+50.&(>&.&);Q+A"+&#D.0#0%)+
the control algorithm it was decided to use the 
MH@=!]VWW+#&'5"'"%)5"..05[+)<&*+?(*+$*09+)"+90*&:%+
(+9&:&)(.+D<(*0+."'T09+.""D+>(*09+"%+#0(*$509+D<(*0+
voltages and to output the desired current templates. 
The hardware for the implementation of the above 
#0%)&"%09+?"5T+&*+9&*D.(;09+&%+3:$50+WQ-+<;*)050*&*+
comparator was also designed and consists of a 
'"#D(5()"5+'&5'$&)+?&)<+0Z)05%(.+<;*)050*&*+*0)+$*&%:+
9&*'500)+ 50*&*)(%'0*+ (%9+ '(%+ >0+ *00%+ ?"5T&%:+ &%+
3:$50+UP+&%+)<&*+0Z(#D.0+"%0+'(%+*00+<"?+)<0+"$)D$)+
F".)(:0+ R*Y$(50+?(F0S+ >0'"#0*+ 2$..;+ D"*&)&F0+?<0%+
)<0+)5&(%:$.(5+?(F02"5#+&*+.(5:05+)<(%+�Wf+(%9+:"0*+
%0:()&F0+ ?<0%+ &)*+ ."?05+ )<0%+ 7WfQ+ =%+ '"%B$%')&"%+
simulations were run for the single phase and three 
D<(*0+)"D".":&0*+(*+?0..+(*+(+#"90.+"2+)<0+9&:&)(.+@II+
inside the microcontroller.

$9@A86@27:32.B=49F9C9:6@
The implementation of the control algorithm has 
>00%+ '"#D.0)09+ ?&)<+ )<0+ F".)(:0+ *0%*&%:+ %0)?"5T+
(%9+ #&'5"'"%)5"..05+ $%&)+ *$''0**2$..;+ "$)D$))&%:+
)<0+ 90*&509+ '$550%)+ )0#D.()0*Q+ f05&3'()&"%+ "2+ )<0+
<;*)050*&*+'"#D(5()"5+?(*+(.*"+'"%9$')09+(%9+)<0+
aim is to have the single phase version complete in 
<(59?(50Q+H&#$.()&"%+50*$.)*+<(F0+(.*"+>00%+">)(&%09+
with total harmonic distortion results as well as 
'"%35#()&"%+"2+<&:<+D"?05+2(')"5+"D05()&"%+2"5+>")<+
*&%:.0+D<(*0+(%9+)<500+D<(*0+*;*)0#*Q

Figure 1 Hardware for current template construction
 

Figure 2 Hysteresis comparator output 
(square wave) against triangular waveform input. 

Note how the output changes about 
the +1 and -1V hysteresis band

Three phase high power factor 
+0H*,U0+$(),&L$WC$,&'(H*3+)



63

-6A39:6R2"766=9P2-B=9CH;4
-A?9;F4@>;R2#;>D/2`>@9?=2*4847

!:6;>3AB64>:
4"5+#;+3%(.+;0(5+D5"B0')+=+D5"D"*09+)"+)<0+2('$.);+(+
D5"B0')+ &%+'"%B$%')&"%+?&)<+ )<0+%()&"%(.+?()05+$)&.&);+
'"#D(%;P+N()05+ H05F&'0*+!"5D"5()&"%Q+ A<0+ D5"B0')+
involved the control of a large water pump in Fiddien 
)<()+ *$DD.&0*+ D")(>.0+ ?()05+ )"+ /(>()P+ 89&%(+ (%9+
Dingli.
-+50*05F"&5+&%+/(>()+&*+'"%%0')09+)"+)<0+?()05+#(&%+
from the pump in Fiddien, the reservoir is used to 
hold excess water that is pumped from Fiddien but 
%")+ $*09+ >;+ )<0+ '"%*$#05*Q+ M$5&%:+ )<0+ 9(;P+ )<0+
'"%*$#D)&"%+ &*+ <&:<05+ )<(%+ )<0+ *$DD.;+ *"+?()05+ &*+
)(T0%+25"#+)<0+50*05F"&5+)"+#00)+)<0+90#(%9Q
A<0+)(*T+?(*+)"+($)"#()0+)<0+*;*)0#P+#(T&%:+&)+#"50+
023'&0%)+ (%9+ (''0**&>.0+ )"+ ($)<"5&*09+ D05*"%%0.Q+
A<&*+?(*+('<&0F09+>;+$*&%:+(+@5":5(##(>.0+I":&'+
!"%)5"..05+ R@I!S+ ?<&'<+ &*+ $*09+ )"+ ($)"#()&'(..;+
'"%)5".+ &%9$*)5&(.+*;*)0#*+>;+ 2".."?&%:+ )<0+D5":5(#+
<0.9+&%+&)*+#0#"5;P+)<0+90F&'0+(.."?*+'"##$%&'()&"%+
"F05+ )<0+ %0)?"5T+ *"+ 0#D.";00*+ '(%+ '"%)5".+ )<0+
station from the central control room.

#;>L9B62%HL9B64F9@
A<0+#(&%+D5">.0#+?&)<+)<0+*;*)0#+?(*+)<()+&2+&)+&*+.02)+
$%'"%)5"..09P+ )<0+ 50*05F"&5+ 0F0%)$(..;+ &*+ 0#D)&09+ "5+
"F05X"?*Q+A<&*+<(DD0%*+*&%'0+?()05+'"%*$#D)&"%+&*+
%")+'"%*)(%)+0*D0'&(..;+9$5&%:+)<0+?00T0%9+"5+D$>.&'+
<".&9(;*+?<0%+ D0"D.0+ $*0+#"50+?()05P+ &)+ &*+ T%"?%+
(*+(%+$%*)(>.0+*;*)0#+(%9+*<"$.9+>0+>0*)+'"%)5"..09+
using closed loop control.

A<0+(&#+"2+)<0+D5"B0')+?(*+)"+*$''0**2$..;+'"%)5".+)<0+
.0F0.+"2+)<0+50*05F"&5+*"+)<()+&)+2".."?*+(+'05)(&%+';'.0+
?<&'<+%0F05+"F05X"?*+"5+ 0#D)&0*Q+-D(5)+ 25"#+ )<()P+
)<0+ *)()&"%+ <(9+ )"+ >0+ ?&50.0**.;+ '"%%0')09+ )"+ )<0+
NH!+%0)?"5T+*"+)<()+0#D.";00*+'"$.9+#"%&)"5+(%9+
'"%)5".+)<0+D$#D*+$*&%:+H!-M-+RH$D05F&*"5;+'"%)5".+
(%9+9()(+('Y$&*&)&"%SQ

#;>L9B62"96=>3>8>549@
-+ *)$9;+ "2+ )<0+ *;*)0#e*+ F(5&(>.0*+ ?(*+ '(55&09+ "$)+
$*&%:+D50F&"$*+.":*+"2+D50**$50P+?()05+X"?+(%9+?()05+
.0F0.Q+-+#()<0#()&'(.+#"90.+?(*+ )<0%+D5"9$'09+ )"+
0Z)5(')+T0;+F(.$0*+25"#+)<0+?()05+%0)?"5TQ+

Testing and experimentation was not allowed to 
>0+ 9"%0+ "%+ )<0+ 50(.+ %0)?"5T+ *"+ %"+ &%'"%F0%&0%'0+
is caused to the consumers, a simulation rig was 
>$&.)+ &%+)<0+.(>"5()"5;+"%+?<&'<+)<0+@I!+D5":5(#+&*+
?5&))0%+(%9+)0*)09Q+4$5)<05#"50P+#"9&3'()&"%*+)"+)<0+
?&5&%:+()+4&99&0%+G""*)05+?050+'(55&09+"$)+ )"+#(T0+
)<0+ *;*)0#+ '"#D()&>.0+ ?&)<+ @I!+ '"%)5".Q+ -2)05+ )<0+
D5":5(#+?(*+3%&*<09+(%9+)0*)09P+&)+?(*+9"?%."(909+

"%)"+)<0+@I!+()+4&99&0%Q

$9@A86@27:32.B=49F9C9:6@
!"%)5".+ "2+ )<0+ 50*05F"&5e*+?()05+ .0F0.+?(*+ ">)(&%09+
*$''0**2$..;+$*&%:+(+'"%)5".+*;*)0#+'(..09+'(*'(90+
'"%)5".Q+A<&*+0%*$509+)<()P+%")+"%.;+)<0+?()05+.0F0.+&*+
controlled but also the pressure in the water mains is 
T0D)+?&)<&%+(%+(.."?(>.0+>(%9Q

N()05+ .0F0.+ &%+ )<0+ 50*05F"&5+?(*+(.."?09+ )"+';'.0+ &%+
)<0+'"$5*0+"2+(+9(;P+ )<&*+#(90+*$50+ )<()+ )<0+?()05+
&%+ )<0+ 50*05F"&5+ &*+ '"%*)(%).;+ #"F&%:Q+ -+ '.0(5+ (%9+
*&#D.0+#&#&'+?(*+'50()09+2"5+'"%)5"..&%:+)<0+*;*)0#+
50#")0.;+)<5"$:<+)<0+%0)?"5T+(*+*<"?%+&%+4&:$50+WQ

Figure 1 - SCADA mimic of the system

Pump control and monitoring using a PLC
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!:6;>3AB64>:
Even though the advances in computational intelli7
:0%'0+"2+($)"%"#"$*+5">")*+(50+50#(5T(>.0P+)<&*+&*+
%")+ (.?(;*+ 0%"$:<+ )"+ '"D0+?&)<+ '05)(&%+ *&)$()&"%*Q+
In such cases when human intelligence is needed, 
more so when the environment of the robot is not 
*$&)(>.0+2"5+<$#(%*P+)0.0"D05()&"%+*;*)0#*+#$*)+>0+
implemented. Teleoperation of a robot means that 
)<0+<$#(%+'"%)5".*+)<0+5">")+()+(+9&*)(%'0[+)<&*+'(%+
>0+50:(5909+(*+)<0+#(&%+(DD.&'()&"%+"2+)<&*+D5"B0')Q+

#;>L9B62%HL9B64F9@
A<0+ (&#+"2+ )<&*+ D5"B0')+ &*+ )"+ (')$()0+ (+ 5">")&'+ (5#+
according to the user’s hand pose (position and ori7
0%)()&"%+"2+)<0+D(.#S+&%+50(.+)&#0+#0(*$509+$*&%:+"%.;+
one camera, hence providing a good starting point to 
90F0."D+(+$*05+25&0%9.;+)0.0"D05()09+*;*)0#Q

#;>L9B62"96=>3>8>549@
-+'"."$509+*Y$(50+#(5T05+ &*+())('<09+)"+ )<0+$*05e*+
<(%9+(*+*00%+&%+4&:$50+WQ+-+EHG+!!M+'"."$5+'(#05(+
&*+3))09+()+(>"$)+U#+<0&:<)+2('&%:+9"?%?(59*+*"+(*+
to capture the images of the user’s hand. The colour 
"2+)<0+*Y$(50+#(5T05+&*+$*09+)"+#(T0+&)+*)(%9+"$)+25"#+
)<0+50*)+"2+)<0+>('T:5"$%9Q+H$>*0Y$0%).;P+)<0+'"5%05*+
"2+ )<0+'"."$509+#(5T05+(50+90)0')09+>;+3))&%:+ .&%0*+
)"+)<0+*Y$(50e*+09:0*+(%9+'"%*0Y$0%).;+3%9&%:+)<0+
points of intersection. These are then used to estimate 
the position and orientation of the user’s hand using 
a pose estimation algorithm. This algorithm manages 
)"+">)(&%+ZP+;P+oP+5"..P+D&)'<+(%9+;(?+"2+)<0+$*05e*+<(%9+
>;+$*&%:+)<0+T%"?%+9&#0%*&"%*+"2+)<0+*Y$(50+#(5T05Q+
A<&*+9()(+&*+)<0%+3.)0509+$*&%:+(+p(.#(%+3.)05+?<&'<+
*#"")<0*+)<0+*&:%(.+?<&.*)+)5('T&%:+&)Q

A<0+9()(+ &*+ )<0%+*0%)+ )"+ )<0+ 5">")+'"%)5"..05Q+E*&%:+
)<0+ 5">")e*+ &%F05*0+ T&%0#()&'*+ 905&F09+ 25"#+ 4&:$50+
UP+ )<0+ D"*&)&"%+ (%9+ "5&0%)()&"%+ "2+ )<0+ $*05e*+ <(%9+
(50+ '"%F05)09+ )"+ )<0+ 50Y$&509+ B"&%)+ (%:.0*+ "2+ )<0+ _+
degree of freedom (DOF) robotic arm which is being 
$*09+ 2"5+ )<&*+ D5"B0')Q+ A<0+ F(.$0*+ "2+ )<0*0+ (%:.0*+
(50+ *$>*0Y$0%).;+ 209+ )"+ (+ D5"D"5)&"%(.+ 905&F()&F0+
'"%)5"..05+?<&'<+'"%)5".*+ )<0+D"*&)&"%+"2+ 0('<+ B"&%)Q+
This leads to the end effector (gripper) of the robotic 
arm to replicate the user’s hand pose. 

$9@A86@27:32.B=49F9C9:6@
A<0+'"."$509+#(5T05+?(*+*$''0**2$..;+ )5('T09+(%9+
)<0+ 50Y$&509+'"5%05*+90)0')09Q+45"#+)<0*0+'"5%05*P+
(%+0*)&#()0+"2+)<0+aM+D"*&)&"%+(%9+"5&0%)()&"%+"2+)<0+
$*05e*+<(%9+?(*+">)(&%09Q+A<0*0+?050+*$''0**2$..;+
)5('T09+>;+)<0+p(.#(%+3.)05+(%9+*0%)+)"+)<0+5">")&'+
arm which managed to replicate the position and 

pitch and roll of the user’s hand in real time. The 
?"5T&%:+ *;*)0#+ '(%+ (.*"+ >0+ *00%+ ()\+ <))D\hh>&)Q.;h
=4]ag; .

Figure 1: The coloured marke

Figure 2: The 5 DOF robot showing all the 5 joints 
and the end effector.

Hand Pose Replication using a Robotic Arm
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-+:(%)5;+'5(%0+'"%*&*)*+"2+(+)5"..0;P+'(D(>.0+"2+#"F&%:+
on its rail, to which a load is connected via a hoist cable. 
K0%'0P+)<0+."(9+'(%+>0+)(T0%+25"#+&)*+&%&)&(.+*)()&"%(5;+
D"*&)&"%+)"+)<0+3%(.+90*&509+"%0Q+A<0+."(9+'(%+)<0%+>0+
."?0509+(%9+50.0(*09Q+K"?0F05P+*&%'0+)<0+:(%)5;+'5(%0+
&*+(+X0Z&>.0+*;*)0#P+(%;+#"F0#0%)*+"2+)<0+)5"..0;+?"$.9+
50*$.)+ &%+*?(;&%:+&%+)<0+ ."(9Q+A<0+"D05()"5+#(;+)5;+)"+
9(#D0%+)<0*0+"*'&..()&"%*+>02"50+."?05&%:+)<0+."(9+>;+
#"F&%:+)<0+)5"..0;+)"+(%9+25"+&%)0..&:0%).;Q+-.*"P+9$0+)"+
)<&*+*?(;&%:+")<05+0Y$&D#0%)+"5+D05*"%%0.+'(%+>0+<&)Q+
8"50"F05P+)<0+D5"'0**+"2+<(%9.&%:+."(9*+?"$.9+>0+F05;+
time consuming.

#;>L9B62%HL9B64F9@
A<0+ #(&%+ ">B0')&F0+ "2+ )<&*+ D5"B0')+ &*+ )"+ &%F0*)&:()0+
(%)&7*?(;+ )0'<%&Y$0*+?<&'<+?"$.9+(**&*)+(%+"D05()"5+
&%+ '"%)5"..&%:+ )<0+'5(%0Q+A<&*+ &*+>0'($*0+ )<0+ *?(;&%:+
&%+ )<0+ ."(9+9$5&%:+ )<0+ )5(%*205+(%9+(%;+"*'&..()&"%*+ &%+
)<0+."(9+?<0%+)<0+)5"..0;+<(*+'"#0+)"+(+<(.)+?"$.9+>0+
reduced. Therefore, the load could be released as soon 
as it arrives at the desired location. This would speed 
$D+)<0+?"5TQ+=%+2(')P+#$'<+50*0(5'<+&*+>0&%:+#(90+&%+
)<&*+(50(+"2+'"%)5".+0%:&%005&%:+W+UQ+++

#;>L9B62"96=>3>8>549@
First and foremost, research was done to see how this 
D5">.0#+?(*+(')$(..;+*".F09+>;+")<05+0%:&%005*Q+A<0+
35*)+(DD5"('<+ )(T0%+ )"+90(.+?&)<+ )<0+*?(;&%:+?(*+ )"+
$*0+ (+ *)()072009>('T+ '"%)5"..05Q+ -+ 502050%'0+ &%D$)+ &*+
)<0%+ :&F0%+ ?<&'<+ *D0'&30*+ )<0+ 90*&509+ 3%(.+ D"*&)&"%+
"2+)<0+'(5)Q+-.)<"$:<+(*+*""%+(*+)<0+'(5)+50('<0*+)<&*+
position the angular displacement of the load would 
>0+VP+*&:%&3'(%)+*?(;&%:+&*+D50*0%)+9$5&%:+)<0+)5(%*205Q+
The concept of input shaping was then investigated. 
It is based on the fact that if an impulse is given to a 
*;*)0#P+)<0+50*D"%*0+"2+)<0+*;*)0#+)"+)<&*+&#D$.*0+'(%+
>0+'(%'0..09+"$)+>;+:&F&%:+)<0+*;*)0#+(%")<05+&#D$.*0Q+
A<&*+)0'<%&Y$0+&%F".F0*+*<(D&%:+)<0+&%D$)+2"5'0+(')&%:+
"%+ )<0+ )5"..0;+ &%+ *$'<+ (+ ?(;+ )<()+ )<0+ *<(D09+ &%D$)+
would cancel its own induced vibration in the load. 
In other words, the input is given in steps. These two 
);D0*+ "2+ '"%)5"..05*+ ?050+ )<0%+ &#D.0#0%)09+ "%+ )<0+
*0)$D+RD50F&"$*.;+$*09+(*+(%+&%F05)09+D0%9$.$#S+&%+)<0+
!"%)5".+H;*)0#*+I(>"5()"5;Q+

$9@A86@27:32.B=49F9C9:6@
=)+ ?(*+ '"%'.$909+ )<()+ &%+ )<0+ '(*0+ "2+ *)()072009>('T+
'"%)5"..05*+9&50')+'"%)5".+"%+*?(;+509$')&"%+&*+#&%&#(.Q+
On the other hand, an input shaper is designed 
*D0'&3'(..;+2"5+)<&*+D$5D"*0Q+K0%'0P+)<&*+*0'"%9+#0)<"9+
:(F0+F05;+D5"#&*&%:+50*$.)*Q

$9D9;9:B9@
W+-<#(9+8Q+-QP+6(*&5+-Q+6Q+pQP+/(B(+ =*#(&.+/Q+8Q+AQP+
(%9+/(#.&+8Q+HQP+m!"%)5".+H'<0#0*+2"5+=%D$)+A5('T&%:+
(%9+-%)&7*?(;+!"%)5".+"2+(+J(%)5;+!5(%0nP+&%+-$*)5(.&(%+
j"$5%(.+ "2+ G(*&'+ (%9+ -DD.&09+ H'&0%'0*P+ UVWVP+ ]RbS\+
UUbV7UU`WQ
U+ p&#+ iQP+ K"%:+ pQP+ (%9+ H$.+ HQP+ m-%)&7H?(;+ !"%)5".+
"2+ !"%)(&%05+ !5(%0*\+ =%'.&%"#0)05P+ 1>*05F05P+ (%9+
H)()0+ 4009>('TnP+ &%+ =%)05%()&"%(.+ j"$5%(.+ "2+ !"%)5".P+
-$)"#()&"%+(%9+H;*)0#*P+UVV]P+f".Q+UP+6"Q+]P+DDQ+]a_7
]]`Q

Figure 1: The Gantry Crane

Figure 2: 2D Gantry Crane Diagram
(N.B. if space is available in page)

Anti-sway Control of a Gantry Crane System
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Path Planing and Control of a Mobile Robot Team
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-6A39:6R2"766=47@2*7@@7;
-A?9;F4@>;R20;/2!:5/2-4C>:2T/2G7H;4

2!:6;>3AB64>:
A<&*+9&**05)()&"%+90(.*+?&)<+)<0+$*0+"2+<(D)&'+*;*)0#*+
(%9+)<0&5+(DD.&'()&"%+&%+)"9(;e*+?"5.9Q+-+<(D)&'+*;*)0#+
&*+ (+ <$#(%+ '"%)5"..09+ *;*)0#+ &%+ ?<&'<+ )<0+ <$#(%+
50'0&F0*+2"5'0+2009>('T+)<5"$:<+(+<(D)&'+90F&'0P+(%9+
?"$.9+ )<0502"50+ 50*D"%9+ (''"59&%:.;Q+ A<&*+ D5"B0')+
?(*+ )(T0%+ $D+ 9$0+ )"+ (%+ &%)050*)+ &%+ 0%:&%005&%:+
*;*)0#*+ )<()+ (&9+ D0"D.0+ )<()+ (50+ $%2(#&.&(5+ )"+ )<0+
0%:&%005&%:+ 30.9Q+ =%+ )<&*+9&**05)()&"%P+ (+ '"##05'&(.+
<(D)&'+90F&'0+&*+$*09+)"+(&9+*)5"T0+D()&0%)*+)<()+<(F0+
."*)+(>&.&);+"2+)<0&5+?5&*)Q

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+&*+)"+D5":5(#+(+.&>5(5;+"2+<(D)&'+
0%F&5"%#0%)*+(5"$%9+(+'"##05'&(.+aM+<(D)&'+90F&'0P+
)<0+@K-6A"8s+M0*T)"D�+R4&:$50+WS+25"#+H0%*->.0+
Technologies.

#;>L9B62"96=>3>8>549@
-+>('T:5"$%9+50F&0?+(>"$)+<(D)&'+*;*)0#*+(%9+)<0&5+
application was achieved, as well as an understanding 
"2+)<0+@K-6A"8s+M0*T)"D�+(%9+&)*+D5":5(##&%:+
software to be used. To practice and learn the coding 
$*09+ >;+ )<0+ )"".T&)P+ )?"+ 90#"%*)5()&"%+ 0Z05'&*0*+
?050+ '50()09Q+ A<0+ 35*)+ &*+ (+ *&#D.0+ D$*<+ >$))"%P+ &%+
which the user can feel the spring force that a button 
*$'<+(*+)<()+"2+(+T0;>"(59+?"$.9+0Z<&>&)Q+A<0+*0'"%9+
&*+ (+ *#(..+ D<;*&")<05(D;+ 0Z05'&*0+ ?<050+ )<0+ $*05+
tries to move the cursor from one point to another 
&%+(+*D0'&309+(#"$%)+"2+)&#0P+(2)05+?<&'<+)<0+90F&'0+
generates forces to pull the user to the destination. 
4&%(..;P+)<0+#(&%+D5"B0')+?(*+'50()09Q+R4&:$50+US+A<&*+
D5"B0')+)0('<0*+*)5"T0+D()&0%)*+)<()+<(F0+."*)+(>&.&);+
of their wrist to draw simple shapes and letters. The 
aim of the device is to generate small forces at the 
D()&0%)e*+<(%9+*$'<+)<()+*h<0+?"$.9+50#(&%+"%+)5('T+
when drawing, as if there is a second person holding 
)<0+ D()&0%)e*+ <(%9+ )"+ :$&90+ <&#h<05Q+ A<0+ D5":5(#+
opens with a simple user interface where the 
D()&0%)e*+=M+&*+0%)0509P+(%9+(%+0Z05'&*0+(%9+9&23'$.);+
are selected. The exercise is set up as a game, 
9&*D.(;&%:+ *'"50*P+ (''$5(';+ (%9+ )&#0P+ )"+ T00D+ )<0+
patient entertained and encouraged. The program 
'(%+)<0%+50'"59+)<0+D()&0%)e*+9()(P+50'"59&%:+<&*h<05+
D"*&)&"%+&%+)<0+0%F&5"%#0%)+()+0F05;+)&#0+*)0DQ+A<&*+
9()(+ &*+$*02$.+ 2"5+ )<0+D<;*&")<05(D&*)+ )"+(**0**+ )<0+
patient’s progress.

$9@A86@27:32.B=49F9C9:6@
A<&*+ D5"B0')+ <(*+ >00%+ (+ *$''0**Q+ H(#D.0+ '"%)5".+
D()&0%)*+?050+(*T09+)"+$*0+)<0+*;*)0#+)"+)0*)+&)+"$)P+
(%9+ )"+ ('Y$&50+ *"#0+ '"%)5".+ 9()(Q+ H$'<+ *;*)0#*+
(50+ (.50(9;+ &%+ $*0+ &%+ ")<05+ '"$%)5&0*Q+ -+ 2$5)<05+
90F0."D#0%)+?"$.9+>0+)"+#(T0+)<&*+*;*)0#+D"5)(>.0P+

such that the device is in place at the patient’s home, 
(%9+ 9()(+ "%+ <&*h<05+ D5":50**+ &*+ *0%)+ )"+ (+ <"*D&)(.+
server via Internet.

$9D9;9:B9@
+ W+ =#(:0+ )(T0%+ 25"#\+ <))D\hh???Q*0%*(>.0Q'"#h
<(D)&'7D<(%)"#790*T)"DQ<)#

Figure 1 – PHANToM® Desktop™ 1

Figure 2 – Handwriting Rehabilitation Program

Programming of Virtual Haptic Environments
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-A?9;F4@>;R20;/2b9::96=2-B9;;4

!:6;>3AB64>:
The motivation behind this thesis is to gain experience 
in the design, construction and assemble of 
0.0')5"%&'+*;*)0#*+)"+90F0."D+(+#(:%0)&'+.0F&)()&"%+
*;*)0#Q+-DD.&'()&"%+"2+)<&*+)<0*&*+&%'.$90+8(:%0)&'+
G0(5&%:+W+$*09+)"+0.&#&%()0+25&')&"%+")<05?&*0+'($*09+
>;+$*&%:+*)(%9(59+>0(5&%:*P+<&:<+D50'&*&"%+#(:%0)&'+
D.(%(5+ .0F&)()&"%+90F&'0*+$*09+2"5+D<")".&)<":5(D<;+
R=!+M0*&:%S++U+(%9+)5(%*D"5)()&"%+?050+)5(&%*+T%"?%+
(*+ 8(:I0F+ (50+ #(:%0)&'(..;+ .0F&)()09+ )"+ 509$'0+
friction.

#;>L9B62%HL9B64F9@
The aim of this thesis is to construct a magnetic 
.0F&)()&"%+ *;*)0#+ )"+>0+$*09+(*+ (+ )0*)+>09+ )"+ )0*)+
different control algorithms. The construction of this 
*;*)0#+'"%*&*)*+"%+)<0+2".."?&%:+)(*T*\
!" Design and construct the electromagnets 

to be used
!" Design and construct a current driver for 

the electromagnets 
!" Design and construct a sensing circuit to 

*0%*0+)<0+D"*&)&"%+"2+)<0+.0F&)()09+">B0')+&%+
UM+*D('0

!" !50()0+(%+&%)052('0+)"+)<0+'"%*)5$')09+*0)7
$D+)"+0%(>.0+'"%)5"..05*+)"+>0+$*09+"%+@!

!" Obtain a mathematical model describing 
)<0+*;*)0#+9;%(#&'*+

!" Design, implement and test different con7
)5"..05*+'(D(>.0+"2+*)(>&.&o&%:+)<0+#(:%0)&'+
.0F&)()&"%+*;*)0#Q+

@5"B0')+80)<"9".":&0*
-+#()<0#()&'(.+905&F()&"%+"2+)<0+2"5'0+D5"9$'09+>;+
(%+0.0')5"#(:%0)+"%+(+:&F0%+">B0')+?(*+35*)+9"%0Q+
The result was seen to be too complex and hence, 
a simulation was done to approximate the force 
D5"9$'09+>;+(%+0.0')5"#(:%0)+?&)<+(+#"50+*&#D.0+
0Y$()&"%Q++4".."?&%:+)<0+*&#$.()&"%P+'$550%)+95&F05*+
were designed and built which could give enough 
'$550%)+(*+90)05#&%09+>;+)<0+*&#$.()&"%*+9"%0Q++A<0+
'$550%)+95&F05+&*+*<"?%+&%+3:$50+WQ

The sensor circuit was next designed. This 
'&5'$&)+?(*+#(90+>;+$*&%:+(%+(55(;+"2+ =/+*0%*"5*Q+
80(*$50#0%)*+ 25"#+ )<0*0+ *0%*"5*+ ?&)<+ 9&22050%)+
D"*&)&"%+ "2+ )<0+ .0F&)()09+ ">B0')+ ?050+ )(T0%+ (%9+ (+
mathematical relation between the output of the 
*0%*"5*+ (%9+ )<0+ D"*&)&"%+ "2+ )<0+ .0F&)()09+ ">B0')+
?(*+ )<0%+ 905&F09Q+ 4&%(..;P+ )<0+ .0F&)()09+ ">B0')+
#()<0#()&'(.+#"90.+?(*+(.*"+905&F09Q+G;+(%(.;*&%:+
this model, suitable controllers were designed and 
tested to determine and compare their performance 
"%+*$'<+(+*;*)0#Q

$9@A86@27:32.B=49F9C9:6@
M$0+)"+)<0+%()$50+"2+ )<0+*;*)0#P+0*D0'&(..;+9$0+)"+
)<0+ .('T+"2+(&5+ 25&')&"%P+ )<0+*;*)0#+ &*+F05;+*0%*&)&F0+
to modelling errors. The sensors used were also too 
sensitive and induced reading errors. Both issues 
#(90+ &)+ F05;+ 9&23'$.)+ 2"5+ )<0+ *;*)0#+ )"+?"5TQ+ A<&*+
*<"?09+)<()+ )"+90*&:%+*$'<+(+*;*)0#P+)<050+ &*+ )<0+
%009+"2+<(F&%:+(+:""9+(%9+055"5+.0**+2009>('T+(%9+
also to design more robust controllers which can 
?"5T+(%9+:&F0+:""9+D052"5#(%'0+0F0%+?&)<+*;*)0#+
modelling errors. 

$9D9;9:B9@
+ W+ A$)).0+ 8QKQP+ 8""50+ MQ+ IQP+ (%9+ p&.:"50+ /Q+ -QP+
z8(:%0)&'+ H$*D0%*&"%+ (%9+ G(.(%'0+ H;*)0#*\+ -+
'"#D50<0%*&F0P+ -%%")()09+ G&>.&":5(D<;eP+ 6-H-+
A0'<%&'(.+80#"5(%9$#+]aWbP+W``WP+DDQW7cV
U+ N"%7B"%:+ p&#�+ (%9+ M(F&9+ IQ+ A5$#D05�Q+
�H()!"%+ A0'<%".":;+ !"5D"5()&"%P+ !(#>5&9:0P+
8-+ (%9+ �8(**('<$*0))*Q+ =%*)&)$)0+ "2+ A0'<%".":;P+
!(#>5&9:0P+8-P+EH-Q+@50'&*&"%+L%:&%005&%:+UU\ccd
llP+W``b+q+W``b+L.*0F&05+H'&0%'0+=%'Q+-F0%$0+"2+)<0+
-#05&'(*P+60?+i"5TP+6i+WVVWV+

Figure 1 Current Driver

Figure 2 Physical Setup use

Two-Axis Magnetic Levitation of a Magnetic Material
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-6A39:6R207F43209H>:>
-A?9;F4@>;R20;/2!:5/2"7;F4:2b/2KA59L7

!:6;>3AB64>:
-9(D)&F0+ !"%)5".+ )<0"5;+ 90(.*+ ?&)<+ )<0+ 90*&:%+ "2+
'"%)5"..05*+)<()+#"9&2;+)<0&5+D(5(#0)05*+?&)<+50*D0')+
)"+ '<(%:0*+ &%+ )<0+ 9;%(#&'+ D5"'0**Q+ + 1%0+ T&%9+ "2+
(9(D)&F0+ '"%)5"..05*+ (50+ *0.27)$%&%:+ 50:$.()"5*P+
?<&'<+ .0(5%+ (%9+ )5('T+ D(5(#0)05+ '<(%:0*+ &%+ )<0+
plant with respect to time.  The regulator changes 
&)*+"?%+D(5(#0)05*+"%.&%0+ )"+#(&%)(&%+ )<0+*D0'&309+
D052"5#(%'0+()+(..+)&#0*Q++A<&*+);D0+"2+'"%)5".+&*+$*02$.+
&%+D5(')&'(.+*&)$()&"%+?<050+)<0+D.(%)e*+9;%(#&'*+(%9+
&)*+9&*)$5>(%'0*+(50+%")+T%"?%+>02"50<(%9Q

#;>L9B62%HL9B64F9@
A<0+ (&#+"2+ )<0+ D5"B0')+ &*+ )"+ 90*&:%+ (%9+ &#D.0#0%)+
(%+ &%9&50')+ *0.27)$%&%:+ @=M+ '"%)5"..05+ )<()+ .0(5%*+ &)*+
"?%+ 9;%(#&'*+ (%9+ (9B$*)*+ &)*+ "?%+ D(5(#0)05*+
"%.&%0Q++A<0+@=M+!"%)5"..05P+(2)05+&%&)&(.+)$%&%:P+*<"$.9+
'"%)&%$0+ )"+ (9(D)+ )"+ (%;+ '<(%:0*+ &%+ )<0+ D.(%)+ )"+
#(&%)(&%+)<0+*D0'&309+D052"5#(%'0+()+(..+)&#0*Q++A<$*+
the controller design can be divided into two different 
*0')&"%*P+(*+*<"?%+&%+4&:$50+WQ++A<0*0+(50+)<0\
!" Estimator which learns the actual plant param7

eters in real time
!" @=M+ !"%)5"..05+ M0*&:%+ ?<&'<+ 90*&:%*+ )<0+ @=M+

D(5(#0)05*+ 25"#+ )<0+D(5(#0)05*+ 0*)&#()09+>;+
)<0+0*)&#()"5+()+0F05;+*(#D.&%:+&%)05F(.P+>;+D".0+
placement.  

A<0+90*&:%09+(.:"5&)<#+?(*+*&#$.()09+(%9+D<;*&'(..;+
tested on a dc servo motor experimental setup.  

#;>L9B62"96=>3>8>549@
The following steps were carried out during the 
&#D.0#0%)()&"%+"2+)<0+D5"B0')\
!" I&)05()$50+ 50F&0?+ (>"$)+ 9&22050%)+ *0.27)$%&%:+

controllers
!" Development of a suitable estimation algorithm 

)<()+.0(5%*+)<0+*;*)0#+D(5(#0)05*
!" M0*&:%+ (+ 9&:&)(.+ @=M+ '"%)5"..05+ )<()+ '"%*)(%).;+

updates it’s parameters with the estimated pa7
rameters

!" H&#$.()&"%*+"2+ )<0+90*&:%09+(.:"5&)<#*P+ $%905+
different testing conditions, were carried out

!" =#D.0#0%)()&"%+)<0+*0.27)$%&%:+@=M+'"%)5"..05+"%+
a dc servo motor setup

!" -%(.;*&*+"2+)<0+50*$.)*+">)(&%09

$9@A86@27:32.B=49F9C9:6@
A<0+*0.27)$%&%:+@=M+#(%(:09+)"+ .0(5%+)<0+9'+#")"5+
D(5(#0)05*+(%9+#(%(:09+)"+)5('T+)<0+502050%'0+&%D$)+
?&)<+)<0+50Y$&509+*D0'&3'()&"%*Q++4&:$50+U+*<"?*+)<0+
&%&)&(.+ )$%&%:+ $D+ "2+ )<0+ *0.27)$%&%:+ '"%)5"..05P+ ?<&'<+
<(9+%"+D5&"5+&%2"5#()&"%+(>"$)+)<0+#")"5+9;%(#&'*Q+++
A<0+ 3:$50+ '.0(5.;+ *<"?*+ <"?+ Y$&'T.;+ )<0+ *;*)0#+
(9(D)*+ )"+ )<0+ $%T%"?%+ 9;%(#&'*+ (%9+ *)(>&.&o0*+ )"+

)<0+$%T%"?%+D052"5#(%'0Q++A<0+*0.27)$%&%:+'"%)5"..05+
(.*"+ *$''0**2$..;+#(%(:09+ )"+ (9(D)+ )"+ '<(%:0*+ &%+
the motor parameters.

$9D9;9:B9@
W+=Q+MQ+I(%9($+(%9+JQ+v&)"P+mM&:&)(.+!"%)5".+H;*)0#n+&%+
M0*&:%P+=90%)&3'()&"%+(%9+++=#D.0#0%)()&"%P+HD5&%:057
f05.(:+I"%9"%+I&#&)09P+45(%'0P+UVVc
U+pQ+jQ+-*)5�#+(%9+GQ+N&))0%#(5TP+m-9(D)&F0+!"%)5".nP++
09QP+ -99&*"%7N0*.0;+ @$>.&*<&%:+ !"#D(%;P+ EH-P+
W``_Q
a+ + pQ+ jQ+ -*)5�#+ (%9+ GQ+ N&))0%#(5TP+ m!"#D$)057
!"%)5"..05+ H;*)0#*nP+ &%+ A<0"5;+ (%9+ M0*&:%P+ + 09QP+
@50%)&'0+K(..P+EH-P+W``lQ
]+ @Q+ LQ+ N0..*)0(9+ (%9+ 8Q+ GQ+ v(55"DP+ mH0.27A$%&%:+
H;*)0#*n+ &%+ !"%)5".+ (%9+ H&:%(.+ @5"'0**&%:P+ j"<%+
N&.0;+(%9+H"%*+I)9P+L%:.(%9P+N0*)+H$**0ZP+W``WQ

Figure 1: Indirect Self-Tuning Controller Structure

Figure 2: Output response of the Motor 

with self-tuning PID

0 2 4 6 8 10 12 14
-250

-200

-150

-100

-50

0

50

100

150

200

250
D

C
 M

o
to

r 
S

p
e

e
d

 (
ra

d
/s

)

Time (s)

DC Motor Speed (rad/s) vs Time (s)

Title – Self-tuning PID Controllers



70

-6A39:6R2"7;[209H>:>
-A?9;F4@>;R2#;>D/2!:5/2-4C>:2T/2G7H;4

!:6;>3AB64>:
8">&.0+5">")*+<(F0+>00%+0ZD05&0%'&%:+(%+&%'50(*09+
use in applications such as mine exploration, oil 
D&D0.&%0+ &%*D0')&"%P+ "'0(%+ (%9+ '(F0+ *$5F0;&%:+ (%9+
#&.&)(5;+ (DD.&'()&"%*+ (#"%:*)+ ")<05*Q+ A<0+ D5">.0#+
"2+ H&#$.)(%0"$*+ I"'(.&*()&"%+ (%9+8(DD&%:+ RHI-8S+
90(.*+?&)<+$%'05)(&%);+ &%+ )<0+5">")e*+*0%*"5*+(%9+ &*+
a set of algorithms designed to estimate the robot’s 
D"*0+ ?<&.*)+ *&#$.)(%0"$*.;+ >$&.9&%:+ (+ #(D+ "2+ &)*+
environment. 

#;>L9B62%HL9B64F9@
A<&*+ D5"B0')+ <(*+ )?"+ #(&%+ ">B0')&F0*Q+ -2)05+ )<0+
mobile robot is driven around some environment, an 
LZ)0%909+p(.#(%+4&.)05+RLp4S+>(*09+HI-8+(.:"5&)<#+
$*0*+ 9()(+ 25"#+ )<0+ 5">")e*+ "9"#0)5;+ (%9+ I(*057
/(%:03%905+ RI=M-/S+ )"+ D5"9$'0+ (%+ 0*)&#()09+ D()<+
"2+ )<0+ 5">")Q+-2)05+ )<0+D()<+ &*+D5"9$'09P+ (+<$#(%7
50(9(>.0+#(D+ &*+ '50()09+ $*&%:+ (%+1''$D(%';+J5&9+
8(DD&%:+A0'<%&Y$0Q

#;>L9B62"96=>3>8>549@
-+T&%0#()&'+#"90.+"2+)<0+#">&.0+5">")P+)":0)<05+?&)<+
&*+ "9"#0)05+ (%9+ .(*05+ 5(%:03%905+?050+ >$&.)+ $*&%:+
H&#$.&%TQ+ -+ 20()$50+ 0Z)5(')&"%+ (.:"5&)<#+ ?(*+ 35*)+
90F0."D09+ &%+ 8-AI-G+ )"+ 0Z)5(')+ 20()$50*+ *$'<+ (*+
?(..*+ 25"#+ .(*05+ *'(%*Q+-+HI-8+(.:"5&)<#+ )":0)<05+
?&)<+ 9()(+ (**"'&()&"%+ $*&%:+ )<0+60(50*)+60&:<>"$5+
5$.0+ ?(*+ )<0%+ '"909+ &%+ 8-AI-GQ+ A<0*0+ ?050+
)0*)09+ "%+ )<0+H&#$.&%T+#"90.+ >02"50+#"F&%:+ "%+ )"+
0ZD05&#0%)(.+9()(+:()<0509+25"#+)<0+5">")Q+4&%(..;P+(+
*)"'<(*)&'+#(DD&%:+)0'<%&Y$0+T%"?%+(*+1''$D(%';+
J5&9+8(DD&%:+?(*+90F0."D09+(%9+)0*)09+"%+>")<+)<0+
simulated and experimental data. 

$9@A86@27:32.B=49F9C9:6@
H<"?%+ &%+ 4&:$50+ W+ &*+ )<0+ "''$D(%';+ :5&9+ #(D+
D5"9$'09+ "2+ )<0+ H;*)0#*+ (%9+ !"%)5".+ I(>"5()"5;Q+
This was created using the estimated path from the 
HI-8+(.:"5&)<#+(%9+5(?+.(*05+*'(%*Q

 

Simultaneous Localisation and 
Mapping in Mobile Robotics

Figure 1: Occupancy Grid mapping using the EKF SLAM path and raw laser scans
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!:6;>3AB64>:
A<0+ (F(&.(>&.&);+ "2+ (%+ (''$5()0+ 9;%(#&'+ #"90.+ &*+
0**0%)&(.+ 2"5+ *;*)0#+(%(.;*&*+ (%9+'"%)5".+ 90*&:%+"2+
(+ 5">")&'+ #(%&D$.()"5Q+ /">")&'+ #(%&D$.()"5*+ )0%9+
)"+ 0Z<&>&)+ <&:<.;+ %"%.&%0(5+ 9;%(#&'*+ (%9+ <0%'0+
#()<0#()&'(.+#"90..&%:+"2+*$'<+(+*;*)0#+&*+9&23'$.)+)"+
905&F0+*&%'0+)<0+$%905.;&%:+D5"'0**+&*+F05;+'"#D.0ZQ+
8"50"F05+9;%(#&'+*;*)0#*+90D0%9+"%+D(*)+"$)D$)*P+
together with past and present inputs in order to 
determine the output at a certain time instant. One 
(DD5"('<+ )"+ #"90..&%:+ "2+ *;*)0#*P+ 50205509+ )"+ (*+
>.('T7>"Z+#"90..&%:P+&*+>(*09+$D"%+)<0+&%D$)7"$)D$)+
collection of data and hence eliminates the need for 
(+D5&"5&+&%2"5#()&"%+(>"$)+)<0+*;*)0#Q+A<&*+D5"'0**+&*+
T%"?%+(*+*;*)0#+&90%)&3'()&"%Q

#;>L9B62%HL9B64F9@
A<0+#(&%+(&#*+"2+)<&*+D5"B0')+(50+)"+R(S+*0)+$D+)<0+>(*&'+
5">")&'+ *;*)0#+ 2"5+ *)(%9(59+ "D05()&"%+ (*+ 90.&F0509+
>;+)<0+#(%$2(')$505*+(%9+R>S+(DD.;+%"%.&%0(5+*;*)0#+
&90%)&3'()&"%+ )0'<%&Y$0*+ *"+ (*+ )"+ 905&F0+ (+ *0)+ "2+
>.('T7>"Z+ 9;%(#&'+ #"90.*+ 2"5+ )<0+ _+ 90:500*7"27
25009"#+!/H+!()(.;*)7_+5">")&'+#(%&D$.()"5+*<"?%+
&%+4&:$50+WQ+A<0+90F0."D09+#"90.*+?&..+>0+)0*)09+(%9+
compared using both simulation and practical results 
)"+'"550').;+0F(.$()0+)<0&5+D052"5#(%'0Q

#;>L9B62"96=>3>8>549@
E*&%:+ (+ #()<0#()&'(.+ #"90..&%:+ (DD5"('<P+ (+
simulated model of the arm was implemented using 
H&#$.&%Tq+)"+'"..0')+)<0+%0'0**(5;+&%D$)7"$)D$)+9()(Q+
H;*)0#+ &90%)&3'()&"%+ ?(*+ ('<&0F09+ $*&%:+ (5)&3'&(.+
%0$5(.+ %0)?"5T*+ ?<&'<+ )5;+ )"+ <(5%0**+ )<0+ .0(5%&%:+
process of the human brain. The idea is to train the 
%0$5(.+%0)?"5T+ &%+*$'<+(+?(;+)<()+ &)+>0<(F0*+(*+(%+
(''$5()0+#"90.+"2+)<0+*;*)0#Q+A<0+&%D$)*+'"%*&90509+
25"#+ *&#$.()&"%+ ?050+ )<0+ )"5Y$0*+ 90F0."D09+ >;+
)<0+#")"5*+ "2+ )<0+ B"&%)*+?<&.0+ 2"5+ )<0+ D<;*&'(.+ (5#+
the currents to the motors were used. The outputs 
?050+ )<0+ B"&%)+ (%:.0*+ (%9+ )<0&5+ (%:$.(5+ F0."'&)&0*Q+
A<0*0+ ?050+ )<0%+ $*09+ )"+ )5(&%+ )<0+ %0$5(.+ %0)?"5T+
)"+ (DD5"Z&#()0+ )<0+ %"%7.&%0(5+ 9;%(#&'*+ "2+ )<0+
#(%&D$.()"5+ (%9+0F0%)$(..;+ )"+ )0*)+ &)*+D052"5#(%'0Q+
A"+ (&9+ )<0+ *;*)0#+ &90%)&3'()&"%+ D5"'0**P+ (+ %"&*0+
signal of a small variance was superimposed on the 
'$550%)+F(.$0*+)"+#(T0+)<0+&%D$)*+#"50+D05*&*)0%).;+
0Z'&)&%:Q+A<0+#"90.*+:0%05()09+>;+)<0+(5)&3'&(.+%0$5(.+
%0)?"5T+ ?050+ '"#D(509+ (%(.;)&'(..;+ $*&%:+ #"90.+
validation tests.

$9@A86@27:32.B=49F9C9:6@
1%0+"2+ )<0+#"*)+ &#D"5)(%)+ 50*$.)+(%(.;o09+?(*+ )<0+
055"5+>0)?00%+)<0+"$)D$)*+:0%05()09+>;+)<0+#"90.*+
and the corresponding outputs obtained from 
)<0+ D<;*&'(.+ (5#Q+ =%+ :0%05(.P+ )<0+ 055"5+ F(.$0*+?050+
50.()&F0.;+*#(..+*$'<+)<()+)<0+">)(&%09+#"90.*+'"$.9+
be considered accurate enough while the noise signal 
superimposed to the inputs improved the results 
as well when compared to having no added noise. 
!$550%).;P+ 50D0()09+ )0*)*+ (50+ >0&%:+ (DD.&09+ $*&%:+
data generated from the robot manipulator when 
operated at different speeds and accelerations and 
$*&%:+ 9&22050%)+ F(5&(%'0+ F(.$0*+ 2"5+ )<0+ D05*&*)0%).;+
exciting inputs. The aim is to deduce whether there 
0Z&*)*+(%;+%")&'0(>.0+)50%9+'"550.()&%:+)<0*0+2(')"5*Q

Figure 1: The CRS Catalyst-5 robotic arm

Dynamic Modelling of an 
Industrial Robotic Manipulator
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!:6;>3AB64>:
-$)"#">&.0+)5(%*D"5)+ &*+%"?+(%+&%<050%)+D(5)+"2+"$5+
'&F&.&o()&"%+ (%9+ &)*+ %0:()&F0+ (*D0')*+ (50+ >0'"#&%:+
#"50+ (%9+ #"50+ D5"%"$%'09Q+ f0<&'$.(5+ 0#&**&"%*+
continue to be a threat to the environment and need 
to be monitored in order to ensure acceptable air 
Y$(.&);Q+A<0+8(.)(+L%F&5"%#0%)+(%9+@.(%%&%:+-$)<"5&);+
R8L@-S+ '"..0')*+ (F05(:0+ #"%)<.;+ '"%'0%)5()&"%*+
"2+F(5&"$*+(&5+D"..$)(%)*+ 25"#+(+%0)?"5T+"2+9&22$*&"%+
)$>0*+ ('5"**+ 8(.)(+ ?<&.0+ A5(%*D"5)+ 8(.)(+ RA8S+
0Z0'$)0*+)5(23'+X"?+'"$%)*+2"5+)<0+#(&%+(5)05&(.+5"(9*Q+
This data can be used to infer models describing 
)<0+ &%)05(')&"%+ >0)?00%+ )5(23'+ .0F0.*+ (%9+ D"..$)(%)+
concentrations.

#;>L9B62%HL9B64F9@
A<0+#(&%+(&#+"2+)<&*+D5"B0')+&*+)"+$*0+*D()&(.+(%(.;*&*+
)0'<%&Y$0*+ (%9+ *)()&*)&'(.+#"90..&%:+ )"+ '(D)$50+ )<0+
T0;+ '<(5(')05&*)&'*+ "2+ )<0+ 50.()&"%*<&D+ >0)?00%+ (&5+
D"..$)&"%+ (%9+ )5(23'+ '"$%)Q+ E%2"5)$%()0.;P+ )5(%*D"5)+
and pollution data are not measured at the same sites, 
*"+)<0+#(&%+?"5T+2"'$*0*+"%+&%)05D".()&"%+)0'<%&Y$0*+
)"+ ">)(&%+ (''$5()0+ D"..$)&"%+ F(.$0*+ ()+ 0('<+ )5(23'+
measurement site. These estimated pollution values 
(%9+)5(23'+'"$%)*+'(%+)<0%+>0+$*09+)"+Y$(%)&2;+ )<0+
)5(23'+0220')+"2+'05)(&%+(&5+D"..$)(%)*Q

#;>L9B62"96=>3>8>549@
-+*D()&(.+#"90.+&*+(+#()<0#()&'(.+90*'5&D)&"%+50Y$&509+
)"+50(.&*)&'(..;+50D50*0%)+)<0+*D()&(.+9;%(#&'*+"2+)<0+
())5&>$)0+ >0&%:+ #"90..09Q+ A<0+ #"*)+ ?&90.;+ $*09+
*)()&*)&'(.+ #"90.+ &*+ :&F0%+ >;\+ M()(+ �+ H)5$')$50+ �+
/0*&9$0Q+A<0+*)5$')$50+'"%*&*)*+"2+)<0+#0(%+(%9h"5+
weighting of its dominant neighbours together with 
a nonlinear covariance structure for the residue. The 
covariance structure depicts how the data measured 
)"+*&)0*+&%+'."*0+D5"Z&#&);+)0%9*+)"+>0+#"50+9&50').;+
50.()09+)<(%+9()(+25"#+2(5+(?(;+*&)0*Q+A<0+D5"'0**+"2+
obtaining a mathematical model thus boils down to 
estimating the linear parameters in the structural part 
>;+ .0(*)+ *Y$(50*+ (%9+ 3))&%:+ (+ %"%.&%0(5+ '"F(5&(%'0+
#"90.+ )"+ )<0+ 50*&9$0*+ >;+ (+ :.">(.+ *0(5'<Q+ A<0+
estimated model can then be used to interpolate for 
)<0+50Y$&509+D"..$)&"%+F(.$0*Q+A<&*+&*+9"%0+>;+p5&:&%:Q+
H&#D.0+p5&:&%:+ RHpS+ &*+$*09+2"5+#&**&%:+9()(+F(.$0*+
?<&.0+E%&F05*(.+p5&:&%:+REpS+&*+$*09+2"5+&%)05D".()&"%+
at unobserved sites. 

$9@A86@27:32.B=49F9C9:6@
When tested, the models which gave optimum 
50*$.)*+2"5+>")<+Hp+(%9+Ep+(50+#(90+$D+"2+)<0+#0(%+

and parametric covariance residue. The correlation 
'"023'&0%)+ >0)?00%+ )5(23'+ F".$#0*+ (%9+ D"..$)&"%+
'"%'0%)5()&"%+?(*+2"$%9+)"+>0+VQ_`VW+2"5+?00T9(;*P+
VQ_]cc+ 2"5+ H()$59(;*+ (%9+ VQ]UWbV+ 2"5+ H$%9(;*+
*<"?&%:+ D"*&)&F0+ '"550.()&"%+ 2"5+ 0('<+ 9(;+ )0*)09Q+
M&F&9&%:+8(.)(+&%+2"$5+o"%0*P+)<0+<&:<0*)+'"550.()&"%+
'"023'&0%)+ ?(*+ ">)(&%09+ 2"5+ )<0+ J5(%9+ K(5>"$5+
(50(Q+A<0+'0%)5(.+D(5)+"2+8(.)(+?(*+%")&'09+)"+<(F0+
<&:<+ '"550.()&"%+ '"023'&0%)+ 2"5+?00T+ 9(;*+?&)<+ )<&*+
90'50(*&%:+ 2"5+ H()$59(;+ (%9+ 2$5)<05+ 90'50(*0*+
"%+ (+ H$%9(;Q+ A<0+ %"5)<+ (%9+ *"$)<+ D(5)*+ "2+ 8(.)(+
0ZD05&0%'09+D5(')&'(..;+*&#&.(5+F(.$0*+ 2"5+?00T0%9*+
(lower than for the central part). However, the northern 
D(5)+<(*+(+50.()&F0.;+<&:<05+'"550.()&"%+'"023'&0%)+2"5+
?00T+9(;*+)<(%+)<0+*"$)<05%+D(5)Q

!"#$%&'('@'E13&%.,6/3&8'.,66$3",1'0$%9/+&'/18'3%/9:+'
measurement sites

Modelling and Analysis of the Interactions between 
6,+$43..(*,3&$-&'$:+-NUH$C.3J
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!:6;>3AB64>:
A<0+(&#+"2+)<0+D5"B0')+?(*+)"+*)$9;+(%9+&#D.0#0%)+
%0)?"5T+'"%)5".+*;*)0#+(5'<&)0')$50*+?<&'<+(.."?09+
(%+ "D05()"5+ )"+ '"%)5".+ (+ I0:"+ 8&%9*)"5#*+ #">&.0+
5">")+W+"F05+)<0+=%)05%0)Q+

@5"B0')+1>B0')&F0*
/0*0(5'<P+ *)$9;+ (%9+ D50*0%)+ )<0+ D"**&>.0+
(5'<&)0')$50*+ 2"5+ =%)05%0)+ >(*09+ %0)?"5T09+ '"%)5".+
*;*)0#*Q+
!" M0*&:%+(%9+90F0."D+(%+0ZD05&#0%)(.+%0)?"5T09+

'"%)5".+*;*)0#Q+
!" Test and implement various loop topologies for 

'"%)5"..&%:+ )<0+ I0:"+8&%9*)"5#*+#">&.0+ 5">")+
over an Internet connection. 

!" Evaluate performance of these topologies and 
list potential advantages and disadvantages of 
each architecture. 

!" Describe potential areas for improvements 
?<&'<+#(;+>0+(9"D)09+&%+)<0+&#D.0#0%)()&"%+"2+
=%)05%0)+)0.075">")&'+*;*)0#*+&%+&%9$*)5;Q

!" @5"B0')+80)<"9".":&0*
!" H)$9;+ "2+ D50*0%)+ &#D.0#0%)()&"%*+ "2+ =%)05%0)+

5">")&'+*;*)0#*
!" Design, development and implementation of a 

)0*)+ >09+ 2"5+ )<0+ =%)05%0)+ '"%)5".+ *;*)0#Q+ A<&*+
&%'.$909+ '.&0%)P+ *05F05+ (%9+ I0:"+ 8&%9*)"5#*+
#">&.0+5">")+*;*)0#*Q+

!" =#D.0#0%)()&"%+,+*&#$.()&"%+"2+D"&%)+*)(>&.&o()&"%+
'"%)5".+ )0'<%&Y$0*+ &%'.$9&%:+ )<0+ D50*0%'0+ "2+
%0)?"5T+90.(;*Q+

!" Implementation of the aforementioned control 
algorithms on an experimental setup.

!" -%(.;*&*+ "2+ 50*$.)*+ ">)(&%09+ (%9+ .&*)+ "2+ 2$)$50+
improvements.

$9@A86@27:32.B=49F9C9:6@
A?"+ );D0*+ "2+ '"%)5".+ (5'<&)0')$50*+ (50+ D"**&>.0+ 2"5+
%0)?"5T+ '"%)5".+ *;*)0#*Q+ -+ <&05(5'<&'(.+ *)5$')$50+
$*0*+ (+ %0)?"5T+ )"+ *0%9+ (+ '"##(%9+ )"+ (+ 50#")0+
'."*09+ .""D+*;*)0#Q+-+9&50')+*)5$')$50+ &%'.$90*+ )<0+
%0)?"5T+ &%*&90+ )<0+ '."*09+ .""D+ *;*)0#Q+ A<&*+ .())05+
*)5$')$50+ &%)5"9$'0*+ *&:%&3'(%)+ )&#0+ 90.(;*+ ?<&'<+
?&..+90:5(90+*;*)0#+D052"5#(%'0+(%9+#(;+'($*0+)<0+
*;*)0#+)"+:"+$%*)(>.0Q++

-+ T&%0#()&'+ '"%)5"..05+ U+ 2"5+ )<0+ I0:"+ 8&%9*)"5#*+
9&22050%)&(.+ #">&.0+ 5">")+ *<"?%+ &%+ 4&:$50+ W+ ?(*+
&#D.0#0%)09+?<&'<+ *)(>&.&o09+ )<0+ 5">")+ )"+ (+ )(5:0)+
position and orientation. The mobile robot was 
'"%)5"..09+$*&%:+G.$0)"")<+?&50.0**+)0'<%".":;Q+

Figure 1 - Lego Mindstorms Mobile Robot

A&#0+90.(;*+?050+'($*09+>;+)<0+=%)05%0)+(%9+G.$0)"")<+
'"##$%&'()&"%+%0)?"5T*Q++A<0*0+)&#0+90.(;*+.09+)"+
90:5(9()&"%+ "2+ *;*)0#+ D052"5#(%'0Q+ -+ %0)?"5T09+
*)()0+2009>('T+'"%)5"..05+a+?(*+&#D.0#0%)09+?<&'<+
maintained a good level of performance in the 
D50*0%'0+"2+)&#0+90.(;*+&%+)<0+'."*09+.""D+*;*)0#Q+
-+?0>+D(:0+?(*+90*&:%09+?<&'<+(.."?09+(%+"D05()"5+
to control and monitor the robot from a remote 
location. The operator could operate the robot using 
>")<+ )<0+ <&05(5'<&'(.+ (%9+ 9&50')+ *)5$')$50*Q+ f&*$(.+
2009>('T+?(*+(.*"+D5"F&909+ &%+ )<0+ 2"5#+"2+ (+ F&90"+
feed from a web camera placed at the local site. 
G&>.&":5(D<;

Remote Control of a Lego 
Mindstorms Robot over the Internet
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!:6;>3AB64>:
-$)"%"#"$*+'"%)5".+"2+F0<&'.0*+&*+(+D"D$.(5+30.9+&%+
50*0(5'<Q+ + A<&*+ &*+#(&%.;+ 9$0+ )"+ )<0&5+ D5(')&'(.+ $*0+
&%+ "$5+ 0F05;9(;+ .&20+ (%9+(.*"+>0'($*0+ )<0;+D50*0%)+
)<0"50)&'(..;+ '<(..0%:&%:+ (%9+ &%)050*)&%:+ '"%)5".+
D5">.0#*Q+ + =%+ )<&*+ D5"B0')+ )<0+ '(57.&T0+#">&.0+ 5">")+
?&..+>0+*)$9&09Q++=)+&*+(+F0<&'.0+?<"*0+T&%0#()&'+#"90.+
(DD5"Z&#()0*+ )<0+#">&.&);+ "2+ (+ '(5+ WQ+ + A<0+ '(57.&T0+
#">&.0+5">")+&*+(+%"%.&%0(5+*;*)0#P+$%905+(')$()09P+
95&2).0**+#0(%&%:+)<()+%"+#")&"%+?&..+)(T0+D.('0+$%905+
o05"+ &%D$)+ (%9+ %"%<"."%"#&'Q+ + A<0+ %"%<"."%"#&'+
'"%*)5(&%)*+ (50+ F0."'&);+ '"%*)5(&%)*+ ?<&'<+ .&#&)+ )<0+
&%*)(%)(%0"$*+#")&"%+"2+ )<0+'(5Q+ +A<0+'"%3:$5()&"%+
"2+)<0+'(57.&T0+#">&.0+5">")P+?<&'<+&*+*<"?%+&%+4&:$50+
WP+&*+90*'5&>09+>;+&)+D"*&)&"%P+"5&0%)()&"%+?&)<+50*D0')+
)"+ )<0+ Z7(Z&*+ (%9+ )<0+ *)005&%:+(%:.0+"2+ )<0+?<00.*Q++
A<0+)?"+'"%)5".+&%D$)*+(50+)<0+95&F&%:+F0."'&);+(%9+)<0+
*)005&%:+F0."'&);Q++

Figure 1: The Car-like mobile robot 2

Figure 2: (a) Trajectory tracking, (b) Path following, 
(c) Point stabilization

A<0+ )<500+ #")&"%+ '"%)5".+ )(*T*+ (**"'&()09+ ?&)<+
($)"%"#"$*+ F0<&'.0*+ (50+ *<"?%+ &%+ 4&:$50+ UQ++

These are: 
!" A5(B0')"5;+ )5('T&%:+ d+ ?<050+ )<0+ 5">")+ #$*)+

2".."?+ (+ 90*&509+ )5(B0')"5;+ >;+ (.*"+ )(T&%:+ &%)"+
consideration a timing law.

!" @()<+ 2".."?&%:+d+ )<0+5">")+#$*)+ 2".."?+(+:&F0%+
path irrespective of the timing law.

!" @"&%)+ *)(>&.&o()&"%+ d+ )<0+ 5">")+ #$*)+ (55&F0+ ()+
(+ 90*&509+ D"*&)&"%+ 25"#+ (%;+ (5>&)5(5;+ &%&)&(.+
position.

#;>L9B62%HL9B64F9@
A<0+">B0')&F0*+"2+)<&*+D5"B0')+(50\
!" E%905*)(%9+)<0+T&%0#()&'*+"2+(+'(57.&T0+#">&.0+

robot.
!" Design, implementation and simulation of 

'"%)5"..05*+2"5+*D0'&3'+#")&"%+'"%)5".+)(*T*Q

#;>L9B62"96=>3>8>549@
A<0+ ">B0')&F0*+ "2+ )<&*+ D5"B0')+ ?050+ ('<&0F09+ >;+
'(55;&%:+"$)+)<0+2".."?&%:+*)0D*\
!" /0F&0?+"2+0Z&*)&%:+?"5T+"%+#")&"%+'"%)5".+"2+(+

'(57.&T0+#">&.0+5">")Q
!" M05&F()&"%+"2+)<0+#()<0#()&'(.+#"90.+"2+)<0+'(57

.&T0+#">&.0+5">")Q
!" !"%)5".+(%(.;*&*+"%+)5(B0')"5;+)5('T&%:+(%9+D"&%)+

*)(>&.&o()&"%Q
!" H&#$.()&"%+ "2+ (+ %$#>05+ "2+ '"%)5"..05*+ $*&%:+

8-AI-GhH=8EI=6pQ

$9@A86@27:32.B=49F9C9:6@
A<0+ )5(B0')"5;+ '"%)5"..05+ ?(*+ *$''0**2$..;+
&#D.0#0%)09+ "%+ H=8EI=6p+ (%9+ )<0+ #">&.0+ 5">")+
*)(>&.&o09+(>"$)+)<0+90*&509+)5(B0')"5;+(2)05+.0**+)<(%+
two seconds.  The gain values for the controller were 
'<(%:09+ )"+ 0%*$50+ )<0+ 50.&(>&.&);+ "2+ )<0+ '"%)5"..05Q++
A<0+5">")+*)&..+*)(>&.&o09+(>"$)+)<0+90*&509+)5(B0')"5;+
>$)+)<0+*)(>&.&o()&"%+)&#0+9&220509+90D0%9&%:+"%+:(&%+
F(.$0*Q+ +4"5+D"&%)+*)(>&.&o()&"%+)?"+2$oo;+'"%)5"..05*+
were used.  These were also implemented using 
H=8EI=6pQ+ + A<0+#">&.0+ 5">")+ *)(>&.&o09+ ()+ (+ D"&%)+
?&)<+(+90*&509+"5&0%)()&"%+"%+(+'&5'$.(5+)5(B0')"5;Q

$9D9;9:B9@
W+ + -Q+ M0+ I$'(P+ JQ+ 15&"."P+ !Q+ H(#*"%P+ z4009>('T+
!"%)5".+"2+(+!(57.&T0+/">")e+&%+ /">")+ 8")&"%+
@.(%%&%:+ (%9+ !"%)5".P+ j0(%7@($.+ I($#"%9P+ L9Q+
A"$."$*0P++ 45(%'0\+ HD5&%:05P+ W``bP+ '<Q]P+ DDQ+
WlV7U_V
U++p(%0+E*<05P+mf&*$(.+K"#&%:+2"5+(+!(57.&T0+f0<&'.0Pn+
C$00%*.(%+ E%&F05*&);+ "2+ A0'<%".":;P+ G5&*>(%0P+
-$*)5(.&(P+@<M+A<0*&*+UVV_Q

Autonomous Control of a Car-like Mobile Robot
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Figure 1: Result of Skeletonization

!:6;>3AB64>:
A<0+ &%)050*)+ &%+ )<0+ (50(+ "2+ <$#(%+ #")&"%+ )5('T&%:+
&*+ 2$0..09+ >;+ &)*+ %$#05"$*+ (DD.&'()&"%*P+ %(#0.;+
>&"#09&'(.+WPUP+*0'$5&);a+(%9+0F0%+)<0+0%)05)(&%#0%)+
&%9$*)5;+ ]+ (*+ (DD.&09+ &%+ )<&*+ D5"B0')Q+ A<0+#(&%+ (&#+
"2+ )<0+ D5"B0')+ &*+ )"+ '(D)$50+ #"F0#0%)+ "%+ *)(:0+
and produce visual effects corresponding to the 
performer’s movements. These visual effects will be 
D5"B0')09+"%+(+*'500%+(9B('0%)+)"+)<0+D052"5#05Q

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0+"2+ )<&*+D5"B0')+ &*+ )"+ &90%)&2;+(%9+
)5('T+ )<0+ 9&22050%)+ >"9;+ D(5)*+ "2+ (+ D052"5#05Q+ =)+ &*+
50Y$&509+)"+90)0')+)<0+D052"5#05e*+#"F0#0%)*P+."'()0+
(%9+ &90%)&2;+ 9&22050%)+ D(5)*+ "2+ )<0+ >"9;+ (%9+ )5('T+
)<0*0+>"9;+D(5)*+)<5"$:<"$)+)<0+F&90"+*0Y$0%'0Q

#;>L9B62"96=>3>8>549@
A<0+ D5"B0')+ ?(*+ *D.&)+ &%)"+ )<500+ #(&%+ (50(*[+
>('T:5"$%9+*$>)5(')&"%P+D"*0+0*)&#()&"%+(%9+#")&"%+
)5('T&%:Q+

G('T:5"$%9+ *$>)5(')&"%+ ?(*+ &#D.0#0%)09+ $*&%:+ (+
J($**&(%+9&*)5&>$)09+>('T:5"$%9+#"90.+_Q+=2+(%;+D&Z0.P+
"2+0('<+&%'"#&%:+25(#0P+9"0*+%")+3)+)<0+9&*)5&>$)&"%+
)<0%+ &)+ ?&..+ '.(**&2;+ (*+ D(5)+ "2+ )<0+ 2"50:5"$%9Q+ A<0+
silhouette of the moving dancer is thus obtained.
A<0+*&.<"$0))0+&*+)<&%%09+*$'<+(*+)"+">)(&%+(+*T0.0)(.+
*<(D0+"2+)<0+*&.<"$0))0+cQ+H(.&0%)+>"9;+D(5)*P+%(#0.;+
)<0+ <0(9P+ <(%9*P+ 200)P+ #&97'<0*)+ (%9+ D0.F&*+ (50+

located in each silhouette. The location of these 
*(.&0%)+D"&%)*+&%9&'()0*+)<0+D"*0+>0&%:+D052"5#09+>;+
the dancer.

A<0*0+>"9;+D(5)*+(50+)5('T09+$*&%:+(+p(.#(%+4&.)05+
lPbQ+A<&*+3.)05+?"5T*+ &%+ )?"+*)(:0*+%(#0.;+ )<0+)&#0+
update and the measurement update stages. The 
time update stage predicts the next position of each 
salient point, whilst the measurement update stage 
updates this position such as to improve the next 
prediction.

$9@A86@27:32.B=49F9C9:6@
A<0+ >('T:5"$%9+ *$>)5(')&"%P+ D"*0+ 0*)&#()&"%+
(%9+ )5('T&%:+ <(F0+ >00%+ &#D.0#0%)09+ (%9+ )0*)09+
&%9&F&9$(..;Q+1%'0+ )<0+ )5('T&%:+*;*)0#+ &*+(DD.&09+ )"+
50(.7)&#0+9()(P+)<0+:5(D<&'*+#(;+>0+:0%05()09Q

$9D9;9:B9@
W+ KQv<"$P+ KQK$P+ mK$#(%+ #")&"%+ )5('T&%:+ 2"5+
50<(>&.&)()&"%{-+ *$5F0;nP+ G5$%0.+ E%&F05*&);P+
E%&F05*&);+ "2+ L**0ZP+ E%&)09+ p&%:9"#P+ H0D)0#>05+
UVVl+
U+4Q8(5o(%&P+LQ!(.(&*+(%9+IQI0:5(%9P+m-+a7M+8(5T057
4500+H;*)0#+2"5+)<0+-%(.;*&*+"2+8"F0#0%)+M&*(>&.&)&0*+
7+-%+-DD.&'()&"%+)"+)<0+I0:*nP+=LLL+A5(%*(')&"%*+"%+
=%2"5#()&"%+A0'<%".":;+&%+G&"#09&'&%0P+f".Q_P+6"QWP+
8(5'<+UVVW
a+IQ+-))(59+(%9+/Q4(55$:&(P+mf&*&"%7G(*09+H$5F0&..(%'0+
H;*)0#Pn+E%&F05*&);+"2+8(.)(P+4('$.);+"2+L%:&%005&%:P+
M0D(5)#0%)+ "2+ !"##$%&'()&"%*+ (%9+ !"#D$)05+
L%:&%005&%:P+DDQ+WU7U]P+8(;+UVWV
]!QG50:.05P+ m8")&"%+ !(D)$50+ A0'<%".":;+ 2"5+
L%)05)(&%#0%)nP+=LLL+H&:%(.+@5"'0**&%:+8(:(o&%0P+&%+
)<0+H@1AI=JKAP+DDQ+W_c7WcVP+6"F0#>05+UVVl
_+ !QH)($2205+ (%9+ NQLQIQJ5&#*"%P+ m-9(D)&F0+
G('T:5"$%9+8&Z)$50+#"90.*+ 2"5+ 50(.7)&#0+ )5('T&%:n+
A<0+-5)&3'&(.+=%)0..&:0%'0+I(>"5()"5;P+8(**('<$*0))*+
=%*)&)$)0+ "2+ A0'<%".":;P+ !(#>5&9:0P+ f&0?09+ &%+
1')">05+UVWWQ
c+ LQ/QM(F&0*P+ 8('<&%0+ f&*&"%+ )<0"5;P+ (.:"5&)<#*P+
D5(')&'(.&)&0*P+A<&59+L9&)&"%P+8"5:(%+p($2#(%%P+UVV_+
l+8Qp"<.05P+mE*&%:+)<0+p(.#(%+4&.)05+)"+)5('T+K$#(%+
=%)05(')&F0+ 8")&"%+ d+ 8"90..&%:+ (%9+ =%&)&(.&o()&"%+ "2+
)<0+p(.#(%+4&.)05+"2+A5(%*.()&"%(.+8")&"%nP+M"5)#$%9+
E%&F05*&);P+J05#(%;
b+ JQ4QN0.'<P+ mK=HA1/i\+ A<0+ E*0+ "2+ )<0+ p(.#(%+
4&.)05+ 2"5+K$#(%+8")&"%+A5('T&%:+ &%+f&5)$(.+/0(.&);nP+
M0D(5)#0%)+"2+!"#D$)05+H'&0%'0P+A<0+E%&F05*&);+"2+
6"5)<+!(5.&%(+()+!<(D0.+K&..P+!<(D0.+K&..P+UVV`

Motion Tracking for Artistic 
Expression in Theatre and Dance
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A<0+@0%9$>")P+*<"5)+2"5+@0%9$.$#7/">")P+&*+(%+0.0')5"7
#0'<(%&'(.+*;*)0#+ &%)0%909+ 2"5+ )<0+ )0*)&%:+"2+%"F0.+(*+
well as classical control algorithms. The Pendubot is a 
)?"7.&%T+ D.(%(5+ *;*)0#+ <(F&%:+ (%+ (')$()"5+ ()+ )<0+ 35*)+
.&%T+(%9+(+D(**&F0+50F".$)0+B"&%)+(*+)<0+*0'"%9+.&%TQ+A<0+
35*)+ .&%T+ &*+T%"?%+(*+)<0+(5#+ .&%T+?<&.0+ )<0+*0'"%9+ .&%T+
&*+ >0))05+ T%"?%+ (*+ )<0+ D0%9$.$#+ .&%TQ+ A<0+ (')$()"5+ ()+
)<0+35*)+ .&%T+&*+ &%+)<0+2"5#+"2+(+M!+8")"5Q+A<0+9;%(#&'+
'"$D.&%:+ >0)?00%+ )<0+ )?"+ .&%T*+ (%9+ &)*+ D"**0**&"%+ "2+
#$.)&D.0+'"%3:$5()&"%*+(%9+0Y$&.&>5&$#+D"&%)*+#(T0+&)+(%+
&%)050*)&%:+'"%)5".+D5">.0#Q+A<0+@0%9$>")+ &*+"D0%7.""D+
*)(>.0+&%+)<0+9"?%?(59+D"*&)&"%P+T%"?%+(*+)<0+D0%9(%)+
position. On the other hand the position with maximum 
D")0%)&(.+0%05:;+&*+T%"?%+(*+)<0+&%F05)09+$D5&:<)+D"*&)&"%Q++
A<0+'"%)5".+D5">.0#+&%F0*)&:()09+&%+)<&*+D5"B0')+&%F".F0*+
)<0+*?&%:7$D+"2+)<0+)?"+.&%T*+25"#+)<0+9"?%?(59+D0%9(%)+
position to the inverted upright position. The inverted 
$D5&:<)+D"*&)&"%+&*+(%+&%<050%).;+$%*)(>.0+0Y$&.&>5&$#+D"&%)Q+
-%;+#&%&#(.+D05)$5>()&"%*+95&F0*+)<0+*;*)0#+"$)+"2+)<&*+
0Y$&.&>5&$#+ D"&%)+ $%)&.+ )<0%+ *)(>&.&o&%:+ &%+ )<0+ 9"?%?(59+
D0%9(%)+D"*&)&"%+#(T&%:+&)+&%<050%).;+*)(>.0Q
A<0+">B0')&F0+"2+)<&*+D5"B0')+&*+)"+90*&:%+(+2$oo;+9&:&)(.+
'"%)5"..05+ )<()+ &*+ (>.0+ )"+ *?&%:7$D+ )<0+@0%9$>")+ 25"#+
the downward pendant stable position to the inverted 
upright position. This is to be achieved through the 
90F0."D#0%)+"2+(+2$oo;+'."*097.""D+'"%)5"..05Q+A?"+2$oo;+
*?&%:7$D+'"%)5"..05*+?050+90F0."D09+&%+)<&*+9&**05)()&"%P+
"%0+>0&%:+>(*09+"%+A?"7/$.0*+(%9+(%")<05+$)&.&o&%:+(+
2$oo;+@5"D"5)&"%(.+M05&F()&F0+!"%)5"..05Q+!"%*0Y$0%).;P+
*)(>&.&);+(>"$)+)<0+$DD05+0Y$&.&>5&$#+D"&%)+&*+:$(5(%)009+
>;+ (+ 2$oo;+ *)(>&.&o&%:+ '"%)5"..05Q+ -+ 2$oo;+ *)(>&.&o()&"%+
'"%)5"..05+ )$%09+ >;+ I&%0(5+ C$(95()&'+ /0:$.()"5+ (%9+ (+
4$oo;+@5"D"5)&"%(.+M05&F()&F0+(%9+@5"D"5)&"%(.+ =%)0:5(.+
*)(>&.&o()&"%+ '"%)5"..05+ ?050+ &#D.0#0%)09+ 2"5+ )<&*+ (&#Q+
A?"+%"F0.+2$oo;+*?&)'<&%:+'"%)5"..05*+?050+90F0."D09+)"+
'"#>&%0+)<0+*?&%:7$D+(%9+*)(>&.&o()&"%+'"%)5"..05*Q

!:6;>3AB64>:
A<0+%(#0+@0%9$>")+(5&*0*+25"#+)<0+)05#*+z@0%9$.$#7
/">")eQ+ A<0+ *;*)0#+ &*+ #(&%.;+ '"#D"*09+ "2+ )?"+
&%)05'"%%0')09+ .&%T*+ B"&%09+ )":0)<05+ >;+ #0(%*+ "2+ (+
D(**&F0+ 50F".$)0+ B"&%)Q+ A<0+ 9;%(#&'+ '"$D.&%:+ "2+ >")<+
.&%T*+#(T0*+ &)+ (+ %"%.&%0(5+ *;*)0#Q+A<0+ *;*)0#+ &*+"%.;+
(')$()09+ ()+ )<0+ 35*)+ .&%TP+#(T&%:+ &)+ >0."%:+ )"+ (+ 2(#&.;+
"2+ $%9057(')$()09+ *;*)0#*+ <(F&%:+ )?"+ "$)D$)*+ (%9+
"%.;+"%0+'"%)5".+ &%D$)Q+A<0+*;*)0#+D"**0**0*+#$.)&D.0+
'"%3:$5()&"%*Q+ H$'<+ ())5&>$)0*+ #(T0+ )<0+ *;*)0#+
(+ >0%'<#(5T+ &%+ )<0+ 90F0."D#0%)+ "2+ %"F0.+ '"%)5".+
)0'<%&Y$0*+*$'<+(*+2$oo;+'"%)5".Q+

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+&*+)"+90(.+?&)<+)<0+'"%)5".+D5">.0#+
"2+)<0+$%9057(')$()09+@0%9$>")+$*&%:+2$oo;+.":&'Q+A<0+
2$oo;+'"%)5"..05*+<(F0+)"+>0+90*&:%09+(%9+&#D.0#0%)09+

"%+)<0+D<;*&'(.+<(59?(50+*0)$D+?<&'<+&*+*&)$()09+&%+)<0+
!"%)5".+H;*)0#*+I(>"5()"5;Q+A<0+'"%)5".+D5">.0#+?&..+>0+
9&F&909+ &%)"+)<500+)(*T*Q+-+2$oo;+*?&%:7$D+'"%)5"..05+ &*+
50Y$&509+)"+*?&%:7$D+)<0+)?"+.&%T*Q+-+2$oo;+*)(>&.&o()&"%+
&*+$*09+)"+:$(5(%)00+*)(>&.&);+(>"$)+)<0+$DD05+0Y$&.&>5&$#+
D"&%)+ ?<&.0+ )<0+ 2$oo;+ *?&)'<&%:+ '"%)5"..05+ &*+ $*09+ )"+
combine the two controllers.

#;>L9B62"96=>3>8>549@2
!" J(&%+$%905*)(%9&%:+"2+4$oo;+I":&'+(%9+4$oo;+!"%)5"..05*Q
!" I&)05()$50+50F&0?+2"'$*&%:+"%+)<0+@0%9$>")+'"%3:$7

5()&"%+)<5"$:<+4$oo;+!"%)5".
!" 8()<0#()&'(.+#"90..&%:+"2+)<0+@0%9$>")Q
!" M0*&:%+ (%9+ &#D.0#0%)()&"%+ "2+ )<0+ 2$oo;+ *?&%:7$D+

(%9+*)(>&.&o()&"%+'"%)5"..05*
!" =#D.0#0%)&%:+)<0+90*&:%09+2$oo;+*?&%:7$D+(%9+*)(7

>&.&o()&"%+'"%)5"..05*+&%+8-AI-G+(%9+H=8EI=6p+(%9+
)$%&%:+)<0+2$oo;+'"%)5"..05+D(5(#0)05*Q

!" M0F0."D+ (+ %"F0.+ *"2)7*?&)'<&%:+ 4$oo;+ A5(%*&)&"%(.+
!"%)5"..05+ )<()+ *?&)'<0*+>0)?00%+'"%)5"..05*+>(*09+
"%+"%0+*0)+"2+'"%9&)&"%*+)<()+(50+)"+>0+903%09+&%+)<0+
2$oo;+5$.07>(*0Q

!" M0F0."D+(+%"F0.+*"2)7*?&)'<&%:+4$oo;+H)()0+H?&)'<&%:+
!"%)5"..05+ )<()+ *?&)'<0*+>0)?00%+'"%)5"..05*+>(*09+
"%+)?"+*0)*+"2+'"%9&)&"%*+)<()+(50+)"+>0+903%09+&%+)<0+
2$oo;+5$.07>(*0Q

!" !"#>&%0+ )<0+ *?&%:7$D+(%9+ *)(>&.&o()&"%+ '"%)5"..05*+
$*&%:+ )<0+ 90F0."D09+ 4$oo;+ A5(%*&)&"%(.+ !"%)5"..05+
(%9+)<0+4$oo;+H)()0+H?&)'<&%:+!"%)5"..05Q

!" =#D.0#0%)+)<0+90*&:%09+'"%)5"..05*+"%+)<0+MHWWV]+
>"(59+(%9+50)$%0+)<0+2$oo;+'"%)5"..05*

$9@A86@27:32.B=49F9C9:6@
The designed control algorithms were implemented on 
)<0+ 0ZD05&#0%)(.+ *0)$DQ+ A<0+ 2$oo;+ '"%)5"..05*+ D5"F09+
*$''0**2$.+ &%+ )<0+ *?&%:7$D+ (%9+ *)(>&.&o()&"%+ '"%)5".+
problems. Furthermore, the robustness of these 
(.:"5&)<#*+?(*+F05&309+>;+F(5;&%:+)<0+&%&)&(.+'"%9&)&"%*Q+
8"50"F05+ )<0+ %"F0.+ 2$oo;+ *"2)7*?&)'<&%:+ '"%)5"..05*+
produced the expected performance. 

$9D9;9:B9@
gQ+CQ+8(P+m4$oo;+!"%)5".+"2+(%+E%9057(')$()09+/">")&'+
8(%&D$.()"5\+@0%9$>")nP+8Q+HQ+9&**05)()&"%P+!"%'"59&(+
E%&F05*&);P+!(%(9(P+UVVWQ
LQH(%'<0oP+IQ+6$%"+(%9+iQ+K*$P+JQ+!<0%P+ m4$oo;+@M+
H'<0#0+ 2"5+ E%905(')$()09+ /">")+ H?&%:7$D+ !"%)5".n+
=LLL+N"5.9+!"%:50**+"%+!"#D$)()&"%(.+=%)0..&:0%'0P+F".Q+
WP+DDQ+aVU7aVcP+8(;Q+W``bQ
LQ+H(%'<0o+(%9+fQ+4."50*P+m/0(.7)&#0+$%905(')$()09+5"7
>")+*?&%:7$D+F&(+2$oo;+@=�@M+'"%)5".nP+j"$5%(.+"2+=%)0.7
.&:0%)+,+4$oo;+H;*)0#*P+F".Q+WlP+%"QWP+j(%Q+UVVcQ
jQ+ @Q+ K0*D(%<(P+ ICJhIC/+ '"%)5"..05+ 90*&:%P+ "%7
.&%0Q+ -F(&.(>.0\+ <))D\hh???Q0'0Q$'*>Q09$h�<0*D(%<(h
0'0W]l'7#0WVc(h?0>h.Y5.Y:%")0*QD92Q
jQ+ !(#&..05&P+ mA<0+ @0%9$>")\+ M0*&:%P+ =#D.0#0%)()&"%+ (%9+
!"%)5".nP+GQL%:Q+9&**05)()&"%P+E%&F05*&);+"2+8(.)(P+8(.)(P+UVWWQ

Fuzzy Control of a Pendubot
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!:6;>3AB64>:
-+ >5(&%7'"#D$)05+ &%)052('0+ RG!=S+ *;*)0#+ '50()0*+ (+
new communication channel between the human 
>5(&%+(%9+(+'"#D$)05Q+G!=+)0'<%".":;+$.)&#()0.;+(&#*+
to improve the life of patients suffering from severe 
#")"5+ &#D(&5#0%)*+ >;+ 90F0."D&%:+ (DD.&'()&"%*+ )<()+
9"+%")+90D0%9+"%+)<0+>5(&%e*+%"5#(.+"$)D$)+D()<?(;*+
of peripheral nerves and muscles. Electrical brain 
(')&F&);+ '(%+ >0+ 50'"5909+ %"%7&%F(*&F0.;+ )<5"$:<+ (%+
0.0')5"0%'0D<(.":5(#+ RLLJS+ >;+ $*0+ "2+ 0.0')5"90*+
placed on the scalp. 

It is observed that the actual execution of a movement 
of a particular limb, such as hands and feet, as well 
(*+ )<0&5+ &#(:&%()&"%P+ :0%05()0+ *&#&.(5+ "*'&..()"5;+
patterns of cortical activation and inhibition. These 
0F0%)750.()09+ D")0%)&(.*+ (50+ :0%05(..;+ ."'(.&o09+ "%+
relevant regions of the sensorimotor cortex and can 
>0+ $*09+ (*+ 20()$50*+ )"+ &90%)&2;+ )<0+ 9&22050%)+#")"5+
&#(:05;+ )(*T*Q+ A<0*0+ 20()$50*+ (50+ )5(%*.()09+ &%)"+ (+
particular control signal to communicate with an 
external device, such as a wheelchair or software 
application.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+ )<&*+D5"B0')+ &*+ )"+90*&:%+(%9+ &#D.0#0%)+
(+ 50(.7)&#0+ G!=+ )<()+ D5"F&90*+ )<0+ $*05+ ?&)<+ 9&50')+
'"##$%&'()&"%Q+LLJ+*&:%(.*+"2+(+D05*"%+D052"5#&%:+
*D0'&3'+ #")"5+ &#(:05;+ )(*T*+ (50+ )"+ >0+ 50'"5909P+
D5"'0**09+ (%9+ '.(**&309+ &%+ 50(.7)&#0+ )"+ :&F0+
'"%)&%$"$*+2009>('TQ

#;>L9B62"96=>3>8>549@
A<0+ D5"B0')+ ?(*+ D5&#(5&.;+ 2"'$*09+ "%+ 3%9&%:+ )<0+
#"*)+ 0220')&F0P+ (''$5()0+ (%9+ '"#D$)()&"%(..;+ 2(*)+
*&:%(.+ D5"'0**&%:+ )0'<%&Y$0*+ $*09+ &%+ '$550%)+ 50(.7
)&#0+ LLJ+ >(*09+ G!=+ *;*)0#*Q+ A<0*0+ )0'<%&Y$0*+
?050+0F(.$()09+$*&%:+9()(+25"#+(%+&%)05%()&"%(.+G!=+
competition. 

A<0+ 90*&:%09+ 50(.7)&#0+ G!=+ *;*)0#+ &*+ (+ '$07
>(*09+ *;*)0#+ $*&%:+ #")"5+ &#(:05;P+ *D0'&3'(..;+
the imagination of left and right hand movements. 
-#D.&)$90+ #"9$.()&"%*+ "2+ *0%*"5&#")"5+ 5<;)<#*+
(50+">*05F09+>;+0Z)5(')&%:+ .":(5&)<#&'+>(%9+D"?05+
20()$50*+25"#+)<0+"%7:"&%:+3.)0509+LLJ+9()(+(%9+)<0+
"D)&#(.+*$>B0')7*D0'&3'+20()$50*+(50+*0.0')09+$*&%:+
4&*<05+ 5()&"Q+-+ .&%0(5+ 9&*'5&#&%(%)+ (%(.;*&*+ '.(**&305+
is then applied in order to distinguish between the 
)?"+#")"5+&#(:05;+)(*T*Q+A<0+'.(**&3'()&"%+"$)D$)+&*+
$*09+)"+:&F0+'"%)&%$"$*+2009>('T+)"+)<0+$*05+&%+)<0+
2"5#+"2+(+>(5+F(5;&%:+&%+>")<+9&50')&"%+(%9+.0%:)<Q

/0*$.)*+(%9+-'<&0F0#0%)*
A<0+ &#D.0#0%)09+ 50(.7)&#0+ *;*)0#+ D5"F09+ )"+
>0+ *$''0**2$.+ ?<0%+ *&#$.()09+ ?&)<+ LLJ+ 9()(+ "2+
*$>B0')*+ 25"#+ )<0+G!=+ '"#D0)&)&"%Q+ A<0*0+ *$>B0')*+
<(9+'.0(5+0F0%)750.()09+D())05%*+)<()+'"$.9+>0+$*09+
)"+9&*)&%:$&*<+>0)?00%+)<0+)?"+#")"5+&#(:05;+)(*T*Q+
LLJ+9()(+"2+ 2"$5+")<05+*$>B0')*+?(*+(.*"+ 50'"5909+
&%+)<0+.(>+$*&%:+)<0+:Q)0'+(#D.&305Q+A<0+*0)$D+?(*+(*+
*<"?%+&%+4&:$50+WQ

Figure 1: Recording of EEG data

@5"'0**&%:+"2+9()(+50'"5909+25"#+)<0*0+*$>B0')*+?(*+
%")+(*+*)5(&:<)+2"5?(59+(*+)<()+"2+)<0+G!=+'"#D0)&)&"%Q+
A<&*+ ?(*+ (+ 50*$.)+ "2+ *$>B0')*+ :0%05()&%:+ *&#&.(5+
>5(&%+ D())05%*+ 2"5+ )<0+ )?"+ #0%)(.+ )(*T*P+ #(T&%:+ &)+
9&23'$.)+2"5+)<0+*;*)0#+)"+9&*)&%:$&*<+>0)?00%+)<0#Q+
4$5)<05+)5(&%&%:+*0**&"%*+ &%+(+#"50+%"&*07'"%)5"..09+
0%F&5"%#0%)+ #$*)+ >0+ D052"5#09+ )"+ <0.D+ *$>B0')*+
:(&%+)<0+(>&.&);+)"+'"%)5".+)<0&5+*0%*"5&#")"5+5<;)<#*+
(%9+)<$*+>0+(>.0+)"+'"%)5".+)<0+G!=+*;*)0#Q+

Real-time implementation 
of a motor imagery EEG based BCI
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Mechanical Stream
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-6A39:6R2"45A982*7C4889;4
-A?9;F4@>;R20;2.;4D2$>B=C7:

!:6;>3AB64>:
8&'5"+ &%B0')&"%+ #"$.9&%:+ "2+ D".;#05+ D(5)*+ &*+ (+
50.()&F0.;+ %0?+ (50(+ &%+ 0%:&%005&%:Q+ A<0+ 0220')+ "2+
*$52('0+5"$:<%0**+"2+)<0+#"$.9+"%+)<0+D".;#05+#&'5"+
part is investigated. 

#;>L9B62%HL9B64F9@
A<0+D5"B0')+'"%*&*)*+"2+#$.)&D.0+">B0')&F0*Q+A<0+#(&%+
">B0')&F0*+2"5+)<0+D5"B0')+?050\
!" !"%9$')+ LM8+ )0*)&%:+ )"+ 90)05#&%0+ )<500+

conditions to be used for the inserts
!" Design suitable micro inserts
!" M0*&:%+"2+0.0')5"90*+(%9+0B0')"5
!" 8(%$2(')$50+ )<0+ #&'5"+ &%*05)*+ ?&)<+ 9&22050%)+

roughness
!" =%B0')&"%+(%9+)0*)&%:+"2+#"$.9*

#;>L9B62"96=>3>8>549@
A<0+ D5"B0')+?(*+ 9&F&909+ &%+ *)(:0*[+ 90*&:%P+ )0*)&%:P+
#(%$2(')$50+(%9+&%B0')&"%+#"$.9&%:Q
A<0+ 90*&:%+ ?(*+ &%&)&()09+ >;+ 90)05#&%&%:+ )<0+#&'5"+
)0%*&.0+ *D0'&#0%+ )<()+ &*+ :"&%:+ )"+ >0+ &%B0')09Q+ A<0+
basic dimensions of the mould insert were then 
90)05#&%09+ 9$0+ )"+ T%"?&%:+ )<0+ *&o0+ "2+ )<0+ D(5)+ )"+
>0+ D5"9$'09Q+ A<0+ &%*05)+ ?"$.9+ <(F0+ )?"+ '(F&)&0*[+
)<0502"50+(+5$%%05+*;*)0#+?(*+%00909Q+A<0+90*&:%+"2+
)<0+5$%%05+*;*)0#+&%'.$909+)<0+D()<P+'".9+*.$:+?0..*+
and the cross section shape.

-+:()0+&*+%00909+>0)?00%+)<0+5$%%05+(%9+)<0+'(F&);Q+
The shape of the gate was of a ramp to provide 
*#"")<+X"?+&%*&90+)<0+'(F&);Q+A<0+0B0')"5+(%9+'"DD05+
0.0')5"90*+?050+(.*"+90*&:%09+ &%+(+?(;+ )"+ *&#D.&2;+
the manufacturing process as possible. 

A0*)&%:+ "2+ 0.0')5"+ 9&*'<(5:0+ #('<&%&%:+ RLM8S+
parameters was done. Three conditions were chosen 
to machine the insert with. 

The manufacture of the insert was done using 
)<0+ !6!+ #&..&%:+ #('<&%0+ (%9+ )<0+ H"9&'T+ tLM8Q+
A<0+ 5$%%05*P+ 0B0')"5+ <".0*+ (%9+ 0B0')"5+ '(F&);+ ?050+
#('<&%09+ >;+ #&..&%:+ #('<&%0Q+ A<0+ 0B0')"5+ ?(*+
machined from aluminium and the electrodes from 
copper. The gates, vents and micro tensile specimen 
'(F&)&0*+?050+#('<&%09+$*&%:+tLM8Q

$9@A86@27:32.B=49F9C9:6@
The three cavities have a surface roughness of 
VQU]/(P+ U/(+ (%9+ a/(Q+ A<0+ 90D)<+ "2+ )<0+ '(F&)&0*+ &*+
VQ]a##Q+ A<0+ #(%$2(')$509+ &%*05)*+ ?&..+ >0+ )0*)09+
$*&%:+#&'5"+&%B0')&"%+#"$.9&%:+()+-(.0%+E%&F05*&);+&%+

J05#(%;Q+4$5)<05#"50P+ )<0+ &%X$0%'0+"2+ )<0+*$52('0+
roughness of the moulded micro tensile specimens 
will also be investigated there. 

Figure 1: Micro tensile specimen copper electrode
 

!"#$%&'>)'*':1"0;&8'-,$68'"10&%3

Design and Manufacturing of Micro Inserts for 
Injection Moulding of Micro Testing Specimens
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-6A39:6R21>A4@2.667;3
-A?9;F4@>;R2";/2-7:3;>2.WW>?7;34

!:6;>3AB64>:
A<&*+*)$9;+&%F0*)&:()0*+)<0+'"%'0D)$(.+90F0."D#0%)+
"2+ (%+ ($)"#()09+ D('T(:&%:+ D5"'0**+ $*09+ 2"5+
)<0+ D5"9$')&"%+ "2+ )&.0*+ >;+ K(.#(%%+ f0..(P+ (+ ."'(.+
#(%$2(')$5&%:+'"#D(%;Q+A<0+'$550%)+*;*)0#+50.&0*+
*&:%&3'(%).;+ "%+ )<0+ <$#(%+ "D05()"5+ 2"5+ &%*D0')&"%+
(%9+D(..0)&o&%:+"2+ )<0+ )&.0*Q+ +4".."?&%:+ )<&*P+ *0F05(.+
'"%'0D)*+ 2"5+($)"#()&'+D('T(:&%:+?050+:0%05()09+
?&)<+(+2"'$*+"%+X0Z&>&.&);+'"%'0D)*+)"+'()05+2"5+)<0+
variations present in the range of tiles manufactured. 

#;>L9B62%HL9B64F9@
A<0+ D5&#(5;+ ">B0')&F0*+ "2+ )<&*+ *)$9;+ '(%+ >0+
*$##(5&o09+>;+)<0+2".."?&%:+D"&%)*\
!" The understanding of the complete current 

D5"'0**+ 2"'$*&%:+ "%+ )<0+ 3%(.+ D('T(:&%:+
process,

!" A<0+ &90%)&3'()&"%+ "2+ D"**&>.0+ ?(*)0*+ &%+ )<0+
current process, and

!" The investigation of potential technological 
*;*)0#*+ (%9+ D5"'0**+ 0%:&%005&%:+ #0)<"9*+
available to automate this process.  

#;>L9B62"96=>3>8>549@
4.0Z&>&.&);+&%+D5"9$')&"%+'"$.9+>0+:(&%09+>;+)<0+$*0+
"2+ 50'"%3:$5(>.0+ *;*)0#*+ (%9+ D5"9$')*+ )":0)<05+
?&)<+ )<0+ "D)&"%+ 2"5+ X0Z&>.0+ *;*)0#*Q+ A<0*0+ &%+ )$5%+
should result in a shorter change over and lead 
)&#0*+(')&%:+(*+(%+(%*?05+ )"+ )<0+'<(%:&%:+#(5T0)+
*&)$()&"%+ >0&%:+ 2('09+ %"?(9(;*Q+ =%+ (+ D5"9$')&"%+
environment it is of utmost importance that the 
end effectors are designed well since most of the 
9&23'$.)&0*+(5&*0+ 25"#+)<0#+(%9+%")+ 25"#+)<0+ 5">")+
&)*0.2+ WQ+ +-+:5&DD05+ '"%'0D)+?(*+:0%05()09+ 2"5+ )<0+
50Y$&509+ (DD.&'()&"%P+ ?<&'<+ &*+ )"+ >0+ $*09+ 2"5+ )<0+
*)('T&%:+"2+0('<+>()'<+"2+*)5(DD09+)&.0*P+(*+?0..+(*+
2"5+)<0+(DD.&'()&"%+"2+0ZD(%909+D".;*);50%0+*<00)*+
between these batches.

A"+ ($)"#()0+ )<0+ '$550%)+ D('T(:&%:+ D5"'0**P+ 2"$5+
*)0D*+?050+90F0."D09+(*+*<"?%+&%+4&:$50+gWQ+A<0*0+
are:
!" A5(%*205+ 25"#+J5&%9&%:+8('<&%0+ )"+ =%*D0')&"%+

-50(
!" Inspection and sorting the tiles into three 

'()0:"5&0*Q+R4&5*)7'.(**P+H0'"%9*+"5+/0B0')*S
!" H)5(DD&%:
!" @(..0)&o&%:

Different concepts were generated for each of 
the above process steps.  These concepts were 
?0&:<)09+ D5&#(5&.;+ "%+ 0'"%"#&'+ '"*)P+ )0'<%&'(.+

20(*&>&.&);P+ '<(%:0"F05*+ )"+ (''"##"9()0+ D5"9$')+
F(5&(>.0*P+50.&(>&.&);+(%9+';'.0+)&#0+*"+(*+)"+90)05#&%0+
the most appropriate concept for each stage.  

Figure X1

$9@A86@27:32.B=49F9C9:6@
A<0+ 3%(.+ D5"D"*09+ '"%'0D)+ ?"$.9+ 50Y$&50+ )?"+
less operators, with these being reduced from the 
#"*)+ )&50*"#0+ (%9+ <(o(59"$*+ D5"'0**+ *)0D+ (%9+
?"$.9+ :&F0+ )<0+ D"**&>&.&);+ 2"5+ )<0*0+ "D05()"5*+ )"+
>0+ 90D.";09+ )"+ ")<05+ #"50+ *()&*2;&%:+ B">*+ ?&)<&%+
)<0+'"#D(%;Q+4&:$50+gU+*<"?*+(+'"%'0D)$(.+ )<500+
dimensional representation of the whole proposed 
*;*)0#Q+A<&*+ &*+(%+0Z)0%*&"%+ 50D.('&%:+ )<0+#(%$(.+
D('T(:&%:+*;*)0#+)"+"%0+$*&%:+(+X0Z&>.0+(DD5"('<Q

Figure X2

$9D9;9:B9@
W+iQ+i(#($'<&P+-DD.&'()&"%+(%9+0F(.$()&"%+"2+5">")*+
&%+6&**(%Q+-$)"#")&F0+8(%$2(')$5&%:+ =%)05%()&"%(.P+
W``aP+DDQ+la7bWQ

Flexible automation for a 
packaging manufacturing process
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-6A39:6R2"766=9P2.WW>?7;34
-A?9;F4@>;R20;/2.;4D2$>B=C7:
                                     
!:6;>3AB64>:
LG8+&*+(+50.()&F0.;+%0?+)0'<%".":;+?<&'<+(.."?*+)<0+
$*05+)"+>$&.9+D(5)*+"$)+"2+(+F(5&0);+"2+#()05&(.*Q+=)+ &*+
'.(**&309+(*+-99&)&F0+8(%$2(')$5&%:+?<050+D(5)*+(50+
>$&.)+$D+ 25"#+D"?905*+?<&'<+(50+*0.0')&F0.;+#0.)09+
)":0)<05+$*&%:+(+<&:<+D"?05+0.0')5"%+>0(#Q+A<0+-57
'(#+HWU+LG8+#('<&%0+50'0%).;+('Y$&509+>;+)<0+E%&7
F05*&);+?<&'<+?(*+$*09+)"+>$&.9+)<0+D(5)*+$*09+&%+)<0+
0ZD05&#0%)*+$*0*+A&c-.]f+LI=+(*+(+>$&.9&%:+#()05&(.Q+
A<0+D5">.0#+?&)<+)<&*+T&%9+"2+)0'<%".":;+&*+)<0+5"$:<+
*$52('0+)0Z)$50+?<&'<+50*$.)*+(*+(+*&9070220')+"2+)<0+
intense heat generated while building. This is most 
often undesirable and hence needs to be removed 
2"5+)<0+D(5)*+)"+>0+2$%')&"%(.Q+A<0+&90(+&*+)"+$*0+LG8+
as a near net shape process, and then use other pro7
'0**0*+ )"+ 0&)<05+ 50#"F0+ )<0+ *0#&7*&%)0509+ *$52('0+
.(;05+"5+'"()+&)Q+A<&*+'(%+>0+*00%+&%+4&:$50+WQ+K0%'0+
one ends up with a combination of processes which 
(50+>")<\+2(*)P+023'&0%)P+(%9+."?+'"*)Q

#;>L9B62%HL9B64F9@
A<0+ (&#+ "2+ )<0+ D5"B0')+?(*+ )"\+ D052"5#+ (+ .&)05()$50+
50F&0?+"%+LG8+(%9+(+ *0.0')&"%+"2+ D"*)7D5"'0**&%:+
#0)<"9*P+ D052"5#+ (%+ &%+ 90D)<+ (%(.;*&*+ "2+ )<0+ D(5)+
*$52('0+(*+D5"9$'09+>;+LG8P+(%9+>$&.9+*(#D.0+D(5)*+
)"+())0#D)+D"*)7D5"'0**&%:+$*&%:+(+F(5&0);+"2+#0)<7
"9*Q+A<0+#0)<"9*+?050+)<0%+Y$(.&)()&F0.;+'"#D(509+
(%9+5(%T09Q

#;>L9B62"96=>3>8>549@
-%+ &%F0*)&:()&"%+ "2+ )<0+ 90D)<+ "2+ )<0+ *0#&7*&%)0509+
*$52('0+ .(;05+ ?(*+ )<0+ 35*)+ 0ZD05&#0%)+ D052"5#09Q+
H(#D.0+D(5)*+?050+>$&.)+(%9+>;+ )0*)&%:P+(+F(.$0+ 2"5+
)<0+ *$52('0+ )<&'T%0**+ ?(*+ 0Z)5(')09Q+ @(5)*+ ?<050+
)<0%+ >$&.)+ ?&)<+ 9&22050%)+ )<&'T%0**0*+ (%9+ 9&22050%)+
build angles to see whether this varied the surface 
roughness. The second experiment consisted in 
>$&.9&%:+_+&90%)&'(.+*(#D.0+D(5)*+(%9+())0#D)&%:+9&27
ferent methods of post processing, one for each part. 
A<0+ D5"'0**0*+ &%F0*)&:()09+ ?<050+8&..&%:P+ A$5%&%:P+
J5&%9&%:P+ L.0')5&'+ M&*'<(5:0+8('<&%&%:+ RLM8SP+ (%9+
H$52('0+!"()&%:Q+A<0+#0)<"9*+?<050+)<0%+5(%T09+>;+
a+D(5(#0)05*\+9$5()&"%+"2+D5"'0**&%:P+*$52('0+5"$:<7
%0**+D5"9$'09P+(%9+)"".+0ZD0%*0Q+-*+(+3%(.+0ZD05&7
ment, the information obtained was used in a case 
*)$9;+)"+#('<&%0+(+D(5)+?&)<+#(%;+9&22050%)+:0"#0)7
5&'+20()$50*+)"+(+*D0'&309+*0)+"2+9&#0%*&"%*Q

$9@A86@27:32.B=49F9C9:6@
A<0+ 90D)<+ "2+ )<0+ *0#&7*&%)0509+ *$52('0+ .(;05+ ?(*+
'<0'T09+F&(+a+9&22050%)+#0)<"9*+(%9+50*$.)09+)"+>0+
_VVt#Q

A<0+ 9&22050%)+ D5"'0**0*+?050+ 5(%T09+?&)<+ LM8+()7
)(&%&%:+)<0+.(5:0*)+"F05(..+*'"50+(%9+8&..&%:+(%9+A$5%7
&%:+('<&0F&%:+*0'"%9+D.('0Q+LM8+D5"9$'09+)<0+>0*)+
*$52('0+3%&*<+>$)+A$5%&%:+)""T+)<0+.0(*)+)&#0+)"+('7
complish and had the lowest tool cost.

Figure 1 – Parts made by EBM which have been 
post-processed. 

Figure 2 – Electron beam used by EBM

Post-Processing of Electron 
Beam Melting (EBM) Parts
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-6A39:6R2"7;4L72K7;6>8>
-A?9;F4@>;R2#;>D/2`>:76=7:2*/2K>;5

!:6;>3AB64>:
K05#0)&'&);P+ '"##"%.;+ 903%09+ (*+ (+ '"%9&)&"%+ "2+
>0&%:+X$&97)&:<)P+?(*+>5"$:<)+ (>"$)+>;+ )<0+ *;*)0#+
2(&.$50*+ "2+#&.&)(5;+ 0.0')5"%&'+ 0Y$&D#0%)+ '($*09+ >;+
the ingress of moisture. From such applications, 
<05#0)&'&);+ (.*"+ 2"$%9+ &)*+ D.('0+ &%+ )<0+ '"*#0)&'*+
&%9$*)5;Q+ A<0+ %009+ 2"5+ <05#0)&'+ '"*#0)&'+ '(*0*+
arose due to the complex cosmetic formulations 
based on water, silicon and sun protections factors 
RH@4*SQ+ N<0%+ *$'<+ 2"5#$.()&"%*+ (50+ 0ZD"*09+ )"+
atmosphere or heat for a prolonged time, some 
&%:509&0%)*P+ 0*D0'&(..;+ ?()05P+ )0%9+ )"+ 0F(D"5()0Q+
LF0%)$(..;P+)<0+'"*#0)&'+>0'"#0*+>5&)).0+(%9+'5('T*Q+
-)+)<&*+D"&%)+)<0+D5"9$')+&*+*(&9+)"+<(F0+2(&.09P+*&%'0+
&)+'(%+%"+."%:05+#00)+&)+90*&509+2$%')&"%P+)<()+"2+0(*;+
(DD.&'()&"%+)"+)<0+*T&%Q

#;>L9B62%HL9B64F9@
=)+&*+50Y$&509+)"+90*&:%+(%9+)0*)+(+%$#>05+"2+(90Y$()0+
hermetic case solutions, and design alternative 
opening and closing devices. The design should be 
"%0+?<&'<+'(%+>0+0(*&.;P+023'&0%).;+(%9+0'"%"#&'(..;+
#(%$2(')$509P+ <(F&%:+ :""9+ Y$(.&);P+ )<$*+ 50Y$&50*+
(90Y$()0+ 9&#0%*&"%(.+ )".05(%'0*P+ (%+ (0*)<0)&'(..;+
D.0(*&%:+ (DD0(5(%'0+ (%9+ 3%(..;P+ *)5(&:<)+ 2"5?(59+
"D0%&%:+ (%9+ '."*&%:+ 90F&'0*P+ #(T&%:+ &)+ 0(*;+
to manufacture and simple for the customer to 
$*0Q+ K0%'0P+ )<0+ 90*&:%+ *<"$.9+ 2"'$*+ #(&%.;+ "%+
#(%$2(')$5(>&.&);P+(0*)<0)&'*+(%9+05:"%"#&'*Q

#;>L9B62"96=>3>8>549@
A"+('<&0F0+ )<0+ (>"F0+">B0')&F0*P+ &)+?(*+'"%'.$909+
that the design process structure that was going to 
>0+(DD.&09+&%+)<0+)<0*&*P+?(*+)<0+>(*&'+90*&:%+';'.0Q+
H"+ 35*)P+ (+ D5">.0#+ (%(.;*&*+ ?(*+ '(55&09+ "$)P+ *$'<+
that a number of problems could be outlined and 
$%905*)""9Q+ A<0%+ (+ @5"9$')+ M0*&:%+ HD0'&3'()&"%+
list was set up to ensure that the concept proposed 
&%+ )<0+90*&:%+D<(*0+*()&*30*+ )<0+90*&509+ 2$%')&"%*Q+
60Z)P+&%+)<0+*".$)&"%+*;%)<0*&*P+(+%$#>05+"2+#0)<"9*+
used to develop provisional designs, such as the 
H!-8@L/P+?<050+ (DD.&09Q+ 45"#+ )<0*0+ )0'<%&Y$0*P+
a number of hermetic solution concepts and various 
opening and closing device concepts, were obtained 
(%9+(%(.;*09+)"+>0+(>.0+)"+&90%)&2;+)<0+>0*)+*".$)&"%*Q+
A<0502"50P+ D5")");D0*+ ?050+ 90*&:%09P+ '"%*)5$')09+
(%9+ )0*)09Q+ A"+ >0+ (>.0+ )"+ )0*)+ 2"5+ <05#0)&'&);P+ (+
?0&:<)+."**+)0*)+?(*+D052"5#09+"%+0('<+D5")");D0+>;+
3..&%:+)<0+D5")");D0*+?&)<+?()05+*"(T09+*D"%:0*+(%9+
then sealed, to be placed in a heating chamber at 
_V|!+2"5+W]+9(;*Q+M$5&%:+)<&*+D05&"9P+?0&:<)+50(9&%:*+
were recorded and tabulated. From the results, it was 

'"%'.$909+ )<()+#(&%.;+ )?"+"2+ )<0+ )<500+D5")");D0*P+
D052"5#09+ '"550').;Q+ 1%'0+ )0*)&%:+ ?(*+ '"#D.0)09P+
(%+ 0F(.$()&"%+ 25"#+ F(5&"$*+ (*D0')*P+ 0*D0'&(..;+
#(%$2(')$5(>&.&);P+ (0*)<0)&'*+ (%9+ 05:"%"#&'*+ ?(*+
D052"5#09+ )"+ >0+ (>.0+ )"+ 90*&:%+ )<0+ 3%(.+ <05#0)&'+
'(*0+90*&:%+*".$)&"%+&%'.$9&%:+)<0+.()'<+);D0+"D0%&%:+
(%9+'."*&%:+90F&'0Q+H0F05(.+&#D5"F0#0%)*P+0*D0'&(..;+
from the aesthetics point of view, where made to 
)<0+ 3%(.+ ?"5T&%:+ 90*&:%+ D5&%'&D.0+ *<"?%+ &%+ 4&:$50+
WQ+1)<05+.()'<+90*&:%*+?050+D5"F&909+)"+&#D5"F0+)<0+
aesthetics of the opening and closing device shown.  

Figure 1: Final Working Design Principle

/0*$.)*+(%9+-'<&0F0#0%)*
45"#+ )<0+ ?"5T+ '(55&09+ "$)P+ (+ <05#0)&'+ '"*#0)&'+
'(*0+ *".$)&"%+ ?&)<+ (+ D5"."%:09+ *<0.27.&20P+ >0)?00%+
WU+ )"+ Wb+ #"%)<*P+ ?(*+ ('<&0F09Q+ A<0+ 90*&:%+ '(%+
be considered as being successful in terms of 
<05#0)&'&);P+ #(%$2(')$5(>&.&);P+ (0*)<0)&'*+ (%9+ (.*"+
05:"%"#&'*P+ #(T&%:+ &)+ (+ *$''0**2$.+ 0F0%+ 25"#+ )<0+
#(5T0)(>&.&);+D"&%)+"2+F&0?Q
/02050%'0*

Development of Novel ‘Hermetic Cosmetic Cases’ 
Opening and Closing Devices
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!:6;>3AB64>:
!"%'$550%)+ L%:&%005&%:+ R!LS+ 0#D<(*&*0*+ "%+ )<0+
*;*)0#()&'+ ?"5T+ *)5$')$5&%:+ (%9+ D(5(..0.+ 0Z0'$)&"%+
"2+ 90'"#D"*09+ 90F0."D#0%)+ )(*T*P+ >(*09+ "%+ )<0+
premise that the overall product development time 
&*+'"%90%*09+W

K"?0F05P+ *$''0**2$.+ (''"#D.&*<#0%)+ "2+ !L+ &*+
#(90+ D"**&>.0+ )<5"$:<+ )<0+ 0ZD."&)()&"%+ "2+ #$.)&7
9&*'&D.&%(5;+)0(#*+)<5"$:<+?<&'<+0ZD05)+'(D(>&.&)&0*+
(50+ '"#>&%09+ )"+ ('<&0F0+ 50*$.)*+ :50()05+ )<(%+ (%;+
&%9&F&9$(.+ )0(#7#0#>05+ 022"5)Q+ A<0+ '(D(>&.&);+ "2+
'"##$%&'()&%:+ &%*)(%)(%0"$*.;+ ?&)<+ 0('<+ ")<05+
(%9+ (''0**+ (%9+ *<(50+ T%"?.09:0(>.0+ &%2"5#()&"%+
&%+(+25007X"?+#(%%05P+$%&#D0909+>;+"5:(%&*()&"%(.+
>(55&05*+"5+ &%'"#D()&>.0+)0'<%".":;+ &*+ &#D05()&F0+)"+
)<&*+D<&."*"D<;Q

H()&*2(')"5&.;+(''"#D.&*<&%:+)<0+&#D.0#0%)()&"%+"2+(+
!L+(DD5"('<+ 50Y$&50*+(+'.0(5+$%905*)(%9&%:+"2+ )<0+
existing practices for product development within the 
"5:(%&o()&"%+ 25"#+(+!L+D05*D0')&F0+WQ+A<0+2"'$*+"2+
this thesis is on the need for an assessment that can 
aid management for such a transformation. 

#;>L9B62%HL9B64F9@
G0&%:+(%+&%9$*)5;+>(*09+D5"B0')P+)<&*+)<0*&*+0#>5('0*+
)?"+D5&%'&D(.+">B0')&F0*Q

A<0+ -'(90#&'+ 1>B0')&F0\+ A"+ 90F0."DP+ (%9+ F05&2;+
(%+ (#(.:(#()09+ #0)<"9".":;+ )"+ (**0**+ )<0+
#()$5&);+(%9+50(9&%0**+"2+ &%9$*)5;+ 2"5+(+!"%'$550%)+
Engineering approach within the boundaries of the 
product development process. 

Figure 1 - The MRACE Model

A<0+ =%9$*)5&(.+ 1>B0')&F0\+ A"+ 90)05#&%0+ D5(')&'(>.0+
recommendations to support the implementation of 

!"%'$550%)+L%:&%005&%:+>;+#0(%*+"2+ (DD.&'()&"%+"2+
the developed assessment tool.

#;>L9B62"96=>3>8>549@
A<0+($)<"5+<(*+90F0."D09+(%+(**0**#0%)+)"".+7+)<0+
8"9&309+ /0(9&%0**+ -**0**#0%)+ 2"5+ !"%'$550%)+
L%:&%005&%:+R8/-!LS+7+)"+(**&*)+!L+&#D.0#0%)05*+&%+
&90%)&2;&%:+)<0+>(55&05*+(%9+D5&"5&)&o&%:+50'"##0%909+
&#D.0#0%)()&"%+ (')&"%*Q+ 4$5)<05#"50P+ 8/-!L+ &*+
(DD.&09+ ()+ 80)<"90+ L.0')5"%&'*+ 8(.)(+ I)9Q+ R8L8+
I)9QSP+ (+ ."'(.+ #(%$2(')$5&%:+ 35#P+ &%+ (%+ 022"5)+ )"+
F(.&9()0+ )<0+ )"".Q+ H$''0**2$.+ !L+ &#D.0#0%)()&"%+
50Y$&50*+ )<0+ '"##&)#0%)+ "2+ )<0+ #(%(:05&(.+ (%9+
)0'<%&'(.+*)(22Q+=%9009P+)<0+?"59+m50(9&%0**n+'"%F0;*+
>")<+?&..&%:%0**+(*+?0..+(*+'(D(>&.&);+UQ+

$9@A86@27:32.B=49F9C9:6@
-2)05+ '"#D.0)&%:+ )<0+ (DD.&'()&"%+ "2+ 8/-!L+ ()+
8L8+I)9QP+ )<0+ ($)<"5+ 905&F09+ (+ *05&0*+ "2+ &90%)&309+
>")).0%0'T*+ '"%25"%)09+ ?&)<&%+ '$550%)+ D5"'09$50*+
25"#+ (+ !L+ *)(%9D"&%)Q+ A<0*0+ (50+ Y$(.&)()&F0.;+
D50*0%)09+ "%+ )<0+ 8/-!L+#"90.P+ (*+ *<"?%+ &%+ 4&:+
WP+ ?<&'<+ &..$*)5()0*+ %&%0+ !L+ 9&#0%*&"%*+ (%9+ 3F0+
respective levels representing the degree to which 
0('<+9&#0%*&"%+&*+*()&*309Q
 
Through this model a number of recommended 
actions were drawn and presented to top management 
()+ 8L8+ I)9QP+ (*+ *$::0*)09+ #0(%*+ "2+ "F05'"#&%:+
)<0+&90%)&309+>(55&05*+)"+!L+&#D.0#0%)()&"%Q+f(.&9&);+
of the suggested recommendations was obtained 
through theoretical and methodical sustenance 
>(*09+"%+D50F&"$*+?"5T*Q+-99&)&"%(..;P+)<0+D05'0&F09+
appropriateness and impact of each recommendation 
>;+ D5"9$')+ 90F0."D#0%)+ )"D+ #(%(:0#0%)+ ?(*+
9"'$#0%)09Q+A<0+">B0')&F0*+"2+)<&*+)<0*&*+?050+)<$*+
2$.3..09Q+8/-!L+D5"F&90*+ &%9$*)5;+?&)<+(+#0(%*+ )"+
gain detailed insight into current procedures and 
&90%)&2;+ *$&)(>.0+ &#D5"F0#0%)+ (50(*+ )"+ (**&*)+ !L+
implementation.

$9D9;9:B9@
W+ J(%(D()<;+ pQ+ 0)+ (.QP+ m-+ K&05(5'<&'(.+ H;*)0#+ "2+
@052"5#(%'0+80(*$50*+2"5+!"%'$550%)+L%:&%005&%:Pn+
!"%'$550%)+L%:&%0005&%:\+/0*0(5'<+(%9+-DD.&'()&"%*P+
j(%$(5;+W``lP+F".Q+_P+DDQ+Wal7W]aQ
U+@5(*(9+GQP+z!"%'$550%)+L%:&%005&%:+4$%9(#0%)(.*\+
=%)0:5()09+ @5"9$')+ (%9+ @5"'0**+ 15:(%&o()&"%eP+
@50%)&'07K(..+@A/P+60?+j05*0;P+EH-P+W``cQ

A Concurrent Engineering 
Approach to Product Development
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!:6;>3AB64>:
A<050+ &*+ '"%)&%$"$*+ 50*0(5'<+ &%+ )"9(;e*+ &%9$*)5;+
.0(9&%:+ )"+ )<0+ Y$&'T0*)+ D"**&>.0+ D5"'0**0*P+ ?<&.*)+
">)(&%&%:+)<0+>0*)+Y$(.&);+3%&*<Q+L.0')5&'(.+M&*'<(5:0+
8('<&%&%:+ RLM8S+ &*+ "%0+ *$'<+ &#D"5)(%)+ );D0+
"2+ #('<&%05;+ &%+ &%9$*)5;Q+ -+ %$#>05+ "2+ 50*0(5'<+
?"5T*+ <(F0+ (.50(9;+ >00%+ '(55&09+ "$)P+ ?&)<+ )<0+ (&#+
"2+ &%'50(*&%:+ )<0+ 023'&0%';+ "2+ )<0+ *D(5TP+ (*+ ?0..+
as experimenting on ideas, to further improve the 
D5"'0**Q+ 6"?(9(;*P+ !6!+ LM8*+ 509$'0+ )<0+ )&#0+
for programming as well as increase the amount of 
variable parameters and settings that can be carried 
out. This further improves the output results, including 
(+ >0))05+ 3%&*<09+ *$52('0+ "%+ )<0+ ?"5T+ D&0'0*P+ (%+
increase in the material removal rate and a decrease 
&%+)<0+0.0')5"90+?0(5Q+W

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+?(*+)"+50*0(5'<+(%9+&%F0*)&:()0+
)<0+ 0220')+ "2+ )<0+ D0(T+ '$550%)P+ "%7)&#0P+ "227)&#0P+
D".(5&);P+ (%9+ (+ %$#>05+ "2+ #('<&%0+ '&5'$&)+ *0))&%:*+
RK@h@@h!SP+"2+)<0+H"9&'T+-@aI+LM8+#('<&%0+2"$%9+
()+)<0+E%&F05*&);+"2+8(.)(P+(%9+)<0&5+0220')P+0*D0'&(..;+
&%+ '"%%0')&"%+ )"+ HF05T05UW+ R-=H=+ MUS+ (%9+ 15F(5+
H$D50#0+R-=H=+KWaS+?<&'<+(50+$*09+(*+#"$.9*+(%9+
9&0*Q+ -+ %$#>05+ "2+ "$)D$)+ 9()(+ ?(*+ )<0%+ $*09+ )"+
*)$9;+ (+ %$#>05+ "2+ (*D0')*P+ &%'.$9&%:+ )<0+ #()05&(.+
50#"F(.+ 5()0P+ )<0+*$52('0+ &%)0:5&);P+(%9+9&#0%*&"%(.+
inaccuracies.

#;>L9B62"96=>3>8>549@
-+ )")(.+ "2+ ]+ 5"$:<0%&%:+ (%9+ b+ 3%&*<&%:+ )5&(.*+ ?050+
2"5#$.()09+ 2"5+ >")<+ #()05&(.*P+ >;+ #(T&%:+ $*0+ "2+
the Taguchi approach. This approach in the design 
of experiments helps in reducing the number of 
experiments to be carried out, and in the same time 
*)&..+ ">)(&%&%:+ )<0+ 50Y$&509+ &%2"5#()&"%P+ )<0502"50+
eliminating the need of a full factorial approach. 
A<0+0ZD05&#0%)*+?050+'(55&09+"$)+?&)<+(+U_ZU_##+
"Z;:0%+2500+'"DD05+0.0')5"90+)"+2"5#+(+UcZUcZU##+
'(F&);Q

$9@A86@27:32.B=49F9C9:6@
The data gathered was then evaluated or used to 
'(.'$.()0+ 2$5)<05+ 50*$.)*Q+ A"+ <0.D+ (%(.;*0+ >0))05+
certain results obtained, the statistical software 
C$(.&)0T7]+?(*+$*09+ )"+'(.'$.()0+ )<0+Hh6+ 5()&"+(%9+
:0%05()0+:5(D<*+)"+&%F0*)&:()0+?<&'<+2(')"5*+#"*).;+
(220')+ '05)(&%+ "$)D$)+ D(5(#0)05*Q+ 4&:$50*+ W+ (%9+ U+
represent images of the surface for roughening and 
3%&*<&%:+D5"'0**0*+50*D0')&F0.;Q
H"#0+"2+ )<0+#(&%+ '"%'.$*&"%*P+ (*+ 25"#+ )<0+ 50*$.)*+

obtained, are as follows:
!" A<0+&%'50(*0+&%+D0(T+'$550%)+.0(9*+)"+(%+&%'50(*0+

&%+ )<0+ #()05&(.+ 50#"F(.+ 5()0P+ )<0+ ?<&)0+ .(;05+
)<&'T%0**+(%9+(#"$%)+"2+*$52('0+'5('T*P+?<&.0+
a decrease in the amount of surface roughness.

!" A<0+ &%'50(*0+ &%+ 1%7)&#0+ (%9+ 1227)&#0+ 50*$.)*+
in a decrease in material removal rate, and an 
&%'50(*0+&%+*$52('0+5"$:<%0**+(%9+?<&)0+ .(;05P+
9$5&%:+)<0+3%&*<&%:+D5"'0**Q

!" K@h@@h!+(%9+0.0')5"90+D".(5&);+<(9+(+."?+0220')+
on the output parameters except for the surface 
5"$:<%0**P+ ?<&'<+ ?(*+ <&:<.;+ 0220')09+ >;+ )<0+
K@h@@h!Q

-.)<"$:<+ (+ %$#>05+ "2+ &#D"5)(%)+ D(5(#0)05*+ <(F0+
>00%+&%F0*)&:()09+9$5&%:+)<&*+D5"B0')P+)<050+(50+")<05+
D(5(#0)05*P+ ?<&'<+ #(;+ (.*"+ (220')+ *$'<+ "$)D$)+
D(5(#0)05*P+ .&T0+ 2"5+ 0Z(#D.0+ #"90+ "2+ 0.0')5"90+
orbiting.

Figure 1: 20X Sverker21 surface obtained 
with high peak current, on-time and off-time

Figure 2: 100X Sverker21 surface obtained 
with low peak current, on-time and off-time

$9D9;9:B9@
8Q+HQ+@"D(P+JQ+!"%)&$P+MQ+@50B(P+JQ+@"D+(%9+-Q+A5&.(P+
mL.0')5&'+ M&*'<(5:0+ 8('<&%&%:+ @5"'0**+ !"%)5".Pn+
-%%(.*+"2+M---8+2"5+UVV`+,+@5"'009&%:*+"2+)<0+UV)<+
=%)05%()&"%(.+M---8+H;#D"*&$#P+F".Q+UVP+%"Q+WP+DDQ+
abW7abUP+UVV`Q

Machining of Dies and Moulds 
by Electrical Discharge Machining
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!:6;>3AB64>:
@50*0%).;+'"#D(%&0*+'(%+%"+."%:05+'"#D0)0+*&#D.;+
"%+ )0'<%".":;P+ #(&%.;+ >0'($*0+ #(%;+ (50+ 2('&%:+
'"#D0)&)"5*+)<()+(50+0Y$(.+&%+)0'<%&'(.+0ZD05)&*0Q++=)+&*+
%"+."%:05+*$23'&0%)+2"5+(+D5"9$')+)"+2$%')&"%+D5"D05.;P+
>0+$*(>.0+(%9+023'&0%)+"5+<(F0+(0*)<0)&'+(DD0(.P+>$)+
it also has to provide positive emotional responses 
such as pleasure, inspiration, desire, positive 
surprise, etc. Design for emotions (DFe) is being seen 
as a determining factor in the success of a product 
(%9+D.0(*$5(>.0+D5"9$')*+(*+(+T0;+'"%)5&>$)"5+)"+)<0+
'"#D0)&)&F0+(9F(%)(:0+"2+(+35#Q

#;>L9B62%HL9B64F9@
The main aim was to develop a database which relates 
emotions to product features with the introduction 
"2+ >5(%9&%:+ ?<&'<+ >('T*+ (+ 25(#0?"5T+ )"+ 0%<(%'0+
0#")&"%(.+F(.$0+"2+(+D5"9$')+()+)<0+D5&#(5;+*)(:0*+"2+
90*&:%Q++1)<05+">B0')&F0*+&%'.$909+)<0+90F0."D#0%)+
of another database which relates emotions to 
product features to the French population.

#;>L9B62"96=>3>8>549@
-+ .&)05()$50+ 50F&0?+?(*+'(55&09+"$)+"%+ )<0+ *)()07"27
)<07(5)+M0*&:%+2"5+L#")&"%+*$DD"5)Q++f(5&"$*+#0(%*+
"2+#0(*$5&%:+0#")&"%*+?050+2"$%9+(%9+(+%"%7F05>(.+
&%*)5$#0%)+d+L#"'(59*+?(*+$*09+ &%+ )<&*+D5"B0')+(*+
*<"?%+&%+4&:$50+WQ++

Figure 1: Emocards and eight emotion 
categories, reproduced from 1

L#"'(59*+?050+$*09+&%+)<0+Y$0*)&"%%(&50+)"+90F0."D+
)<0+0#")&"%(.+T%"?.09:0+9()(>(*0Q++A<0+(&#+"2+)<0+
Y$0*)&"%%(&50+?(*+ )"+(%(.;*0+ )<0+0#")&"%*+ )<()+(50+
0.&'&)09+ )"?(59*+ D5"9$')+ 20()$50*+ (%9+ )"+ (%(.;*0+
whether there is an association between branded 
D5"9$')*+(%9+%"%7>5(%909+D5"9$')*+?&)<+0#")&"%*Q++
-..+ )<&*+ ?(*+ D(5)+ "2+ (+ 25(#0?"5T+ 90F0."D#0%)+ )"+
*$DD"5)+50(.7)&#0+:$&9(%'0+)"+90*&:%05*+)"+0%<(%'0+
the emotional content of a product.  The same 
Y$0*)&"%%(&50+ ?(*+ 9&*)5&>$)09+ &%+ 45(%'0+ )"+ (%(.;*0+
'5"**7'$.)$50*+>0)?00%+)<0+8(.)0*0+D"D$.()&"%+(%9+
)<0+ 450%'<Q+ + G(*09+ "%+ )<0+ 25(#0?"5T+ 90F0."D09+
(+ D5""27"27'"%'0D)+ )"".+ d+ M40+ -**&*)(%)+ ?(*+
90F0."D09+$*&%:+f&*$(.+G(*&'+2"5+-DD.&'()&"%*+d+fG-+
and implemented so that designers can produce 
0#")&"%(.+F(.$0+(9909+D5"9$')*+()+)<0+0(5.;+*)(:0*+
"2+ )<0+90*&:%+D5"'0**Q+ + A<0+ )"".+?(*+ 0F(.$()09+>;+
);D&'(.+0%97$*05*+&%+&%9$*)5;+(%9+(.*"+>;+2$)$50+0%97
users.

$9@A86@27:32.B=49F9C9:6@
/0*$.)*+ <(F0+ *<"?%+ )<()+ )<0+ 0#")&"%(.+ 9()(>(*0+
50Y$&509+*#(..+$D9()0*Q++A<0+*)()&*)&'(.+(%(.;*&*+<(F0+
shown that for no curvatures in the product negative 
0#")&"%*+ (50+ 0.&'&)09+ 2"5+ *)(T0<".905*+ )<()+ (50+
;"$%:05+)<(%+a_+;0(5*+".9+(%9+D"*&)&F0+0#")&"%*+)"+
*)(T0<".905*+(:09+"F05+a_Q++A<0+(%(.;*&*+"2+>5(%9&%:+
&%+)<&*+D5"B0')+<(*+.09+)"+)<0+'"%'.$*&"%+)<()+)<050+&*+(+
*)5"%:+(**"'&()&"%+>0)?00%+>5(%9&%:+(%9+0#")&"%*[+
<0%'0+)<&*+?(*+&#D.0#0%)09+&%+)<0+M40+-**&*)(%)+*"+
)<()+90*&:%05*+'(%+)(T0+>5(%9&%:+&%)"+'"%*&905()&"%+
?<&.*)+90*&:%&%:Q++A<0+M40+-**&*)(%)+D50*0%)09+&%+)<0+
9&**05)()&"%+ :&F0*+ )<0+ "DD"5)$%&);+ 2"5+ 90*&:%05*+ )"+
innovate products having emotional value added.  DFe 
-**&*)(%)*e+ &%)$&)&F0+ :5(D<&'(.+ $*05+ &%)052('0+#(T0*+
)<0+)"".+2"5+90*&:%05*+0(*;+)"+$%905*)(%9+(%9+0(*;+)"+
$*0Q++A<0+0F(.$()&"%+"2+)<0+)"".+?(*+F05;+*()&*2(')"5;P+
(%9+)<0+0F(.$()"5*+?050+D.0(*09+?&)<+M40+-**&*)(%)+
whilst highlighting various improvements for the tool 
and the branding section to increase its potential in 
the future.

$9D9;9:B9@
W+@Q+8Q+-Q+M0*#0)P+m80(*$5&%:+0#")&"%*[+90F0."D#0%)+
and application of an instrument to measure 
0#")&"%(.+50*D"%*0*+)"+D5"9$')*Pn+&%+4$%".":;\+25"#+
$*(>&.&);+)"+0%B";#0%)P+8Q+-Q+G.;)<0P+0)+(.QP+L9*QP+09+
M"5950'<)\+ p.$?05+ -'(90#&'+ @$>.&*<05*P+ UVVaP+ DDQ+
WWW+7+WUaQ

Towards An Emotion-based CAD 
Tool Supporting Product Branding
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!:6;>3AB64>:
A<&*+ D5"B0')P+ &%+ '"..(>"5()&"%+ ?&)<+ (+ ."'(.+
#(%$2(')$5&%:+'"#D(%;P+A50..0>"5:+H0(.&%:+H".$)&"%+
8(.)(P+ (%(.;*0*+ &**$0*+ 50.()09+ )"+ )<0+ #()05&(.+ (%9+
D5"'0**+X"?+"2+)<0+D5"9$')&"%+"2+f75&%:*+?<&'<+?(*+
50'0%).;+50."'()09+25"#+H?090%+)"+8(.)(Q+zA50..0>"5:+
is a global engineering group whose leading positions 
(50+>(*09+"%+(9F(%'09+D".;#05+)0'<%".":;+(%9+&%7
90D)<+ (DD.&'()&"%*+ T%"?7<"?Q+ A<0;+ 90F0."D+ <&:<7
performance solutions that seal, damp and protect in 
90#(%9&%:+&%9$*)5&(.+0%F&5"%#0%)*QeW+

#;>L9B62%HL9B64F9@
j$*)+ .&T0+(%;+")<05+#(%$2(')$5&%:+D.(%)P+ )<0+:"(.+"2+
A50..0>"5:+ &*+ )"+D5"9$'0+o05"+9020')*+D5"9$')*+(%9+
D5"F&90+ &)*+ '$*)"#05*+ ?&)<+ '"*)70220')&F0+ *0(.&%:+
solutions to compete with other competitors. To do 
*"P+(..+?(*)0+(%9+%"%7F(.$0+(99&%:+(')&F&)&0*+<(F0+)"+
>0+0.&#&%()09+?<&.0+&%'50(*&%:+)<0+Y$(.&);Q
A<0+(&#*+"2+)<0+D5"B0')+(50[+
!" A"+(%(.;*0+ )<0+'$550%)+D5"9$')&"%+X"?+ 25"#+(+

lean perspective 
!" To see where waste is being generated 
!" !"#0+$D+?&)<+%0'0**(5;+&#D5"F0#0%)*+)"+#(T0+

)<0+D5"'0**+#"50+.0(%+(%9+D5"9$'0+o05"+9020')+
Y$(.&);+

!" -%(.;*0+ (%9+ 0F(.$()0+ )<0+ D5"D"*09+
improvements 

!" =90%)&2;+(50(*+?<&'<+50Y$&50+2$5)<05+*)$9;Q

#;>L9B62"96=>3>8>549@
A<&*+ D5"B0')+ &90%)&30*+ ?(*)02$.+ (')&F&)&0*+ &%+ )<0+
D5"9$')&"%+ f75&%:*+ ()+ A50..0>"5:+ H0(.&%:+ H".$)&"%*+
8(.)(+ (%9+D5"D"*0*+ F(5&"$*+ "D)&"%*+ )"+ 509$'0+ )<&*+
waste. The following steps were carried out during 
)<0+&#D.0#0%)()&"%+"2+)<0+D5"B0')\
!" I&)05()$50+ 50F&0?+ &%+ "5905+ )"+ 90F0."D+ (+ 900D+

$%905*)(%9&%:+ "2+ 50.0F(%)+ N"5.9+ !.(**+
!"#D0)&)&F0+8(%$2(')$5&%:+#0)<"9".":&0*

!" A<0+50'0%).;+)5(%*205509+#(%$2(')$5&%:+$%&)+(%9+
&)*+'$550%)+*)()0+?050+(%(.;*09

!" A<0+:0%05()&"%+"2+?(*)0+?(*+&90%)&309
!" -+ *0)+ "2+ %0'0**(5;+ &#D5"F0#0%)*+ 50Y$&509+

)"+ #(T0+ )<0+ #(%$2(')$5&%:+ *;*)0#+ #"50+
'"#D0)&)&F0+ &%+ )05#*+ "2+ Y$(.&);P+ '"*)+ (%9+
90.&F05;+D052"5#(%'0+>;+0.&#&%()&%:+?(*)0+?050+
&90%)&309

!" The improvements were implemented and the 
proposed future state was achieved

!" -+ '"#D(5&*"%+ >0)?00%+ )<0+ '$550%)+ (%9+ 2$)$50+
state was done

$9@A86@27:32.B=49F9C9:6@
H0F05(.+.0(%+)"".*+*$'<+(*+_HP+A@8+(%9+f(.$0+H)50(#+
8(DD&%:+ ?050+ $*09+ )"+ &#D5"F0+ )<0+ D5"9$')&"%+
D5"'0**+"2+f75&%:*Q+1%+9"&%:+*"+D5"9$')+Y$(.&);+(%9+
90.&F05;+)&#0+?050+&#D5"F09Q+A<0+&#D.0#0%)()&"%+"2+
(+%0?+'5;":0%&'+#('<&%0+?(*+D5"D"*09+&%+"5905+)"+
reduce the processing lead time.

$9D9;9:B9@
+W+A50..0>"5:+-GQ+RUVWUP+8(;SP+A50..0>"5:P+"%7.&%0Q+
-F(&.(>.0\+ <))D\hh???Q)50..0>"5:Q'"#h0%hA<07J5"$Dh
->"$)71$57J5"$Dh

Title – Manufacturing Cell Improvements At 
Trelleborg Sealing Solutions (Malta)
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!:6;>3AB64>:
M$5&%:+ )<&*+ D5"B0')+ (%+ (5)&3'&(.+ 5&>+ &#D.(%)+ ?(*+
90*&:%09+ )"+ (''"##"9()0+ D()&0%)*+ )<()+ 50Y$&50+
'<0*)+?(..+50'"%*)5$')&"%+*$5:05;+9$0+)"+5&>+50#"F(.Q+
/&>+50#"F(.+&*+$*$(..;+(**"'&()09+?&)<+0&)<05+'(%'05+
at the ribs or chest wall invasion as a result of lung 
cancer.

#;>L9B62%HL9B64F9@2
A<0+(&#+"2+)<&*+D5"B0')+?(*+)"+'"%*)5$')+(+50F".$)&"%(5;+
(5)&3'&(.+5&>+&#D.(%)P+?<&'<+'"$.9+>0+0(*&.;+$*09+(%9+
#(%$2(')$509Q+8"50"F05P+ )<&*+ D5"*)<0)&'+ 5&>+ *<"$.9+
(.*"+"2205+(%+0Z'0..0%)+3Z()&"%+)"+)<0+%()&F0+>"%0+(%9+
*<"$.9+>0+0(*&.;+*<(D09+)"+#&#&'+)<0+'<0*)+'"%)"$5Q

#;>L9B62"96=>3>8>549@
A<&*+ D5"B0')+ 2".."?*+ )<0+ >(*&'+ 90*&:%+ ';'.0+
#0)<"9".":;Q+ =%+ )<0+ &%&)&(.+ *)(:0*+ "2+ )<0+ D5"B0')+ (+
meeting was set up with two senior cardiothoracic 
*$5:0"%*+()+8()05+M0&+<"*D&)(.+(*+)"+0F(.$()0+?<()+&*+
)<0+'$550%)+D5"'09$50+()+8()05+M0&+<"*D&)(.Q+4".."?&%:+
this stage was an exploration research which was 
'(55&09+"$)+>;+#0(%*+"2+(+Y$0*)&"%%(&50+&%+?<&'<+)<0+
surgeons highlighted the most important properties 
)<()+ (%+ (5)&3'&(.+ 5&>+ &#D.(%)+ *<"$.9+ D"**0**Q+ A<0+
&%2"5#()&"%+:()<0509+25"#+)<&*+Y$0*)&"%%(&50+D5"F09+
to be of outmost importance in order to better 
$%905*)(%9+?<()+)<0+50Y$&50#0%)*+"2+)<0+D5"9$')+(50Q+
H0F05(.+ 90*&:%+ )"".*+?050+ $*09+ &%+ "5905+ )"+ )5;+ (%9+
capture as much different ideas as possible. In total 
l+&%%"F()&F0+'"%'0D)$(.+90*&:%*+?050+'50()09Q+-..+)<0+
design concepts were presented during a meeting 
?&)<+ )<0+ '(59&('+ *$5:0"%*+ ()+ 8()05+ M0&+ <"*D&)(.P+
9$5&%:+ )<&*+*0**&"%+ )<0+'"%'0D)*+?050+#0)&'$."$*.;+
evaluated. The best concept was chosen from this 
*0**&"%+(%9+(%+-GH+D5")");D0+"2+ )<&*+'"%'0D)+?(*+
'50()09+ >;+#0(%*+ "2+ (+ 5(D&9+ D5")");D&%:+#('<&%0Q+
-2)05+ )<()+ )<0+ #"90.+ ?(*+ '50()09+ (%")<05+ #00)&%:+
?(*+*0)$D+)"+5070F(.$()0+)<0+#"90.+>02"50+(%+(')$(.+
)&)(%&$#+D5")");D0+?(*+>$&.)Q

During this evaluation some suggestions were given 
)"+ 2$5)<05+ 0%<(%'0+ )<0+ 90*&:%Q+ -2)05+ *"#0+ *.&:<)+
'<(%:0*+ ?050+ 9"%0+ )"+ )<0+ !-M+ #"90.+ (+ )&)(%&$#+
D5")");D0+?(*+'50()09+>;+#0(%*+"2+(%+LG8+#('<&%0Q+
4".."?&%:+ )<0+ '50()&"%+ "2+ )<0+ )&)(%&$#+ D5")");D0+ (+
3%(.+#00)&%:+?(*+*0)$D+)"+0F(.$()0+)<0+0%9+D5"9$')+
but this time all the cardiac surgeons were present. 
M$5&%:+ )<0+0F(.$()&"%+ )<0+D5")");D0+?(*+3)+ )"+(+ 2$..+
*&o0+*T0.0)"%+#"90.+)"+(**0**+)<0+0%9+50*$.)Q+

$9@A86@27:32.B=49F9C9:6@
-..+)<0+*0%&"5+'(59&")<"5('&'+*$5:0"%*+?050+*()&*309+
?&)<+ )<0+0%9+50*$.)P+(%9+*$5D5&*09+?&)<+ )<0+0(*0+>;+
?<&'<+)<0+90F&'0+?(*+())('<09+)"+)<0+*T0.0)"%Q+A<&*+
being said it would have been better practice if the 
device was made from a titanium sheet since this will 
D5"#")0+#(..0(>&.&);+(%9+'5&#D&%:+)<0+90F&'0+?"$.9+
have been easier.

Figure 1: Basic Design Cycle

Figure 2: EBM Process http://www.fastebm.eu/

6+*,UH,-.$X,Q$+0O.-H0F0&*$(),&L$
additive manufacturing
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!:6;>3AB64>:
m4(&.$50+ #"90+ (%9+ 0220')*+ (%(.;*&*+ R48L-S+ &*+ (%+
0%:&%005&%:+ )0'<%&Y$0+ $*09+ )"+ 903%0P+ &90%)&2;P+ (%9+
0.&#&%()0+ T%"?%+ (%9h"5+ D")0%)&(.+ D5">.0#*P+ 055"5*P+
(%9+*"+2"5)<+25"#+)<0+*;*)0#P+90*&:%P+D5"'0**P+(%9h
"5+*05F&'0+>02"50+)<0;+50('<+)<0+'$*)"#05n+WQ+=H1hAH+
Wc`]`P+ )<0+($)"#")&F0+Y$(.&);+#(%(:0#0%)+ *;*)0#+
*)(%9(59P+#(%9()0*+)<0+$*0+"2+3F0+'"50+Y$(.&);+)"".*P+
&%'.$9&%:+)<0+48L-Q+N<&.0+*"#0+"5:(%&*()&"%*+<(F0+
0#>5('09+)<0*0+)"".*+(%9+0ZD."&)09+)<0+>0%03)*+)<0;+
'(%+"2205P+#(%;+2(&.+)"+#(T0+$*0+"2+&)*+2$..+D")0%)&(.Q

#;>L9B62%HL9B64F9@
45"#+ (%+ =%9$*)5&(.+ D05*D0')&F0+ )<0+ ">B0')&F0+ ?(*+
)"+ *)$9;+ )<0+ 0Z&*)&%:+ 48L-+ D5"'09$50*+ >0&%:+
&#D.0#0%)09+ ()+ 80)<"90+ L.0')5"%&'*+ 8(.)(+ I)9QP+
&90%)&2;+ (%;+ *<"5)'"#&%:*+ (%9+ )"+ 90F0."D+ (%+
&#D5"F09+ &#D.0#0%)()&"%+#0)<"9".":;+ )"+ 0%<(%'0+
)<0+$*(>&.&);+(%9+023'&0%';+"2+)<0+D5"'0**Q

From an academic perspective, the goals were to 
2".."?+ (%+ 0%:&%005&%:+ D5">.0#7*".F&%:+ 25(#0?"5T+
2"5+ &%F0*)&:()&%:+ (%9+ &#D5"F&%:+ '$550%)+ 48L-+
D5"'09$50*+ (%9+ )"+ (DD.;+ 0*)(>.&*<09+ 0%:&%005&%:+
D5&%'&D.0*+(%9+)"".*+)"+<0.D+&90%)&2;+)<0+5"")+'($*0*+
2"5+(%;+*<"5)'"#&%:*+(%9+'"#0+$D+?&)<+*".$)&"%*Q

#;>L9B62"96=>3>8>549@
A<0+ M8-=!+ RM03%0P+ 80(*$50P+ -%(.;*0P+ =#D5"F0+
(%9+!"%)5".S+ 25(#0?"5TP+ &..$*)5()09+ &%+4&:$50+WP+?(*+
followed to investigate the implementation of the 
48L-+#0)<"9".":;Q+

Figure 1: The DMAIC phases

80)<"9".":&'(.+)5&(%:$.()&"%+?(*+$*09+)"+&%)0:5()0+)<0+
3%9&%:*+25"#+)<500+9&*)&%')+50*0(5'<+#0)<"9".":&0*\+
*$5F0;+Y$0*)&"%%(&50*P+">*05F()&"%*+(%9+ &%)05F&0?*Q+
A<0+ 9()(+ ?(*+ $*09+ )"+ '"%*)5$')+ )<0+ z-H7=He+ =ML4+
#"90.+?<&'<+?(*+ (%(.;*09+ >;+#0(%*+ "2+ (+!$550%)+
/0(.&);+ A500Q+ A<&*+ <0.D09+ 9&*)&%:$&*<+ )<0+#(&%+ 5"")+
'($*0*+?<&'<+?050+)('T.09+&%+(+%0?+&#D.0#0%)()&"%+
#0)<"9".":;+ (%9+ 9"'$#0%)09+ &%+ (+ zA17GLe+ =ML4+
#"90.Q+ -+ '"%)5".+ 25(#0?"5T+ ?(*+ &%)5"9$'09+ )"+
*(20:$(59+(..+D")0%)&(.+>0%03)*

$9@A86@27:32.B=49F9C9:6@
A<0+5"")+'($*0*+?050+&90%)&309+(*+)<0+.('T+"2+(+#$.)&7
&%)059&*'&D.&%(5;+)0(#+?<&.0+90F0."D&%:+)<0+48L-+(%9+
)<()+)<0+'$550%)+LZ'0.7>(*09+*;*)0#P+(*+"DD"*09+)"+(+
dedicated supporting software, was limiting potential 
>0%03)*Q
45"#+(%+&%9$*)5&(.+D"&%)+"2+F&0?+)<0+'"#D(%;+())(&%09+
(+>0))05+$%905*)(%9&%:+"2+)<0+'"%9&)&"%+"2+&)*+48L-*
45"#+(%+('(90#&'+D05*D0')&F0+ )<0+($)<"5+('Y$&509+
a better understanding of established engineering 
methodologies that should serve useful for future 
endeavours.

$9D9;9:B9@
W+ AQ@Q+ 1#9(<.P+ /0.&(>&.&);P+ (F(&.(>&.&);P+ (%9+
#(&%)(&%(>&.&);+R/-8S+9&')&"%(5;Q+-HC!+C$(.&);+@50**P+
8&.?($T00P+EQHQP+W`bbQ

Towards an Improved Methodology for the FMEA 
Implementation at Methode Electronics Malta Ltd.
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!:6;>3AB64>:
A<&*+ D5"B0')+ '"%*&*)*+ "2+ )<0+ '"%*&905()&"%+ 2"5+
automation in a product testing process. Following 
the production process to build and assemble 
DK+ *0%*"5*+ ()+ @5"8&%0%)+ 4.$&9+ !"%)5".*+ I)9QP+ )<0+
sensors are then tested on a testing machine. The 
current testing process is time consuming, operator 
dependant and has a lot of individual probe handling 
>;+ )<0+"D05()"5Q+A<0502"50+ )<0+ )0*)&%:+D5"'0**+#(;+
>0+ &#D5"F09+ >;+ '"%*&905&%:+ ($)"#()&"%+ &%+ '05)(&%+
(50(*+)"+$.)&#()0.;+&%'50(*0+&)*+2$%')&"%(.&);Q

#;>L9B62%HL9B64F9@
A<0+ &%9$*)5&(.+ ">B0')&F0*+ "2+ )<&*+ D5"B0')+ (50[+ )"+
(%(.;*0+ )<0+ %()$50+ "2+ )<0+ )0*)*+ '(55&09+ "$)+ "%+ )<0+
*0%*"5*+(%9+)<0+#()05&(.+X"?+"%+)<0+.&%0P+)"+90F0."D+
(+25(#0?"5T+2"5+)<0+($)"#()"%+"2+)<0+)0*)&%:+D5"'0**+
and to evaluate the development of the measurement 
D5"'0**+ 9$5&%:+ )<0+ )0*)&%:+ >;+ (DD.;&%:+ *)(%9(59+
hardware and software for data collection.

=%+.&%0+?&)<+)<0+&%9$*)5&(.+">B0')&F0*P+)<0+D5"B0')+(.*"+
<(*+ )"+(9950**+ )<0+('(90#&'+">B0')&F0*+?<&'<+(50[+
)"+(9950**+)<0+D5">.0#+>;+(DD.;&%:+*D0'&3'+90*&:%+
process methodologies and tools, and to evaluate 
their appropriateness within the context of the 
D5"B0')Q+

#;>L9B62"96=>3>8>549@
=%+ )<&*+ D5"B0')+ )<0+ D5">.0#+ ()+ <(%9+ ?(*+ )('T.09+
&%+ (+ *;*)0#()&'+ #(%%05+ >;+ 2".."?&%:+ )<0+ M0*&:%+
@5"'0**+90*'5&>09+>;+L5)(*+(%9+j"%0*+}W~Q+A<5"$:<+
the use of the design process, the testing process 
?(*+90'"%*)5$')09Q+A<&*+*&#D.&309+)<0+(%(.;*&*+(%9+
the process was then solved in the deconstructed 
*0:#0%)*+(%9+3%(..;+&%)0:5()09+>('T+)":0)<05Q

@(5)+ "2+ )<0+ 90*&:%+ D5"'0**+ 2"'$*0*+ 0%)&50.;+ "%+
90)05#&%&%:+ )<0+ 50Y$&50#0%)*+ "2+ )<0+ *;*)0#Q+ 1%'0+
)<0*0+ 50Y$&50#0%)*+ ?050+ *0)P+ )<0;+ ?050+ '(55&09+
)<5"$:<+ )<0+ 50*)+ "2+ )<0+ *$>*0Y$0%)+ 90*&:%+ D<(*0*+
to ensure that the new testing process follows the 
50Y$&50#0%)*+*0)+>;+)<0+'$*)"#05Q

-%")<05+ D(5)+ "2+ )<0+ 90*&:%+ D5"'0**+?(*+ 909&'()09+
0%)&50.;+)"+90'&9&%:+)<0+"5905+"2+0F0%)*+&%+)<0+)0*)&%:+
process which was a critical step as it determined 
)<0+X"?+"2+#()05&(.+(%9+&%2"5#()&"%+?&)<&%+)<0+)0*)&%:+
area.

$9@A86@27:32.B=49F9C9:6@
A<$*+&%+)<&*+D5"B0')+(+25(#0?"5T+2"5+)<0+($)"#()&"%+

of the testing process is developed using a 
higher level of programming language rather 
)<(%+ )<()+?<&'<+ &*+ '$550%).;+ $*09P+ (*+?0..+ (*+ $*&%:+
standard components. Instead of using a low level 
D5":5(##&%:+ .(%:$(:0+ ?<&'<+ &*+ 9&23'$.)+ )"+ $D9()0+
and alter, a higher level programming language is 
$*09Q+ H)(%9(59+ '"#D"%0%)*+ (50+ $*09+ &%*)0(9+ "2+
$*&%:+ *D0'&(.+ '"#D"%0%)*+ (*+ )<0;+ :&F0+ 5""#+ 2"5+
2$)$50+90F0."D#0%)P+)<0;+(50+0(*&.;+*0)+$D+(%9+)<0;+
(50+%")+9&23'$.)+)"+50D.('0+"5+50D(&5Q

In the current testing process the sensors are handled 
>;+)<0+"D05()"5+&%+cVk+"2+)<0+D5"'0**+*)0D*+50Y$&509+
to complete the testing process. In the new testing 
D5"'0**+ <"?0F05P+ )<0+ "D05()"5+ "%.;+ <(%9.0*+ )<0+
#()05&(.+ &%+ >()'<0*+ (5"$%9+ a_k+ "2+ )<0+ D5"'0**&%:+
steps.

A<5"$:<+ )<0+ '"$5*0+ "2+ )<&*+ D5"B0')+ )<0+ )0*)&%:+ )&#0+
?(*+ (.*"+ 509$'09+ >;+ (DD5"Z&#()0.;+ cVk+ ?<&'<+
improved the testing process throughput.

$9D9;9:B9@
}W~+ L5)(*P+ -Q+ ,+ j"%0*P+ jQ+ A<0+ L%:&%005&%:+ M0*&:%+
@5"'0**Q+U%9+09Q+60?+i"5TP+6QiQP+j"<%+N&.0;+,+H"%*P+
=%'QP+W``cQ

Automation Consideration in a 
Product Testing Process
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!:6;>3AB64>:
=)+ &*+ $%Y$0*)&"%(>.0+ )<()+ #(%$2(')$5&%:+ &*+ F&)(..;+
&#D"5)(%)+2"5+)<0+LE+(%9+8(.)0*0+0'"%"#;Q+=%+8(.)(P+
)<050+ &*+ (+ *)5"%:+#(%$2(')$5&%:+ >(*0+ 2"5+ <&:<+ F(.$07
(9909+D5"9$')*+ .&T0+0.0')5"%&'*+(%9+D<(5#('0$)&'(.*Q+
8(.)(+ &*+#")&F()09+ )"+ (#D.&2;+ )<0+ '"#D0)&)&F0%0**+ "2+
manufacturing.

80)<"90+ L.0')5"%&'*+ =%'Q+ &*+ (+ .0(9&%:+ 90F0."D05+ "2+
'$*)"#70%:&%00509+(%9+(DD.&'()&"%+*D0'&3'+D5"9$')*Q+
A<&*+ D5"B0')+ &%F0*)&:()09+ )<0+ =%B0')&"%+ 8"$.9&%:+
M0D(5)#0%)+ R=8MS+ "2+80)<"90+ L.0')5"%&'*+8(.)(+ I)9Q+
R8L8SQ+A<0+90D(5)#0%)+D5"9$'0*+D.(*)&'+D(5)*+?<&'<+
(50+ )<0%+ 209+ )"+ (**0#>.;+ 90D(5)#0%)*Q+ A<0+ =8M+
"D05()0*+?&)<+j$*)7=%7A&#0+Rj=AS+D5&%'&D.0*+%(#0.;+)<0+
p(%>(%+ @$..+ H;*)0#Q+ -D(5)+ 25"#+ D5"9$'&%:+ Y$(.&);+
D5"9$')*P+ 8L8+ %009*+ )"+ '"%*)(%).;+ 509$'0+ &)*+ '"*)+
base to remain competitive and sustain business in the 
long term.

A<&*+ D5"B0')+ (DD.&0*+ M0*&:%+ "2+ LZD05&#0%)*+ RM1LS+
(."%:+ ?&)<+ M&*'50)0+ LF0%)+ H&#$.()&"%+ )"+ &#D5"F0+ )<0+
D052"5#(%'0+"2+)<0+=8MQ+A<0+#0)<"9".":;+90F0."D09+
;&0.909+ (%+ 0ZD05&#0%)(.+ 90*&:%+ ?<&'<+ ?(*+ 0Z0'$)09+
?&)<+@.(%)+H&#$.()&"%+>;+H&0#0%*Q

#;>L9B62%HL9B64F9@
-'(90#&'+J"(.*
!" A"+'"%9$')+(+50F&0?+"2+.&)05()$50+"%+j=A+*;*)0#*P+

p(%>(%+ *;*)0#*P+ *&#$.()&"%+#0)<"9".":&0*+ (%9+
the Design of Experiments (DOE).

!" A"+'"%*)5$')+(+M0*&:%+"2+H&#$.()09+LZD05&#0%)*+
#0)<"9".":;Q

!" A"+(DD.;+*&#$.()&"%+(*+(+)"".+)"+*".F0+)<0+D5">.0#Q
!" A"+ (DD.;+ M1L+ (*+ )<0+ *)()&*)&'(.+ 25(#0?"5T+ (%9+

(%(.;*0+)<0+50*$.)*+)"+&90%)&2;+)<0+#"*)+*&:%&3'(%)+
*;*)0#+2(')"5*Q

!:3A@6;4782T>78
To propose a set of recommendations aimed at 
&%'50(*&%:+)<0+D052"5#(%'0+"2+)<0+=8MQ+

#;>L9B62"96=>3>8>549@
-+ #0)<"9".":;+ ?(*+ 90F&*09+ >;+ )<0+ ($)<"5+ &%+
'"%*$.)()&"%+ ?&)<+ .&)05()$50+ 2"5+ (%+ &%)0:5()09+ M1L7
H&#$.()&"%+(DD5"('<Q+A<0+*;*)0#+)"+>0+*&#$.()09+?(*+
903%09Q+ A<&*+ '"%*&*)09+ "2+ (+ *$>7*;*)0#+ "2+ )<0+ =8M+
'"#D"*09+ "2+ _+ #('<&%0*Q+ 60Z)P+ 9()(+ "2+ )<0+ 2(&.$50+
patterns and the changeover times of each machine 

were collected together with data on which parts each 
machine processes and with what processing time 
(%9+)<0+.")+*&o0+RT(%>(%+*&o0S+2"5+0('<+D(5)Q+A<&*+*)(:0+
was conducted in concurrence with the development 
"2+ )<0+ '"%'0D)$(.+#"90.+ $*&%:+ )<0+ =ML4V+ )0'<%&Y$0Q+
This model was then translated to a computer model 
$*&%:+@.(%)+H&#$.()&"%Q+A<0+D5":5(##&%:+"2+'"#D.0Z+
.":&'+ %0'0**&)()09+ )<0+ $*0+ "2+ H&#A(.T+ @5":5(##&%:+
I(%:$(:0Q+ A<0+ #"90.+ ?(*+ F05&309+ (%9+ F(.&9()09+
(''"59&%:.;+">)(&%&%:+(%+"F05(..+(''$5(';+"2+b]Qak

60Z)+(+M1L+?(*+'"%9$')09Q+A<0+90*&:%+'<"*0%+?(*+
)<0+!.(**&'(.+80)<"9+?&)<+ (+ 2$..+ 2(')"5&(.+ "2+ _+ 2(')"5*+
R8AA/P+ "F05)&#0P+ ';'.0+ )&#0P+ T(%>(%+ *&o0+ (%9+ *0)$D+
)&#0S+ (%9+ U+ 50*D"%*0*+ R)<5"$:<D$)+ (%9+ #('<&%0+
utilisation rate). This meant the responses for several 
m?<()7&2n+*'0%(5&"*+?050+)0*)09+&%+(+*)5$')$509+#(%%05Q+
 
$9@A86@27:32.B=49F9C9:6@
-+*0%*&)&F&);+(%(.;*&*+'(55&09+"$)+?&)<+8&%&)(>+*<"?09+
)<()+)<0+*;*)0#+&*+<&:<.;+90D0%90%)+"%+)<0+';'.0+)&#0+
"2+ )<0+ D(5)*+ (%9+ )<()+ "F05)&#0+ *&:%&3'(%).;+ &%'50(*0*+
)<0+ )<5"$:<D$)Q+ !"%)5(*)&%:.;P+8AA/+ 0#05:09+ (*+ (%+
&%*&:%&3'(%)+2(')"5Q+

A<&*+ .09+ )"+ )<0+ 2"5#$.()&"%+ "2+ ]+ '"%'50)0+ *)5()0:&'+
50'"##0%9()&"%*+ )"+ )<0+ =8M+ ?<&'<+ &%'.$909+ )<0+
encouragement to invest in exercises which reduce the 
';'.0+ )&#0*+"2+D(5)*+*&%'0+ )<0+0(5.;+D5"9$')+ .&20+';'.0+
*)(:0*+ (%9+ 0%'"$5(:0#0%)+ )"+ (9"D)+ H&%:.0+ 8&%$)0+
Exchange of Dies methodologies to reduce setup times. 

Figure 1 Main Effects Plot for Throughput

Design of Simulated Experiments for a 
Manufacturing System. An Injection Moulding 
Department Case Study. 
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!:6;>3AB64>:
!"#D(%&0*+ *D0'&(.&o&%:+ &%+ D('T(:&%:+ 90*&:%+
(''"#D(%&09+?&)<+#(%;+ ")<05*P+ (50+ &%+ )<0+ )<5"0*+ "2+
'<(%:0+ )<()+ &*+ #(%&20*)&%:+ &)*0.2+ 5(D&9.;+ (%9+ ?&)<"$)+
(%;+903%09+'"%)5".Q+=%9009P+)<0+&%'50(*&%:.;+?&)%0**09+
(?(50%0**+"%+)<0+$*0+"2+0%F&5"%#0%)(.+25&0%9.;+D5"9$')*+
(#"%:*)+)<0+:0%05(.+D$>.&'+<(*+&%F(5&(>.;+&%'50(*09+)<0+
90#(%9+%")+"%.;+ 2"5+>$;&%:+F(.$0+2"5+#"50+D5"9$')*P+
but also for searching products that have the least 
D"**&>.0+ 0%F&5"%#0%)(.+ &#D(')+ (."%:+ )<0&5+ .&20+ ';'.0+
D<(*0*Q+N&)<&%+ )<&*+ *'0%(5&"P+ (%;+ D"**&>.0+ 9&*9(&%+ "2+
*$>).0+'<(%:0+"%+>0<(.2+"2+'"#D(%&0*+#&:<)+&%<050%).;+
)<50()0%+)<0&5+'$550%)+#(5T0)+*<(50+}W~Q

#;>L9B62%HL9B64F9@
A<&*+ 9&**05)()&"%+ (&#*+ )"+ (%(.;*0+ (+ '(*0+ *)$9;+ "2+ (+
product that has been designed and manufactured 
>;+ A".;+ @5"9$')*+ I)9Q+ A<&*+ (%(.;*&*+ *<(..+ >0+ #(90+
25"#+ (%+ 0%F&5"%#0%)(.+ &#D(')+ D05*D0')&F0+ ?<050>;+
all environmental impacts throughout the reference 
D5"9$')e*+ .&20+ ';'.0+ D<(*0*+ *<(..+ >0+ >0%'<#(5T09Q+
-+ %0?+ D5"D"*09+ D5&#(5;+ D('T(:&%:+ *<(..+ )<0%+ >0+
designed from an environmental conscious perspective 
(%9+ )<5"$:<+ 0'"790*&:%+ *)5()0:&0*Q+ A<0+ 90*&:%+
proposed should also prove the design effectiveness 
25"#+(+#(%$2(')$5(>&.&);+D"&%)+"2+F&0?Q+

#;>L9B62"96=>3>8>549@
A<0*0+">B0')&F0*+?050+*()&*309+?&)<+)<0+>0*)+D"**&>.0+
*".$)&"%*+(9"D)09+)<5"$:<"$)+)<0+9&**05)()&"%Q+@5&#(5&.;P+
)<0+ (%(.;*&*+ "2+ (+ 502050%'0+ '(*0+ *)$9;+ &..$*)5()09+ &%+
4&:$50+W+)""T+D.('0+"%+(+Y$(.&)()&F0+(%(.;*&*+?<050>;+
environmental impacting design practices where 
<&:<.&:<)09+ &%+ )<0+@5">.0#+-%(.;*&*+D<(*0Q+A<0+ &%&)&(.+
Y$(.&)()&F0+(%(.;*&*+?(*+)<0%+503%09+>;+35*)+$%905)(T&%:+
(+HD&905+M&(:5(#+(%(.;*&*+?&)<&%+)<0+H".$)&"%+H;%)<0*&*+
D<(*0P+2".."?09+>;+L'"7=%9&'()"5+``+?&)<&%+)<0+H".$)&"%+
Evaluation phase.
1%'0+ (+ >0%'<#(5T+ <(9+ >00%+ *0)+ 2"5+ )<0+ 502050%'0+
product, conceptual models were generated through 
0'"790*&:%+ *)5()0:&0*+ ?<&'<+ ?050+ )<0%+ 9&50').;+
compared with one another together with the reference 
D5"9$')+>;+#0(%*+"2+)<0+HD&905+M&(:5(#Q+A<0+*$''0**+
"2+ )<0+ 0'"790*&:%+ *)5()0:&0*+ >0'(#0+ F&*&>.0+ (%9+
(DD50'&()09+ "%.;+ "%'0+ (..+ '"%'0D)$(.&*09+ #"90.*+
:0%05()09P+ D5"F09+ )"+ >0+#"50+ 0%F&5"%#0%)(.+ 25&0%9.;+
)<(%+)<0+502050%'0+D5"9$')P+?&)<+'"%'0D)+a+ &..$*)5()09+
&%+ 4&:$50+ UP+ >0&%:+ )<0+ .0**+ 0%F&5"%#0%)(.+ &#D(')&%:+
)<5"$:<"$)+&)*+.&20+';'.0+D<(*0*Q++

  
Figure 1 - Case Study [2]

Figure 2 - Design Concept 3

$9@A86@27:32.B=49F9C9:6@
Once the best concept from an environmental point of 
F&0?+?(*+&90%)&309P+&)+?(*+)<0%+(%(.;*09+25"#+(+90*&:%+
2"5+#(%$2(')$5&%:+ D05*D0')&F0+ &%+ "5905+ )"+#(T0+ *$50+
that the presented concept does abide with design 
:$&90.&%0*+ 2"5+ #(%$2(')$5&%:+ >;+ #0(%*+ "2+ &%B0')&"%+
#"$.9&%:Q+ 8"50"F05P+ )<0+ >&..+ "2+ #()05&(.*+ 2"5+ >")<+
'"%'0D)+a+(%9+ )<0+ 502050%'0+D5"9$')+?(*+'"%9$')09+
to prove the fact that apart from producing a less 
environmental impact product whilst opening new 
#(5T0)&%:+D(5(9&:#*+)"+)<0+'"#D(%;P+ )<050+ &*+(.*"+(+
<&:<05+'<(%'0+"2+#(T&%:+(+D5"3)+25"#+)<0+D5"9$')+9$0+)"+
its lower cost from a material consumption perspective.

$9D9;9:B9@
}W~+H'"))+G";.*)"%P+M0*&:%&%:+H$*)(&%(>.0+@('T(:&%:Q+
I"%9"%P+Ep\+I($50%'0+p&%:+@$>.&*<&%:+I)9P+UVV`Q
}U~+ GL/JM1/4J11M8-6Q+ RUVWUP+ 8(;S+
GL/JM1/4J11M8-6Q+ }1%.&%0~Q+ <))D\hh???Q
>05:9"52:""9#(%Q'"#h*)"50h'()(.":hD5"9QB<)#.y&)0
#=9�D5"9_abVVVVU,D(50%)=9�'()U]a]_l,#(*)05=9
�'()U]a]WW,&%90Z�Wa,&*L9&)"5&(.�2(.*0,'#!()�'(
)VVVVVV'()VVVVV_'()U]a]Va'()U]a]WW'()U]a]_l,
0'&9�GJ-I/jb]MKjICT/]

The Development of Environmentally Conscious 
Cosmetic Packaging through Eco-Design and 
Design for Manufacture
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!:6;>3AB64>:
A<&*+ D5"B0')+ '"%*&*)*+ "2+ )<0+ '"%*&905()&"%+ 2"5+
automation in a product testing process. Following 
the production process to build and assemble 
DK+ *0%*"5*+ ()+ @5"8&%0%)+ 4.$&9+ !"%)5".*+ I)9QP+ )<0+
sensors are then tested on a testing machine. The 
current testing process is time consuming, operator 
dependant and has a lot of individual probe handling 
>;+ )<0+"D05()"5Q+A<0502"50+ )<0+ )0*)&%:+D5"'0**+#(;+
>0+ &#D5"F09+ >;+ '"%*&905&%:+ ($)"#()&"%+ &%+ '05)(&%+
(50(*+)"+$.)&#()0.;+&%'50(*0+&)*+2$%')&"%(.&);Q

#;>L9B62%HL9B64F9@
A<0+ &%9$*)5&(.+ ">B0')&F0*+ "2+ )<&*+ D5"B0')+ (50[+ )"+
(%(.;*0+ )<0+ %()$50+ "2+ )<0+ )0*)*+ '(55&09+ "$)+ "%+ )<0+
*0%*"5*+(%9+)<0+#()05&(.+X"?+"%+)<0+.&%0P+)"+90F0."D+
(+25(#0?"5T+2"5+)<0+($)"#()"%+"2+)<0+)0*)&%:+D5"'0**+
and to evaluate the development of the measurement 
D5"'0**+ 9$5&%:+ )<0+ )0*)&%:+ >;+ (DD.;&%:+ *)(%9(59+
hardware and software for data collection.

=%+.&%0+?&)<+)<0+&%9$*)5&(.+">B0')&F0*P+)<0+D5"B0')+(.*"+
<(*+ )"+(9950**+ )<0+('(90#&'+">B0')&F0*+?<&'<+(50[+
)"+(9950**+)<0+D5">.0#+>;+(DD.;&%:+*D0'&3'+90*&:%+
process methodologies and tools, and to evaluate 
their appropriateness within the context of the 
D5"B0')Q

#;>L9B62"96=>3>8>549@
=%+ )<&*+ D5"B0')+ )<0+ D5">.0#+ ()+ <(%9+ ?(*+ )('T.09+
&%+ (+ *;*)0#()&'+ #(%%05+ >;+ 2".."?&%:+ )<0+ M0*&:%+
@5"'0**+90*'5&>09+>;+L5)(*+(%9+j"%0*+}W~Q+A<5"$:<+
the use of the design process, the testing process 
?(*+90'"%*)5$')09Q+A<&*+*&#D.&309+)<0+(%(.;*&*+(%9+
the process was then solved in the deconstructed 
*0:#0%)*+(%9+3%(..;+&%)0:5()09+>('T+)":0)<05Q

@(5)+ "2+ )<0+ 90*&:%+ D5"'0**+ 2"'$*0*+ 0%)&50.;+ "%+
90)05#&%&%:+ )<0+ 50Y$&50#0%)*+ "2+ )<0+ *;*)0#Q+ 1%'0+
)<0*0+ 50Y$&50#0%)*+ ?050+ *0)P+ )<0;+ ?050+ '(55&09+
)<5"$:<+ )<0+ 50*)+ "2+ )<0+ *$>*0Y$0%)+ 90*&:%+ D<(*0*+
to ensure that the new testing process follows the 
50Y$&50#0%)*+*0)+>;+)<0+'$*)"#05Q

-%")<05+ D(5)+ "2+ )<0+ 90*&:%+ D5"'0**+?(*+ 909&'()09+
0%)&50.;+)"+90'&9&%:+)<0+"5905+"2+0F0%)*+&%+)<0+)0*)&%:+
process which was a critical step as it determined 
)<0+X"?+"2+#()05&(.+(%9+&%2"5#()&"%+?&)<&%+)<0+)0*)&%:+
area.

$9@A86@27:32.B=49F9C9:6@
A<$*+&%+)<&*+D5"B0')+(+25(#0?"5T+2"5+)<0+($)"#()&"%+

of the testing process is developed using a 
higher level of programming language rather 
)<(%+ )<()+?<&'<+ &*+ '$550%).;+ $*09P+ (*+?0..+ (*+ $*&%:+
standard components. Instead of using a low level 
D5":5(##&%:+ .(%:$(:0+ ?<&'<+ &*+ 9&23'$.)+ )"+ $D9()0+
and alter, a higher level programming language is 
$*09Q+ H)(%9(59+ '"#D"%0%)*+ (50+ $*09+ &%*)0(9+ "2+
$*&%:+ *D0'&(.+ '"#D"%0%)*+ (*+ )<0;+ :&F0+ 5""#+ 2"5+
2$)$50+90F0."D#0%)P+)<0;+(50+0(*&.;+*0)+$D+(%9+)<0;+
(50+%")+9&23'$.)+)"+50D.('0+"5+50D(&5Q

In the current testing process the sensors are handled 
>;+)<0+"D05()"5+&%+cVk+"2+)<0+D5"'0**+*)0D*+50Y$&509+
to complete the testing process. In the new testing 
D5"'0**+ <"?0F05P+ )<0+ "D05()"5+ "%.;+ <(%9.0*+ )<0+
#()05&(.+ &%+ >()'<0*+ (5"$%9+ a_k+ "2+ )<0+ D5"'0**&%:+
steps.

A<5"$:<+ )<0+ '"$5*0+ "2+ )<&*+ D5"B0')+ )<0+ )0*)&%:+ )&#0+
?(*+ (.*"+ 509$'09+ >;+ (DD5"Z&#()0.;+ cVk+ ?<&'<+
improved the testing processes throughput.

$9D9;9:B9@ 
}W~+ L5)(*P+ -Q+ ,+ j"%0*P+ jQ+ A<0+ L%:&%005&%:+ M0*&:%+
@5"'0**Q+U%9+09Q+60?+i"5TP+6QiQP+j"<%+N&.0;+,+H"%*P+
=%'QP+W``cQ

Automation Consideration in 
a Product Testing Process
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!:6;>3AB64>: 
A<0+ H)&5.&%:+ '"".05+ ?"5T*+ "%+ )<0+ D5&%'&D.0+ "2+ (+
50F05*09+H)&5.&%:+';'.0P+#(T&%:+&)+D"**&>.0+)"+('<&0F0+
temperatures lower than those attainable with a 
/(%T&%0+';'.0+*;*)0#+WQ

#;>L9B62%HL9B64F9@
A<0+(&#*+"2+)<0+D5"B0')+(50+)<0+2".."?&%:\

!" M0*&:%P+ >$&.9+ (%9+ )0*)+ (+ H)&5.&%:+ '"".05+ '(D(7
ble of reaching temperatures comparable with 
)<"*0+"2+(+/(%T&%0+';'.0+*;*)0#Q

!" Develop a mathematical model for the designed 
0%:&%0+ $*&%:+ D5":5(##&%:+ )0'<%&Y$0*+ )"+ D507
dict the cooling temperature and cooling capac7
&);Q

!" !"#D(50+ )<0+0ZD05&#0%)(.+?&)<+ )<0+ )<0"50)&'(.+
results.

#;>L9B62"96=>3>8>549@
-+*0'"%9+"5905+#()<0#()&'(.+#"90.+?(*+0#D.";09+2"5+
)<0+)<0"50)&'(.+(%(.;*&*+"2+)<0+0%:&%0e*+D052"5#(%'0Q+
H$'<+ #"90.+ *)(5)*+ ?&)<+ (+ *&#D.&309+ ';'.0+ (%(.;*&*+
which would predict a certain cooling temperature 
(%9+'"".&%:+'(D('&);+UQ+A<0+#"90.+&*+)<0%+&#D5"F09+
>;+(''"$%)&%:+2"5+."**0*\+D50**$50+95"DP+'"%9$')&"%+
heat losses, pumping heat losses, shuttle heat 
losses, and reheat losses inside the regenerative 
(%%$.$*Q+ -DD.;&%:+ )<&*+ &90(.+ ';'.0+ &%+ )<0+ 35*)+ D.('0+
?"$.9+ &%'$5+ T%"?.09:0+"2+ )<0+'"".&%:+ )0#D05()$50P+
(%9+*&%'0+)<&*+&*+)<0+$%T%"?%+)<0+*)$90%)+#(90+$*0+
"2+)<0+'"023'&0%)+"2+D052"5#(%'0+"2+(+*&#&.(5+0%:&%0+
)(T0%+25"#+(+B"$5%(.+aQ+A<0+F(5&"$*+."**0*+?050+)<0%+
0ZD50**09+&%+)05#*+"2+)<0+$%T%"?%+)0#D05()$50+(%9+
(%+&)05()&F0+*".$)&"%+?(*+(DD.&09+$*&%:+8-AI-G+$%)&.+
)<0+'"023'&0%)+"2+D052"5#(%'0+">)(&%09+#()'<09+)<0+
"%0+ )(T0%+ 25"#+ )<0+ B"$5%(.Q+ A<$*+ )<0+ )0#D05()$50P+
'"".&%:+ '(D('&);+ (%9+ #(:%&)$90+ "2+ )<0+ #0%)&"%09+
."**0*+?050+ 0F(.$()09Q+ -2)05+ )<0+#"90.+?(*+ 50(9;P+
the engine was built according to the designed 
*D0'&3'()&"%*Q

$9@A86@27:32.B=49F9C9:6@
The temperatures obtained from the experiments 
?050+ &%+ 5(%:0+ "2+ ]Q]+ )"+ 7WVQcV!P+ ?<&'<+ (50+ &%+ )<0+
5(%:0+ ())(&%(>.0+ >;+ )<0+ /(%T&%0+ ';'.0Q+ K"?0F05P+
comparison with theoretical results showed some 
9&*'50D(%'&0*Q+ +@(5)+"2+ )<0*0+9&*'50D(%'&0*+#(;+>0+
9$0+)"+&#D5"F0#0%)*+50Y$&509+&%+)<0+0%:&%0P+*$'<+(*+
)<0+%009+"2+(+2"5#(.+'"".&%:+B('T0)+)"+(>*"5>+)<0+<0()+
at the compression space area and the addition of 
piston rings to improve compression of the piston. 

8"50"F05P+ (%+ &%'50(*0+ &%+ )<0+ .0%:)<+ "2+ )<0+ ';.&%905+
and the displacer would reduce the amount of heat 
X"?&%:+ >;+ '"%9$')&"%+ 25"#+ )<0+ '"#D50**"5+ (50(+
to the expansion area. The other reason is due to 
inaccuracies in the program and the need to use 
<&:<05+"5905+#()<0#()&'(.+#"90.*+?<&'<+#(T0+$*0+
"2+%"9(.+(%(.;*&*Q

A"+ '(.'$.()0+ )<0+ '"023'&0%)+ "2+ D052"5#(%'0+ "2+ )<0+
0%:&%0P+ )<0+ '"".&%:+ '(D('&);+ *<"$.9+ >0+ #0(*$509+
F&(+0ZD05&#0%)(.+#0(%*Q+A<&*+'(%+>0+9"%0+>;+<(F&%:+
(+?()05+ B('T0)+())('<09+)"+)<0+';.&%905e*+'(D+()+ )<0+
tip to measure how much the water is cooled down 
)(T&%:+?<&.*)+)(T&%:+&%)"+(''"$%)+&)*+#(**+X"?+5()0Q

$9D9;9:B9@R[1] N(.T05+J5(<(#Q+!5;"'"".05*Q+f".Q+WQ+60?+i"5T+\+
@.0%$#+@$>.&*<&%:+!"5D"5(5)&"%P+W`baQ[2] 8(5)&%&+NQ/Q+H)&5.&%:+0%:&%0+90*&:%+#(%$(.Q+6-7
H-7!/7Wa_a+ bUP+ 6().Q\+ -05"%($)&'*+ (%9+ HD('0+
-9#&%&*)5()&"%P+W`lbQ[3] I0e(%+H$%+P+i$(%;(%:+v<("P+I&(%*<0%:+I&P+(%9+
@0%:'<0%:+H<$Q+m@052"5#(%'0+"2+(+D5")");D0+
H)&5.&%:+9"#0*)&'+5025&:05()"5Qn+-DD.&09+A<05#(.+
L%:&%005&%:+U`+RUVVbS\+UWV7UW_Q

Design and construction of a Stirling engine for 
cooling applications
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-6A39:6R2.:3;9^2.667;3
-A?9;F4@>;R20;/2!:5/2_39:[72-7:6
*>N@A?9;F4@>;R20;/2"7;[2-7BB>

!:6;>3AB64>:
L(5.;+ <$#(%*+ <(F0+ >00%+ ?(.T&%:+ 2$..;+ $D5&:<)+ 2"5+
aQl+#&..&"%+;0(5*+}W~Q+H&%'0+)<0%+)<0+<$#(%+:(&)+<(*+
improved due to the anatomical changes owing to 
evolution. Human gait and muscular recruitment 
9$5&%:+ ?(.T&%:+ <(*+ >00%+ *)$9&09+ (+ .")+ &%+ )<0+ D(*)+
few decades. With the rise of new technological 
(9F(%'0#0%)+ &%+ *$52('0+ 0.0')5"#;":5(D<;+ R*L8JS+
#$*'$.(5+50'5$&)#0%)+'(%+>0+(%(.;*09+&%+#"50+90)(&.Q+
=%+)<&*+D5"B0')+*L8J+?(*+$*09+)"+(%(.;*0+#$*'$.(5+
50'5$&)#0%)+ &%+ )<500+#$*'.0*+ &%+ )<0+ ."?05+ 0Z)50#&);+
"2+ <$#(%+ >"9;+ 9$5&%:+ 9&22050%)+ ?(.T&%:+ *D009*Q++
*L8J+?(*+(.*"+$*09+)"+$%905*)(%9+)<0+50.()&"%*<&D+
>0)?00%+ *L8J+ *&:%(.*+ (%9+ )<0+ 2"5'0+ :0%05()09+ &%+
the muscle .

#;>L9B62%HL9B64F9@
@052"5#+0ZD05&#0%)*+"%+)<500+*D0'&3'+#$*'.0*+$*&%:+
*L8J+ )"+ (%(.;*0+#$*'.0+ (')&F()&"%+ 9$5&%:+ )<0+ :(&)+
';'.0P+ (%9+ (%(.;*&%:+ )<0+ 50.()&"%*<&D+ >0)?00%+ )<0+
2"5'0+ :0%05()09+ >;+ )<0+ #$*'.0*+ (%9+ )<0+ #$*'$.(5+
(')&F()&"%+'(D)$509+$*&%:+*L8JQ

#;>L9B62"96=>3>8>549@
A<&*+D5"B0')+?(*+9&F&909+&%)"+)?"+D(5)*Q+A<0+35*)+D(5)+
?(*+)"+90F0."D+(%9+&#D.0#0%)+(+*;*)0#+"2+)0*)*+)"+
*)$9;+ )<0+ #$*'.0+ (')&F()&"%+ D())05%*+ 2"5+ 9&22050%)+
?(.T&%:+*D009*P+2".."?09+>;+D"*)7D5"'0**&%:+"2+)<0+
resulting signals. The processed signals were then 
validated with theoretical signals. The second part of 
testing was to develop a series of tests to investigate 
)<0+ *L8J74"5'0+ 50.()&"%*<&DP+ &%'.$9&%:+ )<0+ 90*&:%+
and construction of a weight bearing structure. The 
tests were implemented in order to obtain the force 
50(9&%:*+ (%9+ )<0&5+ 50*D0')&F0+ *L8J+ *&:%(.*P+?<&'<+
were also validated with theoretical results.
 
$9@A86@27:32.B=49F9C9:6@
A<0+*&:%(.*+">)(&%09+9$5&%:+ )<0+35*)+D(5)+"2+ )0*)&%:+
#()'<09+?&)<+)<0+)<0"50)&'(.+:5(D<*Q+A<&*+'"%35#09+
that the testing procedure was correct and that 
)<0+ D"*)7D5"'0**&%:+ D052"5#09+ "%+ )<0+ 5(?+ *&:%(.*+
">)(&%09+?(*+ (''$5()0Q+ -+?0&:<)+ >0(5&%:+ *)5$')$50+
?(*+ 90*&:%09+ (%9+ '"%*)5$')09+ &%+ "5905+ )"+ (DD.;+
additional forces to the muscles being tested during 
the second part. The investigation of the relationship 
>0)?00%+ )<0+ 2"5'0+ (%9+ *L8J+ &*+ D0%9&%:Q+ =)+ &*+
expected that a linear relationship will result.

$9D9;9:B9@
}W~+ d+ 8'I055(%P+ MQP+ zH)$9;+ *<"?*+ L(5.;+ K$#(%+
-%'0*)"5*+ N(.T09+ 4$..;+ ED5&:<)+ L(5.&05+ A<(%+
H'&0%)&*)*+A<"$:<)eQ+@"D$.(5+-5'<(0".":;+8(:(o&%0P+
j$%0+UVWWP+f".Q+aQ+

Figure 1: sEMG electrode placement on one of the 
subjects during testing.

Figure 2: An illustration of the testing set-up for the 
second part of testing.

Muscular Recruitment during 
Different Modes of Motion
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-6A39:6R2$9399C9;2.M4@7
-A?9;F4@>;R20;/2"7;64:2"A@B76

!:6;>3AB64>:
A<0+ !<&'(:"+ );D0+ ?&%9+ D$#D+ ?(*+ &%)5"9$'09+ )"+
)<0+ 8(.)0*0+ '"$%)5;+ *&90+ ?&)<+ )<0+ #(&%+ D$5D"*0+
of pumping water from reservoirs for agricultural 
D$5D"*0*Q+ + 6"?(9(;*P+ )<&*+ D(5)&'$.(5+ );D0+ "2+ ?&%9+
D$#D+&*+'"%*&90509+(*+(+D(5)+"2+)<0+8(.)0*0+%()&"%(.+
<05&)(:0+)<()+2"5#*+D(5)+"2+"$5+'"$%)5;+*&90Q+++I()0.;P+
with the introduction of the electric water pump, 
)<0+#(B"5&);+"2+ )<0*0+?&%9+D$#D*+?050+(>(%9"%09+
and left to deteriorate. For this reason, together with 
)"9(;e*+(?(50%0**+(>"$)+50%0?(>.0+0%05:;+*"$5'0*P+
(+'"%'0D)$(.+D5"B0')+?(*+&%&)&()09+(%9+>$&.)+)"+50D.('0+
)<0+0Z&*)&%:+*0F050.;+9(#(:09+?&%9+D$#D*+>;+(+?&%9+
turbine which gives clean electric power.

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0*+2"5+)<&*+D5"B0')+?050[
!" To design and construct a blower testing 

*)5$')$50+2"5+(05"9;%(#&'+)0*)&%:+)"+>0+9"%0+&%+
(%")<05+D5"B0')Q+

!" A"+ D052"5#+ (+ *)5$')$5(.+ &%)0:5&);+ (%(.;*&*+ )"+
'<0'T+&2+)<0+)"?05+?"$.9+*$DD"5)+)<0+."(9*Q

!" A"+&#D.0#0%)+(%9+#"9&2;+)<0+)"?05+(%9+%('0..0+
(''"59&%:+ )"+ )<0+ 50'"##0%909+#"9&3'()&"%*P+
(%9+9"+)<0+D5(')&'(.+?"5T+50Y$&509Q

!" 8(%(:0+)<0+)5(%*D"5)P+(**0#>.;+(%9+050')&"%+"2+
)<0+W_+#0)05+.())&'0+)"?05+)"+)<0+*&)0+?<050+&)+&*+
going to be installed.

!" A"+#(%(:0+)<0+50Y$&509+?"5T*+"%+*&)0P+&%'.$9&%:+
the foundations and a lifting plan to lift the tower 
in place.

!" A"+'(55;+"$)+(+*)5$')$5(.+)0*)+"%+)<0+.())&'0+)"?05+
and nacelle assemblies. 

#;>L9B62"96=>3>8>549@
+ A<0+ *)5$')$5(.+ (%(.;*&*+ ?(*+ '"##0%'09+ >;+ )<0+
*)()&'+(%(.;*&*+ &%+"5905+ )"+'<0'T+ )<()+(..+ *)50**0*+ &%+
the tower are below the allowable.  This was done on 
'"#D$)05+ 3%&)0+0.0#0%)+ *"2)?(50+-6HiHP+ )"+'<0'T+
if the steel members of the tower would support the 
&#D"*09+."(9*+'50()09+>;+)<0+)<5$*)+D5"9$'09+25"#+
)<0+?&%9+)$5>&%0Q+1%0+"2+)<0+4L-+#"90.*+&*+*<"?%+&%+
4&:$50+WQ

+=%+'"%B$%')&"%+?&)<+)<&*P+(+>$'T.&%:+(%(.;*&*+?(*+(.*"+
'(55&09+ "$)+ )"+ '<0'T+ )<0+ )"?05+ >0<(F&"$5+ (%9+ ."(9+
F(.$0+$D+$%)&.+&)+2(&.*Q++-+#"9(.+(%(.;*&*+?(*+(.*"+9"%0+
>;+ )<&*+ *"2)?(50+ )"+ ">)(&%+ )<0+ %()$5(.+ 250Y$0%'&0*+
"2+ )<0+ *)5$')$50Q+ 8"50"F05P+ :&F0%+ )<()+ ()+ )<0+
'"##0%'0#0%)+"2+)<&*+D5"B0')+)<0+)"?05+?(*+(.50(9;+

>$&.)P+(%+(**0**#0%)+?(*+9"%0+)"+'<0'T+&2+&)+?(*+$D+)"+
*)(%9(59*Q+A<&*+50*$.)09+&%+(+#"9&3'()&"%+)"+&#D5"F0+
)<0+)"?05+'"%%0')&"%*+>;+$*&%:+:$**0)+D.()0*P+?<&'<+
?050+90*&:%09+(%9+(%(.;*09+(%(.;)&'(..;Q++

$9@A86@27:32.B=49F9C9:6@
-+ 2$..;+ 2$%')&"%(.+ )0*)&%:+ *)5$')$50+ ?(*+ >$&.)Q+ A<0+
)"?05+ 50Y$&509+ #"9&3'()&"%*+ ?050+ (..+ 9"%0+ >;+
manufacturing the gusset plates and doing all the 
D5(')&'(.+?"5TQ+A<0+)"?05+?(*+)5(%*D"5)09+(%9+2$..;+
(**0#>.09+"%+*&)0+(*+*<"?%+&%+4&:$50+WQ++4".."?&%:+
this a base structure for the foundations was also built. 
A<0+#(%(:0#0%)+ "2+?"5T*+ "%+ *&)0+ (50+ D5":50**&%:+
with the next stage being the erection according to 
the planned procedure.  

Figure 1: Top part of tower in ANSYS

Figure 2: Tower fully assembled on site

Testing and Modeling of a Windmill Tower and 
Nacelle - The Structural Aspect
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-6A39:6R2'3P7;32.WW>?7;34
-A?9;F4@>;R20;/2*874;92092"7;B>

!:6;>3AB64>:
-+ *(%9?&'<+ D(%0.P+?<&'<+ '"%*&*)*+ "2+ )?"+ )<&%+ 2('0+
*<00)*+ .(;05*+ (9<0*&F0.;+ >"%909+ ?&)<+ (+ )<&'T+ .&:<)+
weight core, offers various advantages for the design 
"2+ ?0&:<)+ '5&)&'(.+ *)5$')$50*Q+ G;+ )<0+ D5"D05+ '<"&'0+
"2+#()05&(.*+(%9+:0"#0)5;P+ *(%9?&'<+'"%*)5$')&"%*+
having high strength to weight ratios can be achieved, 
?<050+)<0+2('0+*<00)*+'(55;+)<0+>0%9&%:+(%9+&%7D.(%0+
loads and the core material resists the transverse 
loads and serves as a separation between the strong 
2('0+*<00)*[+)<$*+#(&%)(&%&%:+(+<&:<+*0'"%9+#"#0%)+
of area of the whole sandwich construction.

#;>L9B62%HL9B64F9@
=%+ )<&*+ D5"B0')+ *(%9?&'<+ D(%0.*+ '"#D5&*&%:+
:(.F(%&*09+."?+'(5>"%+*)00.+2('0+*<00)*+(%9+41-8+
!1/L!LIIA8+2"(#+'"50+(50+'"%*&90509Q++A<0+#(&%+
">B0')&F0+"2+)<&*+*)$9;+&*+'"%'05%09+?&)<+&%F0*)&:()&%:+
the performance of these sandwich constructions 
under different loading conditions. The conditions 
(50+ &%)0%909+ )"+ *&#$.()0+ X0Z$5(.P+ *<0(5P+ &%7D.(%0+
'"#D50**&"%P+ "$)7"2+ D.(%0+ '"#D50**&"%+ (%9+"$)7"2+
plane tensile loads on the constructions. 

#;>L9B62"96=>3>8>549@
=%+"5905+)"+#00)+)<0+">B0')&F0+&%F".F09+?&)<+)<&*+*)$9;P+
)<0+2".."?&%:+*)0D*+?050+$%905)(T0%\
!" -+.&)05()$50+50F&0?+?(*+'(55&09+"$)+)"+>0))05+$%7

derstand the area of sandwich structures and 
testing of such constructions.

!" -+ )<0"50)&'(.+ (%(.;*&*+ "%+ )<0+ ."(9&%:+ '"%3:$7
rations was then performed based on the me7
chanical properties and the geometrical param7
eters of the sandwich materials.

!" M&22050%)+ )0*)&%:+ B&:*+ ?050+ 90*&:%09+ (%9+ '"%7
structed to accommodate the needs of the load7
ings conditions involved. Test specimens were 
(.*"+90*&:%09+(%9+#(%$(..;+#(%$2(')$509Q+

!" G;+#0(%*+ "2+ )<0+ B&:*+ '"%*)5$')09P+ *0F05(.+ 0Z7
perimental tests were performed on sandwich 
specimens having different geometrical param7
0)05*Q+ A<0+ )0*)*+ &%F".F09+ &%'.$90\+ I"%:+ >0(#+
X0Z$50+)0*)*P+H<"5)+>0(#+*<0(5+)0*)*P+L9:0?&*0+
R&%7D.(%0S+ '"#D50**&"%+ )0*)*P+ 4.()?&*0+ R"$)+ "2+
plane) compression tests and Flatwise (out of 
plane) tensile tests.    

$9@A86@27:32.B=49F9C9:6@
H<"5)+ >0(#+ *<0(5+ )0*)*+ 50F0(.09+ (99&)&"%(.+ *<0(5+
strength in the core material with increasing face 
*<00)*+)<&'T%0**Q+=%+)<0+."%:+>0(#+X0Z$50+)0*)*+)?"+
different failing modes were observed, which were 
'"%25"%)09+?&)<+)<0+)<0"50)&'(.+#"90.*[+2('0+;&0.9&%:+
2"5+>0(#*+?&)<+VQc##+ 2('0+*<00)+(%9+WV##+ 2"(#+

'"50++(%9+'"50+*<0(5+2"5+)<"*0+?&)<+W##+2('0+*<00)*+
(%9+WV##+2"(#+'"50+Q+E%905+09:0?&*0+'"#D50**&"%P+
:0%05(.+ >$'T.&%:+ (%9+ '"50+ *<0(5+ #('5">$'T.&%:+
?050+)<0+D50F(&.&%:+2(&.$50+#"90*Q+8"50"F05P+<&:<05+
ultimate compressive stress values resulted in 
*D0'&#0%*+?&)<+VQc##+ 2('0+*<00)*+'"#D(509+?&)<+
)<"*0+ ?&)<+ W##+ 2('0+ *<00)*Q+ 45"#+ )<0+ X()?&*0+
compressive tests it was concluded that sandwich 
'"%*)5$')&"%*+ 50*$.)+ &%+ <&:<05+ X()?&*0+ '"#D50**&F0+
strength and compressive modulus when compared 
?&)<+)<0+>(50+2"(#+'"50Q+E.)&#()0.;P+$%905+)<0+X()?&*0+
tensile tests, the sandwich constructions showed an 
(F05(:0+>"%9+*)50%:)<+"2+WQca8@(

!"#$%&'()'F,1#'2&/-'G&D$%&'3&03'0&3$.

Figure 2: Edgewise compression test setup (left) and 
G/34"0&'3&10"6&'3&03'0&3$.'H%"#;3I'

Mechanical Testing of Sandwich Panels
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-6A39:6R2"7M4C4847:2K7;6>8>
-A?9;F4@>;R2#;>D/2$>H9;62T=4;87:3>

!:6;>3AB64>:
A<0+&%F0*)&:()&"%+"2+)<0+D052"5#(%'0+"2+/0F05*0+1*7
#"*&*+R/1S+#0#>5(%0*+$%905+)<0+0220')+"2+50D0()09+
*)(5)h*)"D+'"%9&)&"%*+50Y$&509+)<0+90*&:%+(%9+90F0.7
"D#0%)+"2+(%+($)"#()09+*;*)0#+?&)<+5">$*)+2($.)+907
)0')&"%+(%9+'"%*0Y$0%'0+#&)&:()&"%+'(D(>&.&)&0*Q

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0*+"2+)<&*+D5"B0')+(50\
!" A"+90*&:%+(%9+>$&.9+(+'"%)5".+*;*)0#+)<()+?"$.9+

(.."?+)<0+/1+A0*)&%:+/&:+ &%+)<0+M0D(5)#0%)+)"+
>0+"D05()09+"%+(+U]7<"$5+>(*&*Q

!" A"+5&:"5"$*.;+)0*)+)<0+($)"#()09+/1+A0*)&%:+/&:+
)"+0%*$50+ 5&*T72500+"D05()&"%P+(.."?&%:+ )<0+ )0*)+
5&:+)"+>0+"D05()09+*(20.;+$%())0%909Q

!" A"+5$%+)5&(.+)0*)*+"%+)<0+($)"#()09+/1+A0*)&%:+
/&:+(*+(+D5""2+"2+'"%'0D)Q

#;>L9B62"96=>3>8>549@
-%+&%790D)<+.&)05()$50+*$5F0;+?(*+2".."?09+>;+2(&.$50+
(%(.;*&*+"2+ )<0+0Z&*)&%:+ )0*)+ 5&:+(%9+ )<0+90*&:%+(%9+
development of a fault detection and mitigation 
'"%)5".+ *;*)0#+ (%9+ (+ 9()(+ ."::&%:+ *;*)0#Q+ A<0+
2($.)+ 90)0')&"%+ (%9+ #&)&:()&"%+ *;*)0#+ 50Y$&509+ )<0+
design of a circuit diagram including power circuits, 
)5(%*2"5#05+'&5'$&)P+'"%)5".+'&5'$&)P+5$%h)5&D+&%9&'()&"%+
'&5'$&)+ (%9+ D(%0.+ .(;"$)+ ?<&'<+ 50*$.)09+ &%+ )<0+
90F0."D#0%)+"2+(+'"%)5".+D(%0.+&%+.&%0+?&)<+&%9$*)5&(..;+
accepted standards. The control panel relied on 
&%D$)*+25"#+(+X"?+*?&)'<+(%9+X"()+*?&)'<+)"+90)0')+
faults while current and thermal overload protectors 
D5"F&909+ )<0+ 50Y$&509+ D5")0')&"%+ )"+ )<0+ 9$(.+ D$#D+
*;*)0#Q+A<0+D(%0.+?(*+90*&:%09+?&)<+)<0+2('&.&);+)"+
>0+"D05()09+#(%$(..;+>;+*)(5)h*)"D+D$*<+>$))"%*+2"5+
0('<+D$#D+"5+ ($)"#()&'(..;+ )<5"$:<+ )<0+ '"#>&%09+
0220')+ "2+ (+ D5":5(##(>.0+ l+ M(;+ )&#05+ (%9+ (%+1%7
M0.(;+ )&#05+?<&'<+ *)(5)*+ )<0+ <&:<+ D50**$50+ D.$%:05+
D$#D+(2)05+(+*<"5)+90.(;+ )"+ 509$'0+90)05&"5()&"%+ )"+
the membrane from the effect of water hammer as 
9&*'$**09+&%+)<0+.&)05()$50+*$5F0;Q

A<0+ 9()(+ ."::&%:+ *;*)0#+?(*+ (220')09+ >;+ 3%(%'&(.+
limitations so a novel solution was found through the 
use of a web camera and software designed around 
)<0+ /">"/0(.#*A8+ &#(:0+ D5"'0**&%:+ .&>5(5;+ ?&)<+
)<0+(>&.&);+)"+50(9+)<0+9&:&)(.+'"%9$')&F&);+9&*D.(;+(%9+
'"%F05)+)<0+&#(:0+)"+)0Z)P+?<&.0+."::&%:+)<0+50Y$&509+
D(5(#0)05*Q+ -%")<05+ D5":5(#+ ?(*+ ?5&))0%+ )"+ (.."?+
)<0+ &#D"5)()&"%+ &%)"+ LZ'0.+ (%9+ 3.)05&%:+ "2+ $%$*(>.0+
logged data. 

$9@A86@27:32.B=49F9C9:6@
A<0+ '"%)5".+ *;*)0#+ ?(*+ )0*)09+ >;+ 2($.)+ &%9$')&"%+
testing for all the potential failure causes highlighted 
)<5"$:<+ )<0+ @5"'0**+ 4(&.$50+ 8"90+ (%9+ L220')*+
-%(.;*&*+R@5"'0**+48L-SQ+A<0+*;*)0#+90)0')09+(%9+
50(')09+)"+)<0+(DD.&09+2($.)*+(*+50Y$&509Q+4.()+*<00)+
#0#>5(%0+ )0*)*+ (%9+ #()05&(.+ (%(.;*&*+ "%+ (+ %0?+
membrane module were also performed to provide 
detailed insight on the fouling components affecting 
*0(+ ?()05+ 50F05*0+ "*#"*&*+ RHN/1S+ #0#>5(%0*+
under discontinuous operation. 

A Discontinuous Operation of 
Reverse Osmosis Plants
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-6A39:6R2"7;B>2K>:7::>
-A?9;F4@>;R2#;>D/2$>H9;62T=4;87:3>
*>N@A?9;F4@>;R2

!:6;>3AB64>:
A<0+8(:<)(>+.(%93..+?(*+'."*09+9"?%+&%+UVV]+)"+#(T0+
?(;+ 2"5+#"50+ *$*)(&%(>.0+ (.)05%()&F0*Q+ =%+ '"#D.&(%'0+
?&)<+LE+ 50:$.()"5;+ 50Y$&*&)0*+"%+ )<0+'."*09+ .(%93..P+ (+
number of wells were drilled so that gases entrained in 
)<0+.(%93..+R9$0+)"+>(')05&(.+90'"#D"*&)&"%+(%9+'<0#&'(.+
reactions) could be directed for treatment. Water 
vapour captured with these gases condenses along the 
D&D0+?"5T+?<&'<+ &*+ .(&9+ &%+(+?(;+ )"+9&50')+ )<0+>5"?%+
'"%)(#&%()09+'"%90%*()0+>;+:5(F&);+)"+(+50*05F"&5Q+A<0+
(#"$%)+"2+?()05+'"..0')09+(#"$%)*+ )"+(DD5"Z&#()0.;+
aV+'$>&'+#0)50*+D05+9(;+(%9+&*+)5(%*D"5)09+>;+>"?*05+
)"+(+%0(5>;+/0F05*0+1*#"*&*+D.(%)Q++

#;>L9B62%HL9B64F9@
N(*)0H05F+ 8(.)(+ &*+ '"%*&905&%:+ 50D.('&%:+ )<&*+
procedure with a new one where the condensate would 
>0+D$#D09+ )<5"$:<+ (+D&D&%:+ *;*)0#P+?&)<+ 0'"%"#&'+
costs and environmental issues being the indicators 
for choosing one alternative rather than another. The 
D50*0%)+ *;*)0#+ (.*"+ D"*0*+ D5">.0#*+ ?&)<+ *.$9:0+
(''$#$.()&"%+ (%9+ <0%'0+ '(..*+ 2"5+ (+ 50790*&:%+ "2+ )<0+
reservoir where the condensate is collected.

#;>L9B62"96=>3>8>549@
Through a methodological design process, the 
*D0'&3'()&"%*+ )"+ >0+#0)+?050+ '.0(5.;+ 903%09+ (%9+ (..+
possible solutions sought through literature search 
(%9+ (%(.;*&*+ "2+ 0Z&*)&%:+ )0'<%&'(.+ *;*)0#*Q+ @")0%)&(.+
*".$)&"%*+?050+0F(.$()09+(:(&%*)+)0'<%&'(.+'5&)05&([+2"$5+
*;*)0#*+>0&%:+'<"*0%+2"5+&%F0*)&:()&"%Q+A<0*0+&%'.$909+
(+9&50').;+'"$D.09+*".(5+D$#DP+(%+(&57"D05()09+9"$>.0+
9&(D<5(:#+ D$#D+ (%9+ )?"+ :5&97'"%%0')09+ *;*)0#*P+
one using a multistage centrifugal pump and the other 
>0&%:+(+zK;95(7!0..e+D$#DQ

A<0+90*&:%+50Y$&509+*&o&%:+)<5"$:<+)<0+$*0+"2+*)(%9(59*P+
#(%$2(')$505*e+9()(+(%9+(.*"+(+8().(>s+*".(5+D$#D&%:+
simulation. This allowed setting up a realistic life 
';'.0+'"*)+2"5+0F05;+*;*)0#Q+-%+0%F&5"%#0%)(.+&#D(')+
(**0**#0%)+>(*09+"%+)<0+'(5>"%+9&"Z&90+:0%05()09+>;+
)<0+*;*)0#+?(*+(.*"+'(55&09+"$)Q+

$9@A86@27:32.B=49F9C9:6@
A<0+?(*)0?()05+)50()#0%)+#0)<"9+?<&'<+>0*)+*()&*309+
)<0+'5&)05&(+"2+)50()&%:+)<0+.(%93..+:(*+'"%90%*()0+?(*+
2"$%9+)"+>0+)<0+=#<"22+A(%T+R4&:$50+WSQ+-.)<"$:<+*$'<+
(+)0'<%".":;+&*+5(50.;+2(F"$509+&%+90F0."D09+'"$%)5&0*P+
&)*+*&#D.&'&);+(%9+*$*)(&%(>&.&);+ &*+?0..+(''0D)09+)"+>0+
0220')&F0+ (*+ (+ 90'0%)5(.&o09+ ?(*)0?()05+ )50()#0%)+
"D)&"%+WQ

Figure 1: Photomontage of proposed Imhoff Tank 
(cross-sectioned)

A<0+ 20(*&>&.&);+ *)$9;+ *<"?09+ )<()+ (..+ 2"$5+ D5"D"*09+
*;*)0#*+>0'"#0+'"*)70220')&F0+?&)<&%+ .0**+ )<(%+ )<500+
;0(5*+ 25"#+ )<0&5+ &#D.0#0%)()&"%+ R?<0%+ '"#D(509+
)"+ )<0+>(*0+'(*0SQ+-*+ &%9&'()09+ &%+4&:$50+UP+ )<0+*".(5+
0%05:;+'(*0+&*+0F&90%).;+)<0+>0*)+"D)&"%+)<5"$:<"$)+)<0+
?<".0+ *;*)0#+ .&20)&#0P+ '"%)5(5;+ )"+ D"D$.(5+ >0.&02+ )<()+
#(T0*+&%F0*)"5*+*'0D)&'+(>"$)+50%0?(>.0+0%05:;Q+H".(5+
0%05:;+ &*+ (.*"+ 2(F"$509+>;+ )<0+ 0%F&5"%#0%)(.+ &#D(')+
assessment.  

Figure 2: Comparison of the life cycle costs for the 
present and proposed alternatives  

$9D9;9:B9@
+ W+ /Q+ 8'I0(%P+ mK"%9$5(*+ N(*)0?()05+ A50()#0%)\+
!<0#&'(..;+ L%<(%'09+ @5&#(5;+ A50()#0%)+ (%9+
H$*)(&%(>.0+ H0'"%9(5;+ A50()#0%)+ A0'<%".":&0*+
2"5+ E*0+ ?&)<+ =#<"22+ A(%T*nP+ 8Q+ L%:Q+ M&**05)()&"%P+
8(**('<$*0))*+ =%*)&)$)0+ "2+ A0'<%".":;P+ EH-P+ j$%0+
UVV`Q

Comparison of Life Cycle Costs for Present and Proposed Systems
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An Alternative Treatment and Pumping System 
N3+$5-&'U..$Y-)$23&'0&)-*0
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!:6;>3AB64>:
z/09$'09+H".$)&"%+80)<"9*e+D5"F&90+(+'"#D$)()&"%(..;+
023'&0%)P+ '"*)+ 0220')&F0+ (%9+ (+ *&#D.0+ #0(%*+ )"+
(%(.;)&'(..;+ (%(.;o0+ )<0+ 3%(.+ 9&*)"5)&"%*+ (%9+ 50*&9$(.+
*)50**0*+ :0%05()09+ >;+ (+ 2$*&"%+ ?0.9&%:+ D5"'0**Q+
These computational methods replace the complex 
)<05#"70.(*)&'7D.(*)&'+ (%(.;*&*+ ?&)<+ (%+ $%'"$D.09+
0.(*)&'+%$#05&'(.+#"90.P+)"+*&#$.()0+"%.;+)<0+&#D"5)(%)+
'<(5(')05&*)&'*+"2+ (+?0.9&%:+D5"'0**Q+H$'<+#0)<"9*+
(50+F05;+?0..+*$&)09+)"+&%F0*)&:()0+)<0+9&*)"5)&"%*+(%9+
50*&9$(.+*)50**0*+'50()09+>;+2$*&"%+?0.9&%:+#&.9+*)00.+
D.()0*+ WQ+ K"?0F05P+ 2$5)<05+ 50*0(5'<+ ?(*+ 0%)(&.09+
)"+ 90)05#&%0+ ?<0)<05+ "5+ %")+ )<0*0+ 3%&)0+ 0.0#0%)+
strategies are applicable to butt welded aluminium 
(..";*Q+H$''0**2$.+(DD.&'()&"%+"2+)<&*+#0)<"9+?&..+:&F0+
5&*0+)"+#0(%*+)<()+&90%)&2;+?<()+#&)&:()&"%+)0'<%&Y$0*+
(50+50Y$&509+D5&"5+)<0+?0.9&%:+D5"'0**+(%9+$.)&#()0.;+
reduce the residual stresses and distortion.

#;>L9B62%HL9B64F9@
A<0+ (&#*+ "2+ )<&*+ *)$9;+ ?050+ )"+ *$''0**2$..;+
implement the reduced solution methods for butt 
?0.909+(.$#&%&$#+D.()0*+(%9+D5"F&90+ )<0+%0'0**(5;+
experimental validation of the predicted distortions.

#;>L9B62"96=>3>8>549@
A<0*0+ '"#D$)()&"%(..;+ 023'&0%)+ #0)<"9*+ (50+ >(*09+
on the uncoupling of the thermal and structural 
(%(.;*&*Q+4&5*)P+(+*;##0)5&'+)<05#(.+#"90.+&*+'50()09+
)"+0Z)5(')+(+UM+)<05#(.+D5"3.0P+'"%*&*)&%:+"2+#(Z&#$#+
temperatures along the transverse direction of the 
?0.909+*)5$')$50Q+A<&*+)<05#(.+D5"3.0+&*+)<0%+209+)"+(+
*;##0)5&'+aM+*)5$')$5(.+#"90.P+?<050+)<0+%0'0**(5;+
)0#D05()$50+ ."(9*+ (50+ '"#D$)09+ $*&%:+ (%+ 0.(*)&'7
plastic algorithm. This algorithm uncouples the 
)5(%*F05*0+(%9+."%:&)$9&%(.+902"5#()&"%*+)"+0F0%)$(..;+
D509&')+)<0+50*&9$(.+*)50**0*+(%9+3%(.+9&*)"5)&"%+"2+(%+
(.$#&%&$#+?0.909+(**0#>.;P+(*+*<"?%+&%+4&:$50+WQ+

A<0*0+ 50*$.)*+ (50+ )<0%+ F(.&9()09+ >;+ >$))+ ?0.9&%:+
*#(..+*'(.0+(.$#&%&$#+D.()0*+$*&%:+(+*0#&7($)"#()09+
?0.9&%:+*;*)0#+*<"?%+&%+4&:$50+U+(%9+#0(*$50+)<0&5+
3%(.+ 902"5#()&"%+ $*&%:+ (+ .(*05+ 9&*)"5)&"%+ *'(%%&%:+
*;*)0#Q

$9@A86@27:32.B=49F9C9:6@
The computational model predicted a hogging 
curvature along the longitudinal direction of the 
?0.9+ (**0#>.;P+ *&#&.(5+ )"+ )<()+ ">)(&%09+ 25"#+ )<0+
0ZD05&#0%)(.+(%(.;*&*Q+H$'<+(+50*$.)+*$::0*)*+)<()+?&)<+
2$5)<05+50*0(5'<+?"5TP+(''$5()0+D509&')&"%+"2+50*&9$(.+
stresses and deformations in butt welded aluminium 

(..";*+'"$.9+0F0%)$(..;+.0(9+)"+)<0+D"**&>&.&);+"2+$*&%:+
reduced solution methods for such applications.

$9D9;9:B9@
W+MQ+!(#&..05&+(%9+AQJQ4+J5(;P+mE*&%:+'"#D$)()&"%(..;+
023'&0%)P+509$'097*".$)&"%+#0)<"9*+)"+$%905*)(%9+
?0.9&%:+9&*)"5)&"%Pn+&%+8&%&#&o()&"%+"2+N0.9&%:+
M&*)"5)&"%+(%9+G$'T.&%:+d+8"90..&%:+(%9+
=#D.0#0%)()&"%+@Q+8&'(<.05&*P+L9Q+@<&.(90.D<&(P+EH-P+
N""9<0(9+@$>.&*<&%:+I&#&)09+UVWWP+DDQ+WU]7Wc_Q

Figure 1: Analytical analysis of fusion welded 
aluminium plate

Figure 2: Experimental analysis of 
fusion welded aluminium plate

Reduced Solution Methods Applied to Fusion 
Welding of Aluminium Plates
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!:6;>3AB64>:
809&(%+ *)05%")"#;+ 50Y$&50*+ )<0+ *)05%$#+ )"+ >0+
bisected in two halves to allow access to the heart. 
This brings forth a number of post complications 
}W~[+"%0+"2+)<0+#"*)+250Y$0%).;+0%'"$%)0509+&*+?<0%+
)<0+ D()&0%)+ ?<"+ <(*+ B$*)+ ?0%)+ )<5"$:<+ )<0+ *$5:05;+
coughs, such that large lateral forces are experienced 
on the sternum and cause sternal dehiscence. This 
encourages ongoing studies to help in recuperating 
)<0+#0'<(%&'(.+*)(>&.&);+"2+)<0+>&*0')09+*)05%$#P+>;+
#0(%*+ "2+ 509$'&%:+ #&'5"7#")&"%+ >0)?00%+ )<0+ 507
approximated halves. This calls upon an increase in 
'"%*'&"$*%0**+)"+0Z'0.+&%+*)05%(.+'."*$50+)0'<%&Y$0*P+
D(5)&'$.(5.;+ >;+ )<0+ (DD.&'()&"%+ "2+ )<0+ 3%&)0+ 0.0#0%)+
#0)<"9+0%:(:09+&%+)<&*+(50(+}U~Q++

#;>L9B62%HL9B64F9@
A<0+ *'"D0+ "2+ )<&*+ D5"B0')+ ?050+ )"+ ">)(&%+ (+ F&5)$(.+
<$#(%+*)05%$#+>"%0+#"90.+>(*09+"%+50(.&*)&'+)<5007
9&#0%*&"%(.+:0"#0)5;+?<&'<+<(9+)"+>0+&%F0*)&:()09+
>;+ *&#$.()&%:+ )<0+ >&"#0'<(%&'(.+ >0<(F&"$5+ 9$5&%:+
)<0+'"$:<Q+A<0+">B0')&F0*+"2+)<&*+9&**05)()&"%+?050\

MN" to create a virtual human sternum bone model, 
>(*09+"%+!A+*'(%*

ON" )"+'50()0+(+3%&)0+0.0#0%)+ R4LS+#"90.+$*&%:+)<0+
generated virtual sternum model

PN" )"+D5"F&90+(%+(%(.;*&*+"2+)<0+*)05%(.+>&"#0'<(%7
&'(.+>0<(F&"$5P+(%9+(DD.;+>"$%9(5;+'"%9&)&"%*+
(''"59&%:.;+

QN" to simulate the loads during the cough and ana7
.;*0+)<0+*)50**7*)5(&%+9&*)5&>$)&"%+"%+)<0+F&5)$(.+
model.

#;>L9B62"96=>3>8>549@
A<&*+ D5"B0')+ ?(*+ ('<&0F09+ )<5"$:<+ )<0+ $*0+ "2+ (+
'"##05'&(.+ *"2)?(50+ D('T(:0+ 2"5+ 6E/GH+ R%"%7
$%&2"5#+ 5()&"%(.+ >(*&*+ *D.&%0S+ #"90..&%:+ >;+ )<0+
#(%&D$.()&"%+"2+ &%+ F&F"+ '"#D$)09+ )"#":5(D<;+ R!AS+
*'(%*+ )"+ :0%05()0+ )<0+ )<50079&#0%*&"%(.+ :0"#0)5;+
>(*09+"%+50(.+<$#(%+>"%0Q+H$>*0Y$0%).;P+#"90..&%:+
$%905+(%()"#&'(.+(%9+D<;*&".":&'(.+'"%9&)&"%*+$*&%:+
4L-+R3%&)0+0.0#0%)+(%(.;*&*S+?(*+$*09+)"+(%(.;*0+)<0+
*)50**7*)5(&%+ 9&*)5&>$)&"%+ 90F0."D09Q+ A?"+ #"90.*+
?050+ *&#$.()09+ $%905+ )<&*+ *)$9;\+ "%0+ <(F&%:+ %"+
attached cartilages and the other having attached 
'(5)&.(:0*+(*+*<"?%+ &%+4&:$50+W+(%9+4&:$50+UQ+G")<+
models were incorporated with the corresponding 
material properties.

$9@A86@27:32.B=49F9C9:6@
A<5"$:<"$)+)<&*+9&**05)()&"%P+>;+#0(%*+"2+(+*)5()0:&'+
(%9+ *;*)0#()&'+ (DD5"('<P+ >&"#0'<(%&'(.+ (%(.;*&*+
?(*+2('&.&)()09+)"?(59*+50(.&o&%:+)<0+D5"B0')+">B0')&F0*Q+

The attained stress and strain distributions within 
)<0+)?"+:0%05()09+#"90.*+?050+50(*"%(>.;+50(.&*)&'+
#(&%.;+ *&%'0+ )<0;+'"#D.&09+?0..+?&)<+ )<0+D5&%'&D.0*+
of the biomechanics of the thorax whilst some could 
(.*"+ >0+ F05&309+ )<5"$:<+ #()<0#()&'(.+ D5&%'&D.0*Q+
The larger stresses were induced at the xiphisternal 
B"&%)+&Q0Q+)<0+50:&"%+>0)?00%+)<0+#&99.0+R*)05%(.+>"9;S+
and lower (xiphoid process) parts of the sternum. 
This implies that further research on sternal closure 
)0'<%&Y$0*+*<"$.9+'"%*&905+)<&*+."'()&"%+(*+(+'5&)&'(.+
50:&"%+?<&'<+*<"$.9+>0+?0..750&%2"5'09+?&)<+50*D0')+
to the other parts of the sternum.

$9D9;9:B9@
}W~+-Q+/Q+!(*<(P+IQ+i(%:P+@Q+KQ+p(;P+8Q+H(.0<P+(%9+JQ+
jQ+!""D05P+z-+>&"#09&'(.+*)$9;+"2+#09&(%+*)05%")"#;+
'."*$50+ )0'<%&Y$0*e+ L$5"D0(%+ j"$5%(.+ "2+ !(59&"7
)<"5('&'+H$5:05;P+W```P+f".Q+W_P+DDQac_7ac`Q
}U~+H<5$)&+@(&P+z=%+F&F"+'<(5(')05&*()&"%+"2+50*D&5()"5;+
forces on the sternal midline following median 
*)05%")"#;eP+ 4('$.);+ "2+ N"5'0*)05+ @".;)0'<%&'+
=%*)&)$)0P+A<0*&*+UVV_Q

Figure 1: Von Mises Stress on Virtual Human 
Sternum Model without Cartilages

Figure 2: Von Mises Stress on Virtual Human 
Sternum Model with Cartilages

Computational Model of a Human Sternum
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!:6;>3AB64>:
N0.9&%:+ &*+ "%0+ "2+ #(%;+ D5"'0**0*+ ?<&'<+ &%9$'0+
residual stresses and distortion inside a specimen. 
This alteration in the strength and microstructure of 
the component is a result of localised heating and 
%"%7$%&2"5#+ '"".&%:+ 9$5&%:+ )<0+ ?0.9&%:+ "D05()&"%Q+
The residual stresses introduced inside a component 
'(%+ >0+ "2+ *0F050+ '"%*0Y$0%'0+ )"+ )<0+ *)5$')$5(.+
&%)0:5&);+?<&'<+&*+?<;+(%(.;*&*+"2+)<0+D052"5#(%'0+(%9+
50.&(>&.&);+"2+)<0+?0.9+&*+%0'0**(5;+9$5&%:+)<0+90*&:%+
*)(:0+ "2+ )<0+ '"#D"%0%)Q+ -+ <".0+ 95&..&%:+ (DD(5()$*+
was used in this research to compute the residual 
stresses inside a mild steel specimen.

#;>L9B62%HL9B64F9@
A<0+">B0')&F0*+?050\
x+ N5&)0+(+#(%$(.+"2+<"?+)<0+<".0+95&..&%:+0Y$&D#0%)+

&*+)"+>0+$*09[
x+ E*0+ )<0+ <".0+ 95&..&%:+ 0Y$&D#0%)+ )"+ 90)05#&%0+

residual stresses both prior and after spot 
?0.9&%:[

x+ M0)05#&%0+ 50*&9$(.+ *)50**0*+ '($*09+ >;+ *D")+
welding.

#;>L9B62"96=>3>8>549@
A<0+ <".0+ 95&..&%:+#0)<"9+?(*+ $*09+ &%+ )<&*+ *)$9;+ )"+
90)05#&%0+ )<0+ 50*&9$(.+ *)50**0*+ &%9$'09+ >;+ *D")+
?0.9&%:Q+N<0%+ 95&..&%:+ "2+ (+ *)50**09+#()05&(.+ )(T0*+
D.('0P+ )<0+ *D0'&#0%+ z50.(Z0*e+ (%9+ '($*0*+ (+ *#(..+
*)5(&%+ 50.&02+ &%+ )<0+ #()05&(.+ ?<&'<+ &*+ D&'T09+ $D+ >;+
strain gauges. These values can then be converted 
&%)"+/0*&9$(.+*)50**0*+$*&%:+*D0'&(.&*09+*"2)?(50Q+

A<050+(50+)?"+);D0*+"2+(**0#>.&0*+)<()+'(%+>0+$*09[+
)<0+#&..&%:+5"9+(**0#>.;+(%9+)<0+(&5+)$5>&%0+(**0#>.;+
R*<"?%+&%+4&:$50+WSQ+A<0+.())05+?(*+$*09+&%+)<&*+*)$9;Q+
The drilling process was conducted according to the 
-HA8+Lbal7Vb+ *)(%9(59+?<&'<+903%0*+ )<0+ );D0+"2+
(%(.;*&*+50Y$&509+&%+90)05#&%&%:+50*&9$(.+*)50**0*Q+

The drilling operation was conducted both prior and 
after the spot weld was generated on the specimen. 
Two strain gauges were attached to the steel plate 
before spot welding was conducted and another 
three were installed after the spot weld was done. 
This was done in order to obtain stress distributions 
of the residual stresses with respect to the distance 
(?(;+25"#+)<0+*D")+?0.9Q++

$9@A86@27:32.B=49F9C9:6@
Once all residual stresses were determined using the 
software, these stresses were shown to decrease 

5(D&9.;+(?(;+ 25"#+)<0+*D")+?0.9Q+/0*&9$(.+*)50**0*+
&%+*D")+?0.9&%:+'(%+"%.;+>0+ 2"$%9+ &%+ )<0+F&'&%&);+"2+
)<0+ ?0.9Q+ -)+ (+ 9&*)(%'0+ "2+ aU+ ##+ (?(;+ 25"#+ )<0+
*D")+?0.9P+)<0+50*&9$(.+*)50**0*+'"#D$)09+?050+F05;+
similar to the stress values obtained prior to spot 
welding.

-*+ (+ D"&%)05+ 2"5+ 2$5)<05+ 50*0(5'<P+ "%0+ '(%+ '"%9$')+
2$5)<05+ *)$9&0*+ >;+ '"#D(5&%:+ 9&22050%)+ ?0.9&%:+
)0'<%&Y$0*+(%9+'"%'.$90+?<&'<+#0)<"9+ &%)5"9$'0*+
)<0+ .0(*)+ 50*&9$(.+ *)50**Q+ -.*"P+ 50*&9$(.+ *)50**0*+
#(;+>0+90)05#&%09+$*&%:+")<05+#0)<"9*P+")<05+)<(%+
<".0+95&..&%:P+(%9+)<0&5+023'&0%'&0*+(50+0F(.$()09+(%9+
compared with one another.

Experimental Measurements of 
Welding Induced Residual Stresses

!

Figure 1: Air Turbine Assembly 
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!$550%)+50*0(5'<+&*+0F(.$()&%:+)<0+D"**&>&.&);+"2+50D.('&%:+
the gearbox and generator on wind turbines with a large 
D$#DQ+ =%*)0(9+ "2+ D5"9$'&%:+ 0.0')5&'&);+ 9&50').;P+ )<0+
individual wind turbines would pump seawater at high 
D50**$50+)"+(+'0%)5(.&o09+<;95"0.0')5&'+*)()&"%Q+

N&%9+0%05:;+<(*+>00%+$*09+2"5+D$#D&%:+?()05+*&%'0+
)<0+`)<+'0%)$5;+W+(%9+)5(9&)&"%(.+?&%9#&..*+'(%+*)&..+>0+
*00%+<050+&%+8(.)(Q+=%*D&5()&"%+&*+95(?%+25"#+)<&*+(:07
old method, in an attempt to create new developments 
for offshore wind generation. 
/0D.('&%:+)<0+:0(5>"Z+(%9+:0%05()"5+?&)<+(+<;95($.&'+
pump would reduce costs and lead to a lighter wind 
)$5>&%0+90*&:%+UQ

#;>L9B62%HL9B64F9@
R" Develot a mathematical model of a wind turbine 

'"$D.09+ )"+ (+ D"*&)&F079&*D.('0#0%)+ D$#DQ+ A<&*+
*<"$.9+#"90.+)<0+"F05(..+*;*)0#P+?<&'<+&%'.$90*\+
5")"5+(05"9;%(#&'*P+#0'<(%&'(.+)5(%*#&**&"%+(%9+
the internal mechanics of the pump.

R" Devige alternative schemes for controlling the 
?&%9+ )$5>&%0P+ (%9+ #(T&%:+ >0*)+ $*0+ "2+ )<0+ %0?+
<;95($.&'+90*&:%Q

R" !"%F0%)0)<0+#()<0#()&'(.+#"90.+&%)"+(+'"#D$)05+
program to provide means for simulating the 
>0<(F&"5+"2+)<0+*;*)0#Q

R" H&#$.()0+)<0+9&22050%)+'"%)5".+*'<0#0*Q+
R" H&#$.()0+&%)05%(.+D<0%"#0%(+"''$55&%:+?&)<&%+)<0+

pump. 

#;>L9B62"96=>3>8>549@
H&#&.(5+*;*)0#*+$*&%:+<;95($.&'+ )5(%*#&**&"%+ );D&'(..;+
$*0+(+5(9&(.+D&*)"%+D$#D+aQ+A<&*+D5"B0')+ &%)5"9$'0*+(+
%0?+90*&:%+?&)<+(+*?(*<+D.()0+D$#D+9&50').;+'"%%0')09+
)"+)<0+5")"5Q+-*+*<"?%+&%+4&:$50+WP+X$&9+X"?*+$D+)"+)<0+
nacelle where the pump is situated after which it is 
D(**09+)"+)<0+<;95"0.0')5&'+D.(%)Q

8()<0#()&'(.+ #"90..&%:+ &*+ 9"%0+ $*&%:+ )<0+ D<;*&'(.+
%0)?"5T+(DD5"('<P+(+#0)<"9+2"5+'"#>&%&%:+0Y$()&"%*+
)<()+50D50*0%)+)<0+D<;*&'*+"2+&%9&F&9$(.+'"#D"%0%)*+"2+
(+*;*)0#Q+

LY$()&"%*+ 50D50*0%)&%:+ 50(.+ *;*)0#*+(50+ '"#D.&'()09+
(%9+ '(%%")+ >0+ *".F09+ >;+ <(%9P+ )<0502"50P+ (+
'"#D$)()&"%(.+ *".$)&"%+ &*+ 50Y$&509Q+ @$)+ *&#D.;P+ )<0+
D5"'0**+ &*+ )"+ )(T0+ (+ 20?+ *<"5)P+ ;0)+ F05;+ '"#D.&'()09+
steps and convert them into a lot of simple steps for the 
computer to solve. 

$9@A86@27:32.B=49F9C9:6@2
Power generated at the turbine base with respect to wind 

speed at hub height is shown in 4&:$50+U. It illustrates the 
0Z'0..0%)+D")0%)&(.+"2+)<0+90*&:%Q+8"50"F05P+)<0+"F05(..+
50*$.)*+*<"?+)<()+>;+$*&%:+(.)05%()&F0+'"%)5".+*'<0#0*P+
D(5)&'$.(5.;+ >;+ '"#>&%&%:+ )<0+ '"%)5".+ "2+ <;95($.&'+
pressure and blade pitch angle, the power extraction 
'(D(>&.&)&0*+ "2+ )<0+ ?&%9+ )$5>&%0+ '(%+ >0+ 95(#()&'(..;+
improved with limited structural changes.

$9D9;9:B9@
I$'(*+-QP+ zN&%9P+N()05P+N"5T\+-%'&0%)+ (%9+809&0F(.+
8&..&%:+A0'<%".":;e+G5&..+ @$>.&*<05*P+ A<0+60)<05.(%9*P+
UVVcP+DQ+c_Q
M&0D0F00%+ 6QP+ f(%+ 905+ A0#D0.+ jQP+ mM0.2)+ 122*<"50+
A$5>&%0*P+)<0+2$)$50+"2+?&%9+0%05:;Pn+M0.2)+E%&F05*&);+"2+
A0'<%".":;+P+UVVbQ
8"5)0%*0%+pQP+(%9+K0%5&T*0%+pQP+mL23'&0%';+-%(.;*&*+"2+
(+/(9&(.+@&*)"%+@$#D+-DD.&09+&%+(+_8N+N&%9+A$5>&%0+
?&)<+K;95($.&'+A5(%*#&**&"%Pn+-(.>"5:+E%&F05*&);P+8QH'Q+
A<0*&*P+UVWWQ
j"%T#(%+ jQP+ G$))0530.9+ HQP+8$*&(.+NQP+ (%9+ H'"))+ JQP+
mM03%&)&"%+ "2+ (+ _78N+ /02050%'0+ N&%9+ A$5>&%0+ 2"5+
122*<"50+ H;*)0#+ M0F0."D#0%)Pn+ EQHQ+ M0D(5)#0%)+ "2+
L%05:;P+6()&"%(.+/0%0?(>.0+L%05:;+I(>"5()"5;P+EQHQ-QP+
A0'<%&'(.+/0D"5)P+UVV`

Figure 1: A basic schematic of the overall system.

Figure 2:pPower developed at the turbine base 
against wind speet.

Analysis of a Wind Turbine Driven Hydraulic Pump
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-6A39:6R2"766=9P2KA@A6648
-A?9;F4@>;R20;/*874;92092"7;B>2

!:6;>3AB64>:
H<00)+ #0)(.+ 2"5#&%:+ &*+ (+ D5"'0**+ ?<&'<+ &*+ ?&90.;+
used in the production process in various industries. 
M$5&%:+ )<0+ 2"5#&%:+ D5"'0**P+ '(50+ #$*)+ >0+ )(T0%+
%")+ )"+ 0Z'009+ )<0+ 9$')&.&);+ 5(%:0+ "2+ )<0+ #()05&(.Q+
A<0+ 45(')$50+ 4"5#&%:+ I&#&)+ 9&(:5(#+ :&F0*+ (+ '.0(5+
indication of the forming capabilities of the sheet 
material and provides an indication of the safe region 
?<050+%"+%0'T&%:+?&..+)(T0+D.('0Q+

#;>L9B62%HL9B64F9@
A<0+#(&%+ ">B0')&F0+ "2+ )<0+ D5"B0')+ &*+ )"+ '"%*)5$')+ (+
45(')$50+ 4"5#&%:+ I&#&)+ 9&(:5(#+ (%9+ &%F0*)&:()0+
)<0+ 0220')+ "2+ *<00)+ )<&'T%0**+ "%+ )<0+ 2"5#(>&.&);+ "2+
:(.F(%&*09+ *)00.+ *<00)*Q+ -+ 9()(+ ('Y$&*&)&"%+ *;*)0#+
coupled to a displacement and pressure sensor was 
also added to the existing apparatus. 

#;>L9B62"96=>3>8>549@
=%+ "5905+ )"+ '"%*)5$')+ )<0+ 44IM+ )?"+ 9&22050%)+ )0*)*+
<(9+)"+>0+'(55&09+"$)Q+A<0+35*)+)0*)+&%F".F09+>$.:&%:+
:(.F(%&*09+*)00.+*<00)*+"2+9&22050%)+)<&'T%0**+)<5"$:<+
(+ '&5'$.(5+ (%9+ 0..&D)&'(.+ (D05)$50+ $*&%:+ <;95($.&'+
D50**$50+$%)&.+25(')$50Q+-+*D0'&#0%+)<()+?(*+>$.:09+
through an elliptical die until fracture can be seen in 
3:$50+WQ

Figure 1: Bulged specimen through an elliptical die

The second test involved uniaxial tensile testing of a 
*0)+"2+%")'<09+*D0'&#0%*+ 2"5+9&22050%)+ )<&'T%0**0*Q+
In both cases the strains on the material were 
measured using etched circles on the surface of 

)<0+#()05&(.+"2+D50F&"$*.;+T%"?%+9&#0%)&"%*Q+-*+)<0+
sheet metal is stretched the etched circles are also 
stretched with the same amount of deformation. The 
3%(.+ #0(*$50#0%)+ "2+ )<0*0+ 902"5#09+ '&5'.0*+ ?(*+
then translated to strain values. The strains obtained 
from both tests were then plotted to construct the 
fracture forming limit diagram. 

$9@A86@27:32.B=49F9C9:6@
45"#+)<0+'"%*)5$')&"%+"2+)<0+44IM+&)+?(*+'"%'.$909+
that in the case of galvanised steel, an increase in 
*<00)+ )<&'T%0**+ 25"#+ VQ_+ ##+ )"+ W+ ##+ ;&0.9*+ (%+
increase in the forming capabilities of the sheet 
#()05&(.Q+-+ 50:&"%+?<&'<+ &%9&'()0*+*(20+902"5#()&"%+
"2+)<0+*<00)+#0)(.+?&)<"$)+(%;+5&*T*+"2+%0'T&%:+"5+(%;+
other forms of failure was also obtained. This safe 
50:&"%+&*+F05;+$*02$.+9$5&%:+)<0+90*&:%+"2+(%;+*<00)+
metal forming process since it helps to ensure that 
)<0+3%(.+*<00)+#0)(.+D5"9$')+&*+2500+25"#+(%;+9020')*Q+

Fracture Forming Limit Diagrams: FFLD
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-6A39:6R2-7CP982KA6645495
-A?9;F4@>;R20;/!:5/2_39:[72-7:6

!:6;>3AB64>:
When performing open heart surgeries the sternum 
is dissected to provide direct access to the heart. 
A<&*+ #&9.&%0+ *)05%")"#;+ &%'&*&"%+ 0%(>.0*+ 0Z'0..0%)+
ease of intervention on the heart and is a familiar 
D5"'09$50+)"+*$5:0"%*Q+f(5&"$*+2"5#*+"2+*)05%")"#;+
'."*$50*+)0'<%&Y$0*+(%9+90F&'0*+<(F0+>00%+$*09+;0)+
%"%0+<(F0+D5"F09+)"+>0+)")(..;+*()&*2(')"5;+)"+(F"&9+
'"#D.0)0.;+ *)05%(.+ 90<&*'0%'0+ "5+ '$)+ )<5"$:<+ "2+
)<0+?&50*Q+!"$:<&%:+'($*0*+(+.()05(.+)0%*&.0+ ."(9&%:+
"%+ )<0+ *)05%")"#;+ "2+ (5"$%9+ W_VV6+ &%+ (%+ (9$.)Q+
Thus high sternal load often leads to failure of the 
*)05%")"#;+'."*$50+?<&'<+&%+)$5%+'($*0*+(+5(%:0+"2+
complications such as dehiscence, mediastinitis, 
bacterial infection and a prolonged incisional pain 
(%9+<0(.&%:+D05&"9Q+W

Thus a form of testing mechanism to replicate the 
2"5'0+(*+(+D<;*&".":&'(.+ ."(9+'($*&%:+)<0+#(Z&#$#+
stress imposed on the sternum will allow further 
*)$9&0*+ "%+ *)05%")"#;+ '."*$50+ )0'<%&Y$0*+ (%9+
devices.  
 
#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+&*+)"+90*&:%+(%9+'"%*)5$')+(+
sternal loading frame. This is to simulate the static 
force exerted on the sternum in an adult.  

#;>L9B62"96=>3>8>549@
!" + /0F&0?+ "2+ )<0"5;+ (%9+ .&)05()$50+ )"+ (&9+ $%9057

*)(%9&%:+ "2+ )<0+ )<"5(Z+ (%9+ *)05%(.+ D<;*&".":&7
'(.+(%()"#;+(%9+>&"#0'<(%&'*+#"F0#0%)+?<&.0+
coughing.

!" /0*0(5'<+"%+)<0+$*0+"2+ )<0+*".&9+D".;$50)<(%0+
foam models for testing was carried out.

!" H)05%(.+D<;*&".":&'(.+."(9*+?050+&90%)&309+25"#+
(+*&#D.&309+#()<0#()&'(.+#"90.+"2+)<0+)<"5(ZQ

!" -+ *)05%(.+ ."(9&%:+ 25(#0+ ?(*+ 90*&:%09+ $*&%:+
!-M+R!"#D$)05+-&909+M0*&:%S+(%9+90)(&.09+'(.7
culations were performed on the frame as in Fig 
WQ+-%9+4&:+UQ+ *<"?*+ )<0+*)05%(.+ ."(9&%:+ 25(#0+
mounted in the tensile machine with sternum 
loaded.

!" +4L-+ R4&%&)0+L.0#0%)+-%(.;*&*S+?(*+'(55&09+"$)+
on the designed loading frame.

!" A<0+."(9&%:+25(#0+?(*+3%(..;+'"%*)5$')09Q
!" -+#0)<"9".":;+"2+ )<0+0ZD05&#0%)(.+ D5"'09$50+

for successful operation of the loading frame 
was developed.

$9@A86@27:32.B=49F9C9:6@
M0*&:%P+ '"#D$)()&"%P+ 3%&)0+ 0.0#0%)+ (%(.;*&*+ (%9+
construction of the loading frame have been 
*$''0**2$..;+ '"%'.$909Q+ A0*)&%:+ "%+ (+ *)05%(.+

D".;$50)<(%0+2"(#+#"90.+&*+)"+>0+D052"5#09+$)&.&o&%:+
the loading frame built.

$9D9;9:B9@
NQ+LQ+8'J50:"5P+MQ+/Q+A5$#>.0+(%9+jQ+-Q+8(:"F05%P+
m80'<(%&'(.+-%(.;*&*+12+8&%9.&%0+H)05%()"#;+N"$%9+
!."*$50Pn+ j"$5%(.+ 12+ A<"5('&'+ (%9+ !(59&"F(*'$.(5+
*$5:05;P+%"Q+WWlP+DDQ+WW]]7WW]`P+W```Q+

Fig1. CAD model of loading frame

Fig.2 Sternal  frame model loaded in frame.

Sternal Loading Frame
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-6A39:6R207;;9:2*7C4889;4
-A?9;F4@>;R2#;>D/2$>H9;62T=4;87:3>

!:6;>3AB64>:
A<0+?"5T+"%+)<0+"DD"*09+D&*)"%+F(5&(>.0+'"#D50**&"%+
0%:&%0+*)(5)09+&%+W``_+()+)<0+4('$.);+"2+L%:&%005&%:Q+A<0+
D5")");D0+0%:&%0+>$&.)+&*+T%"?%+)"+*$2205+25"#+D""5+D"?05+
characteristics which could be due to incorrect engine 
scavenging. The last time the engine was coupled to a 
9;%(#"#0)05P+)<0+0%:&%0+>0:(%+)"+*)(..+()+)<0+*.&:<)0*)+
."(9+(DD.&09Q+A<0+>$&.9&%:+"2+(+?"5T&%:+'"#D$)05+#"90.+
"2+)<0+0%:&%0+)":0)<05+?&)<+!4M+*'(F0%:&%:+*&#$.()&"%*+
?"$.9+<0.D+)"+$%905*)(%9+)<0+:(*+9;%(#&'*+"2+)<0+0%:&%0+
(%9+)<0+$%905.;&%:+'($*0*+"2+D""5+D052"5#(%'0Q

#;>L9B62%HL9B64F9@
+" A"+>$&.9+(+?"5T&%:+W7M+'"#D$)05+#"90.+"2+)<0+0%7

:&%0+$*&%:+/&'(59"+N-fLs+*"2)?(50Q
+" A"+D052"5#+*&#$.()&"%*+"2+)<0+W7M+#"90.+)"+">)(&%+

the main engine performance parameters.
+" A"+>$&.9+(+a7M+!4M+#"90.+"2+)<0+0%:&%0+$*&%:+-67

HiH+4.$0%)s+*"2)?(50Q
+" To perform engine scavenging simulations of the 

!4M+#"90.Q

#;>L9B62"96=>3>8>549@
/&'(59"+ N-fL+ *"2)?(50+ ?(*+ $*09+ )"+ >$&.9+ (+ W7M+
computer model of the engine. This model was used to 
perform several simulations of the engine performance 
()+ 9&22050%)+ '"#D50**&"%+ 5()&"*Q+ -+ *)$9;+ )"+ 90)05#&%0+
)<0+D<(*0+*<&2)+)"+$*0+2"5+"D)&#$#+2$0.+023'&0%';+2"5+)<0+
entire speed and load range was also performed. Flow 
bench testing of the engine’s ports was performed to 
90)05#&%0+)<0+X"?+'"023'&0%)*Q+M0)(&.09+#0(*$50#0%)+
of the engine’s geometrical features was also done. 

-+a7M+!4M+#"90.+"2+)<0+0%:&%0+?(*+>$&.)+$*&%:+-6HiH+
4.$0%)+?&)<+)<0+*D0'&3'+(&#+"2+&%F0*)&:()&%:+)<0+*'(F0%:&%:+
process of the engine. For this purpose, several cold 
X"?+!4M+*&#$.()&"%*+"2+ )<0+*'(F0%:&%:+D5"'0**+?050+
'(55&09+ "$)+ 2"5+ 9&22050%)+ 0%:&%0+ '"%3:$5()&"%*Q+/0*$.)*+
25"#+)<0+N-fL+#"90.+?050+$*09+(*+)5(%*&0%)+>"$%9(5;+
'"%9&)&"%*+&%+)<0+!4M+#"90.Q

$9@A86@27:32.B=49F9C9:6@
A<0+ X"?+ >0%'<+ )0*)&%:+ ?(*+ *$''0**2$..;+ D052"5#09+
(%9+ )<0+X"?+9()(+">)(&%09+'"#D(509+50(*"%(>.;+?0..+
?&)<+ D$>.&*<09+ *)$9&0*Q+ A<0+ >$&.9&%:+ "2+ ?"5T&%:+ W7M+
N-fL+(%9+!4M+0%:&%0+#"90.*+?(*+(.*"+*$''0**2$..;+
(''"#D.&*<09Q+ A<&*+ ?(*+ F05&309+ >;+ 50(.&*)&'+ (%9+
comparable simulation results.

N-fL+*&#$.()&"%+50*$.)*+'"%35#09+)<()+)<0+2$..+D")0%)&(.+
performance of the variable compression engine was 
%")+>0&%:+ 50('<09Q+!4M+*'(F0%:&%:+*&#$.()&"%+ 50*$.)*+
&%9&'()0+F05;+:""9+*'(F0%:&%:+()+."?+0%:&%0+*D009*+>$)+
&%'50(*&%:.;+D""5+*'(F0%:&%:+D052"5#(%'0+()+#"905()0+

and higher engine speeds.
The results obtained from the computer model and 
*'(F0%:&%:+ *&#$.()&"%*+'"$.9+>0+(%(.;*09+ 2$5)<05+ (%9+
$*09+ )"+#(T0+ )<0+%0'0**(5;+D<;*&'(.+#"9&3'()&"%*+ )"+
the engine. 

$9D9;9:B9@

/Q+J<&5.(%9"P+m-+F(5&(>.0+'"#D50**&"%+"DD"*097D&*)"%+
H=+0%:&%0Pn+&%+=80'<L+=%)05%(.+!"#>$*)&"%+L%:&%0*\+@057
2"5#(%'0P+4$0.+L'"%"#;+(%9+L#&**&"%*+!"%2QP+I"%9"%P+
UVV`Q

Figure 1: Principle of operation of the variable com-
.%&00",1'&1#"1&'('."03,10',$3',9'.;/0&'27'�'H3,.I'

pistons in phase (bottom)

Figure 2: Contours of mass fraction of air at BDC 
(Bottom Dead Centre) pistons in phase

Variable Compression Engine
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-6A39:6R2`>@47::92*7@@7;
-A?9;F4@>;R20;/2!:5/2,>:4>2-7:6
*>N@A?9;F4@>;R2";/2!:5/2$>H9;62+/2G7;;A547

!:6;>3AB64>:
A<&*+D5"B0')+90(.)+?&)<+ )<0+D50.&#&%(5;+D052"5#(%'0+
)0*)&%:+ "2+ (+ aQ]#+ 9&(#0)05+ D5")");D0+ #$.)&7>.(909+
?&%9+ )$5>&%0+ 5")"5Q+ A<&*+ D5"B0')+ 2"5#09+ D(5)+ "2+
)<0+ %0'0**(5;+ D50D(5()"5;+ ?"5T+ 50Y$&509+ D5&"5+ )"+
&%*)(..&%:+ )<0+D5")");D0+ 2"5+"D0%+30.9+ )0*)&%:+()+ )<0+
6()&"%(.+ -:5&'$.)$5(.+ /0*0(5'<+ (%9+ M0F0."D#0%)+
!0%)50P+J<(##&05&Q+

The power performance of the turbine was 
Y$(%)&309+)<5"$:<+)<0+90F0."D#0%)+"2+(+!D7�+'$5F0Q+
Furthermore, the test results were compared to 
'$5F0*+ ">)(&%09+ 25"#+ (+ G.(90+ L.0#0%)+8"#0%)$#+
program.

#;>L9B62%HL9B64F9@
MN" !(55;+"$)+(+)<"5"$:<+50F&0?+"%+)<0+)<0"5;+#"97

0..&%:+?&%9+)$5>&%0*+(05"9;%(#&'*
ON" G$&.9+(+G.(90+L.0#0%)+8"#0%)$#+D5":5(#
PN" Design and construct a mast used to house 

?&%9+F0."'&);+(%9+9&50')&"%+*0%*"5*+R)"+>0+$*09+
)"+&%F0*)&:()0+(&5+X"?+&%+(%+"D0%+30.9S

QN" @052"5#+*)()&'+(%9+9;%(#&'+>(.(%'&%:+"2+)<0+5"7
tor

SN" =%F0*)&:()0+)<0+Y$(.&);+"2+)<0+(&5+X"?+'50()09+>;+
a wind generator used for testing the perfor7
mance if the turbine

TN" !"%9$')+D50.&#&%(5;+D052"5#(%'0+)0*)&%:+"%+)<0+
?&%9+)$5>&%0+.0(9&%:+)"+(+!D7�+'$5F0

UN" !"#D(50+ )<0+ 50*$.)*+ 25"#+ )<0+ D052"5#(%'0+
#0(*$50#0%)*+ ?&)<+ )<"*0+ D509&')09+ >;+ GL8+
program

#;>L9B62"96=>3>8>549@
A<0+ D5"B0')+ ?(*+ 9&F&909+ &%)"+ 2"$5+ D<(*0*Q+ =%+ )<0+
35*)+ D<(*0P+ (+ .&)05()$50+ 50F&0?+ ?(*+ $%905)(T0%Q+ -+
computer program modelling the performance of 
)<0+ #$.)&7>.(909+ <"5&o"%)(.7(Z&*+ ?&%9+ )$5>&%0+ ?(*+
developed. The program was based on the Blade 
L.0#0%)+8"#0%)$#+)<0"5;Q

The following phase involved the design and 
construction of a wind monitoring mast. This mast 
?&..+>0+0F0%)$(..;+050')09+&%+(%+"D0%+30.9+)"+#"%&)"5+
)<0+?&%9+X"?+)<5"$:<+)<0+)$5>&%0+D5")");D0Q+
=%+)<0+)<&59+D<(*0P+)<0+5")"5+?(*+>(.(%'09+*)()&'(..;+
(%9+ 9;%(#&'(..;Q+ A<&*+ ?(*+ %0'0**(5;+ )"+ (F"&9+
the turbine and the associated structure from 
experiencing excessive vibration once installed on 
the test site. 

Testing of the wind turbine was done such that the 
!D7�+:5(D<+'"$.9+>0+D5"9$'09Q+A<0+'$5F0*+D5"F&909+
#0(%*+"2+(**0**&%:+)<0+0ZD0')09+"$)D$)+&%+"D0%+30.9+
)0*)&%:Q+A0*)&%:+?(*+9&F&909+&%)"+)?"+#(B"5+*0')&"%*Q+
A<0+ 35*)+ &%F".F09+ 0*)(>.&*<&%:+ (+ F0."'&);+ D5"3.0+ )"+
which the turbine rotor was exposed to. The wind 
X"?+ )"+ )<0+ 5")"5+?(*+D5"F&909+(5)&3'&(..;+>;+#0(%*+
of four fans supported on a rigid frame. From this 
(%(.;*&*P+ )<0+ ?&%9+ *D009+ :"&%:+ )<5"$:<+ )<0+ 5")"5+
was obtained. The second phase involved collecting 
9()(+2"5+)<0+!D7�+:5(D<Q+A<&*+&%'.$909\+90%*&);+"2+(&5P+
power output from turbine and the rotor’s rotations 
per minute. The results were processed to construct 
the curve which was then compared with a similar 
'$5F0+">)(&%09+ 25"#+)<0+G.(90+L.0#0%)+8"#0%)$#+
Program.

Figure 1 - Wind Turbine with Wind Monitoring 
Sensors and Fans

$9@A86@
The fact that the rotor was experiencing a vast range 
of velocities along its diameter was a disadvantage 
(*+)<0+F0."'&);+"2+)<0+X"?+)<5"$:<+)<0+5")"5+?(*+%")+
'.0(57'$)Q+A<&*+.09+)"+)?"+'$5F0*+?<&'<+:(F0+9&22050%)+
023'&0%';+F(.$0*Q+=%+:0%05(.P+)<0+)0*)+50*$.)*+*<"?09+
)<()+ )<0+ )$5>&%0e*+ 023'&0%';+ 9&9+ %")+ 0Z'009+ UUk[+
)<&*+ ?(*+ %")+ 2(5+ .0**+ )<(%+ )<0+ #(Z&#$#+ "2+ Uck+
D"?05+'"023'&0%)+">)(&%09+ 25"#+ )<0+G.(90+L.0#0%)+
8"#0%)$#+ D5":5(#Q+ A<0+ 50*$.)&%:+ 023'&0%';+ ?(*+
'"%*&90509+)"+>0+*()&*2(')"5;Q

Performance Testing of a 
Multi-Bladed Wind Turbine Rotor
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-6A39:6R2-69?=9:2*47??7;7
-A?9;F4@>;R20;/2*/2092"7;B>

!:6;>3AB64>:
The ductile fracture behaviour of thin sheets under 
'"#>&%()&"%+ "2+ )0%*&"%+ R#"90+ =SP+ &%7D.(%0+ *<0(5+
R#"90+ ==S+ (%9+ "$)7"27D.(%0+ *<0(5+ R#"90+ ===S+ <(*+
been given a special interest and were investigated 
&%+ #(%;+ )<0"50)&'(.+ (%9+ 0ZD05&#0%)(.+ *)$9&0*+ 9$0+
)"+ )<0+ *&#&.(5&);+ )"+ D5(')&'(.+ ."(9&%:+ '"%9&)&"%*+ "2+
engineering structures. 

#;>L9B62%HL9B64F9@
A<0+#(&%+(&#*+?050+)"+3%9+)<0+25(')$50+)"$:<%0**+"2+
)<0+#()05&(.P+?<&'<+&*+)<0+#&%&#$#+?"5T+50Y$&509+2"5+
(+ '5('T+ )"+ &%&)&()0P+ $%905+#&Z097#"90+>;+ '<(%:&%:+
)<0+ ."(9&%:+ (%:.0Q+ -.*"+ )<0+ D05'0%)(:0*+ "2+ )<0+
separate fracture toughness which correspond to 
0('<+#"90+?050+2"$%9+2"5+0('<+#&Z097#"90+(%:.0+&%+
?<&'<+)<0+(DD.&'(>&.&);+"2+K&..e*+)<0"5;P+?<&'<+:&F0*+(+
50.()&"%*<&D+>0)?00%+)<0+50.()&F0+#")&"%+2"5+)<0+%0'T+
(%9+ )<0+ '5('T+ D5"D(:()&"%+ (%:.0+ ?(*+ (**0**09+ )"+
D509&')+)<0+25(')$50+);D0P+)<0+)5(%*&)&"%+"2+)<0+2(&.$50+
#0'<(%&*#+(%9+)<0+'5('T+D()<+(%:.0*+?<&'<+)<0%+(..+
are compared with the experimental ones.

#;>L9B62"96=>3>8>549@
A<0+ ML6+ RM"$>.0+ L%9+ 6")'<09S+ (%9+ )<0+ )?"7
.0::09+ *D0'&#0%*P+ *<"?%+ &%+ 3:$50W+ (%9+ 3:$50+ UP+
were designed and manufactured to load them 
$%905+ #&Z097#"90+ =h==+ (%9+ =h===+ ."(9&%:+ '"%9&)&"%*+
50*D0')&F0.;Q+

A<0+ 25(')$50+ )"$:<%0**+ &%+ #&Z097#"90+ =h==+ ."(9&%:+
?(*+(**0**09+>;+)?"+9&22050%)+#0)<"9*Q+ =%+)<0+35*)+
#0)<"9P+)<0+)")(.+0Z)05%(.+&550F05*&>.0+?"5T+9"%0+2"5+
the whole deformation is plotted against the ligament 
2"5+ 0('<+ ."(9&%:+ (%:.0+ (%9+ 9&22050%)+ )<&'T%0**0*Q+
A<0%+)<0+F(.$0+"2+)<0+;7&%)05'0D)+"2+)<0+D.")+&*+0Y$(.+)"+
the fracture toughness. The second method involves 
)<0+'(.'$.()&"%+"2+)<0+(50(+$%905+)<0+:5(D<+"2+(+."(97
9&*D.('0#0%)+:5(D<+"%.;+$D+)"+'5('T+&%&)&()&"%P+?<&'<+
)<0%+&*+9&F&909+>;+)<0+50*D0')&F0+.&:(#0%)+.0%:)<+(%9+
)<&'T%0**+"2+)<0+*D0'&#0%Q

=%+ #&Z097#"90+ =h===+ ."(9&%:+ )<0+ 25(')$50+ )"$:<%0**+
&*+ 2"$%9+ >;+ D."))&%:+ )<0+ F(.$0+ "2+ )<0+ ."(9+ D05+ $%&)+
)<&'T%0**+ ()+ '5('T+ &%&)&()&"%+ F05*$*+ )<0+ .0:+ ?&9)<+
2"5+ 0('<+ *D0'&#0%Q+ A<0+ F(.$0+ "2+ )<0+ ;7&%)05'0D)+ "2+
)<0+ ">)(&%09+ :5(D<+ &*+ 0Y$(.+ )"+ <(.2+ "2+ )<0+ 25(')$50+
toughness value. 

Then the percentages of the separate fracture 
)"$:<%0**+(50+'(.'$.()09+)"+9"+(+)<0"50)&'(.+(%(.;*&*+
"2+ )<0+ 25(')$50+ );D0+ (%9+ )<0+ 9&50')&"%+ "2+ '5('T+
path which are based on the fracture criterions of 
maximum hoop stress and maximum shear stress. 

Then the theoretical and experimental values are 
compared.

Figure 1

$9@A86@27:32.B=49F9C9:6@
4"5+#&Z097#"90+=h==+."(9&%:P+)<0+D509&')09+9&50')&"%*+
"2+ )<0+ '5('T+ D5"D(:()&"%+ ?050+ &%+ '."*0+ (:500#0%)+
?&)<+)<"*0+">)(&%09+25"#+)0*)&%:P+<"?0F05+&%+#&Z097
#"90+=h===+."(9&%:P+)<0+F(.$0*+9&220509+25"#+0('<+")<05+
?<&'<+9&*'50D(%';+ &*+>0.&0F09+)"+>0+0&)<05+>0'($*0+
K&..e*+)<0"5;+&*+%")+(DD.&'(>.0+2"5+"$)7"27D.(%0+*<0(5+
loading or due to possible imperfections in the 
#(%$2(')$5&%:+"2+)<0+)?"7.0:+*D0'&#0%*Q

Figure 2

Mixed Mode Ductile Fracture
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-6A39:6R2+4B>82*;9C>:7
-A?9;F4@>;R20;/2!:5/2"7;64:2"A@B76

!:6;>3AB64>:
/0*&*)(%'0+ *D")+ ?0.9&%:+ R/HNS+ &*+ ?&90.;+ $*09+ &%+
#(**+D5"9$')&"%+&%9$*)5&0*+)"+B"&%+*<00)+#0)(.+D(5)*+
together. -+ F0<&'.0e*+ >"9;+ *)5$')$50+ '"%)(&%*+ *0F7
eral thousands of spot welds which contribute to 
&)*+*)5$')$5(.+*)&22%0**+WQ+M$0+)"+)<0+0Z&*)0%'0+"2+)<&*+
.(5:0+%$#>05P+ &)+ &*+<&:<.;+ &#D5(')&'(.+)"+#"90.+0('<+
(%9+0F05;+*D")7?0.909+B"&%)+&%+90)(&.+?<0%+D052"5#7
&%:+(+2$..7*'(.0+*)5$')$5(.+(%(.;*&*Q+A"+)<&*+0%9P+*&#D.&7
309+#"90.*+#$*)+>0+$*09+)"+50D50*0%)+*D")7?0.909+
B"&%)*Q+

#;>L9B62%HL9B64F9@
!" /0F&0?+"2+ )<0+3%&)0+0.0#0%)+#"90..&%:+"2+*D")+

?0.909+ B"&%)*P+ &%'.$9&%:+ #0)<"9*+ 2"5+ 2()&:$0+
(%(.;*&*Q

!" Fabrication of spot welded beams for simple 
bending tests.

!" Finite Element modelling of the experimental 
spot welded beams.

!" LZD05&#0%)(.+ F(.&9()&"%+ "2+ )<0+ 3%&)0+ 0.0#0%)+
model.

#;>L9B62"96=>3>8>549@
I&)05()$50+"%+)<0+#0)<"9*+2"5+)<0+*)50**+90)05#&%(7
)&"%+2"5+2()&:$0+(%(.;*&*+"2+*D")+?0.909+*)5$')$50*+?(*+
50F&0?09Q+M&22050%)+3%&)0+0.0#0%)+#"90.*+"2+(+*D")7
?0.909+B"&%)+$*09+>;+50*0(5'<05*+?050+(.*"+*)$9&09Q+
A<0+#(&%+#"90.*+2"'$*09+"%+&%+)<&*+*)$9;+?050+)<0+
elastic beam model, the rigid beam model, the um7
brella model and the multi point contact model.

A<500+>"Z7D5"3.0+*D0'&#0%*+"2+9&22050%)+)<&'T%0**0*+
were fabricated using spot welds and tested in sim7
ple bending mode. The structural model was adapt7
09+ 25"#+ )<0+0ZD05&#0%)(.+ D5"'09$50+ '(55&09+"$)+>;+
M&%�05+0)+(.Q+UQ+=)+?(*+)<0%+#"90..09+$*&%:+)<0+3%&)0+
0.0#0%)+*"2)?(50+-6HiHs+ &%'"5D"5()&%:+ )<0+9&22057
ent spot weld models.

f(.&9()&"%+'<0'T*+ 2"5+ )<0+*<0(5+(%9+>0%9&%:+*)50**+
of the beam were carried out. Furthermore the stress 
distribution for the FE spot weld models was ana7
.;*09Q

$9@A86@27:32.B=49F9C9:6@
A<0+ F(.&9()&"%+ '<0'T*+ 2"5+ )<0+ >0%9&%:+ (%9+ *<0(5+
stress of the specimen model were successful. 
A<0+3%&)0+0.0#0%)+ 50*$.)*+ 2"5+ )<0+*D")+?0.9+#"90.*+
presented almost the same characteristics for the 
overall stress distribution. However it was found that 
on and around the spot weld nucleus, the stress 

distributions and the amplitude of the stress differ 
from one model to another. The single beam models, 
i.e. the elastic beam model and the rigid beam model 
presented identical results for different loadings and 
F(5;&%:+ #()05&(.+ D5"D05)&0*Q+ -.*"+ )<0+ *&%:.0+ >0(#+
models give higher stress values in comparison to 
the multi contact and umbrella models.

$9D9;9:B9@
WQ+K"$.9'5"2)P+@QAQP+/0*&*)(%'0+N0.9&%:P+ &%+N0.9&%:+
@5"'0**+ A0'<%".":;Q+ W`llP+ !(#>5&9:0+ E%&F05*&);+
@50**\+!(#>5&9:0Q+DQ+Wal7WcVQ
UQ+M&%�05P+HQP+0)+(.QP+-+!"#D(5()&F0+H)$9;+"%+)<0+4&7
%&)0+L.0#0%)+8"90.*+2"5+HD")+N0.9*+(%9+A<0&5+f05&7
3'()&"%P+&%+H-L+N"5.9+!"%:50**Q+UVVcP+H-L+=%)05%(7
)&"%(.\+M0)5"&)P+8&'<&:(%Q

Figure 1: Finite Element Umbrella Model of a Spot 
Weld Joint

Figure 1: Finite Element Multi Point Contact Model 
of a Spot Weld Joint

FEA Models of Spot Welded Structures valid for 
Cyclic Loading Analysis
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-6A39:6R2b7;8204C9B=
-A?9;F4@>;R20;2!:5/20/2*7C4889;4

!:6;>3AB64>:
4&>05+ 50&%2"5'09+ '"#D"*&)0*+ (50+ 3%9&%:+ #"50+ (%9+
#"50+$*0+&%+0%:&%005&%:+(DD.&'()&"%*+&%+50'0%)+;0(5*Q+
The use of composites extends itself from civil engi7
neering applications to transportation vehicles, aero7
*D('0P+#(5&%0P+(F&()&"%P+(%9+0F0%+50'0%).;+ )"+(DD.&7
'()&"%*+&%+)<0+'<0#&'(.+&%9$*)5;Q+A<&*+&*+9$0+)"+)<0&5+
0Z'0..0%)+ 20()$50*P+ *$'<+ (*+ <&:<+ *)50%:)<7)"7?0&:<)+
(%9+*)&22%0**7)"7?0&:<)+5()&"*+(%9+)<0+(>&.&);+"2+<(F7
ing different strengths in different directions.  8(%;+
<&:<7D052"5#(%'0+ *)5$')$50*+ (50+ #(90+ $D+ "2+ .(#&7
nated composite plate sections. 4"5+(%;+'"#D"*&)0+
*)5$')$50+ )<()+#(;+>0+ *$>B0')09+ )"+ 9;%(#&'+ ."(9*P+
)<0+ 90)05#&%()&"%+ "2+ )<0+ %()$5(.+ 250Y$0%'&0*+ &*+ )<0+
35*)+*)0D+&%+(+9;%(#&'+(%(.;*&*+*&%'0+(+:50()+90(.+#(;+
be deduced concerning the structural behaviour and 
&%)0:5&);+25"#+T%"?.09:0+"2+&)*+%()$5(.+250Y$0%'&0*Q+

#;>L9B62%HL9B64F9@
A<0+ ">B0')&F0*+ "2+ )<0+ D5"B0')+ ?050+ )"+ '(55;+ "$)+
#"9(.+ (%(.;*&*+ )"+ &%F0*)&:()0+ )<0+ %()$5(.+ 250Y$0%7
'&0*+ (%9+ #"90+ *<(D0*+ "2+ L7:.(**7@".;0*)05+ '"#7
D"*&)0+D.()0*+?&)<+9&22050%)+(%:.0+ .(;$D*+(%9+9&22057
0%)+>"$%9(5;+'"%9&)&"%*Q+4L-+50*$.)*+25"#+-6HiHs+
were compared with experimental results obtain from 
@EIHLsQ+ =#D(')+ )0*)&%:+(%9+*<(T05+ )0*)&%:+ 50*$.)*+
are also compared.

#;>L9B62"96=>3>8>549@
@.()0*+?050+D50D(509+?&)<+.(;$D*+Vh`Va*P+aVh7cVa*+
(%9+]_h7]_a*+$*&%:+)<0+<(%9+.(;$D+#0)<"9Q+4"5+2500+
<(%:&%:+ (%9+ '.(#D09+ '"%3:$5()&"%*P+ )<0+ 9&#0%7
*&"%*+ "2+ D.()0*+?050+ abV##+>;+ U]V##+?<&.0+ )<0+
9&#0%*&"%*+2"5+)<0+'(%)&.0F05+D.()0+?050+aV]##+>;+
U]V##Q+A<0++)<&'T%0**0*+"2+)<0+D.()0*+?050+UQl##P+
UQc##+(%9+UQU##+2"5+)<0+Vh`Va*P+aVh7cVa*+(%9+]_h7
]_a*+ .(;$D*+50*D0')&F0.;Q+-+'(.'&%()&"%+0ZD05&#0%)+
?(*+'(55&09+"$)+)"+3%9+)<0+D5"D"5)&"%*+"2+#()5&Z+(%9+
3>50*+&%+)<0+D.()0*Q+H(#D.0*+"2+(DD5"Z&#()0.;+_'#+
>;+_'#+?050+'$)+25"#+0('<+'"#D"*&)0+D.()0Q+A<0*0+
?050+>$5%09+&%*&90+(+2$5%('0+()+cU_"!+2"5+(DD5"Z&7
#()0.;+UV+#&%$)0*+$%)&.+(..+ )<0+#()5&Z+#()05&(.+?(*+
>$5%)Q+A<0+3>50*+?050+)<0%+?0&:<09+(%9+$*&%:+)<0+
formulas relating densities and volume fractions, the 
corresponding proportions were found. Impact test7
&%:+?(*+'(55&09+"$)+"%+(..+D.()0*+(%9+'"%3:$5()&"%*+
?050+)<0+(''0.05"#0)05+?(*+&%+(+3Z09+D"*&)&"%+(%9+
the hammer was moved to all degrees of freedom 
RM14*SQ+H<(T05+ )0*)&%:+$*&%:+(+ 5(%9"#+*&:%(.+?(*+
also carried out for the clamped plates. Here the 
*<(T05+(**$#09+(+3Z09+D"*&)&"%+?<&.0+)<0+(''0.057
ometer was moved from one DOF to the next. 

Figure 1: Impact testing of a free hanging plate (top) 

and shaker testing of a clamped plate (bottom)

$9@A86@27:32.B=49F9C9:6@
There is a good agreement between the experimental 
(%9+)<0"50)&'(.+50*$.)*+2"5+)<0+25007<(%:&%:+(%9+'(%)&7
.0F05+'"%3:$5()&"%*Q+A<0+(:500#0%)+2"5+)<0+'.(#D09+
results is poor. This indicates that the clamps for the 
3Z0973Z09+'"%3:$5()&"%+(50+%")+ &90(.+(%9+)<()+ )<0;+
&%)5"9$'0+ *"#0+$%'05)(&%);+ &%+ )<0+>"$%9(5;+ '"%9&7
tions. The clamped results can be used to provide 
possible explanations for the discrepancies between 
)<0+#0(*$509+(%9+'(.'$.()09+%()$5(.+250Y$0%'&0*+507
D"5)09+&%+.&)05()$50QW+

Figure 2: First two mode shapes from PULSE (top) 
and ANSYS (bottom) for the 45/-453s plate

$9D9;9:B9@
-Q+-%905*"%+(%9+AQ+6(;20<P+ mLZD05&#0%)*+(%9+4L-+
6()$5(.+450Y$0%'&0*+(%9+8"90+H<(D0*+"2+I(#&%()09+
!"#D"*&)0+@.()0*Pn+j"$5%(.+"2+f&>5()&"%+(%9+!"%)5".P+
F".Q+UP+DQ+abWP+W``cQ+

Modal Analysis of Composite Structures
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H)$90%)\+j0(%+@($.+4(55$:&(
H$D05F&*"5\+M5+!Q+M0+8(5'"

Introduction
K;95"2"&.*+ (50+ '.(**&309+ (*+ F0**0.*+ )<()+ .&2)+ (>"F0+
)<0+?()05+*$52('0+9$0+)"+)<0+.&2)+2"5'0*+:0%05()09+>;+
)<0+?()05+X"?+"F05+)<0+())('<09+?&%:7.&T0+*)5$')$50*+
'(..09+<;95"2"&.*+"5+B$*)+2"&.*Q+K;95"2"&.*+9()0+>('T+)"+
)<0+N5&:<)+>5")<05*Q+ =)+ &*+*(&9+ )<()+ )<0;+ )0*)09+ )<0&5+
D5")");D0+?&%:*+&%+?()05Q+=%+)<0+W`cVe*P+)<0+EH+(%9+
!(%(9&(%e*+6(F;+ &%F0*)09+ &%+ 20?+#&.&)(5;+ <;95"2"&.*+
?&)<+*"#0+*$''0**P+>$)+D50*0%).;+%"%0+50#(&%09+&%+
*05F&'0Q+A"9(;P+#"*)+F0**0.*+(50+"%0+"2+(+T&%9+(%9+
(50+$*09+0&)<05+2"5+0ZD05&#0%)(.+D$5D"*0*+"5+)"+>50(T+
?"5.9+*D009+50'"59*Q+A<0*0+#"905%+90*&:%*+(50+F05;+
023'&0%)P+ ?<050+ F05;+ <&:<+ *D009*+ '(%+ >0+ ())(&%09+
?&)<+50.()&F0.;+."?+D"?05*Q

#;>L9B62%HL9B64F9@
The main aim of this dissertation is to bring about the 
:50()+>0%03)*+"2+)<0+<;95"2"&.+)0'<%".":;+(%9+()+)<0+
*(#0+)&#0+*$::0*)+?<;+)<0*0+'"$.9+>0+)<0+F0**0.*+"2+
)"#"55"?Q+1)<05+">B0')&F0*+&%'.$90\
!" /0*0(5'<+"%+ )<0+F(5&"$*+<;95"2"&.+F0**0.*+ )<()+

<(F0+0Z&*)09[
!" M0*&:%+ (%9+>$&.9+ (+D5")");D0P+ "%07D05*"%+<;7

95"2"&.+D.0(*$50+'5(2)[
!" H&#$.()0+)<0+90*&:%09+F0**0.+"%+)<0+6(F(.+-57

chitecture software and come up with the nec7
0**(5;+*)(>&.&);+(%9+9;%(#&'+'<(5(')05&*)&'*[

!" A0*)+ )<0+ '"%*)5$')09+ <;95"2"&.+ D5")");D0+ )"+
*(20.;+ .&2)7"22+ (%9+ )5(F0.+ &%+ (+ *)5(&:<)+ .&%0+ 2"5+ (+
*#(..+9&*)(%'0[

!" H$::0*)+ (%;+90*&:%+ &#D5"F0#0%)*+ &%+ "5905+ )"+
&#D5"F0+)<0+#(%"0$F5(>&.&);+(%9+)<0+"F05(..+027
3'&0%';+"2+)<0+F0**0.Q

#;>L9B62"96=>3>8>549@
-+ "%07D05*"%+ D.0(*$50+ '5(2)+ <;95"2"&.+ F0**0.+ &*+
90*&:%09+ ?&)<+ )<0+ (&9+ "2+ )<0+ 6(F(.+ -5'<&)0')$50+
*"2)?(50+ 8(Z*$52P+ (*+ *<"?%+ &%+ 3:$50+ WQ+ A<0+
%0'0**(5;+ '(.'$.()&"%*+ (50+ )<0%+#(90+ )"+ '"#0+ $D+
?&)<+)<0+50Y$&509+2"&.+9&#0%*&"%*+)"+('<&0F0+)(T07"22+
*(20.;+(%9+X;+(+.0F0.7X&:<)Q

!"%*0Y$0%).;P+ )<0+ >"()+ &*+ )<0%+ >$&.)+ $*&%:+ %"5#(.+
>"()+ >$&.9&%:+ )0'<%&Y$0*Q+ 4$5)<05#"50P+ *)()&'+ (%9+
9;%(#&'+ )0*)*+(50+ )<0%+*&#$.()09+ 25"#+)<0+8(Z*$52+
D('T(:0+ &%+"5905+)"+'"#D(50+)<0*0+50*$.)*+?&)<+)<0+
D50F&"$*+ '(.'$.()&"%*Q+1%'0+ 50(9;P+ (')$(.+ *0(+ )5&(.*+
(50+ D052"5#09+ )"+ 0*)(>.&*<+ ?<0)<05+ )<0+ 50Y$&509+
">B0')&F0*+<(F0+>00%+('<&0F09Q+A<0+ 50*&*)(%'0+(%9+
D"?05&%:+50*$.)*+ 25"#+)<0+!-M+*"2)?(50+50*$.)09+ &%+
F(.$0*+F05;+'."*0+)"+)<"*0+D50F&"$*.;+'(.'$.()09Q+

$9@A86@27:32.B=49F9C9:6@
A<0+ 3%(.+ 50*$.)*+ *<"?09+ )<()+?<0%+ )0*)&%:+ )<0+ <$..+

without the foils, the boat planed at a speed of about 
lQ_+T%")*+?&)<+(%+(DD5"Z&#()0+D"?05+"2+UQ_+<DQ+N<0%+
testing the complete vessel with its submerged foils, 
)<0+F0**0.+R(*+*<"?%+&%+3:$50+US+)""T7"22+()+(+*D009+
"2+(>"$)+_+T%")*+?&)<+(%+(DD5"Z&#()0+D"?05+"2+W+<DQ

-%+ $%'"##"%+ );D0+ "2+ #(5&%0+ '5(2)+ ?(*+ 90*&:%09+
(%9+'"%*)5$')09Q+-*+?(*+*00%P+*$>#05:09+<;95"2"&.*+
reduces the power consumption while at the same 
)&#0+D5"F&90*+(+D"**&>&.&);+"2+())(&%&%:+<&:<05+*D009*Q

Figure 1: Hydrofoil Design

Figure 2: Foil-borne

Design and Build of a Prototype Hydrofoil Craft
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!:6;>3AB64>:
4.$&9+ 9;%(#&'*+ &*+ (%+ &#D"5)(%)+ (50(+ "2+ *)$9;+ 2"5+
#(%;+ &%9$*)5&(.+ (DD.&'()&"%*Q+ N&%9+ )$%%0.+ )0*)&%:+ &*+
(%+ 0ZD05&#0%)(.+ )0'<%&Y$0+ ?<&'<+ D5"F&90*+ D5(')&'(.+
(9F(%)(:0*+"F05+"D0%+30.9+)0*)&%:Q+I&#&)()&"%*+&%+*$'<+
(%+ 0ZD05&#0%)(.+ )0'<%&Y$0+ .09P+ "F05+ 50'0%)+ ;0(5*+ )"+
(%+&%'50(*0+"2+&%)050*)+&%+'"#D$)()&"%(.+X$&9+9;%(#&'*+
R!4MS+(#"%:+)<0+50*0(5'<+(%9+&%9$*)5&(.+'"##$%&)&0*Q+
=)+'(%+>0+*00%+)<()+2"5+50.&(>.0+(05"9;%(#&'+(%(.;*&*P+(+
B$9&'&"$*+'"#D5"#&*0+>0)?00%+)<0+0ZD05&#0%)(.+(%9+
numerical approaches should be sought. 
@5"B0')+1>B0')&F0*+

!" A"+(%(.;*0+)<0+D052"5#(%'0+(%9+&#D5"F0+)<0+X"?+
Y$(.&);+"2+(+."?+*D009+"D0%+'&5'$&)+?&%9+)$%%0.Q

!" A"+90F0."D+(+*&#D.&309+!4M+#"90.+"2+)<0+?&%9+
tunnel in order to provide a comprehensive anal7
;*&*+"2+)<0+X"?+Y$(.&);+&%+)<0+?&%9+)$%%0.Q

!" A"+'(55;+"$)+0ZD05&#0%)*+"%+(+#"90.+F05)&'(.+(Z&*+
?&%9+ )$5>&%0+ Rf-NAS+ &%+ )<0+ *(#0+ ?&%9+ )$%%0.P+
*<"?%+&%+4&:$50+W+&%+"5905+)"+">)(&%+D"?05+(%9+
X"?+#0(*$50#0%)*Q+

!" A"+90F0."D+(+*&#D.&309+!4M+#"90.+"2+)<0+(>"F0+
?&%9+ )$5>&%0+ 0ZD05&#0%)+ (%9+ '(55;+ "$)+ (+ '"#7
parison between the experimental and numerical 
results.

#;>L9B62"96=>3>8>549@
@50.&#&%(5;+)0*)&%:+"2+ )<0+?&%9+)$%%0.+?(*+'(55&09+)"+
(**0**+ )<0+Y$(.&);+"2+ )<0+X"?+$*&%:+D&)")+*)()&'+ )$>0+
and hot wire measurements. The reduction of the 
)$5>$.0%'0+ &%)0%*&);+ ()+ )<0+ #(Z&#$#+ ?&%9+ )$%%0.+
speed with the installation of a turbulence reduction 
*'500%+?(*+(%(.;*09Q+-+*&#D.&309+UM+!4M+#"90.+"2+
)<0+?&%9+)$%%0.+?(*+'50()09+>;+$*&%:+-6HiHq+4.$0%)Q+
A<"5"$:<+:0"#0)5&'(.+*0%*&)&F&);P+#0*<+&%90D0%90%'0+
and experimental validation studies were performed to 
509$'0+(%;+$%'05)(&%)&0*+&%+)<0+%$#05&'(.+*&#$.()&"%Q

-+?&%9+)$%%0.+0ZD05&#0%)+?(*+'(55&09+"$)+"%+(+#"90.+
f-NA+ 90*&:%09+ >;+ M(%&0.+ 8&'(..02Q+ A<0+ 0ZD05&#0%)+
50Y$&509+)<0+*0))&%:+$D+"2+(+*$DD"5)&%:+5&:+(%9+(+9()(+
('Y$&*&)&"%+*;*)0#Q+K")+?&50+#0(*$50#0%)*+&%+)<0+%0(5+
?(T0+?050+'(55&09+"$)+)<5"$:<+(+#0)<"9+2"5+#0(*$5&%:+
aM+F0."'&);+'"#D"%0%)*+?&)<+(+*&%:.0+<")+?&50+D5">0Q+
The experimental results were compared to a transient 
X"?+ %$#05&'(.+ #"90.+ "2+ (+ f-NA+ &%)0:5()09+ )"+ )<0+
(>"F0+?&%9+)$%%0.+#"90.+(*+90D&')09+&%+4&:$50+UQ

$9@A86@27:32.B=49F9C9:6@
The turbulence levels at the test section of the wind 
)$%%0.+&%+Y$0*)&"%+'(%+>0+900#09+(*+>0&%:+>0."?+(%+
acceptable level. The installation of a turbulence re7
9$')&"%+ *'500%+ ()+ )<0+ )$%%0.+ &%)(T0+ *.&:<).;+ 509$'09+
)<0+ )$5>$.0%'0+ .0F0.*+()+ )<0+0ZD0%*0+"2+ (+ *&:%&3'(%)+
509$')&"%+ &%+#0(%+X"?+F0."'&);Q+ =)+?(*+ 2"$%9+ )<()+(+
*&#D.&309+(%9+F(.&9()09+!4M+#"90.+"2+)<0+?&%9+)$%7
nel proved advantageous in providing an extensive 
(%(.;*&*+"2+)<0+X"?+Y$(.&);+?&)<+)<0+D")0%)&(.+(DD.&'(7
)&"%+&%+)<0+?&%9+)$%%0.e*+90*&:%+"D)&#&o()&"%Q+K"?0F05+
)<0+!4M+#"90.+ "2+ )<0+f-NA+0ZD05&#0%)+ 50Y$&509+ (+
considerable amount of computational time and was 
$%(>.0+)"+'"#D.0)0.;+'(D)$50+)<0+2$..+'"#D.0Z&);+"2+)<0+
X"?Q+A<&*+*<"?*+)<0+&#D"5)(%'0+"2+(9F(%'09+0ZD05&7
#0%)(.+ )0'<%&Y$0*+ 2"5+ )<0+ '"#D.0Z+ (%(.;*&*+ "2+?&%9+
tunnel experiments.   

Figure 1: The VAWT model operating 
in the wind tunnel

Figure 2: Static pressure contour 
plot of the VAWT CFD model

Measurement and CFD Analysis of a Low-Speed 
Wind Tunnel and its Application for Testing a 
Model Vertical Axis Wind Turbine
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!:6;>3AB64>:
The actual force developed in the muscles during 
?(.T&%:+ &*+ "2+ :50()+ &%)050*)+ )"+ D<;*&")<05(D&*)*+
(%9+ 9"')"5*Q+ !$550%).;+ 0.0')5"#;":5(D<;+ RL8JS+
&*+ )<0+"%.;+ )5$.;+ 50.&(>.0+?(;+ )"+*)$9;+#$*'.0+ 2"5'0Q+
K"?0F05+ L8J*+ .('T+ (''$5(';P+ (*+ *$52('0+ L8J*P+
?<&'<+(50+)<0+#"*)+'"##"%+(%9+.0(*)+&%F(*&F0+);D0P+
'(%%")+ >0+ D.('09+ "F05+ (+ *&%:.0+#$*'.0Q+ A<0;+ )0%9+
)"+ 50'"59+:5"$D*+"2+#$*'.0*Q+8"50+(''$5()0+L8J*+
)0%9+ )"+ >0+ <&:<.;+ &%F(*&F0Q+ -+ *".$)&"%+ )"+ )<&*+ &*+ )"+
*&#$.()0+)<0+?(.T+$*&%:+(+#$*'$."*T0.0)(.+#"90.+(%9+
get the muscle force via mathematical modelling of 
)<0+ #$*'.0*Q+ A<&*+ *&#$.()&"%+ &*+ ?<()+ )<0+ -%;G"9;+
H"2)?(50+&*+(..+(>"$)+(%9+)<0+#(&%+(&#+"2+)<0+D5"B0')+
is to see what muscle forces are developed when 
*&#$.()&%:+$*&%:+-%;G"9;Q

@5"B0')+1>B0')&F0*
The main aims of this dissertation are. 
!" I0(5%+<"?+)"+$*0+(%9+"D05()0+)<0+f&'"%+H;*)0#+

(F(&.(>.0+ ()+ )<0+ G&"#09&'(.+ I(>"5()"5;+ "2+ )<0+
E%&F05*&);+"2+8(.)(+)"+50'"59+(+D05*"%e*+?(.TQ+

!" A<0%+D5"'0**+)<0+9()(+'"..0')09+&%)"+(+Q'a9+3.0+
)<()+'(%+>0+"D0%09+>;+)<0+-%;G"9;+H"2)?(50Q

!" H&#$.()0+)<0+?(.T+&%+)<0+-%;G"9;+*;*)0#+>(*09+
"%+)<0+9()(+50'"5909+$*&%:+)<0+f&'"%+H;*)0#Q

!" -%(.;*0+ )<0+ 50*$.)*+ 2"5+ )<0+ #$*'.0+ 2"5'0+
90F0."D09+ 9$5&%:+ )<0+?(.TP+ ">)(&%09+ 25"#+ )<0+
simulation. 

#;>L9B62"96=>3>8>549@2
A<0+*)$9;+?(*+'(55&09+"$)+$*&%:+)?"+F".$%)005+*$>7
B0')*P+(%9+?(*+*$D05F&*09+>;+)<0+D<;*&")<05(D&*)+M5Q+
8(5T+H(''"Q

A<0+35*)+)<&%:+)<()+<(9+)"+>0+9"%0+?(*+)"+50'"59+)<0+
?(.T+$*&%:+)<0+f&'"%+*;*)0#Q+=)+?(*+0*)(>.&*<09+)<()+
"%.;+)<0+."?05+.&#>+?"$.9+>0+50'"5909P+*&%'0+9$0+)"+
.('T+"2+'(#05(*+(%9+*D('0+)<0+2$..+>"9;+'"$.9+%")+>0+
D5"D05.;+ 50'"909Q+ =)+?(*+90'&909+ )"+$*0+ )<0+I"?05+
G"9;+ @.$:=%J(&)+ #(5T05+ *0)P+ >(*09+ "%+ )<0+ 1Z2"59+
J(&)+ 8"90.+ )<()+ '"#0*+ D057#(90+ ?&)<+ )<0+ f&'"%+
60Z$*+H"2)?(50Q+A<&*+'"%*&*)*+"2+UV+#(5T05*+]+"%+)<0+
hip and 6 on each leg.  

A<0+*&Z+f&'"%+'(#05(*+(F(&.(>.0+?050+D"*&)&"%09+(%9+
)<0+ *;*)0#+ '(.&>5()09Q+ A<0%+ (+ %$#>05+ "2+ ?(.T*+ ()+
different speeds were recorded.

A<0+ 50'"5909+ 9()(+ ?(*+ )<0%+ D"*)7D5"'0**09+ (%9+
0ZD"5)09+)"+(+'a9+3.0+)<()+'"$.9+>0+50(9+>;+-%;G"9;Q+
A<&*+ ?(*+ 9"%0+ >;+ $*&%:+ )?"+ D"*)7D5"'0**&%:+
D&D0.&%0*Q+A<0+m/0'"%*)5$')+(%9+I(>0.nP+?<&'<+&*+D507

*0)+ &%+ )<0+ *"2)?(50+ (%9+ )<0+ m'a9+ -%;G"9;n+ ?<&'<+
?(*+'50()09+2"5+)<&*+*)$9;Q

A<0+-%;G"9;+#"90.+'(..09+J(&)I"?05LZ)50#&;P+25"#+
)<0+WQaQW+F05*&"%+"2+)<0+#"90.+50D"*&)"5;+?(*+$*09Q+
=)*+ '"90+ ?(*+ #"9&309+ )"+ #()'<+ )<0+ *$>B0')+ (%9+
D(5(#0)05*+"2+)<0+*)$9;Q+A<0+'a9+3.0*+?050+$*09+)"+
#"F0+)<0+#"90.+(%9+)<0+&%F05*0+9;%(#&'+*&#$.()&"%+
was carried out, then the results for muscle force 
?050+">)(&%09+(%9+(%(.;*09Q+

Figure 1: The musculoskeletal model simulation

$9@A86@27:32.B=49F9C9:6@
The results obtained were compared to each other 
(%9+)"+0*)(>.&*<09+L8J+9()(Q+=)+?(*+2"$%9+)<()+?<&.*)+
'05)(&%+#$*'.0*P+*$'<+(*+)<0+J(*)5"'%0#&$*+809&(.&*+
agreed in certain aspects with the established 
L8J+9()(Q+1)<05+#$*'.0*P+ 2"5+ 0Z(#D.0+ )<0+ f(*)$*+
809&(.&*P+9&9+%")+(:500+()+(..Q+N<&.*)+(..+)<0+">B0')&F0*+
"2+ )<0+D5"B0')+?050+(''"#D.&*<09+)<050+ &*+ )<0+%009+
2"5+2$5)<05+&#D5"F0#0%)+(%9+*)$9;Q+

Evaluation of Muscle Force during Walking, via 
Inverse Dynamics
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!:6;>3AB64>:
!"%)(')+#0'<(%&'*+(50+'"#D.0Z+%"%7.&%0(5+D5">.0#*Q+
G0&%:+)<&*+)<0+35*)+*)$9;+&%+)<&*+*0')&"%P+&)+?(*+90'&909+
)"+D052"5#+(%(.;*&*+"%+*&#D.0+'(*0*+?<&'<+(50+X()7X()+
*$52('0P+X()7'&5'$.(5+*$52('0+(%9+X()7'"%'(F0+*$52('0Q

#;>L9B62%HL9B64F9@
A<&*+*)$9;+&%F0*)&:()0*+)<0+'"%)(')+>0<(F&"$5+'50()09+
>;+ U7M+ 5"$%9+ (%9+ X()+ #&.9+ *)00.+ *$52('0*+ $*&%:+
0ZD05&#0%)*+ (%9+ 3%&)0+ 0.0#0%)+ *"2)?(50+ -%*;*Q+ A<0+
0ZD05&#0%)(.+ #0)<"9+ ?(*+ >(*09+ "%+ )<0+ *(#0+ 3%&)0+
0.0#0%)+#"90.*+(%9+0%(>.09+)"+*)$9;+)<0+>0<(F&"$5+"2+
D50**$50+*0%*&)&F0+3.#*+#(&%.;+)<0+'"%)(')+D(5(#0)05*Q+
G")<+ 4L-+ (%9+ 0ZD05&#0%)(.+#0)<"9+?050+ '"#D(509+
(%9+F(.&9()09+?&)<+)<0+K05)o&(%+'"%)(')+)<0"5;Q

#;>L9B62"96=>3>8>549@
!" /0F&0?+ "2+ *0F05(.+ *0')&"%*+ '"F0509+ >;+ '"%)(')+

mechanics
!" U7M+ *&#$.()&"%+ >;+ -%*;*+ >(*09+ "%+ )<500+ D50F&7

"$*.;+#0%)&"%09+#"90.*++
!" M0*&:%+ (%9+#(%$2(')$5&%:+ "2+ )<0+ 3%&)0+ 0.0#0%)+

models using mild steel. 
!" Testing of components under various compres7

*&F0+2"5'0*+$*&%:+(+D50**$50+*0%*&)&F0+3.#[+4$B&3.#+
@50*'(.0+KH7);D0Q

!" !(.&>5()&"%+(%9+&%)05D50)()&"%+"2+)<0+D50**$50+3.#+
$*&%:+(+j(F(7>(*09+&#(:0+D5"'0**"5[+=#(:0jQ+

$9@A86@27:32.B=49F9C9:6@
The simulation revealed agreement between the 
computational values and theoretical ones. This 
'"%35#09+ )<()+ )<0+ 3%&)0+ 0.0#0%)+ '"%9&)&"%*+ ?050+
(DD.&09+ &%+ )<0+ '"550')+ #(%%05Q+ 8"50"F05+ )<0+
experimental results showed high dependence on 
the surface conditions, but still these provided good 
comparison with the theoretical method. This indicates 
that both methods can provide contact solutions for 
2$5)<05+(%(.;*0*+$%905+'"#D.0Z+'"%9&)&"%*Q+

A<0+ 5"$:<%0**+ 0220')+ "%+ )<0+ D50**$50+ 3.#*+ ?(*+ %")+
investigated. The experiments were all based on models 
?<&'<+"?%09+*$23'&0%)+*$52('0+3%&*<+D052"5#09+>;+(+
grinding process. On the other hand the concave plates 
?050+#(%$2(')$509+?&)<+(%+L.0')5&'+M&*'<(5:0+8('<&%0+
?<&'<+'50()09+(+50.()&F0.;+&%205&"5+*$52('0+3%&*<Q+A<&*+9&9+
%")+*00#+)"+(220')+)<0+D50**$50+3.#Q+6")&'0(>.;P+)<0*0+
3.#*+ (50+ 0Z)50#0.;+ *0%*&)&F0+ )"+ '<(%:0*+ &%+ *$52('0+
X()%0**+(%9+5"$%9%0**Q+A<0*0+055"5*+'($*09+90F&()&"%+
25"#+ )<0+ &90(.+ )<0"50)&'(.+ (**$#D)&"%Q+ H$'<+ 9020')*+
?050+ <&:<.;+ F&*&>.0+ &%+ )<0+ 0ZD05&#0%)*+ "2+ ';.&%905+ "%+
(+ X()+ (%9+ '"%'(F0+ *$52('0Q+ @5&#(5&.;+ '"%)(')+ (.?(;*+

"''$5509+()+ )<0+"$)05+*&90*+"2+ )<0+D50**$50+3.#*+9$0+
)"+ >0%9&%:+ &%+ )<0+ X()+ D.()0*+ R?(5D(:0+ D5">.0#+ &%+
'"#D50**&"%+ B(?*SQ+4$5)<05#"50P+ .('T+"2+X()%0**+?(*+
(.?(;*+ D50*0%)+ &%+ (..+ )<0+ D.()0*+ *&%'0+ :5&%9&%:+ ?(*+
D052"5#09+"%.;+"%+"%0+*$52('0Q

A<0+3%&)0+0.0#0%)+*&#$.()&"%*+*<"?+)<()+ )<&*+D5"'0**+
produced results similar to the theoretical prediction 
since both methods are centred on the same ideal 
assumption of perfect surface conditions. Therefore this 
method was found to be suitable for further prediction 
of the contact parameters combined with other 
'"%9&)&"%*+ &%'.$9&%:[+ 25&')&"%(.+ 0220')*P+ #"90..&%:+ "2+
*$52('0+5"$:<%0**+(%9+(+%"%7.&%0(5+#()05&(.+>0<(F&"$5Q
  

!"#$%&'()'J%&00$%&':6-0',9'G/3',1'G/3'
surface experiment together with a 3-D plot 

,9'3;&'.%&00$%&':6-'1/-&8'KB<

!"#$%&'>)'H/I'>B<'C,1'L"0&0'?3%&00',9'G/3',1'G/3'
surface simulation, and (b) Contact Pressure 

distribution at the contact interface

Experimental and Finite Element 
Contact Mechanics
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!:6;>3AB64>:
A<0+ 3%&)0+ 0.0#0%)+ )0'<%&Y$0+ &*+ (+ #()<0#()&'(.+
D5"'09$50+ (DD.&09+ 2"5+ (%(.;o&%:+ *)5$')$50*Q+ + A<&*+
#0)<"9+ &*+ $*09+ ?<0%+ )<0+ 9&23'$.)&0*+ >0&%:+ 90(.)+
with are so complicated that it is impossible to solve 
$*&%:+(%(.;)&'(.+(DD5"('<Q+A<0+3%&)0+0.0#0%)+#0)<"9+
*".F0*+ 0Y$()&"%*+ ?&)<+ &%'"#D.0)0+ F(5&(%'0*+ >;+
)5(%*2"5#&%:+ )<0#+ &%)"+ )<0+*#(..05+ 0Y$&F(.0%)+D(5)*+
within its range. This transformation is carried out 
over small areas of simple forms called the elements. 
=)+D5"9$'0*+#()5&Z+0Y$()&"%*+50.()09+)"+ )<0+ &%D$)+()+
particular points in the elements called the nodes to 
the output at that point. 
Basic models can be used for effective savings in 
#0*<+ D5"9$')&"%P+ '"#D$)05+ 50*"$5'0*P+ 5$%7)&#0+
and results interpretation. The level of freedom and 
output measure of these elements are most to the 
)&#0+ )<"*0+ 9&50').;+ %00909+ 25"#+ )<0+ (%(.;*&*+ (%9+
are placed at location of high importance such as 
D5&%'&D.0+(Z0*Q+-''"59&%:.;P+(+>0(#+"5+*<0..+0.0#0%)+
representation should be considered.

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0+"2+)<&*+D5"B0')P+?050+)<0+2".."?&%:\
!" /0F&0?+)<0+)<0"5;+>0<&%9+)<0+2"5#$.()&"%+"2+
G0(#+(%9+H<0..+ 0.0#0%)*+?&)<+ 0#D<(*&*+"%+ .&#&)(7
tions, input, output, etc
!" /0F&0?+ "2+ )<0+ G0(#+ (%9+ H<0..+ 0.0#0%)*+
(F(&.(>.0+"%+)<0+3%&)0+0.0#0%)+*"2)?(50+-6HiH
!" M0*&:%+(%9+(**0#>.0+(+)0*)&%:+5('T+)"+'(55;+
out experimental studies related to beams and shell 
structures
!" E*0+"2+LZ(#D.0*+)"+90#"%*)5()0+)<0+D5"D05+
$*0+"2+G0(#+(%9+H<0..+0.0#0%)*
!" f(.&9()0+%$#05&'(.+ 50*$.)*+"2+*&#D.0+#"90.*+
with some experiments

#;>L9B62"96=>3>8>549@
In order to gain a full understanding of how the 
beam and shell element families behave, it was 
%0'0**(5;+ )"+ $%905*)(%9+ )<0+ >(*&'+ )<0"5&0*+ >0<&%9+
)<0*0+3%&)0+0.0#0%)*+2(#&.&0*Q+-+90)(&.09+90*'5&D)&"%+
of all the structural beam and shell element available 
"%+ -6HiH+ ?(*+ 90F0."D09+ )"+ 90D&')+ '.0(5.;+ )<0+
advantages, limitations, inputs and outputs of all the 
elements.

-+ 90*&:%+ (%9+ (**0#>.0+ "2+ (+ )0*)&%:+ 5('T+ ?(*+
90F0."D09+)"+(.."?+)<0+'(55;&%:+"$)+"2+0ZD05&#0%)(.+
studies related to beams and shell structures for the 
validation of such elements while running simulations. 

-+#(%$(.+?(*+'"#D&.09+&%+"5905+)"+D5"F&90+(+.&*)+"2+
applications to act as an example and demonstrate 

)<0+ D5"D05+ $*0+ "2+ G0(#+ (%9+ H<0..+ 0.0#0%)*Q+ A<0+
8(%$(.+ '"%*&*)*+ "2+ -@MI+ *'5&D)*+ &%+ (%+ ())0#D)+ )"+
(.*"+ 90#"%*)5()0+ (*+#(%;+ 20()$50+ 50.()09+ )"+ )<0*0+
0.0#0%)*+(*+D"**&>.0Q+4&%(..;+(+*05&0*+"2+0ZD05&#0%)*+
?050+ '(55&09+ "$)+ )"+ F(.&9()0+ %$#05&'(..;+ *"#0+
examples of the manual.

$9@A86@27:32.B=49F9C9:6@
A<&*+ 9&**05)()&"%+ &*+ (%+ &%+ 90D)<+ *)$9;+ "2+ )<0+ >0(#+
(%9+ *<0..+ 3%&)0+ 0.0#0%)+ 2(#&.&0*+ (%9+ )<5"$:<+ )<&*+
(%(.;*&*P+ )<0&5+ >0<(F&"$5+ (%9+ 2"5#$.()&"%+ ?050+
F(.&9()09+ >;+ #0(%*+ "2+ 0ZD05&#0%)*Q+ A<&*+ D5"F&909+
a full understanding of the characteristics and 
performance of these elements. The results achieved 
D5"F&909+T%"?.09:0+"%+<"?+*$'<+0.0#0%)*+#(;+>0+
implemented. 
Furthermore this research provides the basis for 
2$5)<05+*)$9&0*+"%+)<0+*$>B0')Q

$9D9;9:B9@
AQ+K0..0%P+K"?+)"+7+E*0+G0(#P+@.()0+(%9+H<0..+L.07
#0%)*P+6-4L8HP+UVVlQ

Figure 1: Beam Connected to Wall (a) Full 3D Mesh 
(b) Simple Beam Element Mesh (c) Mesh of Shell 

Elements 1

Figure 2: Testing Frame

A study on Beam and Shell elements
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-6A39:6R2.:3;9d2T7897
-A?9;F4@>;R20;/2!:5/2#49;8A4542">884B>:9

!:6;>3AB64>:
f05)&'(.+-Z&*+N&%9+A$5>&%0*+Rf-NAS+(50+#"50+*$&)09+
)"+$5>(%+?&%9+'"%9&)&"%*Q+A<0;+9"+%")+%009+)"+)$5%+
)"+ 2('0+ )<0+ ?&%9P+ (50+ #"50+ (0*)<0)&'(..;+ D.0(*&%:+
(%9+ '($*0+ ."?05+ %"&*0+ .0F0.*+ )<(%+ )<0&5+ <"5&o"%)(.+
'"$%)05D(5)*Q+K"?0F05P+)<0;+*$2205+&%+."?+?&%9+*D009+
*)(5)7$D*Q+-+H0.2+-9B$*)&%:+A"5Y$0+f-NA+RH-Af-NAS+
&*+>0&%:+90F0."D09+ &%+ )<&*+D5"B0')+ )"+"F05'"#0+ )<&*+
.&#&)()&"%+>;+($)"#()&'(..;+'<(%:&%:+)<0+:0"#0)5;+"2+
the blades.

Figure 1 SATVAWT 3D Geometry

#;>L9B62%HL9B64F9@
Perform mechanical testing of the material to be 
used in the novel turbine blade. To simulate and 
(%(.;*0+)<0+*)5$')$5(.+50*D"%*0+"2+)<0+)$5>&%0+>.(90+
)"+?"5T&%:+."(9*+$*&%:+4&%&)0+L.0#0%)+-%(.;*&*+R4L-SQ

#;>L9B62"96=>3>8>549@
H)(%9(59+ #0'<(%&'(.+ )0*)*+ ?050+ '(55&09+ "$)+ )"+
90)05#&%0+ )<0+ )0%*&.0P+ '"#D50**&F0+ (%9+ X0Z$5(.+
D5"D05)&0*+"2+:.(**+3>50+ 50&%2"5'09+D".;#05+ RJ4/@S+
used for the turbine blades. 

A<0+ :0"#0)5;+ "2+ )<0+ <".."?+ *0')&"%+ >.(90*+ ?(*+
#"90..09+"%+-6HiHs+2"5+*&#$.()&"%*+$%905+?"5T&%:+
."(9*+ 903%09+ >;+ )<0+ '0%)5&2$:(.+ (%9+ .&2)+ ."(9*+

:0%05()09+ >;+ )<0+ 5")()&%:+ )$5>&%0Q+ H&#D.0+ #"90.*+
?050+35*)+:0%05()09+$*&%:+>0(#+0.0#0%)*+&%+UMQ+H<0..+
0.0#0%)*+?050+)<0%+$*09+"%+(+aM+#"90.+'"%*)5$')09+
"%+'"#D$)05+(&909+90*&:%+R!-MS+*"2)?(50Q+H0D(5()0+
models were created to investigate the behaviour 
of a continuous blade as opposed to a blade with a 
50F".$)0+D&%+&%+&)*+#&97*D(%Q+A<0+50*D"%*0+"2+)<0+)?"+
90*&:%*+?(*+'"#D(509+(%9+(%(.;*09Q+

A<0+#"90.*+?050+F(.&9()09+?&)<+)<0"5;+$*&%:+*&#D.0+
structural problems and studies were performed to 
investigate the effect of mesh densities and material 
)<&'T%0**+"2+ )<0+>.(90Q+A<0+ 50*$.)*+?050+'"#D(509+
(%9+ (%(.;*09+ )"+ &%F0*)&:()0+ )<0+ (DD.&'(>&.&);+ "2+ )<0+
material and the structural response of the blade.

$9@A86@27:32.B=49F9C9:6@
A<0+#0'<(%&'(.+D5"D05)&0*+"2+J4/@+?050+90)05#&%09+
(%9+ $*09+ &%+ )<0+ 4L-+ *&#$.()&"%*+ "2+ )<0+ >.(90Q+ A<0+
beam model simulations produced reasonable 
stress and deformation results. The shell model did 
%")+'"#D.;+?&)<+ )<0+>0(#+#"90.+>0<(F&"$5Q+H)50**+
concentrations caused the simulation to fail. This was 
'"%'.$909+)"+>0+'($*09+>;+)<0+);D0+"2+*$DD"5)*+"5+
25"#+)<0+*)5$')$5(.+>0<(F&"$5+"2+)<0+:0"#0)5;+"2+)<0+
blade. The continuous blade design was preferred 
over the pinned models due to the lower stress levels 
generated when loaded.

The beam model was found to give a good general 
(%(.;*&*+"2+)<0+*)5$')$5(.+50*D"%*0+"2+)<0+>.(90+?<&.0+
the shell model was more precise for investigating 
the local behaviour of the material.

Mechanical Testing and Finite Element Analysis (FEA) 
on Novel Wind Turbine Structural Components
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-A?9;F4@>;R20;/2_39:[72-7:6

!:6;>3AB64>:
A<0+>&"#0'<(%&'(.+*)$9&0*+'"#>&%0+)<0+T%"?.09:0+"2+
#09&'(.+*'&0%'0+(%9+0%:&%005&%:+&%)"+(+#$.)&9&*'&D.&%(5;+
area that can help in treatment of a medical condition 
or improve a patient’s life. People suffering from 
neuromuscular disorders are facing serious challenges 
?<0%+&)+'"#0*+)"+&%90D0%90%).;+2$.3..&%:+)<0&5+0F05;9(;+
)(*T*Q+

A<0+(&#+"2+)<&*+D5"B0')+&*+)"+>0))05+$%905*)(%9+)<0+%009*+
of people suffering from such diseases in an attempt to 
develop a device to assist their needs, focusing on the 
*&#D.0+)(*T+"2+50(9&%:+(+>""TQ+

#;>L9B62%HL9B64F9@
!" @5"F&90+ (%+ (%(.;*&*+ "2+ )<0+ *T&..+ &#D(&5#0%)+

associated with neuromuscular disorders
!" M0*&:%+(+#$.)&2$%')&"%(.+>""T+<".905+ )<()+?"$.9+

cater for all the patient’s needs
!" -%(.;*0+ )<0+ 90*&:%+ 2"5+ *)5$')$5(.+ &%)0:5&);+ (%9+

*)(>&.&);+

#;>L9B62"96=>3>8>549@
From a series of discussions with patients and their 
'."*0+ 50.()&F0*+ ()+8()05+ M0&+ K"*D&)(.P+ (+ T0;+ ())5&>$)0+
0#05:09+ ?<&'<+ )<0+ 90*&:%+ ?"$.9+ <(F0+ )"+ *()&*2;\+
F05*()&.&);Q+60$5"#$*'$.(5+9&*"5905*+ )(T0+#(%;+ 2"5#*+
(%9+D()&0%)*+<(F0+(+F(5&0);+"2+*;#D)"#*Q+A<&*+&#D.&0*+
)<()+ (%;+#0'<(%&*#*+90*&:%09+ 2"5+ *$'<+(DD.&'()&"%*+
%009+ )"+ >0+ F05*()&.0[+ D(5)&'$.(5.;+ &%+ )<0+ ?(;+ )<()+ )<0+
patient and machine would interact. 

!:69;7B64>:24:26=4@2B7@92P7@2B7695>;4W9324:6>R2Human 
)"+ 8('<&%0\+ A<&*+ 0%'"#D(**0*+ )<0+ ?(;+ (+ D()&0%)+
controls the machine. In this case the main issue 
?(*+)<()+D()&0%)*+ )0%9+ )"+<(F0+ .&#&)09+ )"+%"+#">&.&);Q+
A0'<%".":&0*+'"%*&90509+&%'.$90\+B";*)&'T*P+*D0'&(.&*09+
control pads, voice control and optical control. 

"7B=4:926>2OAC7:R2A<&*+50.()0*+)"+)<0+?(;+(+D()&0%)+
50'0&F0*+ &%2"5#()&"%+ 25"#+ )<0+ #('<&%0Q+ A<0+ D5&#(5;+
2$%')&"%+ &*+ )"+ (&9+ &%+ 50(9&%:+ (+ >""TP+ <"?0F05+ #"*)+
D()&0%)*+2"$%9+&)+9&23'$.)+)"+*&)+&%+>09+(%9+50(9+25"#+(+X()+
*$52('0Q+A<&*+D5">.0#+?(*+*".F09+>;+$*&%:+(+'(#05(+)<()+
)5(%*#&)*+(%+&#(:0+"2+)<0+>""T+)"+(+#"%&)"5+)<()+'(%+>0+
(9B$*)09+)"+(%;+50Y$&509+D"*&)&"%Q+ +@5"9$')*+'$550%).;+
(F(&.(>.0+"%+)<0+#(5T0)+?050+*)$9&09+)"+90)05#&%0+)<0+
factors that made similar devices successful or not. 
/0*0(5'<+?(*+(.*"+'(55&09+"$)+"%+0Z&*)&%:+)0'<%".":&0*+
)<()+'"$.9+>0+(9(D)09+2"5+)<0+D$5D"*0+"2+)<&*+D5"B0')Q+
6$#05"$*+ 90*&:%+ )"".*+?050+ $*09+ )"+ <0.D+ :$&90+ )<0+
90*&:%+D5"'0**+&%+(%+023'&0%)+(%9+0220')&F0+#(%%05+)"+

D5"9$'0+(+90*&:%+)<()+#00)*+ )<0+50Y$&50#0%)*+"2+ )<0+
intended users.

$9@A86@27:32.B=49F9C9:6@
-+3%(.+90*&:%+?(*+0*)(>.&*<09Q+=)+'"%*&*)*+"2+(9B$*)(>.0P+
modular components connected together, offering 
(+ ?&90+ 5(%:0+ "2+ F05*()&.&);Q+ @(5)+ "2+ )<0+ 90*&:%+ (.*"+
50Y$&509+*"#0+D5":5(##&%:+)"+'50()0+(%+&%)052('0+2"5+
the machine. 

80'<(%&'(.+(%(.;*&*+"2+)<0+*)5$')$50+?(*+'(55&09+"$)+)"+
0%*$50+(%+"D)&#(.+(%9+*(20+*)5$')$50Q+++A<0+2$%')&"%(.&);+
"2+)<0+D5"D"*09+90*&:%+?(*+D<;*&'(..;+)0*)09+>;+>$&.9&%:+
(+@5""27"27@5&%'&D.0+D5")");D0+R4&:$50*+W+(%9+USQ+

Figure 1: A prototype of the page-turner.

Figure 2: Rendering of the designed multi-functional 
aid being used in conjunction with a hospital bed.

Multi-Functional aid for People 
with Neuromuscular Disorders 



117

-6A39:6R2"4;948892"4B7889D
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!:6;>3AB64>:
The importance of composites for structural use is 
'"%)&%$"$*.;+ &%'50(*&%:+ (*+ )<0+ 90#(%9+ 2"5+ .&:<)05+
(%9+#"50+023'&0%)+*)5$')$50*+ &*+"%+ )<0+ 5&*0Q+4"5+ )<0+
D$5D"*0+"2+ )<&*+ )<0*&*P+(+3>50750&%2"5'09+'"#D"*&)0+
'"%*&*)&%:+ "2+ D".;$50)<(%0+ (%9+ 07:.(**+ ?(*+
investigated with respect to manhole covers.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+?(*+)"+"D)&#&o0+(+.(#&%()09+
composite structure to attain higher structural 
023'&0%';Q

#;>L9B62"96=>3>8>549@
=%&)&(..;P+ .&)05()$50+ 2"5+ )<0+ '$550%)P+ (F(&.(>.0+ (%9+
(''0D)09+ )<0"5;+ ?(*+ 50F&0?09Q+ A0*)*+ ?050+ )<0%+
'"%9$')09+"%+'"#D"*&)0+*D0'&#0%*+(%9+)<0&5+F(.&9&);+
?(*+'<0'T09+?&)<+50*D0')+ )"+*)(%9(59*+(%9+50*$.)*+
">)(&%09+25"#+)<0"5;Q

A(>.0+W+@5"D05)&0*+">)(&%09+25"#+)0*)&%:+(%9+)<0"5;
A<0+ F(.$0*+ "2+ LW+ (%9+ �WU+ (50+ &%+ '."*0+ (:500#0%)+
<"?0F05P+ )<0+ F(.$0*+ "2+ LU+ (%9+g)+ 9&2205+ 95(*)&'(..;Q+
LU+&*+&%+*$'<+9&*(:500#0%)+9$0+)"+3>50+#&*(.&:%#0%)+
with the direction perpendicular to the applied 
2"5'0Q+ -D(5)+ 25"#+ 3>50+ #&*(.&:%#0%)P+ )<0+ F(.$0*+
"2+ g)+ #&:<)+ %")+ >0+ &%+ :""9+ (:500#0%)+ *&%'0+ )<0+
D509&')&"%+"2+*)50%:)<+"2+3>50750&%2"5'09+'"#D"*&)0+
#()05&(.*+<(*+%")+;0)+('<&0F09+)<0+.0F0.*+"2+(''$5(';+
('<&0F09+ >;+ )<0+ D509&')&"%+ "2+ *)&22%0**+ WQ+ -%")<05+
50(*"%+#(;+ >0+ )<0+ D50*0%'0+ "2+ F"&9*+ (%9+ 9020')*+
within the composite specimens which were not a 
5(50+"''$550%'0Q+L55"5O+/02050%'0+*"$5'0+%")+2"$%9Q+
shows that experimental and theoretical values for 
g'+(50+&%+F05;+:""9+(:500#0%)Q+

The theoretical values were calculated for a composite 
?&)<+W]QlUk+3>50*+>;+F".$#0+R(*+">)(&%09+25"#+)<0+

'(.'&%()&"%+#0)<"9+)"+90)05#&%0+:.(**+3>50+'"%)0%)S+
(%9+ $*&%:+ 0Y$()&"%*+ (%9+ '"%*)&)$0%)+ #()05&(.+
properties found in literature.

The resulting mechanical properties from testing were 
)<0%+$*09+&%+(+3%&)0+0.0#0%)+#"90.+?<&'<+*&#$.()0*+
the loading of different composite laminates. The 
."(9+F05*$*+90X0')&"%+'$5F0*+?050+">)(&%09+25"#+)<0+
simulations. These were compared to testing results 
'"%9$')09+ >;+ )<0+ &%9$*)5&(.+ D(5)%05+ )"+ '<0'T+ )<0+
F(.&9&);+"2+)<0+#"90.Q

A<0+ '"#D"*&)0+ .(#&%()0+ ?(*+ "D)&#&o09+ >;+ F(5;&%:+
)<0+ 3>50+ "5&0%)()&"%+ (%9+ >;+ &%)5"9$'&%:+ ?0>*Q+ A<0+
"5&0%)()&"%P+'"#D"*&)&"%+(%9+:0"#0)5;+"2+ )<0+?0>*+
?050+(.)0509+ &%+"5905+ )"+('<&0F0+ )<0+3%(.+"D)&#&o09+
structure.   

Figure 1 Final optimized structure – triangular webs 
+,1:#$%&8'/0'/1'MNO'4"3;'+"%+$6/%'9&/3$%&

$9@A86@27:32.B=49F9C9:6@
A<0+3%(.+"D)&#&o09+*)5$')$50+'"%*&*)*+"2+'"#D"*&)0+
)5&(%:$.(5+?0>*+'"%3:$509+(*+(%+ zge+?&)<+(+'&5'$.(5+
20()$50Q+ A<0+ ?0>+ &*+ UV+ ##+ )<&'T+ (%9+ &*+ #(90+ $D+
"2+ "%0+ .(;05+ "2+ 07:.(**+ 3>50*+ "5&0%)09+ ()+ V|+ &%+ (+
D".;$50)<(%0+#()5&ZQ+

$9D9;9:B9@
/Q8Q+j"%0*P+80'<(%&'*+"2+!"#D"*&)0+8()05&(.*P+U%9+
09Q+I"%9"%\+A(;."5+,+45(%'&*P+W```P+DDQ+U7Wc_Q

Property Experimental Value Theoretical Value (where 
applicable)

E1"#$%&' 11 10.7
E2"#(%&' )*++" 66.1
,12 0.381 0.331
Xt"#(%&' 168.27 534.7
Yt"#(%&' 15.58
Xc"#(%&' 142.40 143.44
Yc"#(%&' 39.04

Optimization of Laminated Composite Structures 
*3$6**-,&$W,LI0+$K*+(H*(+-.$/NUH,0&HM
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!:6;>3AB64>:
A<0+(&5+X"?+>0<(F&"$5+(5"$%9+)"?05*+<(*+(+*&:%&3'(%)+
0220')+"%+)<0+?&%9+*D009+#0(*$509+>;+(%0#"#0)05*Q+
N&%9+ 50*"$5'0+ (**0**#0%)*+ <0(F&.;+ 50.;+ "%+ )<0+
(''$5(';+ "2+#0(*$5&%:+ &%*)5$#0%)*+ )"+ 90)05#&%0+ )<0+
F&(>&.&);+"2+&%*)(..()&"%*+*$'<+(*+?&%9+)$5>&%0*Q+A"?05*+
&%)052050+?&)<+)<0+?&%9+>;+'<(%:&%:+&)*+F0."'&);+(5"$%9+
)<0+0%)&50+ )"?05+(%9+ &%9$'&%:+0F&90%)+ )$5>$.0%)+ X"?*+
>0<&%9+&)Q+A<0+0220')+"2+)<0+)"?05+"%+)<0+?&%9e*+F0."'&);+
&%+ 25"%)+ "2+ )<0+ )"?05+ &*+ 50.()&F0.;+ .0**+ >$)+ '(%%")+ >0+
%0:.0')09Q+ =%F0*)&:()&"%*+"2+(&5+ X"?+(5"$%9+ )"?05*+ &*+
important since the slightest discrepancies in wind 
F0."'&);+'(%+50*$.)+&%+*&:%&3'(%)+D052"5#(%'0+903'&)*+&%+
2$)$50+&%*)(..()&"%*+50.&(%)+"%+?&%9+F0."'&);+*$'<+(*+?&%9+
turbines.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<0+9&**05)()&"%+?(*+)"+&%F0*)&:()0+)<0+(&5+X"?+
>0<(F&"$5+(5"$%9+.())&'07);D0+)"?05*+>;+'"#D(5&%:+(%9+
'"#>&%&%:+ ?&%9+ )$%%0.+ 0ZD05&#0%)*P+ !"#D$)()&"%(.+
4.$&9+ M;%(#&'*+ R!4MSP+ =%)05%()&"%(.+ L.0')5")0'<%&'(.+
!"##&**&"%+ R=L!S+ '0%)507.&%0+ ?&%9+ *D009+ 903'&)+
0*)&#()&"%*+W+ (%9+(F(&.(>.0+?&%9+9()(+ 25"#+(+ .())&'07
);D0+)"?05+."'()09+()+N&09+/&%&+&%+G(<5&B(P+8(.)(P+()+(+
<0&:<)+"2+Ua+#0)50*Q

#;>L9B62"96=>3>8>549@
!" Design of a wind tunnel experiment to measure air 

F0."'&);+(5"$%9+F(5&"$*+#"90.*+(."%:+D507903%09+
paths and to measure the drag on the models.

!" 4(#&.&(5&*()&"%+ ?&)<+ )?"+ 9&#0%*&"%(.+ !4M+
*&#$.()&"%*+>;+#"90..&%:+)<0+0ZD05&#0%)*+'(55&09+
out in the wind tunnel and comparing results. 
4&:$50+W+*<"?*+)<0+!4M+*&#$.()&"%+"2+)<0+(&5+X"?+
around the tower model with the tower’s face at 
]_�+)"+)<0+&%'"#&%:+X"?Q

Figure 1 – CFD simulation contour plot of the tower 
model (velocity of 25m/s)

!" 4&%9&%:+ (%+ (DD5"D5&()0+!4M+ )$5>$.0%'0+#"90.+
to simulate tower interference.

!" -DD.;&%:+ )<0+ 90F0."D09+ !4M+ #"90..&%:+
)0'<%&Y$0*+)"+)"?05*+?&)<+9&22050%)+*".&9&)&0*+&%+
"5905+ )"+ '"#D(50+ )<0+ '0%)507.&%0+ ?&%9+ *D009+
903'&)+ (%9+ 95(:+ '"023'&0%)+ 50*$.)*+ ?&)<+ )<0+
=L!+ 0*)&#()&"%*+ (%9+ ?&%9+ F0."'&);+ X"?+ 30.9*+
25"#+")<05+ .&)05()$50Q+ 4&:$50+ U+ *<"?*+ )<0+!4M+
*&#$.()&"%+"2+(+U+#0)50+?&90+)"?05+?&)<+*".&9&);P+
)+�+VQW`+)<()+#"90.*+)<0+N&09+/&%&+)"?05+*0')&"%+
()+(+<0&:<)+"2+Ua+#0)50*Q

Figure 2 – CFD simulation contour plot of the Wied 
Rini tower section (velocity of 25m/s)

!" !"#D(5&%:+ )<0+ 5()&"+ "2+ ?&%9+ *D009+
measurements from the two anemometers at a 
<0&:<)+"2+Ua+#0)50*+()+)<0+)"?05+&%+N&09+/&%&+)"+
)<0+5()&"+"2+?&%9+*D009*+25"#+!4M+*&#$.()&"%*+
at corresponding points.

$9@A86@27:32.B=49F9C9:6@
!"#D$)()&"%(.+ 4.$&9+ M;%(#&'*+ R!4MS+ D5"F09+ )"+ >0+
(%+(''$5()0+)"".+)"+&%F0*)&:()0+)<0+(&5+X"?+>0<(F&"$5+
(5"$%9+ .())&'0+ );D0+ )"?05*Q+ LZD05&#0%)(.+ 50*$.)*+
'"#D(509+?0..P+>")<+Y$(.&)()&F0.;+(%9+Y$(%)&)()&F0.;P+
)"+!4M+50*$.)*+(%9+(.."?09+(+*$&)(>.0+!4M+)$5>$.0%'0+
#"90.+)"+>0+'<"*0%+2"5+*)$9;&%:+(%9+0F(.$()&%:+)<0+
=L!+H)(%9(59+0*)&#()&"%*+(%9+N&%9+/&%&+?&%9+9()(Q

$9D9;9:B9@
W+=L!+cW]VV7WU7WQ+N&%9+A$5>&%0*+d+@(5)+WU7W\+@"?05+
@052"5#(%'0+80(*$50#0%)*+"2+L.0')5&'&);+@5"9$'&%:+
N&%9+A$5>&%0*Q+=L!\+UVV_RLSQ

Investigating the Air Flow Behaviour around 
Lattice-Type Towers
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-6A39:6R2"766=9P2-743
-A?9;F4@>;R20;2!:5/2#49;8A4542">884B>:9

!:6;>3AB64>:
N0.9&%:+ &*+ (+ F05;+ '"##"%+ (%9+ &#D"5)(%)+ B"&%&%:+
process.  However, the high temperatures formed 
#(;+.0(9+)"+(+%$#>05+"2+D5">.0#*+*$'<+(*+50*&9$(.+
stresses, stresses that remain present in the struc7
)$50+0F0%+?&)<"$)+(%;+."(9*+(DD.&09Q

!"#D$)()&"%(.+#0'<(%&'*+)0'<%&Y$0*+*$'<+(*+3%&)0+
0.0#0%)+(%(.;*&*+R4L-S+(50+$*09+)"+D509&')+)<0+2"5#(7
tion of such stresses.

#;>L9B62%HL9B64F9@
A<0+(&#+?(*+)"+(DD.;+4L-+*&#$.()&"%*+"2+50*&*)(%'0+
spot welding processes to determine the distribution 
(%9+2"5#()&"%+"2+)<0+)0#D05()$50+<&*)"5;+(%9+50*&9$(.+
stresses.

#;>L9B62"96=>3>8>549@
A<0+#"90..&%:+?(*+9"%0+$*&%:+-6HiHs+*"2)?(50Q++=)+
was important to create a simulation that is not so 
'"#D$)()&"%(..;+ 0ZD0%*&F0Q+ + =%+ "5905+ )"+9"+ )<&*+ )<0+
3%&)0+0.0#0%)+#"90.+?(*+>(*09+"%+(+90'"$D.09+)<057
#"7#0'<(%&'(.+ (%(.;*&*Q+ + A<&*+#0(%*+ )<()+ 35*)+ )<0+
)<05#(.+(%(.;*&*+?(*+'"#D$)09+(%9+)<0%+)<0+50*$.)*+
">)(&%09+?050+&%D$))09+&%+)<0+*)5$')$5(.+(%(.;*&*Q++A<0+
*0)$D+?(*+#"90..09+(*+(+UMP+(Z&7*;##0)5&'+#"90.Q++
A<&*+&*+*<"?+*'<0#()&'(..;+&%+4&:$50+WQ

A"+#(T0+)<0+)<05#(.+(%(.;*&*+*&#D.05P+ )<0+0.0')5&'(.+
part of the welding process was not included in the 
simulation and a simple volumetric heat source was 
$*09Q+ + A<05#(.+ >"$%9(5;+ '"%9&)&"%*+ ?050+ $*09+ )"+
50D50*0%)+(%;+<0()+."**0*+>;+'"%F0')&"%Q++A<0+)<057
#(.+(%(.;*&*+?(*+#(90+#"50+D50'&*0+>;+'(.&>5()&%:+
the value of the heat input through experimental tem7
perature readings using thermocouples.  In fact the 
simulation parameters were the same as the parame7
)05*+"2+)<0+0ZD05&#0%)e*+*0)$DQ++-.*"+)<0+?0.9+9&#0%7
sions were obtained from macrographs of an actual 
?0.9Q++A<0+<0()+&%D$)+?(*+.02)+"%.;+2"5+)<0+(')$(.+)&#0+
of heating during the experiment but then removed in 
"5905+)"+*&#$.()0+)<0+'"".&%:+D5"'0**+)<()+)""T+2"5+(+
longer period of time.

The temperature results were then inputted in the 
*)5$')$5(.+(%(.;*&*+?<050+)<0+*0)$D+?(*+:&F0%+*)5$'7
)$5(.+D5"D05)&0*+(%9+>"$%9(5;+'"%9&)&"%*+50D50*0%)7
&%:+)<0+'"%*)5(&%)*+'($*09+>;+)<0+?0.9&%:+0.0')5"90*Q++
-.*"+D50**$50+?(*+(DD.&09+)"+50D50*0%)+)<0+."(9+&#7
D.&09+>;+ )<0+0.0')5"90*Q+ +A<0+F(.$0+"2+ )<0+ ."(9+?(*+
found in an experiment using a load cell.  

For a correct welding simulation it was essential to in7
clude an algorithm that simulates the effects caused 
on material elements that undergo melting and solidi7
3'()&"%Q++K"?0F05+)<&*+(DD5"('<+.09+)"+'"%F05:0%'0+
D5">.0#*+(%9+<(9+)"+>0+D(5).;+"#&))09+>$)+)<0+50*$.)*+
">)(&%09+?050+*)&..+*()&*2(')"5;Q

Figure 1: Schematic diagram of the Setup 
including the FEA mesh

$9@A86@27:32.B=49F9C9:6@
A<0+ )0#D05()$50+ 9&*)5&>$)&"%+ 50*$.)*+ '"#D$)09+ >;+
the simulations matched well the experimental tem7
perature results.  These involved a rapid increase in 
)0#D05()$50+9$5&%:+<0()&%:+(%9+ 2".."?09+>;+(%+0Z7
ponential decrease in temperature during cooling.  
-.*"P+ D"&%)*+ 2$5)<05+ (?(;+ 25"#+ )<0+?0.9+ <(9+ ."?05+
temperature values.  

/0*$.)*+2"5+50*&9$(.+*)50**0*+(2)05+*$23'&0%)+)&#0+2"5+
'"".&%:+?050+">)(&%09+(*+?0..Q++-*+0ZD0')09P+)<0+5(7
dial component of the residual stresses decreased 
0ZD"%0%)&(..;+)"+o05"+(."%:+)<0+5(9&(.+.&%0+(?(;+25"#+
the weld.

=#D5"F0#0%)*+'"$.9+>0+#(90+)"+)<0+*&#$.()&"%*+>;+
including a more advanced heat input model in the 
)<05#(.+(%(.;*&*Q++4$5)<05#"50P+)<0+*)5$')$5(.+(%(.;7
*&*+ '"$.9+ >0+ &#D5"F09+ >;+ &%'.$9&%:+ )<0+ (.:"5&)<#+
*&#$.()&%:+#0.)&%:+(%9+*".&9&3'()&"%Q

Finite Element Analysis of 
Welding Induced Residual Stresses
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-6A39:6R2*87A392-?469;4
-A?9;F4@>;R2#;>D/2!:5/2$>H9;62T=4;87:3>
*>N@A?9;F4@>;@R2!:5/2*=7;89@2(>A@4D2V2!:5/2$>H9;62
G7;;A547

!:6;>3AB64>:
H&%'0+)<0+9&*'"F05;+"2+"&.P+)<0+?"5.9+<(*+$%905:"%0+
#(B"5+'<(%:0*+ &%+D5":50**+(%9+ )0'<%".":;P+>$)+()+
the same time a number of challenges have been 
'50()09P+ %(#0.;+ )<0+ 90'.&%0+ &%+ "&.+ 50*05F0*+ (%9+
0%F&5"%#0%)(.+&**$0*+WQ+K"?0F05P+)<0*0+'<(..0%:0*+
are opening up new opportunities for exploitation 
"2+ 50%0?(>.0+ 0%05:;+ *"$5'0*+ R/LHS+ UQ+ N(*)0H05F+
8(.)(+ I&#&)09P+ ?<&'<+ &*+ #(&%.;+ 50*D"%*&>.0+ 2"5+
8(.)(e*+?(*)0+#(%(:0#0%)P+<(*+&%*)(..09+(+%$#>05+
"2+ D<")"F".)(&'+ D(%0.*+ (%9+#&'5"7?&%9+ )$5>&%0*+ ()+
)<0&5+ 2"$5+!&F&'+-#0%&);+ R!-S+H&)0*+(5"$%9+8(.)(+ &%+
addition to the present campaign in favour of the 
environment.

#;>L9B62%HL9B64F9@
A<0+)?"+#(&%+">B0')&F0*+"2+)<&*+D5"B0')+(50+50.()09+)"+
)<0*0+/0%0?(>.0+L%05:;+/0*"$5'0*+R/LHSP+%(#0.;\
!" A"+*)$9;+)<0+D052"5#(%'0+"2+)<0+F(5&"$*+/LH+()+

)<0+!-+H&)0*+"2+N(*)0*05FQ
!" A"+#(T0+50'"##0%9()&"%*+"%+<"?+)"+&#D5"F0+

their performance.

@5"B0')+80)<"9".":&0*
-+ .&)05()$50+ 50F&0?+ ?(*+ '(55&09+ "%+ >")<+ ?&%9+ (%9+
*".(5+50%0?(>.0+0%05:;Q
A<5"$:<"$)+ )<&*+ D5"B0')+ *0F05(.+ F&*&)*+ ?050+ #(90+
)"+ )<0+!-+*&)0*P+?<050+ &#D"5)(%)+D(5(#0)05*+?050+
#0(*$509+ (%9+ %")09Q+ N&)<+ )<&*+ 9()(P+ (%+ (%(.;*&*+
was made of when and how much effect shading 
has on the photovoltaic panels. The location of the 
?&%9+)$5>&%0*+(%9+)<0+">*)('.0*+&%+)<0+F&'&%&);+?050+
measured and their effect was noted.
-2)05+ <(F&%:+ :()<0509+ )<0+ 9()(+ "2+ )<0+ (')$(.+
irradiation, wind speeds and wind direction, an 
(%(.;*&*+"2+)<0+*;*)0#*+?(*+#(90Q
The results obtained were also compared to the 
50*$.)*+ 25"#+*"2)?(50+D('T(:0*+(%9+?050+9"$>.09+
'<0'T09Q+ =%+ *"#0+ '(*0*+ )<0+ 9()(+ 25"#+ *"2)?(50+
served as a reference to the actual data.
-%+ (%(.;*&*+ "%+ )<0+ D052"5#(%'0+ "2+ )<0+ &%F05)05*+
used was also made.
4&%(..;P+2"5+0('<+"2+)<0+2"$5+*&)0*P+*"#0+*$::0*)&"%*+
for improvements on present and future issues 
were made with an estimate of the improved power 
generation.

$9@A86@27:32.B=49F9C9:6@
!" The best inclination of solar panels is between 

aVV+ (%9+ aUV+ (%9+ )<0*0+ *<"$.9+ >0+ &%*)(..09+

2('&%:+)<0+)5$0+:0":5(D<&'+H"$)<Q
!" H<(9&%:+ (%9+ *"&.&%:+ "2+ *".(5+ D(%0.*+ .0(9*+ )"+

a drastic decrease in their power generated 
?<&'<P+ &%+ *"#0+ '(*0*P+ ?(*+ 0F0%+ $D+ )"+ U_+
percent.

!" Excessive heat is detrimental to the performance 
of both the modules and the inverters since it 
90'50(*0*+)<0&5+023'&0%';Q

!" N&%9+ )$5>&%0*+ #$*)+ >0+ ."'()09+ "%+ <&:<7
.;&%:+ (50(*+ (%9+ (>"F0+ (%;+ ">*)('.0*+ *$'<+
(*+ >$&.9&%:*+ (%9+ )500*+ ?&)<&%+ )<0+ F&'&%&);+ "2+
the turbine. When this was not observed the 
power generated from the effected direction 
was reduced.

!" G;+ (+ '"#>&%()&"%+ "2+ ?&%9+ (%9+ *".(5+
)0'<%".":&0*P+ )<0+ 50.&(>&.&);+ "2+ "$)D$)+ '(%+ >0+
improved and the combined power output is 
#"50+'"%*)(%)+)<5"$:<"$)+)<0+;0(5Q

$9D9;9:B9@
M(F&9+LQP+-+H".(5+N"5.9+7+!.&#()0+!<(%:0+(%9+)<0+
J500%+/0F".$)&"%QP EpP+J500%+G""T*+UVVaQ
M(#&%:+ g$P+ I"%;$%+ p(%:P+ (%9+ G&%::(%:+ !("P+
mJ5(D<7G(*09+ -%)+ H;*)0#+ 2"5+ 1D)&#(.+ H&o&%:+ "2+
H)(%9(."%0+K;>5&9+N&%9h@f+@"?05+H;*)0#*Pn+g&e(%+
j&(")"%:+E%&F05*&);P+UVVcQ

Figure 1: Combination of wind turbine 
and solar panels at Mriehel.

A Study of the Performance of the Wasteserv 
Renewable Energy Sources



122

!"#$%&"'()*+&(,+--+**.
!#/%012-.0'(304(5.&2.(!+&"

6&"0.$#7"2.&
When designing an offshore structure to support a 
!"##$%!&'()*&+,)-.%/&+$)"+$)0'1)-")2$$3)&+)#&+,)-0'-)
1.!0)*&+,) -.%/&+$)1.33"%-)1-%.!-.%$1)'%$)1./4$!-$,)
-") '$%",5+'#&!) ("',16) *'7$) '+,) !.%%$+-8&+,.!$,)
05,%",5+'#&!) ("',1) '+,) "!!'1&"+'((5) &!$) ("',&+91:)
Offshore wind turbine support structures have to 
be built to withstand these harsh environmental 
conditions, but on the other hand must not be 
overdesigned as such structures would not be 
$!"+"#&!'((5);$'1&/($:

80.9%7"(:;9%7"21%-
<0$) "/4$!-&7$1) ";) -0&1) 3%"4$!-) *$%$) -") ,$1&9+) '+,)
construct an instrumented test rig which is capable 
";)#$'1.%&+9)*'7$8&+,.!$,)("',1)"+)#",$()/"--"#8
=>$,) ";;10"%$) *&+,) -.%/&+$) 1.33"%-) 1-%.!-.%$1:)
?./1$@.$+-(5) -0$) -$1-) %&9)*'1).1$,) &+) $>3$%&#$+-1)
-")#$'1.%$) -0$)*'7$8&+,.!$,) ("',1) 3'%'(($() -") -0$)
,&%$!-&"+) ";)*'7$) 3%"3'9'-&"+)*0&!0) '%$) 1./4$!-$,)
"+-") -*") ,&;;$%$+-) -53$1) ";) 1.33"%-) 1-%.!-.%$1A)
B'!2$-1) '+,)C"+"3&($1:) <0$) %$1.(-1)*$%$) '+'(51$,)
'+,)!"#3'%$,)-")-0$"%5:

D) #",$() *&+,) -.%/&+$) *0&!0) '--'!0$1) -") -0$)
constructed model support structures was also 
designed and constructed for showcasing and for 
;.%-0$%) $>3$%&#$+-'-&"+) "+) !"#/&+$,) '$%",5+'#&!)
'+,)05,%",5+'#&!)("',&+9)";)-0$)1-%.!-.%$1:

80.9%7"(<%"=.$.*.>2%-
?!'($,) #",$(1) ";) ') #"+"3&($) '+,) ') 4'!2$-)
1.33"%-) 1-%.!-.%$) *$%$) ,$1&9+$,) '+,) /.&(-:) D+)
instrumented test rig was designed and built to 
#$'1.%$) -0$) 05,%",5+'#&!) ("',1) "+) -0$) #",$()
1.33"%-) 1-%.!-.%$1:) E1&+9) -0$) !"+1-%.!-$,) -$1-) %&96)
experiments were carried out on the models which 
&+7"(7$,).1&+9)-0$)%&9)&+)')*'7$)9$+$%'-&+9)-'+2)'+,)
#$'1.%&+9) -0$)*'7$8&+,.!$,) ("',1) ;"%) ') 7'%&$-5) ";)
*'7$) !"+,&-&"+1:) ?./1$@.$+-(56) -0$) %$1.(-1) *$%$)
'+'(51$,) '+,) !"#3'%$,) -") -0$"%5:) <0$"%$-&!'()
results were calculated using the appropriate wave 
-0$"%&$1)&+)!"+4.+!-&"+)*&-0)C"%&1"+F1)$@.'-&"+:)<0$)
05,%",5+'#&!1) '+'(51&1) 1";-*'%$) DG?H?I) D@*')
was used to calculate the theoretical loads on the 
!"#3($>)4'!2$-)1-%.!-.%$:
 
?%-#*"-(+&$()7=2%1%@%&"-
<0$)&+1-%.#$+-$,)-$1-)%&9)1.!!$11;.((5)#$'1.%$,)-0$)
&+-$+,$,) ("',1:) <0&1) *'1) !"+=%#$,) /5) 3$%;"%#&+9)

tests on a monopile, which is the most basic of 
structures, and the results obtained compared to 
-0$"%5: The percentage error between the average 
$>3$%&#$+-'()3$'2)("',)'+,)-0$)-0$"%$-&!'()3$'2)("',)
was calculated for each wave and was found to be in 
-0$)%'+9$)";))8J:KLMN)-")OP:KJKN:

<0$) %$1.(-1) ;"%) -0$)#",$() 1.33"%-) 1-%.!-.%$) !($'%(5)
indicated that the orientation of the structure with 
respect to the direction of wave propagation affects 
-0$)#'9+&-.,$)";)-0$)*'7$8&+,.!$,)("',1)'+,)#.1-)
/$) -'2$+) &+-") !"+1&,$%'-&"+) *0$+) ,$1&9+&+9) ') ;.(()
scale structure.

Figure 1 – Model Jacket Structure Mounted on 
Instrumented Test Rig.

Figure 2 – Model Jacket Structure Mounted in Wave Tank

Measurement and Analysis of The Hydrodynamic 
Forces on Model Support Structures for Deep 
Offshore Wind Turbines
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-6A39:6R2K488EN`>982_7CC46
-A?9;F4@>;R20;/2*874;92092"7;B>

!:6;>3AB64>:
-%;+#(5&%0+F0**0.+(*+&)+D(**0*+)<5"$:<+)<0+?()05+D5"7
duces waves. The pressure variation along the water 
<$..+D0(T*+()+)<0+>"?+(%9+*)05%+(%9+)<0*0+D50**$50+
differences generate the waves on the surface that 
can be seen spreading out from the vessel’s sides.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+)<&*+D5"B0')+?(*+)"+D5"9$'0+(+'"%'0D)$(.+
design of a displacement hull for the conditions of 
509$'09+ <$..+ 50*&*)(%'0+ (%9+ ?(F0+ :0%05()&"%+ >;+
"D)&#&*&%:+ )<0+ <$..+ 2"5#+ *<(D0Q+ A<0+ 8(Z*$52+ *$&)0+
software was utilised in testing the iterative design 
and in performing resistance tests to the different hull 
'"%3:$5()&"%*Q

#;>L9B62"96=>3>8>549@
-2)05+'(55;&%:+"$)+(%+0Z)0%*&F0+(%(.;*&*+"%+50*&*)(%'0+
)<0"5;P+ (+ 50*&*)(%'0+ D509&')&"%+ #0)<"9+ >;+ K".)5"D+
(%9+80%%0%+?(*+&90%)&309Q+A<&*+#0)<"9+*$>9&F&90*+
)<0+ )")(.+ *<&D+ 50*&*)(%'0+ &%)"+ '"#D"%0%)*+>;+$*&%:+
basic hull dimensions. These components were 
*)$9&09+ &%+ 90)(&.+ )"+ :0)+ )"+ T%"?+ )<0+ )<0"5;+ >0<&%9+
)<0#Q+ =)+?(*+ *<"?%+ )<()+ 2"5+ )<0+9&*D.('0#0%)+ );D0+
of vessels, the viscous resistance constitutes a far 
larger percentage of the total resistance than the 
?(F07#(T&%:+50*&*)(%'0Q+A<0+90*&:%+'"%*&905()&"%*+
"%+F(5&"$*+D(5(#0)05*+"2+)<0+<$..+*$'<+(*+)<0+2"50>"9;+
design and the optimum position of the longitudinal 
'0%)50+"2+>$";(%';+RI!GS+?050+90*'5&>09Q

Three dimensionless parameters were chosen for 
)<0+&)05()&F0+90*&:%+D5"'09$50P+#(T&%:+*$50+)<()+)<0+
values are within the ranges applicable to the Holtrop 
#0)<"9+ (*+ &%9&'()09+ >;+ 8(Z*$52Q+ A<0+ D(5(#0)05*+
varied were:
�" I0%:)<h>0(#+5()&"
�"G0(#h95($:<)+5()&"
�"G."'T+'"023'&0%)

E*&%:+K$..*D009+R4"5#H;*+(DD.&'()&"%+*"2)?(50SP+)<0+
50*&*)(%'0+"2+0('<+'"%3:$5()&"%+'"$.9+>0+&90%)&309Q+
Once the optimal design was chosen, a bulb was 
)<0%+ 3))09+ )"+ )<0+ <$..Q+ /0*&*)(%'0+ )0*)*+?050+ (:(&%+
'(55&09+"$)P+F(5;&%:+)?"+")<05+D(5(#0)05*\
�" The bulb’s length
�" The bulb’s diameter

$9@A86@27:32.B=49F9C9:6@
From the results achieved, resistance characteristics 
?050+ &90%)&309+ &%+ 50.()&"%+ )"+ <$..+ 2"5#+ 9&#0%*&"%*Q+
4"5+ )<0+9&*D.('0#0%)+<$..+ );D0P+(%+ &%'50(*0+ &%+>")<+

.0%:)<7>0(#+ 5()&"+ (%9+>0(#795($:<)+ 5()&"+ 509$'09+
the total calm water resistance. On the other hand, 
&%'50(*&%:+ )<0+ >."'T+ '"023'&0%)+ &%'50(*09+ )<0+ )")(.+
calm water resistance, due to the fact that the 
vessel would have a fuller form. With regards to the 
(99&)&"%+ "2+ )<0+ >$.>+ )"+ )<0+ %(T09+ <$..P+ )<0+ 50*$.)*+
showed that with increasing diameter, the total calm 
water resistance decreases. The effect of the bulb’s 
length showed that increasing this parameter would 
increase the total calm water resistance.

Figure 1 – Optimum hull

Conceptual Design of a 
Low-Speed Displacement Hull
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-6A39:6R2`9@@4B72.JA484:7
-A?9;F4@>;R207:4982&98872K/-B/S2"/-B/

!:6;>3AB64>:
=%"5:(%&'7"5:(%&'+<;>5&9+*".7:0.+'"()&%:*+(50+(+%0?+
class of materials where the inorganic and organic 
'"#D"%0%)*+ (50+ #&Z09+ ()+ )<0+ %(%"*'(.0+ .0F0.+ WQ+
A<0*0+ &%"5:(%&'7"5:(%&'+>(*09+'"()&%:*+(50+T%"?%+
)"+ :&F0+ :""9+ (%)&7'"55"*&"%+ D5"D05)&0*+ 9$0+ )"+ )<0+
*;%05:;+)<()+(5&*0*+>0)?00%+)<0+)?"+'"#D"%0%)*Q
=%+)<0+*".7:0.+D5"'0**+(+*)(>.0+D".;#05&'+*$*D0%*&"%+
)05#09+ (+ z*".e+ &*+ D5"9$'09+ 25"#+ D50'$5*"5+ *)(5)&%:+
material. The sol is used to deposit the coatings. The 
90D"*&)09+*".+3.#+Y$&'T.;+2"5#*+(+:0.+?<&'<+'(%+>0+
95&09+(%9+'$509+&%)"+(+%"%7D"5"$*+'"()+3.#Q
=%+ )<&*+ ?"5T+ )<0+ D")0%)&(.+ $*0+ "2+ *".7:0.+ '"()&%:+
)0'<%".":;+2"5+)<0+30.9+"2+'"%*05F()&"%+"2+<&*)"5&'(.+
artefacts will be investigated.

#;>L9B62%HL9B64F9@
A<0+(&#+"2+ )<&*+D5"B0')+ &*+ )"+90F0."D+(%)&7'"55"*&"%+
'"()&%:*+>(*09+"%+*".7:0.+)0'<%".":;+2"5+$*0+&%+)<0+
30.9+ "2+ '"%*05F()&"%+ "2+ <05&)(:0+ #0)(.+ (5)02(')*Q+
-D(5)+ 25"#+ "2205&%:+ D5")0')&"%+ (:(&%*)+ ()#"*D<05&'+
'"55"*&"%P+ '"%*05F()&"%725&0%9.;+ '"()&%:*+ #$*)+
>0+ "D)&'(..;+ )5(%*D(50%)+ (%9+ 2500+ "2+ )&%)*Q+ !"()&%:*+
*<"$.9+ &90(..;+ >0+ F05;+ )<&%+ *$'<+ )<()+ )<0;+ &%)052050+
#&%&#(..;+?&)<+)<0+(0*)<0)&'*+"2+)<0+$%905.;&%:+#0)(.Q+
Furthermore these coatings should be reversible 
such that the coating treatment can be removed 
&%+ )<0+ 2$)$50+ )"+ #(T0+ ?(;+ 2"5+ (+ >0))05+ D052"5#&%:+
alternative.

#;>L9B62"96=>3>8>549@
The following steps were conducted throughout the 
'"$5*0+"2+)<&*+D5"B0')\
!" I&)05()$50+ 50F&0?+"%+ )<0+'$550%)+90F0."D#0%)*+

"2+*".7:0.+)0'<%".":;+(%9+)<0+0220')*+"2+(99&%:+
%(%"7D(5)&'.0*+)"+'"()&%:+.('Y$05*

!" @50D(5()&"%+ "2+ a+ &%"5:(%&'7"5:(%&'+ <;>5&9+
'"()&%:+ .('Y$05*+ ?&)<+ 9&22050%)+ #".(5+
5()&"*+ "2+ )0)5(0)<"Z;*&.(%0+ RAL1HS+ (%9+
#0)<;.)5&0)<"Z;*&.(%0+R8ALHS+(%9+)<0+(99&)&"%+"2+
WV%#+*&.&'(+D(5)&'.0*+)"+)<0+*".+?<&'<+0Z<&>&)09+
the highest amount of organic component

!" -DD.&'()&"%+ "2+ )<0+ '"()&%:+ .('Y$05*+ >;+ 9&D7
'"()&%:+)0'<%&Y$0+"%)"+D.(%(5+."?+'(5>"%+*)00.+
samples and glass slides

!" !"()&%:*+ &%*D0')&"%+ )<5"$:<+ (%+ "D)&'(.+
#&'5"*'"D0+ )"+ '<0'T+ 2"5+ (%;+ 9020')*Q+
!<(5(')05&*()&"%+ "2+ )<0+ .('Y$05+ 9"%0+ )<5"$:<+
Efhf&*+*D0')5"#0)5;+(%9+=%25(509+HD0')5"*'"D;Q+
!"()&%:+ )<&'T%0**+ "%+ :.(**+ *.&90*+ #0(*$509+
through scanning electron microscope and the 

<;95"D<">&'&);+"2+)<0+'"()&%:+?(*+(**0**09+>;+
measuring water contact angles on the surface 
of the coatings

!" A0*)&%:+ "2+ )<0+ <;>5&9+ '"()&%:+ )<5"$:<+
0.0')5"'<0#&'(.+ '"55"*&"%+ )0*)*+ RD".(5&o()&"%+
(%9+ "D0%+ '&5'$&)S+ (%9+ ';'.09+ 2":+ )0*)*+ )"+
assess coatings under accelerated corrosive 
environment. 

$9@A86@27:32.B=49F9C9:6@
!" =%25(7509+ *D0')5"#0)5;+ 50*$.)*+ '"%35#09+ )<0+

&%"5:(%&'7"5:(%&'+%()$50+"2+)<0+'"()&%:*
!" !"()&%:+ )<&'T%0**0*+ R9"$>.0+ .(;0509S+ 5(%:09+

25"#+VQl]+)"+WQc_t#Q
!" M0D"*&)09+'"()&%:*+?050+2$..;+)5(%*D(50%)+&%+)<0+

F&*&>.0+50:&"%+"2+)<0+*D0')5$#Q+H"#0+(>*"5D)&"%+
of light was recorded for coatings loaded with 
%(%"7D(5)&'.0*Q

!" =%"5:(%&'7"5:(%&'+<;>5&9+'"()&%:+'"#>&%()&"%*+
provided different levels of protection over bare 
*)00.Q++-*+(+:0%05(.+)50%9P+)<0+<&:<05+)<0+'"%)0%)+
"2+#0)<;.*&.(%0+R8ALHS+&%+)<0+'"()&%:+)<0+>0))05+
)<0+ (%)&7'"55"*&"%+ D5"D05)&0*+ "2+ )<0+ '"()&%:Q+
4$5)<05#"50+ )<0+ (99&)&"%+ "2+ %(%"7D(5)&'.0*+
seems to have further improved the corrosion 
properties of the coatings

$9D9;9:B9@
W+ N5&:<)P+ j+ (%9+ H"##059&BTP+ 6Q+ H".7J0.+ 8()05&(.*+
!<0#&*)5;+(%9+-DD.&'()&"%Q+!/!+@50**P+UVVWP+DDQ]cQ

Figure 1 – Double coating layer on glass of mol% 
20:80 TEOS:MTES + 0.5% Silica nano-particles

An Investigation of the Anti-Corrosion Properties of 
Inorganic-Organic Hybrid Coatings Based on Silica
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-6A39:6R2K>::492.667;3
-A?9;F4@>;R20;/2!:5/2T89::2*7@@7;

!:6;>3AB64>:
A&)(%&$#+(..";*+0Z<&>&)+(+5(%:0+"2+())5(')&F0+D5"D05)&0*[+
(+ $%&Y$0+ '"#>&%()&"%+ "2+ 0Z'0..0%)+ #0'<(%&'(.+ (%9+
D<;*&'(.+D5"D05)&0*+(%9+*$D05&"5+'"55"*&"%+50*&*)(%'0Q+
E%2"5)$%()0.;P+ )<0+)5&>".":&'(.+D052"5#(%'0+"2+)<0*0+
(..";*+&*+F05;+D""5+#(T&%:+)<0#+F05;+*$*'0D)&>.0+)"+
*0&o$50+(%9+:(..&%:Q+A<0+$*0+"2+ *$52('0+0%:&%005&%:+
)0'<%&Y$0*+&%F".F&%:+)<0+90D"*&)&"%+"2+(+'"()&%:+)"+)<0+
A&7c-.7]f+(..";+*$52('0+(%9+&)*+*$>*0Y$0%)+"Z&9()&"%+
'"$.9+>0+F&(>.0+(*+(+?(;+)"+D5")0')+)<0+#()05&(.+(%9+
&#D5"F0+ &)+ *$&)(>&.&);+ 2"5+ 0%:&%005&%:+ (DD.&'()&"%*+
involving relative motion under load.

#;>L9B62%HL9B64F9@
The main aim of this research was to improve the 
?0(5+D5"D05)&0*+"2+A&7c-.7]f+F&(+)<0+90D"*&)&"%+"2+(+
#0)(.+ .(;05+ $*&%:+ (%+ L.0')5"%+G0(#7A5&"90+@.(*#(+
-**&*)09+ @<;*&'(.+ f(D"$5+ M0D"*&)&"%+ RLG7@-@fMS+
D5"'0**+(%9+&)*+*$>*0Y$0%)+A5&"90+@.(*#(+1Z&9()&"%+
RA@1SQ+ + !"%*0Y$0%).;+ )<0+ )0'<%&Y$0+ ?(*+ (**0**09+
2"5+ &)*+F&(>&.&);+(*+(+*$52('0+0%:&%005&%:+D5"'0**+ 2"5+
)&)(%&$#+(..";*Q+

#;>L9B62"96=>3>8>549@
A<0+D5"B0')+#0)<"9".":;+'"%*&*)09+"2\
9N" -+50F&0?+"2+)<0+0Z&*)&%:+.&)05()$50+"%+)<0+*$>B0')[
99N" @50D(5()&"%+"2+(+%$#>05+"2+)0*)+*(#D.0*[
999N" Determination of the optimum deposition pa7

5(#0)05*+2"5+(.$#&%&$#[
9IN" M0D"*&)&"%+"2+(%+-.+'"()+"%)"+)<0+D507D".&*<09+

A&7c-.7]f+'"$D"%*+$*&%:+LG7@-@fM[
IN" 1Z&9()&"%+"2+)<0+-.+'"()+$*&%:+A@1[
I9N" !<(5(')05&*()&"%+"2+)<0+50*$.)&%:+'"()&%:*+$*&%:+

methods such as nanoindentation, nanoscratch 
)0*)&%:+R*00+4&:$50+WS+(%9+*'(%%&%:+0.0')5"%+#&7
'5"*'"D;+RHL8SQ

$9@A86@27:32.B=49F9C9:6@
9N" The development of a process routine for 

0F(D"5()&%:+-.+$*&%:+LG7@fM[
99N" A<0+*)$9;+"2+)<0+*$>*)5()0+(%9+'"()&%:+$*&%:+

LMg+(%9+g/M+)0'<%&Y$0*[
999N" Hardness and elastic modulus value for the 

"Z&9&*09+'"()&%:*+d+">)(&%09+F&(+&%*)5$#0%)09+
%(%"&%90%)()&"%[

9IN" A"D":5(D<&'(.+*)$9;+$*&%:+HL8+(%9+*);.$*+
D5"3."#0)5;[

IN" -%+0F(.$()&"%+"2+)<0+(9<0*&"%+*)50%:)<+"2+)<0+
'"()&%:+d+%(%"*'5()'<+)0*)&%:+(%9+)<0+50*$.)(%)+
critical loads of failure of the different coatings. 

Figure 1: Nano-Scratches on a coated substrate 
3,'&5/6$/3&'3;&'+,/3"1#O0'/8;&%&1+&

Triode Plasma Oxidation of Aluminium 
Coated Titanium Alloy
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-6A39:6R2*87A392KA@A6648
-A?9;F4@>;R20;/2K9;6;7C2"78847
*>N@A?9;F4@>;R2!:5/2"7A;4W4>2G9:9B=

!:6;>3AB64>:
8(5)0%*&)&'+ *)(&%.0**+ *)00.*+ (50+ F05;+ &#D"5)(%)+
(%9+ <&:<.;+ $*09+ #()05&(.*+ 2"5+ )<0+ #(%$2(')$50+
"2+ )"".*Q+ A<0*0+ )"".*+ (50+ *$>B0')09+ )"+ '"%9&)&"%*+
which demand high wear resistance, toughness 
and general corrosion resistance. The production 
of such tools involves a number of manufacturing 
"D05()&"%*+ ?<&'<+ #(T0+ )<0#+ F05;+ 0ZD0%*&F0Q+ -+
plausible solution to minimise machining costs and 
repair of such tools could be achieved using laser 
#()05&(.+90D"*&)&"%Q+A<0+M88L+<(*+0#>(5T09+"%+(+
D5"B0')+?<050+#(5)0%*&)&'+)"".*+*)00.*+#"9&309+$*&%:+
chromium carbide additions are being developed 
using a laser to address this problem. Tribological 
D052"5#(%'0+ (%9+ >$.T+ <(59%0**+ "2+ *$'<+ 90D"*&)*+
have been investigated in previous studies. This 
?"5T+2"'$*0*+"%+)<0+>$.T+&#D(')+D5"D05)&0*+"2+.(*05+
:0%05()09+#(5)0%*&)&'+ *)(&%.0**+ *)00.+ #"9&309+ ?&)<+
carbide additions. 

#;>L9B62%HL9B64F9@
A<0+ (&#+ "2+ )<&*+ D5"B0')+ &*+ )"+ &%F0*)&:()0+ )<0+ 0220')+
of the variation in the carbide addition and heat 
)50()#0%)+"2+.(*05+90D"*&)09+-=H=+]WV+>(*09+25002"5#+
?(..*+ "%+ )<0&5+ &#D(')+ '<(5(')05&*)&'*Q+ !"##05'&(..;+
(F(&.(>.0+ -=H=+ ]UV+ #(5)0%*&)&'+ )"".+ *)00.+ <(*+ >00%+
$*09+(*+(+>0%'<#(5TQ+

#;>L9B62"96=>3>8>549@
!" -+ )<"5"$:<+ .&)05()$50+ 50F&0?+ '"F05&%:+ .(*05+

cladding, martensitic stainless steels and 
25(')$50+9;%(#&'*+?(*+D052"5#09Q++

!" -+ *D0'&#0%+ D5"9$')&"%+ 50:&#0%+ F&(+ .(*05+
deposition, heat treatment (austenitising and 
tempering), wire cutting, surface grinding and 
electric discharge machining was determined. 

!" f(5&"$*+ *D0'&#0%+ >()'<0*+ &%+ )<0+ 2"5#+ "2+
freeform walls were produced with different 
'(5>&90+ (99&)&"%*+ )"+ -=H=+ ]WV+ *)(&%.0**+ *)00.+
powder using laser material deposition. The 
resultant clads were heat treated using different 
)0#D05*+(%9+*$>*0Y$0%).;+D50D(509+2"5+&#D(')+
testing. 

!" 8"9&309+ =o"9+ &#D(')+ )0*)*+ ?050+ D052"5#09+
(%9+ 50D0()09+ 50*$.)*+ ?050+ ('Y$&509+ 2"5+ 0('<+
percentage carbide powder additions and heat 
treatment.

!" -+2$..+(%(.;*&*+?(*+#(90+"%+)<0+#&'5"*)5$')$50*+
"2+ )<0+ 9&22050%)+ *D0'&#0%+>()'<0*+ $*&%:+g75(;+
diffraction, optical and scanning electron 

#&'5"*'"D;Q+A<0+#&'5"*)5$')$50+?(*+'"550.()09+
with fractured surfaces following impact testing.  

$9@A86@27:32.B=49F9C9:6@
A<0+50*$.)*+*<"?09+)<()+>;+&%'50(*&%:+)<0+D05'0%)(:0+
9&**".F09+ !5a!UP+ (+ '<(%:0+ &%+ )<0+ 25(')$50+ #"90+
"''$5509Q+-%+&%'50(*0+&%+)<0+!5a!U+(99&)&"%+*<"?09+
a transition from a ductile to a brittle mode of fracture 
with a corresponding reduction in fracture toughness. 
8&'5"*)5$')$5(.+ (%(.;*&*+ "2+ )<0+ )0*)+ *D0'&#0%*+
50F0(.09+ <&:<05+ 507D50'&D&)()09+ '(5>&90+ '"%)0%)+ &%+
>()'<0*+<(F&%:+<&:<+!5a!U+(99&)&"%*Q+-$*)0%&)&*&%:+
?(*+ %")+ *$23'&0%)+ )"+ 0%)&50.;+ <"#":0%&*0+ )<0+ (*7
90D"*&)09+ #&'5"*)5$')$50Q+ !(5>&90*+ ?050+ ">*05F09+
)"+ D502050%)&(..;+ 2"5#+ (."%:+ 90%95&)&'+ 50:&"%*+ ?&)<+
high carbon content during austenitising. This has 
(9F05*0.;+(220')09+ )<0+ &#D(')+'<(5(')05&*)&'*+"2+ )<0+
test specimens. Increasing tempering temperature 
was shown to reduce the maximum impact force to 
fracture but increase the fracture time base. It was 
shown that the right combination of carbide addition 
and heat treatment can produce tool material with 
*&#&.(5+"5+*$D05&"5+25(')$50+50*D"%*0+)"+)<0+>0%'<#(5T+
#()05&(.+ R-=H=+ ]UV+ #(5)0%*&)&'+ *)(&%.0**+ *)00.SQ+ A<0+
50*$.)*+">)(&%09+25"#+)<&*+?"5T+ &%+'"#>&%()&"%+?&)<+
those available from previous studies will serve to 
guide the selection of the composition and heat 
treatment of laser built tool material according to 
application conditions. 

Figure 1- Freeform wall produced using laser 
material deposition

Bulk mechanical properties of laser generated tool 
grade Martensitic Stainless Steel
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-6A39:6R22047:92*=4;B>?
-A?9;F4@>;R220;/2!:5/2`>=:2*/2K966@
*>N@A?9;F4@>;R220;/2b9::96=2-B9;;4

!:6;>3AB64>:
8()05&(.*+H0.0')&"%+&*+(%+&%)0:5(.+(%9+'"#D.0Z+D(5)+"2+
)<0+90*&:%+D5"'0**Q++-9F(%'0*+&%+)<0+30.9+"2+(5)&3'&(.+
intelligence has led to the increased perception 
(%9+ 50'":%&)&"%+ (>&.&);+ "2+ -5)&3'&(.+ 60$5(.+ 60)?"5T*+
R-66*S+ #(T&%:+ )<0#+ (DD.&'(>.0+ )"+ F(5&"$*+ 30.9*Q++
-66*+0Z<&>&)+*&#&.(5+2$%')&"%*+"2+)<0+<$#(%+>5(&%+&%+
)05#*+"2+ .0(5%&%:+(%9+90'&*&"%7#(T&%:P+?<&'<+<(F0+
0%'"$5(:09+)<0+$*0+"2+-66+2"5+#()05&(.*+*0.0')&"%Q+
These characteristics eliminate the need for the user 
)"+'(55;+"$)+'"#D.0Z+'(.'$.()&"%*+)"+&%205+)<0+"D)&#(.+
material for the problem at hand, and thus, would be 
"2+:50()+(9F(%)(:0+)"+90F0."D+(+*;*)0#+2"5+#()05&(.*+
*0.0')&"%+)<()+'"$.9+>0+$*09+>;+$*05*+<(F&%:+.&#&)09+
>('T:5"$%9+&%+0%:&%005&%:Q++

#;>L9B62%HL9B64F9@
A<0+">B0')&F0+"2+ )<&*+D5"B0')+ &*+ )"+90F0."D+(%9+ )0*)+
(+ #0)<"9".":;[+ "%0P+ ?<&'<+ 90F0."D*+ (+ #0)<"9+
2"5+ (DD.;&%:+ (5)&3'&(.+ %0$5(.+ %0)?"5T*+ R-66*S+ )"+
materials selection problems, and furthermore, to 
B$*)&2;+?<0)<05+)<&*+#0)<"9".":;+'(%+>0+*$''0**2$..;+
implemented.

,=9>;964B782#;>B93A;9
-66*+ $%905:"+ (+ D5"'0**+ "2+ )5(&%&%:+ >02"50+ >0&%:+
50(9;+2"5+$*0Q+-%+&%9&F&9$(.+%0)?"5T+&*+)5(&%09+2"5+"%0+
particular application.  This entails the process of 
D50*0%)&%:+ )<0+ %0)?"5T+ ?&)<+ *$23'&0%)+ &%D$)+ (%9+
)(5:0)+ "$)D$)+ 0Z(#D.0*+ 25"#+ ?<&'<+ )<0+ %0)?"5T+
learns to emulate the relationships within the data, 
?<&.*)+('Y$&5&%:+)<0+(>&.&);+)"+:0%05(.&o0+)"+%0?+&%D$)+
9()(+ }W]~Q+ + -66*+ ?050+ (DD.&09+ )"+ )?"+ #()05&(.+
*0.0')&"%+D5">.0#*+d+(+*D5&%:+*;*)0#+(%9+(+*D5&%:7
&%)(T0+ F(.F0+ *;*)0#+ &%+ (%+ 0%:&%0+ >."'TQ+ + 4"5+ 0('<+
D5">.0#P+)<0+">B0')&F0*+?050+*0.0')09+(*+)<0+&%D$)*+
)"+)<0+%0)?"5TQ++A<0+35*)+*)0D+)"+:0%05()0+)<0+"$)D$)+
)5(&%&%:+9()(+2"5+>")<+D5">.0#*+?(*+>;+'(.'$.()&%:+(%+
acceptable material index ( accMI SP+90*'5&>09+>;+)<0+
(::50:()&"%+"2+)<0*0+">B0')&F0*Q+!(%9&9()0+#()05&(.*+
?050+ '<"*0%P+ 2"5+ ?<&'<+ )<0+ $%&Y$0+ 8=+ 2"5+ 0('<+
#()05&(.+ ?(*+ '(.'$.()09Q+ + G;+ '(.'$.()&%:+ )<0+
9&22050%'0*+ >0)?00%+ 0('<+#()05&(.e*+8=+ (%9 accMI , 
materials which are suitable for the application would 
return a positive value whereas those which are 
unsuitable would return a negative value.  The 
material having the highest positive value is the one 
2(5)<0*)+(?(;+25"#+)<0+ accMI  and thus, the one most 
3)+2"5+)<&*+(DD.&'()&"%Q++=%+>")<+D5">.0#*P+)<0+)5(&%&%:+
9()(+ *0)*+ ?050+ :0%05()09+ >;+ (**&:%&%:+ 9&22050%)+
5(%9"#+F(.$0*+"2+)<0+">B0')&F0*P+0('<+)&#0+'(.'$.()&%:+
a new accMI  for which a new set of distances would 

>0+ :0%05()09Q+ + -+ :0%05&'+ &..$*)5()&"%+ &*+ 90D&')09+ &%+
3:$50+WQ+A<0+$*05+ &%)052('0+"2+8()<?"5Te*+8().(>q+
?(*+$*09+2"5+)5(&%&%:+)<0+%0)?"5TQ++1%'0+)5(&%09P+)<0+
$*05+ '(%+ )<0%+ $*0+ )<0+ %0)?"5T+ >;+ &%D$))&%:+ %0?+
F(.$0*+"2+)<0+">B0')&F0*Q+++++

$9@A86@27:32.B=49F9C9:6@
In both cases, reliable results were obtained due to 
)<0+<&:<+.0F0.+"2+(''$5(';+(%9+'"%*&*)0%';+?<&'<+?(*+
achieved.  The main conclusion to this research is 
)<()+-66*+'(%+>0+*$''0**2$..;+)"+#()05&(.*+*0.0')&"%+
D5">.0#*P+ (*+ ."%:+ (*+ )<0;+ (50+ 209+?&)<+ (+ *$23'&0%)+
(#"$%)+ "2+ )5(&%&%:+ 9()(Q+ + A<0+ #(&%+ 9&23'$.);+ &*+ )"+
">)(&%+ )<&*+ 9()(P+ ?<&'<+ &*+ 50Y$&509+ 2"5+ (+ <&:<+ .0F0.+
"2+ %0)?"5T+ )5(&%&%:+ (%9+ :0%05(.&o()&"%+ D052"5#(%'0+
)"+>0+('<&0F09Q+=)+ &*+"%.;+?<0%+(+%0)?"5T+&*+)5(&%09+
?&)<+ 50(.&*)&'+ 9()(+ '(%+ &)*+ 50*$.)*+ >0+ '<0'T09+ 2"5+
'"%*&*)0%';+?&)<+")<05+#()05&(.*+*0.0')&"%+#0)<"9*Q+

 Figure 1: A feed-forward Neural Network

9-*0+,-.)$K0.0H*,3&$QM$6+*,UH,-.$Z0(+-.$Z0*J3+[)
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-6A39:6R21A[7@2T;9B=
-A?9;F4@>;R20;/2K9;6;7C2"78847
*>N@A?9;F4@>;R2#;>D/2`>@96692*7C4889;4

!:6;>3AB64>:
A<050+ (50+ (+ %$#>05+ "2+ '"##05'&(..;+ (F(&.(>.0+
#()05&(.*P+90F0."D09+*D0'&3'(..;+(*+ 5"")70%9+3..05*Q+
-+ ?&90.;+ $*09+ 5"")70%9+ 3..05+ &*+ 8&%05(.+ A5&"Z&90+
-::50:()0+ R8A-S+ (%9+ <(*+ >00%+ )<0+ *$>B0')+ "2+
numerous research studies. The literature available 
"%+ ")<05+ '"##05'&(..;+ (F(&.(>.0+ 5"")70%9+ 3..05*+
is somewhat limited and often restricted to the 
#(%$2(')$505e*+9()(+*<00)Q+-%+&#D"5)(%)+50Y$&50#0%)+
2"5+ 5"")70%9+ 3..05*+ &*+ )"+ >0+ 5(9&"D(Y$0Q+ A<&*+ &*+
('<&0F09+ >;+ )<0+ (99&)&"%+ "2+ F(5&"$*+ 5(9&"D('&2;&%:+
(:0%)*+)"+)<0+#()05&(.Q+-99&)&"%*+)"+0%<(%'0+*D0'&3'+
'<(5(')05&*)&'*+ "2+ )5&'(.'&$#+ *&.&'()0+ RA!HS+ >(*09+
materials (all materials under investigation in this 
*)$9;+0Z'0D)+=%)05#09&()0+/0*)"5()&F0+8()05&(.+R=/8S+
?<&'<+ &*+ (+ D".;#05+ 50&%2"5'09+ o&%'+ "Z&9070$:0%".+
>(*09+ #()05&(.S+ *$'<+ (*+ 5(9&"D('&);P+ *0))&%:+ )&#0+
"5+?"5T(>&.&);+"2)0%+ 50*$.)+ &%+0220')&%:+ )<0+<;95()&"%+
and properties of the material and is investigated 
&%+ )<&*+ ?"5TQ+ 4"$5+ 5"")70%9+ 3..05+ #()05&(.*+ ?050+
studied. Three of these (Biodentine, Bioaggregate 
(%9+=/8S+(50+'"##05'&(..;+(F(&.(>.0+?<&.0+)<0+")<05+
&*+(+D5")");D0+#()05&(.[+)5&'(.'&$#+*&.&'()0+?&)<+(9909+
o&5'"%&$#+"Z&90+5(9&"D('&305Q+

#;>L9B62%HL9B64F9@
A<0+ (&#+ "2+ )<&*+ D5"B0')+ &*+ )"+ '<(5(')05&*0+ (%9+
&%F0*)&:()0+ )<0+ '<0#&'(.+ (%9+D<;*&'(.+ D5"D05)&0*+"2+
'"##05'&(..;+ (F(&.(>.0+ 5"")70%9+ 3..&%:+ #()05&(.*P+ &%+
(99&)&"%+)"+(+D5")");D0+'0#0%)+>(*09+#()05&(.+"%+)<0+
8A-+#"90.+?&)<+#"50+D$50+'"#D"%0%)*Q

#;>L9B62"96=>3>8>549@
LZ)0%*&F0+ )0*)&%:+ ?(*+ '"%9$')09+ )"+ *)$9;+ )<0+
'<0#&'(.+ (%9+ D<;*&'(.+ D5"D05)&0*+ "2+ )<0+ )0*)+
#()05&(.*Q+-..+#()05&(.*+?050+D50D(509+&%+(''"59(%'0+
to the manufacturer’s instructions. Tests were 
conducted in accordance with European standards ( 
GH7L6+=H1+``Wl7W\UVVl+(%9+GH7L6+=H1+cblc\UVVUSQ++
-..+ *(#D.0*+?050+ *)"509+ (%9+ )0*)09+ &%+ (+ *&#$.()09+
>"9;+X$&9P+ )"+0#$.()0+ )<0+>.""9+(%9+*(.&F(+D50*0%)+
in a clinical situation, and thus give more realistic 
50*$.)*Q+ A0*)&%:+ )"+ 90)05#&%0+ )<0+ 5(9&"D('&);P+ DK+
of test solution, calcium ion leachate, setting time, 
#&'5"7<(59%0**P+ '"#D50**&F0+ *)50%:)<P+ D"5"*&);P+
?()05+ $D)(T0P+ *"5D)&"%P+ (%9+ *".$>&.&);+ ?(*+ '(55&09+
"$)Q+ 8()05&(.+ #&'5"*)5$')$5(.+ '<(5(')05&*()&"%+ (%9+
D<(*0+ (%(.;*&*+ ?(*+ 9"%0+ $*&%:+ *'(%%&%:+ 0.0')5"%+
#&'5"*'"D;+RHL8SP+0%05:;+9&*D05*&F0+g75(;+(%(.;*&*+
RLMgSP+g75(;+9&225(')&"%+ Rg/MS+(%9+4"$5&05+ )5(%*2"5#+

&%25(509+ *D0')5"*'"D;+ R4A=/SQ+ 4.$"50*'0%)+ 9;0*+
(%9+ #&'5"7*D<050*+ &%+ '"%B$%')&"%+ ?&)<+ '"%2"'(.+
#&'5"*'"D;+ ?050+ $*09+ )"+ *&#$.()0+ )<0+ &%:50**+ "2+
>(')05&(+&%)"+0Z)5(')09+3..09+)00)<Q+

$9@A86@27:32.B=49F9C9:6@
A<0+'<0#&'(.+'"%*)&)$0%)*+"2+'"##05'&(..;+(F(&.(>.0+
test materials were found to agree with those 
*D0'&309+>;+)<0+#(%$2(')$505P+(%9+)<0&5+5(9&"D('&);+
*()&*309+ =H1+ cblc\UVVU+ 50Y$&50#0%)*Q+ A<0+ A!H+
>(*09+ '0#0%)*+ 9&*D.(;09+ *&:%&3'(%).;+ ?0(T05+
#0'<(%&'(.+ D5"D05)&0*+ '"#D(509+ )"+ =/8+ (%9+
)<0&5+ '<0#&'(.+ '<(5(')05&*)&'*+ &%9&'()09+ )<()+ )<0;+
(50+ ?0..+ *$&)09+ 2"5+ 5"")70%9+ 3..05*Q+ A<0+ D5")");D0+
material investigated exhibited similarities to the 
'"##05'&(..;+(F(&.(>.0+A!H+'0#0%)*Q+A<0+)5&'(.'&$#7
silicate based cements leached calcium ions in 
*".$)&"%+(%9+9&*D.(;09+<;95"Z;(D()&)0+ 2"5#()&"%+"%+
their surface when immersed in biological simulated 
X$&9Q+ A<&*+ D5"#")0*+ )&**$0+ :5"?)<+ #(T&%:+ *$'<+
materials bioactive.  It was shown that the properties 
"2+A!H+>(*09+'0#0%)+R5(9&"D('&);P+*0))&%:+)&#0P+(%9+
<;95()&"%+ '<(5(')05&*)&'*S+#(;+ >0+#"9&309+ )<5"$:<+
various additives.

Figure 1 Electron backscattered SEM micrograph of 
the prototype material comprising TCS cement and 
P%Q'%/8",./+":&%'/93&%'>R'8/70'"--&%0&8'"1'S/1=O0'

Balanced Salt Solution. 
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-6A39:6R2`A8472-7CCA6
-A?9;F4@>;R20;/2K/2"78847

!:6;>3AB64>:
@(**&F0+ #0)(.*+ *$'<+ (*+ *)(&%.0**+ *)00.*+ (50+ T%"?%+
2"5+ )<0&5+ :""9+ '"55"*&"%+ 50*&*)(%'0+ "?%09+ >;+ )<0+
*D"%)(%0"$*+2"5#()&"%+"2+(+*0.27<0(.+)<&%+*$52('0+D(**&F0+
3.#Q+A<&*+3.#+D5"F&90*+(+>(55&05+>0)?00%+)<0+#0)(.+(%9+
the corrosive environment and protects the material 
25"#+ '"55"*&"%Q+ =%+ )5&>"'"55"*&"%+ *;*)0#*P+ '"55"*&"%+
&*+'"#>&%09+?&)<+#0'<(%&'(.+(')&"%+ )<()+#(;+50*$.)+ &%+
)<0+D(5)&(.+"5+'"#D.0)0+50#"F(.+"2+)<&*+D(**&F0+3.#Q+A<&*+
?"$.9+50*$.)+&%+(+*;%05:0)&'+&%'50(*0+&%+'"55"*&"%+9$0+)"+
#0'<(%&'(.+ (')&"%+ R?0(57(''0.05()09+ '"55"*&"%SQ+ A<050+
(50+F(5&"$*+*;%05:&*)&'+(%9+(%)(:"%&*)&'+0220')*+)<()+#(;+
"''$5+ >0)?00%+?0(5+ (%9+ '"55"*&"%+ WQ+8"50+ "2)0%+ )<0+
overall combination of mechanical and electrochemical 
processes in a tribocorrosion process results in an 
&%'50(*0+ "2+ #()05&(.+ 90:5(9()&"%+ UQ+ A5&>"'"55"*&"%+ &*+
present in various applications including metallic parts 
&#D.(%)09+ &%*&90+ )<0+ <$#(%+ >"9;+ ?<&'<+ 0ZD05&0%'0+
relative sliding in the presence of a corrosive environment. 
Tribocorrosion research has become an active area of 
research. This is to better understand multi degradation 
mechanisms, and thus be able to mitigate them.

#;>L9B62%HL9B64F9@
A<0+#(&%+(&#*+"2+)<&*+D5"B0')+(50+)"+*)$9;+)<0+)5&>"'"55"7
*&"%+50*D"%*0+"2+>&"#09&'(.+:5(90+-=H=+aWc+If8+*)(&%7
.0**+*)00.+&%+(+50'&D5"'()&%:+*.&9&%:+'"%3:$5()&"%+(%9+)"+
investigate the mechanical and electrochemical contri7
butions to material loss.

#;>L9B62"96=>3>8>549@
=%+ )<&*+ $%905:5(9$()0+ 50*0(5'<+ D5"B0')P+ )5&>"'"55"*&"%+
testing was performed using a reciprocating sliding 
'"55"*&"%7?0(5+ )0*)05+ &%+ (+ *&#$.()09+ >&".":&'(.+
environment. These tests have been carried out 
under different electrochemical conditions, applied 
2"5'0*+ (%9+ *.&9&%:+ 250Y$0%'&0*+ (:(&%*)+ (%+ (.$#&%(+>(..+
'"$%)052('0+ #()05&(.Q+ A<0+ *.&9&%:+ 9&*)(%'0+ ?(*+ T0D)+
'"%*)(%)+ )<5"$:<"$)+ (..+ )<0+ )0*)*Q+ -%(.;*&*+ "2+ )<0+ -=H=+
aWc+If8+*'(5+#"5D<".":;P+90>5&*+:0%05()09P+(%9+ )<0+
counterface surface were done using a light optical 
#&'5"*'"D0+RI18S+(%9+(+*'(%%&%:+0.0')5"%+#&'5"*'"D0+
RHL8SQ+4&:$50*+W+(%9+U+(50+*(#D.0+&#(:0*+"2+)<0+(.$#&%(+
'"$%)052('0+ '"%)(')+ (50(+ (%9+ *'(5+ "%+ )<0+ aWc+ If8+
*)(&%.0**+*)00.+50*D0')&F0.;Q+A<0+F".$#0+#()05&(.+."*)+"%+
the stainless steel specimens was measured using a 
'"%)(')+D5"3."#0)05Q+f&'T05*+#&'5"+<(59%0**+)0*)&%:+?(*+
carried to investigate the effect of the test parameters on 
the microhardness values inside the resultant scars on 
)<0+-=H=+aWc+If8+*D0'&#0%*Q+

$9@A86@27:32.B=49F9C9:6@
The electrochemical conditions investigated had a 
<&:<+ &%X$0%'0+ "%+ )<0+ (#"$%)+ "2+ #()05&(.+ ."**Q+ N<0%+

the specimens were polarised in the anodic direction 
during the tribocorrosion tests, the material loss was 
larger compared to tests under cathodic polarisation 
or open circuit potential. The smallest material loss was 
recorded following tests under cathodic protection where 
the stainless steel specimens were protected against 
"Z&9()&"%Q+A<0+(DD.&09+."(9+(%9+)<0+*.&9&%:+250Y$0%';+(.*"+
(220')09+)<0+#()05&(.+."**Q+E%905+9&22050%)+0.0')5"'<0#&'(.+
'"%9&)&"%*P+)<0+#"5D<".":;+"2+)<0+50*$.)(%)+-=H=+aWc+If8+
scars was observed to differ. The hardness measurements 
&%*&90+)<0+?0(5+*'(5*+&%'50(*09+*&:%&3'(%).;+&%9&'()&%:+?"5T+
<(590%&%:+9$5&%:+)<0+)0*)Q+-%+&%)050*)&%:+">*05F()&"%+?(*+
that in all tribocorrosion tests under anodic polarisation, a 
pit was forming as soon as sliding was stopped.

$9D9;9:B9@
+W+/QjQpP+N""9P+mA5&>"7'"55"*&"%+"2+'"()&%:*\+(+50F&0?nP+
jQ+@<;*Q+M\+-DD.Q+@<;*QP+UVVlQ+]V\+DQ__VU7__UW
U+HQ8&*'<.05P+HQM0>($9P+MQ+I(%9".)P+mN0(57(''0.(5()09+
!"55"*&"%+"2+@(**&F0+80)(.*+&%+A5&>"'"55"*&"%+H;*)0#*nP+
A<0+L.0')5"'<0#&'(.+H"'&0);P+F".Q+W]_P+6"QaP+W``b

Figure 1: Alumina counterface appearance as 
viewed using LOM, showing debris around the 

contact area. (Sliding direction left to right)

Figure 2: SEM image of tribocorrosion wear scar on 
polished 316 LVM stainless steel. (Sliding direction 

bottom to top)

Tribocorrosion of Biomaterials
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-6A39:6R2.84@674;2#7A82_7CC46
-A?9;F4@>;R20;2!:52`>=:2*2K966@
*>N@A?9;F4@>;R2";2*87E6>:207C76>

!:6;>3AB64>:
-.$#&%&$#+ (..";*+ (50+ ?&90.;+ $*09+ &%+ #(%;+
)0'<%".":&'(.+ 30.9*P+ *$'<+ (*+ &%+ )<0+ (05"%($)&'+ (%9+
($)"#")&F0+&%9$*)5;Q+K"?0F05P+)<0+?&90*D50(9+$*0+"2+
(.$#&%&$#+(..";*+&%+&%9$*)5;+<(*+>00%+.&#&)09+9$0+)"+
their poor tribological properties in terms of resistance 
)"+*$52('0+?0(5Q+H$52('0+0%:&%005&%:+)0'<%&Y$0*+<(F0+
been introduced to improve the surface properties 
"2+ #()05&(.*+ ?<&'<+ D"**0**+ :""9+ >$.T+ D5"D05)&0*P+
>$)+?<&'<+.('T+2$%9(#0%)(.+*$52('0+D5"D05)&0*+*$'<+
(*+ '"55"*&"%+ 50*&*)(%'0+(%9+?0(5+ 50*&*)(%'0Q+ I(*05+
*$52('0+ (..";&%:+ &*+ (+ F05*()&.0+ *$52('0+ 0%:&%005&%:+
)0'<%&Y$0+$*09+)"+D5"9$'0+(+#"9&309+*$52('0+.(;05+
"2+%0?05+(..";+'"#D"*&)&"%+WQ

#;>L9B62%HL9B64F9@
A<0+#(&%+">B0')&F0*+"2+)<&*+*)$9;+?050+)"\
MN" @052"5#+ *&%:.0+ .(*05+ )5('T+ (..";&%:+ >;+ F(5;&%:+

)<0+ %&'T0.+ D"?905+ X"?+ (%9+ )<0+ .(*05+ >0(#+
diameter.

ON" @052"5#+ .(*05+ *$52('0+ (..";&%:+ >;+ F(5;&%:+ )<0+
D5090)05#&%09+ %&'T0.+ D"?905+ X"?+ (%9+ )<0+
(#"$%)+ "2+ *$52('0+ "F05.(D+ >0)?00%+ "%0+ )5('T+
and another.

PN" @052"5#+?0(5+)0*)&%:+"2+)<0+.(*05+*$52('0+(..";09+
samples in order to test whether laser surface 
(..";&%:+"2+'(*)+(.$#&%&$#+(..";*+&#D5"F0*+)<0&5+
resistance to surface wear.

#;>L9B62"96=>3>8>549@
A<0+*&%:.0+)5('T*+?050+D5"9$'09+>;+F(5;&%:+)<0+.(*05+
>0(#+9&(#0)05+(%9+)<0+%&'T0.+D"?905+X"?Q+A<0+.(*05+
>0(#+9&(#0)05*+ )0*)09+?050+U##+(%9+UQ_##+(%9+
)<0+D"?905+X"?+?(*+F(5&09+>0)?00%+VQVU+d+VQVc:h*+
for each laser beam diameter. 

4"5+)<0+.(*05+(..";09+*$52('0*+D5"9$'09+&%+)<&*+*)$9;P+
)<0+ %&'T0.+ D"?905+ X"?+?(*+ F(5&09+ >0)?00%+ VQVa+ d+
VQV_:h*P+ ?<&.0+ T00D&%:+ )<0+ .(*05+ >0(#+ 9&(#0)05+
(%9+)<0+'"7(Z&(.+:(*+X"?+5()0+()+U##+(%9+UV.&)h#&%+
50*D0')&F0.;Q+ A<0+ D05'0%)(:0+ "F05.(D*+ )0*)09+ ?050+
U_k+(%9+_Vk+(%9+)<0+*$52('0*+?050+D5"9$'09+&%+(+
spiral shape.

Wear testing was carried out a pin on disc testing 
#('<&%0Q+N0(5+ )0*)&%:+?(*+D052"5#09+$*&%:+(+W_6+
."(9+"%+*$52('0*+D5"9$'09+?&)<+VQVa:h*P+VQV]:h*+(%9+
VQV_:h*++<(F&%:+U_k+"F05.(DP+(%9+?(*+(.*"+D052"5#09+
on untreated samples of cast aluminium plates. 

$9@A86@27:32.B=49F9C9:6@
8&'5"+<(59%0**+ )0*)&%:+"2+ )<0+'5"**+*0')&"%*+"2+ )<0+
*&%:.0+ )5('T*+ D5"9$'09+ 50F0(.09+ )<()+ )<0+ <(590*)+

(..";09+ .(;05*+ ?050+ ('<&0F09+ $*&%:+ (+ .(*05+ >0(#+
9&(#0)05+ "2+ U##+ (%9+ (+ '"7(Z&(.+ :(*+ X"?+ 5()0+ "2+
WV.&)h#&%Q+ /0*$.)*+ (.*"+ 90#"%*)5()09+ )<()+ (*+ )<0+
laser beam diameter increased, the hardness of the 
(..";09+ .(;05+ 90'50(*09Q+8&'5"+ <(59%0**+ )0*)&%:+ "2+
)<0+*$52('0*+D5"9$'09+>;+.(*05+(..";&%:+50F0(.09+)<()+
as the surface overlap increased, the hardness of the 
.(*05+*$52('0+(..";09+.(;05+&%'50(*09Q

g7/(;+ M&225(')&"%+ )0*)&%:+ "2+ )<0+ *$52('0*+ 50F0(.09+
that the phases present in the microstructure were 
(.$#&%&$#P+%&'T0.P+-.a6&+(%9+-.a6&UQ+

Figure 1: Microstructure showing the 
dendritic structure composed of nickel 

aluminide intermetallic phases.

N0(5+ )0*)&%:+ 50*$.)*+ D052"5#09+ ()+ (+ ."(9+ "2+ W_6+
90#"%*)5()0+ )<()+ .(*05+ *$52('0+ (..";&%:+ &%'50(*0*+
)<0+?0(5+50*&*)(%'0+"2+'(*)+(.$#&%&$#+(..";*Q+/0*$.)*+
(.*"+*<"?+)<()+&%'50(*&%:+)<0+D"?905+X"?+&%'50(*0*+
)<0+?0(5+50*&*)(%'0+"2+)<0+.(*05+*$52('0+(..";09+.(;05Q+++
H'(%%&%:+ 0.0')5"%+ #&'5"*'"D;+ &#(:0*+ "2+ )<0+ ?0(5+
)5('T*+D5"9$'09+2"5+)<0+$%)50()09+(%9+.(*05+(..";09+
surfaces show that the mode of wear changes from 
(+ D509"#&%(%).;+ (9<0*&F0+ #"90+ 2"5+ )<0+ $%)50()09+
*(#D.0*+ )"+ (+ D509"#&%(%).;+ (>5(*&F0+#"90+ 2"5+ )<0+
.(*05+*$52('0+(..";09+*(#D.0*Q+

$9D9;9:B9@
W+++K(%*<(%+M"%:Q+mH$52('0+L%:&%005&%:+"2+I&:<)+
-..";*n+7+-.$#&%&$#P+#(:%0*&$#+(%9+)&)(%&$#+(..";*\+
N""9<0(9+@$>.&*<&%:+I&#&)09P+UVWVP+DD+]]]+d+]l]Q

Laser Surface Processing of Cast Aluminium Alloys



131



132



133


