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the rotor's ,peed must be different from the synchronous speed, therefore the term 

'as)'ochronous machine'. 

A typical indoction machine consists of a rotor rotating inside a stator (see Figure 5), The 

stator is nonnally made of laminations of high-grade sheet steel, in the'e laminations 

there are slols in which windings are placed. The rotor of an indoction motor is mo,t 

commonly one of two type>: squirrel cage or wound rotor. Squirrel cage rotors consist of 

a cage of bar, that are electrically shoned at both ends (see Figure 6). 'The wound rotor 

configuration is the same as that of the squilTel cage lUTangement except that instead of 

shorting the bars at each end, these are connected via slip rings, 

Figure 5: Cross-section of an induction 

motor 

Condcxt nQ bars 

Figure 6: Squirrel cage configuration 

\Vhen a current flows through the winding, of the stator. a magnetic field is produced, 

Faraday stated that when this magnetic field cuts the condocting b:lTS of the rotor, an 

induced a voltage is set up within it [8]. A resulting current, and therefore magnetic [ield. 

will exist in the rotor. Interaction between the magnetic fi eld of the stator and the rotor 

sets up a torque in the machine. Iflhe magnetic field of the stator and the rotor were 

rotating at the same speed then there would not be an indoced voltage established in the 

rotor. With no induced voltage. the rotor would have no magnetic field, and therefore it 

would be impossible for a torque to be generated in the machine. 

9 
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The difference between the rotor speed and the rotating field of [he stator is called the 

slip. Slip is an important tenn [hat will form a vilal pan of thi s study la[er. 

(2.7) 

Where: s'" slip (no units) 

n. _ synchronous speed (rpm) 

n '" rotor speed (rpm) 

Synchronous speed is given by: 

n, = 
1201 

(2.8) 
p 

'Where: f'" supply voltage frequency (Hz) 

p = number of poles in the machine (no unils) 

2.2.2 Equivalent circuit of an induction motor 

Although simple, and nol S[ridly a dynamic model, [he following equiva1c)}( circuit can 

I:>e used to model [he machine. 

V, 

~--

Figure 7: Equiv,,]ent circuit of the indurtion motor L!i j 

Where: VI - per-phase (erminal voltage (V) 

R, = pet"phase stator winding resistance (m 

Lj = per-phase stator inductance (H) X, = 21rjL, 

f = frequency of supply voltage (Hz) 

10 
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Lm = per-phase stator magnetizing inductance (H) x~. 2JrjL~ 

Rc == per-phar.e stator core \(lss re,istance (0) 

a = NdNl = tum~ ratio 

L2 = per-phase rotGl" inductance (H) X', = a"X, = a' 21!/L, 

R2 = per -phao;e rotor resistance (0) R', = a2 R, 

Fmm thc <XJllivaknt C1J'Cli it, the following equations are derived_ 

The powa dcvclopcll in thc rotor circllit is: 

The l)(lwer devej()ped ocro," the air gap is; 

P =I,!!L . , , 
Thus. the remaining power will be the mechanical power: 

1 1-$ 
P"",, =l,--R, , 

(2.9) 

(2.10) 

(2.11) 

. 1-., R 
The reslStance -- 0 , repr~,cnt, the total Illcdwnicalload. incillding rotational lOISe, 

l7). 

It i, recommended by the IEEE that R, be omitted from the equivalent circuit diagram. 

and instead the core losses (due to Rd should be lumped together with the friction and 

windage losses [8]. This has 1 in1e effect on the accuracy of the equivalent circuit. At Start 

up. friction and windage losses are large. and the core losses are small. However, at rated 

speed. friction and windage Iosse, are small, whereas core losses are large. The resulting 

sum of friction and windage plu, core losses i~ almost constant at all rotor s]X'cds, 

therefore justifying the removal of R." from the equivalent circuit diagram. By ignoring 

R,. the Thevenin Equivalent Circuit will be: 

11 
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, , , 
f---~ , , , 

" 

,~ 

'0 

I" m , 

tlgurc 8: lEEE ThHenin Equivalent Circuit of an induction machine [81 

V ...... " Per-phase Theve";n Equivalent terminal voltage 

RLo., " Per-phase Thevenin Equivalent R<lI;istana 

X,,,.,.. = Per-phase Thevenin Equivalent Reactance 

Where: 

= ... __ X,. v: ) , , R,-+(X,+X .. t 

z - ,1CXC""ICRC' +C1cXC''oc' 
''''-R,+)(X,+X,,) 

So, 

1 V2 R' 
T = ---CC---CC-7~''"''''cc---ccc-" ' 

"",cMptr-pJw.<t) (R +R',/)'+(X +X')' 
liJ,_"" 'hn' 7, th... 2 

NOIe that this is the per-phase torque, so the lotal torque i, 3 limes this. 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

Using equation (2.16), and typica13kW machine paramders (as determined by laoormory 

tests - see appendix 'A 'j, (he following torque-speed plOl is obtained: 

12 
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-.~-.-- , 

-------- -, 

~ ! 

:1 Oe-~,O"~~O'."~~OC."~~O'.'"~~':-~C,C,~~"."~~" ."~~,,.'"~~, 
Speed (p.u.) 

Figure 9: Torque-spew profile of a JkW induction motor for various supply 

~'oltages 

From this graph (Figure 9). parameters such as starting torque and maximum torque can 

be detennined. Torque is proponionallo the ",mITe of the supply vUllage. as per equalion 

(2_16). The input impedance (Zl) of an induction motor as detennined from Figure 7, i~: 

Z ==R +J"X + jX",(~y' + jX'.,) 
1 I 1 ~'J+'(X+X') 

7, J .. 2 

Thus, the ,tator! input current is: 

V 
f =..:1. , Z , 

(2.17) 

(2,IR) 

When the machine is running clo'«l to steady state, <Jip(s) is small. so the term !1 is , 

large. However at start-up s = I. thus & is much smaller. and tflerefore, thecurrellt (I,) , 
is larger. Typically. tfle starting current is 5 to 8 limes rated current [81. 

The power factor of the machine is given by: 

PF=to,(&,) (2.19) 

13 
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· RdZ} 
fl, = pha.,c 'm~lc 01 statorcllrr~nt, I, = --', 

Im(Z, ) 

rhe way in which an induct;,}]] momr con ,"crl, e1cctrical energy to mechan ;co I ~n~rgy ;, 

illustrated conven; ~nlly \\iilh a powcr 1101'1 diagram IS j: 

Stator core loss 

I 
Pin~ __ -T_ 

I 
Stator Cu loss 

Figlll'c 10: Po"er lIow diagram [8] 

In other word" P"" = 1';, -1',,,,,-,, , 

Rotor core loss , 

I 

Friction and windage , 

Pmech Pout -----
Rotor Cu loss 

Aillhe P<}\\i\:t quantities represelllro alxH'e arc real. Only real power is of inlere,t in 

Fi~\lrc 10, a:; 0 nly real p<)wer can oc ~On ,"erled into mechanical energy. Thi, mean:; that 

the stator and rOlor c()re losse:; shown above ar~ simply due to hyskre:;i:; amI wdy 

current h"se, inlhc laminations of the ft"p"ct;ve cme" 

2.2.3 Dynamic torque-tracking of an induction motor 

ljnd~r nomlal operating conditions, whrn a \'ollagc is appliro to an indUClion mOloc, it 

will speed up until lhc electrical !Orqu~ that it i, g~n~raling: is cqual to the iOod mrque 

pillS losses l')j 

iI 
T"_ .. =T. ,+J-(w)+Bw, 

,~, ... dt C rlOj 
(2.20) 

J = inertia (kgm') 

B = fridion and w,,'doge c<}]]st~nt 

OJ, = rol()r 'peed (rad/s) 

14 
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Friction and windag~ refeno to the power loss~ thm result from such items as the 

induction mOlar [an and bearing liiction. Also included in friction and windage tosses are 

the core losses, as per section 2.2.2. 

Therefore. lhe torque lransfer function is: 

O),(s) 
Transfer function == CC--;:C'",c-7CC 

'I~~,(s) 'I ;"'(s) 

"Ibis can he ref'T"senled in block-dmgram format as: 

Js 

Figure II: Torque characteristic of an induction machine [9J 

H 
(2.21) 

So. when the induction motor experiences a change in torque its time constant T_ is given 

by T=1IB. and it will take 4T to settle to within a 2% of its Steady-state value. Hence, 

after roughly 4* ~ seconds the IM will settle ill a new torque [11]. Thi, i, a rough 

estimate. as torque variation is only linear if the change in 'peed i, small (-5% of 

synchronous 'peed - refer to Figure 9). 

2.2.4 Inertia [9] 

The inertia of an induction machine is often r",,! uired, as it was in seclion 2.2.3. The 

inertia oflhe rolating elements of an induction motor can he calculated. By treating the 

rOior a, a solid, rotating disk (as shown in Figure 12) its inertia is: 

(2-1) 

ill = the mass of the roI{)I", which was calcubled using lhe fonnula: 

rna,s = volumexdensity, The rOlor consists of a mild ~teel core of den.ity _7650kglm1. 

-
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rolor 

j"':"'~/' , 
• 

• • 
• 

1'1gure 12: t:ompoueuts of an induction molar 

for the Petronct 1.35:VIVA 1M, thc rotor radiu" r, arid length. L wcre estimat~J to bc: 

r=O.4m 

L = O.Sm 

Therefore. th~ mass of lh~ rotor is: 

M,,,,, ~ O.8x1tx0.4' X 7650 = 30761:g (2.22) 

The tolal maSS of lh~ Pctronct motor (rotor+stator) is 5600kg (see ~PJX'rldix ·A'). If the 

rotor accounts for half of the mass of tile motor th~ l1 the e stimat~ (2.22) is reasonable. 

Th~refor~. the inel1ia of the rolor is; 
, . 

.I".,.. = Y; X ]076 X 0.4 = 24fikgnr 

2.2.5 Friction and windage 

If til<: friction and windage losscs are assumed to be between I <;,' and 5G,i .. of the ratcd 

power of an indlLdion motor; then. bcc~usc power is prOpoltional to torque, betwecn 1% 

and .~Si, of th~ rated torque willlherdore be us<:d by frklion and winJag~ loss<:s. 
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So, for example, if the rated torqlle of a pump is 300Nm at the rated speed of the mo!Or, 

arK1 it is estimated that fliction and windage losses are 5%, tilen using tile torque 

equation: 

a 
T,,« =T""" +J ar lV, + Uw, 

5% of the torq lIC to be lost to friction and windage: 

Rm=15,0 m=114radl" 

.'. II = 0.05 

Therefore, B = 0.05 Kms/rad 

2.2.6 Variable Speed Drives 

(2,23) 

A variable 'peeJ dnve (VSD) is a device that controh the speed of an induction motor It 

wa, [lece"ary to investigate tl-.e,e de,'ic~, a, one was u,eJ to c'ontrolthe spceJ of the 

Pelnm~t 1M, aod therefore coulJ pollibly Ix: the cause of SSR. 

I, I I I - • • 
V, I 

- , 

I liN '[ 

Fi~lIre 13: Variable Speed Drive [121 

Apart from ,'ery-high power applications wilere cycloconv~rt~n; are u,ed, ,'ariabk 'peed 

drives lise inverters with a dc input [121. Typically, a VSD worh by fiN rel'lifyinglhe 

'"pply vollage using a full"bridge rectifier and a smoothing capacitor, which acts '" a 

fi Iter. Tile resulting DC voltage is lIsed to sllpply solid-state switches (IGllTs or mosfets) 

(sec Figure 13) which ,witch in such a way a, to produce a PWM (Pulse WiJth 

, 
tndllCtlan .... 

/ 
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.\loduiatirm) waveform a, ,h(}wn in Figure 14 Ihal i, u,ed 10 driw an indueli(}n m(}I"" 

Amplilmk (}f 1m, (}ulpul v(}ltag~ io wflll'olled by varying the dilly-cycle (on-(}m J}Criods 

(}f the PWM wavcfonn 171. To iocrcase tfle amplitude (}f lfle (}utplH wavefmm. the on­

tilTl<' is made iong~r. compar~d I() 1m, (}ff lime. and visa-v~rsa, Fr~~uency ~an simply),., 

varied hy increa,ing ()[ dccreasing the period of thc Jimdameutal PWM waveform, 

Tfle 'peed of the 1M i, proporl;()nall(} Ihe frequency of Ihe ,upply. In (}rd~r i() mainlain 

rated torque for all speeds. the ai r-gap flux (¢, J must he kept mn,tani. Thi, i, achi~v~d 

by varying the amplitude (}f 1m, 'lLpply v(}llage in pwponion l() ii, frC'llLcnq [121. 

Fil!nre 14: Variable Speed n riw switching pa/(crn [121 

There ar~ thr~e main lyp'" (}f invencH'ariab1c-speed-drives 1121: 

J , PlLlse-width-modulated v(}itage s(}urc~ ;nv~rler (PWM -VSI) wilh a diodc recliJler 

2, Square-wave voltag~ ",ur~~ invener (,~uarc-wave VSI) with a thyri,lOr rectifier 

3, Curr~nl ,0ur~C invcrter (CSI) with a thYlistor inverter 

The main diffe renc~ ),.,(ween lhe,", invertcro is lhe CSI and VSI tn, e. With the VSI, a de 

voltage is u»ed a, a sour~~, \"iOCreao wilh the CS I a dc current source ;, lLsed. 

2 .2_7 Harmonics in induction motors 

l1",monic~ in "n induction molor '""<0 mainly doc \() 'pace ~nd lim~ h.lToonics [8]. but can 

also occur as a re sult of other i ot~rfurence" such a, ",If-e.~citati(}n or fcrrorcoonancc, 
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[20]. 
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~cs ) ________ IndU~ 
Mot:) 

Curren! 

'~ 

I , 1+ f",,{NW.vV~NWW\WJ .. 1 
CUff 0'" ~UW,cd by CCS at 

GOH7 H""""",", "''''".,. . up plH>d 
by I .... oo'"'"t ;rjoctor 

Cu"" nt 'ho ' ' he ;"d,,,,.,n 
motor '",. nt. ' 

Figure 27: Diagram showing how the curnu! injector works 

Stclicnbosch Current Injector (Acth'e filler) 

CUfl'en! wa' injected between the CCS ~nd the induction motor a< ,hoWIl in hgure 27. 

The cun-em wa, injected u,ing ~n aclive filler devGlupcd by SlGlknl>u>eh U ni vcrs;l y in 

conj uoclion with E,kurn Enterprise,_ The operatiun of chi, filter wus bao.ed on the rotating 

rr-kl'ence plane, 

Tt.e ""live filler lLSC, (be following z-plane, or digital filter: 

, , • , 
,~ ,,",ed Ih"IT>OnI , 

, 
!In ' ~ . I , )' , 

- 1-'< I 

Figure 28: Discrete filter used to determine eurr{'nt to be injected 
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As the filt~r con:;t~nt. K. i, v~ri~d. tho. cut-off frequency of the filter changes. Tn., filter 

used is a low pa" filter, ,,,;hich may ,eelll cmlnler-inluilive '" SSR occur:; al :;ub­

'ynchmnou, frequencies. However, the active filler is bas.ed on a rolating refcI\;nc~ 

frame. and aligned :;0 that 50Hz signals appear nc in thi:; Ider~nce frame. Tm,refol", a 

b~nd-p~% filter will not attenuate the 501lz signal, a, it is ',een' a, DC. Frequ~ncie, 

olhc'T than 50HL will be CUI off by th~ filler. dep~nding on the filter con:;tant used. 

The difference between the f'ilt~n;(l current and the CUrITlll d~mand~d by lk 1M is then 

injected by lhe CUrrellllTlJ~clOr. 

Curr~nt source active IiIter: 

A similar FACTS system" pr"senl~d In [251. A ",ric:; activ~·pow"r·fi](~r wOI"k> as a 

,inusoidal current s.ourc", in pha", with the main:; voltage. Bttau:;e (hoe CUIRnt produc~d 

is in pha"" with tm, :;upply voltage, the :;upply will '",e' whatewr load it pnwides '" 

n.;sistive. The control correct, power factor. rumnonic di,lortion and a]]O\,,;s for load 

voltag~ regulation. 

Tkre aI\; many oth~r FACTS ,olution, avai lable hllt llloSl 0r",rat~ according 10 lh~ ,arne 

principks that have heen described in this ,ub-chapt~r. 

Curr~nt injection frolTl a torqll~ point of ,·;ev. 

From a torque poinl of vkw, a CUIT"nt injector would provide the nece"ary curren!. and 

th~rdor~ torqu~ to (he r~"}l1ant circuit of the CCS-IM mils I\;sonant spe~d. The injector 

supplies the lorquc nec~%ary to prevent the ind uc(ion machil," from I\;aching a premature 

oper~ting point. 
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Torque curve trajectory of an 
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E z -• 0 
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ct Traje 
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Resonance prevented 
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0 
0 
0 
0 

in series with \a capacitor. 

, , 
/, ' , 

, , , , , , 

ng In r,\sonance 
0 

i 
, 0 , 

0 • , • I 
I 

• I 

oJ·' I 

Lo , ..... /' 
I I 

, , 
, , 

A - - " - I , I " 

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

'fJ./ 

/ 
: .. Resonating • \ 

n (rpm) 
reglOfl 

Lower resollalll speed Upper resonant speed 

Figure 29: Graph uscd to cxplain hmv self_cxcitation ClIn be prncoted u,ing curreot 

injection 

If the resooating circuit absorbs power (and rherefore) rorqLle faster than the CLIITeot 

injcclOr Can supply ii, :;0 lhill toc induction motor 10rqLle curvC inlerscct.' lOC load Curv~. 

then resonance will occur. The rare at which the re:;onant circuit absorbs ener~y is 

ddennined LL.,ing th~ .,eli! ing time of the tor'l LLe tran,f~r fLLoction (s~e ,eel. 2.2.1): 

J I .. 1 . .. .. . mcrt", 
The sClllmg lune 01 toc IOr'lLle tmnskr [unctron lS- . Too." Ihe 

B" jrictinn and willdage 

1 "rger the inertia, the longer the induction machine' linger.,' at " particular sp"~d and the 

more ener~y the curreot injector will be reqLlired to pl'(lvide. 

In order to avoid rewnance, enou~h energy mUSI lJ,.; added 10 toc syslem '0 that Ihe 

tor'lLie curvC o[ the induction machine doc, nol interscCI the load CurvC al the upper 

, , 
ad lorque 



Univ
ers

ity
of

Cap
e T

ow
n

resonant speed (Figure JU). 

Worst cas" induclion 
motor torque in order to 

avoid resonance 

Torque curve trajectory of an 
induction motor not connected 

in series with \a capacitor. 

.... -.. .' 
, , , , 

' '\ 

, , , 

.. -------~-~~~~~~~~~~ Load torque 

, " ,'-

I~sonatin\l .. 
re gIon \ 

n (rpm) 

Lower resonant spee d Upper resonant speed 

Figure ]0: W"rst-case induction mot"r torque in "rder t" .. ,-"id resonance 

rower required f"r the preventi"n "r 8ell~excitati"ll: 

If the eqUl\ialent positions of the resonant fl""qlleneie_ ar~ plon~d on lh~ 7()()med-in 

torque-speed plot of Figure 30, Figllr~ 31 is ohlain~d: 

48 
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Worst ca~c induction 
motor torque in order to 

lIyoid resonance 

Iligure 31; Torque_speed curve ortbe region between the two resonant frequencies 

Then the power roquired to avoid resonance is the area under the curyc octw""n f".~1 and 

f,!¥,_ Assuming that the curve can be appmximaloo by a parallelogram, as shown in 

Figure3J,then: 

(Fl- T2) 
-~. -x2,,(' -, ) - ') J "1'1"" J /0"'" 

" 

T1 ami T2 arC lhe rcopectiv~ torques as shown in figure 5. 

A rough calculation for a 3kW motor: 

Assum" TJ-T2= lONmand 

f"""" - f_~ = 20Hz 

Then the comp,,"sator should be about 600W in siz~. 

(3.)4) 
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3.3 Control-Systems Methods 

In ~h~pler 4. a model of the CCS-IM .'y't~m i, built using control ~ngin ~~ring tooL, It is 

th er~for~ n~essary to inlrodlL~~ lhose tool, hne. 

3.3.1 Block Diagram Algebra 

mock diagram alg~ bra is :l proce" of manipulaling; ,i gnals and variahle.' algebraically_ A 

syotcm (}f inter -wtlllccrcd blocks is formed. cach reprcsell[mg. a rclationship between 

imjXlrtant variabks_ The primary advantage of blod diagralll.' is thot larg~r sy.'t~m, can 

be r~-arrang~d to a ,impler block diagram [Ill, whi~h ~an uhimatdy h~ repr~sent~d as a 

transfer functi(}n. relating; an inpllll() it, Olllplll. Thio is don~ by identifying potential 

feedback loops. and moving bl'anch ~s al'Ound to simplify tho.,~ loop., 1'271_ 

3.3.2 State-Space 

State-space is advantageou., he~au,~ of its ability lO handle n(}n-litlC~r ti me-v~rying 

sy,tem,. whi~h the mocl' modd building. technique, mentioned in this document do not 

deal wilh propedy. Stat~-,pac~ t~clllliqlre.' are also abl~ to analy,e complex syslems 

con,i,ting of mulli pie inputs and olLtpuls. The matrix {(}nnm of Stiuc-space models m~kes 

it i<kal for wmputerizarion [321. Smtc-space modelo are 'llimble for bolh discrele-[im~ 

and continuou,-[ime sy,lem,_ 

Stale vanahlcs arc central 10 describing. [he dynamic ~volution of a sy't~m_ St:ll~ 

variabl~s collectivdy define the stale of a syslcm. hy sllmmarioing. rhose aspecls of rhe 

pasl thol ar~ rel~vant to the future_ Thus. lhey are lypi~ally asoodated wilh a system'o 

memory mechanisms or cnergy storag~ d~vic e,. The laws that g;ovem the ~\'ollLlion of 

'lale-spa~~ variahles are embodicd in roc state-space mod~L [21i] 

3.3.3 Root-Locus 

1bc roo[-Iocll' n"'lhod of analy.,ing mnlml-moclel, and developing ~(}nlwllcrs f (}r lhese 

models willn(}w be disclI,soo. 
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The followiog material is based on data collected fmm lecture notes of Brdae, University 

of Cape Town (ucr) [11], lecture notc~ from the Univer~ity of Calgary [27] and tutorial~ 

from the University of Michigan [28]. 

Consider the following system [27], 

Figure 32: Root-Locus EX2Plpie [27] 

A Root-Locus Plot shows how the closed-loop pole positions change w; the Root-Locus­

gain, K. increases from zero to infinity 

rhe closed-I(}()p transfer function is: 

C(s) KG(s) KN(s) 

R(,) I+KG(s) KN(s)+D(,) 

Toc dO>cod-loop pole positions are given by: 

I+KG(,)=O 

Hence KG(s) "'-1 

(3.15) 

(3. ]6) 

Since K is a real positi,'~ nlLmber, and G is complex, the lllagnitude and angle of equmion 

(3.16) can be determined: 

IKG(~)j",1 

arg(KG(s))=180+360k (kE Z) 

The mugnitude condition implie~ that if!io i~ a dosed-loop pole then: 

and the angle condition, since K is real aod positive. urg(K) = 0, so 

arg(G(so))",180+36Ok (kEZ) 

(3.17) 

(3.18) 

(3.19) 

Therefore, if So is u closed-lo.,p pole then the vector drawn from the open -loop pole to So 

will satisfy equation (3.]9) and huve a gain by equation (3.18). 
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Th""" I wo rul~s ar~ Ihc fuundalion of Rool-Locu" From Ihesc rules, olher rulcs ar~ 

developed to assist In the drawing of Root-Locus Plots. Depending on whel"<' closed-loop 

poks lic on a Root-Locus indicates the stability of the sy,tem for that gain. Firstly, a 

Ro(}t-Locw; ",ill alway, be ,'ymn-,.,trical abulltthe real axis, This is bccauoc poles with 

imaginary cumponcnu, oc~ur in cumplex ~onjugates. As shown in Figure 33, if tloe 

closed-loop pole> are on th~ right hal f of Ihe real ax;', Ih~n II", syslcm will be lInslable, 

11""ewr if tl",y fall un the Idl hair, then Ihc system i, stable. The further (he clo>ed-loop 

poles ar~ frum the y-axi>, the foster the dynamics of the system "ill be, in term~ of 

>cttl ing time, Although a system may be 'table, it could still t,., un"ati,factori I y 

oscillatory. The imaginary axi" is indical~s II", fl'C<J ucnc y of oscillation uf a systcm. The 

greater (1-,., imaginary val"" of a closell-Ioop pole, (he more osdllatory is will be. The 

,loaded r~giun labelled 'lIampcll region' indicates a region where the dam pi ng faClor of 

more Ihal 0,707 i,e, cos(45"), 

Un-damped 
region 

D=""" 
region 

Stable 

q , 

+------------ - -----

Real axis 

Unstable ------------. 

J'igul'c 33: Siahili() re~()n" or a Root-Locus plot 
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is aSS:UIIlea 

Root-Locus of Wagner's circuit 
0.5 

0.4 

0.3 = -1 

0.2 
--- -> 

0.1 

.!i!! 
~ -0.1 real-axis h<>;ot'·t""",, 

:if 
§ -0.2 

----)0-

-0.3 = -1 

-0.4l-><----..-:lI---!----

-0.05 o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
Fleal Axis [,,,,,,j,,t,,",,,,, (p.u,l] 

= 

to malcnlme can v ..... u ... ,~ .... as 

it can seen 
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diagram redl11CU4)n to to 12 

can eX(lancleC1 to 

=------------------------------~------------------------------
+ + + + + + 

q 

We must now exltenC1 transfer functic,n to include LVHiUv' 

is to: 

= 

= q=--ll.._:::" 

= 

=--~~...::..--= 
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4.2 Prevention of self~excitation by introducing 

resistance 

In chapler 3.2.4, Wagner's [231 method of the Uile of either a series resistance, Of a shunt 

resistance ocross the series capacitors in order to damp self-eJ(citation was described. It 

shall be shown how easily control-syste!T\l; methods demonstnJ.le the effect such 

resi,tilllce ha, on the clo,ed,loop sYl.tem-poles. 

Effect of series r esistance: 

Tbe effect of increasing series resistance (on the stator ,ide) can be shown by increasing 

the value ofR, in Figure 34. 

As shown by Wagner [23), and confirmed u,ing with a Root-Locus plot of the system 

trilllsfer function in Figure 42_ an increase in series resistance moves the system towards 

the stable half of the Root-Locus plot. However, this is at the co,t of an iocreasing 

voltage drop across the senes re_istor, and hence a decreru;e in efficiency. 

, ,. 

" :;":" hcreasirlg stabil l, 
t> : - • 

. .!_-- . • --

. , .... , , ., . , ., , 

, 
-----,--

• 
• 

5 t"" ~s , " n ~" reolSta >ee - - - - - -~ - - - - - - - -~~ .. no seties resist;;noe 
/ , '"'":t • ........... : - .' / * 1> , , 

- - -"' - - - - - - - - y - - - -2,-,"<--' 3 times se'ies resist,.,ce , , 
t.: ,.. t>, 
__ f-....... ;* -+ -t- .... "-t- _L ____ --:-t>----~---- _;. - . --. ..." / ... , .. ' 15 -------- __ 

.,,!c----!o--
-20 -15 

-""!'"'~»l>vv .. ' , ., , 
<- .tilia unstabl e >­

s_plane 

• 
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Fignr~ 42: Effed of series resistance 

It must nDled thatlhe verlicalline drawn through the origin was inserted to differentiate 

octween the stablc and unstable regions of the ROOI-Locus plot. Here-forth, this line will 

be inserted however it will U(lt be labelled. 

Shunt res.istancl'": 

The effecl of a shunt resislance across the Thevenin equivalent CapaCil(lr of Figure 34 is 

shown in Figure 43. This confll1lls what was stated by Wagner: [23]lhat a decrease in 

shunt resistance reduces tile lileliness of self-e~citati(ln. 

In order to observe the effect ofthc shunt resistor. the dynamic model represented by 

equation (4.3) was modified slightly. This was done with tbe bclp of a Matlab"' program 

called SCAM that was devel(lped by Cheever [31 j. (See soxt. 4.5 for more infonnation.) 

POOT·Lo.clls n' lIIag<>e"c circ,.i T. cr,y,',ing the enect af sN.nt recicTan .. ce 
25 - - . , , 

, , 

, , 
< 

Rcal axis 

Figul'c 43: Eff~d of ~hnnt n."istan~c 

···-- --·-,---- ----·· --r -- -· ·' 

, 

, ~ , , , 

, 

, 
~ , 

, 
- - - , , , 
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4.3 ees with compensating reactance 

Figure 44: CCS-IM set-up. with compenSliling inductance 

The Meru-P~tronel ",lup includes an inductance insetted 10 cancel the ~ffect of the 

Thev~nin Equival~nt capacitance of the CCS,"-' shown in Figur~ 44. 

v urious value, of s..ries inductance are insetted into W agll~r' ~ circuit, the Root-Locus 

plot of Figure 45 was obtained, Note thal only the lOp haH oflhe Root-Locus plot is 

shown. 
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R<lO( -Loccs ot';'I ","nee's C:fC j j, S!xr,'.;rog :he erecl at cDmpe"".ir>;J ir d .. o:;l~"cc 
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16! _____ ~ L _____ : ____ ___ 
/ ........ . 
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• 14 k()mplk~3.75 ___ _ __ L ___ _ 

l 11 I 
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, 
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, '" ••• , ••• ,., 0 , ' ,.'" , 
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• 
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, , 
, 

. , , 

Figure 45: Root-Locus or Wagner's circuit, showing Ihe effect or ~()mp"mation 

The 3ddition of series oom~n"'ti()n leaves the lower resonant frequency (f.,_l relatively 

unchanged. However, the upper resonant frequency (f"l'P"') i~ seen to decrease with an 

increase in compensation. As explained in sectioo 3.2.1. only (flowdl is stable. f. """, has 

effect on the stability of the ~y'tem, in tMt the Ck>5eT it is to flo..". the less energy is 

required to avoid resonance (see sect. 3.2.1). The frequcncy at whIch a system will 

resonate is detennined by f[Q"'t[. 

Therefore. the addition of a compensating inductance does not have a signifICant effect 

On the sub-synchronous· frequency of a system, although it doe., reduce (he amount of 

power a current injector needs to supply, bu( only when (he amount of compensa(ing 

inductance is of the order four times the capacitance of the ees, which is not practical 

(see Figure 45). 

The compensating inductance cancel. reactive effects of the ees, making the ees an 

ideal source at supply frequency. However. a compensated ees will not improve (he 
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I 

power factor of the overall power ~opply - grid network that a CCS may be pan of. If 

shunt resistors are used to prevent self-excitation, more power is wasted through them if 

the CCS is inductively compensated than if it is not, as shown using Meru parnmeters: 

CCS inductively CCS not inductively 

compensated [18,231 compen~ated [23] 

I Pow~r w;ed hy shunt re~i,ton<, 
. as a percentage of total power -50% <16% 

supplied to CCS [23J. 

Therefore, although a CCS will not be an ideal SOurce at supply frequency, it may be 

more economical not to compensate a CCS. In this way, less energy will be used hy shunt 

resistors. A CCS that i~ not inductively compensated will also improve the power factor. 

and therefore the h-an!;mitting abi lity of the overall grid. Thus, ~ome ofth~ ~nergy that is 

lost because the CCS is not perfectly compensated for will be recovered by improving tbe 

power factor of the overall grid [41. 

4.4 State-Space analysis of an induction-motor in 

series with a capacitor 

Based on the complexity of the hlock diagram model of the "y'tem, a state-space model 

was constructed in an attempt to simplify the modeL 

The following state-space equations were develOfl"d using notes from [32]. [28]. and with 

the help from the 2005 EEE369W Control Class, at the University of Cape Town. 
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c 
--1(----

t vt 
u(t) I 

I , 

Figure 46: Stale-space equh'o lent circuit 

FIO.II}', the lila!"" or the S)'l;lem oe~ 10 00 dVl«'O, CXnc:r.ll ly. tnere are as many itille" a~ 

I~ are energy "()r.Illeelements.. H .. n:. three ~es 3I"C chosen: Vo. I, aDd b The reOlW1l 

IMt the rurrent lb'N1sh l.", IS IlOI selox-ted 30\ a 4'" ,1.:11<'; is becauSO' il i~ a I",ear 

combination of I, ~noJ 12, 

Important relation. needed :lIe: 

Cal'ucitor 

11lt:refore. the stales are. 

Inductor 

V, '" l. (II ( 

" 
'!=[~~(;;l 

' ,(1) 

1lIe CUlT<!m Ilov. ing through C IS I,. lherefon:: 

dl',(!) 1,(1) - -.-
Nil"', 

and 

" C 

y(t) = !!..../, (I) '" ' ... aI, (I) _ (L, + L..) a/. ((, 
q iJt dl 

14(1)_ R,f,(lh (I, + L.,.) ol,CI) - 1-.. d/Z(I) ... vc{' ) " ., 

(4.6) 

(4.7) 

(.:I.R) 

(4.91 
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Prom equa.ion (4.1i) 

iJl,(I) "' .!!:...../ (/)+ (L; + I.,, ) af1(r) 

a, q4,' 4. ill 

(4.10) 

Substiluting thi$ im" ~uM ioo (4 9) 

U(I ) = R,/ ,(/) 1- (L, + 4. ) {~ I ,ll) + (L, + 4,) (If I (1» )_ 4. 311(/ ) + Ve(1) (4. 11 ) 
'II.. 4. ik in 

(4 .12) 

S Ubsll!Uling cqu.:u.i(>n (4 .1 1) inlo (4.10) 

(1' .(1) =...!!L r (I) + ( tl .... ) 
at qL,.' [ .... '-(£,+4,)(1.,+.4,) 

(4.13) 

Thi.. c~n he simplified 10: 

(1/ ,(1) = 

~, L...: 
(I., + L,) l -If(l)+R

I
/ ,(I)1- Vdl ) + L,R, 1

0
(1 )] 

(l,+L,.)( L, + L, ) q(L, t L.,,) . 
(4 14) 

''" B = L,,' -(4+ / ... )( I., + l.,,) 

L,. 

1"hcn 3 SUlIC-Sp;ltC equal;un or lhe system cnn ~ fvmll:d: , 
I -Vert) 0 - 0 0 aCt) c 

[Vd"] ,j: = a~t) I, (t) "'- I,,11 I ,(t) + 
- 1 

= - u(t) 
A A AI/CL,. + I .. ) A 

a 1 "'- (I., +L~JR, 
1,(1) - 1 

aCI) 1,(1) 8 8 8q/~ 8 
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y(Il=[O ["'''I] o ~] 1,(1) 

I _1,(1) 

(4.15) 

This model proved to be as complicated to solve as the block·dlagram lnodd prc>cnteJ in 

~ction 4. 1, and was not used for analysis. Instead, a simi lar analysis conducted by 

Limeheer ct ai, [35] w!ll bccxamin~d; 

SSR examination bJ Limeheer et al. [35] 

I j "",heer et al. u~d machine equalions of an induclinn ma~hine, con,-..,cted in series with 

a capacitor (see th<: n~tlLral circuit of Figure 21 J. to form l(}\Jp eqlLation,. The det~mlinant 

of these loop equations determines the po le positions of tile induction machine. capacitor 

system, which can ~ plotted on a Root-u,cu, diagram. 

Th~ loop equations were of tnc form: 

[Ii I = IZ (,-) III I (4.16) 

(4.17) 

now, 

l' R ] I' eRR] R, JdrZl=C(L,L,-I-L,L~ +L2L~ )s)-I-C R,rL~ +L,I+~(L,+L~) s'+ ,L,+L.-I-~ ,'+",,,,' 

The position of the poles of this eqlLalion arc id~ntical to lhosc of ~quation (4. I). 

validating the correctness of the hlock-diagram model developed, 

4.5 CCS-IM with filter-bank 

A useful tool wa, un~over~d Wh~Il dcaling with stal~-spa~~ ~qualions, A .Matlab" l<>ol 

was developed by Erik Cheever [31J ~alIed SCAM (Symboli~ Cir~uit Analysis in 

Matlab). It is a tool [or deriving and solving equations symhol ically, Tile program 
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re411ircs ~ nellis( to do (his. A ncllis( defincs (he interconnection oc(ween circuil 

demcnts. This l()()1 can be used (0 find the lI'aldcl' fUTlCtion of systcm,. SCAM was 

te't~d with Figur~ 34, and lh~ ""m~ pol ~ position< as tho' ~ of ~qu~ti()n (4.1~) wel'~ found 

(sw apP"ndix 'G' [or the comparison). 

Thi, t()()1 'hall now be u.,ed to pmdu~~ equations fOl' a H()()t-Locus plot ()f thc W agnel" > 

cirwil with lhe filler-bank indmkci. 

CCS Thevemn Equivalent Circuit Induction mOI()r e-qu .... alt'nl circuit 

,-'-, ~ 
·jX- R, iX' jXz' 

• 1(----,---A" 'V'fliV'v-'v--i-YYY-L,JiYYt 

v, 

• 

Filter 
bank 

Figurc -17; CCS-IM cirwit wilb filtcr-b"Rk 

> ?_R. 
> q' 

The l/.()()t-LDcm plOlofFigure 4g is shown with and wilhout lhe filter-bMk, ami is 

plotted f()r r~'()nant ,lip value., stattmg at 0.0';; and de~r~asing to -I, as the sp"~d of the 

rotor increases. Thc filter·bank reducc> the uppel' and lowcr rcson~n( fl'1.;quendes of (he 

~irwit, resulting in tess energy being l''''luired to preven( SSR as detcrmined by cquation 

(3.14). Ilowever, the circuil i., slilt un,lable, ami lherefore lhis i:; nOI an a<.lequate 

,olution. 
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20 
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, , 

" - - , - -, - - - -'-............. ~ , 
~~m!~.Y»'»"r--1<-[J> ~ iJ' ~ " » , 

5 

" 
, ---------- ---- --- --- ---- - --- --,- , - - - , 

~ 

" 0 
0 , 

, 
.... fk .~, : 

L :~ with filter - without fiter 
0 
c , 
0 ~5 e 

~10 

"".n:~::;~;;~~r~ . uy(uu' :mm 
·T········· .. :: ,.- : 

------------------- ,----- --------- --------. --: 
, ",ft- : . ' , ~ > --- ""-- t>'-

,.. [t> ~ If> , 
it#~"iJ>)>If>;o' : 

~20\----"ooo!--:-- , -' 
-2 0 2 4 6 8 10 

rea l axis s-p ane 

Figure 48: ROOl-Locus of Wagner's circuit with. showing the effect of the filler-bank 

4.6 Proposed solution 

An example of the ease wilh which a sol ution can be developed is now illustrated. Using 

the transfer function model deveio))l'd for lh~ CCS-IM system (see equation (4.3)), a 

controller of k(s) = 1 is proposed, Before moving on, il mu,\ b.. pointed out (hat 
1+28,' 

although the CCS-IM system is being treated as a control sY5tem. it does nO! imply that 

the au1lKlr intends to control the output to a set-point dictated by the input. The sole 

intention of this control analysi' is to evaluate whether it i, theoretically possible to 

stabilise the system. Therefore. discussion of open-loop and closed-loop poles does not 

imply that the physical CCS-IM system is! will become a feedback loop if a theoretical 

controller is found. 
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If it is found that the system can be theoretically stabilised, converting the theoretical 

controller to a practical solution rna y prove difficult, >1., adding circuit elements to the 

CCS would have repercussions; such as on the tap voltage or system efficiency. In 

practice, such ~ controller may take the form of a lag circuit [32J, which would be 

inserted after the CCS, in the ~ame position as the filter-bank of Figure 4. 

The position of the controller pole i~ shown before it is implemented, in the left-hand 

Root-Locu, diagram of Figure 49. The effect of the controller Can be observed in the 

right-hand Root-Locus plot. It can be ,een that the controller moves the closed-loop-poles 

(solid black line) into the left-hand-side (stable region) of the Root-Locus plot 

, 
, , 

b>L>ou. ~ 11'1"'" ,,, .. 

" 
" ~----T---, ~ 

'_~m' __ '~ 
c/M. 0-;-----

\ X • 

" 

J 
':'0.1 

\, 

~~~""1 
-""1 i 

• 

... ,,~---~--.- .... , 
,, ___ .L 

'.1 o.~ 

, , 
,. _ .. L 

, 1.(1 

without cOnlmllcr 

.---. .--/ 

/' ! 

• " .. 

" 
" 
, 

" -, 
. 
, 
" 
" 

'"" 

-----

, 
, 

dillflled It'gitlI 
--~>~-! 

, 

" 

. ---

/ , 

/ 

/ 

/ ...... " 10.=1 ..' / 
i 

,';-- ,"",<C,~','-~,"-;-o;.<C."-.,,. 
•• 

with controller 

Figure 49: CCS-IM circuit with and without controller 

Although the ,ystem is uow stable. oscillations are not damped enough. When q is close 

to -I, the c1o,ed-loop poles will be close \0 the open-loop poles, of the transfer function 

that represents the system_ TIm,. when the IM is running close to synchronous speed, 

there will be strong hannonics of about 40% of the ,upply frequency. For oscillations to 
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be suit~bly d"mped. the closed-loop pole, should be within th~ demarcated triangle. 

which rep resents a damping factor of 0.707. 

A, already mentioned. th~ Root-Lotu, gain i, ~<jlLal to . I . Therefor~. the rt,"onant 
sbp,. .• _ .. 

slip i, do,e to 1.ero at the Iow~rre,onant [r~'1uenty. ~nd so the Root-l.ocus gain i, larg~ 

How~vcr. m synchronous speed. the rcsonant slip will be close to -I. so the Root-LoclL' 

gain will be sm"l!. Therefore. th~ positions of the ,)',u,m-pol ~.s at synch ronom speed will 

he close to thos~ of the open-loop 'y't~m. Thi, me~m that the s y,tem i, lLntontroliahle 

by ]"rl("anS of a hypothetical fccdback control loop. 1l1~l""for~. there lS no need to try 

control thc systcm with other controller'. such 'J< " ,~con,j order controller. 

In conelu,ion. because the dynamic, o[ thc transfer [lLnction thm represent, the CCS-1M 

system arc ultimately controlled by open-loop pole po,itions. the system is praCllcally 

uncontrollable. hy means of" p""ive controller. such a, a p"ssiv ~ tilt~ r. 

Therdore. either the 'y,tem configuration mu,t he thanged, [or e~~mpl~. using a ,hunt 

re,istor (,e~ seCL 3.2.4); or th~ system mlLst be tontrollc<.l atli vel y using FACTS dcvices. 

", di,cms~d in section 3.2.5. 

4.7 Summary 

A block-diagram-modd wa., comtlUcted in this s~ction to replicate the mathematical 

model of self·excitation developed by Wagner [23], th ~se results al"" shown ch~pt~f' 7 

and R. 

It was shown that the mod~l could he adapt~d. u,ing a Matlah'" application call~d SCAM 

[23] to include tomponcnts such as compensating inductance. 0 r a tllter-banL These 

methods are compared and discu,scd in chapters 7 and 8 respectively. 

It \\1m; alw shown that a p"ssive controller is not suitahle for ~ CCS-l'l,.l ,ystem_ ~n,j other 

means of control (,uth '" the lL.,e of a ,hlLnt llCsistoror FACTS dcviccs) should be used. 
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5 COMPUTER SIMULATION OF RESONANCE 

Matlah' ," S imulink" and Power Systems" T001box was used to simulate various asp"cts 

"fthe CCS-indllClion !II(ltor system. The !!imulation was used to assist in the design of the 

lab-model. The model was not a dynamic model. so il could not be used in the validation 

process_ Ilowever, it was u",ful in predicting steady-state tmque and speed valu"s, 

5.1 Simulink Model 

A simulation of self-excitation was constructed. Other aspects of the ces system such as 

ferroresonance and inductor _,atura!;,," were (}milled. The,,, characteristic, were omittod 

so that self-excitation could be .,tudied in isolation. Therefore. instead of building a 

simulation involving a capacitor in series with an induction rrKltor, a simulation was 

conducted that focused sp!'cifically on :;elf_ncitation. 

Self-excilalion is essentially the undamped o,cillation of energy !Jo,tween two reactive 

devices in a system. When (}scillating c(}minllOUsly, self-e>:.citati(}n can be represented by 

two alternating power supplies: a fundamental. and a sub-harmonic supply. 

The simulation model (}f Figure 51 Wa, used. The parameters of the induction machine 

we", the ,ame as those that of the 3kW induction motor that was used in the UCT 

laoorntmy. (See section 6.1.2) The par:unders of the three-phase programmable voltage 

source were determined using dynamic model predictions of the lower re,(}nam 

frequency (!!ee section 4). With this model. graphs of the voltage, current, pow.,.- and 

torque of the system could b.. plotted. These graphs are !lhown in chapter 7, and discussed 

in chapler 8 of this thesi,. 

In summary, a 'steady-state' self-excitation simulation wa, developed that did not predict 

transients well. However. it could predict values such as the final speed and torque that 

an induction-m(}tor e>:.periencing ,elf-excitation would be likely to reach. It was used as a 

stepping-stone to implement a laboratory CCS-IM setup. 
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Fil<:urc 50: MatJab"', Simulink8 simulation model 

The characteristic, of the induction m<Jlor and three-phase programmable voltage sou tCC 

were: 

Th. "~, __ •• ",ft·.,... ,,,,, ... -.,. ~''''''WOO< n.,~ 
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.-.. ,~o, (I" •• , ow s,,,,"1.2. o. '"~''''''''''' r'~_ 
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",',", ~M ....... M ...... "'rt 'I~,~ ~,,,,. ,ol." "'..,,~, ... 
,_~" "".",,-,m. 

;m-~-~~~ . ... ~ ... ~~.~. 

Hgure 51; Characteri-tics of the ind .. dion motor and three-phase llrogrammahJe \"oltage 
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6 PHYSICAL MODEL 

In this chapter, the process used to construct a physical model at ucr i, presented. The 

intention of this model was to recreate instabilities that are found in the field [16J, and 

validate the dynamic model of chapter 4, This model was built in the UCT Machines 

Laboratory, 

6.1 Laboratory model 

A 3kW Thevenin Equivalent physical model was buill by the author in order to validate 

theoretical predictions. A JkW motor was used based on the availability of a 3kW motor 

test-rig in the UCT Machines Laboratory. The induction motor WU' coupled!O u de 

motor, ,ufficiently increasing the inertia of the 1M-system (0 make self-excitation more 

likely (see section 3.2.1), Other advantages of using a relatively .mall mOlor were ease of 

circuit manipulation (cable sizes, compoueUl availability). aIXlthe safelY compared to 

constraints and ,ufety ha~ard, U$sociuted with high power level>. 

To record parameters of interest, such as torque, speed, current and voltage u DSP 

(Digital Signal Proces~or)-ba,ed motor logger wa, de~igoed and built. The conceptual 

intention of the data logger is shown pictorially in Figure 52, 
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, , 

,----
------,~ 

Voltage, curren! and 
speed measuremallts 

Variable load 

Figure 52: Laboratory mndel flo", chari 

=
====: AsynchroMU$ outpUt of 

spa&<!, pow", and vOltage 
wav(>lorrns 10 compute; via 

serial f>'Xl 

_
~ Mains supply voltage 

I Mjllst.ilb ... seri .. ~ 
capacitance 

3kW 
Induction 
Machine 

The var;o"s el"menls of the laoormory mood siJall now be discusscd. 

6.1.1 Capacitor bank 

A three-phase han k of capa~il()f' was .'''l-llp. 'Th" ~apacilllilce of thi, ban k could 00 

varied fwm 50~!F 10 200 ~!F, 

6.1.2 Induction machine parameters 

Plli"amct~rs of the laboratory induction Illach in~ were delelmined ming the hlocked rotor 

anu no-load lest uescrib"d by p,c. Sen In 
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TI,e. panunders of the inuuClion machine. Were found using the equivale.nt circuit of 

Pigure 7. Firslly, R,. was excl "ded from the equivalent ci 'Cuit as the core losses 

a.<;sociated with it were lumped together with friction ami winuage los.<es l S J-

Under no-load. during the no-load test. the. only power consumed by the ])1{]tor is that due 

10 th e core, friction and windage 10.'.'_ Thu." a negligible amount of current wili flow 

through R' , and X',. In addition, the ll1achine is operating al a slip close to zero. 

Tl~re.fore, the resistance &+ X , is ll1uch larger than that 01' X" . So. the equivalent , 
circuit is simplified to that shown in Figure 53(1\). 

R 
When (he rotor i:; prevented from rotating, the .<Iip is one. Thu.< ----"--t X: will be much , 
larger than Xm , so that th e eq ui val ent ci 'Cuit will resemble that of Figut..,. 53_B. To obtain 

th e characteri,tics of the machine. under normal operating conditions. the supply voltage 

to the machine. ,houlu be increased until rated current flows in the ,tator windings. 

v, 

o~---

A. No-load equivalent 
circuil 

~--- -------' 
S. Blocked-rotor 
equivalent circuit 

Figllre 53: No·load and blocked rotor test. on an induction machine 

The no-load and blocked-rotor le'ts ..... ere can-ied out, and the re·Su Its were evaluated as 

,hown in appendix ',\'. The result:; are summari .<ed here: 
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Tahle 2: Laboratory 3kW induction "IDlor parameters 

I'ararnele"r Yalue 

Number of pol", 2 

Raled frequency 50Hz 

Rated "oltage (LT.) '81)V 
----

Rated speed 2!100rpm 
.. ~ 

Values below are per_phase 

R, 6.6U 
-

X'I-X', 7.m 
L,_L', 24.!imH 

-
R', 7.2f! 

-
X", 353f! 

r.-L. 1.12 H 
~~ 

Friclion and windage, and torque were est imated u,ing the rnelho<1 described in sections 

2.2.4 and 2.2.5. Thcs~ Cltimatio", were valic!al~d using the Matlab S imulatioll_ Est; maled 

values were: 

Inertia: 

f'riction and wimJage: 

6.1.3 Motor Jogger 

O_1l1 kgm2 

0,0] Nnl'irad 

A mOlor logger was huill to collect data Irom tlw I.ab model, and '''mllhis clam "ia serial 

pori using RS2J2, to a computer. At (he computer, (he <lata was manipulated, u'Lng 

MUllah", (0 make it llscliJl for analysis_ A cu,tom-mmje data-logger was used al opposed 

to a commercial one hecau,e of the freedom that it allowed: to record different 

parameters at different ,ampling rate, and resolution" and manipulate H.ose ,'ariable, as 

required. at a low co,1. A now chart of [he workings of tile data-logger i, shown in Figure 

54. 
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S!brlO cla:o . , "''''Y LjLlI 

until "''''i''' UI ) 

Fil:ure 54: Code s/rnctllre of data-klgger 

-_/ 

Before the data logger Can he u,ed, it must firsl he ,e( up_ The sampling rale and rulor 

speed al which (0 strut sampling arc inplI((cd to (he instflll11cil1 via (he serial cable. The 

1110tOf logger works by ",aiting for (Ioc rotor sf'Ce<.l 10 r~a<;h " celta;n value. It lloell ,lmts 

logging. In thi, way, the dynamic 'tart-up of the machine Can b.. ohserved. Once memory 

of tl..., DSP i, full, the logger 'lOP" It then wails for a rcquesl Ii-om a computer before 

sending whichever SCI of data was requested to the computer via (he serial port. '11", C++ 

code for the data logger Can be found in appendix '0' 

6.2 Summary 

In this chapter. the work ings of the 3k W Tbeven in I:::qui va]eIll CCS-IM .Iys.lcm werc 

shown. A usc[ ul imlrumenl was constructed (u:;ing a DS P) (hot was capable of recording 

and logging "arious paramelcrs of imcreS!. This device", as capable of communicJting 

with a computer, so lhallhc dma could be fur(her analys(Xl llsing \htlabO;, 

These result:; obtained from this morn.l sha ll he used in chapters 7 and l\ lO lcsllhc 

hypothesis prcsenlcd at (he end of ch"pter 3. 

R2 
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7 RESULTS AND MODEL VALIDATION 

Culkction of l'c,ult' forms the fil'st part of (he validation proces< of 1M hypolnes;, 

presented in """lion 3.4. The ,econd, and h"l, par! of [hi, proc~ s s is (he discussion of 

results, in Lhapl~r7. 

111~ following ,ys(ern, are analysed: 

). Th~ circuit u,cci by Wagner, 

2. The I .• horatory model th~( waS built at VeT, 

3. The I.ahoralory modd (hal was built at Stellenbos.ch. 

4. Th~ cornm~rcial MCl'U-PCtI'onc( system. 

A brief SUIlUnlll'Y of (hc,~ systems ,hall rKlW be presented-

7.1 Description of the models to be analysed 

7. 1.1 The circuit used by Wagner 

The circuit and pararne[""" lIsed by \V ugner in r2J I ha"~ alj'~"dy hccn pre"en(~d in 

Llmp'er 3.2. I. H~ reprcscm~d self-excitation as two equivalent circuit, of an TM, a 

rc,onant "nd a natura] circuit. Th" r",,,nant circuit is shown h~rc: 

Fil:ure 55: Resonant circuit u~ed by Wagner [23] 

f X' i,""V 
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A~ a r~mind~, th~ resonant circuit operates at its resonant frequency, f"",. Therefore the 

slip of the resonant cireuit is not the same slip that is associated with the natural circuit, 

and is denoted by s·. 

7.1.2 The Laboratory model that was built at UCT 

A Thevenin Equivalent CCS-IM laboratory mod~l w<w bui lt at UCT 10 replicate the 

phenomenon of ~elf-excitation. The model was constructed using the Sarn~ circuit 

diagram tested by Wagner (Figure 34). However. the values of the parameters used were 

different. 

The series capacitance consisted of a capacitor bank that could 1J., adjusted from 25)lF to 

2O!\J F. in 2~)l F steps. A 3k W ~quilT.,)-cage rnoto.- was used based on its availability and 

ease of u~e, due to iti relatively small power rating. It was also coupled to a dc moto.-, 

allowing load lests to be conducted, and ",~uhing in higher system inertia. Equivalent 

cireuit values w~re determined in section 6.1.2, and arc shown in Table 2. 

7.1.3 The Laboratory model that was built al Stellenbosch 

The Stellenhosch lab-~etup wai as follows: 

C. L, 

,-----1II------=;=:·T;';· 
I '. , 

, , 
L __ "'_-"1 _*-.. r:;-71 

,- -

Figure 56: Stellenbosch laboratory setup [33J 
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TIle block labelled APF is the Active Power Filter, or current injoctor thal wa, used to 

damp sub-synchronous oscillations. The Cs and Ls values were 3mF and 2.8mH 

re,pectively [33J. 

TIle mOlOrthat was used to test the APF was a 65kW squirrel-cage induction machine. 

However. test, were not done to determine the equivalent circu~ parameters of this 

motor. So lh~ parameters have tJ<:en estimated by the author. am.I "'" based on those 

parameters given by the Marlab Power Systems Toolbox" for a lOOHP (horsepower) 

induction machine. Component value, arc shown in appendix' A'. 

7.1.4 The commercial Meru-Petronet system 

The MenJ-Petronet system is shown in Figure 4, where the Petronet IM WaS connected to 

V""" which i, VT in Figure 57 as V_ '" VT. Schilder et al. [16. page 41 and Braae et at 

[30J showed that the shunt-filter was not the cause of SSR. For this reason. the shunt 

filter wa, not included in the analysis of the Meru-Petfonet 'y'tem. In addition, the 

Thevenin Equivalent CCS of Figure 3 was used. Therefore, the Meru-Petronet equivalent 

circuit unaly,i, wa, much like the circuit used by Wagner (Figure 34) with an additional 

compensating inductance. as shown in Figure 57. Component value, are shown in 

appendix 'A'. 

Equiva lent CCS circuit! Induction motor equivalent circuit 
-jXc x"",,, R, jX1 jX,' 

•• - --11 (-fyyy,~I\!\/\ fYVYI I'YY' 
iVT 

V, 

f'il!:urc 57: I\Icru-Pe1ronet Equiyalent Sy, tem 
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For the purpose of completion. the circuit oftlIe Petronet-Meru system was analysed as it 

was built. with the filter-bank included; i. e. with the output of Figure 2 connected to the 

input of Figure 8 (R, ignored). Results ofthi! 'mal)'l'is were very similar to those 

conducted using the circuit of Figure 57. except for tlIe presence of new stable system­

poles as a result of the filter-bank and nre therefore shown in nppendix 'E-I,3'. 

7.2 Comparison of the different methods of 

determining the resonant frequency 

Here, the various methods of predicting the resonant frequency of a CCS-IM system arc 

compared. At the end of this chapter. these prWictions are tested against phy~ical results. 

Two methods of finding the resonant frequency of a CCS-IM have been discussed in this 

document namely: 

• The Root-Locus method and 

• Wagner's method (discussed in section 3.2.1) 

To plot the Root-Locus of the CCS-IM system, its transfer function must first be 

determined, using slip as the Root-Locus gain. In other words, slip would he an internal 

model pnmmeter. A transfer function can I:x: obtained in many ways, such as using block­

diagram algebra. or by forming state-space equation\ for the system. The transrer 

function fanned is a theoretical con.,truet repres~nting the system. Useful insight into the 

dynamic behaviour oftlIe real-life system can be gained by analysing Root-Locus plots 

ofth~ transfer fnnction. A Root-Locus of the transfer function in open-loop is plotted 

rather than that of the system in clo,ed-loop, which would falsely represent the system. as 

it cOlllains no such feedback loop. 
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7.2.1 The circuit used by Wagner 

"'agner's reSHnant frequenc) p'"I'dietion mdllOd: 

Using the method developed by Wagner for tindlng the re sonant frequ ency, the following 

graph was obrained: 

Figllfe 58 shows how the resonant frequency ch~nges with the statol' reSIStance (RJ of the 

lIIduction motor, The _,lip (of the resonant circuir) that col'respond" to a particul~r R, 

value and rhe frequ en~y at which lhat slip lIC~ur, i, al,o ,hllwn. Wagner ,howed rhal 

th~r~ ar~ l,,'o r~,onan[ [r"'l"~nci~, [lIr ~a~h R, value (,~~ ,e~L 3.2,1). 

. ... , ........• 

.. 
~ ....... " ...... ~ ....... , ........• 

. . 
' ___ .J .. __ --.1 

Figure 58: Frequency •. ,. R" and corresponding slip for Wagner's circuil 

R""t·IHcu.' method: 

When a tr,:msf"r fun~li"n was comlruct~d [or lh~ circuit o[ Figure 55, and [he same 

p~r"merer" used. the Root·LDc'U, lI[ t'-igur~ 59 w," pjOll~d, 
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Figure 5\1: Root-Locus response of Wagner's Cirmit 

• 

" s-plane 

Each dOl i~ Figure 51) ,how, th~ sy't~m-pol~ positions fm a panicular slip. Sulrting at 

0.05, th~ slip is re peatedly decreased by 0.01 until it is equal (0 -I, 

Comparison of the Wagner and Ihe Root_l.oclI' Melh"ds: 

~e3, Table of rewnam f!1Oqu~ncy and corr~'ponding slip for Rs 0.1 (p.II.) 

Delermined IIsi~g Wagner's mcthod [)~(ennined using Root Locus 

Low~r t;-~g. 

! Upper freg 

Freq. (p.u.j 

0,15 

(1.17 
~ 

_ .. _-
SUp Freq. (p.u.) Slip 

._---
i ·0, I 0,15 -0.12 

·0,37 036 -0.3 

, . . It can),., Seen lhallhe NO mdhods of fllldl~g the resonant fregu~ncy COlTetdle closel) . 

Notc. 111~ re'Olla~t f'-"qu~ocy. which leads lo slIslailled SSR. i:; th~ sin" lkr of the two 

freq u~ncie:; for" pal'ticui ar lb, 

7.2.2 The Laboratory model built at UCT 

'Vagner's resonant frequency p,..,didi,,,, method: 

Using the method deveiop~d by W ag~er, lh~ following frequency vs, Slalm re:;i,tanc e 

graph of Figure 60 is formed: 

i 
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UCT-' ~b-Mcja' raoon~I't fcoqJCocy W",-,.::t·'jl' 

We 

Me / -~ 
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00 i " , 
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, 
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I ro I \ , 

t~ , 
w ro ~, r,fJ 00 '" 00 

"Hq,"""y :H7) 

Figure 60: VCT-Lab-Model resonant frequency prediction 

In Figure 60, the slip plO! was not shown as it resembles that of Figure 58. It can be 

calculated for any frequency by substituting !hat frequency value. and the relevant circui! 

parameter, into equation (3,12). 

When the stator resistance is 6.2 ohm.', the lower and upper resonant frequencies are 

15Hz and 71 Hz; which correspond to re~onant circuit slips [using equation (3.8)J of -0.01 

and-! respectjvely. 

Ruot-Iocus melbod: 

By constructing a transfer function of the L'CT -Lab-Mudel, (m, {{",,(-LULus uf Figure ti I 

was plotted: 
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Flgure 61: Root-L ocus plot of UCT·Lab·Model 

Each dot in Figure 61 shows the system-loop pole positions for a particular slip_ Starting 

at 0.05, the slip is decreased in steps of 0.0 I until it is equal to -1.2. Rool-Locu8 predict , 

lower and upper resonant frequencies of approximately 15Hz and 72Hz respectively, the 

corresponding lower and upper slip (for the resonant circuit) values are approx. -0.01 and 

-1.2. 

Compmi son of t he Wagner a nd the Root. Locus Melhods 
- - .---

T'-Ib1e 4: Table of resonant frequency and corresponding slip for Rs 6.2 n 

Detennined using Wagner's method Determined using Roo!- J .<XU' 

· 
Freq. (H z) Slip F req. (p ,n ,) Slip 

- . 

Lower freq . 15 on I 15 -0_01 

Upper freq. 71 .J 72 .1.2 

It must be n()ted [hat the two methods predict very slnlliar resonant frequency values. 
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ClIplicitlince yariation: 

('he UCT- Lab-Model has an adjllstable capacitor bank. The effects of capacitor variation 

shall be discussed in chapter H, Results obtaliled using different capacitor valllcs arc 

shown in appendix 'I:l', 

7.2.3 The Stellenbosch Laboratory model 

('he ,arne procedure lhat wal condlLLled in >e<;tiom 7.2.1 and 7,2,2 is also condlocted 

here. Plots are shown in appcndix 'E-l_l'. and a summary of thc findings shown: 

Table 5: ('able of relonant fr&lllcncy and corresponding ,lip for Rs - 0,04 n 

Determined using v,'agner's rnethod Oetermined lLsing Hoot-Locus 

Fre'!. (H£) Slip Freq. (p.u.) Slip 
~-

.. _, ~ --"_ . --- ._-,---
Lower freq " -0.001 21 -0_01 

I Upper freq, 4" ·0.5 " -0.5 
- -------

7.2.4 The commercial Meru-Petronet system 

The same prm:ed Ure thal wa.S condllCtcd III sections 7.2.1 and 7_2,2 is a Iso conducted 

here, Plots arc ,hown in appendix '1".-1,2', and a summary of the findings in Table 0: 

Table 6: Table of reson~nt freqlLency and cmrelponding slip for Rs - 0.012 n 
--_. 

Oetermined "sing ""'agner'" method Dctermincd using Root-Locus 
.---

j·'req. (Hz) Slip Frc'!. (p.ll.) iSlip 
-

Lower freq, 4lU\ 1-0001 , 49 ·0,01 
~ -

Upper freq, 50.5 , -1.3 51 I -l.J 

7.3 Simulink~ Simulation Results 

SimlLlat;(m, of the LTT labor~tory model were conducted using Matlah', Power 

S ystem.s'" Toolbox. Re,ull' obtained were compared to the physical reslLlts of the UCf-

Lab Model. 

I 
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7.3.1 Simulation of system with no self-excitation 

S imwated ~1 ach'ne ""d [oaa Tnrque 

,Cr-------~--------~---------C------l"---'--,',:,,::":'"',C,'O:,C,C"':-" 
t 10 ~'IJ:\rw~':-~-=_--=~--=c--=~--=~--=;--=-:--=--=-__ .-~--.--::--.C~O::.':;;'--.O_':,~:'::=_J " o 01 0.2 0.3 04 0.6 0<3 

~me(') 

Machille Speed 

" tlnle( ~ ) 

Tc-'qu e--Speed ~ot 

Speed~rpnl.' 

Figurc (,2: Simulation of 3kW vcr sy,[cm with no ,df·{'xciLati"n 

In Figure 62. it c~n be :;(,Cn that' 

• The i nductio!] mOl", rum clo, ~ to its synchronous 'p"eJ (2800rpm) i!] 

app",.~imalel y 0.4 :>econds. 

1 

1 

• The induction motor torque reaches a final value a, determin ~J by the sum of the 

loaJ torque and the torque doc to fric tion and windage. 

7.3.2 Simulation of system with 25 Hz self-excitation 

25H" was choscn as the SSR frequency in this mstance because of its similari t), to (he 

SSR frequency of (he ph)'sic~l LTT model. 
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Simulate" r.iachine aM Load T ()(que 

" ,-~-~----~---~---~oo~~~~,~"o.o"~,,:"o,~,~,o,,o"o.~ 
E <~ z 

~ ~ Lead Torque 

O~L-~ __ ~~ __ ~ __ ~ __ ~~ __ ~ a 01 02 03 04 05 0.6 
1;""'(1) 

':~f~ 
o 0.1 02 03 O~ 05 Oli 

401) GOO 

timeis) 
Torqlle-SP6~d plot 

300 1iAIJ ~2oo ~~OO 1600 1300 
Speed(rpm' 

l"igun 63: Simulat ion of 3kW VeT system with 25Hz self.excitation 

Here, it can be ",en thal: 

• The inducti{)n m{)tor docs not reach its synchronOlJs speed, 

• TI-.e induction mOlor torque r~ ach", a final value a< determined hy th e sum of the 

load torque and tM torqlle dlle to fricti{)n and windage, bllt it i, mme {),;cillat{)ry 

than it w;>s with no seif-e~ciwtion Inl'igure 62 

A discll"i{)n {)f the similarities and differenccs t>ctween the simulotcd and iaborotory 

re<ults i, wnuucted in chapler 8. 

7.4 Laboratory Model Results 

Using thc motol' logger, the following results were ornai,,,,d for the 3kW UL,lahmatory 

model connected to a load of -Ik W. 
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7.4.1 Induction motor with no series capacitor 

['irs!. the systcm was tcsted with no serics eapae;lOr, so thal normal oP<'raling condition< 

C(}uld t;." obscrved, 

Torque speed plots: 

Machi"" and Load Torque 

20 rr\iF.F~~~-~T=;:;;;;;;;-;;;;;;;n ",,-, ' 1.1otl1 i" . Torqu. 

~ 10 I V' ~ __ -::::--:.'. ~.:.c. C •• :.c. C.:.c .•• :.cc .. :.: .. cl.;···.:.;·,.~:~"··~:~'oo_~",o'.'c.~j 
O~-'--

o. , 

500 

0,5 
tin",(s) 

M,chine Speed 

OJ 

.= • ' .1 
a ; 

~:'TIe(.) 

To,qu.-S"".d I'lot 

1500 
S~eejl:rpll1: 

2000 25CO 

Fi~urc 64: Torque-speed plot of 3k W UCT system with no series capacitor 

I !~re, it can be seen that: 

• Th~ induction motor rcaches its synchronous speed in approximate! y 0.4 ,econds. 

• The induclion m(}!or IOnlu~ r~ach~, a final ,'alu~ 'IS <kl~mlin..J by tl", ,urn of lr,., 

load torque ~nd the torquc duc to friction and windage 

• Although lh~ l()['1u~-sP<'~d Curv~ has some signific~nt torque-dips in it. these nrc 

,jm ilar m those of II", simulation, hut ,lightly dislortffi becau,~ o[ loo coarse a 

sampling rate, which was uscd to col kct data over a longer Ii me period, 

VoltaJ;:c and Current plots: 

The voltage and cun'ent waveforms wer~ capillred. '11", DFFr (Di,cret~ Fa,l Fourier 

Tmns[onn) w~s w~en (see f';gure 65 and Figur~ fiti) to show Ih~ contribution of ,'arious 

fr""ll",ncie, to lh~ system. 
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'" 1M "' ~ <0 
~ 20 
~ 

0 

ti 'n" (~ ) 
FFT of C", .. ." , = ... = ... TC.= .. . =.= ... CC'.=·= .... 

- - - -: - - - - - - -:- - - - - - -, - - - - -- . -- - - - -; - - - - - - -:- - - - -- -,-.. . 

:~::: :j:::+?:~~~~~+~~~t~;·i!1~ 
0 , 5 0 ~ O Q 300 -' 50 

Fi!!ure 65: Current and L>FIT waveform of 3kW lleT 'J.,tcm with no ,elf_excitation 

, 
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i 
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I' , I I "," 
" 
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" I, ",' 
't 'i .' 

Unc-Linc v.o"""""""""'--___ --_--- _--, 

I, " I, I· ,\ '\ t, ,r" ,~ /' :\ II "1, ," "" ,I ,', ,I, ,", 
,", "',,1\ I"~ ,'I ,", ,", ,'I "', ,", II" I, I," i', ,'I ,"', ," ,I 
""''''",,,1, """,,""" ,,, ','I I ',II I I , ", ,I ," 'I" '''"I 
" '"~ ',I I, '"~,I " ',,, ",' '" '"I \,,' '" \/ \:' :' ',,' '" I,' ".' 

<J, OG o. , "0 ;'~ ~" " .,' 0 . 2'5 '.' ~,';.,,'~,~>.;,,',,",;,· •• ~~,,,;.i'·~,~'oi , 

f" .q "" '....,y (Hz) 

Figure 66: Voltage and OFFT wavc!<,rm or 31.. W UCT sy~lem "'ilh nO self-excitation 

7.4.2 Induction motor with 100llF series capacitor 

Figur~ m ,lww, lh ~ lorq ue speed plot obtained whe n the l kW [JeT 'yslem w", te't~d 

with a ] ()(If! F ,eri ~, ~apaciloL wlIpled 10 a - l kW load. 
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" ~-cCC--::-c7-~c---'7'---~-cC-~c---' 
J 0.1 0.4 0.6 OS 1 12 ',1 16 

~me{5) 

Machln9 S~OO 

3.XO

l 
' j 

20CO ~"""<'''-

~ j~ -~--.-~-- -~ --------~ -----==~.:-:----, -----
'c -02 (:4 Cl,f [1.1 1 1.! '.4 

!Hlw(sl 

Tor~6-Spood ~(( 

Figure 67: Torque-speed plot of .'kW VeT system with no 100,.1" senes cllJlHdtor 

It Can be seen: 

• Firstly. that the induction machine does not reach its 5)'OChronoul speed, 

• secondly, that the torque;5 more oscillatory h.ere than it was when the 1M was 

run with.out a series capacitor. in Figure 64. 

• More such. plotl au collected in apP€1ldix ·C·. sh.owing the repeatability of this 

experiment. and the way in which the system behaves under different loading 

~onditiong. using different capacitor value5. 
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Voltage and Current plots: 

The voltage and CUlTCl1t wavcf01m, w~re captured whil~ the sy,tem was o,cillating_ The 

DFFT (Discrete Fast FOlLrier TraJl:>f ann) was lalccn to show the contriblltion of yarious 

frequencies to the sy'!elll. 

Phase eurrent 

0.05 0,1 0,1 ~ 0,£ 0.£5 0.3 0,3 ~ 0.4 0,415 0.5 
lime(s ) 

200 250 300 350 400 450 
23 Hz frequency (I-Iz) 

Figure 68: Current and nFFT waveform of 3kW liCT system with lOIJ).I.- series 

callacitor 

Capa citor Volt"ge/pha~e 

Magnitude "peCtrum 

SOl /\ ....... J. : --~------:------,I'------·- --~.-----.------ .. -

~ 60 1-/- - - - -~--~~:' -vV'''-::::':::~';;~~j ~ ~ ~;,~:";",;-~v-.;,.7~,;~:, ;, -,~:, -,- -,,~,:.;,: -,.['), 
']~ 40~ --c---------,-----, !' ", """'\'i~ '~r ,'r; , , , 

20 ________ • ______ , ____________________ L __ ' ______ '- , 

frequerocy (Hz) 

Fi!:urc 69: Voltage and DFFT wavefonn of 3kW LTCT ~ystem with IOIJf'F ~eric~ 

capacitor 
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7.4.3 1M in series with other capacitors 

T~,ls were clUTied oul wilh lfle UCT-Lab mO<l~llo inve'ligale lh~ YlU-ialion in SSR 

freq~ncy with cap~citance, Results an; wmmarised here ~nd raw dam shown in 

appendix 'D-, 

Tabl~ 7: Summary of DFFT resu)(, coll<lCled from the CCT-Lab'-""";:;;","l -----, 

Capacitlmce (,..F) 
Ayerage re<Ollallt Speed reached by rot",. 

fr"'!uellQ (Hz) 

62 1() .. ~ 181 0 

75 :n,5 1700 
. " - --_._---_._---

100 21.5 1400 

1 12 22~ 1360 

125 ; 220 1350 
- -

150 21.0 1240 
------- --- --,,---

162 I 20,0 1230 

200 19.3 1220 
---- . . , In ch,lplel 8, lh~,e resu)(, .Ire plolled on .I gr,lph. MKllh~ equallon of the b~st tllllll~ 

calculated. A best·fit line was pl(}{ted in an auemp(!<l establish all empirical relation,hip 

between cap~citance and (he lower resollant freqLJellcy_ The resulting equation wa, then 

examined lheoretically, in chapter 8, in order lO determme its validity. 

35 
30 
25 
20 
15 
10 

5 
a 

Frequency \IS capacitance tor the UCT laboratory model 

f----<~-=---

I --.~ 
y~ 148.98x-O,328 

..-~-~----~---1 

a 50 100 150 200 250 
Capacitallce (uF) 

Figure 70: ReSlmant frequency o[ UCT-Lab model with differellt capadtallce~ 
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Figure 70 .how.< that increa,ing the .erie. capacitance decrea.<e. the resonant frequency. 

The speed that the rotor reache.< is approximately 

/",. n 
50 ' 

whcre n, i.< the .ynchfQrn:ms speed, which is 2800 rpm in this case. 

7.4.4 Effect of changing load 

Tcsts were conducted to observe the effect of a changing load on the speed of an 

induction motor connocted in series with a 50J.tF capacitor: 

Two .<eparate te.<ts were conducted: 

I. Start-up with load, and then remove it. 

2. Start-up with no-load. and thcn introduce one. 

The results are Wi follows: 

(7.1) 

I. The induction motor did not run up to ,peed (27% of syncmonou.< 'peed), hUI 

once the load was released. the induction motor sped up to within IOrpm ofth~ 

synchronous speed. a. shown during the first seven second. of Figure 71. 

2. With no load. the induction motor sped up to within IOrpm orthe synchronous 

speed, However. when the load was applied, the speed did not dip, and remained 

within 20rpm of the synchronous speed, as shown during the last two seconds of 

Figure 71, 

The.<e re,uil. are expected from a self-excitation point of view. If the induction Jn~chine 

settles pre-malUrely at a .<ub-'ynchronous speed, or the ];'" cr resonanl frequency. it is 

expected to reach full speed when loading i. removed. 

However, a capacitor-Th1 operating at synchronous speed is not expected to move to a 

_,peed corresponding to the lower re.onant frequency wh"n ioad"d, as it has already 

passed the region that could lead to .<ustained SSR. Unle,s the dislUrbance is very large, 

and the speed orthe rotor drops \0 within the region where self-excitation will be 

experi en~ed 
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Speed CUIW 

HX"-

- -------,-- , 
,Iv--_~ ___ ~--- _ v, 

flO IQad > 
'wd 
re-appi,oo 

6 , 
" " 

, 
z ''''' 

Trnque CUIW 

r ' Ma<;h ne 
11.(-- Torque 

i I 
/\ 

i./'/,-I I, 

WI' ,) r .~ __ 

, " ' , 
6 , 

lime (s) 

" time (s) 

]'1gure 71: Effect of ]"ad chao~e 00 th~ UCT 3kW system with a 50).!}' series 

capacitor 

These les[s show how ,~lf-~""ilalion wfluclICc8 the specd of <In inductiol1 m<lchine At 

low speeds and high 10adil1g. an i nductiol1 ro,,-chine ""nn,-,-d~d 10 sOme form of s~ri~8 

eapacitOll1Ce is I ikel Y to settle m a ,pe~d ~olT~,poruJing lO it, lowcr reson<lnt frequency. 

7.4.5 Stellenbosch Model Results 

Lahoratory l'~,ult' for the Slellel1tx,,~h Th~wnin Equi val~nI of the CCS (The 

'Stdlcnhosch mini-CCS') are _,how in Fi~u", 72 aruJ FiglL[~ 73. Components were 

armngcd in the lab-setup as ,howl1 in Fi~lLre 56. 
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Voltage and current plots and DFFTs: 

c , 
0 , , 0 

_0 . , 
·0 2 

0 

, 2'<."~ 
l <O.~~ 

• •• , 
~ 0 

• r _20 

., 

0 , 

D FFT bf" "" .. M fb, S, .. II .. nb~~eh ,,,;n;_C cs 

" " ,;n,., s) 

• 

Figure 72: Currcnt I)FFT of the Stellenbo,ch mini·CCS 

-", ~s .~t 

Y,I '.' 

~ o 1 DO 

Figure 73: Voltage DFF"!' "fthc StcUcnh"sch rnini-CCS 
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pr()oH~m. it is 

terms '"''''_1''''''''' means 

cost 

on eOllatlon is is 

some ex:arn:plf~s 

aplproixilnate current .... "~,,rt, .. to .". .. "."""n~ resonance are 

8. 

. 
-- - A 

Induction motor size (kW) 60T (Nm) 60f (Hz) Current ",;;..._ •. _ size required (kW) 

0.01 0.015 30 0.0015 

0.1 0.16 30 0.015 

1 1.6 30 0.15 

10 16 30 1.5 

100 160 30 15 

1000 1600 30 150 

8, it can seen .. " ....... · .. v· .. motor is 
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to 

causes 

were 
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It was it more "'''"'U' .. 'U'HU''"' ..... not to com[lensal:e a 
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scarce 

not 
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notes: 2, 

H""'JI."" resonance 
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·1 

moment is 

or sum 

is rotor mass 
constant is 

=-

18 
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rea1din:gs are nTIS phlise··to-neuLtral readil1lgs, 

a 2alvrulOIll1etler 

+ + =--= 

+ 

rotor was blolckeO, 
stator W111diIlgS. 

p 

V 

=-=--=1 

+ + 

I 

current flmwed 

91 
+ = - = -- = ,,",V • ..l..1l,,'. 
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Torque speed plo! with a 1000~F capacitor: 

" 0 10, z 

~ :L c 
e 

0 

MoGhi"" on c Looc TDrql.., 

tirr .• (si 

T(}fquE>-Spe&:J plot 

~--------­
~""------.-. 

~ 

'00 '00 1000 1200 
Sr-cl lrpll1 ) 

Machine TC:""" I 
L(,,~j TorqlJe 
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Torque speed plot 'v1th a lOO)il' capacitor: 

" 1\" ~ 5, I, 
o! ' 

l ~1.,cI"n" TIX'!ue I 
Load Torqoo 

~·,','\.Ji~"V''''_, -.'\ «."' .... , .. '-\-,'.' """~"'I"''''II--trB-'£'('~'' ,,~'l§i1!i:.~ .!L , ., , " o 
tim".:,) 
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"'''F'' ,.. . ---, ~-~: -------.~~._---~~~-~._--~_.- -
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'" , W 
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0 0 " ~ ., 

0123456 
t;tne<:S) 

Torqu~-Speed pial 
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0 '00 1GGG 12GG 1400 160G 1000 
Sp.,ed(rpm) 
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Torque speed plot with a 75)lF capacitor; 

Macl i n" ""d L 'J<>J T'.lrqu;, - -- Macl"", Torque I 
LoadTorqve 

Machine Speed 
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~, -~~~~-~~ .. ~.-~ 
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G I _ " 

j 
o 1 234 5 6 7 

time(sl 

Torque-Speed plot 
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1* 
1* Code was 
1* -I 2005 

measure: lb 

-15 
-Share arrays: an 
so, for instance use I 

Data 
C. Siabbert 

and scale 
1/10) 

to increase resolution of data rec:or,dltllg 
;nt,,,,...,,,,.,t based. 

5) 

and the other for 

*/ 
*/ 

1********************************************************************1 
#include "LF2407.h" 1* the are here *1 

intm; 

I*dac test* I 
int 

I*clinton's variables*/ 
int~r~~ •. L,~·~~.~.n~,j .. vr'~-T'~'~'VJ.~'.vv.'J~.v .'J~.VU' •• ~ 

I*tacho variables*/ 

I*Need *1 
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int 
int 
int 

"'/ 

Testl 

Test3 
Test4 
Test5 
Xint2 

Int,·m.,,,t void 
{ 
} 

.nt~ ....... .,,,t void 

{ 
/'" ADC mux selection are 2 adc's that are HIUIUUl<JA<JU. "'/ 

/'" 
/'" 
/'" 
/'" 
/'" 
/'" 
/'" 
/'" 
/'" 
/'" 
/'" J2 
/'" ADC8 
/'" 
/'" 
/'" 

INTERFACE BOARD 

13 
ADC9 

J5 17 

with 

J8 */ 
ADC3 */ 

*/ 
*/ 
*/ 

J6 */ 
ADC2 "'/ 

*/ 
*/ 
*/ 

J4 */ 
1) ADCO ADCI */ 

*/ 
*/ 

and clockwise. * / 

"'P ADA TDIR &= fl •• ",,,,nI:', /*needed for dacs? * / 

for {} 
.PCDATDIR &= fl •• nIC'Vr\17 

·PCDATDIR 1= OxOI()20: 
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= *RESULTl; 

"'RESULTll; 



Univ
ers

ity
of 

 C
ap

e T
ow

n
I*conversion to real values*1 

1* 
1* 
1* 
1* 
1* 
1* 
1* 
1* 
1* *1 

I*Tacho measures the 

I*Power and 

*1 

l*reaVlO0 so 320V = 102411320/1024 = 5/16*1 
l*reaV4 so = 10241112.8/1024 = 1/80*1 
/*reaVI0 so = 10241132/1024 = 1/32*1 
/*reaVIO so = 1024113211024 = 1132*1 
l*rea1/400 so = 1024 1280/1024 = 5/4*1 
l*rea1/400 so = 1024 1280/1024 = 5/4*1 

= 1024113072/1024 = 113*/ 
+0.7 -- remember that 11 is 1140 *1 

= 6.283/60 = 107/1024*1 
''"n,,,'v,'nt<: divide 0* 1 1* 50 
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1*1 

1* Load power */ 
1*1 *1 

1* I 

.~,., v~ ... = I; 

<0) 

> = I; I*max 
is 141 so to fit in 128 add 64*1 

DACI = .~.,. __ _ 

DACl= 
DAC1&= 
DACI 1= 0,,0000: 
*SPITXBUF = DACl; 
for {} 
*PCDATDIR &= "_.r,vv"",. 

*PCDATDIR 1= VA"VkV, 

DAC2= 
DAC2 
DAC2&= 

I*Max msb number is 

/*Max msb number is 

= I;} 
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for {} 
*PCDATDIR &= n .. I1I'C''C'lr.'C'. 

*PCDATDIR 1= VAV'''""V. 

for {} 
*PCDATDIR &= "--'''''''',""..,. 
*PCDATDIR 1= VAV''' .... V, 

for {} 
*PCDATDIR &= n __ n1r:'..,,..,.TI. 

*PCDATDIR 1= OxOI020; 

for {} 
*PCDATDIR &= n .. r.'C''C''n'C'. 

*PCDA TDIR 1= VAV''''''V, 

DAC6 
DAC6 = Ur>c'LU~._". 
DAC6&= 
DAC61= VAr~VV'V. 
*SPITXBUF 
for i++) {} 
*PCDATDIR &= {\_.rl£"rnG. 

*PCDATDIR 1= VAV''''''V, 

for {} 
*PCDATDIR &= n_.{\11O"£"n,1O. 

*PCDATDIR 1= 

DAC8=O; 
DAC8 = IJ,",,'LO~·-". 

DAC8&= 
DAC8 1= VAD'LlVV, 

*SPITXBUF 
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for i++) {} 
"'PCDATDIR &= " __ fir,.,..-,,.,. 

"'PCDATDlR 1= 

"'PFDATDlR 1= 
"'EVAIFRAI= 1"'c1ears the 

void 
{ 
} 

void 
{ 
} 

void 
{ 
} 

void 
{ 
} 

void 
{ 

"'MCRAI= l"'added"'l 

I'" on elks "'I 
"'SCSRI = l"'added"'l 
"'SCSRI 1= VAllV"r'lJ. 

I'" "'I 

I'" SPI for DAC corns "'I 

"'SPICCR &= l'-Il"'L'7"', 

"'MCRBI= 
"'SPICCR 1= VAIJ'VV''''. 

"'SPICTL = VAV'VVV. 

"'SPIBRR 1= VAV'JV.J. 

"'SPICCR 1= VAV'JOV. 

"'PCDA TDIR 1= 

I'" for IOPF2 code-timer "'I 
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/* for ADC */ 
*ADCTRLl= 
* ADCTRL2 = Ox()OOO: 
*MAXCONV = v"','vv...., 

*COMCONA = " •. (\""-,. /*added*/ 
*COMCONA = /*added*/ 

1* --------------------------------------------------------------------------------------------------------------------------
up Serial communication 

---------------------------------------------------------------------------------------------* / 

/*set 

*MCRA 1= 1* IOPAO = SCITXD & IOPAI = SCIRXD *1 
*SCICCR = n~{\nn'7. /* I no 8 bit char 1001,bac:k enabled *1 
*SCICTLI = 

*SCIHBAUD = OxOOOI; 1* Baud rate set to 9600 *1 
*SCILBAUD= 
*SCICTL2 = VA"VVL. 1* enable RXRDY int"rnl1"t */ 
*SCICTLI = 1* from reset *1 

*T1CNT= 
*T1 CON = V"",,,"-'Vk. 

*T1 CON = VArUJ'T ... 

1* continuous mode * I 
1* start the clock * / /*Prescaler 1 * 1 

I*Initialization of variables* / 

{ 

} 
*SCITXBUF= 

rcvd= 

1* 

1*8*1 

Send = '_0' ___ _ 

400Hz *1 
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& 

1* & OxOI)Oo) {} 

if 16) && l*t*1 
{ 

/* *SCITXBUF & 
1* *SCITXBUF = 11 & 
1* *SCITXBUF I & 
/* *SCITXBUF 1 & 
1* *SCITXBUF = 1 & 
1* *SCITXBUF= & 

I*Send 
1* Start 

1* < 10) Send = 10; *1 

& 

for 
{} 

......... ___ .. __ = I; 
I*t"rrn ... if end * 1 

&& l*v*1 
{ 

Send = 

I*Start sequen.ce" 
1* < 

& 

for 
{} 
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& Ox0080) = {}; 

for 
{} 

.... ___ - .. -- = 1; 
ifend*/ 

&& = 1)) /*i*1 

Send = 
/* Start seq1uence 

1* < *1 

0;*/ 

& 
for 
{} 

= 1; 
ifend*/ 

&& l*s*1 

Send = 
/*Start 

> Send = 

< 0) Send = 0; 

1* < 10) = 10; */ 

& 
for 
{} 
I**SCITXBUF = & 

for 
{} 

1 ; 
if end*/ 
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IITl'Vn== 11) && 1*0*1 
{ 

{ 
Send = 

/*Start seql11enc;e"'l 

1* < 
& 0; 

for 
{} 
/"""SCITXBUF = & 

for 
{} 

} 
= I; 

if end*/ 

/*Prescaler* 1 
(rC1/d==4~~) 1*2*/ 

1* Period = 1000Hz * / 
/* continuous mode */ 
/* start the clock */ /*Prescaler = 1 */ 

Tl'V,ri=''i1l\ /*2*/ 

1* Period = 500Hz *1 
1* continuous mode * / 
/* start the clock */ I"'Prescaler = 1*1 

} 
(rr",rl=="1) 1*3*1 

/* Period = 100Hz *1 
1* continuous mode *1 
/'" start the clock "'I I*Prescaler = 1 *1 

1*4*1 

50Hz */ 
1* continuous mode *1 
1* start the clock *1 I"'Prescaler = 1*1 
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1.1. 

was 

~ 0.5 

Ci5 

25 

"'UJ."-L'lUIl method: 

Stellenbosch mini-GGS 

30 35 

lI<'iE"""'" 1: Prediction resonant 

When stator resistance is 0.04 

21Hz COlrrelspcmd to resonant 

Root-locus method: 

tTprn1l"nr'v VS. stator 

-'--__ -----L-____ ---'-----' 

40 45 50 

anw.", .. '", method. 

treauc:mC:les are 

was 

same DaJraIlo.eters 

resonant 

Root-Locus is ,.,.,,,' .. "' ..... 
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.!!.! 
>< 
III 

Root-Locus of Stellenbosch Mini-CCS 
50 

40 ------,-------,-----
, 

-, 

30 -
, 

I -
1 

, 
1 
T -.-

-30 

-40 

, , 
-iI- ... _ .... eIJ_I!_IIIl." I: ···I·._LL. 

I I ! I 
-----~------~------~------T------

, 
, 

-1- -

, 
--i---- - .... -- - -+ 

I 
- + 

, 
- -I 

.'. , 
______ J _____ ~ ______ l ____ _ 

, 

, , 
- ....... -.- .1-.,-.- ...... II -1-.-.- .... ..- 111 -.- .. -.- IS -., -,,- -.- -

, " , 
1. __ -e- - I 

1 • ' 

• I I I ! 1 i • 
I I I ! i , I 

- - - - - - ,- - - - - - -1- - - - - - -I - - - - - - ., - - - - - - T - ~'O i" • T - - - - - - I 

o 5 10 15 20 25 
real axis 

Root-Locus 

• 

2 a at 

it is to -0.5. 

approx:lmately 21 

are "' ... , .......... '" 

-0.5 reS1Decltlve 
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1 

";UI',",U\j,U method: 

rr,.,""".,l"U VS. stator 

was ti\1'1'11P,rI 

Resonant " .... l'Ii"I'i"" of the Meru-Petronet ,""V'IO!'P'rTI 

18 

16 

14 

12 

10 

/ 
8 

/ "-

:r 
E rn 

( \ I 
I 

2r I I 
I , 
~_L __ I 

48.8 49 49.2 49.4 49.6 49.8 50 50.2 50.4 50.6 

Prediction resonant ............ '"' method. 

stator resistance is 0.11 treqw:mcaes are 

cOI:Te~ .. p(Jmd to resonant -1.3 

Root-locus ml:~lm[)o: 

same 1''''',''' ... ...,.'". 

resonant 

Root-Locus is 
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Root-Locus of Meru-Petronet .... ''''' .. ,m 

51 

50.5 .... .. .. .. .. .. 
.. , 

I/) 
, 

.~ 50 

.. 

49.5 .. 

It 

------~ 

49 

-1 

is 

It 

-0.8 -0.6 -0.4 -0.2 
real axis 

half of the Root-Locus 

4 

Root-Locus 

51Hz 

1 

For 

as it was 

two Root-Locus 

can seen in 5: 

o 

is 

-----jIo-

= -1.3 

• .... .... .. .. .. 
.. 

.. 
A" , , , .. 

.. 

It 

It 

0.2 0.4 0.6 0.8 

the Meru-Petronet !ilVIII:tl>r1n_ 

a .... "' .. nr·" .. T<lrT1T\U at 

upper are 

Petronet-Meru "'".,t"', ..... 

one 
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50 

48 

46 

Root-Locus of Meru-Petronet circuit as-built 

-,-

I 
I I I I 

I 
_ .1 

-----r-----~-----,------I------r-----r-----~ 

I ____ 1 __ 
I I 

J 
I 

38 -----r-----~-----,------I------r-----r-----~-----

36 

34 

! I I I i -----1-- --l------I------r-----r-----T-----

I 

.1_ 

, 
, 
~ _1 _____ 

, 
, , 
L L b-__ ~ ____ ~ ____ _L ____ ~ ____ ~ ____ L_ __ ~ ____ ~ ____ ~ 

-40 -35 -30 -25 -20 -15 -10 -5 0 5 
real axis s=plane 

17i.v .... ft 5: Root-Locus for the Petronet-Meru 

comer 

50.5 

48 

as a TP'F_r"",." can see 

5. on .Vl.,-.... :.U. comer 

Root-Locus of Meru-Petronet System as-built 

," , 

_______ L _______ L ____ _ , , 

I 

I .. 

----- ______ 1 ________ 1 ______ -

, -,-

• 1It·- ...... 
.-.-. - -.".-.-,.-

- - - - - - _.~ - - - - - - _1- ____________ _ _ 
, I 

, 
.. ----'------'------'------IIIt------'----.... - ... --'-------' 

6 is 

-0.8 -0.6 -0.4 -0.2 0.2 0.4 0,6 
real axis s=plane 

.. 'i .... ,,·o 6: LJOOmleU-1D 

use 

no to Meru-Petronet 
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Digsilent Simulation b~" Melanie Schilder 

'" l 

._,'" 

l§ 
I 

W • 

I ~.. ------>f 

OD ",..,:;·oy-------, t , 
[ , 
i 'l 
~ 

Fi~uro I: Simulation or Meru Grid 
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I : : : ur .• '.'-----"".""'"'''"''"."'' r"","b>r'------------,r 

I '. '3 fH;:J '" trioilcirri..r >i;lh SO' 'F.i,' 
: ~ sI-'~. m:bi<"""'LVI",'ni ni, 

, .,,+-
•.... . . ...... -.~.~ .... _ .......•... ';:', 

OIOO'E RtCtlflER\ 

.. . ... .. ..... I 

•• ~~rD~{]-w ..• --'-£-. -------{] 

?L't,f\\1DTH . ODUlATOR ~Bi!}---=--·~·~·g~~ 

..................... _.. ...... .. , ..... . 

"~'<C,, >n,; mot;, 10';'; 

Fi~ucc 2: Simul.lk>n of \loru Sub,t,ti." 

t--f\ 
·b . . 



Univ
ers

ity
of 

 C
ap

e T
ow

n

bmm"l~r' of lb~ lllduclion motor th~t is connected to the 3.3kV busbar of Figure 2 are: 

eO" 
,'~ SO;lc COI,le 

,- -----
, ,- ---------_. 

• 
,---- -----, . , 

,Ii" .. ; 

I· - ..... 
1 - -

//\ 
/ 

oJ=:;;;:~-·--~~ 
00 0.2'; O~_, ',. :'1 1(0 

"",'" 

Siolor Re,isliO"we R~ SI .. or R .oclarce)(~ io-O%---~-- ~u 

Upe'.''-'- C"9C/fl"", d~. 
r Con,:dc< Cur,enl Dispocemenqs QUir, .. C"," " Rotor) 

!OJl155 p.u RabtReoclonceXLlr. 
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1. Effects of ferroresonance filter on the UCT 
Laboratory model and Meru-Petronet system 

The dkcl "rUle passive tlltcr on thc VCT·Lab Modcl and the Pctronct-Mcru system is 
,how]1 

Roct-LoclJS 0/ UCT-Lab-Model 

'" 

00 
I 1~~Hlg --~ I 

• !:~':L:._ .. -.... 

'-

00 

r ", 

" ,'/ ", 

, 
" I 

,~ 

" 0 

! 
.~ 

~" e 

0 0 0 0 , -?' 
0 0 

0 

0 

»».>)t» >!> 00 
0 

0 
0 

0 - - - >-"1>(> 
00 :Wffiv-" 

00 
0 

0 0 0 !-~;;. 
0 0 

with ~1t9r without ~Iter 

o 

o .., o 
o _ ........ . 

~"'l---c~;e,--c~~'"O--.. :;~o;;777;7;;,o;:::,'"cc--c,,;"~~~,o 
00 

,.gat axis 

~igur< 1: Enoe" of l""i\'O filter on t CT_I .• h mnd,t 
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I,oct-Locus 01 Merll's circuil 

'" 
'" 

~ ""Ihru Idle-

C ~ ~ " 1;; {> r> r> 
~ ' ~ 

50.4 

50.2-
~Ihjl(er 

• • .... '" . • • 
& • " • 
• '" ~' 

• 
" , 49.8 • " c 

~ 49.6 1 

'" 
49.2 

'" 
48.8- . , -0. , 5 •• -{l05 0 0." 0 .• 0.15 02 

"',.. axis 5~plane 

.'g"'" 2: I(ff«t.. of pa .. ;ve filter 00 Moru_Polrooet .)'Stem 



Univ
ers

ity
of 

 C
ap

e T
ow

n

2. SCAM comparison 

[u order to prove that SCAM could accurately produce a transfer-function for a sysICm, 
Root-Locus plots wer~ compared for a transfer function of Wagner's circuit that was 
calculated by the author (in chapter 4 sec equation 4.2) and for the a tran,f~r function of 
the ~ame ~y'tem prodllCed using SCAM. 

Root-Locus of UCT· La o·ModeI 

00" Ie' ,- - - - - -,0.;' ~"~·~·~·.·r· ... ~·.;.;.;..~~O[~"~.~'~~ .. ~"~~'~"'~"~O~O~'~"~.;'"'~'~CA;:M::l 
' • S st9lll-poies calc ulated by the 2uthor . , 

@@ 

, 

, , 
, , , , , , , , , , , , 

---,-_. .., , , 

, 
- - :;;;. , , , .' , 

, , 

;--------
~. 

-40 - - -. - - -- - - -- - --; - -- --- -~- --- --- c-- -- - - --' W -- - ---. 

r 
" , !l 

I 
. @ 

, ~ ® .! __ .. ::--...... ;.\:_".'.'_'!l!l@'f) $. -~-• mYM ~' 

o 10 20 '''';;---':;;''-'OO~----;;''' 
real axi s s=plaoo 

Figur~ 3: COOIpar i,oD of SCAM wltb monual •• Icnlatloll UM to determln< • ~'''em O"AMfrr 
fu""tiow, .nd <on,trn<t the <orre.pund in¥ Ruot_Lucu, plot 

It can be seen that SCAM produce~ id""-lieaI results to those calculated by the author. 
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Semitil-ity analysis by indi,'iduafly varying aU parameU'n 

Parameters were firstly varied by ±20% of their measured value. Figure 1 was obtained. 

i; 30 o 
o , 

t 15 

-' 

,-
J o 

f1.~so"Hn~ 5;w:""",y "J. c""oci~f>I)C~ lor ,- ?O% P"r"m~~.,,- '""';~t>;Jn 

It 

\ 

"" 
Figur. 1 : S.n'iti>ity plot of Iowor rr,ona"t f,-"'luow<y ... o.poci':tRo~ [or lIC1'-L"~ Illodd for BU"/o 
pOl1lmeter ,oriAtiu 

Parameters were then varied by ±50% oftlJeir measured value. Figure 2",,,, obtained. 
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F~ .. 2: S,,".il;"i(~ plQl of I ..... ,nonan' ['«t"Nler ,~ .• ""kit.",,~ r....- BC'T_Lob " '~I I"r ,.st% 
p,.,,,mri..- "~rb'I~" 




