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injected pollution (harmonics) gcncratcd by ~uch converter is kept to a minimum 

and compliance with the national standards is adhered to. 

Literature review 
Prior to the commercialization of the ~olid-~tate ~emi-conducting devices around 

1975, the conventional methods for the conversion of a single-phase to three-pha~e 

voltage wcrc thc usc of rotary converter or autotramfonncr converters. A brief 

review of each method is presented. 

Rotary Converters 

The construction of a rotary converter is similar to that of a three-phase motor. 

The three-phase stator winding receive~ line and neutral between two sets of 

winding~. Additional capacitor is connected across the line and the third ~et of 

winding. This introduces a phase shift and hence a starting torque i~ generated. As 

the rotor rotate~, the emf induced in each rotor coil sets up a tie!d which induces a 

voltage in the stator winding with 1200 phase shifL 

The magnitude of the output voltage is limited to the input line to neutral voltage 

and ~o it is ~imilar to the static capacitor converter. Phase currents are much 1e~~ 

load dependent and hence multi-motor operation i~ possible. 
,rn, !IT''~ ,,,~",, 'M""" , - -IJ' '-" , --
* 

, , , " 
I-1g:I.1 Rotary Converter 

3 
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Static Capacitor Converters 

These converters use the 90 0 phase shift introduced by the capacitor to set up a 

second magnetic field which interacts with the main field and hence initiates a 

starting and running torque. Their main drawbacks are: 

• The size of the capacitor used is selected in proportion to the current drawn 

by the load and hence the mechanical load driven by the motor. This is why 

these converters are not suitable foc motors above 1.0 KW, In particular, a 

motor with variable load will never reach a balanced situation. The smaller 

motors make use of a starting capacitor, which is disconnected by a 

centrifugal switch once the motor has reached its rated speed. 

• The output line-line voltage cannot exceed the input line to neutral value 

and hence only the three-phase 240 Volts line-line induction motors can use 

this type of converter. 

Stort- and run capacitors 

?-=~i1 p--T3 
L1 ~-t----------<O Ll 

Single-Phase 
Input 

Three-phase 

"'p'" 
L2o--~-------<oU 

~ 
Autotransfonner 

Fig: 1.2 StMtiC c~pKcitor converter 
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Recent Developments 

One of the I1rst attempts to design and construct a two element single to three­

phase converter using passive elements was by S.B Dewan[ I J. He used phase 

control and back-to-back thyristors tu control the effective value of the converter 

reactances. 

" 

., ,Jl", ,,.{ ~ t 
" " -:,y-

! " 
" 
~ ~ ~. <- ~ " 

I<';g: 1.3 Single to three-phase conv~rter using pha..e controt 

A disadvantages uf this method is that the design specifications are for star 

coonected static loads unly. The design also assumes that the first passive element 

(L4). is always inductive. This is nut always true. 

The next converter of interest and commercially supplied uf this kind was by 

P.G.Holmcs[2j. His method of varying the passive elements uf the converter is 

similar to that of Dcwan with the difference that the luad can be cunnected in 

delta. which is the case for majority of three-phase inductiun motors. 

The converter is capable of running ffiliitiple luads in parallel, taking into account 

the starting inrush currents. The only disadvantage is that assessing the luad 

parameters and generation of driving signals for the thyristors ba~k-to-ba~k and 

the ~hopper transistor (QI), is achieved through direct slip measurement. For a 

5 
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single or a group of motors situated far from eal.:h other, each motor would have to 

be equipped with a lal.:G-generator or a shaft encoder which would prove complex 

and eostly_ 

" ~ 
f 

----, 
, } , 

, .. "', , 
I<'y-F 

, , 1 , 
, .. ...i.. 

,,~ 
I 

~ , , I , " " , 
, I , 

Fig' 1.4 Single to thr""_pha<c convertcr u<ing dir""t <lip mc.o.<urcment 

Solid-State digital converters 

With the advanl.:ement of semi-wndlll.:ling devil.:es, wmmerdal wnverters using 

various power electronic topologies arc available and can make various kinds of 

vollage eOllyersion, including single to three-phase conversion possihle. The 

tel.:hniques primarily involve reclifying the input AC voltage and then using 

different switching methods, half or full-bridge inverters arc lIscd to convert the 

rel.:lified vollage 10 a single or three-phase AC out put voltage. Following arc some 

uf the widely used schemes. 

Three-phase full bridge inverters 

These inverters like their single-phase euunterparts work in switl.:h-mode operatiun 

and are applil.:able tu three-phase mutors and UPS systems. In the I.:ase uf AC 

6 
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induction motor5. thc objcct is to generate an output AC voltagc. which i~ 

controllable in maguitude and frequency with a fixcd ratio between them. TIrree­

phase motor·s efficiency is highly improved using this feature. Depending on the 

design of the converter and the application. one. two or four quadrant operation is 

possible. Two types of three-phase iuverters arc voltage-50urce and current source 

iuverters. The former is m ed with small and medium size motors whereas the 

lattcr i5 more suitahle for large size AC drives. 

SinU50idal pul5e width modulation (SPWM) iuverters m e uncontrollcd 

rectification for AC-DC conversiou. The hus voltage is then switchcd through a 

full three-phase "H" bridge to the load. The switching signals arc providcd by 

micro-controllcrs or DSP'5. which facilitate a manual or automatic change of 

frequcncy ratio and modulation index in ordcr to changc the frequency as well as 

the rms valuc of the output voltagcs. 

'J .. 
,;1';'.' ;::,"," I ~l!: ' ... ,.-----+-----i 

~lg: 1.5 IGB'f imerler 

r--I---
('6 

• ---t-o 
-.. --1 ~ . 

I 

Due to nou-sinusoidal nature of the current drawn by the rectifier, thcsc invertcrs 

work at low powcr factors and hence demand high current5 from thc utility. With 

the ncw 5tandards on minimum hannonics set by ANSI, NEMA and ICE being 

enforced. active current shaping or sufficieut liltering at the input has hecome a 

7 
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necessity. Som~ of the new drive." shown in fig:1.6, have the additional boost 

swikh and a blocking diode. 

i~ +-
n 

"' 
n/: ", ] ;: Ol]2,JV ,::1 

-1 
" 

-I 11v ,I 
'16 i 01 '1:; 

-j Qi , , 
00 , , 

D', 
-1 

co 
-1 "' -j ,:)~ '1: '1 ' 

I I 

Fig: 1.6lnvcrlcr with current .huping rectifier 

Among various other t~chniques of single to three-phase conversion, standard 

power configuration is th~ [GBT, PWM rectilier/inverler system. In this system, 

the rectifying section of the cOllvcrter i., a two-pulse controlled rectilier, which 

feeds the bus voltage and then the inversion tak~s plac~. The control sy.,tcm is 

mor~ complex which naturally adds to the cos\. See lig: 1.7. 

r- ,." .. ,,--_._-, 
'!~ J 

"'-( "' - ]2JiJ:Ov --{ J1l: "' -j ':) " '" -( 0' 
-I I..: Q6 01 Qj 

11v .. (:~ 

" l: E T 

i 
:>;O -{ _,)6 I --{ D' -I 

c, 
-1 

D~ 
" 

Q~ '1: 0' ,:)~ QS 

• 1 .... " 1 
u V W 

Fig: 1.7 IGHT inverter with PWM rectifierlinverter 
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Resonant Converters 

In swilch mode converters, the component used as switch is subjected lo high 

~witching ~tre~~ that incrca~e~ linearly with the frequency of the PWM. Thi~ mode 

of operation also gencrates EMI cau~ed by large difdt and dvfdt atlhe instant of 

switching. To minimi7.e these problems, a variety of resonant converter tOjXllogics 

have been introduced. The common denominator for all the topologies and 

~witching strategie~ is ba~ed on ~ome form of LC re~onance with zero voltage 

and/or zero current switching facility. Mohan[3] eategorile~ these converters into 

four groups; 

a) Load-re~onant eonverter~, 

b) Resonant-switch converters, 

c) Resonant-de-link converters, 

d) High-frequency-link integral-half-cycle converters. 

Each of the above converters has it's own merits and forms a ~cparate case of 

study. 

In general the choice belween the above modem converters and passive element 

converters should depend on the following factors, 

a) the sile of the 1J"K)tor in usc, 

b) the nature of load, its operating conditions and the torque-slip 

characteri~tics, 

c) the extra feature~ required from the converter. 

Clearly, one would have to pay for extra features o1Tered by modem converters. 

Some suppliers have quoted R2100.0 for 0.55 kW and R2500.0 for l.lkW rating 

drive~. It will be ~hown in this thesis thal, for large number of applications, the 

alternative two-element passive eonvcrteI1l will be far more co~l dIective. 

9 
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Chapter 2 

2.1 Compensation and unbalance voltages 

In electrical power engineering. "Compensation" is defined and applied to two 

types of practical problems. The first is the load compensation where the 

requirements arc u!;'llally to cancel or minimize the rcadivc power demand of large 

and i1udualing industrial loads, such as electric arc furnaces and rolling mills, etc 

and to balance the real power drawn from the supply lines. The best location for 

such compensators is at the load terminals. 

The second lype or compensation relates to voltage regulation of transmission 

lines at a given terminal with strong possibility of changes in load conditions" 
.-
which DOnnally causes voltage level to change up to 15% of the nominal values. 

In practice, static shunt capacitors and reactors are switched in, to compensate for 

such under-voltage or over-voltage lines. 

By definition. voltage unbalance is a measure of the differences between phase­

phase voltages or the displacement angle between phases, or hoth. 

Voltage unbalance is represented as the relationship between the positive and 

negative sequence set of voltages. By TEe definition: 

Negative Phase Sequence Voltages. 00% 
VB'" I 

Positive Phase Sequence Voltages 
(Eq:2.1.1) 

(Eq:2.1.2) 

10 
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where 

>' 
~'" V4Ry+Y'y" +V"B~ 

.JV 2
RY + y ' YB + yl BR 

(Eq:2.L3) 

Beating in mirxl that: 

Positive phase sequence "'! (Y RY + a Vy " +a ly B~) 
3 

Negative phase sequence "'!( y~Y +a ' y 'I'D + aVDR ) 
3 

I 
Zero phase sequence "':3(y RY + yy" + VBR ) 

Where "a" operator is I L120". 

(Eq:2.1.4) 

(Eq:2.1.5) 

(Eq:2.1.6) 

The main cause of voltage asynunelr)' is the uneven distribution of the single­

phase luads in conjunction with the impedance of the tran.~mission lincs. A 

cumplete compensation in term of the symmetrical linc currcnt components should 

then include: 

a) Elimination of the negative-sequcnee current cumIXments, fur vultage 

balancing, 

b) Elimination or minimi:wtiun of the reactive part uf the positive­

sequence component, for power factor eompensatiun. 

Voltage unbalance shows itself most often in the premature burnout of the 3-phase 

electric motom. Most manufacturers specify a maximum voltage unbalance of 2%, 

which is the figure allowed under NRS 04ll. for a three-phase system. This is 

rclaxed to 3% in areas where the majority of the loads are single phase. 

Fig: 2.1.1 shows a Real-Timc Simulation model for the measurement uf the 

positive and negative-sequcnee components of the vo!tage~ or currents in a 3-

phase systcm. This mode! will be discussed and uscd in chapter o. 

II 
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An important observation is that the condition specified in Eq: 2.1.10 does not 

imply that the actual value of Ilr load phase admillances have to be necessarily the 

same. It simply implies that for a three-phase balanced voltage to supply a 

baJaoced current, the vector sum of the load admittances must he zero. 

R 
Y 
B 

Y(RY) Y(YB) f-

Y(RB) 

Fig: 2.1,2 Delta connected admittances repre:senti"ll a thre~pha.~ load 

If the vector sum of the load admittances is not zero, then the load is unbalanced. 

Addition of at least two parallel admittances (Y CI and Yo), with two phases ot" the 

load can restore the balance. Fig: 2.1.3 shows tbe baJaocing effect. 

I ,'y I 

Fig: 2,1,3 Phasor diagram for halancing load udmittanc"" 
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2.2 Three-phase water pump 

In order to test the principle established previously. a small water pump was used. 

The whole system com.ist.', of a tank, a no-return valve. flow meter and a 

centrifugal pump driven by a three-phase squirrel cage induction motor. The 

ratings of the driving motor are: 

v = 23013l!O V (delta/star), I = 3.311 ,9 A, P=750W, 

N,=28IOrpm, N~ = 3000 rpm, S = 6.33% 

The starting point for the assessment of the .',quirrel-cage motor used with the 

pump is to cstahlish an equivalent cireuit diagram. The IEEE rttomrnended circuit 

diagram is shown in llg: 2.2.1. 

V(phase 

fi~: 2.2.1 IndUCtiOn';;;;;;~~;;;:;f;~ 
The leuers R and X have their normal meanings where the subscripts I and 2 refer 

to the stator and rotor windings respectively. 

Standard no-load and locked-rotor test is used to calculate the values of the 

components for the above dR"Uit diagram. These values are, 

V/phase=230.0V, k=3.IOA, P=980.0W 

R t =R.6n, 

X 2(Tef)= 7.7 11, 

x,=7.7n, 

R2(rer/S = 9.4/S 

X,.=198.65 n, 

17 
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• 
" 

The equivalent circuit diagrmn can he further reduced to an equation repre~enting 

the impcdaneeJphas.c of the motor as a function of slip, 

- 1529,6S + j18673 
ZJpha~e = + 8.6 + j7.7 

9.4 + j206.4S 
(Eq: 2.2.1) 

It is interesting to see how theoretically the motor parameters vary with the speed. 

The results are ploued in fig: 2.2.2. 

, " 

" , 

S P • 8 

J:lig: 2.2.2 Variation of motor purumeterslphasc ,,1th 'pc<:d 

The values of the motor parmneters seem to change very slowly up to ahout 2(X)() 

rpm and then change rapidly at speeds close to rated ~peed. These eurve~ resemble 

the torqudslip eharaetcristic~ of the pump (T= N2). 

In the situation where the full physical load is available, perhaps a more accurate 

way is to measure the current, voltage and the power per phase at no,load and full, 

load conditions and calculate the exact values of motor parmneters for both 

conditions. Changes ofparmneters due to temperature rise are ignored. 

The measurements lead to two ~ets of values for the motor parameters, Fig: 

2.2.3(a) and (b), show the equivalent circuit diagrams for start-up and full-load 

conditions. 

18 
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. 
"" 

· "---_L ____ .• 

(0) 

r 
! 
~ 

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

(b) 

Fig, 2.2.3 Equh.,lIcnl ciITu;t diagram for start_up and full-load conditions 

These values are then used to detennine the range uf values for passive cunvener 

elements. 

Using the inverted version ofEq: 2.1 19 and 2.1.20, 

(Eq: 2.2.2) 

R,,, and Xm refer to the motor reactance and resistance per phase. Willi the fullluad 

speed of 2854 rpm. the range of motor slip is from 1 tu 4.87%. Therefore, the 

CUilverter element values have (0 change according tu the above range of motor 

slip. A Matlab program shows the following variation of converter capacitive 

element [appendix 1.1]. 

19 
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I .... c············ 

Fig: 2.2.4 Variation ofcomemr Illpadtin element ",ith speed 

Taking the inertia of the motor-pump in to account. the above variation can he 

assumed to be approximately inversely linear. The range of converter capacitance 

is 250 uF at start up down to 40 uF at full-load. 

C111e variation of the converter inductive clement with speed is quite different and 

~omehow awkward 10 analyze. Fig: 2.2.5 shows Ihat for a wide range of ~lip. the 

induet,mce of the converter remains ailIlO,t comtant and do,er to the rdted speed. 

it rises sharply to a maximum value of 3.0 Henry. 

t<lg: 2.2.5 Variation of converter inductive element with speed 

20 
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For the range of speed, a converter inductance from 118 to 533 mH is required to 

kccp a halanccd supply voltage acros~ the motor. The first set of ~imulatcd values 

for the motor parameters and the converter succeptances arc shown in fig: 2.2.6. 

) 111._ I"" ~ln.'-X 
HO"(",,) 

r~ 1---; 

! 17.n 

t " 1 . 1I7ul" , ( .~.--
, 
~-

.';:;: 2.2.6 Simulakd ~a1ues for the motor HlId con~erter elements "t "rurtup 

The ,imulatcd current waveforms are shown in fig: 2.2.7. 

,., "."'" 
~. , ." " ... ,",,,. ,., .. " . ., , .. ... -.. "' ... "". h." 

Fig; 22.7 Simul"ted 10ad tenni",,1 voltage< at start np 

I 
i 

17.]. I 
u ..... 

1 

The full-load values can also be examined. The simulated values and wavel"orrns 

arc shown in fig: 2.2.R and 2.2.9. 
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. Flg: 2.2.8 Simulated values for thf motor and converter clements ut full·loud 

, ,, ,,-"'. ,,, .. .", ~,., .. " 
",-'-'" .. ".'" .- ' "." 

"., .. " 

Hg: 2.2.9 Simulalcd load terminal voltages at full·loud 

I 

( 

With the range of converter elernenLs for balancing the terminal voltages 

e~tablished, the next chapter will invesligate various methods of producing 

variable sources of !>Ucceptance. 
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2.3 Variable Sources of Succeptauce 

Power authorities have traditionally used a variety of me(hod~ for V AR generation 

and/or voltage regnlation. 'lllese are all basically, !hed or variable sources of 

reactance connected in single shunt, series or in three-phase, connected in ~tar or 

delta across the main lines to serve one or both purposes mentioned earlier. Ihe 

more popular techniques are listed in below, 

a) Thyristor controlled inductor (TCI), 

b) Thyristor controlled reactance (TCR), 

c) Thyristor switched capacitor (TSC), 

d) DC voltage-controlled choke, also known as saturable reactor, 

e) synchronous condenser (phase shifter), 

Reactive power compensation with thyristor-controlled inductors and shunt 

capacitors enable adaptive compensation at the cost of harmonic distortion 

incrcasc. Hannonie distonions arc further increascd dnc to resonance with the 

supply system reactance. 

A parlial solution is to connect such reactors across the mains in delta to cancel 

out the effect of the triplet hannonies. Alternatively, if the thyristors arc switched 

in 6lf' intervals, the current harmonics of the third order will mutually cancel in 

the supply CUITCnt [7]. 

In three-phase compensation, if a compensator is not only used as a V AR 

generator, but also to balance the load voltage, it's branches have to be controlled 

independently and consequently, harmonics of 3'" order at relatively high RMS 

value s are injected inlo tbe supply. Studies show that even some harmonics not 

present at synunetrical conditions, appear in systems with non-linear loads. For the 
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purpose uf this report, an extensive study of voltage and current harmonic 

distortions, generated by independently controlled two-element adaptive 

compensatur, has heen pun;ued. 

For a two element adaptive converter to adapt and respond to the changes in load 

parameter" it', component's value must change accordingly and rapidly with the 

luad p;rrameters. Before considering the uptiuns un preferred sources of variahle 

succcptance, a hrief study of the supply voltagc and it's harmonic contcnt is 

required. 

Genemlly, the supply voltage un premises with a large number of computers 

installed is expectcd to he abIXlrmally flat at positivc and negativc peaks. clhis is 

simply due to the smoothing capacitors used in the power supplies charging up 

simultllileuusly and uverluading the supply lines during the peak periods of the 

supply cycles. 

The supply voltage at VCT versus the current through a 50.OuF capacitur is soown 

in fig:2.3.1. 
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The distortion in the current waveform can he explained as follows, 

(Eq: 2.3.1) 

Hence, for a range of hannonic orders in !he supply voltage, the expression for the 

current wavefonn is: 

i(t) = V1mc.:C sin(o:.t + It/2) + VlJn2c.:C sin(2o:.t + TI/2) + Vlm3«C sin(3o:.t + nl2) 

+ ......... + v",nroC sin(nrot + It/2) (Eq: 2.3.2) 

i( 1) == 11m sine o:.t + rr/2) + 2 IlJn sin(2o:.t + It/2) + 3 1300 sin(3o:.t + rrJ2) + .......... + 

nl", sin(nCOC + 1t/2) (Eq:2.3.3) 

Eq: 2.3.3 shows clearly that for any specific harmonic present in !he voltage 

wavefonn across a capacitor, the peak current harmonic of the same order will he 

n times larger. 

In an attempt to start with a cleaner signal. a G-M set is ulili7~d. With direct on 

line capacitors connected, the generated voltage and the currents are shown in fig: 

2.3.2. 

Fig: 2.3.2 Voltage lind l-"\lITent wlIveforms for capacitor. us.ing G.I\1..,t 
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Clearly, there is a large order of hannonics present in the generated voUage. 

Al!hough, by the shape of the current wavefonn, these hannonics have small 

magnitudes, there seem to be a wide range present. Possible explanations are, 

oxidization of the slip rings, un-smoothness of the brushes and uneven spring 

lension due 10 age. The field supply of the altemator is from a six-pulse rectifier 

with minimum ripple, so that the dislorlion due to field (;urrent is unlikely. 

A second G-M set wa, tried out. Unfortunalely, due to the ab.<;cnce of voltage and! 

or speed feedback, drastic volt-drops were experienced at high load currents. At 

this point in time, no further experiments were carried out OIl stand-by generators 

and thereafter the mains were used for the rest of this report. 
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2.3.1 Thyristor-Controlled Inductance (TCI) 

Tel is used as a variable source uf inductive succeptance in thc compensating 

networks either fOf static VAR compensation or load voltage balancing or both. 

Thc following circuit has hcen huilt and tested. 

- -
-" 

230 _0 Verma) 
~'1:.1 n 

,nl!hJV 

-"'v 
'iJr; .Umll 

5l •. " ".'.'" 
~d." 

" 

Fig: 2.3.3 TIlyrisio .... Conlrollcd Induclnr 

Nalmally, the fundamental cumponent uf the current lags the supply voltage by 

90° and hence the control of current and effective value uf the load inductance can 

only start at firing angle uf:lt 12 Radians. Snubhcc circuits arc provided to protect 

the thyristors against the luad back emf. Fouric.r analysis can he used to express 

the supply current as a function of firing angle: 

v , 
I (~) =--(21t -2a +Sm2a) ,mL 

(Eq: 2.3.4) 

Typical waveforms of supply voltage. load current, and the l1ring pulses are shown 

in Fig: 2.3.4. 
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Fig: 2.3.4 TO waveforms Applied voltalle TO current Firing pulses 

By the nature of"pha~e control", the inductor current cannot he pure sine wave 

and contains odd harmonics. The magnitude of such hannonics, as a ratio of the 

fundamental. depend on the firing angle ( a ). The graph of Fig: 2.3.5 shuw.; the 

changes of percentage "Currentliannonic Distortion" versus firing angles 01'90" 

to 1800 in J 0° steps. 

n 

" u , 

100 

80 

80 

" 
20 

o 

-

, 

-

T 

" 110 

J r 
, 

, / I 

. - -
150 170 

Firing angle 

Fill: 2.3.5 l'cNcntallc current hannonics distortiou in a Tel 

- ---

-

190 

Since the current is intentionally intem;pted and hence deviates from original 

sinusuidal shapt:, the percentag",~ obtain",d cannot be ~triclly considered as 
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harmonic content of the current wavetimn. The graph in this case is a mea.~ure or 

the dillerem:e between the TCI current at a = ff! 2 and a)ff 12. expressed as a 

percentage of current at a = 7r / 2. 

r(u = rr/2)-I(u).100 !lo 
J(u=rr/2) 

(Eq: 2.3.5) 

Current hannonics are measured using "Real-Time Simulation'". The method and 

irs powerful capabilities are explained thoroughly in chapter 6. 
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2.3.2 Thyristor-Controlled Succeptance 

A TeS comprises a fixcd capacitor in parallel with a TeL Changing the fIring 

angle oJ the ba<.:k-to-back pair oJ thyristors can vary the induclive reactan<.:e amI 

hence comhined reactance of the sy~tem_ 

p.~ 
, 

c/:P. 

, " 
j3~ ,'8',~ 

-~ 
,_~F 

J 

Fig; 2.3.6 Thyristor-Controlled Succeptance 

The circuit can act as a variablc inductive or capacitive souree of reactance, hencc 

the option oJ using it as a source of variable suceeptanee has been considered. 

For the specific range of succeptance requirell (Bc anll BLl, the values ofL and C 

arc calculated using the following equations: 

c= Be 
00, 

U1}Iepresents the angular velocity at the fundamental frequency. 

(Eq:2.3.6) 

In high voltage applications, due to generated harmonics, the recommendation is 

to restrict the ratio of XL to Xc to a maximum of 0.3[5J. Other precaution is that 

the inductor must be chosen so as to ensure that there is only one resonance 

30 



Univ
ers

ity
 of

  C
ap

e T
ow

n

frequency in the TeS reactance for the controllable range of a. The total curren! 

drawn from the supply is calculated from the following equation: 

(Eq:2.3.7) 

The basic ~tructure of the TCS ha~ two disadvantages. The current harmonics 

generated by the thyristors may cause resonance between the C and load oc supply 

~ource inductance. The second disadvantage may appear if the supply voltage is 

distorted. As a result, resonance may again occur. 

for the initial ~lLe and the full loaU requirement of the motor, the capacitive 

element of the compensator ha~ to be lowered from 250 uP at the ~tart down to 40 

uF at full-load. Fine- tuning of the last 20 uF, to cater for changes in the load from 

no-load to full-load and ~lip. will be of great advantage. 

In the original circuit of fig: 2.3.6, for ~mall value~ of 0.: beyond 1t t2 Rad, large 

~centage odd order hannonics are eJ::pected to appear in the current waveform. 

The wor~t-ca~e scenario ~hould occur at 0.: == 90"'. The following graph~ show the 

line and Tel current waveform~ for the firing pulses for 90°, 135° and 180°. 
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fig; 2 • .1.7 TCS ourrent, ~t 90 dogree delay tiring angle 

Tel Current Firing pulses 

fij!:; 2 . .1.8 TCS c"rreng at [3.'1 deg,..,,,, t1el3)' /iring angle 

Fij!:: 2.3.9 TSC currents at I~O dc!!:rcc Mill)' firing anl:le 
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Percentage current harmonic di~tortions ver~u~ the firing angle are shown in fig: 

2.3.10. 

o 
90 120 

--­·r 
----

150 

Firing Angle 

180 

FiR: 2 . .1.10 Percentage current harmonic di~lorlion versus delay nring angle in TCS 

In compariSon with other rescarehcr·s result~ in ~imilar experiments 1111. the 

above current distortions are surprisingly low and hence there seem to be no nccu 

fur any harmonic filto-ing to be implementeu. An additional way to double check 

thc above re~ults is to detcrmine the frequcncy spectrum of the current drawn for 

the range of Cf.. and calculate the percentage CHD in order to comparc with thosc 

of fig: 2.3.10. 

1 3 
.- -
" -• 0 - 2 ! - < < , 

] i ~ 1 

0 
0 

" 90 120 

t -
150 

Firing angle --
180 

Fig: 2.3.11 Variation of the I"undnmental component ol"the current with firing angle 
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0.4 I 
0.3 j 

0.2 i/· ......... 
0.1 ( . . .............;;;;;! 

o ;---.~--~-l--

9() 120 150 180 

Firing angle 

Fig: 2_~.12 Variation or th" 3rd ortler cnrNnt harmonics with firing angl" 
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Fi~: 2.3.13 Variution of the 5th order current harmonics with fIring angle 

- 015 
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" --~ , 
0 0 
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Firing IIngl. 

tig: 2.3.14 Varlubon of Ihe 7th ord"r current harmonics with nrin~ an~1c 
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~ .? . 2 . 2 
1,- +15 +17 

Using the equation, CHI) '" . ' the values of current harmonic 

" 
distortion for the range of a can be re-plotted. This is shown in fig: 2.3.15. 

L 25 .... _ .. _ .... _ ... 

20 /"".-" ~ ~ W 

5 ! 
0 

90 '" t 50 '" 
Flrlnglll"lgie 

-' --------------~~----~ 
Fi~: 2.3.15 Rc_cvalnatcd valn~s ofcnrrcnt hanuonic distortion for the range of 

firing angle in a TCS 

In comparison, certain degree of inconsistency exists between the results of fig: 

2.3.10 and 2.3.15. The peak value of CHD of 21 % occurring at (J.=llXF is still 

within tolerahle limits. However, it might after all be worth looking in to a 3nl 

order harmonic filter to the TCS and modify it as in fig: 2.3.16. 

11-
"': , 

~ 
, 

o , O~ -, 
.C;(:k 

- - ( .. -
, ~o 

~ig: 2.3.16 ,\Iodifie<! res 
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Tn the modified TCS, a shunt third order harmonic filter is included which 

provides a low impedance path foc the third onier currenl harmonic generated by 

the TCI . Additionally, a series inductor increases the compensator impedance for 

the <;upply voltage harmouic<;. Two factor, need be considered, 

a) the range of succeptance required from the TCS and, 

b) the possible resonance fretp.1ency occurring belweeu the ,hunt branch and 

the Tel iu on stale (f.). / 

The range of <;ucceptance (B" --* Be, ) requirement is from 18.064 down to 

16.62 (Siemens). The resonance frequency should be selected as far a<; possible 

from frequencie <; of harmonics that could appear in the supply voltage. With 

the values selected in the original TCS and the range of controllable 

succeptance, resonance at fundamental frequency cannot occur. The 

compouenl, are calculated using the following equations[11]. 

a,e +a , L2 +a1L+a o = 0 

a" =9-fR l 

a, =(27-1lf/Xo j .Bc;! 
, " a~ =r2B~,(9-5fR")+9Bcl(l-fR ):p:.j Bo 

(Eq:2.3.8) 

With the initial selection of f = 1.7 , solving the polynomial equation, the values • 
of L, can be plotled as in Fig:2.3.17. 
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• 

Fig: 2.3.17 Variation ofL in the polynomial eq,mtion 

Three possihle symbolk: and numerk:ul rools exist: 

There is no clear definition for negative inductance. With L, having the only 

positive value placed in the following equations, the remaining values of the 

parameters can be calculated. 

c = 1 
f (%:J/r..,) 

T." = [ro
2,T}Bc,B", +ro,T.(I\" + B,::!) + 1]!(Bc1 - B",)ro, 

(Eq:2.3.9) 

L, = 1O.2mH, C, == 110.77uF 

Before attempting to iIll>lement and modify the TCS, a ~imulatcd proof i~ required 

to jmtify the conslruction. 

In the simulation environment, the TCi generated harmonics with the source 

voltage 3TI1 order hannonics of (say) 5%, can be viewed in l1g: 2.3.18 and 2.3.19. 
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:n 

+ 

l i~: 2.3.1811ncoml"''',akd TCS .imulatcd with soune H>lta::e lutrmorun 

--
,-.. , .,. ,. •. , 

" 

~. L~' 

'-0. '-~ , ,,~~ 

~, 
, 'J 
, 

, 

, 

.-.- ... - "~ .... " , 
"" , ... '" 

./ " ~ '7 
'- / 

-, 
Fig: 23.19 ('urrent ",,,.-eforIT\.', for uncomlX'''sakd TCS 

-

! 

, 

-•. _-

-) 

The modified TCS with the appropriate values is shown in fig: 2.3.20. 
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Fig: 2.3.20 Modified TCS with injeded ,ouree HlIl>'ge harmonic, 
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Despite all efforts and usage of vanOll, ,imulation techniques, the resulting 

wavefonns with redueed hannonies do not prove satisfactory. Further 

inve,tigation on thi., part is required. 
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2.3.3 Thyristor-Switched capacitors 

A commercialltthnique used by ESKOM and other power authorities is the use of 

TSC (thyristor-switched capacitors) in ,tatic VAR compensators. 

Fig:2.7 shows the power diagram. The main capacitor bank is Ct. The auxiliary 

capal:itor bank C1 is l:onnected in series with a damping reactor and has similar 

impedance at fundamental frequeocy. 

The parallel damping resistor Rl carries very little fundamenlal l:urrent but 

provides very effective damping at the important harmonic frequencies (3rd,4th 

and 5th). The rel:ommended tuning frequency for L 1 and C2 is 175 H7 .. According 

to GEe ALSTHOM, Ihe above-mentioned frequeocy provides a good l:ompromise 

for the nominal tuning of the TSC circuits, so thai the maximum hmrnonks 

l:urrents would be limited to about 20% of the fundamental currents in each TSC. 

Li_ volt. ••• 

Fig: 2.3.21 Thyristor·switched shullt C-llJNIctlor 
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Switching the capacitors at any random point during the input cycle, using back to 

back pair of thyristors, can gcnerate very large current spikes and damage these 

switches permanently. This is simply due to i",C.dv/dt . If the capacitors are 

switched on at the peak" of the supply voltage, then the current charging cycle 

st,ms at zero amp, which relieves the bi-directional switching components from 

unnecessary stress. 

Unlike the phase-control used lD TCIs to vary the effective value of the load 

inductance, TSC employed uses integral half-cycle control where the capacitor is 

either fully on or out of the circuit. 1hc circuit diagram of Fig: 2.3.22 uses the 

voltage across the capacitors as the synchronizing signal to phase lock the firing 

pulses. The operation of the controller is as follows. A simple supply voltage 

phase-shift of 9(f' is followed by zero crossing detectors. The output is ANDed 

with a '>tepping control signal and a high frequency train of pulses. Finally, opto­

isolators (2500 V) have been incorporated. 

F 

I 

Fig: 2.3.22 ZeN) current triggering circuit for TSC 
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As established before, the voltage harmonics across a capacitor are reflected and 

magnified in the current harmonics. Tn fig: 2.3.23 the supply voltage fifth order 

harmonic seems to he the highest one uJ all. 

Fig: 2.3.23 Supply voltage harmonics 

Tn fig:2.3.21 and with the ahsence of R2 and C2• current harmonic are measured 

and shown in Fig: 2.3.24. 

Fig: 2.3.24 5th order cun."nl hurmonic measured using Real-Time Simulation 
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In the ahove measurement the firs!, second and the third windows show the 

magnitude of the fundamental, the S'h order current harmonic and finally the ratio 

of SUl order to the fundamental component respectively. A consistent current 

harmonic distortion of nearly 6.5% is recorded for a large range of TSCs. 

Furthennore the oscilloscope captured voltage and the curren! waveforms for a 90 

uf capacitor arc shown in Fig: 2.3.25. 

/ --'" / 
,~_/ 

"y. - . '. 

--- --- -- --... "-- - , .... 
Fig: 2.3.25 Supply ~oltage and turrent duwD b~' 90 "I' capacitor 

Supply voltage 

The harmonics in general sccm to be harmless and relatively small, hence no 

further investigation is required at this stage. A picture of the TSC and related 

driving electronics is shown in appendix 1.7. 

43 



Univ
ers

ity
 of

  C
ap

e T
ow

n

as 

use 

tenns ImlJZ;l1letlLc .... 'n .... , ...... &''''' .. 

is erroneous .., ............ "'... OU .... "."''''.I<. .... 

or 

more 

cw:rel1t on 

to 

it ODt)()SC~S 

IW1CtllOn as a 

source as an OUAlLIJ ... , .......... 

a ., ..... .,...,"'u." .. rl~actor 



Univ
ers

ity
 of

  C
ap

e T
ow

n

t i 

1 1 

reactor 

are 

zero. a 

it 

core a u.u"",Lj,VH 

core. 

a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

curve. a COllst,ant 

curve 

B .... ~.n. ..... , ..... 
",--------------

max 

_ ... --------

characteristic one core 

see 



Univ
ers

ity
 of

  C
ap

e T
ow

n-------_ ... 

are 

corlstructmg a 

~, 

---"" ........ 

on B-H curve "" .............. . 

so 

mmwas 

nence are 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 3 

3.1 Converter for centrifugal pump 

This section aims at huilding a controller card using current and voltage feedback 

loops to adjust the values of the converter succeptances automatically and in 

accordance with the motor parameters for the range of slip. An existing motor 

pump has been used. The acceleration time from standstill to full-load speed is 

measured to he roughly 3.0 seconds. f-'urthermore. if the driving motor has the 

correct JXlwer rating for the load flow, it can be safely assumed that it would 

operate continuously at full-load or at no-load. This raises the question us to what 

extent docs the start up and rcaching the full-load speed would depend on the 

intennediate values of converters elements. 

Initially, the following circuit was considered: 

,~" r (, .... ) 
-0;;}----

" J " 
~, 

-D 

J-
,-

!~ ,--' u., 
" i .. 

r 
, 

I 
• 

Fig: 3.1 fhe fin.l propO!;ed L"{lnverler d~sign 
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1he important blocks of the above strategy are explained next. The detailed circuit 

diagrams for all blocb; are allached in appendix 1.2. 

3.2.1 Precision rectifiers 

These are used to generate accurate current error signals, which fonns part of the 

feedback loop. Fig: 3.3 shows the circuit diagram for a single-phase precision 

rectifier. 
" ,. ,. .,' .. " 

/i ' .. , , . ..,.." 

'," ',,, 
" . " 

, " I , , .. ' , 
,O.,v, ._P, 

"" " I 

~ 
, 

" ;-~ , 
.. ,"" " 

" 
, , , " 

','. 
" ' , . 

~ 

.·ig: 3.3 Cir.:uit diagram for II pN'ci~ion ...,ctitier 

In a normal four-diode hridge rectifier. two diode volt-drops are subtracted from 

the output voltage at all times. The above circuit has lhe ,l(hanlage of absorbing 

these volt-drops. 

3.2.2 Design of saturable reactor 

When designing a saturable reactor. much like a nonna! tramfonner, two factors 

are taken in to consideration. First, the material and dimen~ions of the winding and 
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1525 - 342.5 = 1182.5 AT 

Depending on the wire size of the OC coil and the power available from the DC 

~upply, variOlls combinations arc possible. For the required DC mrrent not to 

exceed 2.5 Amps at start up, a 500-tum DC coil with C.S.a of 1.0 mm2 is used. 

A standard full bridge, half controlled rectifier is Ilsed to feed a variable DC 

yoltage to the DC coil. Fig:3.4 shows the power diagram for the DC drive. The 

supply voltage of 36.0 V and phase control from 0 to um degrees fulfills the 

reactor~ requirements. 

J4 V(r .... ) , 

j~!"C ~ 
~. ~ ,,-

, 

,J ,J 
I , 

i 
,·c' , 

, , , , , 
, 

, 

Fig: 3A Power diagram fur rl"l,dor DC excitation 

The driving circuit is similar to DC drive circuitry with pulse transfonner isolation 

and facility for current and voltage feedback signals. The circuit diagram is shown 

in Fig: 3.5. 
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Fig: 3.5 firing circuit for DC excitation 

The control signal drives the DC coil in such way that at start up the reactor's core 

is highly saturated for minimum inductance. amI as the motor runs up, DC 

excitation is withdrawn to bring lhe rcactor hack to its original inductive value. 

3.3 Core saturation and air-gaps 

Previous studies by engineers and inverter core manufacturers such as "Magnetics" 

(division of Spang and company), has resulted to standard definition for the term 

"core saturalion". 

1bcsc studicN and the following experiments show that saturation occurs when the 

peak exciting current is twice the average exciting current. Furthermore. if the 

applied AC voltage to a transformer winding iN unbalanced or in the caNe or n 

saturahle reaclor, audilional DC excitation ~xiRt~, a high residual flux may remain 

55 



Univ
ers

ity
 of

  C
ap

e T
ow

n

....... "'<4J ...... " ....... or cause 

same or OP1DOs:lte amectllon. an extre1Jlel~ 

..... "" ... n. as eXlpel1.ellce:d 

"' ... ...,u'"'.F.. was 

_'!l .... b ..... is retnel(l1e:d a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

... u.vu.u:u............. or 

cause 

a 

an 

source 

mmwas 

n"_ •• "'" can 

a nnu"'· ... 



Univ
ers

ity
 of

  C
ap

e T
ow

n

.-_u, 
,,-, -,,-, 

1 •• -• • 
J 

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

• 

ow~ . 1 
Ii 

- ~ - -, -. 

_"_.0. _ _ .. _ C 

0' 
0.0 
3> 

~7 

~1 .. _a 
3.' 

" " 

... 
0." -A·_' ... " ",," , 

' 20.~ _. ¥"~. 

2_7 ~, 
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The supply voltage is highly distorted and the figure 3.2% in phase A for TIm 

exceeds the figure set by NRS 048. 

The first set of measurements on the reactor IS thc AC currents versus DC 

excitation, shown in Fig: 3.7. 

$ 
8 

- 6 ... _ --_ .. - -----_. c 

~ 
4 , 

• 
8 2 
u 
< 0 

o 0.5 1 1.5 2 
DC coil current (A) 

Fig: 3.7 Variation of AC current ,'erlo,,/; DC excitation 

Thc scope captured AC coil currents for the range of DC exeilations from 0.4 up 

to 1.8 Amps at 0.3 Amp intervals are shown in Fig: 3.Ra to 3.Rf. 

--

Fig, J.8R 
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Fig: 3.& Fig: 3.8d 

~-. f'- .. - .u _ 

I~J!\; 
.Fig: 3.1k Fig: 3.7f 

In the above waveform, it can he oh!leTved that a~ the DC current increases beyond 0.5 

Amp. the AC current becomes distol'led and harmonics are generated. Standard 

laboratory equipmcnt such as Vectograph and Fluke power anal)'7.ec can be used to 

measure voltage hannonies, THD and voltage unbalances but curreri harmonics a::ed 

more spcciali7.ed and expensive measuring device. Unf0l1unately, this was not available 

at the time of preparation OfUlis report. 

For the values of DC \.-"UITent larger than 1.8 A. tho: core mato:rial saturales fully 

and the AC coil CUITo:nt increaso:s rapidly to dango:rou~ly high levels. However, it 

is convenient to co:alize thaI with the paramdec~ ~c1cctcd, there is a linear 

relationship bdwo:o:n Ihe AC and DC coil \.-"UITents. The minimum and ma;l.:;mum 

allowable DC e;l.:citatioo current oJ 0.5 to 1.8 Amps is also a clear indkation of tho: 

prm;ticallimits of the ~Iope of thc B-H curve ( ~ ). 

The DC currcnt has so far been assumed flat and freo: oJ ripples. Tho: Following 

wavcfonm ~how the DC coil current ver~us DC voltage applied at low and high 

saluration levels. 
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Fig: 3.9 DC coil currl'Ilt and "oltagc at low saluration levcl 

"'ig: 3.10 DC coil culTent lind wlboge ut high ~aturation ll'vl'l 

The AC component in the DC coil current i~ due to the induced voltage by the AC 

coil. It cannot really be prevented and since it does not cause any problem. a 

solution is not applied. A comprehensive set of voltage and currenl harmonic 

analysi~ has been conducted and the results are presented in chapler six. 

The objective of this section was only to bring the motor to full-load speed with 

the converter elements changing ~imultaneously with the load parameters. During 

the IUn up time, the measurement of intemlediate values of current~ and 

unbai<Ulced voltages (within a few seconds) are hardly mea~llrable. Therefore. 

only tlr final waveforms are examined. 
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Fig:3.11 shows the oscilloscope image of the generated 3-phase voltage 

wavdorms. 
.-0.00 .. 

Fig: 3.11 Full-load after compensation wavdorms acrm" the motor terminals 

3.4.1 Harmonic analysis 

In this scction, a portahle Fluke power analyzer has been used 10 measure the 

harmonic content of the system at startup and full load conditions. At start up 

where the reactor is heavily saturated. voltagcs arc mildly affcctcd by the 

harmonics generated, whereas the harmonic content in the current wavefonns are 

at highest. For a DC currenl of 1.0 Amp, phase currenlS containing 57.5% 3r~, and 

only 1.0% 5th harmonics were measured. 

At rated load with no DC excitation on the reactor. the harmonic contcnt of the 

voltages and currents were predominantly of 3rd and 5th order. THD for any line 

current or voltage does not exceed 3%. The phase currents contain 3.8% THD. 

Mcasurements are shown in the following ligures. 
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Fig: 3.12 Supply current 5"' order harmonic content at .tart np 

.Fig: 3.13 Snpply Ii"" voltuge 5" order harmonic content at fu.llioad 

C!lle current harmonics content of the converter passive clements is however, 

higher. Typical values were measured hetwccn 21 to 23%. 

··11·········· ... 
• 

1 .. ,. 
50.03 .. ~ 

o.sSA 
1 [] [] "K.+ 

0 _ 

. ~~~~~~~~~ 
Fi~: 3.14 Capacitin clement current harmonic content at fnUload 

til 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Apart from start up values. the THD of the line currents and voltages fur the full 

load running conditions are not high. As a matter uf exercise two methods of 

filtering to minimize the dominant third order harmonic has been tried out. 

3.4.2 Parallel ftltering 

Attempts to usc a 3rd order parallel harmonic filter did nm prove efficient. It 

changes the parameters of the converter to the point where start up becomes 

impossible. The arrangement in shuwn in Fig: 3.15. 

I I < --
:.l30V(MS) 

T 
- ., 

","un ... <l ," , " ' ... 
: ',0 "- ~ " I ".,-, 

~ 

Fig: 3.15 ParaIlcl lim 3-rd Imrmonic filu,r 

For a DC current excitatiun uf 1.0 A at start up. line currents contain 35.8%. 
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3.4.3 Series filtering 

Considering that capacitors are the amplifiers of the current h,urnonics and that the 

converter requires maximum capacitance at start up. series inductors of 23.0 mH 

were placed with each capacitor. 

Fig: 3.16 Series filtering 

The THO of the line currents improved to 24.1% which is again almost entirely 

3rd order. Phase currents contain 28.4% 3rd order harmonics. The 3rd harmonic 

content of the phase currents are often higher than those in line current harmonics 

of the same order. This can he justified hy the fact that in a delta connected load 

the 3rd order voltage harmonics sum up to zero but the corresponding currents are 

in phase and hence circulate a large current in the mesh. 

When the series inductor value was i[lcreased to 60.0 mH, with the same DC 

excitation, all the hannonie contents were rcduced to nearly half the previous 

values. The voltage hannonics were reduced to below one JXrcent. These show the 

best results and hence remained in the system permanently. 
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3.5 Additional parallel succeptances 

It is possible to reduce the maximum values of the converler's passive clements by 

placing fixed banks of capacitor across each pha~e of the load. The simulaled 

values of the convener inductive and capacitive elemenls are shown in Fig: 3.17 

and 3.18. See Matlab M-lile in Appendix 1.1. 

Fig; 3,17 Effect of fixed parallel capacitor bank>; on th~ size of the reactor 

I 
I 
t 
J 

l<ig; 3.IH Illlcct o( fixed parallel capacitor banks on the size of the "witching npadtors 
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The circuit diagram and the simulated line currcnt waveforms for ratcd slip with 

extra 50 uF capacitor connected in each phase arc shown in Fig: 3. 19. 

" -c·, ",,.., 
no.OV(RKS) 

I ' , 
" 

;,;~ J 

, 

r 

'" i 
i '" 
T " ~." 

1- '" T " ~.". 

" " 2 ,1< 

" '"~ .-
" '" ", .. , 

Fig: 3.19 Convcrtu and load at rull·toad with additioDllI parallel capacitofS 

~ -,-

~ ...... 
" ·".X 
~~ .. ". 

.•. ~ c~ 
< .. .... .. 

,.,~ 

T , 
o---------~------~-----------< 

'" , 

X 
, 

X x. A /j A 7': 
, 

~ X \ X<I ---- "-. ' 
, 

" , ,. ,. " " " ~,-.- ,--~. "."'« 

Fig: 3.20 Une CUrT"nt waveforms 

Due to unavailability of a variety of different sizes of capacitors and reactors, no 

further investigation is pursued on this mater. 
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Some conclusions can he drawn at this ~tage, 

a) For a small motor-pump, the required change of the converter elements 

with slip is rapid. 

h) The worst time occurs at slip value~ very clo~e to the full-load. 

c) n.e ~aturation of the reactor i~ the main cause for the genewted harmonics. 

d) The capacitors cause large current harmonics. These current harmonics are 

directly proportional to the frequency. 

e) The final tests on the pump prove that, for the ~pecific case of a centrifugal 

pump-motor assembly of this size and characteristics, varying Ix:>th 

converter elements from start up to full-load in direct relationship with the 

load slip i~ not nece~~ary. 

f) 1he converter used with a centrifugal pump can be simplified hy using only 

one variable capacitive element in conjunction with a fixed inductive 

element designed foc the full-load conditions. The recommended converter 

construction can be viewed under "Recommendations" in chapter 7. 
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Chapter 4 

4.1 Development of a general controller 

The aim of this chapter is to develop and construct an adaptive converter, which 

can be u5cd for any thrcc-pha5c load ~upplicd with a 5ingle-pha<;e voltage. The 

converter must be able to: 

I, sample two line currents and one line to line voltage. 

2. derive at least two DC voltages representing the load conductance and 

5ucccptancc per phase, 

3. from the above vulue, calculate and generate two output DC signals 

proportional to the required values of converter succeptances for voltage 

balancing. 

The simplified diagram for the converter-load connections is shown in Fig:4.1. 

BO.OV(cu) 

.. " - " " 

I (R) 

'= 
e-----+~;b~'-'--------_4 

--< IIYJ 

I 

fig: 4.1 The layout of the three-phase balanced load and line measuring sensol'8 
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r or a normal 3-phase supply and load connected in delta, the line cl.IITenls are 

-1/3 times the phase values. However, with a single-phase supply, one phase 

current can be sampled using the following relationship. 

Iph = 
I(R) -I(V) 

3 
(Eq: 4.1) 

The simulation in Fig: 4.2, dem onstrates how this has been achieved [appendix 

1.4]. The mathematical block (Ml) subtracts the two line Cl.IITents. The 

resu lting current is then divided into three equal and parallel resistors. 

Fig: 4.3 shows the resulting ClllTent wavefollTIs through Rz and ~. The I SO 

degrees phase shift is compensated for in the next stage of mode ling. 

A 
~ ~ 

I (R) EJ 
R 1';', " '''I 

E " · ~ J ' r ~ l (R)-~(Y) " " 30.0V : . "" ,-co " 

[ "J):= Y B 
I (y) , , 

, J, 
, 

, , 
" , , -

" 

2 

• 
I-r~~ ,., ~ Bo' 

• 
" , 

B 
~ 

Fig' 4.2 Line ~nd ph.e curreut relationship with an unbala nced "upply 

•• 

.. •• ".'''" 

~ ~_~ __ _ ,~~-O-~_ 

Fil(' 4.3 Ph" , " curnnt ,,,rnpJilll( for uno"]"n.ed '''ppl} "oltage 
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For the purpose of single tu three-phase conversion, the clusest method of 

measuring the same quantities is the method of avcragc values in timc domain. 

The converter's performance depends primarily on the accuracy of the dynamically 

measured values of the luad parameters. In the following simulations, tk 

following simplifying assumptions have been made, 

• the sourcc is a clcar sinusoidal wavefonn which means nu supply distortiun 

has been taken in to account and the scattered currents componcnt of the 

source is assulIlCd zero. 

• the reactive components are linear and luss!ess, 

• the cunverter uperates under steady state conditions. 

4.3 Power analysis 

Calculatiun uf average active and reactive power for a singlc phase of a balanced 

three-pha:-.c load can he initially done using a Matlab model where a line-line 

voltage and a phase current arc used as inputs. This is shown in fig:4.4. 

Line-Line 
v H.;age 

V 

'--. , 
• 1 

• 
,. ,:...;. '-> 

P«><I ... 
ha •• p 

cu rrent 

, 

~ Average . 
p~ 

~ . ~ 
Gain 

T Sum1 

Fil!:' 4.4 Matlab modeling tor average aclive power measu~ment 

active ., 
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TI1C pnxlud of the voltage and current is integrated to find the area under the 

power curve. T is the phasc shift cquivalent to one cycle of the power curve 

frequency in which by subtracting it from th~ output of thc "intcg" block, th~ net 

averag~ powcr per L'Ycl~ of the input is detennined, Finally the function of "fl" is 

to ~nsurc that the output power is calculated for th~ corrcd frequ~n~y of th~ pow~r 

curvc. '1l1~ change in the model for the measurement of averagc reactivc pow~r is 

based on the voltage being shiftcd by rr/2 radians and then the same steps as hefore 

are repeated. 

Line-Line 
d-;ottage 
v, 

no . f·r: I .. ~.~ 
! l;;-g-·I'~I'--+ I ~ 

Product - Surn1 GaIn 
T Phase 

current ", , 

fig: 4_~ Mallab modeling for average rClicthc po,,'er measurement 

Average 
Reactive 

power 
'o-d> 

The above models can be further developed to calculate the load conductance and 

succeptance. The block diagram in fig:4.6 shows the layout of the model. 
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V, SUb~em-l-
Product] 

G'" 
, , • 

~~"'1 
Sub ~tem5 • 

~K. Product1 
IV - ~113 

, .".,. 
0 • , • ~ 

I- , 
VA2 (average] 

~ 

" Subsystem:? 

Fig: 4.6 Mathib modeling for three-phase l!l.il.d p.ilramctcr mOl'URmenl 

The operation of the model in fig:4.6 is based on: " Q G=-, & 1/=-,. It is v- V 

possible to eXlend the model to calculate other load parameters such as power 

factor and the compone1lls or the impedance as well. These are impkmented later 

in this chapter 

1l1C final step of this series of modeling is the computation of the passive e1emenl~ 

used by the I.:onverter. It takes into account the [Xlssibility of ew.:h converter 

passive element being capacitive or inductive. 
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Glphoso 
0::::' 

Blphoso 
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__ J 

Rololionol 
Op ..... tQr1 

_Fig: 4.7 ~f3t1ab m"deling f"r calculation or co,,"erter demeut, 

The complete modd can be tested for two eXlI'eme load conditions. Initially, 

random [k l and Be are placctl across th.: load. Fig: 4_8 has Ocen u.\.Cd for a 

balanced 3-pha~e re~isliYe load 01'20 Ulphase_ Thc model indicates a conductance 

valu.: of 0_05 Siemen~. A small succeplance is cakulal~d which can h~ ignored_ 

The exact value~ of th.: passive dements required, to generate a babmccd three· 

phase voltage ,KroSS the load tenninals ~re displayed. By replacing the converter's 

succeptances in the n\l.-.dd, the correct phase and line currcnts can be displayed on 

scopcland 2. 
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A~'~_l ~_, 
,-----""':' ... o;"','---------"'::' ... :~":'--__l , " 

---
fig: 4.lI Modeling of 3-phase re,i>li,'e load and L .... n\'erfer element. calculation ror balandng 
the mpply ,'ollage 

l'j~: 4.9 Phase curren!> ror :I-])hase resistive load "fter voltage compcl~'''ti{)n 

Fig: 4.10 shows the operation of the model with a highly inductive luau of 20,On 

in <;eric, with a 0.5 Hem)' inductance. The load power factor of less than 0.5 
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Ingging, b(J{h COllWI1cr elements are capacitive. Phase current waveforms are 

~hown in Pig:4, II, 

8l=1 - ~''I'd 
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l'ig: 4.10 Modelin~ of J_pha,c indocti\'e lond and con.-e~ler element calenlation for 
balancing lhe ,upply voltagc 

Fig: ".11 P!I!lsc curr~n'" for 3·phase inductive load after voltag~ compensation 
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With the modeling completed. the construction of a more general controller, using 

analugue cumponents will start in the following chapter. 
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Chapter 5 

5.1 Adaptive controller 

The aim of lhi~ chapter is to design an analogue circuit capahle of generating at 

least twu positive and/or negative DC signals (-10 to +10 volts), representing the 

values of the passive element, used in the converter to balance the supply voltage. 

In the hardware to be devekped, there will be a gain fador relating the generated 

DC values to the actual values of the converter elements. 

The power rating of the motors useu will depend on the scale-factor reduction 

seiel.:leu for the input line vultage and currents. Initially, it is intended to build a 

controller for three-phase induction motors in the fange of une to five kW. 

With reference to figA.l, the first circuit diagram of these series in fig:5. 1 can 

produce an output voltage of the same magnituue and phase as the phase current of 

a three-phase balanced della connected luad. 
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'" 

Fig: 5.1 Slimpling of phase current from two lint' current. of a thrtt-pru..., load 

II and I}' represenllhe line currents of any magnitude and phase angle. 

The current sensors (LEMS) produce one volt at the output for each amp passing 

through the input. This limits the input line currents [0 8.5 Amps and the 

maximum power dandling capability of the controller at an average power factor 

of 0.8 becomes 240~8.5*().8=1632 Walts. Clearly, by adjusting [he current sensors 

to produce less output voltage for each input amp of currenl, [he V A measuring 

ability of the controller can be increased. Second part of the controller is the 

average active and reactive power measurement. In order to calculate variO\L~ 

parameters of the converter and the load, a number of multiplications and 

divisions are ifl1llemcnted using AD633, which perfonns these functions, Fig: 5.2 

on the next page shows the circuit diagram. 
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Fig: 5.2 .. \vera~e active power meter 

To obwin an elluivalent DC value for average reactive pol\er/pha~e of the load, 

the line-line voltage ha~ been shilied usmg a phase ~hit'ter. Then multiplication, 

integration and sample and holding are the next three step~. The crucial part of 

these design~ i~ to synchronize two trains of pul~es. One SellO allow the sampic 

and holder to charge up the output capacitor and a second set to imTlICdiately reset 

the integrator al every 112 cycle of the current signal. Fig: 5.3 demon~trate~ how 

this has been achieved. 
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Fig: 5 . .1 '\\'fral!,e rCllctin power mder 

, ., . 

AD(iJ3 in differenl cunJiguralions is capable of multiplication. division, square 

and squarc rooting of AC and DC signals. Having the values of average P and Q. a 

line-lo-line voltage has to be squarcd and averaged_ Fig: 5.4 shows the circuit 

diagram, 
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The fourth stage of the design is two simultaneous divisions to generate 

positive or negative DC voltages proportional 10 the load admittance and 

susceptance per phase. The simplified version of this stage is shown in fig: 5.5. 

Av"". octi v • .,_./..,-
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Fig; 5.51.oad admittnn« and su,ecptnncc Illctu 
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.,'" 
~ . , 

"" i 

Next and the final step ofthe design IS to implement the equations in Eq: 2.1.16 

and obtain the required DC values proportiOlial to the susceptances for each 

converter element. This has been illustrated in fig: 5.6. 
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The forth stage of the design is two simultaneous divisions to generate positive Of 

negative DC voltages proportional to the load admillance and succeptance per 

phase. The simplified verSion of this stage 18 shown in Llg:: 5.5. 
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l:i"ig: 5.S L""d admittwnce and .ucceptan"" meter 
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Ncxt and the final step of the design is to implement the equations in Eq: 2.1.16 

and obtain the required DC values proportional to the succeptances for each 

converter element. This has been illustrated in fig: 5.6. 

/ 

.,'ig: 5.6 Gt,neralion of two DC voltages proportional to convcrter', succcptanc,," 
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5.2 Simulated and experimental result~ 

Simu l at~d value~ have been ploued to rroduc~ a guiddine on the value~ of 

converter values. Fig: 5.7 shows the simulated variation of Bel ,!Od Be2 vcr~us 

IXlV,cr factor of a variable resistive Io:ul of T.cm to H.J.O.Q in series with a fixed 

350.0 DlH inductor. 

A~ far as cost is cooccrncd, !he r.l1in8s of loc converter element~ kVAr in lerms of 

the loo.d kW i~ ~hown in Ci~: 5.8. 

.j. . ••• 

, .. 

fill:: 5.8 Y"riation of CORvcncr eluoeots kY Ar """'11'< load actin P""'eI" ("W) 
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Experimental results have been obtained in the following manner. .First, the 

adaptive compensator has been tested with a bank of resistive load connected in 

della across a 230V line-line vollage. RMS based instruments have been used to 

measure the relevant voUages, currents and powers. Load stepping of IOO.OW has 

been adapted. The comparison between the actual active power measured through 

the instrumentation and the average power measured using the adaptive 

compensator is shown in fig: 5.9. 

~ :~~~ t.-_.L-I--I--t_L 
~ ... aoot­

I ~ ; 600, 

: 11:1 200 

2 , • , 
: c & '"'~;;of """..,., 00 

~ . 
1 

...... --.l..---l-~ , , • , 
'" 

Step .i.~c_"!~,s .... ;",I"o"a,d'o-__ -c--, 
-By instruments - By Adaptive Compensator 

Fig; 5.'1 Po"er measu .... ment ming RMS vatu"", I average valu"", 

Results show that the power readings taken from the instruments are consistently 

larger than the average power by a factor of nearly 1.2. This can be explained 

through the term ··fonn factor" of 1. L which is the ratio of the RMS to average 

value lor a sinusoidal voltage or current. 

P RM:> = l. I * V ",~~'g< * 1. 1 * l.,,' ,g< = 1.21 * p,,~~.g< 
'lht: oscilloscope captured DC voltages from the adaptive compensator 

representing the load conductance is compared with the actual values calculated 

from the instl1.lments. The results are shown in lig: 5.\0. 
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-' -- L.--l---+----+-, , , , • • '" 
Step increase in load 

-By Instruments - By Adaptive Compensator 

Fig: 5.10 Load conduct.aD"" measurement IIsi"ll in.trumcnW Adaptive Compensator 

rhe two lines in fig: 5.10 should ideally be superimposed However, the error 

margin is small and consistent for a large range ofload conductance. 

TIle pattern tor the values of converter succeptances are as eXPected, fig: 5.11 

show~ the measured values ploWed versus the loading steps. 

---
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'" - • ~ 

E • 
+--
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-- • 0 
m , 

0 I I , 

- -

, 

~ 
, 

-
! 

345678 

Step increase in load 

- Sc1(mS) -=B_~.~~ 

Fig: 5.11 CooHlwr .uc«ptaocc. lor rrsisthc '""d. 
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-, 
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11 c,m be seen that the above DC voltages arc well within the intt:nded nmge. For a 

particular commercial application, initially, the range of converter clements in uF 

and mH has to be known to the designer. Although the adaptive converter is not 

required to deliver DC valUe;) representing the capacitance or inductance of these 

elements, the values can be manually calculated and shown in fig: 5.12. 
----.- _ .. _-

• 

:~t1 I~ 1,"00 

" • " 0 

I 
• < • 0 
t • t < -" 

i 

• ~ • - • -> 0 , > 0 E 0 • - ct::~ < , -c ~ c ~ 

" • " < 
0 , , ; , 5 6 7 " 9 " Step increase in load 

L - Cc(uF) -Lc(~) l 

Fig: 5.12 Varia(ioll of ~ollvuter elements value • ..-ith ~sisti\"C Ioadiol!; up to 1.0 Kw 

In fig: 5.13 and 5.14. for a load of 500 W, one set of simulated values is followed 

by a set of after compensation load voltages. 

-.', .. 
I~ " ,-""" 

" ,'" 

l'ig: 5.13 Voltal!;e compensation for .. 500 W heating element 
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It can be seen that the above DC voltages are well within the intended range, For a 

particular commercial application. initially. the range of converter elements in uF 

and mil has to be known !o the desib'fler. Although the adaptive converter is not 

required to deliver DC values representing!he capacitance or inductance of these 

elements. the values can be manually calculated and shown in fig: 5.12. 

• '"0 '"00 " • " 0 

:1;1 ! I 
• " • 0 
~ • u: "0 - "00 ~ :; -• 13 • - ~ 
> , > 0 E 
!i • - 50 SOO " , -~ 0 ~ " • 0 0 " 0 , , , , , 0 , 

" 
, " 

Step increase in load 

- Cc(uF) -Lc(mH) 

1"'1l!:: 5.12 VariHtion or c"nverter element • ..aID"", with resi.th-e loading tlP to 1,0 KV.' 

in fig: 5.13 and 5.14, for a load of500 W, one set ofsimulaled value~ is followed 

hy a Sel of afl:er compensation load voltages, 

IC::Y 

" I---------~-----"'''"''". ------~----------' 
~ 

Fig: 5.13 Voltage compenMItion for H 500 W helll,ng element 

,fl. 
DU'_' . ~"- ) 
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Fig, 5.14 TermiMI ,'oltages captured ron oltllgto compe .... alioll with 500 \\I reo<ist,,-e load 

The second set of results is for pure inductive loads. Tn this experiment a range of 

inductors (0.2-1.5 I-I) has heen tested in five steps. nle average reactive power per 

phase of the load has heen measured and compared with those obtained from the 

instruments. The results are shown in fig: 5.15. 

• 500 
I ~ -• • ''''' -~ • "'" S > • ~ 

~ • "" > 
" ~ '00 • 0 • • 0 ~ 

~ . , , , , 5 

Step increase in load 

I-BY instruments ~BY Ada;tive Compensator I --- . - -

Hg: 5.15 R • ....,tivc Power measuremeftt Il<illg R:\IS v~lues / ~,'erage ,~I"es 

lltc load sueeeptanee readings using instruments and the wmpensatof have been 

shown in fig: 5.16. 
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• " 0 = " e • - 0 • 
----,- --, 

.~ 

o. 

'F o E , - , -• 
~ 0 • 

[ = 
0 , 
~ e , 

Step load increase 

II-By instruments - By addpti\le cornroller 

Fig: 5.16 Load soccep! .. n .... mea'lIrement ",jug in.trument"'Ad~p!ive Compen.~tor 

As it is expected, the converter elements have the same value and are hoth 

capacitive_ Fig:5.17 shows the measured variations versus load inductance/phase . 

• ~~ I ii'525 --

F~~~~ "oe,s --+ 
• r . '" 
" " ~. 3 
"i. .- .. . 
U' • 0.2 e, 

Load inductance per phase (H) 

Fig: 5.17 V~ riation. of converter element. for ~ pure indllctive load 

Although the values are well within the anticipated range of accuracy, the situation 

is highly unstahle and impractical. The main reason is the load resonating with the 

converter clements. 
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With suflicicnt confidence in the accuracy of the adaptive compensator wilh 

individual resistive and inductive load, a combined load can then be tested. ·)he 

Iinal sd of results is l:ollel:led for a three-phase indudion motor of 750 W at 220 

V (della l:onnel:leu). The loading is constant in steps sUl:h !hal !he motor line 

current is increased by 0.1 A. The no-load current is 2.6 A. The maximum 

available load corresponds to a line current of 3.4A. fig:5.18 shows the variation 

of load l:(mductance and sucecptance with the pha~c current. 

1 2 3 4 5 6 7 8 

10 -"' 8 E 
6 

... 
~ ~ 

4 • • ~ -, 
2 , 

~ 

a < 
0 , 

6.2 

u; 6.1 
E ... 6 

~ 
, 

• < 
0 • 5.' -~ ~ • 5.8 , 

~ • 

! 
, 

I 
T 

... 

, 
.... -, 

I 
r , , 

... --.-. --_._-_. , 

, 
step load increase 

- 8 (8y adaptive compensator) -G (By adaptive compensator)(mS) 

Fig: 5.1 R Challge. in motor cOl,dllctancc "lid .ucccptancc with illput CII,.,..,lIt 

The variation of converter's sueecptanccs versus load current has been 

demonstrated in fig: 5.19. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• 10 

I 
- 0 

E • 
x -2 E 

Oi~ -'- -4 
x 

5 

S 
" " < • · -< • n -6 
• 0 o • > 0 

0- 0 8 o. 
U 0 - - 0_ 

• .I I -10 (J ~ 0 

! 0 

• -5 ~ -12 0 • 
1 2 3 4 5 6 7 8 9 

Si"'p load increas,", 

-Converter succeptance 1 - Converter $ucceptance 2 

fig: ~.19 C"uverter >'ariati,," "hu"""pt:il. ... e. under variouo loadi"ll conditio", 

Tht: actual values of converter passive clements arc plotted in fig; 5.20. 
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"" • 0 
t::"" • • • 0.' > 0 0 

5~ 0 

II ';:; 0 • 0 • u < .• 

70 

" 0 

" " ! • • 
" <.-· . ~ 
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> > ".- -0" 

" u 0 • 
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0 • u 
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-

.~ I 

/ . , 
, , 
, , 

, , , • • , 7 , • 
Step load increase 

c- - ::;::::=::::::: - Conv ... rter capacitiveJioouctlve element -Convert",r capacitive element 

FiJ:: 5.20 Variation of ""uverler dcmc,"" "itb load 

Several loading steps have been tested. The actual values of Bel and Be2 have 

been magnified by a factor of 1 (lOO in order to make useful activating signals. The 
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problems experienced in designs . .,uch as in fig: 5.6 are the rapid saturation uf the 

uutput vultages. Also small output voltages up to one volt are difficult to measure 

and use as activating signals. For example, small values of luad resistance cause 

the DC equivalent value of Be> which is equal to -.J3G - B, tu saturate almo . .,t 

immediately and an attenuation factor of 1/2, 1/3 or 1/4 has to take over 

alltomatically. Various op-amp cunfigurations with autonwtic variable gain have 

to be ineorpuratod. 

Several loading stages have heen setup with the converter appropriate 

succepiances in place and satisfactOl)' balanced luad vultages have been achieved. 

At the cnd of this chapter. !he scope-captured load-voltages at half-Iuad and full­

luad have been shown in fig: 5.21 and 5.22. 

Fig: 5.21 Load voltage al halfruU_Ioad 

.. lg: 5.22 Load voltage al rull-load 
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With the final goals of the thesis a<.:<.:omplished at this point, the next and final 

chapter of Ihis thesis presents an investigation on the concept or "Real-Time 

Simulation." The technique came to the aLlthor's attention towards the end of this 

report. Nevertheless, it has occn a true eye-opener and well worth the time and 

eiTorl ~pcnt on it. 
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Chapter 6 

6.1 Standard versus Virtual Measurement 

The analogue hoards previously designed for mathematical calculations of load 

and converter succeptwces, have some drawbacks, which lead to discrepancies 

between the values of the rcal and simulateu OIJlpulS. The main sources uf error 

arc attrihuted to, 

1. DC ulTset voltages and currents from imegrated circuits are 

accumulative and compensatiun is uften incunvenient if nul impossible, 

2. the outpllt signals from various integrated circuits can saturate. Care 

must be taken to avoid this, otherwise lhe measurements becume 

invalid. 

3. the main supply voltage is hardly ever a pure siniousoidal waveform. 

This is due to unevenly distributed single-phase loads. harmonics, dips, 

sags, etc. 

In the nOll-real time simulation environmeI1l. (although to a large extend the 

inaccuracy of the components can be accounted for), it is impmHible to generate 

accurate signals representing the supply distortions normally encountered. For 

example thiH can be seen in the supply vultage on a good day at some parts of 

Eastern-Cape. Waveforms ami harmunic culllents are shuwn in fig: 6.1. 
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.Fig: 6.1 Wllv~form' allli harmonic conwol of tI,~ mai"" at Fa'tern_('al'~ T""hnik"n, F.a't_ 
London 
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A tIifIerent approach to eliminate the above sources of error and prototype a 

passive-element converler is a PC-target solution. This is a "Model-Based Design" 

technique in which the load voltagcs and currents can be fcd in to a "Real-Time 

Simulation" environment through data acquisition cards. A variely of eleclrical 

quantities such as currents, voltagcs, active and reactive powers, Fourier analysis, 

antI TIID can then be measured. 11lerefore, such powerful tool also eliminates the 

need for the actual measuring equipment during the prototyping stage. Based on 

the rrxxle]'s structure, real output signals can be generated antI be used to control 

external hartIware such as TCL TSC antI saturable reactors. 

The concept and architecture of "Real-Time simulation" m conjunction with 

"Virtuallnstromentation" and their powerful functionality is explained in details 

in appendix l.Sa. 

6.1.1 Preliminary tests 

In order to demonstrate the usefulness of this approach, a simple test is conducted 

10 determine the accuracy of signal processing through the input compared with 

lhe signal at the output, Due to the speed of the computer processor, Ihe highest 

possible sampling lime is of 0.2 ms (5.0 KH7.). cThis is shown in fig: 6.2. 

I I .. -
f'v ........ 1.., .. -'-:c ..... "t 

, 
output 

,sine w._ ..... ~1.0:;:~ u ~. 0.' , 

Fig: 6,2 Accuracy test for the CIO-OAS 1600 dntll ncquisition Cllrd 
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Th~ ~ignals ar~ captured h~fore entcring thc "analog input channel" of the data 

acquisition card and at the output of the "analog output cannel." Thc two traces are 

identical and shown in fig:6.3, For clarity in comparison, a phase shift has heen 

addcd. 

Fi~: 6,-' Si~nal procc<;sing and acruracy or data capturing in Virtual h~.trmucntation 

Second test aims at Virtual Measurcment of currcnt harmonics. With reference 10 

chapter 4 section Iwo on page 70, a model based on Fourier analysis is used to 

mcasure the current harmonic content of th~ reactor's !I.e current in real-time and 

comparc them with thc corresponding voltag~ hannonics. This will possibly bring 

out som~ vuification in to the th~ory of harmonic succ~ptances and can 

demonstrate weather the harmonic reactiv~ power and the corresponding 

succcptances of th~ load at various harmonic fr~quencies can he measured directly 

and accuratcly in the fr~quency domain. or the tim~ domain and av~rag~ valucs are 

thc only possihle approach. 

Fig:6.4 shows the layout of the modeL It can be sct to odd multiples of the supply 

frequency and measure the magnitude and phase angle of !he individual hannonics 

of the current and voltage waveforms. For the prupose of this ex~riment, the 
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~~turable reador and the rel~ted hardware used previously have been used again. 

Although the main~ harmonics arc not constant throughout the day, the changes 

are small and can be neglected. The reactor has been driven in to saturation and for 

different AC currents the magnitude and phase angle of odd current harmonics 

have been captured and compared with those of the supply voltage. 

Fig: 6.4 Virtual Measurement of individual vollagf' Of current harmonic. 

The above model can be c:o::panocd to measure the mo~t dominant odd harmonie~ 

of the supply voltage at the same time. The expanded model is shown in tig: 6.5. 

Fig: 6.5 Virtual meaSURment of odd order harmonics of supply "ollage 
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Magnitude of the fundamental, 3,J, 5th and 7" harmonics arc plotted in fig: 6.6. 

Fig: 6.6 Fundamental and odd hannonie content of tile 5upply voltage 

V 
By using ---.!!.., the calculated percentages of the first three odd hannonies are 

VI 

Li'X,-, 0.25%- and 0.48%. The~e are in complete agreement with the meaHurement 

using Veclograph in tlg:6.7. 

. .. , ... 

Fig: 6.7 The maim vollllge harmonk JIlelIsurement with a Vectogl1lph 
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Gcncrally, there is no ruling on the phase shift of the voltage harmonics in relation 

with (he fundamental component. If reactive power measurement is taken in the 

frequency domain thc harmonic ~ucceptances can he mea~urcd provided a pha~c 

shift of nil Radiam c:l:ist~ between the reactive currcnt harmonics and the 

corrc~ponding voltage harmonics. 

The assessment of current harmonics and their pha~e angle~ is initially not an easy 

task duc to (he fact that (here are no alternative ways fur such measurements tu he 

compared with. The following model is u~cd to compare thc current harmonic of 

any unler with (he corresponding suurce vultage hannonic. 

Vo ltag~ IIgno.l 

IAnalo g 

fu "' 
al0lil Input ~ c._ 

ClO-OA 
\>"'.rB~","d. 
SI601_12 [300h[ 

rront .i " l~alOg 
In t 

A< ,alo!':Inputl 
CO"'l'''' .... Bnoro!. 

CIO·DAS1601. 1113OOhl 

... a ..,utud. 
rilll\od -.. 
Fourier 

"'~Ol>litud. 

"1:'",1 -". 

Fig: 6.8 Comparison bth.-een the wltuge and cnrrent harmonics 

=1 
Scop~ , 
=1 

Scopr 

~=I 
I I'Icopo2 

Initially, in (he absence uf DC excitation, the source voltage and current 

waveforms in fig:6.9 show that the reactor forms a pure inductive load. 
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Fig: 6.9 Supply voltagt' and rea£tor £nrrent wich no DC excitation. 

11Je first lest is carried uut for the third order harmonic values. All the magnitudes 

arc reduced hy a factor of 100. 

Fig: 6.10 J\.-Illgnitlld~ orthe 3rd order "oltage and £urrent harmonic> 
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Fig: 6.11 Ph",,~ angl~s ofth~ 3rt! order "oltage and current harmonics 

In fig:6.10, the magnitude of the current hannonie is nearly l/3 of that of volt.1ge 

hannonic and in fig: 6.11, a phase difference of nearly 90 degrees exists belween 

the voltage and current harmonics. 

The mea~l1rcments for the 5th and 7th order voltage and current harmonics can be 

fuund in appendix I.Sb. 

It can be anticipated that the worst-case scenario would be in a saturated core . In 

l1g: 6.12. a specific DC excitation ha~ halved the saturable reactor's AC cuil 

reactance. This automatically doublc~ the AC current. The magnitude of the 

current harmonics naturally and by far exceeds those of the voltage harmonics. 

Additionally. the 90 degrees phase shift between the voltage harmonics and the 

corresponding current harmonics does not apply any longer. 
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l<'ig: 6.12 The .uppJ)' >oitagr and the AC current lor saturated core 

The captured resulls for the 3,d, 5'" and 7'" order hannonic content of the supply 

voltage and line curren! arc attached in appendix I.Se. 

Other saturation levels and hannonic orders have been tested. The re~ults show 

consistently and conclusively that lor highly inductive loads such as reactors, any 

slight saturation in the core material causes the reactive curren! harmonics to be 

shifted from their position and hence any measurement on hannonic succeptance 

of the load at a specific frequency will become invalid. 

A final model can he used to measure the complete THO of the reactor's AC 

current. The model is shown in fig: 6,13. 
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.... n .. nM 

RMS 

.... ""u .. 
".n'" on." 
Fou';'" 

tund~m.ntl.l 

THD- Uhrm.Ulrm • 

F, .. H2,rn. 

Ul rm. 

~lg: 6.13 Measu,""ment 0(" THV ror ,""".-lor AC current 

, 

Tht: ab-ove IllDdei can be usedll1r singk-phast: mt:asurement Dr cascaded fDr three­

phn<,e me~suremem. Th~ only limitation is tht: capability Df tht: nillning computer 

process Dr. The THD of the ,I.e eltn"ent through a <,~mrntcd re~ctor with n DC 

excitatiDn Df I.OA is measured at 24% and shown in fig:6.14. 

Fig: 6.14 The THO and AC current 
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Fig: 6.15 ~hows the variation of the THO ver~u~ AC coil current. 

30 
25 

o 20 
i= 15 
t'- 10 

5 
o 

o 

I 

2 

l 

4 
AC coil current (A) 

Fig: 6.15 Vuriutiun of %THD for AC cuil current 

~--

-
6 8 

The hannonics generated in the line currents are directly the results of the core 

saturation. It is interesting to notice that the THD increases up to a maximum of 

25% and then start~ dccrea~ing towards lower value~. 

In the next section of thi~ chapter, the "Real-Time Simulation" is usetI to model 

antI test an atIaptive compensator. 
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6.2 Adaptivc converter and Real-Time Simulation 

Modeling of three-phase balanced loads and calculation of the required parallel 

susceptances to generate and maintain a balanced three-phase supply can be 

achieved using "Real-Time Simulation" with all the hardware in the loop. 

The investigations camed out in previous chapters proved that in applications 

such as small water pump, the use of a saturable reactor in the adaptive 

converter is neither necessary nor economical. However, not all loads have the 

same characteristics as water pwnps. There are many applications such as 

mixers in the bakeries and woodworking machinery where the required torque 

by the load changes continuously. Hence, the slip varies and consequently the 

converter susceptances have to be adjusted accordingly. This chapter aims at 

modelling the above category ofloads. The saturable reactor is brought back to 

the following designs and used as a variable source of inductive susceptance . 

\ oltugl' I I . I Protot~'ping uc roil of 
ScnWI" and Real- Saturahle . I 

I Time Reactot' 
Simulation 

Current I Data I 
Sensor AcquIsition 

T(R) I Card 
DAS-1600 

Current I Thyrhtor 
Step Switched Sensor Controller Capacitors '<Yl J I 

Fig: 6. 16 Prototyping with Real-Time Simulation lind hanh'aJ"e in th~ loop 
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The model of fig: 4.10 on page 76. has been expanded to measure the nus values 

of the active and reactive power. Additionally. the load power factor can be 

monitored. 

For the purpose of this section, firsl a series of three-phase delta-connected 

resistive luads, and (hen two ditIerent sizes of three-phase induction motor with 

different kind and sire loadings have heen milized. For all cases the oscilloscope 

captured signals have been presented. 

The simplilied versiun uf the model is shuwn in iig:6.l7. 

Hg: 6.17 Modding uf a th...,e-plm'~ load using R...u-Tim~ Simulatiun 

The additiunal gain and saturatiun blocks protect (he input and output AID and 

Df A eharmels. The complete expanded prutotype can be seen in appendix 1.5d. 

The output range of Df As arc sealed for 1.0 V to be equivalent 10 0.1 Henrys and 

10.0 uF for the respective converter elements. 
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The li rst sct of DC equivalent QUlput vol tages vcn-'U.~ load power fOl" resistive loads 

are pre'ICntcd in the follo\\- inl grnplu; . 

~-----------------------:::~~;:::~=::::::=:::';" 
~8 10 ~ Ii 0 • >' • 
<H :- ~------=i~:=~=~J , ,"' 

LOlId power/phase 

1-1~\anCeiJ('(H) I 

Fill: 6.tH Varl~llon or L"<ln " n"t~r indudive de"",nt with toad Mdin power for r",bti .. : load. 

" 
~ 'I] 

" • 0 " t ~ .; 
" o ~ • 8 J , 
• 
" '" 

< 
~, 

T 
! I 

:)Ill ""'~. ...] ;;00 (00 

Load powerlphfie 
- Ctop.ocltaoco·' O (uF) 

E"idcull),. low kW rc~i.~ti vc loading requi res high induct ive reactance from the 

compensator. The capacit ive reactance requirement is lincar and increases with the 

lood power. Siucc capaci tOf'\ arc cheaper and more casily available, lhj$ type of 

compensation for rcSioMi\c loads would he more economical for high load kW 

ratings. 

The fo llowing resuhs :lre captured for a rC1li~tjvc load of 200 W/phase. Sinlilar 

rcsult~ f(lr 500 and 9C() Wlpha~e are ~hown in appendix 1.5e. 

'07 



Univ
ers

ity
 of

  C
ap

e T
ow

nn~, 6.20 RCIII_ TIme mCIIsurcment of active and rellCtive power of a 200 Watt. load 

Fig, 6.21 RCIII-TIme DC equivalent. of the converter clements at 200 W load 

The actual otllpul uscillcscupe /.:aptured values are shuwn in fig:6.22. 

e ...... ..., -I' •• II". 
po ~ ... --. . ,,- . 

F"Ig' (,,22 Osdllo.copc captured DC C<Juivaieats or the eonv~ rter element.. for a 200 W load 

lOS 
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Finally, lh~ afler (;llI!l!X:ll~atioll1ill<;: voltage, call be ,CCll ill fig:6_23_ 

!"il:: 6.23 After cornpcrumfion iOHd \"oI1H~~s for 200 W 10m! 

Wilh salisfaclmy resulls on resiSlive loads. the perfonnance of the prototype for a 

dynamic load sut,h as a lhree-phase induclion mDtor can no,." be invesligaled. 

!nilially and once only, the molDr has lD be Dperaled with a lhree-phase supply al 

no-load and full-load so that the range of loc vailles of converter elements is 

determined. TIlis e1iminales the need for open circuit and locked rotor tests on the 

motDr. 

Til'!il molor is 1.1 kVo/ and is tesled with an eddy-current breaker as lDad in fiud 

step loadings. TIle followings are the resulls Df the no-load up lo full-load values 

for the motor parameters and the converter e1emenls. 

':\o-load conditions 

'nle aclive and reactive power Df 40 Wand 260 VArs represent the tme alKl 

accurale per phase powel'!i of the motDr. Traces are shDwn in fig:6.24 and 6.25. 
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nFig: 6.2-1. !.oad reactivc power measurcment at no-load ,'onditioflS 

Fill:' 6.25 J .oad acti"" power lDCII.,ul"crncnl at no-load ,,,nditiom 

U"ing standard digital meters. measurements lead to the following calculation . 

. r:;;~T'(I'(6'112 
.... ~ :::"" . . = 4().65 W 

1 

Th~ an~wcr confir:m th~ rcading of lig:6.25. 

The propot1ional DC valu~s for th~ cOl1lpcn'iator indlldiv~ and capacitivc ~1~l1lcnts 

an: shown in fig:1:.26. A" prcviou"ly explained. for load power factors lower than 
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0.5 (lagging), both clements are capacilive. The negative values in fig:6.26 

indicate capacitive elements. 

Fig: 6.26 Re~I·Time simulllkd proportional DC values rrtr the compens~tor element. at no_ 
lo~d conditions 

The scales are selected so that cach l.OY represents 1()().crnH ami 10.0 uE Hence 

from Fig: 6.26, voltages of O.g and 2.3 V shoultl adivate 8.0 and 23.0 uP. Tbe 

actual oscilloscope trace, of the output signals are shown in fig:6.27. 

,.n •• '10M 
"' ... <~~~-;~ 

-• ~ . 
H~: 6.27 Oscilloscope captured DC voltaJles proportioaal to the romp<"D.ator elements 
under no-load condition. 
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The circuit diagram of fig:6.28 is the motor equivalent at no-load with the 

converter elements connected to it. After compensation line CllrTents are captured 

in fig:6.29. 

c " B.OuF 
Z/phaae 

,. " ,., 

l::\r , /phllse 

" 
.<I3.0uF z/phaso;o 

Fig: 6.28 Motor equivalent and th~ compensator values at no-load conditions 

fig: 6.29 After compensation tine current, at no_load conditions 

1hc loading is increased in 0.2 A steps. -ille variation of the converter's clements 

with the load power factor is of particular interest. These are shown in fig:6.30 and 

6.31. 
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Powertactor 

'- Co(uF) I 

Fie: 6.30 Va riation nf ~nmpen.atnr ~apacitfve element willi lnad power factor 

• ., .0, -~ 0 000 , E 
~ ,,- '00 :[; ,00 
" E <> , . g:a; ·200 
U 0 02 0.' 0.5 0.8 

Power factor 

, 

Fig: 6.31 Variation of ""mpen'atnr ~apadti,'e!inducti>e element with load power factor 

Finally The variation ofthese clements with line current can be seen in fig; 6.32" 
._--,. eo eoo " , 

+ 500 , 
00 • .00 • • <0 • 0 0 

"~ - 200 • • " 0 0 • , 
0 0 ·2'" " • 0 
0 , 2 , , , 5 , 8 , 

Step load increase 

,-==Line"current - Converter capacilaoce - Converter lIlductance I 

Fig; 6.32 Variatinn ofcnn>erter element, with line current 
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The patterns of the above graphs are similar to those of fig: 5.20. 

The seeond motor tesled is a 750 W induction motor (:oupled to a DC generator. 

The generator is loaded with 100 Watts light bulbs. Increasing the load causes 

relatively large lennina! volt-drops. This is due to annature resistance and 

ultimately the small si.-;e of the generator. Nevertheless, the loading of the 

generator is considered to be at l00W steps. Fig: 6.33, 6.34 and 6.35 show the 

variation of the compensator's clements with the motor's power fador and 

variation of (:onverter elements with load steps respectively. 

, 
" " ,., ,., , 

Pow", facto, 

l..-cc~ 

Fig: 6.33 Variation or compell8ator rapaciti>e element with loud po,,'er fador 

, 
" . .,. ... w 

11 ~ , 
'" u~ 0 I' , 

• ., M ••• ,., 
power factor 

Fig: 6.34 Variation or compensator capacitivelinducti>e dement with load current 

'" 
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• " .. • " " • 0 
> S 
o " o , 
U. 

0 

" w , 
5 
4 
2 
0 
~2 

1 2 3 4 5 6 7 8 9 10 11 

Step load increase 

-Line current(A) - Lc(H) -c~ ~~ 

fig: 6.35 Variatifln of conYcrt<"r cl<"UlCnts with line c"rrent 

25 

'" 20 " 
, 

• .. 
" " " • 0 

> • W 0 • 0 " U • 5 • • 
0 " 

Several points on he above s.ct of values have been s.ct up and tested. The "'Rcal­

Time simulated" vdues of average active and reactive powers, converter elements 

DC equivalents ami finally the after compensation lennina! voltages for the 

corresponding loads have been captured. Fig: 6.36. 6.37 and 6.38 show such 

values at no-load conditions. 

Fig' 6.36 Avcr.lgc actin" HDd r"'"cthe p",,·er at Do-load oondithms 
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Fig: 6.37 Converter clement DC cquivlIicnl values al no-load conditiom (l.25 u}' and 
2.8u1<') 

............... -.•. ~ ....•. 
Fig: 6.38 Driving motor terminll.l \'oUng..,; at no-load 

TIle rest of the captured loading values can be found in appeooix 1.5f. The 

percentage unbalance can be mca~ured using the modified version of fig:2.1.1 on 

page 12. 

After inlroouo:;ing the appropriate phase shifts, the model calculates the rms values 

of the positive and negative phase sequence voltages and produces an accurate 

value of the percentage unbalance in the line voltages. See fig: 6.39 
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Fi~: 6.39 Modified version of the model for mellsurem"nt of po~itlv" and negative pha"" 
<equmc£ voltugcs 

As an example, fig: 6.40 ~hows the measurement for the loading of 800 Watts Oil 

the generator set. 

liig: 6AO Real-Tim" captured values for phase sequence and voltall" unhlllanu< 

A voltage unbalance of 5% is ffieaHured in the middle window. which is within the 

acceptable 1imit~. 
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In the "Real·Time Simulation" environment many Dther type~ of measuremcnts 

can be taken and any concept or theory related to !his report can be protolyped. A, 

for adaptive passive-clcmcnt convcrters. this chapter is now completed. 
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Chapter 7 

Conclusions 

The successful operation of a passive element adaptive converter depends on two 

main factors. Firstly, accurate modeling of the load and dynamic measurement of 

its parameters and secondly, rapid adjustment of the converter elements to suit the 

above load parameters. 

The type and size of these passive elements used for voltage compensation must 

be determined first in order to establish the cost. For a single or a group of 

resistive loads, passive-element voltage compensation is most economical. It is 

interesting to know that for dynamic loads with poor power factor. voltage 

compensation of this nature is well-worth considering. For the most common 

category of dynamic loads (three-phase motors), the nature and the size of such 

passive elements depend highly on the load torque-slip characteristics. 

The results on two types of motor loadings (centrifugal pump and M-G set with 

variable static loads on the generator) have shown clearly the differences between 

these load requirements for voltage compensating elements. In the case of a 

centrifugal pump, the converter elements have to be of correct value at startup and 

full-load conditioos. Howevcr_ the rate of change of intermediate values of the 

converter clements is not critical. 

For the loads with constant torque demand increasing or decreasing in steps, the 

change of motor parameters falls into a narrower range. It has been experimentally 
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proven that in such cases, even if the driving motor starts from standstill, it only 

requires parallel succeptances corresponding to a specific load condition, One 

would assume that with a large size motor of perhaps 10 KW or more and due to a 

much larger inertia and longer acceleration time, this might not necessarily apply. 

With a hetter understanding on the influence of different load categories on the 

nature and size of the compensator, it is unfortunate that building a general 

compensatoc for a wide range of three-phase dynamic loads would prove bulky, 

e:o:pensive, and hence impractical. However, for a specific size motor and loads of 

different characteristics attached to it, prototyping with "Real-Time Simulation" 

can he llsed to directly measure the load parameters and evaluate the range of 

values for the converter elements. This way a tailor-made compensator with large 

reduction in cost and volume can he constructed. 

With the use of a fast computer and an appropriate data acquisition card equipped 

with four or six analogue output channels, any other load parameter such as active 

and reactive power. power factoc or other parameters can be conveniently 

measured in real-time. 
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Recommendations 

In the first load application reviewed, (centrifugal pump), the m(l8t economically 

viabk way of rcplacing a single-phase driving motor with a three-phase motor, 

would be to use the method sh(lwn in fig: 7.1. A fixcd inductor for the final no­

load or full-load speed (which are very close to each other) can Ix: used as the first 

element. The second succeptance should consists of capacitors being switched on 

or off in two or thrce-stcps. The numlx:r of stcps depends on the 8ize (lfthe pump. 

230 V 
(rms) , 

I ~I -
, 

1-, 
, -,., ,,- r '_t., -

\~ , 

t" ii " 
, 

,,-~ 

" ." , " .. ... 
.~ ( 

, 
" •• ·'(11 . '---• I ,,' 

! , 
, , On actJvatJOn, thiS controller would deaCli\lale SWI 

and SW2 in a few sccoads. 

Fig: 7.1 Rocommended con~"rter layoul for slI1IIlIsiz" centrifugul pumps 

--, 

.-, 

, 

In the hardware con~tructcd for the centrifugal pump the back-back thyristor 

blocks were deactivated in six steps of 30.0 uP each. For a small pump of 1.0 kW 

or less, the number of deactivation step~ can be reduced from six to three with no 

major effecI on the molor starl up performance. 

." 
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Por other types of load with l:onstanllorque requirement, the two-element pa,sive 

l:onverler can be suitably tailor"made for a specific kW rating motor. Referring to 

fig: 5.20, 6.51 and 6.54, it is re-=orrnnended that for the converter to stay small in 

size and cost effective (for commercial applications), it should be applied to 

motors with loads that change only a few percent from full-load. The converter 

would then consist of a fixed inductor (L 1), and three TSCs (SW1, SW2, SW3) for 

full-load conditions. Fine- tuning can be done for small load tluctuations through 

SW4 and SW5. Furthermore, by cOIlllecting additional parallel capacitors (C l , C2 

and Gl) across all three phases. the overall size of both elements would be 

reduced. The proposed layout in shown in the following diagram. 

'lOV 
(nns) 

GF 

l'ig: 7.2 Recommended converter layout for loads with SIIIIlU degree ofnuctuation~ from 

full-load 
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Appendices 

Appendix 1.1 Matlab programs 

Appendix 1.2 Circuit diagmms for centrifugal pump 

Appendix 1.3 Circuit diagrams for adaptive compensator 

Appendix 1.4 Derivation of phase current for unbalance supply voltage 

Appendixl.5a Contept and architecture of "Real-Time Simulation" 

Appendix l.5b Voltage and current hannonics in an unsaturated reactor 

Appendix1.5c Voltage and current hannonics in a saturated reactor 

AppendixL5d Expanded model for Adaptive Passive Element 

COllvelter 

Appendix I.Se Real-Time Simulated results for resistive loads 

Appendixl.5f M-G Real-Time Simulated results 

Appendix 1.6 Data sheets on CIO-DAS 1600 data acquisition card from 

"Measurement Computing", voltage and current 

transducers (LEMS) from "Denver technical products" 

and saturable core material by "Alloy Magnetic" Cores. 

Appendix 1.7 Selected photographs 
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1) Calculation of pumps motor parameters for the range of speed 

clear; 
f=50: (Frequency of snpply) 
p=2; (Pole pair number) 
ns=(120*f)lp; (Synchronous speed) 
nr=1 :10:3000; (R,mge of shafl speed) 
s=[ns-nr].lns; (Slip) 
Zm=[(-1529.6*s+ 1867.31 ~ i)./(9.4+206.35*s*i)1 

+(8.6+7.7~ i); (Motor impedance as a function of s) 
Lm=(imag(Zm».I(2'"pi~50); (Jnductance per phasc) 

Rm= real(Zm); (Resistance per phase) 
p.f=cos(Rm.labs(Zm»; (Power factor) 
xl =-[ real(Zm). "2+(imag(Zm). "2) J *i.lL (imag(Zm) 

-sqrt(3)*(real(Zm)))1; (React,mce of the first 
compcnsalive element) 

x2=lrcal(Zm)."2+(imag(Zm)."'2)]*i./L(imag(Zm) 
+sqrt(3)*(real(Zm»))l; (Reactance oflhc ~ecoll{l 

Lc= I ooo*(imag( xl) ),/(2 *pi~ 50); 

Cc= I OOOOOO./O'"pi ~50~imag(x2)); 

plot(nr,Lm) 
Plot(nr,Rm) 
plot(nr, Zm) 

compcnsative clement) 
(Inductance of the first 
compcnsative element) 
(Capacitance oflhe second 
compensalivc clement) 
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2) Calculation or com'erter elements with extra parallel capacitors 
connected with each phase of the load. 
clea r; 

nr=10: 10:2950; (Rangc of specd) 
f=SO; (Frequency of supply) 
p=2; (Pule pair number) 
ns=(l20"fl/p; (Synchronuus ~peed) 
s=[ns-nr].In\: (Slip) 
Zm=[(-lS29.6~H 1867.31 *i).I(9.4+Z()(i.35"s~i)]+(8.6+ 7 Yi); (Motor impedance) 
Lm=(imag(Zm) )./(Z*pi ~ SO); (ImluctanceJphase) 
Rm= real(Zm); (Resistance/phase) 
p.f=cu~(Rm.labs(Zm)): (Power factor) 
CI=0.lc-4; (JOuF in pmallel) 
Xcl=-[I./(Z*pi~50*Cl )]~i; Capacitive reactance 
Ztl=[(Zm"XcI).I(Zm+Xcl)J; (Tutal 

impcd,mce/pbase) 
xl=-[rcal(Ztl)."2+(imag(Ztl)."2)]"i./fOmag(Ztl)-sqrt(3Y(real(Ztl»)J; 

(Reactance uf the liTht 
comprosmive element) 

x2=- [real(ZlI) ."2+(imag(Ztl). "2) ]*i./[ (imag(Zt I )+sqn(3 )*( real(Zt I »)]: 
(Rcactancc of the sccond 
compcmative clement) 

1£ I =(imag( x I) )./(Z*pi ~ 50); (Inductance of the first 

Cc I = I ()(X)()(X)./(2*pi*S<Yimag( x2»; 

CZ=0.Ze-4; 
XcZ=-[ 1./(Z*pi*SO*CZ)p i: 
ZI2=[ (Zm*XcZ).f(Zm+ XcZ)J; 

compensati ve element) 
(Capacitance of the second 
compensmive clement) 

(20 uF in parallel) 
The cycle repealS itself. 

x3=- [real(Zt2)."Z+(imag(Zt2). "2)J*i.f[ (imag(Z12)-sqrt(3 )*(real(ZtZ»)]; 
x4=-[rcal(Zt2)."Z+(imag(Zt2)."2)1"i.f[(imag(Z12)+sqrt(3)*(real(:I..IZ»)J; 
1£Z=( ab~(x3) ).1(2 * pi~ SO); 
CcZ= 1 (XXXXXl.l(2 * pi~ SO"abs(x4 »; 
C3=0.3c-4; 
Xc3=-[ l./(Z*pi *SO*C3)p i: 
Zt3=[ (Zm*Xc3)./(Zm+ Xc3)]; 
x5=-[real(Zt3)."Z+(imag(ZI3)."2)]*i./[(imag(Zt3)-sqr1(3)*(real(Zt3»)]: 
x6=-[real(Zt3)."Z+(imag(7..13)."Z)]*i./[(imag(Zt3)+sqn(3)*(real(Zt3»)]: 
1£3=( abs(xS»./(2 ~ pi*50); 
Cc3= 1 ()(x)()(JO.I(2 * pi~ 50"abs(x6»; 
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R' 100.0k LED1 

• J2 
• OIP1 
Y GROUND 

0lP2 

R2 
C2 

R8 1000.0uF 
100.0k D4 

LED1 

-

Name: voltage feedback 

compensator 
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Precision amp 1 

Buff.r1 lO.OK 

U1B 

Precision amp 2 

Buff.r2 
lO.OK 

2. 

U3 

R14 
lOO.OK 

Subtractor 

-12.0V 

feed-back 

compensator 
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RlO 
lO.Ok 5 

RlS 

C"" .... ........, __ 

-12V 

R2 
5.6K 

Yolt •••• rror .mp 

R25 
56.0R 

7.5 
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J2 
From YOlta'lII. FIB dialor:lllm 

+V 

V4 
O.ov 

+v 

.OV 

-l2.0V 

Rl 
lOO.OK 

+v 

R2l 
lOO.OK 

+ 
V5 

-l2.0V 

dlsU'IIr.1II1I'IIII2 

Name: Caps drive 1 

Title: compensator 

Rev ID 
:7.6 

Date: 9.1.2001 IPage: 1 of 1 
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Name: Caps drive 2 

Title: compensator 

Rev ID 
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Date: Page: 1 of 1 
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R31 
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R34 
lOO.OK R37 

25.0K 

V36 
-15V 

current 
I (Phase 

:I: (avnr:::nr'n 

I (8 c) 

circuit 
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Name: Phase average active power meter 
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current lUu:"Dl()mt:s 
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current harmonics 

the 7th current baJ:'IIl()nic:s 
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Fig: 7.21 Magnitude of the 3"' order voltage and CllfI"Cllt hnmDnics for a saturated core 

H X: 1.22 Phase angles of the 3ed urder >ul1l1ge and CUITent hnnnonics 
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HI/;: 7.23 Magnitudc uf the 5th order voltage and ("Ilrrent hannnnic, in a "atural~d ~on: 

Jilg: 7.24 Phase angt .... of the ;Ih order \"olmge and currcnt harmonics 
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Fig' 7.25 .\1agnitnde of the 7H order >u1tage and cnrrent hannnni"" in a ... turated cure 

Fig: 7.26 Pha.e all)!;["" of the 7th onler voltage and current hannollico; 
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Appendix l.Sd 

Expanded model for Adaptive Passive Element Converter 
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Appendix 1.5e 

Real-Time simulated results for resistive loads 
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nllig: 7.28 Keal-Time measurement of active and reactive power ofa S!HI W resistive load 

Fig: ':".29 Real-Time measurement or aeth'e nod rcactiwe po..-er ol a 900 W r tsisti,'e lood 

F i~ : ~.30 Real- Time UC equi,'a\enl of the converter clements at SOO W [Olld 
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nFig: 7.31 Real-Time DC "'Iuival~nl:!i oltb~ converter d~m~nt. 3t900 W 1000d 

Fig; 7.32 OscillOSl'ope captor .... DC equivalent. of the ""overtcr e lemenl:!i for a 500 W load 

- -- -----
Fig; 7.33 O.dUos<o]K' capturcd DC equivalcnl:!i of the com'crter element. for a 900 W load 
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Fil:: 7.-'5 Lint' .... '11'11:"" aftt'r cmnpcmation for ?1M) W l()~d 
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Appendix 1.5f 

M-G R~al-Time Simulated results 
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300 W kmd on the generator 

l'l ~: 7.36 A ~erRge active Rod reacth'e power 

Jii;:: 7.37 COII~erter element DC e<Jui,.,.lenl valoe-; al 300W load U.75H am 10.601') 

500 W ' ,lIld on tIll' I!l'uerator 
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Fig: 7.39 Com~rler elemenl DC eqlli,'al~nl ,'allle, 'll500W "'ad (U5H ,ond 15.0uF) 

800\\' load on the generator 

FOg: 7.41 C<~L,~r1er eI~m~ol DC equivalent ",lIllO'S al8()OW load (1.825H ,ond 20.011F) 
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,~,,,'~'"''''',"'J''''''''',-,''' ... ' ~"C,· >.,",:...,' __ _ ..... ,"'-, .. , 0 .... a V. ~ _.!~ .~~_ •. _, ...... ,. 

Fig: 7.42 After compen""tcd load yoltag<' waveforms for 3(H)W load 

Fig: 7.43 After compensated load voltage waveforms ror 500W load 

The rest of the loading with appropriate converter values attached produce similar 

wavefonns. 
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Data sheets on CIO-DAS 1600 data acquisition card from 

''Measurement Computing", voltage and current 

transducers (LEMS) from "Denver technical pwducts" 

and saturable core material hy "Alloy Magnetic" Cores. 
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9 SPECIFICA nONS 

9.1 CIO·OASI60ll12 & CIO-DAS1602/12 

Power CQflsumrtioo 

Ali.alog inW sectiQ!! 
AiD conve,!e, type 
Re'Qh~ioo 
Programmable rfUlge, 

CIO·DASloOlil1 

CIO·DASI6!12/12 

A>D pacing 

Bur'llmoQe 
Dat. lr.m,fer 

P"i.rity 
Numb., of channel , 
Interrupt, 
Interrupt enable 
Interrupt ""m'"" 

OM' 
Trigger '""ltCe, 

AiD conversion time 
TIrroughpul 

OMA 
J)T -Connect (multi-ch'!lIleI) 
DT-Coonec! (. ingle-channel) 

Diff=tial Linearily err", 
Int' J:m1 Lineority O"Of 
No missing cooes guatfllllecd 
G. in drift 
Zero drift 

Input leaia~e currel'lt (@25 !)e~ C) 
Input ;mp«l.nce 
Absolute maXlmum inpUl v(~tage 

lAAlypical,l,lA max 

A DS7800 successive approximation 
j 2 bil' 

±IOV, ±/V, ±O,IV, ¥l.Ol V, () (] lOY, () to I V, 0 (0 O.IV, 
OtoO.lllV 
±lOV, ±5V, ±l.5\', H.25V,O \0 lOV, 0 to 5V, () to l.SV, 
Otoi.2W 
Pt(]W .. mm. bie: ext.m.l ,,,,,ree (DinO, positive edge) m 
internal cOllllter (po,itive ,l! negative ed~e, jumper-select 
able) 'l< ",Ilware_polled 

'. 
Fmm 512 sample FIFO via interrupt, DMA, DT-Coonect to 
external memory board or S<Jflw~Te polled 
Unipolar/Bjp<Jlar, switch selectable 
8 differential (]t I ~ 'ingle-ended, switch , electable 
2107 
Programmable 
Fnd-of-conversion, terminal count (DMA) 
Channell or 3 
External hardw.re/software (DInO) 

3.31'" 

160 kHz 
250 kHz 
330 Ulz 
"I LSEI 
oil LSB 
12 bit' 
±60 ppmf'C 
±160 ppmf'C 

200 nA 
Min 10 Megohm, 
H5V 
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Analog Output; 
Rewlulion 
Number of ch.nnel. 
n/A type 
Ynltage Range, 

Off""l error 
Gain error 
Differential nonti,.",ariry 
Int.iTal nonlitlCarity 
Monotonicity 

PiA paciUj! 
D.l, (ri""fer 

Throughput 
Slew R.te 

ClllTOnt Drive (OPO]) 
Output short_circUlI dUTatiOll 
Output coupling 
Output imp<:<\ItJ= 

Mi,eoilaneous 

Digital Input i Qutput 
Digital Type (DigilalliO connector) 

Configurot;oD 

Number of channels 
Output Hip 
Output Low 
Input High 
Input l<lw 

Digital Type (Main ~n.log connectnr) 
Output 
Input 
Comgumtioo 

Number nf cham~ls 
Output High 
Output Low 
Input High 
Input Low 

12bilS , 
MX7S~8 

-to lOY > t5V. 0 to SV, 0 In lOY or ""or definffi ,"n~ b<:lwttn 
o and lOY, Each channel independently configu,"ble by 

Jumpe". 

Trimm.ble to () by potentiometer 
Trimmabl. to 0 by potentiQ~ter 
"'I L~Bma~ 
±J LSBmax 
Guaranteed monotonic 

St,ftware pOttd 
Double buffered ,oftwaT. tean.fer, update on write In MSB 
regi,!er. 
System okpet>d<:nt, ",fiware p~d. 
O.3VIIIS 

0105 rnA min 
lll<kfinito 
DC 
0, I 0IunI; max 

Doubl.-buffe~d oulpullatche. 

R2C55 (not applicable on _P5 veroinn'l 
2 bankJI nf S, 2 banks of4, programmable by bank os i!lput 
or output 
24110 
3.0 voll' min@-2,5rnA 
OA volt, ma~ @2.5rnA 
2,0 volts min, 5,5 vnll< absolute mn 
0.8 volt, max, -0,5 volts abooluto min 

74LSI97 
74LS244 
4 fixed input, 4 fIXed output 

" 2.7 vnlt. min@ -OA mA 
0.5 volt, max@RrnA 
2,0 volt< min, 7 volt, .bsotulo max 
0,8 volts max, -0.5 volt, ab.nlute min 
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Counter section 
Counter typ e 
COTIfiguratioo 

g2C54 
3 down-counters, 16 bit, each 

Clock input fr~u""cy 

Counter 0 - !ndepend~nt, U:5er configurahle 
Sourco, Programmabl. - Internal 100 kHz or external (CIRO ClockIn) 
Gat." ht~moI (Dln2) 
Output: A vailablo at lI.<or connector (CIRO Olll) 

Counwr 1 - ADC P,",~r Ulwer Divid er 
Soome: 1 Or 10 MH~ o.<oillator Uumper ,electable) 
Gate: Ti«! to Counter 2 gate, progrmnmahle source. 
Output Chain ed to C",mter 2 Clock. 

COWlter 2 - ADC Pocer Upper Divide, 
Sourc~: Counte,l Outpul 
Gate: Tied to Counte, I gate. programmable source. 
Output: ADC Pacer ch>ck 

High pul,o width (clock input) 
Low puls~ width (ciook input) 
G.te widlh high 

IOMHlmax 
30 lIS min 
50 n.< min 
50 n.s min 

Gate width low 
[nplltlow voila£<, 
Input high voltag~ 
Output low voltage 
Output high voltage 

fJlvimnmental 
Op<'rating tomperaturo tllllgo 
Storage temperatur~ nmg~ 
Humidity 
W~ight 

9.2 CIO-DASI(,{)2/I6 

PIlW;:r e<>TI<Wllvtion ., 
A!lillog im:.u section 

AID converter type 
Rosolution 
Programmable rang~' 

Bur:;lm.,de 
Data t!illl,f~r 

Polarity 

50 n. min 
0.8V= 
2.0Vmin 
O.4V max 
3.0V min 

o to 50"C 
-20 to 70"C 
o to 90"/. Mn-eondenom~ 
11.10z_CI20g) 

1.4 A typical, 2.IAmax 

ADS7805 s\ICC."iv~ .pproximahon 
16bilS 
<oIOV, <o5V, ±2.5V, +1.2SV,O to 10V, 0 to 5V, 0 to 2.5V, 
o to L25V 
Progr~mmablo: eX~rnl.1 "".Iree (DinO, positivo edge) 0' 
internal Co\lllt., (p"'itiv. or TIegativo od£<" jump<'r-,doot 
ablo) or ,0itware-p<,lIed 
13.3 ~ 
From 512-<ample FIFO via intorrupt, OM.'\., DT-Com"'ot to 
external m . mmy hoa,d or ""'tlware poll.d 
Unipolar/Bipolar, , witci:t .. lectabk 
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Current Transducer LA 55-P/SP1 
For the electronic measurement of currents' DC, AC, pulsed_._ 
with a ga!vanic isolation between the primary circuit (high power) 
and the secondary circuit (electronic circuit). 

(€ 

LEE~""''''"';"''.'ldd,a'"'<::=L __ -_-_-_-_-_-._~~-~-=· ==:;:====J 
I", Pnmary nom,," r,m. ' . curre... 50 A 
I, Prlm~ry current "", • • uring "'nge 0" ~ 100 A 
fl" Mouurirtg resiot~nce @ 

wilhtt2V G ~ 50A_ 0 
G""OOA_ 0 

IWht15V G' 50A_ 0 
G ±I00A_ 0 

'" SecorldO<)' nominal '.m. ' eurron! 

'. Coo"",",,," rail<> 

" Supply ",,~ .. ge {± 5 % ) , Curr" nt con"Lmplion 

'. R,m. ' . voltage for AC ioolotion too.t, 50 Hz, , mO 

Accuracy - Dynamic performance data 

X AccLX"CY@I," .T,~25·C l1!!i15V(ct5 'r. ) 
G ~12., 15V(H ',,) 

10 Offs~t cur~r.l @I,- 0,T,·2S"C 
I"" fUo.itJJ lIl current" G I, " 0, aft" r an OyMood of 3 x I ... 
I", The rmal drift of 10 O"C.," 70"C 

- 25"C + as"C 

t,. Reocto n tirn<o G 10 % 0/ 1, _ 
t, Re.ponoe tll'TW~ @ 90 % of I,~, 

d~dt cJi!dl .ccurale~ folo~ 
f Fr"q<Jenq bardw<Jth (- 1 dB) 

.~ ._--
Gomeral dat1 

" Ambioin! operati"ll temperal"'. 

" Amb ie nt ''''''ge lemperatur~ 

". Secon&ry "",1 ", ... t~n"" @ T,=70"C 
T • • t5"C 

m M.o. 
Stardard , " 

!ll1lM: 'I R .. L.CI of tM coord,," field of !"" mag ""tic circuit 
'W;tl1'~d(of100~ 
• A lsi 01 CO"""",,OOing 1",1, i. ayailable 

LEM Components 

m 0 '" " " 0 " n 

'" " "0 " "' " 00 " " m. 
1 '2000 

," ,. 15 , 
tO IC .1! V)+I. rnA 

" " 
± 0.85 % 

± 0.90 '" 
<0,15 '" 
Typ 1&., 

to.tO rnA 
~ 0.15 rnA 

'" 0.05 i 0.25 rnA 
* 0,05 ~ 0.30 rnA 

<500 n. 
~ 1 ~" 
> 200 N~' 
OC._ 200 kHz 

-~ .' t~ 'C 

" " "90 ' C 

'" n 
'00 n 

" • EN ~a178 

; LAA . . -_. -_ .... 
50 A 

Features 

• Closed loop (oomper>i!alod) curren! 
tron.oo""r """II the H;oII elTect 

• Prioted circuit bo~rd mounting 
• In .cUt..; pI~slic ca.e recognized 

occording to UL 94-VO 

Special features 

.1, =O.~100A 
'K"~'2000 

Advant1ges 

• Excellent occuracy 
• V~", good lnearily 
• Low "'rrv~ralure drift 
• Opl",,,,"d re"",,".e tm., 
• Wide frequency bandwidth 
• No in.ert"," Io .. ~. 
• HigM immunity 10 ""lemal 

intom,,,,n ca 

• Currenl overload cap"bO~" 

Applications 

• AC yoriat>ie speed drives and S~f'lO 
roolo' drive, 

• SI. tic cony~rt"'" for DC motor dr","" 
• Barte", .upplied appl""lions 
• Uninlerruptible Po",,", Supp!'" 

(UPS) 
• Swit"",,,d Modoo Po,""r Suppl~. 

(SMPS) 
• Po""" '1IppI",. for weKling 

aI>PliClltion , 

981'~OI~ 

IVww.lem.com 
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Voltage Transducer LV 20-P 
",or the eleC\fMc mea<;ull!ment of voltages' DC, AC, pul sed .. 
with a galvanic i~oIation bet.<oeen the primEII)' arw! (hi~ voltage) 
and the seconaary circu~ (eledronic cin::uitJ 

C€ 
[ ElectriCOlI dab 

" , 
'. 
'" 
'. 

'. 
" ' . 
" m 

Pnm."" """,., . 1 r,~I.', ";r'M! 

I',i.""" eLK'""' m' ''"M~ ';0(111<' 
M.~."ring r.,iot.,,,," 

@~1O",A._ 

@± 1~m ... _, 

@'10mA~. 

@!1~",A ~< 

~eco"".fl' FIOm; "_I f. "' . CUI r "'" 
COfW~"iM "'~" 
5u~p/y _01'">11 (~5 %) 

Curron! oon' umptoon 
R.m .•• o~age'.' AC j, oI . 1>on I"""'. 50 111, 1 "'" 

"".,a' Ace,"", ." @I" T.=:t~ ·C 0' " '" @'1S~I±5''') 
Lioeorlty 

011<<>1 ou,,~rI 0 I, = O. T.~;!S·C 

T ... ,,,,,,I ,;,;~ of '0 

RQopoll •• ""'~" ft ~O .,. 01 V, ... 

Ambo<ont Q"","l",~ I" m po rat" r. 
Mt>.roI <!"'~~' IP.mp ... h ... 

., 
• ;>~'C 

~ r;"'..",. 'O~ ,esj".""c @T. ~ 70'C 
Sec"odar, 0<>0 r.",,"n'~ @T • • IO"(; 
~ ... 
SI>MMd. ' 

T 2 S·C 
.,. 70'C 

t·Qln. ' Bo,,,,, " " pr,,,,,,), .o~ $!)CO<1dary 

" , ". 
'-- R ••• , 

" '00 

" '00 
'00 '" '00 '00 

" ,~ woo 
~ '2 " 'O(@~'5\11·1. 

" 

~U 

,,' 
,- 0 :l 

'" 
,,, 

± 0.20 
.010 .0.30 
I' 0 1~ .0.·0 

" 

o ,70 
"25 +as 

"" "" n 
~N501lB 

"' •• 
il 

il 
il 

" m' 
, 

m' 
" 

, , 
% 

.I 
·c 
·c 
C 

il 

" 

", R, "2; Hl iUfl ",,,"!.~t, prO<lU,"d toy toe m"'''""'" ,"d'""uol~'oo 
aT ,~. prim", "fCL.O t) 

" " '>1 0/ "''''.PO"dr"g ..... " ,,,. d301. 

10 mA 
10 .. 500 V 

<~~.' 
'<-

• CIOS, O lOOp 1"""' .... n .. I<01 ,a'lOl!" 
Ira ... ";IIC'" ",i 0 D lile r.1 .fT "<I 

• In''''OI"O pi ... ,," co •• r~CO!l'li~o d 
aooo<diogl0 Ul,... 'In 

• Qplirniuo 

Principle of use 

• ~o< """11'1 mu.",. m"o" • cll' fenl 
pra""rIIDrI~ 10 Iho ""'o,,,. d .oIl'Ge 
m"it bt pus<d tnroujjh . n eXiemal 
res;Mor R, Wh,ol> , .... "<:ted".,. tn o 

.. Qf ,no fn'''~M in u ri , s WlI" t"" 
prim.,.,. circuit at 11>0 " ", .. d~cor 

AdvOI.nla<;les 

• Ex",I1.". ~<c"ro<y 
• V~rygo<>d,;" •• nty 
• Low IM,mo' &ill 
• Lo,"" " po","un o 
• liigh ~.n_o1th 
• 1<1g~ OmmLJl\ol'l' to ~"'er".1 

,otorr.,oncg 

• low dl.t"r~."o~ ," cO<'TI",~n made 

AppliC<ltitlllS 

• AC .«riO,. o ~peO<l ori . .. oM ,~"'o 
moto, d' ...... 

• SI.,,,, <on .. "rt~,. 10M [)C motor d<", • • 

• lIotll 'y """P;; Od appl'","on. 
• U" "wrUWbl. Po"". , S""r>\ ~' 

(LJPS) 
• Pow., . uppiOe. for W'el~,n9 
.ppll"3~"". 

-.., .... 1. '" com 
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Dimensions LV 20-P I'" """ , "'''' ~ 0.0394 i"c~) 

Bottom view 
,. .:If , 

Ttltl ~ " .~'~l~" 
". ... - ---7 

• In -Hl 

Right view 

)) 4~ 

Secondary terminals 

.... .... 

\ 
" ... w •• , 

J I 

i 

h ,,,,'"*' . uoply.oI"~ • • 1~ ,~V 

h",""'i;\1 ",ea.",. 
Tefe,;"" ,uPr"yvolt.~~,,, ,~V 

J 

I 
, 

, 

, 

, 

• 

• 

, BaCk view 
~ 

II 

Mechanical characteristics 

• C." . ,"1101~r,nc. 'O? mOl 

• ra"."n~ '- <o""*",,~n 01 O';"''''Y "";n. 
O.63S. 0.6,5 ",m 

• °a'lon,o~lcon~ctiO"Or.o<""d''I' 3 i>t"~-'" 1 mm 

, .. ,'"'' 

Connection ., 
;[. 

,0 ,.~ 
r-~ 

.L 
~~ 

Remark$ 

• I, " PO";:; « </hoo~, i< 'o"" , oon ,.,,.,"'" .". 
• .,,1 , i • • " . M"d ",00 . 1 !'n, "'~","nt ve,.i"". ('''r>f>' 
Y~lt.""., 'urns ro ~o. un;ar~c~"".1 m.as"'"mOOlS ) 
"e .. e co"'"01 c, 

",.hU',"O", '0. "' . ~, ,~. _olt.u h.">."<~' "",~.,." >0_'.'--------
~ ... ,,." '""."" R, "'" _""",'. o~ "'"" ~" i. 010 • ...,0 '" tt,,, '-1 .... ' <l'irn." "",.no A> """," ",,,,,,,.,It R, _""'0 o • 
""'''.,'od '" ,,,.. ,.,. """'''''' _...,. '" 00 ""'." •• " ",,,._nd. '0 • Of""'" ,"".'" o. ,C "'" 

c".....,... ",.,,":"'" be "' .. "".0 V ~ • ~ V ') R, 0 25 XU 12 5 W '. ' '0 "''' ,",""'00) • • 1 '" 01'1 ~ (I! T, • • 25'CI 
~)R, ~,()I(QI125"",I,' S",A ""CLI'''' ... 2''' .. \/~(@T, · .<''5·CJ 

""", .. "" ,_ I'""o ...... """d) : ,_ ... """""" .... , .. ostof><o- 01 "'" ,,""""" w;ndoOg' f .. """, "'" .. ' . " .... ' ''''' ~, 00 R_ "' ,,,_ 
'" "". ""'r~ " ,.-,i ........ _ .<poo.".) ..... ,0< :_ t"" , ... ".,..dec .. ~""_"""" " "' .......... """""'" "",1_, k, .. 1000 ~OO 'I 

DENVER TECHNICAL 
PRODUCTS (PTY) LTD 

P,O.IIo' 15&00. (;<.· .. n VI<w2m 
ToI, 1""1 !:05-20I' 
F. , "") ,,,,,tIl09 
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3.1 Table 01 Physical Sius: Single phase cores lor sheillype trans~nnE!f"!l in GOSS 

j, < 
rabel'le pnY3ikaliscl'ler GIOessen: Einphasige l(~fIle fuet N'.anleltransfolmaIOiln GOSS 

J' 
:J 

Tabls de Olln(!nsionn Fisicas: NOCloos de una-Iaslil P'l!la Iranslormadore,' de tlpo .-.vutldo en ASGO 
(GOSS) 

" c 
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, 1 
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1 • 
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,- '" 110 .. """ DI_ ...... tmml aogtli NoU ,-~ 
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OIl, ... 10 __ .It. { .... ) '-" ••• -• • _l6oodl ~~ ,-,. , .. • • 0 , , , ",," ~ -~, T •• '. ( .... ) tern') ,., 
, 

" , .. • , .. • ~ " '" u. ,n , .. '''' 
;jI) I " 

" " .. .. "' '" '" 
,. , ,. . ... • >" ,',15 ~ 'n .. .. '00 n .' ",40 2.10 , ~ o.~.r " .. • " • .. '00 n .I IU5 2.61 

- , = .~ " .. " • .. '00 n.1 17.10 1.14 , 
• ~ o.,7)! .~ " " 

,. 
" ,. n, .. 00 ,~ 

i 
,- r.; .. " ~ " '" " ,. 13.) ,,~ ." 
v' J~ 1.0 74 " 

It' : '" I': 
,~ " ,. D' ,,~ .~ 

t: 1.Ql ... ~.3l3 · ' ,~ ~ ,. m 3U~ .n .- 'W "; • ," .. , . ' M ... ,= 
1. 

, = . "' ,. 
" " 

,. ,. ~ n . ". .= 
" "" , '" ~ " " ... ,ro m n . ... 23.21 
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,- , ... .. .. , . ,ro "' s , •• ". C. 7MO , ... " 
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" ,. m '" •• •• •• C ;"""Xl ' ''' X " " ,. ... "' eg,e ' 7 21 ~9.77 , 

C12tXio • , 
" • ' ro ,. - 82,' 97 07 &1.72 

J ,,= ,~, r : " • ,~ .. m .. ,~ . ~. 
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Economy Range: 0,5 rnm 
NOSS Single Phase 
CoCo,,,,,, 

-l it is p;>&sible to manufacture cor~s 
--JWm llOI1i/rain ",iented sil ie,," steels 

for app' catoo. wha re superior 

:F 
agn<>tic propertio8 are rot reQl.imd 
,~_ ",olding U"tlSmrrners. In thGse 

- cas"s, th<I use 0/ NaSS., strip wound 
«,res affrxds comlMtililie prices to 

lom..,,,I;oo p3Cka~e., while oIferlng 
J<a;ings In hal'dirl\l and as •• mt>ly time 

- 300 improved eloct~c periOTTll3rlCe. 
The"" C-Cores have 0000 tWsl!ln<Od \0 

J OU it. bobbin. usoo in laminal.",,,-

J 

l 

J 

Co<" 

'"-C~"'" 

'""'" 1.882 
C~= 2103 " 

24.5 

24.5 

31.0 

31.0 

31.0 

37.5 

37.5 

37.5 

3.' Preisguenstige Bauserie: 
Einphasige NOSS 
C-Keme, 0,5 mm 

Kerne koennen 3UCh au. 
nich\-komorientiertem SiII.!Iu"'"tahi 

, 
bandgewickelten 
im Vargleid1 zu Lamlnierungen: 
ist ieid1ter zu boharde., UIld 

, 
35.0 '" "' 35.0 '" "' 35.0 '" "' 44.5 '" '" 44.5 '" '" 44.5 '" '" 44.5 '" '" 
44.5 ,eo '" 44.5 '" '" 

~ --_.,-, . ,,-

Game Ecol1omica: 
Nlicleos "C" 

mm ANSO' (NOSS)' 

, 

,., Areal Weightl 
Path '" ,. 
(em) (em') (kg) 

Kr8ft1lu~ .... Fl8eehel Gewlehtl 
wOO '" ,., 
(em) (em,) (kg) 

, 

'". 37.5 23.25 705 

'" 375 25.60 , 7.75 

'" 37.5 27.93 84S 

'"' ~2,8 35.34 12.30 

'"' ~" 44.18 15.35 

'"' 42.8 5O.07 17.43 

,m 44.6 53.44 23.27 

~ 44.6 60.56 26.36 
,~ 44.6 6769 29.47 
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9.0 Perfonnance Curves 

-J9., GOSS 

_ ~3!l""!ic Properties accordl".. to 
JSpeClfications conforming to AISj' 

- stanaards. 

JGOSS II gu.,ant~~d in t .. rmoof Is 
_ Jmm:lmum cora loss at 91thar j.5 T or 

t.7 T and at SO Hz. Induction is 
guaranleed at aoo IVm. 

J 

1 
j' AI119rican Iron and St .... llnstitukl, 

• 

• 

-
i------;'"";;,;·------r---,,~~~ 

i 
Grad 

Grado 

• 

9.0 Leistungsdiagramme 9.0 Rendimiento de Curvas 

9.' GOSS '·~S.G')· {GOSS) 

Magootlscho E~noo""haft"" ioIUI 
SpezifikatiooM sind conform mrt A[SA· 
Normoo. 

Max, EI~vel1ustw~rt9 ~on GOSS 

aut 1.5 T Dd~r t .7 T "~,'~' :'::'~~:~ 
Wi! garantleroo IndukHon b91 800 

~;~;,~ .. "" ..... , 
"'''m~~ d. Nucleo 

(VlltlC/kg) 

C COI'YRIGHT 

de """,,"Xl 

;.,'" S , icoo SI .... 

Min Induction 
a\ 800 Aim, T 

Mlnlmal.lnduktlon 
001800 Aim, T 

Induceron AIM, T 
• SOO Aim, T 
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[ 'IJ Core Loss (Iron Losses) - 0.3 mm GOSS - Tested at 50Hz 

J Kern Verlust (Eisenverlu~,t) - 0,3 mm GOSS - Getestel bei 50Hz ' 

[ I] perdid,3S de nucleo (PerdTdas de Hierro) - 0.3 mm ASGO (GOSS) Copelado a 

r'l ',' 
I 

Ii 
I 

IX , 
Ii 
n 
U 
11 
11 

~ "''C-----j----,---i 
~ 

, 
O,2f- --

'I 

, , 

i 

,.L-~I-I''-li++'-l-!..Uf"I_L __ ~,...l.+-c-i-'-t+---+--++++t++ 
0,1 -- --

9 - 3 "'·C(WYRlll~l 
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rJ Magnetislng Charactllri~1icll _ Torolds In 0.3 mm Gass _ Tested at 50Hz 

~ Mallnellsierung Eigenschaften - Rlngkerne mit 0,3 mm GaSS - Gelestel bei 50Hz 

J Caracterislicas Magmitizantell - TorOi(1alell en 0,3 mm ASGO (GOSS)· COpelado 

[ . 

[J 

rJ 
I
J 

1 J 
I] 

, 
1 J 

1 

1 
J 

1 -
1 
J • 

I -

I 
• 

I 
I -

, 

';~: ., 

. , 

'.' " Mogr.-tlolng \fA;~g 
,,, 
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Fig: 7.46 Various p"ri. oftb~ Adapti .... Con .... rter 

Fig: 7.47 SatunbJe Reactor "Dd driving circuitry 
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Fig: 7.49 interfacing ha rd,,~ re ~ nd .ignal conditioning 
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Fil:; 7.~ S~!ur~h~ reacto r 
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Appendix 1.8 

Air-gap analysis and calculations 
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Inlroouction of air-gap redu,es lhe penneabililY by causing the she.1r;ng over 

of the B-H loop and by doing Ihis, effecth'ely, replaces some of the ampeT'­

turns provided by the DC coil. Usually, insening an air-gap is a pennanell1 

arrangement and since the objective of Ihis practice is to vary the penneability 

orlhe core, air-gapping. was kept as the final tool to fine-tunc the core 

permeability for the final steady state value orthe AC coil reactance. 

The calculallon of the air-gap flux and length is as follows: 

<l> = 8 .A=O.75*O.OOI=O.75 mWb 

The figure 0.75 T is the scllXted minimum flux density for the core m:l\cnal 

3nd air-gap in the complete absence of DC excitation. 

In a magnetic circuit. the relucltlnce of any section is calculat<:d I'rum: 

s=-'­
p.A 

Where I is the a\'erage length of lhe flux pmh. 

HCllce tor 1\\'0 air-gaps in cadi loop: S 

"" 
_--",21 ~" ...... __ _ At/Wb 
4,T.1O 7 " 0.00 1 

11'1 = 4 .... 10-1 is the pemlcability orfree air, 

So I'llr tht rest orlhe core: S 
0,333 - (21 AU) _ = 7400 

CORe 0.045 * 0.001 ., 
4.5·10 

The figure 0.045 for pc:m1eability is from the B-H graph for B valu<: of 0.75 T. 

In general lhe nunfis related 10 relucunce and flux by F ", NI = HI = S<ll 

Hence: NI = <I>(S.r. + Sct»£ } AI 

In the complete absence of DC excitation which corresponds \0 minimum flu:, 
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F = 250.1.37 CO O.7S. IQ·I( 21~a +7400 
41T, 10 " ·0.001 

..)56,666.67 _ 7400 -" 2J"Ci 
1.257*10" 

449,26667 = tiC; (9.0*1 0" - 2.514"1 0-
9
) = 1.591*1 09 I 

5.6565.10-14 AG 

I"e; = V!23" j () 4 m == 0.2823 1/1/11 

ElIperimemally. 0.3 mm of ai r-gap oplimised Ij,e performance oft!:.: re3C1or. 




