
 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Load Compensation 
Design of a Real Time Analysis 

and 

Control Device 

A. B. Sebitosi 

Thesis submitted to the Faculty of Engineering, University of 
fulfillment of the for of the .... VI ...... 

Master of Science 

Electrical 

Supervised by 

Mr. Michel Malengret 
Department of Electrical and Electronic - .. t:> ... __ • 

Power Group 

November 2001 

STUDENT NUMBER: SBTADOOOI 



Univ
ers

ity
 of

 C
ap

e T
ow

n
1lUl 

t~t !!IdlUlf1! lUlf' lUl ~ 
MfJl1lIDl 

JtmJ!t lUlft[ tJrl~ 

11 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Declaration 

The thesis submitted as a requirement for the award of the degree of Master of 

lor1" ....... '" .Enl~leer:ing at the University of Cape Town. It has not been 

submitted before at this or 

it is based on his own work 

other university. The author hereby confirms that 

111 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Acknowledgement 

My most «:11"1,,...,,,,,",,,, gratitude goes to my supervisor Mr. Michel Malengret. His 

guidance, knowledge and industrial skills have of immense benefit to me. 

I enjoyed great support from my colleagues. Gordon Webber has 

generous friend and support eSt)eciall 

tireless support and cooperation. 

on software. Chris Wozniak for 

my 

rest of my power systems / power electronics group colleagues included, 
Isaac Dave Johnson, Mabuza, Khumalo Siboniso, Mbulelo Jojozi, 
Caxton Magozore, Marubini Manyage, and Sengiphile Simelane. All were great 
guys. 

Finally to my family, Sandra, Gideon and Benja who have had to fend for 

IV 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Abstract 

aim of thesis to produce a load compensator for a three-phase system. 

should be simple, accurate and affordable. 

three-phase load compensator design is based on a more recent definition of 

power factor. Attempts establish a universally acceptable definition can be 

traced as as 1920 at the 36th Annual convention of the American Institution 

of Electrical Engineers. Subsequently, a number of definitions have adopted 

by different Each definition can lead to a different compensator 

solution. This problem for, example, illustrated by Emanuel [25]. 

A highly respected approach was W"OE',,,",,,ct-.n presented 

defined a vector, I, consisting of the 

is and it as the elements. I = [ir is idt. He decomposed the system current vector 

into a set of orthogonal current components namely, llI("''1'1V':> current, reactive 

current, harmonic current and scattered current. 

load balancing technique used in this thesis was based on 

definition of orthogonal currents. The presentation is however limited to a 

symmetrical and sinusoidal supply fed to a linear load where, the scattered and 

harmonic currents are assumed to be negligible. 

major contribution of this the derivation of compensator values. A 

model using two line currents and two voltages lllt!:dtolJI in real was 

designed. It was successfully simulated and tested on a load. The design's 

versatility was demonstrated further by successfully controlling a single-to

three-phase compensator for a complex three-phase load; 
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1. Introduction 

1.1 Background and objectives 

The author resoearCl1Lea load compensation through an extensive study of a range 

of proposals and load compensating methods used over the years. One method, 

in particular, II a balancing compensator/, as proposed by 

F.,." ....... ~& detail. In proposal sUI~gt:~S[S that by measuring only 

two line currents and two line-to-line voltages of an unbalanced complex 

load, supplied with a symmetrical and sinusoidal three-phase voltage, it 

possible to design a load compensator to correct both power factor and load 

unbalance. 

The goal of this thesis was to establish the viability of this proposal by: 

.. Studying and a review on load compensation. 

.. Designing a compensator modeIr using analogue circuit techniques. 

.. Performing computer simulations of the and using the space 

vector for analysis. 

.. Physically constructing the design with ordinary off-the-shelf 

components. 

.. Finally testing, in the laboratory, the constructed compensator system. 

The author is not aware of any prototype or 

this proposal. 

As time and opportunity permit; if 

"""'Jr,',,,. product designed along 

above 11n,mOl,,1" should succeed 

achieving the goal, a investigation may be carried out into 

vel~salnm[V on nn1"nOl" application. 

1 
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1.2 rhe need for load compensation in power systems 

J. Miller [9] load compensation as management of CU.Q.01 ...... 

reactive power to improve the quality of ac power supply. 

It is estimated that over thirty percent of all primary on,orne., resources worldwide 

are converted to electrical energy and inefficient use electricity has profound 

impact on environment. Between 6-10% of power is lost, while 

being delivered to the consumer [8], Rising costs of construction materials and 

labor mean that networks have to continue for longer than perhaps initially 

planned and cable wear and tear through heating must minimized. 

Transmission of vars and negative sequence currents all the way from 

to consumers a major contributor power delivery and generator 

inefficiency. Because cable warming proportional to the square of the current, 

(FR), small current imbalances result in noticeable increases in cable heating. 

Analysis has shown [3], that copper loss during load unbalance is the sum of the 

loss due to positive sequence and negative sequence currents considered 

separately, while that to power as a result of reactive loading 

(typically lagging) as the inverse of the power factor, 1/,)...2, 

(where, A, the power is defined as of the real power, to the total 

apparent power, generated by a voltage source) . 

.... 'C.u .... cuu for power quality is mc:reaLSlI1lg daily as use more 

sophisticated but power-vulnerable microelectronics control based eOluitJ'mE~n 

m<:reliises. It been that addition to losses incurred by the as 

a result of the above problems, the quality of power compromised. 

In his paper, "Reactive power and unbalanced circuits", Waldo Lyon [3], . 
professor at the Massachusetts Institute of Technology), says of load unbalance 

and power factor, ".... the capacities of all generating, transfOrming and 

2 
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distributing devices are and an additional burden thrust upon the 

producer. If the voltages are unbalanced, as a result of the unbalanced 

rrpni-c. all symmetrical poly-phase motors will take additional re'rerse-DnaSE~-

order currents, the effect of which is two fold. pa(:lUE~s of the motors are 

reduced and their LV,,""''''''' are increased" . 

some countries like Uganda, with unplanned suburban housing estates, a 

single-phase can be extended (from a local for kilometers 

on a string at the expense of the other two phases. often causes transformer 

under utilization and premature failure. Moreover, the resulting negative 

sequence currents that dumped on the system are unlikely to be canceled as 

they are not planned for. In planned housing the power attempts to match 

the number of single-phase consumers per phase. But even in such cases 

equating of currents on a substation, the author's experience! rarely 

exc:ee!os 70%. 

This is especially highlighted for private generator sets where a trip rated 

for a full capacity of 100 amperes may go off when one of the lines is only 

60 amperes, as tripping only requires one line current to exceed 

threshold. a typical case will is 

either forcing some to be abandoned or purchasing a new 

and much than necessary generator set. This also does not that 

the existing installed cabling will be adequate. 

This scenario very common Africa! where cash strapped public power 

utilities are generating 30% below their consumer capacities! forcing 

consumers to look for their own alternative means. The Government of Kenya, 

for example, has sought to address the problem in one way by waiving fuel duty 

for industrial consumers with .... " .. "o ... ·<:>t-.-, ... sets 100kva and over, to encourage 

to more ease demand on the public utilities. 

3 
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U":;J.ll'LV.l'C, such circumstances also imply that only urban and 

industrial consumers, that constitute some 8% or so, will be maintained, leaving 

the hapless but otherwise viable upcoming rural enterprises to fend for 

Loads that consume vars tend to depress voltages at their points of connection. 

One might perhaps argue that pre-empting this by installation permanent 

capacitance would solve the problem. However since the load demand for the 

vars continuously a practically problem due to excess rise in the 

terminal voltage, at of low var demand, would have different but equally 

undesirable consequences. the need to compute the appropriate 

compensator parameters at a particular moment 

Utilities in East Africa erroneously assume the effects of load unbalance to 

always subtractive on a macro and only act to remedy reactive loading. 

a to the consumer a surcharge for reactive power consumption is 

incorporated in the bill. 

countries like the USA public power that consumers take 

responsibility for both their power factor and balancing of their load currents. 

intenlatiOIlallaws and norms standardized it will be a matter of time bet,ore 

our local regulations take cue. When one considers heavy single-phase 

consumers like the railways, arc furnaces, arc welders and induction it 

would be wrong to assume that some load distribution matching would 

take care of such large amounts of negative currents, or for the power 

supply utility to provide the compensation at no extra cost 

4 
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So concludes Lyon [3], "Both unbalancing current and low power factor increase 

loss the circuit and Iu::!c:essaIY capacity of infrastructUre and should 

penalized" . 

1.3 Structure 

The thesis is divided in four chapters "''''-.L .... \,JLU this one. 

Chapter 2 begins by restating the basic OtJl(eCltlVE~S of the Tn"'""",, It explains, with 

illustrations, following terms: space vector, power factor (both single and 

unbalance and compensation. 

It then continues by reviewing theories of various models of compensators 

proposed by different deSigners for similar or different applications and 

'1.u" ..... ...,"''''",''' their limitations. A of load 

the arc Tn rr", .. 

Chapter 3 covers computer simulations. It begins by defining and then analyzing 

an ideal load, with 

to judge the 

using the space vector. These results are later 

of a load compensator. illustrations are used 

to explain the terms, load current, source current and compensator 

A complete model for measuring the admittance of a complex three-phase linear 

load is designed. The details of its conception from basic principles are covered. 

Finally a fully automated compensation of a random complex load is 

successfully simulated. The results are displayed as a series of oscilloscope 

waveforms and space vector loci. 

Chapter 4 covers practical llnOlementctttoln of model cte5,lgIlea earlier. 

compares and the problems of physical component with those 

of computer toolboxes. The techniques used to overcome the practical problems 

5 
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are discussed. climax of this chapter is when the compensator achieves 

balance and power factor correction. 

"h<:lln+.:.Y' 5 "-"'>-'LV" versatility of the admittance meter with a different type of 

problem; the of a load with a supply. 

series of formulae to be used are problems encountered as 

well as their solutions are discussed. Computer simulations are successfully 

out. Finally the design of additional circuitry 

illustrated and carried out. Due lack of time the laboratory tests were not 

done. 

6 
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2 A Review of a variety of load compensation 
methods 

2.1 Introduction 

This review covers definitions? concepts? .... '-'~, .. );, ... '" and practices the 
compensation. words are? total power? reactive, 
compensator, symmetrical and sinusoidal. 

2.1.1 Objectives 

of load 

As has been Cl.~J::I·tt:l>t1 

power 

functions. 

unbalanced and .. "' ........ I.JL'If 

reduce the );,""A.''''A.'''''' pertorrnaI 

loads result in .......... ,.u.u • .., .. 

of all power """.n;n,... 

In this thesis the objectives are: 

• Reduction of system reactive power requirement 

• Restoration current balance. 

By achieving the two objectives one can .rn· ......... ''!.:TO on generator ettlciE~ncy 

transmission and voltage balance. 

noting that load and load power cannot be 

the source currents factor that are .......... .LlJ:;,'" by a load compensator. 

.... n1Cn"".,.. factor to ideal compensator is one that will correct 

current unbalance to zero. It will provide responses to 

injecting the correct c01np,eru,atC)I currents '-.... "' .. '1:;. .... '" by 

......... "uu"', .. ,will be Ull<lltte!cte!C1 voltage supply 

practice there are a of factors one against, for an optimum 

compensator in a specific'context, not least of which economics. For '-'''''' ....... n .. '-! 

a power factor 0.95 regarded as optimum by some industrial 

consumers. As for the sm001tnness of the steps, it's .. "' ............. ,. 

7 
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predetermined of components, a bank. Load patterns 

vary have rong term and only require routine 

switching) to those that are continuously 'T~l""'n 

and continuous mOnitoring automated compensation. 

This consider effects of power factor load unbalance as 

undesirable. It will assumed that, harmonic scattered currents are 

negligible. supply voltages be sinusoidal and symmetrical and 

will be linear. 

2.2 The Space vector 

is an approach to the real analysis of asymmetry in three-phase steady 

state systems. will be in thesis. following a review 

of this concept, developed by P Covacs and I Raze [13]. It involves the 

transformation of the values a three-phase system into a two-dimensional 

vector This was initially the two dimensional control 

rotating machines that have mree-pnase balanced windings. 

Let figure 2.1 represent a motor. windings are balanced and are along axes 

OA, and Their magn4~tlC torces are along I DB' OC' . 

the of field force OA' taken as the other two field 

+ ............ L">CY can be r~"'.nnlQn both in Dnid~~ as as in quadrature OA', the 

following expressions. 

F be the system magnetic field force. 

F = A' + B'(cos120° + jsin1200) + C'(cos(-1200)+jsin(-1200» 

8 
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A 

B' ~ 
"-

"-

c 

"-
" 

1-10111"1> 2.1 

F == + B'(-l + 1";3)/2 + (-1 - 1";3)/2 (where F is the resultant (real time) two 

dimensional vector) 

== -(1 + 1";3)/2 and a = (-1 + j'/3)/2 

,u ............ v;. '" the field vector, F, can aeJtmE!a as 

F= + (2.1) 

This a mathematical coordinate transformation. The orientation of unit vectors 

1, a and a2 is independent of the spatial orientation the equipment. 

useful transformation can also be applied to transformers, transmission 

lines loads, with, flux, current and/ or as the pa:ranllet'e1 

to for valid for periodic functions as 

well as dc conditions. 

us consider a special case represented by the phasor diagram figure 

, Three balanced line current phasorsl lal Ib and IC
I 

are in positive 

9 
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Ib 

Figure 2.2 (Three-phase currents leading) 

Va the ret4~reln.ce voltage of a three-phase supply. is smUS()lm:u and 

has a malxilln.mn almpUtulCle, 11. angular (equal to that 

Va) 0) radians second and leading reb~re]lCe vOlta2:e. Va, by 41 

are 211:/3 radians ) and in PO~,ln'ii 

currents above are ..... "', ... "' .. "' ... "" 

== 11 cos(O)t +41 -211:/3) 

::::: I1COS(O)t +41 +211:/3) 

Using identity: 

.... "' ....... "". The instantaneous 

by 

eje = cose+ j => cose = Re(ei9) 

From identity and the definition of space vector in the 

2.1 it can be shown that the system CUJlTel1t vector given by 

10 

of the line 

(2.2) 

in figure 
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= 11 eioot (since 11 ei$ a constant, 11 a complex number) (2.3) 

This is the same usual for a alternating phasorwhose 

a circle at a constant 

symmetrical positive 

'h~~~& velocity, 00. This set up constitutes a 

rr~:nclnisaruUCJocj~lSe 

On other hand the in figure were to rotate in the clockwise 

direction then they would be said to be in negative s~uence and 

expressions would be 

ia ~1 cos(oot +$) 

ib == 11 cos(oot +$ +21C/3) 

(2.4) 

,n::n",,,,,,,. the expression for system negative sequence current, 12, can 

rotates the negative (clockwise) direction at 

the same angular velocity but a different maximum amplitude, 

a load unbalance situation both lL.U:JLL"-<::... are prlesent. 

current vector the sum of an anti-clockwise circular locus and a circular 

clockwise locus. result an ellipse, as shown in figure 2.3. 

will illustrated later a compensator to redress the system current 

unbalance exploits Kirchhoff s current law A node on a load current 

supply line, is injected with a component of current equal to the negative 

sequence of load that the load cannot '-U~U.Lj::,,'-1 

the source is relieved from supplying that component 

11 
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t , 
• 

f , , , , , 
I , , , , 

" 

/ 

" " 

" 
" 

Negative sequence _ .... - ........ 

Positive 

I 

Figure 

I 
". 

i 
) 

Summation of positive and negative sequence space vector currents 

positive and negative 

sequence) 

2.3 Compensator concepts 

purpose of this is to explain the relationship between 

load and the CO]nl)em.at( 

power 

2.3.1 Reactive current and Power factor in single-phase 

Supply us v 

(a) 

Figure 

Complex single-phase load and its current and voltage phasors 

12 

(b) 

v 
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is a Thevenin model. A single-phase load with admittance, YI, is 

a C011atLC a 

Yl = GI + jBl is supplied with a voltage V, L"'C>LLL~JU'J<. 

Therefore, 

current. 

(2.5) 

1-110";I1rt> 2.4b is a phasor representation of 2.4a. Positive rotation is anticlockwise. 

Voltage V is the Current II said to lag the voltage. Such a load has an 

inductive susceptance and a resistive conductance. The load current can be 

decomposed into two components. Ia is active which is due to the 

conductance and is in phase with the supply voltage. is the current, 

and is due to the susceptance. It is in quadrature with the supply voltage. 

<p be the supply voltage, V, and the load current II. 

If the total apparent power supplied by the voltage source, then 

+jQ (2.6) 

Note that 

• Phasors are valid for 

• Power quantities are scalar (not vector or phasor entities). 

• is the complex conjugate of 

• PI called the real power component (or physically useful part) of 

,. Q called the reactive power component. It has no tangible use but the 

peculiar nature of the load is such that it inherently requires it. It also 

contributes to system inefficiency. 

The power fuctor, A, defined as the ratio of the real power, PI to the total 

apparent power, It is equal to the cosine the phase between V and II. 
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A = Cosq> = f 

concept of power factor correction to find a substitute source for the 

reactive power. Then the voltage supply source is left to only the useful 

active power, Pl. This the task of the compensator. reactive part of the 

load is )'811 then power factor compensation done by connecting, parallel to 

the load, a pure of art equal but opposite value, The total 

supply source current, lSI will then be given by the sum of the original load 

II and that of compensator !y. 

= II + !y = V{GI + J'81 ) + V{-jB]) = VGl = la (2.8) 

above scenario can be viewed from a trigonometric point of view. 

Let a load, Z, comprising of constant values resistance, R, and inductance, 

be with a purely sinusoidal voltage, 

The .r1 .. • .. "'~ .. ·i given by 

i =-../21 Sin rot (where I is the rms value of the current) 

The voltage drop across the load is by 

e + L (difdt) 

Substituting in i we 

e R-../21 Sin rot + Cos rot 

power delivered to the load is 

s = ei RI2 (I - cos2rot) + roLI2 sin2rot 

14 

(2.9) 

(2.10) 

(2.11) 
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\ 

active power to the load 

(2.12) 

maximum ..... ,.."'''7.011'' to the magnetic field of inductor 

Qr == roLI2 (is the TO:::ll"'ft,<ro power and is delivered to the magn4~t1C one 

of the cycle and then back to the source the other half.) 

apparent power is E1 and given by 

(2.13) 

Power factor the of the power to the total apparent nrn'ATOT 

A== CosO = -;====== (2.14) 

2.3.2 The unbalance current, lu 

l1li Unbalance defined in the symmetrical components context 

When 

unbalanced. In 

"''''''ra ....... are not they are said to be 

context the supply voltages are and sinusoidal 

and the load linear. the current unbalance directly 

proportional to the extent of unbalance of three-phase load. 

One of evaluating load the of symmetrical 

n .... e ...... ,.., as introduced by [1]. This " .... "TO?£>t"li later, detaiL 

15 
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section 2.4.3. brief, it states that any three-phase system of unbalanced currents 

can be presented by three sets of, equal positive sequence, equal negative and 

equal zero 

In a balanced situation the negative sequence currents are zero. Making this 

observation, J. Slepian [5], defined the extent of unbalance as the unbalance 

is equal to the, u •••• the the magnitude of ......... , ..... ' .. .,. ... _ ......... "' ........... 

and direct-rotational components." 

following expression gives the value of the reference phasors the 

symmetrical current .... "", ..... "" ...... "..,,"" .... .., are, the zero sequence, the positive 

sequence, la1 and negative sequence, 1a2. currents are la! Ib and Ie· 

[

lao] '[1 1 
lat =:: t 1 a

2 . la2 1 a 

(2.15) 

Zero sequence currents are zero. magnitudes of other phasors 

each sequence are equal. Therefore the unbalance factor equal to the ratio of 

mclgI1llttLde of the negative reference phasor to the positive one. 

Unbalance factor, = (2.16) 

Then 

when 

extTernes can be defined, namely, for a balanced three-phase 

equal to zero giving an unbalance factor of zero and case of a 

single·phase, when Ial equal Ia2 yielding a 100% unbalance factor as shown 

below. 

From (2.15) 

16 
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lIaoJ II 1 Ial = 1/3 I a 

Ia2 1 
~ JH J~ l~:J fur sm~phase 

Ia2. The same can shown to be if the is or Ie 

unbalance ~t"i"n .. found much practical use mainly in analyzing unbalapce 

induction motors, like effect of voltage unbalance on torque. example the 

starting torque given by 

s.t = [1 - (u.fil x (Dositi've SE~au.en(=e rotational torque.) 

• Unbalance as defined by Czarnecki [111 

Czarnecki [11] has defined three-phase source current, if to a linear 

as a vector whose elements are the currents, i~ 

such that 

(2.17) 

He has further decomposed current vector into, the active current vector, ial 

the current vector, iW the harmonic current vector, 

current (due load unbalance), iu is (due to load 

conductance dependency on frequency). They are mutually orthogonal. this 

the voltages are and sinusoidaL the loads are 

linear and the harmonic and scattered currents will considered as 

Therefore the rms values of the load vector components satisfy 

17 
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(2.18) 

Ir 
Vr ________ ~~------------~----~ 

v 
~---------.--------------~ 

v 
~------~---.----------~--~--~ 

Figure 

and sinusoidal voltage supply, positive 

line-to-neutral voltages, V r' and V t, are feeding an U1.'VU1U.U'~"'U 

but line 

total complex "r"'AT"'''' supplied by source is 

(wherePis power and represents the 

(2.19) 

of the components S) 

In (2.20) 

The system equivalent acUmt1lanc:e as defined by 

Ye= + =Yrs + Yst+ Ytr (2.21) 

total (2.22) 

18 
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SjllVl1 2 Ye:::: Ge + 

Ge :::: Re(Sj II V 112) :::: (the equivalent conductance) 

equivalent "'1u,ra~"'.""nr'" 

The conductance is responsible for the active current ia. 

The reactance responsible for 

. l~rr l J = I q Dr 

iir 

which Czarnecki defines unbalance current, ill! as 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

remainder 

(2.28) 

Thus is the concept of the unbalance current, iu' (In the three-phase dimension it 

constitutes negative sequence currents) 

Looking at each phase separately 

the line, the complex rms value the unbalance current, is by 

19 
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+ Irq) (Ir the total is the <>1"'''''<70 cOJnpon~ent and 

Irq the reactive component rms values) 

!'!';:>ntel are Tu.""r£l'n to the branch load currents as follows 

Ir = - Itr:::: 

(where is the red 

rand 

current and is the load branch current n&>11"lM""""n 

Ana definition the total equivalent admittance 

(2.30) 

Ye:::: + jBe :::: ( + Yst + Ytr) (2.31) 

And the sum the and currents line r is 

+ Irq:::: = Vr(Ge + :::: Vr(Yrs + Yst + Ytr) (2.32) 

Therefore ........ ,V ... "" ............. current line r is by 

Iru (Vr - Ytr (Vt- Vr) - (Ge + jBe)Vr 

(2.33) 

The supply is in positive ',;:>'"> .... 0 and so, V s = 

(2.34) 

=AVr 

(A is by as unbalance admittance; a fictitious component 

of the admittance responsible the 

The two unbalance currents can derived since they are in n;:>jrr"' .... I"';:> 

sequence and of magnitude (Isu :::: andItu :::: 
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2.6 

In section the COrtCel)! of symmetrical COlmU1on.en1ts was briefly 'nf1 .. nrl 

more detailed elaboration is section 

In approach aeJllnlmg power factor in three-phase Emanuel [25] makes use 

symmetrical components as reviewed here. "'''-~L''-''- currents are 

assumed zero. 

Figure is a symmetrical positive sequence supply feeding an unbalanced 

three-phase load. 

The supply voltages are 

= Vli Vb = a2Vl;Vc = 

and = exp(-j1200» 

(Vl is the reference phasor, a = exp(j1200) 

line VOltalzes squared are determined by ""'''L<UIf'''-

conjugate 

(Va) 2 = (Vl)2 

(Vb)2 ::: (a2 

(vd 2 = (a Vl) 2 

up 

(Va) 2 + (Vb) 2 + (VC)2 = (Vl)2 + (a2Vl)2 + (aVl)2 = 2 

(whereE norm each unli1-J:li.rlrO phasor) 

The line currents are 

(2.40) 
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Therefore 

Isu = -( a2y st + aYrs + Ytr)V s = a2AV s (2.36) 

(2.37) 

Now the total system unbalance admittance, A can be given by 

AIIVII = IIIul1 (2.38) 

And 

11111 =~G: + B; + A2 IIVII (2.39) 

(where 11111 is the norm of the load current vector) 

2.3.3 Power factor defined in three-phase 

In section 2.3.1 power factor is illustrated in the context of a single-phase 

network. Its physical meaning is dear. A. E. Emanuel [25] has defined single

phase apparent power as the maximum active power that can be delivered to a 

load by a voltage source while the line rms current is maintained constant. 

In the aforementioned section power factor was defined as the ratio of active 

power, P, to the total apparent power, S. The same definition still holds in three

phase. Problems arise with fine details. For example, is S = Sa + Sb + Sc or 

S = .11(Pa + Pb + Pd +j(Qa + ~ + Qdll? Where a, b, c are the supply lines. P is 

active power and Q is the rest. It has been shown [25] that under certain multi

frequency conditions the answers will differ. 

Total apparent power will be defined here in the already confined context of a 

sinusoidal, symmetrical voltage supply source and a linear load. 

21 
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Ia == + 12 (where 11 

currents ..... """'n<'"~i-n1''' 

::::: a 2 + aI2 

Ie == all + a 2 

Squaring 

(Ia) 2 = 12)2 

(Ib) 2 (a 211 + aI2)2 

12 are the reference line positive 

Zero sequence currents are zero) 

(Ie) 2 = (all + a 212)2 

Finally it can be shown that 

311 2 + 2 (Ia) 2 + (Ib) 2 + (Ie) 2 

negative .,""", .. "', ...... ,.,. 

(2.41) 

(2.42) 

(2.43) 

apparent power the product of the load current "'01"+"'''' and the 

Therefore 

5 2 = 2 (311 2 + 2 ) 

(3E11) 2 + (3E 12) 2 (2.44) 

The negative component is undesirable. The sequence 

component power comprises active and reactive parts of only active 

The active power component the dot product of the ',,,,,,,,n.>..n voltage vector and 

the current vector, 

== (3El*1) (where Re CJI.c;l.Jll .... " the real part) 

Finally nl'.-."''''' .... factor A can be defined as 

A = Re (3£1*1)/5 (2.46) 
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2.4 Methods of compensation 

2.4.1 

the function and purpose of a load compensator is illustrated. The 

depictions are an ideal This will cover the practical 

considerations for the choices of compensators, their designs, attributes 

shortcomings. 

2.4.2 Compensation using load admittances 

load cOJnperu,atl)I can be the load admittances. 

Gyugyi others [7] nY'~>cg'nm,t1 a paper on this approach, as the following 

review 

a 

V<2400 

Figure 

I-n..."u'o 2.7 a delta network with admittances, Yab' Ybc and fed with a 

symmetrical and sinusoidal supply in positive the 

three admittances be linear but unequal 
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In 2.3.1 a power factor correction concept was illustrated as the addition 

of an equal but opposite (in parallel) to a load branch aQ]rut1ran~ce 

(2.52) 

In order to compensate we must add, parallel to it, a IJ ...... LL ....... jB* 

where B* ab -Bab- So a full TnT'£>o..:n power factor compensator for delta 

load similarly add, parallel to each the two branches, an equal but 

opposite susceptance 'h£>lr£>,-",l+o", the voltage source will II see" load as 

(with conductances, Gbc and Gac) any 

the source reactive currents. However the load will still <C .... UQUL unbalanced 

will continue to F.. ..... 'c ........ "" sequence current components. 

Sac 'Vb ------' 
, 'Vb' 
---~ 

"Vt _. __ _ 

: (~) : . (b) : 

L·'~_._~ 2.8 

A single branch load with a three-phase supply 

Consider admittance Yab has become a 

conductance, after it has compensated power factor, standing alone 
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on a three-phase supply. will be negative ""<.:::IL,,,,<,::: currents 

due to balance the system one requires connect pure susceptances 

bandc nD .... u£>D .... a and c. 

The superposition method one convenient 

due to individual phase voltages. Figure 

using superposition 

Va= 

Vb=a2V 

work out the 

illustrates the 

a= Vc = aV (where a and a2 are 

a2 = (-1I2-j-V3/2), and are of one another.) 

r- -, 
I I 
I , 

: jBac 
I I 
~ _ _ I 

Figure 

",w~YhMrr the superposition method 

rro.,...., due to Va are 

Ial = + JBac} 

26 

currents 

2.55) 

r- -I , . 
I 
I 
I 
I 

___ J 
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Ibl = -VGab 

Ic1 = -JVBac 

Currents due to Vb: 

Ia2 = -a2VGab 

Ib2 = a2V(Gab + jBbc) 

Ic2 = -ja2VBbc 

Currents due to V c: 

Ia3 = -jaVBac 

Ib3 = -ja VBbc 

Ic3 = jaV(Bbc + BaC> 

(2.56) 

(2.57) 

(2.58) 

The total line currents are the sum of the individual alphabetic subscripts like 

(2.59) 

At balance the source currents will be in positive sequence, 

(2.60) 

27 
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Gyugyi et al finally got the following result (nn,trin 

Steinmetz the 20th .... '-' .. ,l~ ....... 

Bac (-Gab)/ ~3 

Gab is a conductance it CalID()I 

Bac is inductive. 

Therefore 

attributed to 

(2.61) 

is capacitive 

Now having balanced the currents for Gab, same formula used to balance 

the for of the two branches, and handling each 

ata They are then added tO$~etJtler with susceptances 

reactive compensation, worked out using equation The final product a 

compensator for both load unbalance and power factor correction. The following 

ext)re~)si(ms will be values each branch of final ......... ·"' .... 'on., 

B*bc= 

Where B*ab, total branch susceptance for both 

unbalance and power factor across phases a and b. It important that to 

that this compensator network will only valid positive since 

all working is derived from a positive sequence as figure 

2.7. 

28 
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2.4.3 Load compensation by using symmetrical components 

Method of computation 

Equations make good illustrations of what goes on in the vr()ce!;s of load 

compensation. Unfortunately assume that the load admi1tta]nCE~S are either 

known· or can of which possible A more 

practical approach a formula that will yield compensating values terms of 

line currents Both these can be 

such approach the principle of symmetrical components. 

L. 1-<""'1"1>;:>""r11.o [1], (in continuation of works of A. Blondel and L. 

presented, U A method of SV1nnletlrICCU co-ordinates applied to solution of 

polyphase n",t"UIl"kTkc::" 

the context a three-phase network the " ... 1,...."1·,...1"" that, 

system unbalanced currents can be presented as three sets of, equal pOSitive, 

11, equal negative, and equal zero sequence currents, 10. 

at figure 2.7, again, an load 

symmetrical three-phase in positive 

... "'t."' ... "", .... "o we have 

Va= Vb=a2Vi andVc=aV 

by a set 

Va as the 

(2.63) 

a 

described. 

same 1200 and 2400 operators respectively, as previously 

above are line-to-neutral voltages. Line-to-line voltages are worked out by 

subtraction pairs ofthe concerned as follows. 

Vab == Va - Vb= a2)V 
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-l)V (2.64) 

load in figure 2.7can be worked out as follows 

lab =Yab Vab = Yab(1- a2)V 

= Yca(a -l)V (2.65) 

line currents are 

The components referred to [1] are given 

= Ia1 + Ia2 + laO 

+ + 

+ laO 

30 
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Which matrix form 

(2.68) 

Inverting 

[

I ao] [1 
1al = t 1 a 

1 a2 1 

1 

(2.69) 

laO, lal and la2 are the reference (or line a) phasors the zero-, positive 

sequence currents are often zero and most will be when the load 

balances. From equations 2.65 Ia,Ib and substituted in equations, 2.66, 

we get 

IaO=O 

= 1/3 (la + alb + a2Ic) = 1/ 3(lab - laC> + a(lbc - lab) + a20ca - Ibc) 

=1/3(Yab + Ybc + Yca)V 

(2.70) 
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When load is balanced, all admittances will appear equal (Yab = Ybc Yea) 

T7 .... ' ... H..,.~ from source and equation becomes 

== -1/3YV(a2 + 1 + a) 

w here is the admittance 

(a2 + 1 + a) = 0 and therefore 

branch 

== 0 (under balanced conditions). 

cOlrnpem;atC)I network with SU:SC€!Ptiin(:es, B* ab, and 

rnlrl1ru:.rn.r! on supply lines a, band c. It will seen by the supply, in one 

sense, like any delta load. Therefore it will also have its symmetrical 

given by 

11c :::: j/3(B* ab + B*bc + B* ca)V (positive compensator current) 

= -j/3(a2B* ab + B*bc + aBca)V (negative compensator current) (2.71) 

At balance therefore the sum of the load and compensator negative 

currents must be zero. At unity power factor the sum of the positive sequence 

"'<>"'1'",,<> components (imaginary parts) will be zero. 

=0 (the subscript c is for the compensator) 

Im(I1 + 11(:)=0 (2.73) 

... We get the load balancing values by solving equation 
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• We correct the power factor by canceling 

positive 2.73. 

Yab ==Gab + 

n"" ... ,"' .... '""" if 

Im(11 + Ie1) == 0 (where, ImI1 the ... "''''' .... t-t .. 'o component of 11) 

then 

V[(Bab 

The compensator are 

Byab == - (1m In + Im121- v'3ReI2)/(3v'3V) 

Bybc = - (Imln-2ImI21)/(3v'3V) 

parts the 

(2.74) 

(2.75) 

Note that the above equations are in current components. 

We must finally use the transformation matrix to convert the terms 

of normal line currents, lal Ib and that can be as follows 

Bybc ::: -(1m alb + 1m - Imla)/3V 
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=-(Im + (2.76) 

Compensator implementation using average real and imaginary power 
quantities 

equation 2.6 

unillgrnaIy part of 

= 1m VI"'} = 

= j(Im VI"'I)/V2 

Therefore equations 

as 

power 

apparent 

a voltage source equal to the 

(2.77) 

total cmnperu;atC)I susceptances can re-written 

Byab = [lm Val'" a + Im Vbl"'b - Im V cl"'d/3V2 

(2.78) 

Using instantaneous currents and voltages, (or active) power as 

T 

= Yr J vidt (2.79) 
o 

order to extract using the same U.."'UL'U' .... we must intlegrate cunrent I, 

multiplied by V(-'it/2), voltage delayed 90°. 
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T 

1m VI'" = Yr f v( -1Z/2)idt (2.80) 
o 

In practice it is possible, to get a value, v(-nI2), of one voltage. that is 

perpendicular to another one as illustrated in figure 2.10. 

Figu.re 2.10 

Figure 2.10 is a phasor representation of a symmetrical three-phase supply in 

positive sequence. Vao, Vbo and V co are the line-to-neutral voltage phasors. The 

figure demonstrates that if the line to neutral voltage Vbo is extended to point P 

it will intercept line-to-line voltage Vac at 90°. 

Vac = -l"3Vbo (2.81) 

So equations 2.78cal1 be re-written as 

35 
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I 

2.82 are in a compensator control since they 

are mathematical forms that can be converted into electronic 

Compensator implementation using instantaneous currents and voltages 

(By sampling method) 

The instantaneous value 

following equation 

line current in phase A can represented the 

sinOJt) (2.83) 

the imaginary component of the line A also .oV"'rro·QQo::.n as 1m 

If one the function over a period ~"J~;'" that lax will 

equal to ia at the instant when sinoot:::::: and cosoot O. 

instant can be defined 

defined. 

Let A 11.,..,0...1',"'_11,.011 

as current, one gets 

a phasor and a reference will also have to 

voltage the ... .,. • ..,.l"'.nr'o Using same domain 
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(2.84) 

. , The required instant therefore defined by 

Va ;;::;: 0 and must dv or _a 

dt 
only instant when sinoot = 

as opposed to a similar moment but sinoot;;::;: +1. 

Therefore 
i 

= Ji (at the instant va is zero and rising) 

The components.can be similarly derived 

= (at the instant vb is zero and rising) 

== (at instant Vc zero and rising) 

sm;celptancE~s in line 

... ....". ... ·"'have in equations 2.76. 

This method can be suitable for a compensator system designed a digital 

microprocessor 

Implementation using a separate positive- and a separate negative senruel'lce 

network 

compensator can in a split manner, two delta networks; 

one dealing the COltllPOnlent of the 

the total negative sequence component. 

Equations 2.70 express the symmetrical components of line currents terms 

of line-to-line admittances. When are substituted into equations 2.75 one 

gets 

Byab = Byabl + Byab2 

37 
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Bybc == Bybc1 + Bybc2 

Byca == Byca1 + Byca2 

Susceptances with the """,,,, ... nt- form the positive the 

the negative the components of sequence are equal, therefore 

the positive sequence network comprised of 

= Bybc1 Byca1 = -1/3[Bab + Bbc + (2.87) 

And negative sequence network 

=1/ - Gbd +1/3[Bbc + Bca-

Bybc2 = l/"3(Gab- + Bab Bbc] 

Byca2 = 1/ "3(Gbc - Gab] +1 /3[Bab + Bbc - 2Bcal (2.88) 

2.4.4 A balancing compensator 

type as nrc)D()Sed 

based on measurements and computation of the equivalent 

unbalanced as earlier in section 2.32. 

It is based on assumption that only the fundamental frequency exists, 

is the sinusoidal fed to a linear load. 

decomposition the load i, gives 

active, reactive unbalance currents whose rms values 

l1i l1
2 Iii Q 112 + Iii q 112 + Iii u 112 (2.89) 
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I 

The 01">'100"1:"""" of compensator to eliminate the unbalance 

current components. 

As earlier mentioned has defined the equivalent aOJmUtaIllce, 

-G +J'B - e e + Yst + Ytr (Y's are admittances of the load) 

In 2 (by Malengret) it is shown that 

a and a* its conjugate) (2.90) 

next the proposed structure of the compensator. 

Figure 

nrf~e-lmaSl' load with a r""''''r!o,"",,,,ffH' in place 

"'",.nc"" of by the following 

eXl)relssi<)flS are also Appendix 
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=<'/3 A-ImA-

= A+ Be)/3 

= -<'/3 Re + Im A +Be)/3 (2.91) 

The given definition the equivalent admittance assumes that loads are 

accessible, which is not possible in 

Let follows that line-to-line load currents 

satisfy the following ext)re:SSlC)llS 

Ir = - Itr YrsVrs 

Ist = Y IT V IT - Y st V st (2.92) 

(Where V st Vtr are the load lie-to-line voltages.) 

If a delta load is assumed the sum the ...... "'ntc is zero. 

the above equations interdependent. 

Therefore one could choose any value one the load admittances. 

If for '-'" .......... v",.;, Y rs is to zero, it can be shown [10] that 

(2.93) 
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Load admittance obtained this way are referred to by as 

fictitious values. Using these the ex)reSSIC)nS for unbalance admittance and 

susceptance simplify to 

Be = Im(Yst + YrV (2.94) 

(2.95) 

From these it follows that only two line and two 

voltages Czarnecki's proposed compensator should correct both load unbalance 

and power factor. 

complete design procedure and simulations are covered Chapter 3. 

The p.q theory of Instantaneous power compensation 

and others [17] proposed a totally novel reactive 

power compensation, in paper, "Instantaneous reactive 

compensators switching devices without energy storage 

components". They based their approach on a principle of instantaneous values 

of power their solution both transient 

and as as current 
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waveforms. Moreover, the instantaneous active filter that is 

require practically no storage components. 

the theory, a Oarke It 

transformation of the three-phase voltages and currents 

q. and f3 coordinates. This followed by the computation of 

p and q (real and imaginary) power components. 

is to 

an algebraic 

a-b-c coordinates 

instantaneous 

Initially procedure follows the norms of vector conversion of 

three-phase parameters, using instantaneous values of line currents and line-to-

VU""'j::."''''. The resultant and real 

components but in magnitude onlYi the get discarded until the 

finally .... "' ........... , ...... 

(2.96) 

E = ea + ef3 = ea + a~ + 

The subscripts a and p denote what should ordinarily been the real and imaginary 

components of the instantaneous current and voltage space vectors, while a, b, care 

three-phase instantaneous parameters of current and voltage. 

In form 

= [01 1/2 
./3/4 

]=[~ 1/2 

-112 a 

[
i J -M] :: 

Using the current and voltage 

instantaneous real power, p, as, 

(2.98) 

(2.99) 

vector EU!IuttlLaeS, Akagi et al defined the 
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in original convention, is, 

P ia · ea + ib . q,+ ic . (2.101) 

is known to is a but for the case of instantaneous reactive power, 

q, Akagi et al defined it as a and only left the power as a scalar. q 

sum of the cross of the instantaneous and 

components of the ............ 0::;. ... space vector matgnnuiue:s obtained above. 

(2.102) 

a cross product the vectors are on an axis noulrno""TI to the a. 

........ LL"' .... this axis the p plane in the direction 

I{ imaginary" axis. The a. 

hand screw 

p plane is referred to as the 

R 

a. and f3 
plane 

'a. N. 

Figure 2.12 

p the value of the LUJ.ILLUJLl ..... 'J .... " real power comprising 

the instantaneous real power (which the only desirable 

alternative value of real component. 
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component q, the instantaneous 

power factor ~'J;'~"" 

power, . V· 11 sine) eis 

J--.... __ -+-_.,......._P_l .... J' --q-lll>----1 Load 

compensator· 

Figure 2, 

Once the components of system have identified an filter 

designed to care of the undesirable components, q and Meanwhile 

power source is left to supply only 

power. 

mean of the instantaneous real 

This a promising futuristic technique in load compensation. is said to have 

It 

following 

• It is applicable to any three-phase "'''''OT"",rn whether three or four In 

the case of a four-wire configuration, however, conversion from three-

to-two coordinates include the zero sequence component; which 

case it will a four-to-three coordinate transformation. 

" Being based on instantaneous values 

• Like most vector operations the 

dynamic response excellent. 

calculations are and to 

into digital 

two control uau:::J::, ... ::;'" namely instantaneous power sinusoidal 

current. Perhaps more will be discovered as use increases. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure represents what happens principle. However in the load 
must -..or-an:,,, the translated back into the three-coordinate 

Further improvements on approach have been published by Zheng 

others Recently, Afonso and [23] of Minho University 

in Portugal published a report with results 

model with additional improvements. 

successful simulations 

2.4.6 Compensation by phase transformation 

2.4.6.1 Background 

a 

associated with very "'£>~nr'" Single-phase loads are documented. 

loads are arc traction for trains. are 

the past supply utilities are r"'1'''Inrf>''''' to have resorted to eXlperlsnre 

dedicated single-phase generators away from 

Engineers therefore reason to and design a transformer could 

a three-phase input and a single-phase output, maintaining 

current 1J • .uu. .... ~'" 

Many configurations have 

reviewed ahead 

deSigned with varying flP(JTPI~ of success as will 

2.4.6.2 Open Delta/or three-lo-single-phase conversion 

Figure is the delta transformer configuration. identical 

transformers have primaries connected to a three-phase supply and 

secondary windings are C01me!cte'Q in 
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In a simulation of this configuration, with a single-phase load connected across a 

and c, there was no current flow in line the aim the exercise was to 

attain load balance, aes:ur.n failed. single transformer 

phases A would achieve the same results 50% the cost. 

c 

B 

A ~ __ -+ ____ ~ __________ .-______ ~ 

Winding 
ratio 1:1 

Figure 

output ~ 

Winding 
ratio 1:1 

Open delta connection 

2.4.6.3 The Scott~connection 

a more ingenuous concept. 

phasor diagram is drawn in figure to illustrate the function. In 
• r 

figure 

a incoming three-phase 

represented by an equilateral triangle. 

with lines, A, Band 

are two identical transformers. 

Transformer A has 

winding is called the main. 

connected between Band this 

i 



Univ
ers

ity
 of

 C
ap

e T
ow

n

c 
I 

I 

" 
I 

I 
I 

I 

I 
I 

I 
I 

I 

A 

/ .J~/. 
I 

I 
I 

I 

\ 
\ , 
\ 

\ , 
\ 

\ 
\ , 

\ 
\ 
\ 

\ 
\ 

\ , 
~-----e~------~ B 

2.15 
Scott-connection phasor diagram. Phasor CB is called the and is the 

The primary winding of transformer B called It one end 

connected to phasor and a length equal to ;/3/2 of its winding is connected in 

the middle of the primary winding transformer teaser set 

to be 90° from phasor CB, as in Figure 2.16 is a 

schematic illustration. 

Once 

c 

B 

A ~---+-----r-----------r-------? 

'Winding 
ratio 1:1 

o~~c 
2.16 

Scott-connected transformer 

Winding 
ratio 1:1 

input transformer B at right angles to that of the 

resoec:tt'ii'e outputs on the secondary side will be similarly at 90° from each other. 
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if the secondary outputs are cOIme~ted in series resulting phasor will be at 

either of as illustrated 

This 

However, 

I} 

Figure 2.17 

an the three 

question is 

lines will 

the transformer turns ratio be 1:1 

2.17. 

currents. 

Oalan(:ea or not. 

if the supply line-to-line rOlt:a2:E~S are 

100volts the magnitude of each of the secondary outputs will 100volts. 

However are 90° to be ;/2 one of them. 

case, the be 141.4 volts. single-phase 

be10 

It should recalled that the is connected at ;/3/2 of the length. 

means that shorter it r~~rT1,:.c. more amps make the same ~'lTlin""r.:>_ 

as the secondary. So"the primary t-O,,""'OT current, is 

10/(;/3/2) 11.5 amps. 

This equal to the dttter,en(:e between currents in two halves of the main 

transformer 

windings of 

But the total ampere-turns both primary and secondary 

to be equal. the current one half of the main be 11 and 

current the all the above statements can put into 

equations 

1/211 + 12:::: 10 amp 
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11.5 amps 

the two simultaneous equations 

amps and 12= 4.25 amps 

V .. LU'LO.I. ratings will be 10amp x 100 volt = 1000 volt each, 

of The power the 10amps x :::: 1414 

va. 

helret()re this configuration not current 

....... ..,. ... A ....... ''-''-cr as well. 

On the other hand, if the two two separate 

single-phase loads of 10 amps each, the seconaar a Cal[)ac:1tv 

2 x 10 amp x 100volts = 2kva. 

But 

The secondary ampere-turns for 

ampere-turns in its primary. 

carrying currents that duter in 

secondary. 

(the are not equal to the 

has two halves each 

the other as well as from the 

50 in the primary of A there are two components; those that are in phase 

just balance the secondary ampere-turns) 

secondary current in one half balancing 

with its secondary 

and those that are at right 

out similar ones the sec:on.Q 

Despite the above 

currents can 

the required full 

22] that the supply line 

n:SIUHneI can be as low as 108 % 

A few tru~ee··to·mro-·pnase transformation like, the 

Blanc and the 

two output 

proposed but the 5cott-connected 

more spread commercial use, even 
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it's v ...... "',,*" .... for example, that the Blanc is more compact and cheaper to 

produce. 

Consumers include arc furnaces and traction loads the railways. 

Obviously there still, room for improvement as 100% can never be 

guaranteed for two separately loads even under the most carefully 

designed distribution addition the current 

angles are not 1200
• 

2.4.6.4 Scalene Scott-connected transformer with SFC, (single-phase 

feeding power conditioner) 

set backs related to Scott-connection have been discussed section 

2.4.6.3. UesDite all that has been it the hope to-date the ultimate 

three-to-single-phase rnln,,.:>r~·lnn transformer. 

Tetsuo and others [20], of the Railway Research Institute, Kokubunji city 

in Japan, recently published a paper with a more promising proposal an 

..... ,L ........ n to solve the IDlree-tO--Sulglle- IJ ... ""'c ..... transformer problem, the scott 

transformer. 

They proposed the single phase conditioner." The basic 

configuration is comprised of a Scott-connected transformer 

Figure 2.18a and 2.18b the schematic difference 1nQ1"iJIJ",pn a 

running on regular two separate 

Single-phase circuit. 

gle'-l)na!;e Scott circuits 

50 

two 

system 

the new 
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A 

c 

Transformer Prin~<>ftl 

MAIN 

B 

T 
E 

S 
E 
R 

1-1DU¥O 2.18a- A nannal Scott-connection with 

A 

C B 

Primary 

Figure 2.18b 

t 
load 2 .. 

Transformer secondary 

separate output circuits 

Train 

Lq.~. 

The new Scalene Scott-configuration for three-phase-to-single-phase (with a single 

output circuit) 

The secondary windings are connected in 

load with power factor). 

so the single-phase is 

(This was for a ........ I ... ~nhr ..... a 

two inverters are controlled by a PWM (pulse width modulation) method 

that enables them handle active power w hlle at the same time compensating 

the reactive power for in process maintaining 
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voltage symmetry and current balance. In addition, according to the report, the 

rated capacity of the SFC was close to that of the load itself, making it very 

efficient. So far this design has performed successfully under laboratory 

conditions. 

2.4.1 Cycloconvertor-controlled synchronous mach i nes 

for load compensation 

P. T. Finlayson and D. C. Washburn [19], point out that loads with massive 

current fluctuations often cause fluctuations in supply voltages, upsetting system 

dynamic balance. In certain cases where the current swing is a sizable percentage 

of the load it may become impossible to accommodate the load unless 

appropriate compensation is installed. 

These authors point out the most frequent cause of voltage fluctuations is the 

varying reactance drops in the supply impedance. However the load swings 

referred to in this context are real power and as such require real energy storage 

for stability to be restored. They suggest a cycloconvertor as the solution. 

A cycloconverter is a controlled wound rotor machine. The machine is coupled to 

a large flywheel whose inertia can be used to provide the necessary 

compensation power. This method is different from the method of using 

synchronous machines for reactive power compensation and is the only method 

in this review that requires real power for load compensation. 

In order to design the right capacity of the compensator one must have a good 

idea of the extent of the expected load swings. This is both in terms of peaks and 

troughs. While designing for the worst scenario is the goal, it is recommended 

that the control equipment should not to respond to load changes that are 
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deemed small enough for the mains supply utility to absorb. This is important 

for optimizing design costs. 

A good design is one where the average energy supplied and/ or absorbed by the 

compensator is almost nil. This is especially difficult for loads with virtually no 

periodicity or the so-called 1/ almost periodic loads." 

First the system behavior to pre-selected loads without any compensation in 

place is observed. This permits load demand curves to be plotted. An 

appropriate operating control point is located such that the total areas below and 

above the operating point are almost equal. The areas represent energy. 

The equipment is comprised of a wound rotor machine with a massive flywheel 

(typically 100 ton). The rotor is in star configuration with a neutral (connected to 

a fourth slip ring). The stator has heavy electrical surge protection connected 

right at the machine terminals. 

The cycloconverter is a static frequency changer, converting power system 

voltages to voltages at a lower frequency. Its 

frequency is variable and is a function of the control inputs. The complete circuit 

is a star-connection of three individual circuits, each forming a single-phase 

cycloconvertor. 

Figure 2.19 illustrates the basic principle of the compensator. The control system, 

including current sensor, monitors the state of the load (whether peak or trough) 
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Reference 
generiltf.)1 

Current sensor 

Current oontroller 

To phases B & C 
ourrent oonttollers 

Phase A 
trans10rmer 

To phase B&C 
T Ilmsfo rme liS' 

MOTORI 
GEI\lERATOR. 

Figure 2.19 
Cycloconvertor functional schematic 

response from the 
h"\"'U","Y'ri and reverse are enabled. 
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2.4.8 

Main supply 

Es 

This is about 

with some of 

Compensation of the Arc Furnace 

poe 

Steel wolks 
transformer 

Leads 8. electrodes 

nt.1 

Xt 

Furnace bus 

30-50 kv 

Variable 
Resistanoe 

2.20 

XI 

FurnacQ 
Transformer 

I v." 

XI 

" ...... "''''t- type ~~.gJ~e··pnase load (often ex<:eeldin 50 Mva) and 

load 0."'-'-""'''''.'''''' Nonetheless a model must 

formed before any load can compensated. Compensation as usual is two fold; 

load unbalance and reactive power compensation. 

In methods of as a means load 

balancing were at length. This is the mode of load balancing that 

most frequently used in single-phase arc So at this point nothing 

further will be on the of load balancing. 
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that at this stage power factor co]rrectic)n. Harmonic will not 

be ms(:us~.ea. 

to develop a that has close semblance to reality reader is 

figure 2.20. It two parts. top part physical 

items that constitute the followed by an circuit 

that approximates the operating of the network. 

As been mentioned, consumption of vars creates voltage Voltage 

has up now not been by this author, as an index for load 

However the of this load that its on voltage 

cannot ignored. of power management on the 

consumer best keeping on the voltage. 

Looking at figure 2.20, the arc is represented as a variable resistance. the 

dominant part of the total load resistance. All offi.ers are cOlnp.arattively 

cabling and Olor1-r,norl&:'C constitute the reactive 

reactances are 1"oPh:'T1"&:.t1 to the secondary side of 

negligible. transformers, 

X, of the 

the transformer. 

The power delivered to the arc will vary but have a maximum value, 

p= 

X 

The 

per phase 

circuit reactance 

convenience. 

the primary 

Rpmax at maximum power 

equivalent source impedance, X (according to 

transfer). 

same time Ipmax and 

56 

(2.103) 

currents will be assumed 

will be to the 

law of ..... "LA .......... 

by 
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Ipmax = E/...J2X 

(because the total circuit impedance Rpmax +jX, and II 

(2.104) 

II == lIXII) 

The voltage drop across the arc (which also be to that across X), will be 

X Ipmax :::: E/...J2 (2.105) 

It is a known that maximum arc stability achieved the power 

point. Lower are known to a higher power factor but the expense 

stability and melting capacity. ffigher currents simply worsen the power 

factor and hellce emLCl€~n 

.llU •• A"::", it appear as though the choice to close on the maximum 

power point. Unfortunately the refractory sidewall seems to wear very rapidly at 

this same this another consider. 

Refractory wear is approximately proportional to the arc length for a given 

power level. arc length" exclusively proportional to the 

voltage as OD1Do~;ea to current. 

From above 

Varc<at maximum power) :::: E/...J2 and 

Varc = ...J(p maxX) (2.106) 

t"':>1",ptt-'T,p fur a given maximum arc length, (indicating maximum voltage), and a 

arc must not 

the operating current have to be .u. ........ "' ... "'''''''' if 

arc is to check to avoid , .... , .. T,p,"'c."'.t1 refractory wall corrosion. 
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It can be concluded from above that the most viable solution to that 

desired power input is equal to maximum power with an "' ..... ·"'rn·.'" 

arc minimizing system reillclillnoe, X. 

This a job for a compensator. 

key factor of compensator rapid This saturated 

reactors, and a variety thyristor switched static compensator types. The 

synchronous condenser also to popular before high-speed thyristor-

controlled were fully developed. 

Finally it should be po]nte~d out that in addition power factor 

still of but will categorized as harmonics and 

0,.",.1-... \1"0 out of scope. 

2.4.9 The tapped reactor isaturated reactor compensator 

The of saturated reactor compensators is almost exclusively ae~,lgrted 

VJ.L4:l~C stabilization for transmission systems therefore out the of 

this thesis. tapped being essentially a single-phase 

as a often use small 

arc furnaces. this reason the principles of operation of a saturated reactor will 

briefly reviewed 

Figure (a) represents controlling coil a saturable magnetic coil with its 

ideal magnetization characteristic flux versus current. 

If the current the is then 

v = (Vis 
dt 

across coil and Nis number of turns) 

relationship is depicted by figures _._~,~ 2.21{d). The flux level is 
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V1 

t 

o t--------

Figure 

almost square and is V.u"A~o;; is almost a 

but because the is virtually independent of the current the 

fundamental component of the voltage remains constant 

practical curve will not be but quite linear above the <Ps 

with a slope approximates the permeability of space. The result is 

similar the voltagel current shown with a small positive 

slope. The fundamental voltage property follows 

saturation transitions of the core. Each transition induces a fixed voltage impulse 

independent the of the transition. The fundamental voltage lags the 

and vars are generated. 
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The ciT''''''"'''''' of a hu·,nll,ti reactor comprised two of such elements, one a 

the other a shunt. 

2.4.10 Synchronous condensers as load compensators 

Synchronous condensers played a vital in the ... ~ ... ~-~. of compensation, both 

as transmission compensators. The emergency of thryristors 

contributed to relegation and near A few facts about will 

nonetheless appended 

If a synchronous motor properly synchronized the supply, and no 

and has negligible loss, it will have a current Its minimum 

armature corresponds to near unity power By increasing the field 

current synchronous motor is to leading vars thus 

compensate loads. the same token, it is capable of the 

same vars the field current is These two actions are referred to 

as over-excitation and under-excitation respectively. This motor also capable of 

handling a wide range of loads. It has the ability to respond to rapid load 

changes. attributes it flexibility and an over other traditional 

alternatives. 

Its shortcomings include the considerable high losses as to var 

compensators, thus the factor is never zero. It has a to run 

automatically over excited at times of loads and under excited when the 

cn.,+o,,..,. being gets loaded. latter problem, however, 

more evident cases of line 
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2.5 Summary 

A wide range designs and methods has reviewed. It can be 

concluded that to a load compensator one requires an accurate 

description, the load. More importantly, the should use practicany 

accessible 

regard a method that is quite .... A'-"L< .... J 

one eliminates negative components and then the 

reactive content of the positive sequence. This is done by simply connecting 

VU-J.,.JJ'I-J to the a whose positive 

components are but opposite to the undesirable ones of the load. 

Gyugyi al [7] 

generator is 

separately. 

from basis 

single-phase load. 

is equally explicit. 

the ru:: .. rr<>f'1U<> se(~ut~nc:e current 

each individual load branch is handled 

That why 

seems to 

author the approach by Czanecki quite intriguing. 

such established norm. 
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3. Computer simulations 

This covers computer simulations. Toolbox symbols their 

functions are described in appendix 1. 

3.1 Indices of compliance 

ideal purely roc'lct-1UO and balanced. It unity power factor and 

To a zero unbalance 

simulation of with a symmetrical and sinusoidal three-phase 

supply and currents are analysed record. Then when 

the r.o, .. t-..... ' ........ 

judged against benchmark. 

as well as [13], nor·t-..... "" was as a real 

(instant by instant) three-phase tool asymmetry. Specifically for 

this context, the system space vector, I, used to analyse system 

Additionally V, can 

be as a reference, for I, to analyse the system power factor as will 

shown. 

the current space vector 

1= + alb + 

= Ia + 112 ( -1 +j"'-'3 )lb - 112(1 +j"'-'3 )Ic 

ReI 

I = ",-,3/2(Ib - Ie) 

by 

(from equation (2.1)) 

(3.1) 

(3.2) 

For analysis, I plotted I using following process. 

the measurements are in time, Re I ,... ....... 'lnr.' .... nc.n 

extracted as follows. A measurement of line current, is 
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fed to an 

Ie are also 

gain. 

and to amplifiers gains of -1/2. 

When the mr\4"\non'~" are summed up they constitute real 

current from equation 

imaginary component, when a .rAm"n1- of B 

Ib, amplified by a factor of while of line Ic' amplified 

by --.J3/2. Then two are summed up together. 

figure a symmetrical sinusoidal three-phase voltage supply 

connected to a balanced resistive delta 

3·PHASE 
SUPPLY SOURCE 

FREQ 50 HZ 

100v<120deg 

1 ohm 

DELTA LOAD 

10hm 

3.1 
A n ideal load 

1 ohm 

Scope 

following the system analysis, in 

load figure 

form illustrations, for ideal 
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fed to an amplifier with unity gain. Meanwhile measurements of currents Ib 

and Ic are also separately taken and fed to amplifiers with gains of -1/2. 

When the three output components are summed up they constitute the real 

component of the system current space vector. Likewise, from equation 3.2, 

the imaginary component 1m t is derived when a measurement of line B 

current, Ib' is amplified by a factor of >/3/2 while that of line C Ic' is amplified 

by ->/3/2 . Then the two are summed up together. 

In figure 3.1 a symmetrical and sinusoidal three-phase voltage supply is 

connected to a balanced resistive delta load. 

3·PHASE 
SUPPLY SOURCE 

FREQ 50 HZ 

100v<120deg 

SPACE 

la 

Ib 

Ie 

1 ohm 

DELTA LOAD 

1 ohm 

Scope2 

Figure 3.1 
An ideal load 

1 ohm 

Scope 

The following is the system analysis, in the form of illustrations, for the ideal 

load in figure 3.1. 
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,7 ;xy Graph ROO EJ 
x Y Plot 

30 

,/ 

20 ( 
10 

(I) 

x 0 <:( 

>-

-10 

-20 ~ 
-30 

-30 -20 -10 0 10 20 30 
XAxis 

Figure 3.2 
This is typically the XY plot of Re I against 1m I for a perfectly balanced load 

~l Scope2 I!III~ EJ 

Figure 3.3 
The scope output of Re I and 1m I, is two sinusoidal waveforms of equal amplitude 

and 90° apart 
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The choice of a balanced resistive load was to ensure both load balance and 

unity power factor at the onset. It is worth pointing out at this stage (as was 

observed) that the XY graph will be a perfect circle even for a balanced 

inductive load, (when the power factor is not unity) . In this case a distinction 

can be made using a reference voltage. 

Three line currents together with the reference voltage are displayed on the 

scope. See figure 3.4. In the displays line A current waveform is in phase with 

the reference voltage in the case of a resistive load and lags by 90° in the case 

of an inductive load . 

Figures 3.5 and 3.6 illustrate a solution the same problem by superposition of 

the system current and voltage space vector loci. 

~ Scopel IlliI EJ 

Figure 3.4 
Figure 3.4 is a display of two sets of line currents. The top set is to a purely resistive 

delta load, while the bottom one is to a purely inductive load. Both displays have a 

reference line-to-neutrallOO volt. 

In space vector format 
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-J JXY Graphl I!!I~EJ 

XY Plot 
200 

150 
~-----/' ~-~ 

100 

50 
.~ 
x 0 « 

>-
-50 

-100 // 

-150 --------~---./ 

-200 
-200 -100 0 100 200 

XAxis 

Figure 3.5 
These loci represent the system voltage space vector (outer) superposed over the 

system current space vector for a purely inductive balanced load. They are 
anticlockwise bound and the current is lagging by 90 ~ 

i JXY Gra phl II!I~ a 
x Y Plot 

200 

150 

~ 100 

50 
(J) 

( ( ) ) ·x 
0 « 

>-
-50 

~/ -100 

-150 ----------' 
-200 

-200 -100 0 100 200 
XAxis 

Figure 3.6 
This a representation of the system vol tage space vector (outer) superposed over 

system current space vector for a balanced purely resistive load. They are in phase. 
Figure 3.5 and 3.6 are 15 millisecond simulations at a supply frequency of 50Hz. 

One cycle is 20 milliseconds. 
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3.2 Parameters of an unbalanced load 

3.2.1 A purely resistive unbalanced load 

An unbalanced resistive load is set up. Line current measurements are taken 

and observations are made. In figure 3.7 the XY plot (of the system current 

space vector locus) is ovoid as a result of the load unbalance and the 

amplitudes of Re I and 1m I as well as the phase angle between them also 

change (see figure 3.8). 

'i .X'( Graph ~[ffi E.!i 

Figure 3.7 

This is the output when the load is 50hm, 5 ohm and 2 ohm. 
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il Scope2 RIiII3 

J ~MATL· .. I ~Simuli .. ·1 aCalcul. .. 1 ~SlarOf .. ·1 ~MATL. .. llfJcomp ... '-

Figure 3.8 

This is a scope display of the Re I and Im I waveforms for an unbalanced 

load 

3.2.2 A purely inductive unbalanced load 

System analysis of a purely inductive (or purely capacitive) unbalanced load 

using the current space vector alone will still yield an ellipse. However 

determination of the reactive content of the load requires comparison with a 

reference voltage as demonstrated earlier. 

3.3 Balancing the load 

The next task is to rebalance the system. 

3.3.1 Using symmetrical components 

The concept of symmetrical components as was presented by C. L. Fortescue 

[1] was reviewed in section 2.4.3. The action of a compensator when 

correcting load unbalance is introduced here as the injection of compensator 
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Inductance L = 1 henrys at 50 Hz supply frequency and T is the worked 
T1 OOll" 

out branch compensator susceptance. 

Capacitance = T100n farads at 50 Hz. 

These components are then connected across the respective branches and the 

source currents are analyzed for both balance and power factor. 

CIRCUIT FREQ 50 HZ 

100v<120de 

POSITIVE SEQUENCE CURRENT MEASUREMENTS 

,----__ JOIln2 0Ul1 r-------------+l[Q] 
r------J>Iln30Ul2 f--------------J>I 

compensator netuvod< 
tor unbalance & 

power factor 

SubSystem 

Figure 3.10 

Calculation and substitution of compensator elements 
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3.4 What happens around the circuit during balancing? 

In this section a series of illustrations are used to explain how source currents, 

load currents and compensator currents relate to each other, before, during 

and after load balancing. In figure 3.11, a resistive delta load is comprised of, 

two, 1 ohm resistors and a 0.5 ohm. 
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CIRCUIT ,REQ 50 HZ 

100v<Odeg 

~I • 1. 1. 
compensator nehNorl< 

POSITIVE SEQUENCE CURRENT MEASUREMENTS 

XY Graph1 

NEGATIVE SEQUENCE MEASUREMENTS 

Scope2 

THIS SET UP IS MEASURING SOURCE CURRENTS, LOAD CURRENTS AND COMPENSATOR CURRENTS (ALL SEPERATELy) 

Figure 3,11 

In figure 3,11, probes have been placed to monitor the source currents, the load 

currents and the compensator currents. 
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-J lXY Gfaph 1!!!!I~f3 
x Y Plot 

1000.-------~------~--------~------~ 

500 

(f) 

~ a 
>-

-500 

-1000 '---------'----------'---------'---------' 
-1000 a 

___________________ --'--X'-'-A. xis 
-500 

Figure 3.12 

500 1000 

This is the space vector locus for the load current waveforms 

~ I Scopel I!!!II!!I EJ 

Figure 3.13 

This is a scope display of load currents. They are equal to the source currents before 

compensation. 
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Figure 3.14 

Figure 3.14 is the load current components Re I and 1m I 

waveforms plotted against time 

Figure 3.15 

Figure 3.15 is a display of the compensated source currents 
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Figure 3.16 

Waveforms of Re I and 1m I of the compensated source currents 

x Y Plot 

500 

-500 

-1000 \....----"------'--------'-------' 
-1000 -500 o 

XAxis 

Figure 3.17 

500 1000 

This is the XY plot of the balanced source currents after compensation 

77 



Univ
ers

ity
 of

 C
ap

e T
ow

n

In figure 3.18 below are the scope waveforms of the compensator currents 

Figure 3.18 

j 1 Scopel I!lIiII3 

'I IXY Graphl I!lliI Ef 

Ul 

X 
<:( 

x Y Plot 
1000 

500 

o o 
-500 

-1000 L-__ ---' ___ ---1 ___ ----'-___ --l 

-1000 -500 

Figure 3.19 

o 
XAxis 

500 1000 

XY plot of the space vector locus for compensator currents and below in figure 3.20 is 

the Re I and 1m I for the system compensator current. 
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Figure 3.20 

Figure 3.21 

An illustration of the source, load, and compensator current and their relative amplitudes and 

phases for each line (note the effect of unbalance on power factor for a purely resistive load) 
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The results were very exciting. The model was capable of processing any value of 

angle whether negative, positive, or greater than 360°. In figure 3.22 the cosine 

and sine of 120° are computed and correctly displayed as -0.5 and 0.866 

respectively. 

The following period was spent trying to get some results from a periodic 

complex signal using the model. There was no positive result. In the nutshell, it 

was a total disaster! 

So, sadly, the design could not be developed beyond its initial success and the 

author had to go back to the" drawing board." 

Figure 3.23 was proposed next, from the following concept. 

The dot product of the instantaneous current and instantaneous voltage is real 

power and is given by. 

i·v = IIillllvilcos8 = Paverage (3.7) 

Assuming the functions are periodic, iv can be integrated over a period to give 

average power. 

~ fivdt = P 
T 

(3.8) 

If P is divided by the square of the voltage one should get the conductance, G, of 

the load. 

~ f ivdt f ivdt 
-"--- - -- - G 
~ f vvdt - f v2 

dt -
(3.9) 
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LINE CURRENT IN 

LINE TO LINE VOLTAGE Con d u cta n ce 

Vab 

( ··G 

-- .. 
Scope 

Figure 3.23 

In figure 3.23 current and voltage signals are fed to a multiplier. The output is 

fed to an integrator. At the same time the voltage signal is fed to two inputs of 

a similar multiplier where it is squared and also integrated. The two integrals 

are fed to a divider, which executes the function in equation 3.9. This 

successfully extracted the conductance, G, in the first instance. 

The next stage was to extract the susceptance B from the same signal. This 

was a failure! 

Refer to figure 3.23. The conductance from the top operation is fed back and 

multiplied by the voltage yielding the real part, la' of the complex line 

current, 1. 

G x V = la (3.10) 

With sinusoidal conditions and a linear load it follows therefore that the 

remainder of the current is the reactive component, Iq. 

1- la = lq (3.11) 

It was then assumed that the product of the reactive current, and the voltage, 

(Vlq) when divided by the square of the voltage, V 2, would yield the 

susceptance, B, in the same way a similar operation yielded the conductance, 

G in equation 3.9. 
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The following scope outputs in figure 3.24 illustrate what happens when one 

integrates the product between the voltage and the reactive line current, (iq'v) 

over a period. 

11 Scope2 I!!!!I~ EJ 

Figure 3.24 

The top display is the integration of the original line current, I and the voltage, v. The final 

value is about 2200. The bottom display is the integral of the product of the reactive 

current, Iq, and the voltage, v. The result is a nil! 

In section 2.4.3 it is, in fact, suggested that to get tangible results, Iq must be 

multiplied by V(-nl2). This is the same voltage but delayed by 90°, In figure 

2.10 it is illustrated how a line-to-neutral voltage is perpendicular to one of 

the line-to-line voltages in a symmetrical three-phase voltage supply. 

So what does one do in the absence of a three-phase supply (let alone a 

symmetrical one)? 
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The following period was spent trying to get the 90° phase delay from V. 

Several models were proposed as will be subsequently explained. 

3.5.2 Delaying the voltage by 90° 

The first method that was tried was the one suggested in section 2.4.3. In 

order to get a delayed equivalent of line-to-line voltage V ab, the third line-to-

neutral voltage V co is amplified by a gain of --.13 before being multiplied by the 

reactive current Iq. Figure 3.25 is a model to simulate the set up. This one 

worked, but after some hitches with the feedback loop. The conductance 

signal creates a surge that must be suppressed. 

Later the feedback loop was removed when it was realized that 

fi q v( -Jr / 2)dt = five -Jr / 2)dt (3.12) 

(i is the instantaneous total complex current and iq is the reactive current) 

The reactive current could be extracted automatically from the total complex 

current by the phase-shifted voltage. This is the same way the real current 

component is extracted using the original voltage. 

The result was a compact and yet more accurate model, in figure 3.25, below. 

current in 

2 

Voltage in 

~,>-__ +-v~a~b~'=i~~ __________ ~ 
V(·pi~) ---

in 1..>311'1 Vab 

Figure 3.25 

Improved admittance meter 
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function of signal polarity is to ensure that the instrument output values for 

inductors are not mistaken to be capacitors. In order for a given susceptance 

measurement to be ascertained as capacitive and not inductive the phase 

shifted voltage must lag the original voltage. For a signal that must go 

through amplifiers, care must be taken so that amplifier inversions do not 

subvert this order. 

3.5.3 Testing the completed admittance meter 

Having sorted out that last hitch, the next stage was to test the instrument. A 

complex load with known parameters and connected to a single-phase supply 

was set up. 

In figures 3.28 and 3.29 loads are set up for measurement. One has a resistive/ 

capacitive load and the other has an inductive/resistive one. The displayed 

results show that the admittance meter readings are correct for both 

magnitude and susceptance polarity. The inductive reading is negative and 

the capacitive reading is positive as should be. 

CIRCUIT FREQ 50 HZ 

AMMETER 

4 ohm 

Inl 

'------..J In2 

l------i~ In4 

Outl 

Out2 

Admittance meter 

Figure 3.28 
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CIRCUIT FREQ 50 HZ 

100v<Od 9 

AMMETER 

V oltmeter 4 ohm 

Inl 

'-----~ In2 

'-------~ In4 

Outl 

Out2 

Admittance meter 

Figure 3.29 

50 mH 

C onductance 

0.25 1 

·0 .0 5355 1 

S usce pta n ce 

Admittance meter measuring a resistive/capacitive load in 3.28 and resistive/ 

inductive load in 3.29 

3.5.4 Designing and testing of the compensator susceptance 

computer 

The expressions for working out the compensating susceptances from the 

admittance readings were derived in appendix 2. From these expressions the 

computer model in figure 3.30 was designed. 
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AMPLIFIER 
GAIN=O.5 

}--.....,---~ -K- ~---~+ 

~-~~+ Re y rt in 

INPUTS 
FROM Re yst in 

IMPEDANCE 
METERS 

GAIN=O.866 

r---~+ 

SUMMING 
BLOCKS 

Figure 3.30 

The expressions for the outputs are 

A = -(Yst + aYrt) = -(Yst + (-1/2 + j-V3/2)Yrt) 

(From where Re A and 1m A are derived) 

And 

Be = 1m (Yst + Yrt) 

Then finally the compensator branch elements 

90 

GAIN=1.732 
Re A 

GAIN=2 

B 

(3.14) 

(3.15) 
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Trs = (-13 Re A - 1m A - Be)/3 

Tst = (21m A - Be)/3 

T tr = -(-13 Re A + 1m A + Be)/3 

The next stage was the setting up of a complete three-phase supply/load 

system together with the measurement equipment and put it to test. 

CIRCUIT FREQ 50 HZ 

10 ohm 

10hm 
22mH 
10uf 

Inl O~l 
'---+-+---------~ In2 

In30~2 

meter 1 

~--------~In,nl~o:~01r-~----~ 
L----------------.J In2 

7 ohm 
40 mH 

T rs ~I =~O:;10~4:~3~1 
003309 1 

·0 .0428 9 1 

ImYrt 

ImYst 

Trs f-----+t--' 

Tst 

ltr 
S usoe pta n ce 

calculato r L-------------------------~ln~3~0~~2~ 

Adm itta n ce ttF::::;~~~ 
meter 2 

Figure 3.31 

Figure 3.31 is comprised of a delta load with complex admittances as 

indicated. Admittance meter 1 has a fictitious conductance measurement of 

0.1929 and susceptance 0.01217, while meter 2 reads a conductance of 0.05001 

and a susceptance of -0.1444. The data is fed to the susceptance computer 

described in figure 3.30. This gives the following compensator susceptances. 

Trs = 0.1043 
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100 v 

\ 

Freq 1 Hz 
Amplitude 

'lvolt 
Phase 0 deg 

Freq 2 hz 
Amplitude 

1.3v 

+ 
i i 

Controlled 
Current Source 

+ 

Controlled 
Current Source1 

Figure 3.32 

Scope3 

Investigating the characteristics of a controllable current source by comparing its 

behavior under different circuit conditions 

:~-T~S1:0pe3 . R~ £J 
--------------------------- -----------------------------, 

: ... ,,: ~ ,-,:: .-j;"", 
.. .·r·· .......... .. \ '.' ' .' .. ..... ....... '. , ~.' .. \: 

./,' :' .... : .,,/ : \...: .. /: "\ . 

I • '..) " '" ,. .... 'J" 'V'" .. / .... : ... : .. · .. \L.:··,'· .. ·:· ·0· .>":'-,/: "\.~".:" . 
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(with a voltage V rs between them) is given by 

Icrs = Trs x Vrs 

Therefore a multiplier function fed with the voltage signal (from a meter 

across Vrs) and the computed dc susceptance signal (Trs') should yield the 

right current for compensation. 

If then a current controlled source should be connected across the same lines, 

as a compensator element, the right amount of compensator current will be 

injected into the system. 

Precaution must be taken!! 

Compensator currents are reactive and must therefore be at right angles to the 

line-to-line voltages. Since the susceptance values are dc signals the their 

effects on phase can only be either 0° (when they are positive) or 180° (when 

they are negative; distinguishing between capacitance and inductance). In 

order to effect a 90° phase change the voltage fed to the multiplier must be 

V rs( -nI2), the aforementioned delayed voltage. This is in the case of the 

compensator element between supply lines Rand S. In addition, the polarity 

of the dc compensator susceptance must be reversed (to compensate for 180° 

shift inherent in the controllable current source), prior to being multiplied by 

the Vrs (-nI2). 

The next step was a set up of a simulation to verify the assertions above . 

100 v 

Amplitude 2.5 

Constant 

.--1.-.1 i 
Controlled 

Current Source 

Figure 3.34 
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A simulation of an multiplier function to control the amplitude of a control signal 

Figure 3.35 

The results of the test in figure 3.34 

In figure 3.34 a sine wave signal with an amplitude of 2.5 volts is multiplied 

by a dc signal (a constant) of amplitude 0.6volts. The result is a signal of the 

same frequency and phase (plus 180°) as the sine wave, but an amplitude of 

1.5 volts; which is the product of (0.6 x 2.5). This is verified by the scope 

display in figure 3.35. 

At this juncture a complete three-phase semi automated model was set up. 
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Vr line 

(e-'~' ~----------------~ 
T G X /------.J 

Delayed 
Voltage signal 

1~:----+--------------4~1 
T$1 

Tn 
input susceptanc 

value 

DETAILED COMPENSATOR 

Figure 3.36 

i 
+ current s urce 

for lin IS 

s t 

\.t line 

Vs line 

\A line 

Tst 

l\r 

Trs 

Compensator 
SubSystem 

COMPACT VERSION 

Connecting all three compensator current sources in delta configuration 

In figure 3.36 a complete detailed model and its boxed compact version are 

shown. Between each pair of supply lines a controllable current source is 

connected as a compensator element. The respective control signals come 

from multipliers, which are fed from two sources; the delayed line-to-line 

voltages and the computed dc compensator signals. When a simulation of an 

unbalanced load was ran the susceptance computers displayed the required 

compensator susceptances, Trs' Tst and Ttr. These values were in turn set into 

dc storage buffers called /I constants" feeding the multipliers in figure 3.36. 

The load was compensated during the next simulation. 

In figure 3.37 the whole system loop is connected. The constants are replaced 
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CIRCUIT FRED 50 HZ 

~ • ~ fJ--i ~I~ 
r-

21- I r:;:-Tl-
LJ 

r-[70 :t} ~ 

~ ~ ~ ~ 

'----t.t ~+ .r: I 
~ 

.0 .01002 1/ "L ~ 
100v<12 deg 

Line Is 01 

Vrs 
0.58 15 11 

\to 81 

r---
"'"line SubSystem ---. Re Y rtrrs oul ~ 
v.; line ,. Re Yst 
\t line Tst Oul 

Neutral ~ - .. 1m Yrs r'"i[ 
Trs 12 in In 1 .. 1m Y 51 Ttr out r..Ji 
Tst . G2iL I 
Ttr +-- 'v2 In 

~[ 043 11 
Co';:;;;-;;;;:;to, In3 82 It- 02759 11 '--::--

Figure 3.37 

with direct connections from the susceptance computer outputs. 

Closing of system control feedback loop was quite problematic. The 

compensator signals feeding into the multipliers that ultimately control the 

current sources presented surges at time, t=O, that appeared to have infinite 

amplitudes and shutting down the simulation. The system finally worked 

when these pulses or spikes were connected through appropriate buffers that 

did not compromise on the true rms values of the compensator signals. To 

improve control quality PID's (proportional integrator differentiator 

controllers) were added in each feedback control loop. 

The following illustrations demonstrate the performance of the set up in 

figure 3.37, operating with a random complex load. 
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x Y Plot 
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-50 
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XAxis 

Figure 3.38 

XY plot of the source current space vector. 

~~ I Scope2 I!I~ E3 

Figure 3.39 

A scope display for the source current space vector. The amplitudes are equal and 90 0 

apart. It is the clearest index of balance this time. 
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Figure 3.40 

The source currents getting into balance in just under 0.1 seconds 

Figure 3.41 

These are the load currents 
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Figure 3.42 

The compensator currents, which are a mixture of the negative sequence and the 

reactive positive sequence currents 

A COMPLETELY COMPENSATED SYSTEM WITH MONITORING EQUIPMENT 

a 

CIRCUIT FREQ 50 HZ 

Real lout 

Imag lout 

Current Space Vect r XY Graph 

OOv<120deg 

Figure 3.43 

Scope 

LOADCOMP 10'1 

'----~Ir 

e::c---~I~ 

r-------I~ \/t line 1 

Finally all the modules are tidied up into a neat installed product" LOAD COMP 101" 
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4 Design and construction of measurement 
networks 

This chapter covers the physical design, construction, calibration and testing of 

the compensator system simulated in chapter 3. Measurements of two line 

currents and two line-to-line voltages will be taken in real time. The 

compensating susceptances will be computed and a three-phase load will 

subsequently be compensated for both power factor and unbalance. 

4.1 Production of the admittance meters 

The block diagram in figure 4.1, which was encountered in chapter 3, is a 

functional guide. Please also refer to the schematic diagram in figure 4.2. 

SUBSYSTEM FOR COMPUTING LOAD ADMITTANCES 

Line current 

In1 

ine to line voltage 
2 

In2 

(vi) isthe instantaneous real pOlNer 

Vab 

Is .. ) 

BLOCK F 

Figure 4.1 

Total pOlNer over a period 

the conductance 

Go out 
CONDUCTANCE 

Load VAR BLOCKJ 

.x t----pj 

BLOCK H 
SUSCEPTENCE 

The model for extraction of conductance and susceptance 
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was accurate. is 

two out. 

Current Watts Power Gl B1 G2 B2 PCB G-G* Impf B1* 
factor VOLT G1* 

0.843 0.235 0.854 0.233 8.18 0.573 0.270 0.680 0.173 0.100 2.340 

4.50 212.5 0.980 0.794 0.233 0.804 0.230 8.20 0.538 0.256 0.677 0.199 0.109 2.134 

4.25 202.5 0.980 0.750 0.230 0.758 0.230 8.27 0.504 0.246 0.672 0.199 0.102 2.249 

4.00 190.0 0.980 0.700 0.225 0.708 0.225 8.30 0.472 0.228 0.675 0.199 0.096 2.346 

3.75 180.0 0.975 0.655 0.222 0.665 0.220 8.34 0.438 0.217 0.669 0.222 0.100 2.222 

3.50 167.5 0.970 0.609 0.222 0.618 0.218 8.38 0.405 0.204 0.665 0.243 0.102 2.186 

3.25 152.5 0.965 0.560 0.218 0.565 0.215 8.44 0.372 0.188 0.664 0.262 O.lDl 2.159 

3.00 145.0 0.960 0.510 0.215 0.515 0.212 8.47 0.340 0.170 0.667 0.280 0.099 2.168 

2.75 130.1 0.950 0.468 0.212 0.472 0.210 8.50 0.307 0.161 0.657 0.312 0.lD1 2.099 

2.50 117.5 0.940 0.420 0.210 0.425 0.207 8.55 0.275 0.145 0.654 0.341 0.100 2.105 

2.25 105.0 0.925 0.372 0.204 0.375 0.200 8.59 0.242 0.130 0.651 0.380 0.100 2.050 

2.00 90.0 0.900 0.323 0.202 0.326 0.199 8.62 0.209 0.114 0.647 0.436 0.101 1.997 

1.75 75.0 0.880 0.264 0.198 0.266 0.195 8.65 0.178 0.086 0.674 0.475 0.096 2.061 
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4.2 Production of the compensator susceptance computer 

SUBSY STEM FOR COMPUTING COMPENSATOR SUSCEPTANCES 

Trs =(Sqr1(3)ReA ·lmA· Be) 13 
Tst= (2lmA· Be)/3 

Trt = ·«Sqrt3)"ReA+lmA+Be) 13 

Where 
A = . (Yst +ayrt) ; a = exp(2"pil3) 

Be=lm (YsI+ Y rt) 

Figure 4.3 

The following formulae have previously been derived (see appendix 2) 

T rs = (-./3 Re A - 1m A - Be) /3 

Tst = (21m A - Be)/3 

Trt = - (-./3Re A + 1m A + Be)/3 

Where T rs' T st and T tr are the required compensating susceptances and 
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Plate 4.1 

Plate 4.1 is the 

Construction as was done on ordinary veroboard 
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An initial demo uses the modules in figure 5.2. 

InlOutl 
In2 

'-------l~ In4 Out2 

InlOutl 
In2 

'---------,~ In4 Out2 

TEST MODULE A 
MEASURING A PURELY 

RESISTIVE LOAD 
9 

TEST MODULE B 
MEASURING AN INDUCTIVE 

RESISTIVE LOAD 
9 .009359 1 : 

FOR MODULE A THE SUSCEPTENCE IS NIL AND IS NEGATIVE IN MODULE B: INDICATING INDUCTIVE SUSCEPTENCE. 
THE CONDUCTANCE IS THE SAME IN BOTH CASES AI~D IS EQUAL TO 118 

Figure 5.2 

Two susceptance measurement modules 

Test module A gives an output conductance, G, of 0.125 and a negligible (or 

spurious) value for B, the susceptance. Module B, gives a conductance of 0.125 

and a susceptance of -0.09359. These are both in agreement with the given load 

values. 

A simple series branch and an admittance meter, (similar to figure 5.1), are set up 

to measure the two branch admittances and compute the compensator 

susceptances to give the 1200 shift between Vl and V2. When compensation is 

accomplished, the original single-phase voltage source will also be mutually 

shifted by 1200 from each of Vl and V2 and a symmetrical three-phase voltage 

source will be created. See figures 5.3 and 5.4. Figures 5.5 and 5.6 show the 

voltage waveforms before and after compensation respectively. 
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REQUIRED TOP AND BOTTOM SUSCEPTENCES 

Figure 5.3 

UPPER I 02 1Ei5 1 Je------, 
L::::====::::::J 

5S9 .5uF CAPACITOR 

LOWER I -0.2 165 1 ~------1r---, 
t.:::====::::::J 

14.7mH INDUCTOR 

0. 12:5'1 I 

3 AID ", -005 I 

Computing susceptances for a resistive load. 

Scope 

Figure 5.4 

After the installation of a compensator 
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~ I Scope 4 I!!III!!1 Ei 

Figure 5.5 

Voltage waveforms before compensation; all are in phase (VI and V2 are overlapping) 

Figure 5.6 

The voltage waveforms after installation of the compensator 

In the first instance Gl and G2 were computed using the supply single-phase 

line current. After introducing the compensator components, the new admittance 

meter reading for G2 was wrong!! 
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This was due to an oversight. A new current 12 from the compensator junction 

flowing through R2 was overlooked (see figure 5.7). So the actual current 

flowing through R2 is the sum of 11, from the top resistor R1 and 12 from the 

compensator junction. As illustrated in figure 5.7 this correction gives the right 

conductance value of resistor R2. 

+ 

Scope 

Figure 5.7. 

Computing susceptances by incorporating a new current 12jrom the compensator 

junction. 

Having sorted out the computation of R2, a back resistor, R3, is added to 

simulate a delta load. Note that to simulate a normal random delta one must 

ultimately consider the combination of R1, R2, and R3 as unknown (a black-box ), 
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with the three wires into the box as the only access. For simplicity a balanced 

resistive load will be considered first. 

5.3 A balanced resistive delta load 

+ 

Scope 

Figure 5.8 

Admittance measurement of a balanced resistive load 

11 

VI 
13 

Vs 14 
G3 

V2 r G2 

Figure 5.9 
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Figure 5.9 is a balanced resistive load. Vs is the single-phase supply, and V1 and 

V2 are the compensator-derived voltages. 

(5.9) 

12 = V 1 G1 = V 1 G (since all three cond uctances are equal) (5.10) 

(5.11) 

Dividing 13 by 12 

(5.12) 

(5.13) 

Equation 5.13 is important because in a practical situation, 11 will be accessible 

but 12 and 13 will not. With this equation the values of 12 and 13 can be 

determined by measuring 11 alone, and the two voltages, V1 and V2. 

So by measuring two currents, (I1 and 14) and two voltages, (V1 and V2) the 

required compensator susceptances can be computed. This is familiar ground. 

It has been observed that once a compensator achieves voltage symmetry with 

the "front conductances," G1 and G2, any changes in the value of the "back" 

conductance G3 will not alter this symmetry. 
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that apparent setback, it was an important landmark. This was proof that a real 

solution does exist. The way out then was perhaps a change of tactics. 

A table of measurements for the impedances with and without the back 

admittance, Y3, was drawn up. The first observation was that the readings of 

both susceptance and conductance were different when Y3 was connected and 

when it was not. Even for purely resistive loads susceptance measurements were 

observed. It had been hoped that observing a good amount of data would reveal 

some useful patterns. See table 5.1 in appendix 3. 

Examination of this data did not reveal anything useful; at least not immediately. 

Nonetheless it was not discarded, especially in the absence of much else. 

Next, a purely resistive delta was revisited. 

DIRECT 

Figure 5.11 
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In the figure 5.11 the back resistor, R3, is disconnected and the meter readings for 

Gl, Bl, G2 and B2 are the exact values of the load branch admittances. 

The IJ direct calculations" are those compensating susceptances that are worked 

out from Gl and G2 (using equations 5.7 and 5.8) without considering the values 

of any previously existing capacitance or inductance in the system as opposed to 

the IJ subtracted susceptances". 

DIRECT 

Figure 5.12 

In figure 5.12 the back resistor has been reconnected. The values of Gl, G2, are 

suddenly different and so are the IJ directly worked out IJ susceptances. It has 

been pointed out that the introduction or change of back admittances does not 

affect the existing voltage symmetry and the required compensating values. So 
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network. This is fundamentally important because in order to derive equations 

5.7 and 5.8, for the compensator for single-to-three-phase voltage conversion, a 

two-branch series model (figure 5.1) was used. If these same equations are to be 

the basis for attaining voltage symmetry with any random network, that network 

must be interpretable as a two-branch series network. 

To verify the above assertions, simulations were set up, and current 

measurements were taken for each of the above loads (figure 5.13(a) and (b)). 

First, a test was done using a three-phase voltage supply derived from a single

phase source. The waveforms obtained, in figure 5.14, show that the line currents 

in each case were identical. 

Figure 5.14 

Scope comparisons of line currents obtained when the networks in figure 5.13 were fed 

with a three-phase supply derived from a single-phase source 
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Then the same networks were connected to a normal symmetrical three-phase 

mains supply and the following results in figure 5.15 were obtained . 

Figure 5.15 

The above waveforms were line currents obtained from the networks in figure 5.13 fed 

with normal three-phase mains supply. 

This was a disappointing result! 
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Looking at figure 5.15, not only are the relative phase angles different, the 

amplitudes in either case don't seem to have any remote bearing to those in the 

adjacent network. 

It looked like a dead end and abandoning the whole concept of equivalent 

admittance was contemplated. However, out of some irrational hunch, the mains 

supply phase sequence was swapped (from positive to negative sequence) and 

the results as can be seen in figure 5.16 below were amazing! The delta load, 

operated from a normal positive sequence, produced exactly identical currents, 

(in opposing sequence notwithstanding) as the two-branch network on negative 

sequence supply. 

A close examination of the three-phase supply derived from the single-phase 

source showed that the phase sequence was indeed negative. 

Figure 5.16 

These were the waveforms when the two-branch network was run with negative sequence 

three-phase supply while the resistive delta remained on the positive sequence supply. 
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It would appear from above observations equivalent two-branch of a 

delta network is for a supply voltage phase 

the above, of the two TU'>'-UH\r 

can derived, by equating the in respective phases using a 

synunetrical and sinusoidal supply. 

Derivation of a two-branch network equivalent to a delta 

network 

Equations and 5.8 were derived using a two-branch network. So in 

order us to them a general ........ ".0""_.-.""'".0 load we to 

interpret a network as a two-branch one. 

Let a delta network connected to a cur .... YY'I"'tri sinusoidal three wire 

phase voltage draw Iy !fa network 

connected to the same supply and draws equal line currents it be to 

an impedance equivalent to the network (at least under 
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la1 

Ya 
V Ya 

TWO BRANCH 

EQUIVALENT Ib1 

Yb 
Yb 

101 

aV 

11R 

v V 
DELTA NETWORK Yi 

Yi 11Y Y3 

Y3 

-- Y2 

Y2 liB 

aV 

7 

Using superposition method 

the above, delta its two-branch 

and and Yb are their equivalent two-

voltage to the 

superposition method to be work out the line currents. 

denote line currents in two-branch network due to the 

... at-a ... <, ... r'a line-to-neutral v, delta 

network currents as a of V. the currents that are due to 

and the two 
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branch 

third line-to-neutral '-'AM .......... a V, in respective networks. 

So the line currents are the sums of the individually 

For two-branch 

-VYa Ic1 == 0 

== -a2VYb (where a, and a2 are the 

and 2400 operators respectively) 

The line currents the two-branch network are: 

Ia == + Ia2 + (5.17) 

+ Ic2 + Ic3 V(aYb- (5.19) 

For delta 

. I1B = 
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:::::: -aVY3; 13Y 

total line ...... "''''''' ... delta are 

(5.20) 

:::::: 

the line both networks 

Ia 

V(Ya - a2Ya) :::::: V(Y1 +Y3) - a2VYl - aVY3 

Canceling the V's 

:::::: (Y 3 + Y 1 - (1 - a2
) 

== 1I2(2Yl + Y3) l"3Y3) (5.24) 
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Equations, and for Ya and Yb, dearly indicate the relationship between 

the delta network and two-branch for a symmetrical 

supply. Computer simulations the same 

results when numerical values are 

When the back admittance, Y31 is complex, its conductance susceptance will 

contribute to both the equivalent conductance and action 

the j in the equation), as indicated i!l the fonowing expressions. 

(5.26) 

Likewise, 

(5.27) 

ReYa == 1I2(2Gl + 

equivalent conductances, 
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+ V3G3) will be equivalent 

Note: It is important remember that the equations for Ya 

a symmetrical three-phase in positive 

for the 3-phase voltage the 

negative. polarities for 1m Ya and 1m Yb must 

the ror.?"1"<:"'i- """ ....... 'LO for a case. 

Yb were 

Presently, the 

supply 

to get 

pro blem of the phase sequence came about when V 2 was let to 

equal to aVl, equation (5.2), l"~1I;;"'U of a 2 VI. So and were 

derived conformity with this order. Normal positive sequence 00 
I 2400

, 

If this oversight had noted initially then the polarities the equations for 

generating and B2 would been was however a tr.,"hln 

mistake as it has accidentally led the random 

load there are two sets of compensator susceptance values capable achieving 

voltage symmetry from a single-phase supply. 

the new compensator in the VV';'''U'J .. 

the mo, ........ "' .. for equations and it can shown 

(5.28) 

= (2Gl + G~/V3 

Equations and (5.29) give the compensator susceptance values for positive 

sequence single-to-three-phase conversion. 
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The magnitudes of Bll and the same as Bl but 

the polarities change. In TPTTn'" of capacitor inductor "£L~''''VI however; a 

difference will be noticed. Moreover, the actual final compensating values 

must take into account load susceptances then the final result 

becomes significantly different. 

delta network of Rl =20hm, 

== 50hm;is then following compensating figures will be displayed on the 

compensator meter. 

For negative lSeQluel[lCe 

Bel == 0.6737, or 2l44uF 

Bc2 -0.77, or 4.lmH at 50Hz. 

For positive 

Bell -0.6737, or 4.7mH 

Bc22 == 0.77, or 2450uF at 50Hz. 

nUJlanlC)flS have that both sets of parameters will give voltage 

symmetry same load but with OP1)OS.IDsr IJ.l.U2"'''' rotation. 

5.8 A geometric solution to the general case with 
unbalanced complex loads 

Figure 
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The problem up to this moment is that the method of double-voltage-double

current designe«;l for symmetrical admittance 

meters give outputs by assuming that the (unmeasured) third voltage equal to 

the other two in amplitude and mutually at 120°. 

Figure 

In practice, for the case of single-to-three-phase conversion, none of the voltages 

is predictable. Before attaining voltage symmetry, one has no choice but to 

measure all three voltages, if the answer must obtained in one operation. The 

only that saves one absolutely condition is the 

fact that, ultimately, V 1 and V 2 nr1,rnn from the single-phase source, V s, and 

their sum must always be equal to V s' In this case one has a choice of either , 

measuring Vs or improvising an extra summing function for Vl and V2. 

In the case of a purely res~istJLve load, in figure 5.18, the line current, Is, is the 

sum of two currents, 11, which is now assumed to in phase with V I, and 121 in 

phase with the source voltage (the single-phase voltage supply), we the 

single-phase supply, V s, as the of a phasor 
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parallelogram should show the magnitudes 

components. 

figure 5.19 

current 

Let S be the phase angle between the supply voltage, V s, and the source current, 

Is, and cp be the phase between V s and the front branch current 

Then 

(5.30) 

With 

apparent 

.................. .0, cosineS and cosinecp can be measured from the ratio of 

(5.31) 

(5.32) 

Using the identity 

Cos29 +sin29 = 1 

(5.33) 
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This should any random network. It should also a 

solution to a predominantly 

equation 5.33 simulation 

Equation 5.33 was put to simulation and problems were encountered. 

the model for out cosine the angle between Is 

and gave an answer greater than 1! 

changed around before a sensible answer could 

MODULE A 

2 

Supply Vs 

MODULLE e 

4 

SupplyVs1 

Dot 
Produot sa ROOT Integrator 

1 

Dot 
Produot Integrator3 

Figure 

functions had to be 

yielded as illustrated 

Power factor computing module 
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dot product of a number with itself is equal to 

norm) 

square of its modulus (the 

a 41 a Iia 112 and a 41 b = lIallllbl/cosS. modules in 5.20 were 

execute these functions but the of the 

surprisingly made a big It took a while out the working 

combination. 

that the load currents were a sum of in 

phase with supply voltage, V s and that with V 1 was 

only partiaUy correct. back branch current was with V s, but the 

balance the was not whoUy phase with Vl. Ooser analysis of 

currents will be before one can split load current. 

5.9 Design and construction of an analog single-to-three

phase susceptance computer 

tU1lctLon of the ., .. .:, .... "u .. t-""'n .... ..,. 

Bl, G2 and B2 and compute the 

= + G2)/"3) -B2) (where 

C01nv'emiat()r eJlemLents respectively) 

The block diagram illustrates 
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'8'1 -
"10k 

,POT 

Figure 5. 

sce]f)taJ"lce computer block diagram 

_ I 

,801 

POT. 

Schematic for susceptance computer 
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a 

same LM324 quad ..... LA,"VUL,'"'_ •. '" in chapter 4 were this aV,:U'l"'l"a 

author also continued same technique one resistor 

oVl"'ont- of course, where were required 

measured values of conductances and susceptances, Bl and B2 from 

pots, they are 

5.21 and 5.22. 

meters are by Ul. 

h .. ",i-a<'i and set to the correct UVJ'U-I.~ Please 

through two 10k resistors (for the 2) to the input 

it is summed up with G2 through a and U2D 

of 0.577, which U2D executes the function (2Gl +G2)/-.J3). 

goes "u,,·r..:,n'Tl by it joined by at 

input of U3D, 

(2Gl +G2)/-.J3)-B2. This 

executes a 

arm of 

and outputs Bc2 ::::: (-
" 

through two 

withGl and a 

joined by Bl at 

as output. 

that the polarities 

reverse the voltage 

way by 

10k resistors to the 

of U2A executes 

summing input of U2B 

the values of Bel 

if required. 

the leads. 
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input of U2A, 

+ Gl)/-.J3. 

::::: ((2G2 + Gl)/-.J3) 

be 

can also be achieved 
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5.10 Calibration procedure of the overall susceptance 

measurement System 

Refer to and equations 5.24 and 5.25. Measurement of a 

network in figure will two sets of 

::::: + 1/2Y3) + jY2(Y3) 

Yb::::: +1fzY3) + jY2(Y3)· 

Using a purely delta is up, on a 

symmetrical ",_ron",," ... supply at any desirable or convenient voltage. The currents 

through three resistive load branches are measured as well as 

across them. are as accurately as ..... V"."'UJHC 

Using and real imaginary for and Yb are 

out. 

calibrated to match 

these are obtained 

results. 

5.11 Conclusion 

the can 

[9] suggested it is practically useful if one can attach some 

predictability to the type of load for which compensation is required. If 

load has negligible reactance it be practical to consider it 

Should one expect load to be balanced then, equation will definitely 

the correct 

large majority of that a three-phase a 

situation are bound to be motors and inherently balanced. It quite 
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easy to construct a dedicated three-phase wiring the loads 

on separate 

Bearing 

meter with 

automated control of a cuTY\n-.ah· ..... '" 

source. 

strongly the new admittance 

as a a fully 

three-phase supply from a single-phase 
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Epilogue 

discusses the subject ofload compensation, ranging from historical to 

contemporary a practical perspective the method proposed 

[11] extensively explored, first through computer simulations 

and finally physically realized by designing, constructing and testing an 

analogue module on a variety of linear loads. results were positive and 

strongly support conclusions arrived by 

This compensator has inherent flexibility enabling a low budget installation. The 

admittance measuring and susceptance computer could be constructed as one 

portable able to several compensator banks. A 

switching mode for a bank of compensator components would most 

viable a number of unsophisticated load distribution situations that 

author has frequently encountered in various African countries. In this case a 

chart for susceptances to or inductances would 

posted next to installation or even included as a on 

to engineer looking installation. 

would both cut down on installation costs for fully options 

and also avoid the inevitable harmonic pollution that accompanies thyristor

controlled systems which are currently the most viable. 

3 (computer simulations), author devised a technique for the 

control of a current source as a compensator ele:m€~nt. 

worth revisiting. phase and amplitude controlled a current 

source. This results a compensator current at right angles the Imie-tl0-t1lDe 

voltage. The rms value of the current is equal to the product of the computed dc 
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compensator susceptance value and the voltage. The load is 

compensated without any reactive components! K"",~" .. ,<"", orthogonality of 

compensator current to line-to-line voltage, a teal 

should (in principle) dissipate a negligible amount of power. It the submission 

of the author that a pulse width modulation control design (or other appropriate 

technique) using logic should the same as 

obtained in the simulation. This could result in a tremendous response time. 

vector method of analysis proved to be a very handy and reliable 

index for both unbalance and power factor. 

The analogue multiplier functions, AD633, have major ues,lgn limitations. 

example, the divider function comes with a factor of 10, appendix 3). This 

means that one has to make sure that for each set of current and voltage 

measurements, 

amplifier .::>Ut' ..... u 

current does not exceed the voltage, in order to avoid 

At same time the and voltage transducers must 

have the same reduction so that the computed susceptances 

don't require extra scaling. available voltage transducers could 

constructed for specific voltages, with very small tolerances. made them 

unversatile and unec()ll()IDICall. 

The author suggests that instead of searching for better performing analogue 

further work should abandon analogue circuitry altogether and 

tm)ce~ea with programmable digital processor (DSP) functions. Even then, 

note should be of the above issues. 

Despite the shortcomings, the results of the networks were amazingly 

accurate, especially, considering the extent of distortion one 'CJ."""V,"LJ.U",CA. 

mains supply. 
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In his proposal, Czarnecki [11] commits a couple of pages on SPE~ClJ1CaltJ for 

compensator reactor bank. This author opted to disregard that 

during laboratory trials, as it is geared towards full automation; a notion, as 

explained, not considered of priority to the targeted consumers. The 

range of required should instead be worked out imperically by 

simulating the extent of expected load conditions and reading the results an 

In the case of single-to-three-phase compensation, 

by the author. In conjunction with the newly designed 

admittance meter, it should provide a for the reliable control and 

lnt"'n,~ni'''' of a three-phase supply from a single-phase source, for 

any complex balanced load. 

It is also the belief of the author that the line of argument advanced in section 

for the solution of a voltage control for a complex 

and unbalanced load could yield an answer if more critically. 

literature review points to the that the subject of load compensation 

has explored over the years. The coverage is by no means exhaustive. 

author is therefore conscious of the possibility that some discoveries made 

that may have appeared new, could have been made before. The effort made 

was to follow procedure, make observations, draw 

some and then reconlmleI ...... , .... u." .. 

...... ~,.L ..... L it has a the issues first hand 

was Having had a spell of twenty years in the industrial 

environment around Africa, this topic proved thoroughly to 

contemporary industrial It has certainly a great opener. 

It is hoped that someone may find this thesis equally enriching. 
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Appendix 1 

Computer simulation tools 

3 

A 

1. ~ AC "oM". ,,,'" 
A 

Isspecitied in amplitude, frequenCo/ and phase, 

Voltage Source 

as ampitude 

6. 8 
Sine Wave 
Generator 

7. 

Integrator 

2. AC Current Source 

Is specified in amplitude. phase •. and flequenCo/ 

4. [tJ 
Controlled ourrentsouroe 

Initialounenhpeci"fied 

6. 
Current Measurement 

8. [Z} Simulates time 

Ramp 
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Appendix 1 

9. 

11 

13 

15 

simulation tools 

SubSystem 

Helps oombine sets of fun.::.1ions in a blod.: 

Indl.l.::.1or 

Provides for multiplication andl 01 

divisio ofsignals 

10 

12. 

14. 

16 

1 

Numerical Display 

Gain ·boosts a signal by a 
amount 

summation (If sevllral signals 

Resistor 
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Appendix 1 

Computer <3,LUlU,.,lClU.VU tools 

17 

16. 

Voltage Measurement 

18 
19 

Capacltor 
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Appendix 2 

M. Malengret 

Compensation of single ... phase load connected to three ... 
phase supply 

4.1 Introduction 

In the previous Chapter it was shown how various methods for balancing poly-
phased systems could achieved in practice. The author finds Czarnecky 
method of particular interest and is applied to single phase loads. 

In this section the author provides the derivation from first principle and 
applies the theory to single phase loads sullied from three phase systems 

Necessary condition for balancing a three phase load 

A three phase three wire system can be represented as three admittances as shown in 
4.1. Should the loads be in a star configuration then it would be converted to a delta 

connected equivalent load. The three admittances are assumed to consist of linear 
elements such as resistors, capacitors and inductances. 

is required for the supply current to be of equal magnitude and at 120 from 
other then:: 

Il::::::a h 
And In the case of a three wire three phase supply 

11 + 12 + 13:::: Q 

Fig 4.1 Delta connected admittances representing a three-phase load 
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Therefore: 

V1Y1 + Y2Y2 + :.: 0 

And since the three phase voltages supply are balanced: 

V3:': 

Substituting the above 

V'Y1 +.§. Vi Y2+.§.* V'Y3 ::; 0 

Dividing by V 1 

Eq 4.1 

. 
Therefore the condition for a three phase balanced supply voltages to supply 

equal currents is that the sum of the space vector sums of the three phase 

admittances be equal to zero. 

Note that the above imply that the three admittance don't necessary have 

to be equal. The only necessary condition is that the space vector sum of 

the three impedances be zero. This is illustrated in Fig 2.1. ,where the 

admittances are shown as vectors with their respective real and imaginary 

components . The real part is the conductance and the imaginary part the 

susceptance of each load. 
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1m 

Fig 4.2 Example of unequal admittances with zero space vector sum 

1 

Load balancing compensating susceptances 

Should the space phasor sum Y1 + § Y2+ Ys:::: A and not zero. Then the load 

will be an unbalanced one. In order to restore the balance three susceptances 

T RS, TST, T TR can be added in p~rallel with each of the load admittances as seen 

in Fig 4.3 

lR 

IS 
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If tne load is to be balanced by adding three· susceptances in 

parallel with each the load admittances then the total admittance per branch 

must be considered and using Eq 1 to obtain supply current balance: 

j TRS) + a (YST+j a * (YTR = 0 

Let us now solve the above equations: 

Y1 +§ Y2+ Y3+jTRs+ajTsT+ jTTR=O 

A + j T RS +( - '!4 + j "3 12 ) j + (- '!4 - j --/3 ) j = 0 

A + 1m + j - '!4 j 

Equating real part to zero: 

T TR -T ST == ( 21"3 ) Re A 

Eq 4.2 

Equating the imaginary part: to zero: 

1m A + j - '!4 j - '!4 j T TR = 0 

T ST + T TR + 2 T RS == - 1m A Eq 4.3 

+ "3/2 =0 

There are only two equations but unknown. Therefore if one of the 

compensating susceptance is given any value other two will be determined. 

Load compensating with two reactances only 
If one of the susceptances is zero then the two others can be determined 

If is zero then 

TTR == ( 2/"3 ) Re 

T RS == - 1m 1/2 A - (1/''3 ) Re A 
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Load balancing and reactive compensating susceptances 

A third condition such as unity power factor can also be imposed. 

unity power factor the sum of all the susceptance must be zero in the case of 

a balanced voltage supply. Therefore 

1m A + TRs+ TST +TTR = 0' 4.4 

Therefore combining 4.2. , 4.2. and gives: 

T R8 = J {"3 Re A - 1m A - Be} I 3 

T 8T = j {21m A - Be} I 3 

T TR = -j {"3 Re A + 1m A + Be} I 3 

Eq 4.1 

As given in the previous chapter. What is of particular interest is that the three 

compensating elements are purely reactive. 

No power is therefore required in order to balance any unequal loads. The 

three load admittances YRS, YST• YTR can of any complex value. 

A single phase load can therefore be considered as an extreme case of an 

unbalanced load ,where two of the load admittance are nil. 

4.2 Compensator for a Single phase load 

The above theory is now applied by the author to an unbalanced three-phase 
load consisting of only one load admittance with the other two equal to zero as 
shown in 4.2. 

The load is a single-phase load. Admittances YRS YTR are considered as 
open circuit, hence, YRS=O and YTR =0. Substituting in Eq 4.1. 

169 



Univ
ers

ity
 of

 C
ap

e T
ow

n

IJlR 

Ie= YST= G1 + jB1 
A. = .. YST= .. G1 .. jB1. 

= B1 

INT 

Figure 4.2 

Single. 

phase load 

Eq 4.2. 
G1 is the conductance and B1 the susceptance the single-phase load. 
Substituting Be and in 4.1. 

= j{"'I'3Re (-G1-jBd -1m (-G1-jB1) - B1} 13 

=j{2Im (-G1-jBd- Bi} 13 

TTR = -j{"'I'3 Re +(-G1-jBd+lm (-G1·jB1) +B1}/3 

T RS = .. j(i/"'1'3) G1 

TST = -]B1 

T TR = ](1/"'1'3) G1 

Eq4.4 

Therefore the three susceptances above would correct unbalance and reactive 
power seen by the three-phase supply_ 

If one adds an equal susceptance j 81 to and T TR respectively 
one would still have a balanced load from the supply point of view. following 
results are obtained 
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T RS = -j(1/~3) G1 + jB1 

TST = .. jB1 + jB1 =0 

TTR = j(1/~3) G1 + jB1 

compensator reduces to two elements only as seen in Fig 

YST 

Eq 4.6. 

If now the two susceptances are expressed as reactances XRS and XTS then: 
XRS :::: 1ITRs :::: 11 (-.i(11"3) G1 + jBd::::! "31 (G1 +"3 B1) 
Substituting for G1 :::: R1 1 (R12 + Xi ) and B1 :::: -Xi I (Ri2 + X12) 
Then 
XRS :::: j "3 (R12 + X12) 1 (R1 +"3 Xi ) 
XT R:::; j "3 (R1

2 + X12) 1 (R1 -"3 Xi ) 

Two susceptances are therefore sufficient to balance a single phase load. The 
supply will however to supply the reactive power required by the three 
impedance that have been added. supply would have to 
deliver the active power P=V2G1 Watt of the single-phase load and the reactive 
power 3V28NAr. power factor would be cos (arctan(3B1/G1)). 

4.3 Compensator for resistive single ... phase load. 

If the load is purely resistive, then 81=0 and Eq 4.5. becomes. 

= -(1/''3) Gi 

=0 

TTR = (1/~3) G1 

171 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Eq 4.6 

Referring to Fig 4.3, the cOmpensator currents iNs ,jNT ,jNR can calculated as 
follows: 
Assuming that the three-phase supply voltages VTS, VSR, VRT are balanced 
sinusoids and of positive sequence direction. 

VTS= VSR=VL120, VRT L240, 
if 1= VG1 

and using Eq 4.6 (see figure 4.3) 
iNS = VsRj (TRs) = VL120x (-j G1/...J3) = 1I...J3 20 -90 !NS = 11...J3 L30 
iNT j (TTR) = -V L240 xU G1/...J3 ) = 11...J3L240 -90 !NT = 1/...J3 L150 
iNR = -iNs - ANT = -11...J3 L30 - 11...J3 L150 !NR = 1I...J3 L270 
The magnitude of the negative sequence current is 1/...J30f the single-phase load 
current 

It is observed that this is a balanced negative sequence current 
it follows that the 3 phase supply currents can determined as : 

= = -II ...J3 L270 
= = I LO - U...J3 L30 
= INT = I LO - 1I...J3 

!PR = 1/ ...J3 LaO 
Ips = tl...J3 30 
IPT = 1/...J3 L210 

The three phase supply current magnitude are 1/...J3 that of the single phase load 
current and it is a balanced positive sequence current. The negative and positive 
sequence current add up to make ls, .These currents can be seen that in Fig 
4.4. The compensating susceptances ,TRS = -(1/...J3) G1 and TTR = (1.t...J3) G1 "inject" 
the negative sequence current necessary so as to balance the unbalance load 
consisting of a single resistive element. supply delivers a balance three 
phase current. 
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Figure 4.4. Balanced supply positive sequence current: , 
compensator negative sequence current: !NS , 1m , !"'R and single phase 
load current 

A relevant observation is that iNs:':: -lpT and - - The negative .::n::n.iIUCI 

components are the conjugates of the positive sequence. This implies that 
can be measured directly and used as such as the commanded value for the 
compensator injected current iNT. Likewise !PT ca"n also be measured and used 
control the compensator injected current iNs. This suggests a simple control 
strategy for a purely active load. Fig 4.5. 

Figure 4.6. Load balancing control method 

A simulated system is shown in Appendix 4 

4.4 Compensator for resistive and reactive load. 

YST 

In more general case of a resistive and reactive single phase load one would 
like to know if observations are still true. 

Assuming that the three-phase supply voltages VSR, VRT as the 
previous case balanced sinusoids and of positive sequence direction. 

VLO, VSR 
if now 1s:':: {G1 
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where I=VTS and VTS 
and using Eq 4.5 

where 

= ~j(1/"3) +jB1 

= 0 

TTR = j(1/"3) G1 + jB1 

Then, 
lNS = VSR (T RS) = V L120 x ( -j 1"3 + j ) = V (Gil "3 -B1) 20 -90 
= (Gil "3) V L30 - V L30 and 
!NS :::: II "3 L30 + I B1 L2i0 

= - VRT j (T RT) = - V L240 xU 1"3 + j 81) = V (G11 "3 +81) L240 -90 
= V L1 (Gil "3 + 81) and 
= (G11 "3) V L150 + 81 VL150 and 
!NT :::: II "3 LiS0 + I B1 LiS0 

= -iNS - !t-lT 

!.NR = I 1"3 L270 + "3 I B1 LO 
It must be noted that the compensating reactances currents are not balanced 
Let us now derive the supply side currents. 

iPR = -!NR 
:::: I 1"3 L90 + "3 i B1 LiS0 
= iNs = I IB1 - II "3 L30 + I B1 L30 = I - II "3 L30 + j I B1 + I B1 L30 

!ps :::: I 1"3 30 + "31s1L60 
!PT = iNT= -1- j IB1 -II "3L150 -I B1L150 =-1-11 "3 L150 - j IB1 + I B1L150 
APT :::: I '''3 L2i0 + "3IB1L-60 

174 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure 4.5. Reactive and resistive load phasor diagram. Notice that the 
supply positive sequence current J!PR are balanced and 
compensator current: iNs, iNT , !NR are now unbalanced. The supply power 
factor not unity. 

In conclusion in the case of a two element compensator equation the supply 
current is indeed balanced. However the power factor is not unity and the 
compensating current are not balanced and therefore not simply the negative 
sequence current. 

4.5 Calculation of Compensator current for resistive and 
reactive single phase load 

If the single phase load admittance Y1::: G1 + j 81 is known then according to 
equation 4.5 only two components are necessary so as to balance the load. 

T RS = .. j(1/~3) G1 + jB1 

T TR = j(1/~3) G1 + jB1 

The conductance value G1 and susceptance are needed. These can be 
obtained from the real value of the single phase load current and voltage 
VTS as seen on Fig 4.3 
The conductance value G1 and susceptance 81 can be obtained with analogue 
or digital mean. 

G1 ::: PI" v II 2 

81 ::: Q II/ V 112 
P and Q are the !:I\/I:'f'!:IrIQ power and reactive power respectively. and IIv II the 
norm or RMS value of the sinusoidal VOIIBOS 

These value can be calculated with a digital or analoque method. 
An practical analogue circuit is shown in appendix 5 with a Mathlab/Simulink 
simulation using the Power system toolbox. Experimental verification was also 
implemented . 
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4.6 Conclusion 
The approach of Czarnesky for 3 phase load balancing has been adapted to the 
extreme case which is a single load. The unbalanced single phase load 
can compensated with two elements only. The two elements calculated are 
the similar to the one derived by Holmes for single phase to three phase supply 
conversion and therefore suggests that the load balancing theory developed in 
this chapter could also be applied to single phase conversion. In the case of a 
unity power factor load the current flowing in these compensating reactance are 
shown to be balanced negative sequence current. This brings Alexander's 
method reviewed in Chapter 3 and Fontescue classic analysis of unbalance 
systems into focus. negative sequence currents are the conjugates of the 
positive sequence current. This suggest a simple method of control for the 
variable compensating reactances. 
This however only true for unity power factor (or corrected) single-phase 
loads. In the case of reactive single phase load the compensating reactance or 

current can be calculated from the single phase conductance and susceptance. 
A real time method of obtaining these values has been described, simulated and 
tested. single phase load was assumed to be linear and the three phase 
supply voltages balanced and sinusoidal. 
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Appendix 3 

1. Table 5.1 Admittance measurements 

Analogue devices AD633 analogue multiplier 

3. National semiconductors Lm324 Quad operational amplifier 
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ADMITTANCE MEASUREMENT RESULTS 5.5 

TARGET MEASURED SUSCE PT ANCES COMPUTED 

SUSCEPTENCES 8's 

Bel Bc2 Bl Gl B2 G(total) B(total) B*l B*2 

-0.6929 0.305 0.974 0.122 0.3751 0.268 0.08717 0.9748 -1.299 

0.2438 -0.2951 0.2169 0.6665 0.1206 . 0.3705 0.2386 0.07749 0.8126 -0.935 

0.1433 -0.1954 0.1394 0.4283 0.05138 0.158 0.03756 0.4297 -0.5858 

0.2448 0.2012 0.05144 0.1581 0.09428 0.2897 0.1025 0.0333 -0.3499 

0.1086 -0.1209 0.03565 0.1096 0.02575 0.07918 0.04611 0.01498 0.1547 -0.1722 

0.04955 -0.05464 0.09596 0.2949 0.07139 0.126 0.04096 0.4237 -0.4672 

0.08339 -0.0651 0.01793 0.0551 0.03898 0.1197 0.0379 0.01231 0.1701 

-1.443 0.6507 2 0.3253 1 0.6668 0.2169 2.309 -2.887 

0.5774 -0.07217 0.999 0.1627 0.5001 0.3335 0.1085 -1.443 

0.5774 -0.07217 0.3579 1.1 0.1789 0.3668 0.1193 1.27 -1.588 

Table 5.1 
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FEATURES 
Four·Quadrant Multiplication 
low Cost I-lead Package 
Complete-No External Components Required 
laser-Trimmed Accuracy and lia .. h.ili~.., 

Total Error Within 2% of FS 
Differential High Impedance X and Y Inputs 
High Impedance Unity-Gain Summing Input 
laser-Trimmed 10 V Scaling Reference 

APPLICATIONS 
Multiplication, Division, Squaring 
Modulation/Demodulation, Phase Detection 
Voltage-Controlled Amplifiers/A ttenuators/Filters 

PRODUCT DESCRIPTION 
The AD633 is a functionally complete, four-quadrant, analog 
multiplier. It includes high differential X and Y 
inputs and a impedance input The low 

output voltage is a nominal 10 V full scale provided 
a buried Zener. The AD633 is the first to offer these 

features in 8-lead DIP and SOle I-''''''J''''X''~' 

The AD633 is laser calibrated to a total accuracy of 
2% offul! scale. for the V-input is typically less 
than 0.1 % and noise referred to the output is typically less than 
100 p.V rms in a 10 Hz to 10kHz bandwidth. A 1 MHz band-
width, 20 V/IJS slew fate, and the ability to drive loads 
make the AD633 useful in a wide variety of where 
SiOlplicil:y and cost are concerns. 

The AD633's versatility is not compromised by its ~u"'pu'"".'y 
The Z-input provides access to the output buffer aUl!''',''''' 
emlbliing the user to sum the outputs of two or more multipliers, 
increase the mUltiplier gain, convert the output voltage to a 
current, and configure a of applications. 

The AD633 is available in an 8-lead DIP (N) 
and 8-lead SOle It is specified to operate over the O"e to 
700e commercial temperature range a Grade) or the -40°(: to 
+85°e industrial temperature range (A 

REV. 0 
Information furnished by is believed to be accurate 
reliable. However, no assumed by Analog Devices for 
use, nor for any infringements patents or other rights of third parties 
which may result from its use. No license is granted by implication or 
otherwise under any patent or patent rights of Analog Devices. 

Low Cost 
Analog Multiplier 

CONNECTION DIAGRAMS 
8-Lead Plasdc DIP (N) Package 

8-Lead Plasdc SOIC (SO-8) l'al:lml~e 

PRODUCT HIGHLIGHTS 
1. The AD633 is a four-quadrant multiplier offered in 

low cost 8-lead plastic packages. The result is a product that 
is cost effective and easy to apply. 

2. No external components or eXJ,el1lSlv'e user calibration are 
required to apply the AD633. 

3. Monolithic construction and laser calibration make the 
device stable and reliable. 

4. resistances make source loading 

5. Power supply voltages can range from ±8 V to ±18 V. The 
internal scaling voltage is by a stable Zener diode; 
multiplier accuracy is essentially supply insensitive. 

One Tech nology Way, P.O. Box 9106. Norwood, MA 02062·9106, U.S.A. 
Tal: 781/329·4700 World Wida Web Site: http://www.analog.com 
fax: 781/326-8703 © Analog Dwices, Inc .. 2000 
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AD633-SPECIFICATIONS (T,= Vs = :I: 15 V,At. ;;:: 2 kO) 

Model AD633J I AD633A 

TRANSFER FUNCTION 
W = (XI X 2XYi Y2) + z 

10 V 

Parameter Conditions Min T!!, Max: Unit 

MULTIPLIER PERFORMANCE 
Total Error -10 V :$;X, Y:$; +10 V ±1 ±2 % Full Scale 

TMrN to ±3 % Full Scale 
Scale Voltage Error SF == 10.00 V Nominal ±0.25% % Full Scale 
Supply Rejection == ± 14 V to ± 16 V ±0.01 % Full Scale 
Nonlinearity, X X ±1OV, Y= +lOY ±0.4 ±1 % Full Scale 
Nonlinearity, Y Y==±lOV,X=+lOV ±0.1 ±0.4 % Full Scale 
X Feedthrough Y Nulled, X = ± 10 V ±0.3 ±1 % Full Scale 
Y Feedthrough X Nulled; Y = ± 10 V fO.1 ±0.4 % Full Scale 
Output Offset Voltage ±5 ±50 mV 

DYNAMICS 
Small BW Vo == 0.1 Vrms 1 MHz 
Slew Rate Vo == 20 V p-p 20 V1~ 
Settling Time to 1 % t1Vo =20V 2 ~ 

OUTPUT NOISE 
Spectral 0.8 jlV/-YHZ 
Wideband f::::: 10Hz to 5 MHz 1 mVrms 

f= 10 Hz to 10 kHz 90 jlV rms 

OUTPUT 
Output ±11 V 
Short Circuit Current RL==On 30 40 rnA 

INPUT AMPLIFIERS 
Voltage Differential ±10 V 

Common Mode ±10 V 
Offset Voltage X, Y ±5 ±30 mV 
CMRRX, Y = ±10 f= 50 Hz 60 80 dB 
Bias Current Y, Z 0.8 2.0 IlA 
Differential "0. ~!. 10 Mn 

POWER SUPPLY 
Supply Voltage 

Rated Performance ±15 V 
Operating Range ±S ±IS V 

Supply Current Quiescent 4 6 rnA 

NOTES 
Specifications shown in boldface are tested on all production units at electrical test. Results from those tests are used to calculate 
quality levels. All min and max specifications are guaranteed, although only those shown in boldface are tested on all production 
Specifications subject to change without notice. 

ABSOLUTE MAXIMUM RATINGSI 
Supply Voltage .............................. ±18 V 
Internal Power . . . . . . . . . . • . . . . . . .. 500 m W 
Input ..................•........... ±18 V 

Short Circuit Duration ................ Indefinite 
Storage . . . . . . . . . . .. -65°C to + ISO°C 
Operating Temperature 

AD633J ............................ O°C to 70°C 
AD633A . . . . . . . . . . . . . . . . . . . . . . . . . .. -40°C to +85°C 

Lead Range 60. . . . . . . .. 300°C 
ESD .... ............ ........... lOOOV 

above those listed under Absolute Maximum Ratings 
damage 10 the device. 'This is a slress 
these or any other conditions above 

yp'~iIi,cati')n is not 
Plastic DIP E1jA == 90·CIW; a·Lead Small Outline Package: alA == 

voltages less than ± 18 V, the absolute maximum input voltage is equal to 
voltage. 

Model 

AD633AN 
AD633AR 
AD633AR-REEL 
AD633AR-REEL7 
AD633jN 
AD633JR 
AD633JR-REEL 
AD633JR-REEL7 

-2-

ORDERING GUIDE 

IT _. ,.-. ........ In, I .... _ •. 
I" ~~-5~ I" .. ~-5~ 

Range Description !()ption 

-40°C to +85°C Plastic DIP N-8 
-40·C to +B5°C Plastic sOle SO-8 
-40o e to +85°C 13" Tape and Reel SO-8 
-40°C to +85°e 7" Tape and Reel SO-8 
O°C to 70°C Plastic DIP N-8 
O°C to 70°C Plastic SOIC SO-8 
ooe to 70°C 13" Tape and Reel SO-8 
O°C to 70°C 7" Tape and Reel SO-B 

REV.D 
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aracteristics-A0633 

31) 

lOOk 1M 111M lk 1IIk lOOk 1M 

FREQUENCY - Hz FflEQUENCY - Hz 

TPC 1. "'r~~nl.l"'r:'r.V Response TPC 4. CMRR vs. Frequency 
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u 400 
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TPC 2. Input Bias Current vs. Temperature (X, Y, or TPC 5. Noise Spectral VB. 

Z 
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OUTPUT. i'lL l!: 2~ 7 

/ V.lL!NPUTS 

/ / 
V/ I 

10 12 14 16 18 II! 10k lOOk 1M 10M 

PEAK POSmve OR NEGAllVE SUPPLY - Volts FREQUENCY - Hz 

TPC 3. Input and Output Signal Ranges vs. Supply TPC 6. AC Feedthrough vs. ,..r.~nl.lI:,n'nv 

Voltages 

REV. 0 -3-
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AD633 
FUNCTIONAL DESCRIPTION 
The AD633 is a low cost multiplier comprising a translinear 
core, a buried Zener and a unity connected 
output amplifier with an accessible summing node. 1 
shows the functional block diagram. The differential X and Y 
inputs are converted to differential currents by voltage-to-current 
converters. The product of these currents is generated by the 

-''''OJ'''''" core. A buried Zener reference provides an overall 
scale factor of 10 V. The sum of (X x Y)/IO + Z is then applied 
to the output amplifier. The summing node Z allows 
the user to add two or more multiplier outputs, convert the 
output to a current, and configure various analog com-
putational !U""L"n:'~. 

1. Functional Block Diagram (AD633JN 
Pinout Shown) 

Im.pe1cti(ln of the block diagram shows the overall transfer func
rion to be: 

(Equation I) 

ERROR SOURCES 
Multiplier errors consist primarily of input and output 
scale factor error, and nonlinearity in the core. The 

and output offsets can be eliminated by the 
trim of 2. This scheme reduces the net error to scale 
factor errors error) and an irreducible compo-
nent in the multiplying core. The X and Y nonlinearities are 
typically 0.4% and 0.1 % offuB scale, Scale factor 
error is 0.25% of full scale. The high Z 

should always be referenced to the ground of the 
driven system, parricularly if this is remote. Likewise, the differ
ential X and Y inputs should be referenced to their resroe,cti1~e 
grounds to realize the full.accuracy of the AD633. 

Figure 2. Optional Offset Trim Configuration 

APPLICATIONS 
The AD633 is well suited for such as modulation 
and automatic gain control, power measurement, 
voltage controlled amplifiers, and frequency doublers. Note that 
these show the connections for the .uo." ... , ...... 

DIP), which differs from the AD633JR pinout 

Multiplier Connections 
3 shows the basic connections for mtiltilplic:ation. The X 

and Y inputs will normally have their """'."' .... 
but they are differential, and in many 
.... ¥"",",eI .. ;l inputs may be reversed (to facilitate lULCUi."Ull! 

output 
of a while "LlU"""l~ 

+1511 

OP11ONAL SUMMING 
INPUT,l 

O.l~ 
-1511 

3. Basic Multiplier Connections 

S(]luariIllr and Frequency Doubling 
As Figure 4 shows, of an input signal, is achieved 
simply by the X and Y in parallel to nre,u",,,,,, 

an output ofE2/10 V. The input may have either """UlLV. 
the output will be However, the output 
reversed by the X or Y The Z 
be used to add a further to the output. 

+1511 

-1511 

Figure 4. Connections for Squaring 

When the input is a sine wave E sin OOt, this squarer behaves as a 
frequellc:y doubler, since 

10 V 20V 
(1 - cos 2 rot) 

"'~.W1I.VU 2 shows a dc term at the output which will vary strongly 
with the of the input, E. This can be avoided using 
the connections shown in 5, where an RC network is 
used to generate two signals whose product has no dc term. It 
uses the 

cos9sin 9 = 29) (Equation 3) 

-4- REV. D 
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E 

~15V 

Figure 5. "Bounce/ess" rr, ... "u .. nc:vDoub/er 

At 00,,:: lICR, the X input leads the input by 45" (and is 
attenuated by ;/2), the Y lags the X input by 45° (and 
is also attenuated Since the X and Y are 90" out of 

the response of the circuit will be 3): 

E ( . smro"f + 

(sin 2 roor) 
(Equation 4) 

which has no dc component. Resistors Rl and R2 are included to 
restore the output amplitude to 10 V for an input of 10 V. 

The amplilJude of the output is 
the output will be 
00" :: 1.1 00". 

ut!ne'ralln2 Inverse Functions 
Inverse functions of such as division and square 

can be by placing a multiplier in the feed-
back loop of an op amp. 6 shows how to a 
square rooter with the transfer function 

w 

for the condition E<O. 

E P -& O.lI'F 

~ 

6. Connections for Square Rooting 

REV. 0 -5-

divider is 

W'::: 

R 
lOkfi 

Figure 7. Connections for Division 

7 shows how to implement a divider a 
in a feedback The transfer function for the 

Urn",""", 6) 

+lSV 

17 ~--_-ow m ((FIt:, A2») oj. S' 
lkfi sAl, R2 s l00kfi 

-15V 

Figure 8. Connections for Variable Scale Factor 

Variable Scale Factor 
In some it may be desirable to use a 
other than 10 V. The connections shown in Figure 8 Hll;n:,llit: 

the gain of the system by the ratio (Rl + R2)1R1. This ratio is 
limited to 100 in practical The input, S, 
may be used to add an additional to the output or it may 
be grounded. 

Current Output 
The AD633's output clln be converted to a current 
output the addition of a resistor R between the AD633's W 
and Z 9 below. This arrangement forms 

+15V 

-15V 

Figure 9. Current Output Connections 
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AD633 
the basis of voltage controlled int,egrators and oscillators as will 
be shown later in this section. The transfer func-
tion of this circuit has the form 

1 10 = - "'-__ ...1.>-__ ""'-

R 
(Equation 7) 

IOV 

Linear Amplitude Modulator 
The AD633 can be used as a linear amplitude modulator with 
no external components. Figure 10 shows the circuit. The car
rier and modulation to the AD633 are multiplied to 
nn,u"L:'" a double-sideband signal. The carrier is fed 
forward to the AD633's Z input where it is summed with the 
double-sideband signal to a double-sideband with car
rier output. 

Controlled Low-Pass and High-Pass Filters 
11 shows a single multiplier used to build a con-
low-pass filter. The at output A is a result of 

Eg. The break is modulated by the con-
The break equals 

RC (Equation 8) 

and the rolloff is 6 dB per octave. This output, which is at a 
high point, may need to be buffered. 

The voltage at output B, the direct output of the has 
same response up to frequency f1, the natural breakpoint of RC 

1 
ji=--

21tRC 
then levels off to a constant attenuation 

MODULATION + 
INPUT 

"'Eu-o---; 
CARRIER 

INPUT 
Ecslnrot 

+15\/ 

\"'~!u .... ,nm 9) 

= 

Figure 10. Linear Amplitude Modulator 

For if R ::: 8 kQ and C ::: 0.002 then output A has 
a at frequencies from 100 Hz to 10kHz for 
from 100 mV to 10 V. Output B has an additional zero at 10 

can be loaded because it is the low Impe,:tarlce 
output). The circuit can be changed to a high-pass filter Z inter-
changing the resistor and as shown in 12. 

-6-

Figure 11. Voltage Controlled Low-Pass Filter 

12. Voltage Controlled High-Pass Filter 

Voltage Controlled Quadrature Os.::ntator 
13 shows two being used to form integrators 

with controllable time constants in a 2nd order differential 
eqillition feedback loop. R2 and R5 provide controlled current 
output operation. The currents are in C 1 
and C2, and the resulting voltages at high Imipedlan1ce 
to the X of the "next" AD633. The 

connected to the Y inputs, varies the mtegJ~at')r 
with a calibration of 100 HzN. The accuracy is limited 

offsets. The range of this circuit is 
100: 1. C2 (proportional to C 1 and R3, and R4 provide 

feedback to start and maintain oscillation. The 
Dl through D4 (lN914s), and Zener diode D5 

economical temperature stabilization and '"''''JU''''''' 
stabilization at ±8.5 V degenerative damping. The out-

from the second V sin Wt) has the lowest 

AGC AMPLIFIERS 
14 shows an AGC circuit that uses an rms-dc converter 

to measure the amplitude of the output waveform. The AD633 
and AI, 1/2 of an AD712 dual op amp, form a voltage con
trolled The rms dc converter, an AD736, measures 
the ems value of the output signal. Its output drives A2, an 
integrator/comparator, whose output controls the gain of the 

controlled amplifier. The IN4148 diode prevents the 
output of A2 from R8, a 50 kQ variable resistor, 
sets the circuit's output level. Feedback around the loop forces 
the voltages at the and inputs of A2 to be 
equal, thus the AGC. 

REV.D 
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REV. 0 

05 
11\195236 

')--------_------------------O(10V}cos .. t 

FI4 
l6W 

1------G _____ -<l(lOV) sIn .. t 

kHz 

13. Voltage Controlled Quadrature Oscillator 

-15V 

Figure 14. Connections for Use in Automatic Gain Control Circuit 

-1-
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AD633 
OUTLINE DIMENSIONS 

Dimensions shown in inches and (mm). 

8-Lead Plastic DIP 
(N-8) 

8-Lead Plastic SOle 
(SO-8) 

-8- REV.D 
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t:J ational Semiconductor 

LM124/LM224/LM324/LM2902 
Low Power Quad Operational Amplifiers 
General Description 
The lM124 series consists of four independent, high 
internally compensated operational ", ........ lifl .. ", 

which were speciffcally to operate from a 
over a wide range of voltages. Operation 

is also possible and the low 
ply current is independent of the 
power supply voltage. 

Application areas include trahsducer DC 
·blocks and all the conventional op amp circuits which now 
can be more in single power supply sys-
tems. For lM124 series can be directly 
ated off of the +5V power supply voltage 
used in systems and will easily provide the required 
interface electronics without requiring the additional ::t15V 

pOWer ""'~'I.I"~"" 

Advantages 

III Allows directly sensing near GND and 
10GND 

III with all forms of logic 
III Power drain suitable for battery ,.,,,,,.,,·Il,.,,, 

Features 
III Internally frequency compensated for unity 
III DC voltage gain 1 00 dB 
III Wide bandwidth (unity gain) 1 MHz 

compensated) 
supply range: 

supply 3V 10 32V 
or supplies ±1.5V 10 ±16V 

August 2000 

also goes 

Unique Characteristics 
III In the linear mode the input common-mode voltage 

III low supply current drain (700 uAI-·esserltialiv 

range includes and the output voltage can also 
swing 10 even though operated from only a 
single power supply 

III The unity gain cross frequency is temperature 

III The input bias current is also temperature compensated 

Connection Diagram 

indePEmdenl of supply voltage 
current 45 nA 

lternlJE!ralure compensated) 
offset voltage 2 mV 
current: 5 nA 

III Inpul common-mode voltage range includes 
III Differential input voltage range equal to the power 

supply 
III output voltage swing OV to V+ - 1.5V 

Dual-in-line PaclU~1l1II 

OUTPUT 01 tfJ.PUf 4- INPut 4 t GND INPUT~' U'IIPUT;r- OUTPUT l 

OUTPUT 1 INPUT'- INPUT flo v+ INPUT It lNPUT 2~ OUTPUT 2 

DSOOO200-1 

Top View 
Order Number lM124J, lM124AJ, lM124J/883 (Note lM124AJ/883 (Note 1). lM224J, 

lM224AJ, lM324J, lM324M, lM324MX, lM324AM, lM324AMX, lM2902MX, lM324N, lM324AN, 
lM324MT, lM324MTX or lM2902N lM124AJRQMl and lM124AJRQMlV(Note 3) 

Note 1; lM124A available per JM3851 0111006 

Note 2: lM124 available per JM38510111005 

See NS Package Number J14A, M14A or N14A 

© 2000 National Semiconductor Corporation 05009299 www.national.com 
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Connection Diagram (Continued) 

Note 3; See STa Mil DWG 5962R99504 for Radiation Tolerant Device 

OUTPUT 1 

IhPur 1-

!r.PUT 1+ 

V+ 

!f>,PUT Z+ 

OUTPUT 4-

ItIPVT 4~ 

!tlPUT 4+ 

GN:' 

!NPIJT 3 ... 

I\PljT 2- iNPUT 3~ 

OUTPUT 2 --1.-____ ,..-- OUTPUT::; 

Order Number lM124AW/883, lM124AWG/883,lM124W/883 or lM124WG/883 
lM124AWRQMl and lM124AWRQMlV(Note 3) 

See NS Package Number W148 
lM124AWGRQMl and lM124AWGRQMlV(Note 3) 

See NS Number WG14A 

Schematic Diagram (Each Amplifier) 

v' 

4uA 

INPUTS 

+ 

www.nalional.com 2 
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Absolute Maximum Ratings (Note 12) 

If Military/Aerospace specified devices are required, 
please contact the National Semiconductor Sales Officel 
Distributors for availability and specifications, 

lM124ILM2241lM324 lM2902 

lM124A1lM224A1lM324A 

Supply Voltage, v+ 32V 26V 
Differential Input Voltage 32V 26V 

Input -O.3V 10 +32V -0.3V to +26V 

Input Curren! 

(VIN <: -O.3V) (Note 6) 50mA 50mA 
l 

Power Dlsslpallorl (Note 4) 

Molded DIP 1130 mW 1130 mW 

Cavity DIP 1260 mW 1260 mW 

Small Outline "' .... ""l:I'" 800mW 800mW 

Output Short-Circuit to GND 

(One Amplifier) (Note 5) 

V+ S 15V and TA = 25'C Continuous Continuous 

Operating T",",I''''''' -40'C to +85'C 

lM324flM324A O'C to +70'C 

lM224/lM224A -25'C to +85'C 

lM124/lM124A -55'C to +125'C 

Storage -65'C to +150'C -65'C to +150'C 

lead Temperature (Soldering, 10 seconds) 260'C 260'C 

<>VIU':l!III!:I information 

Dual-in-line .... ~ .... ~Ul:ly 

<>VIUC'"'!:I (10 ::sewn!]::s) 260'C 260'C 

Small Outline n ~V"~l:IV 

Vapor Phase (60 seconds) 215'C 215'C 

Infrared (15 seconds) 220'C 220'C 

See AN-450 "Surface Mounting Methods and Their Effect on Product Reliability" for other methods of soldering surface mount 
devices. 

ESD Tolerance (Note 13) 250V 250V 

Electrical Characteristics 
v+ +5.0V, (Note 7), unless otherwise slated 

I 
I lM124A lM224A lM324A 

Parameter Conditions Units 
IMln Typ Max Min Typ Max Min Typ Max 

Input Offset Voltage (Nole 8) T A - 25'C 1 2 1 3 2 3 mV 

Input Bias Current IIN(') or IIN(-)' VCM = OV, 
20 50 40 80 45 100 nA 

(Note 9) I T" = 25'C 
Input OffSet Current IIIN(') or IIN(-), VCM OV, I 2 10 2 15 5 30 nA 

I , TA 25'C I 
Input Common·Mode V· = 30V, (lM2902, V' = 26V), ! a V'-1.5 a V+-1.5 0 V'-1.5 V 

Voltage Range (Note 10) TA 25'C 

Supply Current Over Full Temperature Range I 
RL = ~ On All Op Amps I rnA I 
V' = 30V (LM2902 V+ = 25V) I 1.5 3 1.5 3 1.5 3 

V' = 5V J 0.1 1.2 0.1 1.2 0.1 1.2 _. 
large Signal V· 15V, RL?:2kn, ! 50 100 50 100 25 100 VlmV 

Voltage Gain (Vo 1V to 11V), TA = 25'C I 
Common-Mode DC, VCM = OV to V+ .. 1.5V, 70 85 10 85 55 85 dB 

Rejection Ratio TA = 2S'C .......... _ .................................. _._ .... - _ ...• _ ... 
3 www.national.com 
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Electrical Characteristics (Continued) 

v+ = +5.0V, (Note 7), unless otherwise slated 

Parameter 
lM124A lM224A lM324A 

Conditions Units 
Min Typ Max Min Typ Max Min Typ Max 

Power Supply V+" 5Vlo 30V 

Rejection Ratio (lM2902, v+ 5'1 \0 26V), 65 100 65 100 55 100 dB 

TA " 25'C 

Amplifier ·to-Amplifler f'" 1 kHz to 20 kHz, TA 25'C -120 -120 -120 dB 

Coupling (Note 11) (Input Referred) 

Output Current Source V1N+ - 1V, VII,- "OV, 20 40 20 40 20 40 

V+ " 15'1, Vo "2V, TA " 25'C rnA 

Sink VII,- tV, V1N+ OV, 10 20 10 20 10 20 

V+ "1SV, Va" 2V, TA 2S'C 

VIN- " IV, VIN+ "OV, 12 SO 12 50 12 50 IJA 

V+" ISV, Vo 200 mV, T A '" 25'C 

Short Circuit to Ground (Note 5) V+ " 15'1, TA 25'C 40 60 40 60 40 50 mA 

Input Offset Voltage (Note 8) 4 4 5 mV 

Vos Drift Rs" on 7 20 7 20 7 30 jJvrc 
Input Offset Current I IIN!+) IINC-J' VCM OV 30 30 75 nA 

los Drift I Rs on 10 200 10 200 10 300 pN'C 

input Bias Current IIN(+) or 'IN(-) 40 100 40 100 40 200 nA 

Input Common-Mode V'" +3OV 0 V+-2 0 V+-2 0 V+-2 V 

Voltage Range (Note 10) (LM2902, v+ 25V) 

Large Sigool V+ " +15'1 (VoSwlng 1V \0 lW) 

Voltage Gain RL <:2kO 25 25 15 VlmV 

Output Voltage VOH 
V+ 30V Rl" 2 kO 26 26 26 V 

Swing (LM2902, v+ " 25V) RL 10 kO 27 28 27 28 27 28 

VOL v+ " SV, Rl '" 10 kO 5 20 5 20 5 20 mV 

Output Current Source Vo 2V VIN+" +IV, 10 20 10 20 10 20 

~I!'" OV, 
15V rnA 

Sink VIN- " +IV, 10 15 5 8 5 8 

VI!"+ OV, 
V '" 15'1 

Electrical Characteristics 
v' = +5.0V, (Note 7), unless otherwise slated 

lM1241LM224 LM324 LM2902 
Parameter Conditions Units 

Min Typ MIIlI Min Typ Max Min Typ Max 

Input Offset Voltage (Note 8) T A " 25'C 2 5 2 7 2 7 mV 

Input Bias Current IIN!+) or 'IN(-I' VCM OV, 
45 150 45 250 45 250 nA 

(Note 9) TA 25'C 

Input Offset Current IIN(+) or IIN(-l' VCM " OV, 3 30 5 50 5 50 nA 

TA 25'C 

Input Common-Mode v+ " 30V, (LM2902, V+ 25V), 0 V+-l.5 0 V+-1.5 0 V'-1.5 V 

Voltage Range (Note 10) TA = 2S"C 

Supply Current Over Full Temperature Range 

Rl " Od On All Op Amps rnA 
V+ 30V (LM2902 V+ 25V) 1.5 3 1.5 3 1.S 3 

V+ SV 0.7 1.2 0.7 1.2 0.7 1.2 

Large Signal V· = 15V. ~;;, 2kO, 50 100 25 100 25 100 VlmV 

Voltage Gain (Vo Wto 11V), TA = 25'C 

Common-Mode DC, "CM = OV to v+ - 1.5V, 70 85 55 85 50 70 dB 

Rejection Ratio TA 25'C 
-------------------~------- --------------.--- -----~ 

Power Supply v+ = 5'110 30V i 
Rejection Ratio (LM2902,V+ 5Vlo 25V), i 55 100 65 100 50 100 dB 

www.nationaLoom 4 
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Electrical Characteristics (Continued) 

V· :: +5.0V, (Note 7). unless otherwise slated 

Parameter 

Amplifier-to-Amp!lfler 

Coupling (Note 11) 

Conditions 

f" 1 kHz to 20 kHz, TA "25"C 

(Inpul Referred) 

Outpul Current Source V1N+ " 1V, V1N- '" OV, 

v+ 15V, Va " 2V, TA 25'C 

Sink 

V1N- 1V, VII.t" OV. 

v+ " 15V, Vo 200 mV. TA "25'C 

Short Circuit to Ground (Note 5) V· " 15V, TA " 25'C 

LM124ILM224 

-120 

20 40 

10 20 

12 50 

40 60 

7 

LM324 LM2902 
Units 

-120 -120 dB 

20 40 20 40 

rnA 

10 20 10 20 

12 50 12 50 

40 60 40 60 rnA 

10 Input Offset Voltage (Note 8) 
------------------4-----------+-----------+-----------~---

Inpul Bias Current 

Input Common·Mode 

Voltage Range (Nole 10) 

large Signal 

Voltage Gain 

Outpul Voltage 

Swlng 

V+" +3QV 

(LM2902, v+ 26V) 

Outpul CUlTanl Source Vo "2V 

Sink VIN "+1V, 

VI;l+ '" 
V " 

10 

5 

7 

20 

20 

8 

15 

26 

27 

10 

5 

7 

28 

5 

20 

a 

20 

VlrnV 

V 

23 24 

10 20 

rnA 

5 8 

Notl! 4: For operating Ilt high temperatures. the LM3241lM324A1LM2902 must be derated based on a +125'C maximum junction temperature and a thermal resis-
tance oISS'C/W which applies for the device soldered in board. in a still air ambient. The LM2241lM224Aand LM1241lM124A can be de-
rated based on a .. l50·C maximum junction ampfiflers-use external resistors. where possible. to allow the am-
plifier to saturate of to reduce the power whiCh circuil. 

Note 5: Short cirCUits from ihe output 10 v+ can cause excessive and eventual destruction. When oonsidel'lng short circuits the maximum output 
current is rnA Independent of the magnitude AI valll!!s of supply vollage in excess of +15V. continuous slK,rt-<~irou;ts can exceed the power 
diSSipation cause eventual destruction. Destructive diSSipation cao result from simultaneous shorts on all amplifiers. 

Note 6: This input current wUI only exist when the voltage at any of the input leads is driven negative. II is due to the collector· base junction of the input PNP tran
sistors beooming forward biased and thereby acting as input diode clamps. In addition to this diode action. Ihere is also laleral NPN paraSitic transistor action on the 
IC chip_ This transistor action can cause the output vollages of the op amps to go to the v+vollage level (or 10 ground for a overdrive) for the lime duration thai 
an input is driven negative. This is not destructive and normal output stales will re-establish when the input vottage, was negative, again returns to a value 
greater than -o.3V (at 2S·C). 

Note 7: These LM1241lM124A. With the lM224JLM224A, all temperature specifications are limited to -25'C 
~ TA ~ +85·C. lM3241LM324A temperature are limited to O'C ~ T AS +70'C, and the LM2902 specifications are limited to -40'C ~ TA S +lIS"C. 

NOie 8: Va ~ 1.4V, Rs on with v+ from 5V to 3OV; and over the full input oommon-mode range (OV to v+ - 1.5V) fOf LM2902, v+ from 5V 10 26V. 

Note 9: The direction of the input current is out of the IC due to the PNP input slage. This current ill essentialiy constant, independent of the slate of the output so 
no loading chenge exists on the input lines. 

NOie 10: The Input common-mode vollage of either input signal vollage shOuld nol be allowed to go negative 
common·mode voltage range is v+ 1.SV (at 25"C). but either or both inputs can go to .. 32V without damage 
V+. 

more than O.3V (at 2S·C). The upper end of the 
for LM2902). independent of the magnitude of 

Note 11: Oil!! to proximity of extemal components. insure that ooupling is not originating via stray capacitance between these extemal parts. Thls typically can be 
detected as this type of capacitance increases at higher frequencies. 

Note 12: Refer to RETS124AX for LM124A military speciflClllions and refer to RETS124X for LM124 military specifications. 

Note 13: Human body model, 1.5 kn in series with 100 pF. 

5 www.natlonal.oom 
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Typical Performance Characteristics 

Input Voltage Range 

o 5 lQ 15 

v~ OR V- - POWER SUPPl Y YOLT AGE 

Supply Current 

Open Loop 
Response 

140 

0> 120 

~ 
z 100 
;;( 

'" w 80 
<.:> ;:; 

60 0 
> 

40 
...J 
0 
> « 20 
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10 20 30 

y' SUPPL Y VOLT AGE (Vel') 
0S009299-36 

1,0 10 100 loOk 10k lOOk 1.0M 10M 

f - FREQUENCY (Hz) 
DS009299o(l8 

Input Current 

Voltage Gain 

0> 
~ 
z 
:;( 

'" ... 
<> « 
I-
-' 
0 
> 

...J 
0 

.j' 

-55 -35 -15 5 25 45 65 B5 105125 

T4 - TEMPERATURE (oC) 
DSOIJ92OO-35 

160 

RL 10kO 
120 

l/ K 
80 

RL an I 

40 I 

i 
0 10 20 30 40 

y+ SUPPL Y VOLTAGE 

Common Mode Rejection 
Ratio 

0> 
~ 120 
b 
t= « 

100 '" z 
0 
;:: 

80 ~ -, 
uJ 

'" 
'" 60 
'" b 
:::E 
I 40 z 

0 
:::E 
:::E 

20 0 
u 

'" '" ::e 
u 

1 - FREOUENCY (Hz) 
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Typical Performance Characteristics (Continued) 

Voltage Follower Pulse 
Response 

j 
j 1/ 
!--

7-

lr-, I 

i I RL ~ 2.0k 
t -i\ I V 15VOC 

\ -1 I 
v 

I 17 

I 
I 

o 10 20 30 40 

Signal Frequency 

1" 

Output Characteristics 
Current Sinking 

I - TIME (us) 
0&10929940 

10k lOOk 1M 

FREQUENCY (Hz) 
0SOO92ll9-42 

lOE'Em~':+":~T=E 

w 

'" ~ 
-' o 
> 
l
:::> e: 
:::> 0.1 
o , 
>0 

0.01 L.!!:....lQ.I'LJ....l..IJ.L..L...:'--___ LLL 

0.00 1 0,01 0, i 10 100 

10 - OUTPUT SINK CURRENT 

Voltage Follower Pulse 
Response (Small Signal) 

500 r-T--;:==::::::;-r,-n 
:;;:-

450 ..5 
..... 
'" « 
I-
-' 
0 
> 
I-
::> 350 e: 
:;) 

0 

,," 

3 5 G 7 8 

TIME (jts) 

Output Characteri~ics 
Current Sourcing 

I~ OUTPUT SOURCE CURRENT 

Current limiting 
90~~~--T-~~-~-r-'~ 

80 

70 

l- SO 
15 
'" SO IX 
:::> 
u 40 
l-
=> 

30 (L 
l-
=> 
0 20 

+_0 10 

0 
-55 -35 -15 5 25 45 65 8S 105 125 

TA TEMPERATU Rf (oc) 
DS00029!).45 
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Typical Performance Characteristics (Continued} 

Input Current (lM2902 only) 
100,--,-·-,--~---.--~--. 

75 
.... 
z 
'"' '" '" :::> 
u 
..... 
:::> 
a.. 
:= 

I 25 
:!O 

10 20 30 

y' - SUPPLY VOLTAGE 

Application Hints 
The lM124 series are op amps which 

power supply voltage, have inputs, 
remain in the linear mode with an input common-mode 

of 0 Voc. These amplifiers over a wide range 
of power supply voltage with little in nelfonmallce 
characteristics. At 2S'C amplifier operation is 
10 a minimum supply voltage of 2.3 

The pinouts of the have been to 
PC board layouts. Inverting inputs are adjacent to outputs 
all of the amplifiers and the outputs have also been placed at 
Ihe comers of the package (pins 1, 7, 8, and 14). 

Precautions should be taken to insure that the power supply 
for Ihe circuit never becomes reversed in polarity 
or that the unit is not inadvertently installed backwards in a 
tesl socket as an unlimited current surge through the result
ing forward diode wilhin the IC could cause fusing of the in
ternal conductors and result In a destroyed unit. 

large differential input voltages can be easily accommo
dated and, as input differential voltage protection diodes are 
not needed, no large input currents result from large differen
tial input voltages. The differential input voltage may be 
larger than y+ without damaging the device. Protection 
should be provided 10 the input voltages from 

more than Voc (at 2S·C). An input 
a resistor to the IC input tenninal can be used. 

To reduce the power supply drain, the Rmnlifi,p'1'!': 

class A output stage for small levels 
class B in a large signal mode. allows the gmnlifii,."" 

both source and sink output currents. 
NPN and PNP external current boost transistors can be used 
to extend the power capability of the basic amplifiers. The 
output voltage needs to raise approximately 1 diode drop 
above ground to bias the on-chip vertical PNP transistor for 
output current sinking applications. 

For ac applications, where the load is capacitively coupled to 
the output of the amplifier, a resistor should be used, from 
the output of the amplifier to ground to increase the class A 
bias current and prevent crossover distortion. 

www.oatlonaLoom 

Voltage Gain (lM2902 only) 

8 

160,--.---,--,---,---,---. 
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:::;. 120 
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c; 
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'-" 80 « 
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-' 
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~ 

li! 40 
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y' - SUPPLY VOLTAGE 

Where the load is directly coupled, as in dc applications, 
there is no crossover distortion. 

(:"n"''''',,,. loads which are applied directly to the output of 
the amplifier reduce the loop stability margin. Values of 
50 pF can be accommodated using the worst-case 
non-inverting unity connection. large closed loop gains 
or resistive isolation should be used if larger load 
tance must be driven by the amplifier. 

The bias network of the lM124 establishes a drain current 
which is independent of the magnitude of the power supply 
voltage over the range of from 3 Voc to 30 

Output short circuits either to ground or to the positive power 
supply should be of short time duration. Units can be de
stroyed, not as a result of the short circuit current causing 
metal fusing, but rather due to the large increase in IC chip 
dissipation which will cause eventual failure due to exces
sive junction temperatures. Putting direct short-circuits on 
more than one amplifier at a time will increase the total IC 
power dissipation to destructive levels, if not properly 
tected with external dissipation limiting resistors in 
with the output leads of the amplifiers. The larger value of 
output source current whicl1 is available at 2S'C provides a 
larger output current at elevated temperatures 
(see typical perfonnance than a standard IC 
op amp. 
The circuits presented in the section on typical applications 
empnl~sI2:eoperation on only a single power supply voltage. 
If complementary power are available, all of the 
standard op amp circuits can used. In introduc-
ing a pseudo-ground (a bias voltage reference of V+/2) will 
allow operation above and below this value in power 
supply systems. Many application circuits are shown whicl1 
take advantage of the wide input common-mode voltage 
range which includes ground. In most cases, input biasing is 
not and input voltages whicl1 range to ground can 
easily accommodated. 
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Typical Single-Supply Applications (V'> '" 5.0 VDcl 

Non-Inverting DC Gain COV Input :: OV Output) 

OR no! needed due to temperature independent liN 

R 
lOOk 

R 
lOOk 

DC Summing Amplifier 
(YIN'S :2: 0 Voc and Vo :2: Vod 

Where; Vo V1 + V2 - Va V4 
(V1 + V2):?: (Va + V4) to keep Va :> 0 Voc 

+5V 

R2 
\+

Rl 

; 101 (AS SHOWN) 

VI" !mV) 

Power Amplifier 

RI 
91Dk 

Vo " 0 Voc lor V'N = 0 Voc 
Av" 10 

9 www.national.com 
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Typical Single-Supply Applications 

www.natiooal.com 

lED Driver 

Fixed Current Sources 

If' 

fo'" 1 kHz 
Q=50 
Av 100 (40 dB) 

10 

::: 5.0 (Continued) 

"BI-QUAD" RC Active BSndIIlS!1S Filter 

AI 
lOOk 

RS 
lOOk 

Driver 

Cl 10;FT 
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Typical Single-Supply Applications (v+::: 5.0 Voe> (Continued) 

CUmilnt Monitor 

Vo -

VL '"" v' 2V 

'(Increase R1 for IL small) 

Voltage Follower 

11 

Driving TTL 

Pulse Generator 

RI 
1M 

R2 
lOOk 

IN914 

IN914 

www.nalional.com 
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Typical Single-Supply Applications (,r 5.0 Vod (Continued) 

Squarew8ve Oscillator Pulse Generator 

10 1 amp/VoU V1N 
(Increase RE for 10 small) 

www.nalional.com 

In Rl 
lOOk 30k 

>+-oVo 
+ 
D 

OS00029!H6 

High Compliance Current Sink 

I 

.V'N I !IO 

12 

INSI'!. 

> .... -ovo 

+ 

o 
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I 
Typical Single·Supply Applications (V+ = 5.0 VDd (Continued) 

low Drift Peak Detector 

IPOl VCARBONATE OR 
POL YETHVLENEl 

'Ihi 

HIGH 'iN 

LOWZoUT 

R 
1M 

-I. 

-zour 

INPUT CURRENT 
COMPENSATiON 

DSOOO299·19 

Comparator with Hysteresis Ground Referencing a Dlfferentiallnpl.!'i Signal 

I'll 
1M 

05009299-<1) R3 
1M 

13 

D~21 

www.nalional.com 
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Typical Single-Supply Applications (\r::: 5.0 Vod (Continued) 

'Wide control voltage range: 0 

Av = (As Shown, Av - 10) 

www.nationai.com 

Voltage Controlled Oscillator Circuit 

U.05 JF 

51k 

:;; Vc :;; 2 (V -1.5 Voe) 

(CELL HAS OV 
ACROSS IT) 

> .... -0 OUrPU11 

51. 

1..-----------+-0 OUTPUT 2 
10k 

Photo Voltaic-Cell Amplifier 
R, 
1M 

> ... -ovo 

AC Coupled Inverting Amplifier 
H, 

lOOk 

Co O-¥-3VPP 

1241\ >-4t-O-i ~ :: 1 

110k 

14 
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Typical Single-Supply Applications (V+ = 5.0 (Continued) 

A2 
Av ! + R1 
Av - 11 (As shOwn) 

fo 1 kHz 
a 1 
Av 2 

AI 
lOOk 

,·f 
-

AC Coupled Non-Inverting Amplifier 

R2 
1M 

¥'3VPP 
1-

DC Coupled Low-Pass RC Active Filter 

1:1 
O.OlJ.1F 

> ... -OVo 

15 

A4 
lOOk 

Vo 

1 

0000!l299-25 
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Typical Single-Supply Applications r.r = 5.0 Vocl (Continued) 

Vo 
R4 

1 ~ 

High Input Z, DC Differential Amplifier 

Rt 
lOOk 

R3 
lOOk 

+V2~--------------________________ ~ 

depends on Ihis resistor ralio match) 

High Input Z AdJustable-Galn 
DC Instrumentation Amplifier 

Rl 
lOOk 

III 
lOOk 

RS 
lOOk 

R4 
lOOk 

R4 
lOOk 

If RI RS & A3 = R4 R6 R7 (CMAA depends on match) 

Vo - 1 t - V" 

As shOwn Vo 101 (V? V,) 

www.national.com16 
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Typical Single-Supply Applications (V+ = 5.0 (Continued) 

Using Symmetrical Amplifiers to 
Reduce Input Current (General Concept) 

Bridge Current Amplifier 

I,,, ... 
+v!"\! 

Is I 
t 

fo = 1 kHz 
Q 25 

A 
1.51'11 

0.001; .• 

113 
.20. 

>Vo 

IIIIPUT CURRENT 
COMPENSATION 

F01' 8 < 1 and RI > R 

Vo VAEF(~)~ 

Bandpass Active Filter 

&1 
O.OljiF 

+ 

11 

R5 
39k 

115 
120k 

>-t ..... Ova 

Va 
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Physical Dimensions (millimeters) unless otherwise noted 

www.nalional.com 

0.185 

(3.811 
Nill\l J1<A ,REV G) 

Ceramic Dual·ln-Llne Package (J) 
Order Number JL 124ABCA, JL 1248CA, JL 124ASCA. JL 124SCA, LM124J, 

lM124AJ, LM124AJ/883, LM124J/883, bM224J, LM224AJ or LM324J 
NS Package Number J14A 

LEAD NO.1 
!DENT 

MX S,O, Package (M) 
Order Number LM324M, LM324MX, LM324AM, LM324AMX, LM2902M or LM2902MX 

NS Number M14A 

18 
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Physical Dimensions inches (millimeters) unless otherwise noted (Continued) 

0.045 
0.026 

TYP 

0.006 
0.004 

TYP 

__ 0.080 
0.050 

QPTlO~ 1 

INDEX 
AR£A 

PiN NO.1 
IDENT 

Molded Dual-in-line Package eN) 
Order Number lM324N. lM324AN or lM2902N 

NS Package Number N14A 

0.050 :!: 0.005 
TYP 

14 , t 

I I , . 
I I 

0.370 
0.250 

0.260 
0.235 1 .. " 

0.008 

PIN #1 
IDENT 

Ceramic Flatpak Patek.laa 

DETAIL A 

TYP 

Order Number Jl124ABDA, JL 124ABZA. JL 124BDA. Jl124BZA, 
JL124SDA, LM124AW/883, LM124AWG/883, LM124W/883 or lM124WG/883 

NS Number W14B 

19 
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~ 
CD Physical Dimensions inches (millimeters) unless otherwise noted (Continued) 

5 

Jt ~~~~~~~--
-n:s c 
o 

~ 
CD a. 
o 
"C 
n:s 
::::s 
a 

I TYP 

I 

(178 TYP) ~~~~~~~_ 
042 TYP jll i 

-:J1=- 0.65 TYP 

DIMENSIONS ARE IN MILLIMETeRS 

SEE DETAIL A 

DETAIL A 
TYPICAL, SCALE; .tox 

14·Pin TSSOP 
Order NumberLM324MT or lM324MTX 

NS Package Number MTC14 

liFE SUPPORT POLICY 

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT AND GENERAL 
COUNSEL NATIONAL SEMICONDUCTOR CORPORATION. As used herein: 

1. Life support devices or devices or 
systems which, (a) are implant 
into the body, or (b) support or life, and 
whose failure to perform when property used in 
accordance with instructions for use provided in the 
labeling, can be expected to result in a 
significant injury to the user. 

National Semlconducto, 

Tel: 1·800-272-9959 
Fax: HlOO·731·7018 
Email: support@nsc.com 

www.nat!cmal.com 

Nallonsl Semiconducto, 
Europe 

Fax: +49 (0) 180-530 85 86 
Email: eorope.sopPort@nsc.com 

OeulOCh Te!: +49 (0) 6!l 9508 6208 
English Tel: +44 (0) 870 24 0 2171 
Francais Tel: +33 (0) 1 41 91 8790 

2. A critical component is any component of a life 
support device or system whose failure to perform 
can be reasonably to cause the failure of 
the life support device or system, or to affect its 
safety or effectiveness. 

Nstjonat Semiconductor 
Asia Pacific Customer 

Email: ap.suppoll@nsc.com 

National Semiconductor 
Japan Ltd. 
Tel; 81·:;·5639-7580 
Fax: 81·3·5839·7507 

Nations! dess not assume any maponsibmty for use of any circuitry described, ne circuit patent licens.es are impfled and National reserves the right at any tIme withOlJt notice In change said circuitry and specifications, 
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