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Abstract

The aim of this thesis is to produce a load compensétor for a three-phase system.

It should be simple, accurate and affordable.

The three-phase load compensator design is based on a more recent definition of
power factor. Attempts to establish a universally acceptable definition can be
traced as early as 1920 at the 36" Annual convention of the American Institution
of Electrical Engineers. Subsequently, a number of definitions have been adopted
by different scholars. Each definition can lead to a different compensator
solution. This problem for, example, is illustrated by Emanuel [25].

A highly respected approach was recently presented by L. S. Czarnecki [11]. He

defined a three-phase system current vector, I, consisting of the line currents, #,,

is and i; as the elements. I = [i, is if}t. He decomposed the system current vector

into a set of orthogonal current components namely, active current, reactive

current, harmonic current and scattered current.

The load balancing technique used in this thesis was based on Czarnecki's
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.

A major contribution of this thesis is the derivation of the compensator values. A
model using two line currents and two line voltages measured in real time was
designed. It was successfully simulated and tested on a real 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 researched load compensation through an extensive study of a range
of proposals and load compensating methods used over the years. One method,
in particular, “a balancing compensator,” as proposed by L.S. Czarnecki [11], is
studied in greater detail. In brief, this proposal suggests that by measuring only
two line currents and two line-to-line voltages of an unbalanced linear complex
load, supplied with a symmetrical and sinusoidal three-phase voltage, it is
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:
e Studying and compiling a literature review on load compensation.
s Designing a compensator model, using analogue circuit techniques.
¢ Performing computer simulations of the design and using the space
vector for analysis.
e Physically constructing the design with ordinary off-the-shelf
components.

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

The author is not aware of any prototype or commercial product designed along

this proposal.

As time and opportunity may permit, if the above equipment should succeed in
achieving the initial goal, a brief investigation may be carried out into its

versatility, on another application.



1.2 The need for load compensation in power systems

T. J. E. Miller [9] has defined load compensation as the management of system
reactive power to improve the quality of ac power supply.

It is estimated that over thirty percent of all primary energy resources worldwide
are converted to electrical energy and inefficient use of electricity has profound
impact on the environment. Between 6-10% of this generated power is lost, while
being delivered to the consumer [8]. Rising costs of construction materials and
labor mean that older networks have to continue for longer than perhaps initially

planned and cable wear and tear through heating must be minimized.

Transmission of vars and negative sequence currents all the way from generation
to consumers is a major contributor of power delivery losses and generator
inefficiency. Because cable warming is proportional to the square of the current,
(PR), 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 due to power factor as a result of reactive loading
{(typically lagging) increases as the inverse square of the power factor, 1/A2
(where, A, the power factor is defined as the ratio of the real power, P, to the total

apparent power, S, generated by a voltage source).

The demand for higher power quality is increasing daily as the use of more
sophisticated but power-vulnerable microelectronics control based equipment
increases. It has been verified that in addition to losses incurred by the utility, as

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

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

#4

and power factor, “... the capacities of all generating transforming and



distributing devices are reduced and an additional burden is thrust upon the
producer. If the line voltages are unbalanced, as a result of the unbalanced
currents, all symmetrical poly-phase motors will take additional reverse-phase-
order currents, the effect of which is two fold. The capacities of the motors are

reduced and their losses are increased”.

In some countries like Uganda, with unplanned suburban housing estates, a
single-phase can be extended (from a local substation transformer) for kilometers
on a string at the expense of the other two phases. This often causes transformer
under utilization and premature failure. Moreover, the resulting negative
sequence currents that get dumped on the system are unlikely to be canceled as
they are not planned for. In planned housing the power utility attempts to match
the number of single-phase consumers per phase. But even in such cases
equating of line currents on a given substation, in the author’s experience, rarely
exceeds 70%.

This is especially highlighted for private generator sets where a trip circuit rated
for a full capacity of 100 amperes may go off when one of the lines is only
delivering 60 amperes, as tripping only requires one line current to exceed the
threshold. In a typical case the interpretation will be that the generator is
undersize; either forcing some functions to be abandoned or purchasing a new
and much bigger than necessary generator set. This also does not guarantee that

the existing installed cabling will be adequate.

This scenario is very common is East Africa, where cash strapped public power
utilities are often 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 generator sets of 100kva and over, to encourage

them to be more self reliant and ease demand on the public utilities.



Furthermore, such circumstances also imply that only the existing 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

themselves.

Loads that consume vars tend to depress voltages at their points of connection.
One might perhaps argue that pre-empting this by installation of permanent
capacitance would solve the problem. However since the load demand for the
vars continuously varies a practically similar problem due to excess rise in the
terminal voltage, at times of low var demand, would have different but equally
undesirable consequences. Hence the need to compute the appropriate

compensator parameters at a particular moment.

Utilities in East Africa erroneously assume the effects of load unbalance to be
always subtractive on a macro level and only act to remedy reactive loading. As
a deterrent to the consumer a surcharge for reactive power consumption is

incorporated in the bill.

In countries like the USA public power utilities require that consumers take
responsibility for both their power factor and balancing of their load currents. As
international laws and norms get standardized it will be a matter of time before
our local regulations take cue. When one considers such heavy single-phase
consumers like the railways, arc furnaces, arc welders and indﬁction welders it
would be wrong to assume that some system load distribution matching would
take care of such large amounts of negative sequence currents, or for the power

supply utility to provide the compensation at no extra cost.



So concludes Lyon [3], “Both unbalancing current and low power factor increase
loss in the circuit and the necessary capacity of infrastructure and should be

penalized”.

1.3 Structure
The thesis is divided in four chapters excluding this one.

Chapter 2 begins by restating the basic objectives of the thesis. It explains, with
illustrations, the following terms: space vector, power factor (both in single and
three-phése); unbalance and compensation.

It then continues by reviewing theories of various models of compensators
proposed by different designers for similar or different applications and
discusses their merits and limitations. A special example of single-phase load

compensation is shown for the arc furnace.

Chapter 3 covers ;:omputer simulations. It begins by defining and then analyzing
an ideal load, with illustrations, using the space vector. These results are later
used to judge the performance of a load compensator. More illustrations are used
- to éxplain the terms, lo:ad cﬁrrent, source current and compensator current.

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 the practical implementation of the model designed earlier. It
compares and contrasts the problems of physical component circuitry with those

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



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

balance and power factor correction.

Chapter 5 explores the versatility of the admittance meter with a different type of
problem; the operation of a three-phase load with a single-phase supply. A
series of formulae to be used are derived. The various problems encountered as
well as their solutions are discussed. Computer simulations are successfully
carried out. Finally the physical design and construction of additional circuitry is

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

done.



2 A Review of a variety of load compensation
methods

2.1 Introduction

This review covers definitions, concepts, designs and practices in the field of load
compensation. Key words are, total apparent power, reactive, unbalance,
compensator, symmetrical and sinusoidal.

2.1.1 Objectives

As has been stated earlier, unbalanced and reactive loads result in additional
power delivery losses and reduce the general performance of all power system
functions.
In this thesis the basic objectives are:

e Reduction of the system reactive power requirement.

e Restoration of supply current balance.
By achieving the above two objectives one can improve on generator efficiency,
transmission line power quality and efficiency and voltage balance. It is also
worth noting that load currents and load power factor cannot be changed. It is

the source currents and power factor that are changed by a load compensator.

An ideal compensator is one that will correct the power factor to unity and
reduce current unbalance to zero. It will provide “stepless” responses to load
changes by instantaneously injecting the correct compensator currents and in

addition will be unaffected by voltage supply fluctuations.

In practice there are a variety of factors one weighs against, for an optimum
compensator in a specific'context, not least of which is economics. For example,
achieving a power factor of 0.95 is regarded as optimum by some industrial

consumers. As for the smoothness of the steps, it's normally practical to switch in



predetermined sizes of reactive components, from a bank. Load patterns also
vary from types that have long term predictability and only require routine
checks (for semi-automated switching) to those that are continuously varying
and require continuous monitoring and automated compensation.

This thesis will only consider the effects of power factor and load unbalance as
undesirable. It will be assumed that, harmonic and scattered currents are
negligible. The supply voltages will be sinusoidal and symmetrical and loads
will be linear.

2.2 The Space vector

This is an approach to the real time analysis of asymmetry in three-phase steady
state systems. It will be used extensively in this thesis. The following is a review
of this concept, initially develéped by K P Covacs and I Razc [13]. It involves the
transformation of the values of a three-phase system into a two-dimensional
vector system. This was initially conceived for the two dimensional control of

rotating machines that have three-phase balanced windings.

Let figure 2.1 represent a motor. Its windings are balanced and are along axes
OA, OB, and OC. Their magnetic field forces are along OA’, OB’ and OC’. Let
the direction of field force OA’ be taken as the reference. Then the other two field
forces can be resolved both in phase as well as in quadrature with OA’, by the

following expressions.

Let F be the system magnetic field force.
F= A"+ B'(cos120° + jsin120°) + C'(cos(-120°)+jsin(-120°))



Figure 2.1

F=A"+B(-1+jV3)/2+C (-1-{¥3)/2 (where F is the resultant (real time) two

dimensional force vector)

az=-(1+jV3)/2and a=(-1+ jV3)/2

Therefore the field magnetic space vector, F, can be defined as

F=A"+aB + a%C’ 2.1)

This is a mathematical coordinate transformation. The orientation of unit vectors
1, a and a2 is independent of the spatial orientation of the three-phase equipment.
This useful transformation and can also be applied to transformers, transmission
lines and three-phase loads, with, flux, current and/ or voltage as the parameters
to be analyzed for asymmetry. This analysis is valid for periodic functions as

well as dc conditions.
Let us consider a special case represented by the phasor diagram in figure 2.2,

 Three balanced line current phasors, I, I, and I are in positive sequence.



[0 ]

Ip
Figure 2.2 (Three-phase currents leading)
Vg is the reference voltage of a three-phase supply. Current I,; is sinusoidal and
has a maximum amplitude, Ij. The angular frequency of I, is (equal to that of
Va) @ radians per second and leading the reference voltage, V, by ¢ radians. The

three-phase voltage supply is sinusoidal, symmetrical (relative phase differences
are 2n/3 radians) and in positive sequence. The instantaneous values of the line

currents above are therefore given by

iz = Ijcos(ot +¢)

ip = [jcos(ot +¢ -27/3)

ic = Iycos(ot +¢ +2n/3) (22)
Using Euler’s identity:

el® = coso+ jsin6 => cos6 = Re(ei®)

From Euler’s identity and the definition of space vector in the example in figure

2.1 it can be shown that the system current vector is given by
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i1= Iy efbejot
= I1e®t (since Ijelt is a constant, I1 is a complex number) (2.3)

This is the same usual expression for a complex alternating current phasor whose
locus is a circle at a constant angular velocity, o. This set up constitutes a

symmetrical positive sequence and the direction is anticlockwise.

On the other hand if the currents in figure 2.2 were to rotate in the clockwise
direction then they would be said to be in negative sequence and their

expressions would be

ig = Ijcos(owt +¢)

ip = Ijcos(ot +¢ +2n/3)

1c = Ijcos(wt +¢ -2n/3) (2.4)

Likewise the expression for the system negative sequence current, I, can be
shown to be i, = Ie-i$2e-j0t - This rotates in the negative (clockwise) direction at

the same angular velocity but a different maximum amplitude, I.

In a load unbalance situation both sequences are present. The total system
current vector is the sum of an anti-clockwise circufar locus and a circular

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

As will be illustrated later a compensator to redress the system current
unbalance exploits Kirchhoff's current law (KCL). A node on a load current
supply line, is injected with a component of current equal to the negative
sequence of the load current for that line. Since the load current cannot change,

the source is relieved from supplying that component.
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Negative sequence

Positive
% sgguence )

“ ..
------

Figure 2.3

Summation of positive and negative sequence space vector currents
i=1i + i, = Relbelot + I, edd2edot (the sum of the positive and negative
sequence)

2.3 Compensator concepts

The purpose of this is to explain the relationship between the power source, the

load and the compensator.

2.3.1 Reactive current and Power factor in single-phase

Load=Y|=G+jBy

P EE—

B
Supply bus A%

(a) (®)
Figure 2.4 -

Complex single-phase load and its current and voltage phasors
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Figure 2.4a is a Thevenin model. A single-phase load with admittance, Yj, is
comprised of a conductance Gy and a susceptance, By.
Y] = G] + jBy is supplied with a voltage V, resulting in Ij the load current.
Therefore,

I; = V(G1 + B = VG +jVB =1, + g (2.5)

Figure 2.4b is a phasor representation of 2.4a. Positive rotation is anticlockwise.

Voltage V is the reference. Current I} is 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. I is the active current, which is due to the
conductance and is in phase with the supply voltage. I is the reactive current,

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

Let ¢ be the phase angle between the supply voltage, V, and the load current I

If Sy is the total apparent power supplied by the voltage source, then
S1=VI=V*G|-jV*B=P|+jQ (26)

Note that
e Phasors are valid for steady state system conditions.
¢ Power quantities are scalar (not vector or phasor entities).

e I*is the complex conjugate of I}.
e Pjis called the real power component (or physically useful part) of 5.
e Qqis 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 factor, A, is defined as the ratio of the real power, Pj to the total

apparent power, S. It is equal to the cosine of the phase angle between V and I;.

13



A=Cosp =P/ 5 2.7)

The concept of power factor correction is to find a substitute source for the
reactive power. Then the voltage supply source is left to generate only the useful
active power, P}. This is the task of the compensator. If the reactive part of the

load is jB}, then power factor compensation is done by connecting, in parallel to
the load, a pure susceptance of an equal but opposite value, -jBj. The total
supply source current, I, will then be given by the sum of the original load

current, Ij and that of the compensator element, L.
Ig=11+1L,= V(G +jB]) + V(§BD = VG| =T, (2.8)

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

Let a load, Z, comprising of constant values of resistance, R, and inductance, L,
be fed with a purely sinusoidal voltage, E.

The resulting current i is given by

i=V2ISin ot (where I is the rms value of the current) 2.9)

The voltage drop across the load is given by
e =Ri + L (di/dt) (2.10)

Substituting in i we get
e=TR\2ISin ot + LoV2I Cos ot

The instantaneous power delivered to the load is

s =e¢i=RI*(1 - cos2ot) + oLI? sin2ot 211
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The average active power to the load is
P, = RI* (2.12)
The maximum power to the magnetic field of the inductor is

Qr = oLI* (is the reactive power and is delivered to the magnetic field in one

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

The total apparent power is EI and is given by

(ED? =(RI*Y +(wlI*)* (2.13)
Power factor is the ratio of the active power to the total apparent power

A=Cosf = RIZ (214)
\/(RIQ)Z + (@LIz)z

2.3.2 The unbalance current, Iy
e Unbalance defined in the symmetrical components context

When the currents in a three-phase system are not equal they are said to be
unbalanced. In this context the supply voltages are symmetrical and sinusoidal
. and the load is linear. Therefore the system current unbalance is directly

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

One way of evaluating the extent of load unbalance is the method of symmetrical

components as introduced by Fortescue [1]. This is covered later, in detail, in

15



section 2.4.3. In 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 sequence currents.

In a balanced situation the negative sequence currents are zero. Making this
observation, J. Slepian [5], defined the extent of unbalance as the unbalance
factor and is equal to the, “.... the ratio of the magnitude of counter-rotational
and direct-rotational components.”

The following expression gives the value of the reference phasors for the

symmetrical current components. They are, the zero sequence, I5g, the positive

sequence, ;1 and the negative sequence, I;3. The line currents are Iy, I, and I..

I, 11 171,
I=311 a a*||], (2.15)
Y 1 &> al|l,

Zero sequence currents are often zero. The magnitudes of the other phasors in
each sequence are equal. Therefore the unbalance factor is equal to the ratio of

the magnitude of the negative reference phasor to the positive one.

]

Unbalance factor, u.f. = =

- _{’ I, +a*l, +al,
I

] (2.16)

| ! I, +al, +a’l,

al

Then two extremes can be defined, namely, for a balanced three-phase system,

when I,7 is equal to zero giving an unbalance factor of zero and the case of a
single-phase, when I,7 is equal I;) yielding a 100% unbalance factor as shown

below.

From (2.15)
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I, 11 1] (1,

I, |=1/3|1 a a’|| 0|=]|I,| for single-phase
I, 1 a® allo| |1,

Therefore

Iq1= 12, The same can be shown to be true if the single phase current is I, or I,
since [|alj=]|a* .

The unbalance factor found much practical use mainly in analyzing unbalance in
induction motors, like the effect of voltage unbalance on torque. For example the

starting torque is given by
s.t=[1 - (u.£)*] x (positive sequence rotational tori;ue.)

o Unbalance as defined by Czarnecki [11]
Czarnecki {11] has defined the three-phase source current, i, due to a linear and

time-invariant load as a vector whose elements are the line currents, i, ig, iT

such that
i=[ig,ig iT]" (217)

He has further decomposed this current vector into, the active current vector, i,
the reactive current vector, iq, the harmonic current vector, i}, the unbalance
current (due load unbalance), i, and the scattered current, ig (due to load

conductance dependency on frequency). They are mutually orthogonal. In this
thesis the voltages considered are symmetrical and sinusoidal, the loads are
linear and the harmonic and scattered currents will be considered as nil.

Therefore the rms values of the load current vector components satisfy
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il2=i|* +“z’q”2 +, (2.18)

I

vV ! >
Is YI"S

vV

: > Yir
Yt
I
\'A t >

Figure 2.5

Figure 2.5 is a symmetrical and sinusoidal three-phase voltage supply, in positive

sequence. The line-to-neutral voltages, Vy, Vg and V; are feeding an unbalanced

but linear delta load Yy, Y, Ygr- The line currents are, I, Ig, I4.

The total compleﬁc power supplied by the source is

S5=P+ ]Q = Ymvzrs + Ystvzst + Yﬁvztr (2.19)

(where P is real power and Q represents the rest of the components of 5)

In magnitude, Vig = Vi = Vir = [V = V2 + V2 + ¥V (2.20)
The system equivalent admittance, Ye, as defined by Czarnecki is
Ye=Ge+jBe=Yrg + Yt + Yir (2.21)

The total apparent power =S = Yo|| V|| (2.22)
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S/IVIP=Ye=Ge+ jBe (2.23)

Ge =Re(S/||V||» = (the equivalent conductance) (2.24)

Be = -Im(S/ ||V ||?) = (the equivalent susceptance) (2.25)

The conductance is responsible for the active current i,

ira 11'&!
ig=li, | =\2Re|I, |eJOt= G,V (2.26)
i 7

ta ta

The reactance is responsible for the reactive current, i.

il"’ d jBeVr
== | § == = ] |ejot 2'2?
ig= i | =Beg >V V2Re JBY, |efo (2.27)
ltr .}BeI/t

From which Czarnecki defines the unbalance current, iy;, as the remainder

iy =i-(ia+iq) (2.28)
q

Thus is the concept of the unbalance current, i;. (In the three-phase dimension it

constitutes the negative sequence currents)

Looking at each phase separately

For the red line, the complex rms value of the unbalance current, I, is given by
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Iry = Ir = (ra * Irg) (I is the total line current, I, is the active component and

II.q the reactive component in rms values) (2.29)

Line currents are related to the branch load currents as follows

I =T~ Iy = YygVig = YirVir = Yy (VI -V5) = Y (V= Vp) (2.30)
(where I} is the red line current and I is the load branch current between

lines r and s.)

And by Czarnecki’s definition the total equivalent admittance

Yo=Ge+jBe =(Yyg+ Y + Yir) (2.31)

And the sum of the active ahd reactive currents in liner is
Ira + Irg = VrY¥e = Vi(Ge + jBe) = V(Ypg + Yot + Yir) (232)

Therefore the unbalance current in line r is given by

Irg = Yrs (VI =V58) = Yy (Vi = V) - (Ge + jBe)Vy
= "(YstVr + Yrsvs + Ytrvt) (2‘33)

The supply is in positive sequence and so, Vg = a’V, and Vi = aV,

Iy = (Yst + @®Ypg + aYir)Vy (2.349)

Ly=AVy (2.35)
(A is defined by Czarnecki as the unbalance admittance; a fictitious component

of the load admittance responsible for the unbalance current)

The other two line unbalance currents can be derived since they are in negative

sequence and of equal magnitude (I, = alyy; and Iy, = @’Ipy).
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Figure 2.6

In section 2.3.2 the concept of symmetrical components was briefly introduced. A
more detailed elaboration is in section 2.4.3.

In his approach to defining power factor in three-phase Emanuel [25] makes use
of symmetrical components as is reviewed here. Zero sequence currents are
assumed to be zero.

Figure 2.6 is a symmetrical positive sequence supply feeding an unbalanced
linear three-phase load.

The supply voltages are

Va=V1 Vp=2aV{; Vo=aVy (Vq is the reference phasor, a = exp(j120°)

and a? = exp(-j120°))

The line voltages squared are determined by multiplying each phasor with its
conjugate

(Va)® = VaVa* = (Vq)’

(Vp)* = (@ Vvy)*

Vo’ =@Vvy?’

Summing up

(Va) '+ (V)? + (Vo)? = (V1)? + (@2V7)? + (aVy)? =3E? (2.40)
{where E is the norm of each voltage phasor)

The line currents are
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Therefore

Liy=-@Ygt+ Yeg + aZYn-)Vt =aAVy (2.37)

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

AV = |l (2.38)
And
f=yc + B + A*|V]| (2.39)

(where ||I|| 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 clear. 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 =S, + Sp + S or

S = [(P3 + Pp + Po) +j(Qa + Qp + Q)I? Where a, b, ¢ 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.
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Ia =11 + Ip (wherel;j and I are the reference line positive and negative sequence

currents respectively. Zero sequence currents are zero)

Ipb=a’l +alp

I.=alj +a’ly (2.41)
Squaring

(l)* =+ Ip)?

(Ip)*=(@’L +alp)’

(Ip) * =@ +a’h)? (2.42)
Finally it can be shown that |

311 +30% = (@) +(p)° + (10)? | @43)
The apparent power is the product of the load current vector and the voltage
vector.

Therefore

S? =3E*(3I1? +3Ih7)

=(3EI1)* + BE Ip)* (2.44)
The negative sequence component is undesirable. The positive sequence
component of power comprises active and reactive parts of which only the active
is desirable.

The active power component is the dot product of the system voltage vector and

the system positive sequence current vector, Iy

3E-I7 = Re (3EI*7) (where Re stands for the real part) (2.45)

Finally power factor A can be defined as

A= Re (3EI*1)/S (2.46)
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2.4 Methods of compensation

241

In section 2.3 the function and purpose of a load compensator is illustrated. The
depictions are of an ideal compensator. This section will cover the practical
considerations for the choices of compensators, their designs, attributes and

shortcomings.

2.4.2 Compensation using load admittances

A load compensator can be modeled by considering the actual load admittances.
Gyugyi and others [7] presented a paper on this approach, as the following

review reveals.

: : ac
V= V<240° ]

b

_O V=V<120°

Figure 2.7

Figure 2.7 is a delta network with admittances, Yap, Ype and Y, fed with a

symmetrical and sinusoidal three-phase supply in positive sequence. Let the

three admittances be linear but unequal.



In section 2.3.1 a power factor correction concept was illustrated as the addition

of an equal but opposite susceptance (in parallel) to a load branch admittance.

Yab = Gab + jBab (2.52)

In order to compensate Y}, we must add, in parallel to it, a susceptance jB*,}
where B*}, = -Bgp. So a full three-phase power factor compensator for this delta

load will similarly add, in parallel to each of the other two branches, an equal but
opposite susceptance value. Thereafter the voltage source will “see” the load as

purely resistive (with conductances, Gap, Gpe and Ga¢) and won't generate any

reactive currents. However the load will still remain unbalanced and the source

will continue to generate negative sequence current components.

e R
, 1 1 .
S SEERFCN Ok I gi.’;\ab« o
- A S NS I I
__._»......_._.] ................ JEUUEUUIUUN - S '830'
. Bhe -
D \ | vt .
......... @ i
Figure 2.8

A single branch load with a three-phase supply

Consider figure 2.8(a), a single branch. The admittance Yap has become a

conductance, G}, after it has been compensated for power factor, standing alone
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on a three-phase supply. There will be negative sequence currents in the system
due to this. To balance the system one requires to connect pure susceptances
between phases, b and ¢ and between a and c.

The superposition method is one convenient way to work out the line currents
due to the individual phase voltages. Figure 2.9 illustrates the first two stages

using superposition

Va=V
Vp = a?V
V. =aV (where a and a? are the 120° and 240° operators, a = (-1/2+jV3/2),
a2 = (-1/2v3/2), and are conjugates of one another.) (2.53, 2.54, 2.55)
v Ta1 Lao
2O > a —>
By Gab r*‘ - ‘
. Vpl = T2 Y
T i O——~dA
Bod A
I "’1”'* Ieo iod
- » L
Figure 2.9

Hlustrating the superposition method

Currents due to V4 are

Ia1 = V(Gap + jBac)
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Ip1 =-VGap
Ie1 =-§VBae o (2.56)

Currents due to Vi,

Ia2 =-a’VGgp

Ip2 = a?V(Gap * jBbc)

Ico = -ja?VBp, (2.57)

Currents due to V:

Ta3 = jaVBac
Ib3 = -jaVBpc
Ic3 =jaV(Bpe + Byo) (2.58)

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

Ip=I4 +Ipn+ 153 (2.59)

At balance the source currents will be in positive sequence,

I =a%,
I. = aly (2.60)
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Gyugyi et al finally got the following result (originally attributed to C.P.
Steinmetz [2], at the beginning of the 20% century).

Bpe = (Gap)/ V3

Bac = (-Gap)/ V3 (2.61)
Since G, is a conductance it cannot be negative. Therefore B, is capacitive and
By is inductive.

Now having balanced the currents for G,p, the same formula is used to balance
the currents for each of the other two branches, Gpe and G,; handling each

separately at a time. They are then added together with the susceptances for the
reactive compensation, worked out using equation 2.6. The final product is a
compensator for both load unbalance and power factor correction. The following

~ expressions will be the values for each branch of the final compensator.

B*ab = -Bab + (Gca -Gbc)/ V3

B*be = -Bpe + (Gab ~ Gea)/ V3

B*ca = -Bca + (Gpe - Gab)/ V3 (2.62)
Where B*,p is the total branch compensating susceptance for both load
unbalance and power factor across phases a and b. It is important that to note
that this compensator network will only be valid for the positive sequence since

all the working data is derived from a positive sequence as illustrated in figure
2.7.
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243 Load compensation by using symmetrical components

2.4.3.1  Method of computation

Equations 2.62 make good illustrations of what goes on in the process of load
compensation. Unfortunately they assume that the load admittances are either
known or can be measured; neither of which is possible in practice. A more
practical approach is a formula that will yield compensating values in terms of

line currents and voltages. Both of these can be easily measured.
One such approach is the principle of symmetrical components.

C. L. Fortescue [1], (in continuation of the works of A. Blondel and L. G. Stokvis),
presented, “A method of symmetrical co-ordinates applied to the solution of

polyphase networks”.

In the context of a three-phase network the principle states that, any three-phase
system of unbalanced currents can be presented as three sets of, equal positive,

11, equal negative, I and equal zero sequence currents, Ij.

Looking at figure 2.7, again, an unbalanced load is supplied by a set of
symmetrical three-phase voltages, in positive sequence. Using V, as the

reference, we have

Va=V; Vp=a%V; and V.=aV (2.63)
Where a and a? are the same 120° and 240° operators respectively, as previously

described.

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

subtraction of pairs of the concerned branches as follows.
Vab = Va b Vb = (1" az)V
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Ve =Vp - Ve=@%2-a)v

Vea=Ve-Vy=@a-1)V (2.64)

The load currents in figure 2.7can be worked out as follows

Iab =YabVab = Yab(1 - a3V

Ibc = YbeVbe = Ypc(@® - a)V

Ica= Ycavca =Yca@-1V (2.65)
The line currents are

la=Iap-Ica

Ib = Ipc - Iab

Ie =Ica-Ipc (2.66)

The symmetrical components referred to in [1] are given by

Ia=1a1 + g2+ Ia0
Ip=1Ip1 + Ipp + Ipp = a%la1 + alzn + I5p

=T+ I+ I =ala +aflan + Inp (2.67)
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Which in matrix form

LYoy 1],

a

Li{=|1 a* a||l, (2.68)
I, 1 a a*||I,

Inverting

I, 1 1 .

I,=111 a a||I, (2.69)
I, 1 a° .

I,0, Ia1 and Iy» are the reference (or line a) phasors for the zero-, positive and

negative sequence. -\

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

balances. From equations 2.65 for I, Iy, and I and substituted in equations, 2.66,

we get
Iog=0

Ta1=1/3 (I +alp + a%l) = 1/3(Iab - Iac) + allpc - Tab) + a¥(Ica - Inc)
=1/3(Yab + Ybc + Yca)V

Iy =-1/3(@%*Y b + Ype + aYca)V (2.70)
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~ When the load is balanced, all admittances will appear equal (Yap = Ype = Yca)

viewed from the source and equation 2.70 becomes

Ipo=-1/3YV(a? + 1+ a)

where Y is the admittance per branch

(a%+ 1 + a) = 0 and therefore I;» = 0 (under balanced conditions).

Imagine a delta compensator network with pure susceptances, B*ap, B*be and
B*ca connected on supply lines a, b and c. It will be seen by the supply, in one

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

component currents given by
I1c =j/3(B*ab + B*pc +B*ca)V  (positive compensator current)
Ipc = +/3(a*B*,p, + B*pc + aB,)V (negative compensator current) (2.71)

At balance therefore the sum of the load and compensator negative sequence
currents must be zero. At unity power factor. the sum of the positive sequence

reactive components (imaginary parts) will be zero.

Ip+Ipe=0 (the subscript ¢ is for the compensator) (2.72)
Im (I + 1) =0 (2.73)

* We get the load balancing values by solving equation 2.72
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e We correct the power factor by canceling the imaginary parts of the

positive sequence currents; solving 2.73.

Yab = Gab + jBab
Therefore, if

Im(Iy + Ic1)= 0 (where, Imly is the reactive component of I1)

then

VI(Bapb +Bpe +Bea) + (B*ab + B*pe + B*ca)l =0 (2.74)
The overall compensator values are

Byab = - (ImIq] + ImIp; - V3Relp)/ (3V3V)

Bypc = - (ImI7] -2ImIp)/ (3V3V)

Byca = - (ImIy] + ImIp] + V3Relp)/(3V3V) (2.75)

.

Note that the above equations are still in symmetrical current components.
We must finally use the transformation matrix to convert the values in terms

of normal line currents, I, It and I that can be measured as follows
Byab = (Im I + Im alp, - Im a%1)/ 3V

Bybe = -(Im alp, + Im a2 - Im 1,)/3V
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Byca = -(Im a2l + Im I, - Im Ip))/3V (2.76)

2.4.3.2  Compensator implementation using average real and imaginary power
quantities

From equation 2.6 the reactive power supplied by a voltage source is equal to the

imaginary part of the total apparent power Sj

ImS) = Im VI*] = -jV2By

By = j(Im VI*p/V2 (2.77)
Therefore equations 2.76 for the total compensator susceptances can be re-written
as

Byab = Im VI*3 + Im VI, - Im VI*cl/ 3v2

Bybe = [Im VpI'p + Im VI*e - Im V, 451/ 3v?

Byca = [Im VI*e + Im VoI, - Im VpI*p]/ 3V? (2.78)

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

T

Re[VI= V. [vidt (2.79)

In order to extract ImVI* using the same method we must integrate the current, I,

multiplied by V(-n/2), the voltage delayed by 90°.
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Im VI*= 1/, ]:v(-ﬁ/Z)idt (2.80)

In practice it is possible to get a value, v(-n/2), of one voltage. that is

perpendicular to another one as illustrated in figure 2.10.

Vb

Figure 2.10
Figure 2.10 is a phasor representation of a symmetrical three-phase supply in
positive sequerice. Vo, Vpg and Vg are the line-to-neutral voltage phasors. The

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

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

Vac = -¥3Vho | (2.81)

So equations 2.78 can be re-written as
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By =1/38V) V. [ (o ig +0eg ip - vgp ip) dt

Bype =1/3 BVv2) yT j. (Ocaip+ vgpic—Vpeig) dt

Byea =1/38V2) V0. [ vapic+ vbcig - vea ip) dt (2.82)

Equations 2.82 are usable in a practical compensator control situation since they

are in mathematical forms that can be converted into electronic circuitry.

24.3.3 Compensator implementation using instantaneous currents and voltages

(By sampling method)

The instantaneous value of the line current in phase A can be represented by the

following equation

= V2(Igg coswt - Iy sinot) (2.83)

Iy is the imaginary component of the line A current also expressed as Im I,,.
If one follows the function over a period of time, one realizes that Iy will be

equal to i, at the instant when sinot = -1 and cosot = 0.

The instant can be defined using a phasor and a reference will also have to be
defined.
- Let phase A line-to-neutral voltage V;, be the reference. Using the same domain

as the current, one gets
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v = V2Re[Vd®t] =) Vcosat (2.84)

. The required instant is therefore defined by

.. dv
va = 0 and must be rising or dta >0 because this the only instant when sinwt = -1

as opposed to a similar moment but when sinot = +1.

Therefore

Imly =1, = %— (at the instant v, is zero and rising)
The other line components can be similarly derived

ImIp =y = -j;—_z_ (at the instant v}, is zero and rising)

ImI, =l = 2o (at the instant U is zero and rising) (2.85)

V2

The expressions giving compensator susceptances in terms of imaginary line
currents have already been given in equations 2.76.
This method can be suitable for a compensator system designed with a digital

signal microprocessor (DSP).

2.4.34  Implementation using a separate positive- and a separate negative sequence

network

. The compensator can be designed in a split manner, with two delta networks;
one dealing with the reactive component of the positive sequence and the other
the total negative sequence component.

Equations 2.70 express the symmetrical components of the line currents in terms
of line-to-line admittances. When these are substituted into equations 2.75 one
gets

Byab = Byab1 + Byab2
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Bybc = Bybcl * Bybce2

Byca = Bycal * Byca2 (2.86)
Susceptances with the “1” subscript form the positive sequence, and the “2” form
the negative sequence. But the components of each sequence are equal, therefore

the positive sequence network is comprised of

Byab1 = Bybc1 = Byca1 =-1/3[Bap + Bpc *+ Beal (2.87)

And the negative sequence network
Byab2 = 1/V3(Gca - Gpc] +1/3[Bpc + Bea - 2Babl
Bybc2=1/ V3(Gab - Geal +1/3[Bca * Bab -2 Bpcl

Byca2 =1/ V3(Gpe - Gabl +1/3[Bab + Bpc - 2Bcal (2.88)

244 A balancing compensator

The concept of this type of compensator as proposed by L. S. Czarnecki [11] is
based on measurements and computation of the equivalent susceptance, Be and
unbalanced admittance A, as defined earlier in section 2.3.2.

It is based on the assumption that only the fundamental frequency exists, which
is the sinusoidal and symmetrical supply fed to a linear load.

The decomposition of the earlier mentioned load current vector, #, therefore gives
‘the active, reactive and unbalance currents whose rms values satisfy

2

2 (2.89)

H

P02 +“z‘q“2 + i,
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The objective of this compensator is to eliminate the reactive and unbalance

current components.

As earlier mentioned Czarnecki has defined the equivalent admittance, Y.

Yo =Ge + jBe =Yy + Ygi + Yir (Y's are the line-to-line admittances of the load)

In appendix 2 (by M. Malengret) it is shown that
A =Ygt + aYy + a*Yyg) where a =exp(j2n/3) and a* is its conjugate) (2.90)

Figure 2.11 next is the proposed structure of the final compensator.

» - ' |
YI' S
Yir
o -
Yst
-
A
A A
__,l TT’Q qu
Tir

Figure 2.11

Three-phase load with a compensator in place

The values of the compensator branch susceptances given by the following

expressions are also derived in Appendix 2.
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Trg=(V3Re A-Im A -B,)/3

Tst=(2Im A + Be)/3
Tr=-(V3Re A+ Im A +B)/3 (2.91)

The given definition for the equivalent admittance assumes that the loads are

accessible, which is not possible in practice.

Let the line currents be I, I; and Iy. It follows that the line-to-line load currents

satisfy the following expressions

L= irs =l = YrsVis ~YurVir

Ig = Ist - Irg = YstVst - YrsVrs

It = L= Lot = YrVir - Yst Vst (2.92)

(Where Vg, Vgt and Vir are the load lie-to-line voltages.)

If a delta load is assumed then the sum of the line currents is zero. This makes
the above equations interdependent.

Therefore one could choose any value for one of the load admittances.
If for example Y4 is let to be zero, then it can be shown [10] that

Yyt =1p/Vyt and Ygp =1/ Vgt | (2.93)
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Load admittance values obtained this way are referred to by Czarnecki as
fictitious values. Using these the expressions for the unbalance admittance and

equivalent susceptance simplify to

Be = Im(Yes + Yo) (2.94)
A=-(Yg+aYyy) (2.95)

From these it follows that with only two line currents and two line-to-line
voltages Czarnecki’s proposed compensator should correct both load unbalance

and power factor.

A complete design procedure and simulations are covered in Chapter 3.

245 The p-q theory of Instantaneous power compensation

Hirofumi Akagi and others [17] proposed a totally novel technique in reactive
power compensation, in their paper, “Instantaneous reactive power
compensators comprising switching devices without energy storage
components”. They based their approach on a principle of instantaneous values
of power in three-phase systems and generalized their solution for both transient

and steady state conditions as well as for arbitrary voltage and current
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waveforms. Moreover, the instantaneous active filter that is involved is said to
require practically no energy storage components.

Akagi et al, used the p-q theory, a Clarke transformation. It involves an algebraic
transformation of the three-phase voltages and currents in the a-b-c coordinates
to o and B coordinates. This is followed by the computation of the instantaneous

p and q (real and imaginary)'power components.

Initially the procedure follows the basic norms of space vector conversion of
three-phase parameters, using instantaneous values of line currents and line-to-
neutral voitages. The resultant space vector is expressed in its imaginary and real
components but in magnitude only; the j's get discarded until the “imaginary”

reactive component is finally defined.
I= iy +ig =iy +aip+ a%i (2.96)

E=ey+ep=ey+aep+ a’ec (2.97)
The subscripts o and 3 denote what should have ordinarily been the real and imaginary
components of the instantaneous current and voltage space vectors, while a, b, c are the
three-phase instantaneous parameters ofcwrenf and voltage.

In matrix form

;
ANIER ISR
“ | ‘ 298
LJ [o J374 —\/3/4} b (2.98)
ZC
|t w2 -2 (299
e | |0 +3/4 —3/4 e” '

Using the current and voltage space vector magnitudes, Akagi et al defined the

instantaneous real power, p, as,
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P=eq.fo t ep. i (2.100)
which, in original three-phase convention, is,

P=ta.ea+ip.ep*ic.ec (2.101)
Power is known to be is a scalar, but for the case of instantaneous reactive power,
q, Akagi et al defined it as a vector and only left the real power as a scalar. g is
the sum of the cross products of the instantaneous imaginary and real

components of the current and voltage space vector magnitudes obtained above.

g =(epx ix) +( e x ig) (2.102)
Being a cross product the resultant vectors are on an axis perpendicular to the o
and B plane in the direction of the right hand screw rule. They called this axis the
“imaginary” axis. The o and B plane is referred to as the “real plane”.

Imaginary axis
r 3

Figure 2.12

p is the value of the instantaneous real power compriéing p1 the mean value of
the instantaneous real power (which is the only desirable component) and p; the

alternative value of the instantaneous real component. The other undesirable
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component is ¢, the instantaneous imaginary power, (=3-V-I3sin8) where 6 is

the power factor angle.
L b -
Source > > & PI;P 2 q_; Load
P »—p
T PZIf
compensator

Figure 2.13

Once the components of the system have been identified an active filter is

designed to take care of the undesirable components, 4 and p). Meanwhile the

power source is left to supply only the mean value of the instantaneous real

power.

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

the following attributes

o Itis applicable to any three-phase system, whether three or four wire. In
the case of a four-wire configuration, however, the conversion from three-
to-two coordinates must include the zero sequence component, in which
case it will be a four-to-three coordinate transformation.

e Being based on instantaneous values the dynamic response is excellent.

¢ Like most vector operations the signal calculations are brief and easy to
translate into standard digital signal processor functions.

It permits two control strategies namely instantaneous power and sinusoidal

current. Perhaps more will be discovered as its use increases.



Figure 2.13 represents what happens in principle. However in practice the load
must receive the compensating signals translated back into the three-coordinate
system.

Further improvements on the approach have been published by Fang Zheng
Peng and others [15]. Recently, Joao Afonso and others [23] of Minho University
in Portugal published a report with results of successful simulations using a

model with additional improvements.

24.6 Compensation by phase transformation

2.4.6.1 Background

Problems associated with very heavy single-phase loads are well documented.
Such loads are arc furnaces and traction drives for trains. There are instances in
the past when supply utilities are reported to have resorted to expensive

dedicated single-phase generators away from the grid.

Engineers have therefore had reason to try and design a transformer that could
receive a three-phase input and give a single-phase output, while maintaining
primary current balance.

Many configurations have been designed with varying degrees of success as will

be reviewed ahead.

2.4.6.2 Open Delta for three-to-single-phase conversion

Figure 2.14 is the open delta transformer configuration. Two identical
transformers have their primaries connected to a three-phase supply and their

secondary windings are connected in series.
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In a simulation of this configuration, with a single-phase load connected across a
and ¢, there was no current flow in line B. Since the aim of the exercise was to
attain load balance, the design failed. A single transformer connected between

phases A and C would achieve the same results at 50% the cost.

3phase input

Winding MJ Winding

ratio 1:4 - ratie 4:1

T

& b

~— Single-phass output —

L)

Figure 2.14

Open delta connection

2.4.6.3 The Scott-connection

o+

This is a more ingenuous concept.

A phasor diagram is drawn in figure 2.15 to illustrate the function. In the figure
is a symmetrical incoming three-phase supply, with lines, A, B and C,
represented by an equilateral triangle. There are two identical transformers.
Transformer A has its primary connected between lines B and C and this

winding is called the main.

46




Figure 2.15
A Scott-connection phasor diagram. Phasor CB is called the main and AO is the teaser

The primary winding of transformer B is called the teaser. It has one end
connected to phasor A and a length equal to ¥3/2 of its winding is connected in
the middle of the primary winding of transformer A. This way the teaser is set
up to be 90° from phasor CB, just as shown in figure 2.15. Figure 2.16 is a

schematic illustration.
J-phase input
B >
ﬁ -
A
Tiapping g.
50% - Tappi
! 06,67
Winding Winding
ratio 1:4 ratio 1:1

(T [P

—Single-phase output —

Figure 2.16
Scott-connected transformer
Once the primary input of transformer B is at right angles to that of A, the

respective outputs on the secondary side will be similarly at 90° from each other.
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So if the secondary outputs are connected in series the resulting phasor will be at

45° from either of them as illustrated in figure 2.17.

Main Il
Pigure 2.17

This time all the three primary lines will have currents.

However, the question is whether they are balanced or not.

Let the transformer turns ratio be 1:1 and if the supply line-to-line voltages are
100volts then the magnitude of each of the secondary outputs will be 100volts.
However since they are 90° apart, their sum is going to be V2 times one of them.
In this case, the single-phase output will be 141.4 volts. Let the single-phase load
be 10 amps.

It should be recalled that the teaser is connected at ¥3/2 of the winding length.
This means that being shorter it carries more amps to make the same ampere-

turns as the secondary. So the primary teaser current, I3 is

I3=10 /(§3/2) = 11.5 amps.
This is equal to the difference between the currents in the two halves of the main

transformer A. But the total ampere-turns in both primary and secondary

windings of A have to be equal. Let the current in one half of the main be Iy and
the current in the other half be I then all the above statements can be put into

equations

11 +Y21p =10 amp
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Iy - Ip=13=11.5 amps
Solving the two simultaneous equations

I1=15.75 amps and I>= 4.25 amps

The transformer ratings will be 10amp x 100 volt = 1000 volt amperes each,
giving a total of 2kva. The power delivered to the load is 10amps x 141.4 = 1414
va.

Therefore this configuration will not only be costly but have serious line current
imbalances as well.

On the other hand, if the two outputs are separated and fed to two separate

single-phase loads of 10 amps each, the secondary will a capacity of

2 x 10 amp x 100volts = 2kva.

But

The secondary ampere-turns for transformer A (the main) are not equal to the
ampere-turns in its primary. This because the primary has two halves each
carrying currents that differ in phase from the other as well as from the
secondary. ‘

So in the primary of A thére are two current components; those that are in phase
with its secondary currents (which will just balance the secondary ampere-turns)
and those that are at right angles to the secondary current in one half balancing,
out similar ones in the second half.

Despite the above anomalies, it has been shown [21, 22] that the supply line
currents can balance and that the required transformer can be as low as 108% of
the required full load.

A few other designs of three-to-two-phase transformation like, the Taylor, the Le
Blanc and the Fortescue have been proposed but the Scott-connected three-to-

two output transformer has found more wide spread commercial use, even when
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it's known, for example, that the Le Blanc is more compact and cheaper to
produce.

Consumers include arc furnaces and traction loads like the railways.

Obviously there is, still, room for improvement as 100% balance can never be
guaranteed for two separately operated loads even under the most carefully
designed distribution matching. In addition the primary current relativephase

angles are not 120°.

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

feeding power conditioner)

The set backs related to the Scott—connection have been discussed in section
2.4.6.3. Despite all that has been said it offers the best hope to-date of the ultimate

three-to-single-phase conversion transformer.

Tetsuo Uzuka and others [20], of the Railway Research Institute, Kokubunji city
in Japan, recently published a paper with a more promising proposal in an
attempt to solve the three-to-single-phase transformer problem, using the scott

transformer.

They proposed the “SFC: single phase power conditioner.” The basic
configuration is comprised of a Scalene Scott-connected transformer and two self
commutated inverters.

Figure 2.18a and 2.18b illustrates the schematic difference between a train system
running on the regular two separate single-phase Scott circuits and the new

scalene Scott single-phase circuit.
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Figure 2.18a- A normal Scott-connection with two separate output circuits

T~ Single Train
C B

!

Transformer Primary
Transformer secondary

Figure 2.18b
The new Scalene Scott-configuration for three-phase-to-single-phase (with a single

output circuit)

The secondary windings are connected in series and so the single-phase is
supplied at 45°, lagging the teaser as explained earlier. (This was for a prototype
load with unity power factér).

The two inverters are controlled by a PWM (pulse width modulation) method
that enables them handle active power while at the same time compensating for

the reactive power for each secondary and in the process maintaining primary
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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.

24.7 Cycloconvertor-controlled synchronous machines
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

52



deemed small enough for the mains sﬁpply 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 “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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Cycloconvertor functional schematic

and enables the appropriate response from the motor. When no response is
required both forward and reverse are enabled.
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248 Compensation of the Arc Furnace
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Figure 2.20

This is about the largest type single-phase load (often exceeding 50 Mva) and
with some of the least predictable load parameters. Nonetheless a model must be
formed before any load can be compensated. Compensation as usual is two fold;

the load unbalance and reactive power compensation.

In section 2.4.6 various methods of phase transformation as a means of load
balancing were discussed at length. This is the mode of load balancing that is
most frequently used in single-phase arc furnaces. So at this point nothing

further will be discussed on the issue of load balancing.
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The issue that at this stage is power factor correction. Harmonic filtering will not
be discussed.

In order to develop a model that has close semblance to reality the reader is
referred to figure 2.20. It comprises two parts. The top part describes the physical
items that constitute the plant network. This is followed by an equivalent circuit

that approximates the dynamic operating characteristics of the furnace network.

As has earlier been mentioned, consumption of vars creates voltage dips. Voltage
has up till now not been used, by this author, as an index for load compensator
performance. However the nature of this load is such that its effect on voltage
cannot be ignored. So the quality of reactive power management on the

consumer side is best monitored by keeping the spotlight on the voltage.

Looking at figure 2.20, the arc is represented as a variable resistance. This is the
dominant part of the total load resistance. All the others are comparatively
negligible. The transformers, the cabling and electrodes constitute the reactive
~component, X, of the circuit. All reactances are referred to the secondary side of
the furnace transformer. |

The power delivered to the arc will vary but have a maximum value, P, given by
P =E?/2X per phase (2.103)

X is the total circuit reactance and the primary line currents will be assumed
balanced for convenience.

The value of Rpmay at the maximum power condition will be equal to the

equivalent source impedance, X (according to the law of maximum power

transfer).

The current at the same time will be, Ipmax and given by
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Ipmax = E/¥2X (2.104)

(because the total circuit impedance is Rpmayx +jX, and I Rpmax H=1XIh

The voltage drop across the arc (which will also be equal to that across X), will be
X Ipmax = E/V2 (2.105)

It is a known fact that maximum arc stability is achieved at the maximum power
point. Lower currents are known to give a higher power factor but at the expense
of stability and melting capacity. Higher currents simply worsen the power
factor and hence efficiency.

This makes it appear as though the best choice is to close in on the maximum
power point. Unfortunately the refractory sidewall seems to wear very rapidly at

this same point. So this becomes another issue to consider.

Refractory wear is approximately proportional to the arc length for a given
power level. The arc length, in turn, is almost exclusively proportional to the
voltage as opposed to current.

From above

Varc(at maximum power) = E/V2 and P= (E2)/2X

So

Varc = VPmaxX) (2.106)
Therefore for a given maximum arc length, (indicating maximum voltage), and a
desired maximum arc power, the circuit reactance, X, must not exceed

V2arc(max)/ Pmax. otherwise the operating current will have to be increased if

the arc length is to be kept in check to avoid increased refractory wall corrosion.
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It can be concluded from above that the most viable solution to ensuring that the
desired power input is equal to the maximum power with an acceptably short
arc is by minimizing the system reactance, X.

This is a job for a compensator.

A key factor of this compensator is rapid response time. This includes, saturated
reactors, and a variety of thyristor switched static compensator types. The
synchronous condenser also used to be popular before high-speed thyristor-
controlled systems were fully developed.

Finally it should be pointed out that in addition to power factor correction there
still exists the problem of flicker, but this will be categorized as harmonics and

therefore out of scope.

249 The tapped reactor /saturated reactor compensator

The class of saturated reactor compensators is almost exclusively designed for
voltage stabilization for transmission systems and therefore out of the scope of
this thesis. However, the tapped reactor, being essentially a single-phase
compensator is categorized as a load compensator and often finds use in small
arc furnaces. For this reason the principles of operation of a saturated reactor will
be briefly reviewed here.

Figure 2.21 (a) represents the controlling coil of a saturable magnetic coil with its
ideal magnetization characteristic of flux versus current.

If the current in the winding is sinusoidal then
V=N % (Vis the voltage across the coil and N is the number of turns)

This relationship is depicted by figures 2.21(b) and 2.21(d). The flux level is
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almost square and is alternating between t+¢4. The voltage is almost a series of

pulses but because the flux is virtually independent of the current the
fundamental component of the voltage remains constant.

A practical magnetization curve will not be flat but quite linear above the ¢ level

with a slope that approximates the permeability of free space. The result is
similar to the voltage/current characteristic shown in 2.21¢c with a small positive
slope. The constant fundamental voltage property follows directly from the
saturation transitions of the core. Each transition induces a fixed voltage impulse
independent of the rate of the transition. The fundamental voltage lags the

current and vars are generated.
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The structure of a tapped reactor is comprised of two of such elements, one a

series and the other a shunt.

2.4.10 Synchronous condensers as load compensators

Synchronous condensers played a vital role in the history of compensation, both
as transmission and load compensators. The emergency of thryristors largely
contributed to their relegation and near demise. A few facts about them will

nonetheless be appended here.

If a synchronous motor is properly synchronized to the supply, and carrying no
load and has negligible loss, it will have a very small stator current. Its minimum
armature current corresponds to near unity power factor. By increasing the field
current the synchronous motor is made to supply leading vars and thus used to
compensate inductive loads. By the same token, it is capable of absorbing the
same vars when the field current is decreased. These two actions are referred to
as over-excitation and under-excitation respectively. This motor is also capable of
handling a wide range of loads. It has the ability to respond to rapid load
changes. These attributes give it flexibility and an edge over other traditional
alternatives.

Its shortcomings include the considerable high losses as compared to static var
compensators, thus the power factor is never zero. It also has a tendency to run
automatically over excited at times of high loads and under excited when the
system being compensated gets under loaded. This latter problem, however, is

more evident in cases of transmission line voltage stabilization.
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2.5 Summary

A wide range of compensator designs and methods has been reviewed. It can be
concluded that to design a load compensator one requires an accurate
description. of the load. More importantly, the model should use practically

accessible measurements.

In this regard a method like that of symmetrical components is quite explicit.
First, one eliminates the negative sequence components and then tackles the
reactive content of the positive sequence. This is done by simply connecting in
parallel to the load, a reactive network whose positive and negative sequence

current components are equal but opposite to the undesirable ones of the load.
Gyugyi et al [7] work from the basis that the ideal negative sequence current
generator is the single-phase load. So each individual load branch is handled

separately. This is equally explicit.

That is why this author finds the approach by Czanecki [11] quite intriguing. He

seems to ignore such established norm.
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3. Computer simulations

This chapter covers computer simulations. Toolbox symbols and their

functions are described in appendix 1.

3.1 Indices of compliance

An ideal load is purely resistive and balanced. It has unity power factor and
zero unbalance current. Its parameters are the benchmark. To begin with a
simulation of such a load, fed with a symmetrical and sinusoidal three-phase
supply voltage, is done and currents are analysed for record. Then when
compensating another random load, the performance of the compensator is

judged against this benchmark.

In section 2.2 as well as in [13], the space vector was introduced as a real time
(instant by instant) three-phase analysis tool for asymmetry. Specifically for
this context, the system current space vector, I, is used to analyse system
currents for unbalance. Additionally the system voltage space vector, V, can
be used as a reference, for I, to analyse the system power factor as will be
shown.

Let I, Ip, I be the line currents of a three-phase system in positive sequence.
Then the current spaée vector is given by

I=1, + alp + a%l- (from equation (2.1))

= I + 12(-1+V3)Ip, - 1/2(1+V3)]1¢

RelI=1, - 12(Ip+ Io) (3.1)
ImI=+32(Ip - Io) (3.2)
For analysis, Re I is plotted against Im I using the following process.

As the line current measurements are taken, in real time, the Re I component

is extracted as follows. See figure 3.1. A measurement of line A current, I, is
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fed to an amplifier with unity gain. Meanwhile measurements of currents I
and I 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, Im I, is derived when a measurement of line B

current, Iy, is amplified by a factor of V3/2 while that of line C, I, is amplified

by -V3/2. 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.
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An ideal load

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

load in figure 3.1.
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fed to an amplifier with unity gain. Meanwhile measurements of currents I,
and . 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, Im I, is derived when a measurement of line B

current, Ip, is amplified by a factor of V3/2 while that of line C, I, is amplified

by -V3/2. 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.
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An ideal load

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

load in figure 3.1.
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This is typically the XY plot of Re I against Im I for a perfectly balanced load
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Figure 3.3
The scope output of Re I and Im 1, 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.

4 |Scopel

0.04

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-neutral 100 volt.

In space vector format
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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 ©
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This a representation of the system voltage 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 Im I as well as the phase angle between them also
change (see figure 3.8).

Figure 3.7

This is the output when the load is 5ohm, 5 ohm and 2 ohm.
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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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currents into the system.

As was stated in 2.4.3, any three-phase system of unbalanced currents can be
presented as three separate sets of, balanced positive sequence, balanced
negative sequence currents and three zero sequence currents of equal

magnitude. Let I, I, I be the line currents.

Ia=1I41 +1a2 + 140 (I3is phase aline current and I3, I3 and I 4 are its

positive, negative and zero sequence components)

Ip = Ip1 + Ipp + Ipg = a2l + alyp + Ip (since I = a?l,, for positive sequence
and I= aljy, for negative sequence. aand a? are the 120° and 240° operators

respectively)

Likewise

[e =1c1 +1c2 + IpB = algg + 2%y + 150

It was shown in section 2.4.3 that

1 a a*| |l (2.69)

<

Equation 2.69 only works out the reference phasor of each sequence. In a
balanced system the zero sequence components are equal to zero, and since
the purpose of the exercise is to balance the system currents, only the positive

and negative sequence currents are considered.

To balance the system, the compensator injects the negative sequence

components into the supply lines. See figure 3.9.

Measurements of the line currents are taken. Then the reference phasor of the

69



negative sequence is given by

lag = (Ia + 2%y + aley /3 (3.3)

Iyp = alyp and Ip = a?lyp  (where I and Ip are the second and third

negative sequence phasors respectively). When these are injected into the
respective lines by a compensator, the voltage source will be left to generate

only the positive sequence currents and the system will be balanced.

Figure 3.9 illustrates compensating current sources connected to the

respective lines. Then the source currents are measured to check for balance.
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Figure 3.9
Compensation using current sources
Figure 3.9 is a purely resistive load and the negative sequence components are

the only undesirable currents present.
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In the case of an unbalanced complex load after eliminating of the negative

sequence, the power factor problem remains.

3.3.2 Using a balancing compensator

In chapter 2 the concept of a balancing compensator as proposed by
Czarnecki [11] was explained. This type of compensator realizes both load

balance and power factor correction simultaneously.

From appendix 2 by M. Malengret the required line-to-line compensator

susceptances are given by

Trs =(¥3 Re A -Im A -B,)/3 (3.4)
Tst = (2Im A -Be)/3 (3.5)
Tir =-(V3Re A + Im A + Bg)/3 (3.6)

T’s are the compensating susceptances for the respective branches as

indicated by the subscripts, (for example Tyg is connected between lines r and
s). A, is the unbalance admittance and Bg, the equivalent susceptance.

Section 3.5 of this chapter covers from basics the design of this compensator
and simulation techniques.
In this section only a brief reference is made for the purpose of illustrating the

concept of load compensation itself.

A complete network, including an admittance measuring instrument is set up.
Initially the compensator values are manually calculated, but later an
automated computing system is designed. In figure 3.10 the computed
compensator susceptances are converted to real component values. The

negative values are inductive and the positive ones are capacitive.
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Inductance L = ﬁ— henrys at 50 Hz supply frequency and T is the worked
7

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.
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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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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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This is the space vector locus for the load current waveforms
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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 s the load current components Re [ and Im 1

waveforms plotted against time

Figure 3.15

Figure 3.15 is a display of the compensated source currents
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Waveforms of Re I and Im I of the compensated source currents
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Figure 3.17

This is the XY plot of the balanced source currents after compensation
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In figure 3.18 below are the scope waveforms of the compensator currents

Figure 3.18
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Figure 3.19
XY plot of the space vector locus for compensator currents and below in figure 3.20 is

the Re I and Im [ for the system compensator current.
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Figure 3.20
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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 above graphs in figure 3.21 show the load current, the source current and
the compensator current for each line.

The biggest amplitudes are the load currents, the smallest amplitudes are the
compensator currents and the medium ones are the source currents after
compensation. Line 1 positive sequence current is the system reference, since
it’s in phase with its line to neutral voltage. Note that the load is a purely
resistive but line 1 and 3 load currents are not in phase with their line to
neutral voltages due to the unbalance. However the overall system power
factor is still unity since line 1 load current lags the reference by exactly the
same amount as line three leads.

It is evident that the compensator only corrects the source currents and not

the load currents.

3.5 Designing of the complete automated compensator

This section covers the conception of the equipment from basic principles, to

the final testing of the compensator system that was used in figure 3.9.

3.5.1 Decomposition of a complex signal into real and
imaginary components
In section 2.3.2 and in [11] the concept of decomposing a complex current
signal into constituent components was demonstrated by mathematical
analysis. This author wished at this stage to devise an instrument that could

decompose a complex signal. This is explained in the following illustrations.
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Conversion of degrees to corresponding cosine and sine
Figure 3.22 is a decomposition model; one of a large number of initial
attempts. Unlike most of the others this one produced some tangible results
and will be briefly described.
The aim was to feed a machine with an input in degrees and realise an output
in cosine and sine. This would be similar to decomposition into real and
imaginary components.
At A the ramp simulates time, t. At B is a constant, 27, which is o for a
frequency of 1 Hz. The multiplier function, next, creates wt. With the help of
trigonometric functions, next, sinwt and coswt are born as illustrated.
At C an input in degrees is converted to 0 radians. This constant is added to
ot before a trigonometric function and an amplifier give 2sin{wt + 6).
Using the identities
SinASInB = 2(Cos{A-B) - Cos(A+B)) and SinACosB = Y2(Sin{A+B) + Sin(A-B)

The following two functions can be executed

%jzsm(ax + O)sinaxds = Cosé (£=1and T= 1)

And % jz sin(ar + &) cos and! = Sin&
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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=|li||||v|/cos® = Paverage (3.7)

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

average power.

1

—\|ivdt=P 3.8
szv (3.8)

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

%J-ivdf - J.inf B

. (3.9)
lJ.Wd[ J.V“df
T
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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, I, of the complex line

current, L.

GxV=I, (3.10)
With sinusoidal conditions and a linear load it follows therefore that the
remainder of the current is the reactive component, Iy

[-Ia=1q (3.11)
It was then assumed that the product of the reactive current, and the voltage,
(Vlg) when divided by the square of the voltage, V?, 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, (igv)

over a period.

#|Scope2

£ 50 AlE ) 8

0.08 0.1

[ime offset: O

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, Ig, 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(-n/2). 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,}, the third line-to-
neutral voltage Vg is amplified by a gain of V3 before being multiplied by the
reactive current Ig. 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

[i, (-7 12)dt = jiv(-;z/z)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.

CO———» 1
4 X » -
current in &
X
Sl /™
Conductance
y T 6 out
Voltage in S LH
. Load\/
L1 Vab(-pif2) » j"'-
: F | L) — Susceptance
V(-pif2) : > ot
in i Vab

Figure 3.25

Improved admittance meter
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(b) The next proposal for getting V(-n/2) was an RC network figure 3.26,

g 1
Ry
Vs : -32- - Vout
o e
Figure 3.26

In figure 3.26, if Vs is an ac voltage source across the RC series network, then

the voltage drop, V, across C1 the capacitor, is given by

JjoC 1
Vo=V = \%
¢ SR+ 1 1+ joRC °
JjaoC
Ve (1 +joRC) = Vs (3.13)
If oRC =1,
Vel +j)=Vs (3.14)
Then V. will lag Vg by 45°.

So if the same operation is repeated with a similar RC network (like in figure
3.26) in cascade the required 90° delay will be realized.

This design was criticized for being frequency dependent. The value of C is
worked out by assuming a stable frequency. If there should be a big

frequency drift then it could become vulnerable. So it was shelved!

(c) Another option that was considered was an operational amplifier (op-

amp) integrator, with unity gain in figure 3.27.
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The gain is given by equation 3.15.

1
Vout = Vin( ) -
JRC o
o <
] Jl
T
AV . R R S J:{l
AS +w o T
Wiy ‘ VE L Veout
o Lm3g . —e———
I =l
Figure 3.27

Schematic of an integrator using an operational amplifier for 90° phase shifting

This would technically guarantee an output delayed by 90° under all
conditions of frequency and gain.

Saturation problems, however, made this option cumbersome, so it was also
shelved.

If one re-examines the equation 3.13

Ve (1 HoRC) = Vg

When oRC is made very large compared to 1, then

V¢ (joRC) = Vg (approximately) (3.16)

Ve and Vg will for all practical purposes be 90° apart for all frequencies and a

single RC branch is all that will be required. It is simple to design.
This was adopted and worked perfectly on the computer simulation. Later
with real electronics components amplifying the phase-shifted voltage back to

100% without interfering with the signal polarity proved a challenge. The
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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.
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Figure 3.28
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Figure 3.29
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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Figure 3.30
The expressions for the outputs are
A =-(Yst +aYry) =-(Yst + (-1/2 +V3/2)Yry) (3.14)
(From where Re A and Im A are derived)
And
Be=Im (Ygt +Y 3.15
st rt

Then finally the compensator branch elements
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Trs = (V3Re A -Im A - Be)/3
Tgt = (2Im A - Be)/3

Tir =-(V3Re A +Im 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.
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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

91



This is positive and therefore a capacitance whose value (at a supply
frequency of 50 Hz) is given by
wCrg =Trg =0.1043

C =332 pfarads (This is the compensator value between lines r and s.)

Tgt = 0Cgp = 0.03309

Cgt = 105.3 pfarads to compensate across lines s and t.

Finally
Ttr=-0.04299 = -1/{oL)

Lir = 1 @ (0.04299 x 100} = 74 mHenrys.

These three components were installed and both load balance and power

factor correction, were achieved.

3.5.5 Designing automation for the compensator feedback
Having confirmed that the computed values work the next stage was to try
and create an automated feedback system.
A controllable current source is available in the simulation toolbox list. See

appendix 1. Its characteristics were investigated before it could be used.
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Investigating the characteristics of a controllable current source by comparing its

behavior under different circuit conditions
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Figure 3.33

Comparison of two identical current sources under different circuit conditions

Figure 3.32 is comprised of two circuits where in each case a voltage source
feeds a current controlled source. Each current source is controlled by a signal
generator. The conditions of the two circuits are totally different. In each case
the line current and the control signal are measured and displayed by the

oscilloscope. The individual circuit conditions and measurement results are as

follows.
Top circuit Bottom circuit

Supply voltage

» Amplitude 100 volts 120volts

e Frequency 60Hz 60 Hz

¢ Phase Qe 0°
Control signal

e Frequency 1Hz 2Hz

e Amplitude 1volt 1.3 volts

e Phase 0° 90°

Resulting line current

e Frequency 1Hz 2Hz
» Amplitude 1volt 1.3 volt
e Phase 180° 270°

The above data strongly suggests that the current flowing through the current
source {under test) is a replica of the control signal and 180° out of phase. (The

author carried out further tests and confirmed this.)

This is good news.

The compensator current, Icpg, due to a susceptance, Tyg, across lines r and s
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(with a voltage Vg between them) is given by

Iers = Trs x Vis
Therefore a multiplier function fed with the voltage signal (from a meter

across Vyg) and the computed dc susceptance signal (Tyg,) 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
Vis(-n/2), the aforementioned delayed voltage. This is in the case of the
compensator element between supply lines R and 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 Vyg(-n/2).

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

37
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Figure 3.34
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A simulation of an multiplier function to control the amplitude of a control signal

4 |Scope

ime offsat:

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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Figure 3.36

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, Tyq, Tot and T These values were in turn set into
rss ‘st tr

dc storage buffers called “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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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=0, 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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Figure 3.38

XY plot of the source current space vector.
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Figure 3.39
A scope display for the source current space vector. The amplitudes are equal and 90°

apart. It is the clearest index of balance this time.
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The source currents getting into balance in just under 0.1 seconds
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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
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Figure 3.43
Finally all the modules are tidied up into a neat installed product “LOAD COMP 101"
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3.6 Conclusion
A design and simulation based on the proposal by Czarnecki [11] has been
successfully carried out. Analysis of the source currents after simulation has
confirmed both load balance and power factor correction. This is a verification
that the proposal by Czarnecki is realizable. It is adequate preparation for a

physical design, construction and testing to be covered in chapter 4.

102



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

(vi) isthe instantaneous real power

Line current
@ X —’(vi) ! Total power over a period
In1 ;
BLOCK A BLOCK B BLOCKE
X
>+ 1
ine to line voltage . - G out
@— % Square(Mab) [4 Divide by integ to get G CONDUCTANCE
- the conductance
In2 g
BLOCKC BLOCK D
Vab
Is--> ——Lead VAR | pLOCKJ
> _ + ]
| LI 2
= TN ') SRS A WY
Vab(pir2) | B =N Be out
==
SUSCEPTENCE
—d BLOCKH
BLOCKF SLOLKC
Figure 4.1

The model for extraction of conductance and susceptance
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In figure 4.1, blocks A, C and G are multiplication functions, integrated circuit
(IC) AD633, from Analogue Devices. A line current and the corresponding line-
to-line voltage are fed into block A, which is marked as Uq on the schematic
(figure 4.2) and on the component lay out of the printed circuit board (PCB)
(figure 4.8). The output is a product yielding active power at pin number 7.

From pin 7 it is integrated over an RC (resistor/capacitor) circuit with a time
constant of 20msec. A variety of other combinations had been tried. It was
translated into a component combination of 56k ohm and 0.33uF giving 18.4

milliseconds and worked fine.

Continuing with figure 4.1, a line-to-line voltage is fed to block C, which is
marked as Up on the PCB. The output is the square of the voltage, V*, which is
integrated by a similar RC network, (block D). The V I (voltage x current) integral

from block B is divided by the integral of V*, from block D using block E. On the
PCB it is the combination of operational amplifier (op-amp) U and multiplier

function Ug. (See appendix 3). The result is the equivalent conductance Gq for

this branch of the network.

A similar process is carried out for the measurement of the branch equivalent
susceptance. This time, the line to line voltage is delayed by 90°, using block F.
As explained in section 3.5.2(b) an RC circuit was used for this function.

Vout = Vin/(joRC + 1) (4.1)

When the value of oRC is large enough Vgt will be practically delayed by 90°.

Initially the value chosen was, ®RC = 30, but this worked out to very large values
of Rand/or C and had to be reduced.
What is essential is the multiplication factor between [, the line current, and

V(-n/2), the delayed voltage. This is given by
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Cos vy = cos (arctan(l1/ oRC)) 4.2)
(y is the angle between the ideal V(-n/2) and the real one.
Even when oRC is only 10, cos w = 0,995,

This is adequately accurate (technically an error of 0.5% which is far better than
the tolerances of most of the other PCB components).

A combination of 100k ohm and 0.33uF achieves this result.

The above network results m an attenuation of V(-n/2) of about 10.
V(-1t/2)out = Vin/ (jRC+1)
When we substitute in the values of 100k and 0.33uF

[ Voutl=0.096 || Vin|

I Vout!l must be amplified back to the value of || Vipll. A non-inverting amplifier,

U7B, was chosen, specifically to avoid mixing up the phasor relationship

between Vg, and Vj,. As has been explained, V4,4 must remain lagging Vip.

This is vital for the distinction between capacitive and inductive susceptances at
the output of the instrument.

LM324, was the op-amp type that was used as U7B. The data sheet recommends
that the feedback resistor for a non-inverting configuration should be matched
with the input resistance. So the same 100k was used in the gain loop. A divider
resistor of 10k giving (approximately) the required gain of 10 was selected. The
actual resulting gain of the stage is ((100k + 10k)/10k = 11) because of the non-
inverting mode. This unwanted extra gain is left unchanged. It is scaled down at
a convenient stage later on with trimmer pots (along with other circuit gain

constants).
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A second set of results is obtained from the second twin circuit in exactly the
same stages as described above, (see figure 4.2). Once the two sets of admittance
measurements are obtained the required compensator values can be worked out
either manually, using the formulae (see appendix 2) or automatically by a
computing network,

Note that conductance G =(I/V) Cos¢ (4.3)
Where, ¢ is the phase angle between the line current and the line-to-line voltage.

After constructing the above circuitry the twin circuits were fed with identical
input sets of currents and voltages to test them. A single-phase feeding a parallel
resistive/inductive load in series with a power factor meter, an ammeter and a

wattmeter with a parallel voltmeter was set up.

Single-phase measurements on this equipment give the true conductance and
suceptance values (and not fictitious ones as obtained for the three-phase case.)
This is the best way to calibrate this equipment; using known load parameters.
Trimmer pots are then set so that the instrument outputs match the load. It also
ensures that both units are matched against each other.

The admittance readings in this case were compared with those calculated using
the measured rms currents and voltages while taking the power factor into
account.

Refer to the results in table 4.1. The calculated and the measured admittance
readings initially appeared unrelated. But because both modules produced
similar results, the possibility of a construction error was discounted. It was then
suspected that perhaps a dc offset in the circuitry was responsible. So a

subtraction column (G - G*7) was created but this did not yield the desired
results. (G*7 is the calculated conductance and G7 the measured dc output from
the PCB). However when G*{ was divided by G a common scalar of

approximately 0.667 was observed. The results strongly suggested that the PCB
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circuitry was accurate. This is also confirmed by the consistent closeness

displayed by the two independent twin modules as earlier pointed out.

Note that the subscripts, 1 and 2 on the conductances and susceptances denote

results from the first and second PCB respectively.

Current Watts Power Gl Bl G2 B2 PCB G-G*  G1*/G1 ImPf B1*  Bi1/B1*
factor VOLT G1*
4.76 2250 0985 0843 0235 0.854 0233 818 0573 0270 0680 0173 0100 2.340
4.50 2125 0980 0794 0233 0804 0230 820 0538 025 0677 0199 0.109 2.134
4.25 202.5 0980 0.750 0.230 0.758 0230 827 0504 0246 0672 0199 0.102 2.249
4.00 190.0 0980 0700 0225 0708 0225 830 0472 0228 0675 0199 009 2346
3.75 180.0 0975 0655 0222 0665 0220 834 0438 0217 0669 0222 0100 2222
3.50 1675 0970 0609 0222 0618 0218 838 (0405 0204 0665 0243 0102 2186
3.25 1525 0965 0560 0218 0565 0215 844 0372 0188 0664 0262 0101 2159
3.00 145.0 0960 0510 0215 0515 0212 847 0340 0170 0667 0280 0099 2.168
2.75 130.1 0.950 0468 0212 0472 0210 850 0307 0161 0657 0312 0.101 2099
2.50 1175 0940 0420 0210 0425 0207 855 0.275 0145 0654 0341 0100 2.105
225 1050 0925 0472 0204 0375 0200 859 0242 0130 0651 0380 0.100 2.050
200 90.0 0900 0323 0202 0326 0199 8§62 0209 0114 0647 0436 0101 1.997
1.75 750 0880 0264 0198 0266 0195 865 0178 0086 0674 0475 0.09 2061
Table 4.1
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Figure 4.2

Full schematic for the twin admittance measurement meters
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4.2 Production of the compensator susceptance computer

>

gain sqr(3/4)
Re Yt in ¥ Re A
1 > +
gain1/2 " | gainsqnt3
&
Re Ystin - | ImagA
sqri(3/4) t ﬂ
{3 %) B gain 2 b‘-
Im it L’Ef}— + | Tst
142 F
Im Yst L—b——
—
— Tt

SUBSYSTEM FOR COMPUTING COMPENSATOR SUSCEPTANCES

Trs =(Sqri(3)ReA-ImA - Be) /3
Tst=(2ImA- Be)/3
Tit = -((SqHBY'ReA+ImA+Be) / 3

Where
A=-(Yst+aYr) ; a= exp(2*pi/3)
Be=Im(Yst+Yr)

Figure 4.3

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

Trs=(V3Re A-Tm A - Be)/3

Tst = (2 Im A - Be)/3

Tyt =- (V3Re A + Im A + Be)/3

Where Ty, Tgt and Ty are the required compensating susceptances and

Yst =G +jB1
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Yir =Go +jBy

A =Ygt - aYyy) is the unbalance admittance and a = exp(2%/3);

Be = Im ( Ygi + Yyp), the equivalent susceptance

The above schematic (figure 4.3) previously used for computer simulation was
re-interpreted into block diagrams, 4.4 and 4.6 to make it easier to translate the
functions into practical electronic circuitry. Practical functional details somewhat
differ from those of computer toolboxes. For example, inverting amplifiers are
more convenient to work with in practice while in computer simulations this
inversion problem does not exist.

Refer to the schematic in figure 4.5. The block diagram in figure 4.4,

is the functional guide. The numbers in the boxes represent gains or

multiplication factors of the incoming signal.

‘B2in

Gz fgeeeh ol Remeut
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‘ ngui;e 44

Functional block diagram for figure 4.5
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As mentioned earlier the values of the metered conductances and susceptances
required scaling. This was done using a quad op-amp, U2, with trimmer pots.
The calibration was achieved by equating the PCB outputs with answers
obtained from calculations using measured line rms currents and voltages
together with the power factors. By swapping the suceptances from inductance
to capacitance it also verified that the boards were both accurate and able to

distinguish between capacitors and inductors.

After calibration the measurements are fed to the respective stages as indicated

in the block diagrams (4.4 and 4.6) and schematics (4.5 and 4.7).

In order to produce a competitively priced product no special selection of
components was done. All were regular grades generally available off the shelf.
In order to minimize errors only one resistor type and size namely 10k ohm,
5%, was consistently used throughout the networks (except for scaling and a

few stages with irrational gains like V3).

The required multiplication factors were achieved by creating parallel and series
combinations of the same 10k (+5%) resistor. For example the resistor
configuration (of two resistors by three) of amplifier ULA (figure 4.5), gives a
gain of 1.5, while that of one by two for U3B gives a gain of 0.5. It was hoped that
this strategy would optimize the accuracy of the circuit.

Comparisons of the performance of this circuitry with computer simulations,

were very close; strongly suggesting that the optimizing technique worked.
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Figure 4.5

Schematic of compensator susceptance computer

The circuit configuration outputs are negative values of ReA, ImA and B. This

was done deliberately in anticipation of inverting stages ahead.
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The final susceptance values came out as three times the required values and
were normalized by three parallel 10k resistors in the output loops against one

10k for the input for the respective stages, giving a gains of 1/3.
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Figure 4.7
Schematic details for the dual admittance meters in figure 4.7.
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Plate 4.1 is the

Construction as was done on ordinary veroboard

115




4.3 Laboratory set-up and tests of compensator on loads

Once the admittance meters had been calibrated, the feeling was that moving to
the laboratory for testing was just a formality; fait acompli. Not quite so. A series

of problems, that had not been anticipated were encountered.

First of all the available inductors and capacitors had to be re-tested. The actual
values of many capacitors were different from those indicated on the labels. One
had to measure and label them again. The variable inductors had been labeled
for maximum current rating without any indication of the voltages they operated
comfortably with. While testing the inductors it was realized that increasing the
operating currents in excess of 60% of the label ratings resulted in extreme
humming. Without adequate experience with them it was felt safer to minimize
the noise. So it was decided to operate at lower system voltages of 100 volts line-
to-line. This meant that new voltage transducers had to be constructed. Currents

could still be measured using the existing transducers.

A second problem with the supply voltages was that several of the available
three-phase variacs were asymmetrical by more than 10%. They were to reduce
the line-to-line voltages to the required 100 volts. It should be recalled that one of
the requirements for this compensator system is the supply voltage symmetry. It
also had to be sinusoidal. However, the latter attribute had to be dispensed with
as experience has shown that UCT supply can never be sinusoidal. Besides,
earlier tests with single-phase had yielded very good results with the same
voltage waveform,

The issue of the voltage asymmetry was resolved by using two three-phase
variacs. With six outputs available, the three of these that provided the best

symmetry were selected.
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Next a pure resistive unbalanced load was to be set up first. The meters would
display the required compensator values. Since this was a semi-automated
operation one would then compute the equivalent inductor or capacitor from the
susceptance readings (at 50 Hz) and make a substitution in the appropriate
branch. See section 3.5.4.

While this worked out easily in computer simulations in practice it posed a
problem. The variable inductors had no indicators to show their values as one
drew the plunger. On the other hand the capacitors that were clearly labeled

could not be varied continuously. These problems were handled as follows.
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Figure 4.8

The component layout as was done on the veroboard

First, for the branches that required capacitive compensators, higher than the

required values of capacitance were installed. Then a variable inductor would be
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placed in parallel with the capacitor. The inductor would be varied to provide
the necessary subtraction from the high capacitance. (See figure 4.8 for this
illustration). A branch that required inductive compensation would be fitted
with a variable inductor with a known range of operating currents and therefore
a known range of inductive loading. Once these inductors were in place they
would be varied systematically (almost simultaneously) until the meter
compensator readings were close to nil. Capacitor switching complications were

avoided by installing the capacitors while the mains supply was switched off.

Load

compensator
R e 2 Qe

Figure 4.9
An illustration of how a compensator branch capacitance can be smoothly varied using a

variable inductor connected in parallel

Prior to setting up the PCB installation, a fresh calibration problem was realized.
To begin with, according to the data sheet for the division function of the AD633,
the output picks up a multiplier factor of 10 from the function (see appendix 3).
The dc supply was, 15, 0, -15volts for all the electronics. In order to avoid
saturating the amplifiers all output peak values had to be kept below the +15
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volts. This meant that a restriction on the range of load parameters had to be

imposed. Adjustment of transducer ratios within the same test may have solved

the problem but could have introduced errors. So it was avoided.

Once the set up was finally rid of the hitches, balancing commenced as explained

earlier. As expected the nil readings on the susceptance meters matched the

moment of current balance and when the power factor was practically unity.
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Production of the current space vector analysis circuitry
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Figure 4.11

The three source currents, I, Ly and I}, are picked up by transducers. The
transducers must be calibrated against each other.. Currents Iy and I, are fed to

U8B and UBA, respectively, whose gains are ~1/2, each. They are then summed
up together with I, at USD. After an inversion through U8C the output is Re I,

the real component vector of the three-phase current space vector.
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The imaginary I is worked out by the Ly transducer output to U9B with a gain of
-1.732 set by a trimmer, while Iy, is fed to U9A. I, undergoes one extra inversion
through U9D, before they are both summed up by U9C.

Imaginary I, is plotted against real I using a scope in XY mode. The display is a
circle when the line currents are balanced. This option was constructed and
tested but was not actually deployed in the trials in section 4.3 as rms digital

meter readings were used instead.

Conclusion

A practical demonstration has been carried out. Despite the few hitches, basically
associated with the choice of analogue components, the results are consistent

with those obtained in chapter 3.
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5. The case of a single-phase supply for a three-
phase load

5.1 Background
In Chapter 1 reference was been made to unplanned single-phase power
distribution networks that the author has encountered in sub-Saharan Africa.
With most of these economies currently in recession and having more urgently
pressing needs such situations are not likely to be corrected soon. Under the
circumstances there is bound to be a consumer wishing to operate some three-

phase equipment from the only available single-phase supply.

A combination of purely reactive components is capable of converting a single-
phase supply to three-phase. The values of the required compensator
components are dependent on the parameters of a particular three-phase load.
Therefore to be able to maintain a symmetrical three-phase supply, for a random
or varying load, an instrument must be in place to monitor the parameters of the
load.

The author therefore wished to briefly investigate if the newly designed
admittance meter could make a contribution in solving this problem.

(*Equations 5.7 and 5.8 were derived by M. Malengret. The rest is the original work of

the author except where it may be indicated otherwise).

5.2 Evaluation of single-to-three-phase susceptance
parameters

In figure 5.1 two admittances, Y1 and Y7 are in series. The current, I, flowing
through them is given by

I=V1Y1=Va Y {5.1)
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Where, V1 and V9 are the potential drops across the respective admittances.
If one wishes to have a phase shift of 120° between V1 and V) then one can use
the operator a to denote the phase shift and solve the following equations.

aVp = V1 (where a = Exp(j120°) = -1/2(1 -jV 3))

B
A
Vi Y
e
YV
2 Y,
4§
Figure 5.1
Two admittances in series
Therefore equation 5.1 becomes
I=ViY1=aViY¥p (5.2)
Canceling the V1’s
Y1 =aY¥sp.

Y =G +jB (where G is the conductance and B is the susceptance)
S0,

Gy +jBy = a(Gy +jBy) = (-1/2+j¥3/2)(Gy + jB2)
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= 1(-Gg - jBp + jV3Go - V3B)) (5.3)

Equating real and imaginary values

Gq = 172(-Gp- V3B9) (5.4)
By = -(2G1 + Gp)A\3 (5.5)
By = 1/2(¥3Gy - By) (5.6)
And substituting By

By = 1/2(¥3Gy -(-2G1- Gp)A3) = 112(3Gy + 2G1 + Go)/V3)

B1 = (2Gy + G1)/\3 (5.7)

By = -(2G1 + Go)/\3 (5.8)

From equations (5.7) and (5.8), it follows that the susceptances required for Vq
and Vp to be 120° apart are exclusively dependent on the respective load
conductances. The above expressions for B and By are the necessary and

sufficient conditions.

In the next assignment tests are made using an admittance-measuring module

(designed and constructed earlier) to measure the admittance of a load.
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An initial demo uses the modules in figure 5.2.

+ il
v 8 CIHM
34nH
8 PHM
Lip{ In1 Out 1
‘ In2
Mo b 3In40ut2
In2
——————— P In4 Out2 e ]
TEST MODULE B 6 |01z
R MEASURING AN INDUCTIVE e —
TEST MODULE A 6 | 11251 ; RESISTIVE LOAD
MEASURING A PURELY e — 8
RESISTIVE LOAD . LT*‘"‘—*: 352%005

FOR MODULE A THE SUSCEPTENCE IS NIL AND 1S NEGATIVE IN MODULE B; INDICATING INDUCTIVE SUSCEPTENCE.
THE CONDUCTANCE IS THE SAME IN BOTH CASES AND IS EQUAL TO 1/8

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 120° shift between V1 and V). When compensation is

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

shifted by 120° from each of V1 and V3 and a symmetrical three-phase vcltage

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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Figure 5.3

Computing susceptances for a resistive load.

O :

Scope
Figure 5.4

After the installation of a compensator
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Figure 5.5

Voltage waveforms before compensation; all are in phase (V1 and V2 are overlapping)

4 |Scope

001 om&% 002 0025 003 0035 004 0045 005

Figure 5.6

The voltage waveforms after installation of the compensator

In the first instance G1 and Gy were computed using the supply single-phase

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

meter reading for Gy was wrong!!
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This was due to an oversight. A new current Iy from the compensator junction
flowing through Ry was overlooked (see figure 5.7). So the actual current
flowing through Rp is the sum of I{, from the top resistor R and Iy from the

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

conductance value of resistor R».

-pr +
4 v
¥ ot L D125
P! In2 ‘ =
! Ind 0wt 3.008-007
W:;;“'
i In1 Out! e
i Ir >
Scope p indouz LT

Figure 5.7.

Computing susceptances by incorporating a new current Ip from the compensator

junction.

Having sorted out the computation of Ry 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, Rp, 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

.
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Figure 5.8
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Admittance measurement of a balanced resistive load
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Figure 5.9
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Figure 5.9 is a balanced resistive load. Vg is the single-phase supply, and V1 and

V7 are the compensator-derived voltages.

I1=1Ir+I3 (5.9)
Ip = V1 G1 = V1G (since all three conductances are equal) (5.10)
I3=VG = (V1 + V)G (5.11)
Dividing I3 by I

I3/Ip = (V1 +V2)/Vq (5.12)

I3=12(V1+Vp)/Vq

1 =lxp+I3=Ix+1p (V] +Vp)/V1=1p(2V1+V)) / V]

Ip = I1V1/(2V1 + V) (5.13)

Equation 5.13 is important because in a practical situation, I1 will be accessible
but I and I3 will not. With this equation the values of Ip and I3 can be
determined by measuring I alone, and the two voltages, Viand V5.

So by measuring two currents, (I and I4) and two voltages, (V1 and V3) 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 G, any changes in the value of the “back”

conductance G3 will not alter this symmetry.
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5.4 Achieving voltage symmetry for a balanced complex

load

Refer to equation 5.13. It was derived using a purely resistive load. However
there are no resistance parameters in the final equation. It should therefore be
reasonable to assume that the same expression would hold for a complex
balanced load.

In order to verify the above assumption a balanced complex load was set up. A
simulation was run. Then the compensator readings from the admittance meter
were substituted in. Surprisingly, voltage symmetry was no achieved on the next

run!

What had previously been dealt were purely resistive loads. Although the
expressions, in equations 5.7 and 5.8, for computing the necessary compensating
susceptances require only G's, (the load conductance values), the final
compensator values are inclusive of all previously existing susceptances. These
must be subtracted before the correct compensator values can be realized. So one
must take into account the existing load and compensator susceptances. These

are the values of the B's as read on the admittance measurement insfruments.

5.5 Voltage symmetry for a general unbalanced load

This is the situation of a “black box” where one’s only access is the three input
wires and the most convenient model to use is the delta, with none of the three
branches known. It is a complicated case and several ideas were considered to

determine uniquely the relationships of the three individual branch admittances.
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First, consider a random delta network in figure 5.10. There are three different
pairs of inputs. The admittance of the network as measured from each one of the
pairs is unique. It should then be possible to generate three simultaneous

equations to solve the equivalent individual branch admittances, Y1, Y and Y3.

Yab—* YI
Yac—’ vs
Y
YbC—b
Figure 5.10
A black box delta load

Yab = (Y1 in parallel with a series combination of Y7 and Y3)

= Y1+ (Y2Y3) / (Yo +Y3) (5.14)
Ype = Yo + (Y1 Y3) / (Y1 +Y3) (5.15)
Yac=Y3+(Y1Y2) / (Y1 + Yp) (5.16)

Yab, Ype and Yue can be measured. So the above equations were fed into a
computer for the solutions of Y1, Yp, Y3 in terms of Y}, Yhe and Y, Each value
of Y1, Y7 and Y3 yielded six solutions, on twenty-six A4 size pages! The solution

was difficult to interpret into practical circuitry and so it was shelved. Despite
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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.

OIRECT
CALCULATIONS

23 ohm [ 02427] %2
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" > p{B1 B2, | .
| M B*2 B*cla e ———
v L0 ‘e
p G151 1pelp2 B2 l|ge
i1t D pG2 B2 | g
- ind Cud SUBTRACTED
VALUES
In10ut1
In2
— In4 Out2 4
Figure 5.11
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In the figure 5.11 the back resistor, R3, is disconnected and the meter readings for

G1, B1, Gp and By are the exact values of the load branch admittances.

The “direct calculations” are those compensating susceptances that are worked

out from Gq1 and G (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 “subtracted susceptances”.

DIRECT
CALCULATIONS

—B1 Beil —r’
—_—r
82 BeZp f -10.96 | |mH
18 phm
] P{FT el
" 3[ohm ——={B1 B2
’ lr—.lj 57131 | 61 _-p p*2 B*cla
J - plo1 o L] 82 8%3
l —-P:R;Um G2 B2
S — |
P+ Ind Qut2 SUBTRACTED
VALUES
P In1 Out !
Y
— el In40u2

Figure 5.12

In figure 5.12 the back resistor has been reconnected. The values of G1, Gy, are

suddenly different and so are the “directly worked out “ 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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the “worked out values” couldn’t be right since the network had attained voltage
symmetry with the previous values. Besides, further simulation had verified
voltage symmetry after the reconnection of the back resistor without any

compensator changes.

Next observation was that although the load branches were pure resistances, the

connection of the back resistor introduced imaginary readings (B1 and Bp) and
also changed the values for G and Gy. The purpose of using pure resistances in

this example was particularly to highlight this point.

Finally when one looks at the output of the “subtracted values” meters, one
notices that they do not change. These figures are worked out using the new

values of G1, Gp, B1 and Bp. When the value of R3 was changed it was observed

that the G’s and B’s changed but the compensating values as displayed by the
“subtracted values” meters still remained the same and the voltages remained

symmetrical without any compensator changes.

B*c1 =B*1 - B (where B*cq is the final value suitable for compensation. B*1is the
value calculated from Gj and Gp (using equations 5.7 and 5.8). By is the

susceptance value read on the admittance meter).

Likewise B*cp = B*> - Bp

From the above observations there is strong suggestion that the technique of
deriving fictitious network admittances by measuring two currents and two
voltages fully describes the unique behavior of any individual random three-

wire ‘black box’, provided that the three-phase voltages are symmetrical.
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5.6 Starting with random compensator values

In a normal situation one expects that the status of the compensator will be at
some random point when a new load is connected. The three-phase voltage will
also be asymmetrical. This means that the values of the relative phase angles and

amplitudes of V1 and V7 will be random.

Czarnecki’s [11] concept of fictitious load admittance measurement assumes that
the supply voltages are symmetrical. Since the purpose of this exercise is to
achieve symmetry for the same voltages, one is faced with a dilemma.

The proverbial chicken-and-egg scenario. So the next step was just a hunch!

A simulation was setup, with random values of load admittances and

compensating susceptances, similar to the situation described above.

The first run was made and meter readings for compensator susceptances were
taken. These susceptance values were then substituted back to replace the
previously existing compensator values. A fresh simulation was run and the
same process repeated. After several rounds it was observed that the meter
susceptance readings were converging and the waveforms of the voltages were

progressively getting symmetrical.

This was a solution!!

A feedback system could be installed from the output of the compensator
susceptance computer to control variable compensator elements. This would
systematically lead to more accurate admittances readings until the voltages
would be finally symmetrical.

Further semi-automated simulations using the technique were successfully

carried out. It was observed that with practice one gets very skilled.
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When voltage symmetry is achieved the conductance and susceptance readings
on the admittance meters will be the true fictitious values of the unknown delta
network. This is analogous to Czarnecki’s [11] but not quite the same. So this
author now defines a new term, two-branch electrical equivalent of a delta
network.

Figure 5.31 illustrates the concept of a two-branch equivalent of a delta load.

A
A
=20
Ry=2 Y,=0.600+ j0.173
R3=50
3 B
B
Y},=0.433- j0.173
Ro=30
c
c
(a) (b)

Figure 5.13

A two-branch network equivalent to a delta

The above two networks are a purely resistive delta and a two-branch complex
pair. They should draw exactly the same line currents from a symmeitrical three-
phase voltage source, according to earlier observations. Note that the Y's are
complex admittances and their currents are dependent on supply frequency.
They are linear and as long as a sinusoidal supply is assumed there should be no

problem.

So it would appear sufficient to describe a three-wire “black box” network by

specifying its electrical characteristics in terms of a two-branch equivalent
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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 wverify 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.

|+ [Scope

v

0,005 009 0.016 0,02 0 n2ze ! L O3 004 D 045

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.

QITScope

5 2l2| AlE) | &l

0.14 015

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.

S

450 i e i
0105 1 b =1 .12 013 0135 014 0145 015

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 the above observations that the equivalent two-branch of a

delta network is valid for a specific, supply voltage phase sequence.

Using the results above, the relationships of the admittances of the two networks
can be derived, by equating the currents in the respective phases using a

symmetrical and sinusoidal supply.

5.7 Derivation of a two-branch network equivalent to a delta
network

Equations 5.7 and 5.8 were derived using a series two-branch network. So in
order for us to apply them to a general three-phase load we must be able to
interpret a delta network as a two-branch series one.

Let a delta network connected to a symmetrical and sinusoidal three wire three-
phase voltage supply draw line currents, IR, Iy and Ip. If a two-branch network
connected to the same supply and draws equal line currents it should be said to
have an impedance equivalent to the delta network (at least under those

circumstances.)

(}2"
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Figure 5.17

h .

Using superposition method

Consider the schematics above, the delta and its two-branch equivalent. Y1, Y2
and Y3 are the delta branch admittances and Y, and Yy, are their equivalent two-

branch admittances. The adjacent single voltage schematics assist to illustrate the

superposition method to be used ahead to work out the line currents.

la1, Ip1, and I denote the line currents in the two-branch network due to the
reference line-to-neutral voltage, V, (acting alone). I1R, I1y and I1p, are the delta

network line currents as a result of V. Likewise the currents that are due to the

- second line-to-neutral voltage, a?V, are, I3y, Iy, Icp and IyR, Iy, Iop for the two
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branch and delta respectively. Finally, I3, Ip3, Ic3 and I3R, I3y, I3 are due to

the third line-to-neutral voltage, aV, in their respective networks.

So the actual line currents are the sums of the individually computed currents.

For the two-branch

I,1=VY, Ipp=-VY, and I, =0

Iap =-a*VY,, Ipp =a®V(Yy +Yp) Icp =-a’VYp (where a, and a” are the usual

120° and 240° operators respectively)

I.3=0 Ipz=-aVYp I3=aVYp

The total line currents for the two-branch network are:

Iy =Ia1 +Ia2 + 33 = V(Y4 - a%Yy) (5.17)
Iy =Ip1 + Ipg + Ip3 = V(-Y4 + a?Y5 + a?Yp - aYp) (5.18)
Ic = Ieq + 12 + I3 = V(@Yp - a*Yp) (5.19)
For the delta

rR=V(Y3+ Y1) 1y =-VY;; 1B =-VY3
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Ihr = -a?Yq; 12Y = a?V(Y] + Yp); Ipg = -a?VY»

I3g =-aVY3; I3Y =-aVYy; I3g = aV(Yp + Y3)
The total line currents for the delta are

IR =V(Y3+Yq)-aVY] - a?VYj

Iy =-VYq1 +a?V(Y1 + Y2) -aVY>p

Ig =-VY3-a?VYp +aV(Yp +Y3)

Equating the line currents for both networks

IR=1I4
V(Ya - aZYa) = V(Y1 +Y3) - 32VY1 - aVY3

Canceling the V’s
. Y, = (Y3 + Y] -a?Y] -aY3)/(1 - a?)

Y, = 1/2((2Y1 + Y3) - j“f?ng)

Ig =1
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VYp(a -a2) = -VY3 - a2?VYy + aV(Yy + Y3)
Yp=(-Y3-a%Y2 +a(Yp +Y3))/(a-a?)
Yp, = 1/2((2Y2 + Y3) + jV3Y3) (5.25)

Equations, 5.24 and 5.25 for Y, and Y}, clearly indicate the relationship between

the delta network and its equivalent two-branch for a symmetrical and
sinusoidal three-phase supply. Computer simulations give exactly the same
results when numerical values are substituted in.

When the back admittance, Y3, is complex, its conductance and susceptance will

contribute to both the equivalent conductance and susceptance (due the action of

the j in the equation), as indicated in the following expressions.

Y3 =G +jB3

Y, = Y1 + 1/2(Y3-jV3Y3) = Y1 + 1/2(G3 + jB3 - jV3(G3 + jB3)

Y, =1/2(2Gq + G3+ V3B3 + j(2B1 + B3 - V3G3)) (5.26)
Likewise,
Yp =1/2(2Go + G- V3B3 + j(2B> + B3 + V3G3)) (5.27)

ReY, = 1/2(2G7 + G3 + V3B3) and ReYp = 1/2(2Gn + G3 - V3B3) will be the

equivalent coﬁductances, while ImY, =1/2(2B1 + B3 - ¥3G3) and

o
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ImYp= (2B3 + B3 + Y3Gg3) will be the equivalent susceptences.

Note: It is important to remember that the equations for Y, and Y}, were derived

using a symmetrical three-phase supply, in positive sequence. Presently, the
sequence for the 3-phase voltage derived from the single-phase supply is

negative. The polarities for ImY, and Im Y}, must therefore be swapped to get

the correct results for such a case.

The problem of the phase sequence mix-up came about when V» was let to be
equal to aVq, in equation (5.2), instead of a’ Vq_So equations 5.7 and 5.8 were

derived in conformity with this order. Normal positive sequence is 0°, 240°, 120°.
If this oversight had been noted initially then the polarities for the equations for

generating B1 and By would have been reversed. This was however a fortunate

mistake as it has accidentally led to the discovery that for each random delta
load there are two sets of compensator susceptance values capable of achieving

voltage symmetry from a single-phase supply.

Leta’Vi=Vap
and B11 and Bpy represent the new compensator susceptances in the positions of

B and Bp. Using the method for deriving equations 5.7 and 5.8, it can be shown

that
B11 = -(2Gp + G1)/3 (5.28)
By = (2G1 + Go)3 (5.29)

Equations (5.28) and (5.29) give the compensator susceptance values for positive

sequence single-to-three-phase conversion.
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The magnitudes of By1 and Byy remain the same as By and By respectively but

the polarities change. In terms of capacitor and inductor values, however, a big
difference will be noticed. Moreover, since the actual final compensating values
must take into account the existing load susceptances then the final result

becomes significantly different.

For example, if the same resistive delta network of Ry=2ohm, Ry=3ohm and R3

= 50hm, is used then the following compensating figures will be displayed on the
compensator meter.

For negative sequence
Bc1 = 0.6737, or 2144uF

Bep =-0.77, or 4. 1mH at 50Hz.
For positive sequence

Bc11 =-0.6737, or 4.7mH

Beoo = 0.77, or 2450uF at 50Hz.

Simulations have verified that both these sets of parameters will give voltage

symmetry for the same load but with opposing phase rotation.

5.8 A geometric solution to the general case with
unbalanced complex loads

S

IS TI + I
Vi

Vg V2 , R,

Figure 5.18
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The problem up to this moment is that the method of double-voltage-double-
current is designed for symmetrical three-phase voltage systems. The admittance
meters give outputs by assuming that the (unmeasured) third voltage is equal to

the other two in amplitude and mutually at 120°.

B Vs

Figure 5.19

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 be obtained in one operation. The
only consideration that saves one from absolutely requiring this condition is the

fact that, ultimately, V1 and V> originate from the single-phase source, Vs, and
their sum must always be equal to V. In this case one has a choice of either .

measuring Vg or improvising an extra summing function for Vq and V3.

In the case of a purely resistive delta load, in figure 5.18, the line current, I, is the
sum of two currents, I, which is now assumed to be in phase with V1 and I, in

phase with the source voltage (the single-phase voltage supply). If we take the

single-phase supply, Vg as the reference then construction of a phasor
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parallelogram should show the magnitudes of the respective current

components.
From figure 5.19

Let 6 be the phase angle between the supply voltage, V5 and the source current,

Is, and ¢ be the phase angle between Vs and the front branch current I3.
Then
Igsin® = Iysing (5.30)

With instruments, cosine® and cosineg can be measured from the ratio of

apparent power and real power.

Cos8 = (Is* Vg)/ (Vs LD (5.31)
Cose =(I1°Vg)/ (Il Vs =(V1+Vs) /(V1Illl VslD) (5.32)
Using the identity

Cos® +sin?0 =1

Therefore

Iq = IgV(1- Cos?0)/N(1- cos?p) (5.33)
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This should solve any random purely resistive network. It should also give a

practical solution to a predominantly resistive load.

Testing equation 5.33 by simulation
Equation 5.33 was put to test by simulation and problems were encountered. To

begin with the model for working out the cosine of the phase angle between Ig
and Vg gave an answer greater than 1! The sequence of functions had to be

changed around before a sensible answer could be yielded as is illustrated in

figure 5.20.

Dot

Product SQ ROOT Integrator .
n P N 1 Divide by T
Current Is P 4 ;
COSINE
+ p— !
MODULE A ﬂwl 12
WRONGH
o
Supply Vs
Dot
Praduct integrato3
Divide by T $Q ROOTH
- 1
b -
Cuitent Is1 S s
COSINE
MODULLE B
CORRECT
3D
Supply Vs1

Figure 5.20

Power factor computing module
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The dot product of a number with itself is equal to the square of its modulus (the
norm) [12].

a*a=|a|® and a « b = |ja||||bl/cosd. The modules in figure 5.20 were
configured to execute these functions but the sequence of the functions
surprisingly made a big difference. It took a while to figure out the working

combination.

Secondly, the assumption that the load currents were a sum of the current in

phase with the supply voltage, Vg and that in phase with V1 was verified to be

only partially correct. The back branch current was in phase with Vs, but the

balance of the current was not wholly in phase with Vj. Closer analysis of these

currents will be necessary before one can confidently split the load current.

5.9 Design and construction of an analog single-to-three-
phase susceptance computer

The function of the susceptance computer is to take the admittance meter

readings, G1, By, G and By and compute the required compensator values.

Be1 = ((2G2 + G1)/V3) - By)
By = (-2G1 + Gp)/\3) -By) (where B.j and Bo are the top and bottom

compensator elements respectively)

The block diagram in figure 5.21 illustrates the above expressions.
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Suscep;fance computer block diagram
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Schematic for susceptance computer
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The same LM324 quad amplifiers used in chapter 4 in were used in this exercise.
The author also continued with the same technique of using one resistor type,
10k, except, of course, where trimmers were required for calibration.

Four measured values of conductances and susceptances, G1, Gy, B1 and By from
the admittance meters are received by Uq. Using trimmer pots, they are

calibrated and set to the correct polarities. Please refer to figures, 5.21 and 5.22.

G1 goes through two parallel 10k resistors (for the gain of 2) to the input of U2D
where it is summed up together with Gy through a 10k resistor and U2D is set to
a gain of 0.577, which is 1/v3. So U2D executes the fuhction (2G1+Gp)/3). This
function then goes through inversion by U2C when it is joined by Bp at the
summing input of U3D, which executes a subtraction and outputs B\Cg = (-
(2G1+G9)/V3)-Bg. This is the lower arm of the compensator.

Gy goes through two parallel 10k resistors to the summing input of U2A, which,
together with G1 and a gain of 0.577, U2A executes -(2Gp + G1)/ V3.

This is joined by Bq at the summing input of U2B giving, Ba1 = (2Gp + G1)/V3) -

B1 as the output.

Note that the polarities for the values of Bs1 and By may be interchanged to

reverse the voltage sequences, if required. This can also be achieved the

traditional way by swapping the leads.
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5.10 Calibration procedure of the overall susceptance

measurement System

Refer to figure 5.9 and equations 5.24 and 5.25. Measurement of a purely resistive

delta network in the configuration of figure 3.8 will give two sets of admittances,

Ya = (Y1 +Y2Y3) +j32(Y3)
Yp = (Y +12Y3) +j32(Y3).

Using these facts a purely resistive delta load is set up, connected on a
symumetrical 3-phase supply at any desirable or convenient voltage. The currents
through each of the three resistive load branches are measured as well as the
voltages across them. Their conductances are computed as accurately as possible.

Using equations 5.24 and 5.25, the real and imaginary values for Y, and Y}, are

worked out. Once these are obtained then the constructed board can be

calibrated to match these results.

5.11 Conclusion
Miller [9] has suggested that it is practically useful if one can attach some
predictability to the type of load for which compensation is required. If the
load has negligible reactance then it might be practical to consider it resistive.
Should one expect the load to be balanced then, equation 5.13, will definitely be
the correct choice.
A large majority of loads that require a three-phase supply in a single-phase

situation are bound to be motors and therefore inherently balanced. It is quite
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easy to construct a dedicated three-phase wiring and leave the single-phase loads
on separate sockets.

Bearing the above in mind the author strongly recommends the new admittance
meter in conjunction with equation 5.13 as a reliable practical solution for a fully
automated control of a symmetrical three-phase supply from a single-phase

source.
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Epilogue

This thesis discusses the subject of load compensation, ranging from historical to
contemporary angles. From a practical perspective the method proposed by
Czarnecki [11] has been extensively explored, first through computer simulations
and finally physically realized by designing, constructing and testing an
analogue module on a variety of linear loads. The results were positive and

strongly support the conclusions arrived at by Czarnecki.

This compensator has inherent flexibility enabling a low budget installation. The
admittance measuring and susceptance computer could be constructed as one
portable unit, able to supervise several compensator banks. A semi-automated
switching mode for a bank of reactive compensator components would be most
viable in a large number of unsophisticated load distribution situations that this
author has frequently encountered in various African countries. In this case a
chart for converting suscepta;lces to capacitances or inductances would be
posted next to the installation or even included as a function on the instrument
display, to assist the maintenance engineer looking after the installation. This
would both cut down on installation costs necessary for fully automated options

and also avoid the inevitable harmonic pollution that accompanies thyristor-

controlled systems which are currently the most viable.

" In chapter 3 (computer simulations), the author devised a technique for the
control of a current source as a compensator element, in section 3.5.5. This is
worth revisiting. A phase and amplitude controlled signal drives a current
source. This results in a compensator current at right angles to the line-to-line

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 line-to-line voltage. The load is
compensated without any reactive components! Because of the orthogonality of
the compensator current to the line-to-line voltage, a real switching device
should (in principle} dissipate a negligible amount of power. It is the submission
of the author that a pulse width modulation control design (or other appropriate
technique) using similar logic should physically realize the same result as

obtained in the simulation. This could result in a tremendous response time.

The space 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 design limitations. For
example, the divider function comes with a factor of 10, (see appendix 3). This
means that one has to make sure that for each set of current and voltage
measurements, the current does not exceed the voltage, in order to avoid
amplifier saturation. At the same time the current and voltage transducers must
have the same reduction ratios so that the computed compensator susceptances
don’t require extra scaling. The available voltage transducers could only be
constructed for specific voltages, with very small tolerances. This made them
unversatile and uneconomical.

The author suggests that instead of searching for better performing analogue
functions, further work should abandon analogue circuitry altogether and
proceed with programmable digital signal processor (DSP) functions. Even then,
note should be taken of the above issues.

Despite the shortcomings, the results of the analogue networks were amazingly
accurate, especially, considering the extent of distortion one encounters on the

UCT mains supply.
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In his proposal, Czarnecki [11] commits a couple of pages on specifications for
the compensator reactor bank. This author opted to disregard that emphasis,
during the laboratory trials, as it is geared towards full automation; a notion, as
already explained, not considered of priority to the targeted consumers, The
range of required susceptances should instead be worked out imperically by
simulating the extent of expected load conditions and reading the results from an

admittance meter.

In the case of single-to-three-phase compensation, equation 5.13, (I» = I1 V1/(2Vq
+ V»)), has been derived by the author. In conjunction with the newly designed

admittance meter, it should provide a basis for the reliable control and
maintenance of a symmetrical 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 5.4
for the solution of a single-to-three-phase voltage control for a general complex

and unbalanced load could yield an answer if re-examined more critically.

The literature review points to the extent that the subject of load compensation
has been explored over the years. The coverage is by no means exhaustive. The
author is therefore conscious of the possibility that some discoveries made here,
that may have appeared new, could have been made before. The effort made
here was to follow standard investigative procedure, make observations, draw

some conclusions and then recommendations.

For the author it has been a great learning experience. Facing the issues first hand
was challenging. Having had a spell of twenty years in the industrial
environment around Africa, this topic proved thoroughly relevant to
contemporary industrial issues. It has certainly been a great eye opener.

It is hoped that someone may find this thesis equally enriching.
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Appendix 1

Computer simulation tools

AL Voltage Source
AC Current Source

is spesified in amplitude, frequency and phase , Is specified in amplitude, phase, and frequency

DC Voltage Source N

1 4 i

Ats specified as ampitude
Controlled curmentsource

initial current specified

-l -

ip

\ J

&, & - b
v Cument Measurement

Sine Wave
Gengrator

8. -, Simulates time

Ramp

integrator
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Appendix 1

Computer simulation tools

SubSystem .
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Appendix 1

Computer simulation tools
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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 be 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
Fig 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. A

If it is required for the supply current to be of equal magnitude and at 120 degree from
each other then::

L=ab=a*Lh

And In the case of a three wire three phase supply

i+ b+ =0

'l ,
Vsr . Yrs Ej ‘
Vir B {:] Y
VTS ipr YST m

Fig 4.1 Deita connected admittances representing a three-phase load
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Therefore:

.\[1‘?1 +VoYs +VaYs =0

And since the three phase voltages supply are balanced:
Vo=aVy and Vz=a*V,

Substituting the above

ViYs +aViYata VaYs =0

Dividing by V4

Yi+a Y+a Y =0
Eq 4.1

Therefore the condition for a three phase balanced supply voltages to su}apty
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 -éf each load.
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aY2

Ys

Fig 4.2 Example of unequal admittances with zero space vector sum

!
Load balancing compensating susceptances

Should the space phasor sum Y4+ a Yo+ a* Y3 = A and not zero. Then the load
will be an unbalanced one. In order to restore the balance three susceptances
Trs, Tst, TTr Can be added in parallel with each of the load admittances as seen

in Fig 4.3

| 1pR g -
Vsrl . YRs[:]
- = > [] Y
IT YSTE]
> I

Al 4 Ins iNT

1.

Vrr

b 1

Vr
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if the load is to be balanced by adding three susceptances Trs, Tsr, Tr in
parallel with each of the load admittances then the total admittance per branch
must be considered and using Eq 4.1 to obtain supply current balance:

(Yrs* ] Trs) + @ (Yst+] Tst) Trs+ @ * (Yrr #j T1r) = 0

Let us now solve the above equations:

Yi+a Yo+a Ys+jTrs+ajTer+a@*jTr=0

A+ jTre+(-%+jN3/2)Tsr+ (- %-jV3/2)Trr=0

ReA+Im A+ jTre-% jTer-%jTir-V3/2 Ter +V3/2 TR =0

Equating real part to zero:

ReA -V3/2 Ter +V3/2 Tr=0
T -Tst =(2V3)Re A
Eq 4.2
Equating the imaginary part: to zero :
Im A+ jTRs-% jTST*-szTTR =0

Tsr+ Tmr+2Trs =-Im A Eq 4.3

There are only two equations but three unknown. Therefore if one of the
compensating susceptance is given any value the 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 Tgris zero then

Tr=(2N3)ReA
Trs =-IM1/2A-(1N3)Re A
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Load balancing and reactive compensating susceptances

A third condition such as unity power factor can also be imposed.
For unity power factor the sum of all the susceptance must be zero in the case of

a balanced voltage supply. Thereforé
ImA+ Tret Tsr+Tr=0" Eq44

Therefore combining Eq4.2. , Eq4.2. and Eq4.2. gives:

Trs= j{V3R.A-ImA-BJ}/3
Tst= j{2ImA-B:}/3

TTR'—'-j{\[3 Re_A_+ImA+ 89}13
Eq 4.1

As givenin the previous chapter. What is of particular interest is that the three
compensating elements are purely reactive.

No real power is therefore required in order to balance any unequal loads. The
three load admittances Yags, Yst, Y7r Can be 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 Fig 4.2.

The load is a single-phase load. Admittances Yrs and Yrr are considered as
open circuit, hence, Yrs=0 and Y+r =0. Substituting in Eq 4.1.
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Figure 4.2

Single-
phase load
Ye= Ys1= Gy + jBy
A=- Ys'r= -G1 - ]B1
Be = B4
Eq 4.2.

G1 is the conductance and B, the susceptance of the single-phase load.
Substituting Be and A in Eq 4.1.

Trs = j{V3 Re (-G4-jB1) = Im (-G4-jB1) = B4} / 3

Tst =i{2 Im (-G4-jB4)-B1}/ 3

Trr = 4§{V3 Re +(-G1-jB1)+Im (-G1-jB;) +B}/3

Hence

Tes = -(113) Gy

Tst = -jB4

Trr = j(1V3) G4

Eq44

Therefore the three susceptances above would correct unbalance and reactive
power seen by the three-phase supply.

If one adds an equal susceptance j B4 to Trs, Tsr, and T respectively

one would still have a balanced load from the supply point of view. The following
results are obtained
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Trs = -j(1/¥3) G4 + jBy
Tst= «<jB1+jB1=0
Trr= j(1V3) G1 + B,
Eq 4.5.

The compensator reduces to two elements only as seen in Fig 4.3.

Irr

=~
Vsr| . Is
1 -
Vrr . o
Vg [j Ysr
1
_pleT ‘
Ahr als A Iv
1Trs

Figure 4.3. Two-srement compensator

If now the two susceptances are expressed as reactances Xgrs and Xrs then:
Xrs = 1/Trs = 1/ (-j{(1/V3) G4 + jB1) =} V3 / (G4 +V3 By)

Substituting for G;=Rq / (R? + Xs°) and By = X4 / {Ri* + X+%)

Then

Xrs = V3 (Re? + X))/ (Ry +V3 X4)

XTr=j V3 (Ri*+ X491 (Ry V3 X4)

Two susceptances are therefore sufficient to balance a single phase load. The
supply will however have to supply the reactive power required by the three
impedance B that have been added. The three phase supply would have to
deliver the active power P=V2G, Watt of the single-phase load and the reactive
power Q= 3V?BVAr. The power factor would be cos (arctan(3B+/G1)).

4.3 Compensator for resistive single-phase load.
If the load is purely resistive, then B,=0 and Eqg 4.5. becomes .

Trs = -{1/V3) G4
Tst=0
Trr = (1/V3) G4
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Eq 4.6

Referring to Fig 4.3, the cbmpensafor currents ins ,_int ,_ing €an be calculated as
follows: ‘

Assuming that the three-phase supply voltages Vys, Vsr, Vrr are balanced
sinusoids and of positive sequence direction.

V7s= VZ0, Ver =V £120, Vrr =V £240,

if 1=VG,

and using Eq 4.6 (see figure 4.3)

ins = Vsr j (Trs) =VL120x (4 G1/V3 ) = 1/ V3 £120 -90 ins =173 230
int =-Vrr j (T1r) = -V.£240 x{j G1/ V3 ) = 1/ V32240 -90 int=1/3 2150
ing = -ins - int = - N3 £30 -1 /43 2150 inm=IN3 2270
The magnitude of the negative sequence current is 1/43 of the single-phase load
current ls.

it is observed that this is a balanced negative sequence current
it follows that the 3 phase supply currents can be determined as :

ipr = -inr = -1/V3 2270 ir=1/+3 290
ips =ls-ins =1 £0 - 1N3 £30 ips =1N3 £- 30
ier = -ls-inv=1 .20 - N3 £330 ipr=1IN3 2210

The three phase supply current magnitude are 1/3 that of the singie phase load
current and it is a balanced positive sequence current. The negative and positive
sequence current add up to make ls, 0,-ls These currents can be seen that in Fig
4.4. The compensating susceptances ,Trs = -(1/¥3) G, and T = (1¥3) G; “inject”
the negative sequence current necessary so as to balance the unbalance load
consisting of a single resistive element. The supply delivers a balance three
phase current.

Vrr
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Figure 4.4. Balanced supply positive sequence current: ips , Ipr , Irr,
compensator negative sequence current: ins , int , ing and single phase
load current l..

A relevant observation is that ins=_ier and int = - ips. The negative sequence

components are the conjugates of the positive sequence. This implies that ips
can be measured directly and used as such as the commanded value for the

compensator injected current int Likewise ipr can also be measured and used to

control the compensator injected current ins. This suggests a simple control
strategy for a purely active load. See Fig 4.5.

1pg

Vsr :
VRt A Ips

N ‘
VT i D
0 1ot ‘ YST

Controlier

, \ -
.__——%.. Controller -—————kﬁ&

Figure 4.6. Load balancing control method

A simulated system is shown in Appendix 4

4.4 Compensator for resistive and reactive load.
in the more general case of a resistive and reactive single phase load one would
like to know if above observations are still true.

Assuming that the three-phase supply voitages Vs, Vsr, Vrr as the
previous case balanced sinusoids and of positive sequence direction.

Vrs= V0, Vsgr =V£+120, Vrr=V £+240,
if now ls=Vrs (G1+]B1) = Vrs G+ Vrs | B1=1+jlpy
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where 1=Vys Gy and lg1= V1s B4
and using Eq4.5

where

Trs = -(11/3) Gy +jB;
Ter= 0

Trr = j(1N3) Gy + By

Then,

ins = Vsr (Trs) =VZL120x (4 G1/V3+)B1) =V (Gy/3-B1) £120-90
= (G4/ V¥3) V.£30 - By V£30 and

Ins =1/V3 230 +1g 2210

int = - Vrr j (Trr) = - V£240 x(j G1/ V3 + | B1) = V (G«/ V3 +B4) £240 -90
= V£150 (G4/ V3 + B4) and

= (G4/ V¥3) V£150 + By V£150 and

_i_NT =1/V3 £150 +1 a1 2150

Inr = -Ins - inT

iR =1 N3 2270 +V31g £0

It must be noted that the compensating reactances currents are not balanced
Let us now derive the supply side currents.

PR = -Inr

ier =1 N3 290 + V314 £180

ips = ls~ins = [+ lg1 - 1/ V3 230 + | g1 £30 =1-1/V3 £30 +jlptr + g1 £30

ips = 1 W3 £-30 +V31s1£60

iPT I iNT: L= jigy -~ | /32150 -1g32150 =-1-1 /N3 £150 -j st + 1812150
ier =1 N3 2210 + V3 151£-60

Vs

VrT
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Figure 4.5. Reactive and resistive load phasor diagram. Notice that the
supply positive sequence current ips , ipr , irr are balanced and

compensator current: ins , int, INR are now unbalanced . The supply power
factor is not unity.

In conclusion in the case of a two element compensator equation 4.4 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= G, + ] By is known then according to
equation 4.5 only two components are necessary so as to balance the load.

Trs = -j(1/¥3) G4 + jB,
Trr= j(1N3) Gy + jBy

The conductance value G, and susceptance B: are needed. These can be
obtained from the real time value of the single phase load current lys and voltage
Vrs as seenon Fig4.3

The conductance value G, and susceptance By can be obtained with analogue
or digital mean.

G1=P/||v ||?

B1=Q/|v ||?
P and Q are the average power and reactive power respectively.and |lv || the
nom or RMS value of the sinusoidal voltage.
These vaiue 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 phase load. The unbalanced single phase load
can be 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 foad 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. The negative sequence currents are the conjugates of the
positive sequence current. This suggest a simple method of control for the
variable compensating reactances.

This is however only true for unity power factor (or comrected) 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. The 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
2. Analogue devices AD633 analogue multiplier

- 3. National semiconductors Lm324 Quad operational amplifier
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ADMITTANCE MEASUREMENT RESULTS FOR SECTION 5.5

TARGET MEAS URED  SUSCE PTANCES COMPUTED
SUSCEPTENCES ‘ B's
Bcl Be2 Bl G1 B2 G2 G(total) B(total) B*1 B*2

0.5197 -0.6929 0305 0974 0122 03751 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

01433 -0.1954 0.1394 0.4283 0.05138 0.158 0.1155 0.03756 0.4297 -0.5858
0.2448 0.2012 0.05144 0.1581 0.09428 0.2897 0.1025 0.0333 0.4258 -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 0.1295 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 -0.1328
1155 -1.443 0.6507 2 0.3253 1 0.6668 0.2169 2309 -2.887
0.5774 -0.07217 0.3253 0.999 0.1627 05001 03335 01085 1.155 -1.443
05774 -0.07217 03579 1.1 01789 05505 0.3668 0.1193 1.27 -1.588

Table 5.1




ANALOG
DEVICES

Low Cost
Analog Multiplier

AD633

FEATURES

Four-Quadrant Multiplication

Low Cost 8-Lead Package

Complete—No External Components Required
Laser-Trimmed Accuracy and Stability

Total Error Within 2% of FS

Differontial 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/Attenuators/Filters

PRODUCT DESCRIPTION

The AD633 is a functionally complete, four-quadrant, analog
multiplier. It includes high impedance, differential X and Y
inputs and a high impedance summing input (Z). The low
impedance output voltage is a nominal 10 V full scale provided
by a buried Zener. The AD633 is the fiest product to offer these
features in modestly priced 8-lead plastic DIP and SOIC packages.

The AD633 is laser calibrated to a guaranteed total accuracy of
2% of full scale. Nonlinearity for the Y-input is typically less
than 0.1% and noise referred to the output is typically less than
100 uV rms in a 10 Hz to 10 kHz bandwidth. A 1 MHz band-
width, 20 V/jis slew rate, and the ability to drive capacitive loads
make the AD633 useful in a wide variety of applications where
simplicity and cost are key concerns.

The AD633% versatility is not compromised by irs simplicity.
The Z-input provides access to the output buffer amplifier,
enabling 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 variety of applications.

The AD633 is available in an 8-lead plastic DIP package (N)
and 8-fead SOIC (R). It is specified to operate over the 0°C to
70°C commercial temperature range (J Grade) or the —40°C to
+85°C industrial temperature range (A Grade).

REV. D

Infarmation furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of 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.

CONNECTION DIAGRAMS
8-Lead Plastic DIP (N) Package
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PRODUCT HIGHLIGHTS

1. The AD633 is a complete four-quadrant multiplier offered in
low cost 8-lead plastc packages. The result is a product that
is cost effective and easy to apply.

2. No external components or expensive user calibration are
required to apply the AD633.

3. Monolithic construction and laser calibration make the
device stable and reliable.

4. High (10 M) input resistances make signal source loading
negligible,

5. Power supply voltages can range from +8 V to £18 V. The
internal scaling voltage is generated by a stable Zener diode;
multiplier accuracy is essentially supply insensitive.

One Technology Way, P.0. Box 9108, Norwood, MA 02062-9106, U.S.A.
Tel: 781/329-4700 World Wide Web Site: http://www .anslog.com
Fax: 781/326-8703 © Ansglog Devicas, Inc,, 2000



AD633—SPECIFICATIONS .- 2c.v=s1sune200

Model AD633], AD633A
(X1 - X)¥i - 12)
TRANSFER FUNCTION W o= +Z
wy
Parameter Conditions Min Typ Max Unit
MULTIPLIER PERFORMANCE
Total Error -0V, YS+I0V +1 x2 % Full Scale
Tram 10 Tyax +3 % Full Scale
Scale Voltage Error SF = 10.00 V Nominal +0.25% % Full Scale
Supply Rejection Vi=2l4Viotl6V +0.01 % Full Scale
Nonlinearity, X X=+10V,Y=+10V +0.4 +1 % Full Scale
Nonlinearity, Y Y=410V,X=+10V +0.1 +0.4 % Full Scale
X Feedthrough Y Nulled, X =410V +0.3 *1 % Full Scale
Y Feedthrough X Nulled, Y= 210V 0.1 +0.4 % Full Scale
Ourput Offset Voltage +5 *50 mY
DYNAMICS
Small Signal BW Vo =0.1Vrms 1 MHz
Slew Rate Vo =20V p-p 20 Vius
Setdling Time to 1% AVg=20V 2 s
OUTPUT NOISE
Spectral Density 0.8 WAHz
Wideband Noise = 10 Hz to 5 MHz 1 mV rms
f=10Hz to 10 kHz 90 BV rms
OoUTPUT
Output Voltage Swing +11 v
Short Circuit Current Ry=00 30 40 mA
INPUT AMPLIFIERS
Signal Voltage Range Differential +10 A
Common Mode +10 v
Offset Voltage X, Y . +5 +30 mV
CMRRX,Y Ve =210V, f=50Hz 60 80 dB
Bias Current X, Y, Z 0.8 2.0 HA
Differential Resistance 10 MO
POWER SUPPLY
Supply Voltage
Rated Performance +15 v
Operating Range +8 +18 v
Supply Current Quiescent 4 6 mA
NOTES

Specifications shown in boldface are tested on all production units at elecirical test. Resulis from those tests are used to calculate outgoing
quality levels. All min and max specifications are guaranteed, although only those shown in boldface are tested on all production umits,

Specifications subject to change without notice.

ABSOLUTE MAXIMUM RATINGS' ORDERING GUIDE
Supply Voltage . .. ... ittt inn e 18V
Internal Power Dissipation® ............cov.oev.. 500 mW Temperature |Package Package
Input Voltages® ... .. ovsnrn e +18v  Model Range Description Option
Output Short Circuit Duration . ............... Indefinite  ApsazaN —40°C to +85°C | Plastic DIP N-8
Storage Temperature Range ............ -65°C o +150°C AD633AR ~40°C to +85°C | Plastic SOIC SO-8
Operating Temperature Range AD633AR-REEL | -40°C o +85°C|13" Tape and Reel |SO-8
ADG33] ... 0°Cto 70°C  AD633AR-REEL7 | -40°C to +85°C| 7" Tape and Reel |SO-8
ADG33A (... o —40°C 10 +85°C  Aps3sN 0°C 1o 70°C Plastic DIP N-8
Lead Temperature Range (Soidering 60 Sec) ......... 300°C ADéBSIR 0°C to 70°C Plastic SOIC SO-8
BSDRaHNg .. ..ottt eiianaannanan 1000V AD633JR-REEL | 0°C 1o 70°C 13" Tape and Reel |SO-8
g\é{t)r;[s‘iss above those listed under Absolute Maximum Ratings may cause per AD633JR-REEL? | 0°C to0 70°C 7" Tape and Reel [SO-8

damage w the device. This is & siress rating only; functional operation of the device at
these or any other conditions above those indicated in the operational section of this
specification is aot implied.

18~Iﬁi€{$zstic DIP Package: 85 = 90°C/W; 8-Lead Small Outline Package: 6;4 =
135 .

*For supply voltages less than £18 V, the absolute masimum input voltage is equal to
the supply voltage.
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Typical Performance Characteristics—AD633
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AD633

FUNCTIONAL DESCRIPTION

The AD633 is a low cost multiplier comprising a translinear
core, a buried Zener reference, and a unity gain connected
output amplifier with an accessible summing node. Figure |
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
multiplying core. A buried Zener reference provides an overall
scale factor of 10 V. The sum of (X x Y)/10 + Z is then applied
to the output amplifier. The amplifier summing node Z allows
the user to add two or more multiplier outputs, convert the
output voltage to a current, and configure various analog com-
putational functions.

x{7]
7]
va@%

1 e
\rz[:_Is'_'_?....1

Figure 1. Functional Block Diagram [AD633JN
Pinout Shown]}

ADG33

Inspection of the block diagram shows the overall transfer func-
tion to be:

(Xx - Xz)(?l - Yz) R
oV

W = z (Bquation 1)

ERROR SOURCES

Multiplier errors consist primarily of input and output offsets,
scate factor error, and nonlinearity in the multiplying core. The
input and output offsers can be eliminated by using the optional
trim of Figure 2. This scheme reduces the net error to scale
factor errors (gain error) and an irreducible nonlinearity compo-
nent in the multiplying core. The X and Y nonlinearities are
typically 0.4% and 0.1% of full scale, respectively. Scale factor
error is typically 0.25% of full scale. The high impedance Z
input should always be referenced to the ground point of the
driven system, particularly if this is remote. Likewise, the differ-
ental X and Y inputs should be referenced to their respective
grounds to realize the full accuracy of the AD633.

+¥g
T 30002 om0
- ) TO APPROPRIATE
60k O (NPUT TERMINAL
(EG. X;s K, D)

[7F

Figure 2. Optional Offset Trim Configuration

APPLICATIONS

The AD633 is well suited for such applications as modulation
and demodulation, automatic gain control, power measurement,
voltage controlled amplifiers, and frequency doublers. Note that
these applications show the pin connections for the AD633]N
pinout (8-lead DIP), which differs from the AD633]R pinout
(8-lead SOIC).

Multiplier Connections

Figure 3 shows the basic connections for muldplication. The X
and Y inputs will normally have their negative nodes grounded,
but they are fully differential, and in many applications the
grounded inputs may be reversed (to facilitate interfacing with
signals of a particular polarity, while achieving some desired
output polarity) or both may be driven.

% Ry~ X} (Y5~ ¥)
e 10V *z
OPTIONAL SUMMING
INPUT, 2

Figure 3. Basic Multiplier Connections

Squaring and Frequency Doubling

As Figure 4 shows, squaring of an input signal, E, is achieved
simply by connecting the X and Y inputs in paralle] to produce
an output of E¥10 V. The input may have either polarity, but
the output will be positive. However, the output polarity may be
reversed by interchanging the X or Y inputs. The Z input may
be used to add a further signal to the output.

Figure 4. Connections for Squaring
When the input is a sine wave E sin wt, this squarer behaves as a

frequency doubler, since

2
E sin o F?
R

(Equation 2)
Equation 2 shows a dc term at the output which will vary strongly
with the amplitude of the input, E. This can be avoided using
the connections shown in Figure 5, where an RC petwork is
used to generate two signals whose product has no dc term. It
uses the identity:

cosBsin® = % sin 2 G) (Equation 3)

~4 REV.D



~-18V

Figure 5. "Bounceless” Frequency Doubler

At @, = V/CR, the X input leads the input signal by 45° (and is
attenuated by ¥2), and the Y input lags the X input by 45° (and
is also artenuated by ¥2). Since the ¥ and Y inputs are 90° out of
phase, the response of the circuit will be (satisfying Equation 3):

W= (T()I-V—) 7‘% (sin W+ 45°)7E2_— (sin W, — 45")
_ (:;; ) (sinz m,,:) (Equation 4)

which has no dc component. Resistors R1 and R2 are included 10
restore the output amplitude to 10 V for an input amplitude of 10 V.

The amplitude of the output is only a weak function of frequency:
the output amplitude will be 0.5% too low at @ = 0.9 @,, and
@, = 1.1 o,

Generating Inverse Functions

Inverse functions of multiplication, such as division and square
rooting, can be implemented by placing a multiplier in the feed-
back loop of an op amp. Figure & shows how to implement a
square rooter with the transfer function

w=J10E)V (Bquation 5)

for the condition E<(.

Figure 6. Connections for Square Rooting

REV.D -5

Figure 7. Connections for Division

Likewise, Figure 7 shows how to implement a divider using a
multiplier in a feedback loop. The transfer function for the
divider is

{Equation 6)

- Xa) (¥~ ¥a) (R *“2’)»,3‘
10V oA ‘
ki = A1, A2 = 100k

Figure 8. Connections for Variable Scale Factor

Variable Scale Factor

In some instances, it may be desirable to use a scaling voltage
other than 10 V. The connections shown in Figure 8 increase
the gain of the system by the ratio (R1 + R2)/R1. This ratio is
limited to 100 in practical applications. The summing input, §,
may be used to add an additional signal to the output or it may
be grounded.

Current OGutput

The AD633°s voltage output cdn be converted to a current
output by the addition of a resistor R between the AD633’s W
and Z pins as shown in Figure 9 below. This arrangement forms

oV
1t = R < 100k

O Lo -} [Oﬁ'xz)("r“fzi
R R T

Figure 8. Current Output Connections




ADB33

the basis of voltage controlled integrators and oscillators as will
be shown later in this Applications section. The transfer func-
tion of this circuit has the form

o - LK) )

R 1oV

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 inputs to the AD633 are multplied 1o
produce a double-sideband signal. The carrier signal is fed
forward to the AD63%’s Z input where it is summed with the
double-sideband signal to produce 3 double-sideband with car-
rier output.

Voltage Controlled Low-Pass and High-Pass Filters

Figure 11 shows a single multiplier used to build 2 voltage con-
trolled tow-pass filter. The voltage at output A is a result of
filtering, Es. The break frequency is modulated by Eg, the con-
trol input. The break frequency, f;, equals

(Equation 7)

Eg

= W {Equation 8)

and the rolloff is 6 dB per octave. This ourpur, which is at a
high impedance point, may need to be buffered.

The voltage ac output B, the direct output of the AD633, has
same response up to frequency fi, the natural breakpoint of RC
filter,

1

) 2x RC
then levels off to a constant attenuation of £;/6 = Ep/10.

(Bquation 9)

Figure 10. Linear Ampilitude Modulator

For example, if R = 8 kQ and C = 0.002 pF, then output A has
a pole at frequencies from 100 Hz to 10 kHz for B ranging
from 100 mV to 10 V. Output B has an additional zero at 10 &Hz
(and can be loaded because it is the mulriplier’s low impedance
output). The circuit can be changed to a high-pass filter Z inter-
changing the resistor and capacitor as shown in Figure 12.

comagx. ¢
NPUT Ec o

SIGNAL
NPUT Eg

Figure 11. Voltage Controlled Low-Pass Filter

+15V
UTPUTE

01uF '\ mdwocmve
QUTPUTA

INPUT EC O OUTPUT B
SIGNAL
NPUT Eg OUTPUT &
R

Figure 12, Voltage Controlled High-Pass Filter

Voltage Controlled Quadrature Oscillator

Figure 13 shows two multipliers being used to form integrators
with controllable rime constants in a 2nd order differential
equdtion feedback loop. R2 and R5 provide controlled current
output operation. The currents are integrated in capacitors C1
and C2, and the resulting voltages at high impedance are applied
to the X inputs of the “next” AD633. The frequency control
input, B, connected to the Y inputs, varies the integrator gains
with a calibration of 100 Hz/V. The accuracy is limited by the
Y-input offsets. The practical tuning range of this circuit is
100:1. C2 (proportional to C1 and C3), R3, and R4 provide
regenerative feedback to start and maintain oscillation. The
diode bridge, D1 through D4 (1N914s), and Zener diode D5
provide economical temperature stabilization and amplitude
stabilization at £8.5 V by degenerative damping. The out-
put from the second integrator {10 V sin ot) has the lowest
distortion.

AGC AMPLIFIERS

Figure 14 shows an AGC circuit that uses an rms-dc converter
to measure the amplitude of the output waveform. The AD633
and Al, 1/2 of an AD712 dual op amp, form a voltage con-
trolled amplifier. The rms d¢ converter, an AD736, measures
the rms value of the ourput signal. Its output drives A2, an
integrator/comparator, whose output controls the gain of the
voltage controlled amplifier. The 1N4148 diode prevents the
output of A2 from going negative. R8, a 50 k() variable resistor,
sers the circuit’s output level. Feedback around the loop forces
the voltages ar the inverting and noninverting inputs of A2 to be
equal, thus the AGC.

6 REV.D




AD633

S(10V} cos wt

AC2 R4
'60.01;:F 16K
> i3
- 330502

te {10V} 8in wt
S U -
[l -
fm e Kz

- C3

lﬂ.‘l pF

Figure 13. Voltage Controlled Quadrature Oscillator

Az A A
1k 1060 10k

% AGC THRESHOLD
ADJUSTMENT

A9 ,
é“"“ ‘“.é“" 16V
ps OUTPUT
Bapr o) . LEVEL
hak SOKD RSt

o
~15¥

Figure 14. Connections for Use in Automatic Gain Control Circuit
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OUTLINE DIMENSIONS
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Low Power Quad Operational Amplifiers

General Description

The LM124 series consists of four independent, high gain,
internally frequency compensated operational amplifiers
which were designed specifically to operate from a single
power supply over a wide range of voltages. Operation from
split power supplies is also possible and the low power sup-
ply current drain is independeni of the magnitude of the
power supply voltage.

Application areas include fransducer amplifiers, DC gain
‘blocks and all the conventional op amp circuits which now
can be more easily implemented in single power supply sys-
tems. For example, the LM124 series can be directly oper-
aled off of the standard +8V power supply voltage which is
used in digital systems and will easily provide the required
interface electronics without requiring the additional 18V
power supplies.

Unique Characteristics

# In the linear mode the input common-mode voltage
range includes ground and the output voltage can also
swing to ground, even though operated from only a
single power supply voltage

# The unily gain cross frequency is temperature
compensated

# The input bias current is also temperature compensated

Advantages

@ Eliminates need for dual supplies

® Four internally compensated op amps in a single
package

m Allows directly sensing near GND and Vg r also goes
fo GND

# Compatible with all forms of logic

® Power drain suitable for batlery operation

Features
# Internally frequency compensated for unity gain
# Large DC voltage gain 100 dB
# Wide bandwidth (unity gain) 1 MHz
(temperature compensated}
# Wide power supply range:
Single supply 3V fo 32V
or dual supplies 1.5V fo 16V
® Very low supply current drain (700 pA})-—essentially
independent of supply voltage
® Low input biasing current 45 nA
{iemperalure compensated)
@ Low input offset vollage 2 mV
and offset current: 5 nA
® Input common-mode voltage range includes ground
# Differential inpul voltage range equal lo the power
supply voltage
# Large output voltage swing OV to V' - 1.5V

Connection Diagram

Dual-in-Line Package

DUTPUT 4 tRPUTSS T4t

L i1 1z

GND

1

INPUT 3 INPUT 3™ DUYPUT S

L 8 &

i 2 3

UTPUT T INPUT I INPUT Y

4

vt

] & 1

INPUT 2’ NPUT 2T BUTPUTZ
D8008260-1

Top View
Order Number LM124J, LM124AJ, LM124J/883 (Note 2), LM124AJ/883 (Note 1), LM224J,
LM224AJ, LM324J, LM324M, LM324MX, LM324AM, LM324AMX, LM2002M, LM2502MX, LM324N, LM324AN,
LM324MT, LM324MTX or LM2002N LM124AJRAML. and LM124AJROMLV(Note 3)
See NS Package Number J14A, M14A or N14A

Note 1: LM124A available per JM3B510/11006
Hote 2 LM124 available per JM38510/11005

siayjiidwy [euoijesad pend 1aMod Mo Z06ZINT/YZSINTYZZINTPZLINT

DS00s269
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Connection Diagram (continued)

Note 3: See STD Mil DWG 59682R00504 for Radiation Tolerant Device

OUTPUT 1 r::::; @ ‘:m DUTRUT 4
IPUT 1~ L2777 ———
(RPUT v T ﬁ HPUT 44
Ve E’:t LMiz24w l:: o

INPUT 24 :__—_: "_"%‘.Z RPYT 3+
EEX Lol S— ann—
autPuT 2 [ —r

DS00a250-33

LM124/LM224/LM324/LM2902

Order Number LIM124AW/883, LM124AWG/883, LM124W/BB3 or LM124WG/883
LM124 AWRGML and LM124AWRGMLY{Note 3)
See NS Package Number W14B
LM124AWGROML and LM124AWGROMLVY(Note 3)
See NS Package Number WG14A

Schematic Diagram (gach Amplifier)

INPUTS
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Absolute Maximum Ratings (ote 12)

If Wilitary/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

LM124A.M224/LM324 LM2902
LMA24A/L M224A/LM324A
Supply Voilage, V* 32v 26V
Differential Input Voltage 3zv 26V
Input Voliage -0.3V o +32V -0.3V to +26V
Input Current
Ve < 0.3V} (Note 6) 50 mA 50 mA .
Power Dissipation (Note 4)
Molded DIP 1130 mW 1130 mW
Cavity DIP 1260 mW 1260 mw
Small Outline Package 800 mwW 800 mW
Output Short-Circuit to GND ‘
{One Amplifier) (Note 5)
V'g15Vand T, = 25°C Continuous Continuous
Operating Temperature Range -40°C to +85°C
LM324/LM324A 0°Cto +70°C
LM224/LM224A ~-25'C to +85'C
LM124/LM124A ~55°C to +125°C
Slorage Temperature Range ~B5'C to +150°C ~-65°C fo +150°C
Lead Temperature (Soldering, 10 seconds) 260°C 260°C
Soldering Information
Dual-in-Line Package
Soldering (10 seconds) 260°C 260°C
Small Outline Package
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 stated
Parameater Conditions LA1294 Lm2z4A Lm324A Units
Min Typ Max (Min Typ Max Min Typ Wax
input Offset Voltage {Note B} Ty = 25°C 1 2 1 3 2 3 mv
{put Blas Current lingey OF fnggy Viem = OV, 20 50 40 8 45 100 A
{Note 9} Ta = 25C N
input Offset Current Hivgey OF by Vom = OV, 2 10 2 15 5 30 nA
Ta = 25°C
Input Common-Mode V= 30V, (LM2602, V* = 26V), a v'-1.5 0 v-15 0 V'-1.5 \Y
Voitage Range (Note 10} Ty = 25°C
Supply Current Over Full Temperature Range
Ry = o= On Al Op Amps mA
Vo= 30V (LM2002 V' = 268V 1.5 3 1.5 3 1.5 3
Vo= BY 0.7 1.2 0.7 1.2 0.7 1.2
Large Signal V= 15V, Rz 2k, 50 100 50 100 25 100 VimV
Voltage Gain (Vo = 1V 1o 11V), T4 = 25°C
Common-Mode DG, Veu = OV o V' - 1.8V, 70 85 70 &5 85 85 dB
Rejection Ratio Tp = 25°C
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LM124/LM224/LM324/LM2902

Electrical Characteristics (Continued)
V' = 450V, (Note 7), unless otherwise slated

LM124A LM224A LM324A
Parameter Conditions Unlts
Min Typ Max [Min Typ Max (Min Typ Max
Power Supply V* = 5V {0 30V
Rejection Ratio (LM2802, V" = 5V to 28V), 85 100 65 100 85 100 dB
Ta =25'C
Amplifierfo-Amplifier f=1kbzto 20 kHz, Ty = 25°C -120 -120 -120 g8
Coupling (Note 11) {Input Referred)
Output Current Source | V" =1V, Vi =0V, 20 40 20 40 20 40
V=18V, Vg = 2V, Ta = 25'C mA
Sink Vi = AV, V' = 0V, 10 20 10 20 10 20
V= 1BV, Vg = 2V, T, = 25°C
Vi = 1V, V' = 0V, 12 50 12 50 12 50 HA
V¥ = 15V, Vg = 200 mV, Ty = 25°C
Short Circuit to Ground (Note 5) V" = 15V, T, = 25°C 40 60 40 60 40 80 mA
input Offset Voltage {Note 8) 4 4 5 mv
Vos Drift Rg = 002 7 20 7 20 7 30 [pvre
Input Offset Current laeny = gy Vow = OV 30 30 75 nA
log Dirift Rg = 0Q 10 200 18 200 10 300 {pASC
input Bias Current liveey OF by 40 100 40 100 40 200 | nrA
Input Common-Made Vw430V 0 V-2 1 0 y-2 1 0 V-2 v
Voltage Range {Note 10) (LM2802, V' = 26V)
Large Signal V= +15V (VgSwing = 1V to 11V)
Voltage Gain Riz2kQ 25 25 15 Vimy
Output Vollage | Vgy V' = 30V Ry = 2 k2 26 26 28 Y
Swing (LM2802, V" = 28V) Ry = 10k 27 28 27 28 27 28
Vo V=BV, R = 10 k2 5 20 5 20 5 20 mv
OQutput Current | Source | Vg = 2V Vit = +1Y, 10 20 0 20 10 20
W mA
Sink Vi« = +1V, 10 15 5 8 5 8
L P
sy
Electrical Characteristics
VY = +5.0V, (Note 7}, unless otherwise stated .
LM124/0M224 LMa24 L2902
Parameter Conditions Min Typ WMax [Min Typ Max [Min Typ Max units
Input Offset Voltage (Note 8) Ty = 25°C 2 5 2 7 2 7 my
input Bias Current lingey OF ling-ys Ve = OV, 45 150 45 250 45 250 oA
{Note 9) , Ta = 25°C
Input Offset Current By ©F lig=yr Vou = OV, 3 30 5 50 § 50 nA
Ta = 25°C
Input Common-Mode Vo= 30V, (LM2802, V' = 268V}, ] V'-1.5 0 v-1.5 g V1.5 A
Veltage Range (Note 10) Ty = 25°C
Supply Current Ovét Full Temperature Range
Ry = * On All Op Amps mA
V' o= 30V (LM2902 V' = 26V) 1.8 3 1.5 3 1.5 3
V¥ o= BV 0.7 1.2 2.7 1.2 0.7 1.2
Large Signal V= 15V, Ry > 2k, 50 100 25 100 25 100 VimV
Voltage Gain (Vo = 1V 1o 11V), Ty = 25°C
Common-Mode DC, Vey = OV 1o V7 — 1.5V, 70 85 65 85 50 70 dB
Rejection Ratio Ta =25°C
Power Supply V¥ = 5V o 30V
Rejection Ratlo (LM2902, V' = B to 28V), 65 100 65 100 50 100 o8
www.national.com 4




Electrical Characteristics (continued)
V' = +80V, (Note 7), unless otherwise stated

LM124/LM224 LM324 LM2802
Paramater Conditions Units
#WMin Typ Max Min Typ Max [Min Typ Max
Ta = 25C
Amplifier-to-Amplifier f=1kHzto 20kHz, T4 = 25'C 420 -120 ~120 dB
Coupling (Note 11} {inpul Referred)
Oulput Current Source | V" =1V, Vi~ = 0V, 20 4o 20 40 20 40
Vo= 15V, Vg = 2V, Ta=25C mA
Sink V™ = WV, vt = 0V, 10 20 10 20 10 20
V' = 18V, Vg = 2V, T, = 25°C
Vie™ = 1V, Viy* = 0V, 12 50 12 50 12 50 A
V= 45V, Vg =200 mV, Ty = 25°C
Short Circult to Ground {Note 5} V* = 15V, T = 25°C 40 60 40 60 40 §0 mA
Input Offset Voltage {Note 8) 7 ] 10 mv
Vos Drift Rg = 00 7 7 7 BVYFrC
Input Offset Current ‘!N(é) - ‘IN(*—). Vow = OV 100 150 45 200 nA
los Drift Rg = 002 10 10 10 pASC
nput Bias Current litgge OF Ting-y 40 300 40 500 40 500 nA
input Common-hMode V* o= 430V 0 vz | ¢ vt-2 | ¢ vtz v
Voltage Range (Note 10} (LM2802, V" = 26V)
Large Signal V' o= #15V (VpSwing = 1V o 11V)
Voltage Gain Riz2kn 25 15 15 VimV
Output Voliage | Vou V= 30V R =2k 26 26 22 %
Swing {LM2802, v* = 26V) Ry =10 k2 27 28 27 28 23 24
Vo V=5V, Ry = 10 kQ 5 20 5 20 5 100 mv
Qutput Current Source | Vg = 2V Vit = +1V, 10 20 10 20 0 20
Wy mA
Sink Vin~ = +1V, 5 8 5 8 5 8
W
Hate 4: For operating et high tamp . the LM324/LM324A/LM2902 must be derated based on 8 +125°C maximum junction temperature and a thermal resis-

tance of 88"CYW which applies for the device soldered in & printed circuit board, operating in a still air ambient. The LM224/LM224A angd LM 124/1.M124A can be de-
rated based on a +150°C maximum junction tempermture. The dissipation is the total of 8Y four amplifiers —use external resistors, where possible. 1o allow the am-
plifier to saturale of to reduce the power which s dissipated In the integrated circuit,

Mote 5 Short circuits from the output to V* can cause excessive heating and eventual destruction. When considering short ciruits 1o ground, the maximum output
current is approximately 40 mA independent of the magnitude of V', At values of supply voltege in excess of +15V, confinuous short-circuils can exceed the power
dissipation ratings and cause eventual destruction, Destructive dissipation can result from simultaneous shorts on all amplifiers.

Hote & This input currant will only exist when the voltage at any of the input leads is driven negative. itis due to the collector-base junction of the input PNP tran-
sislors becoming forward bissed end thereby acling as input dinde clamps. In addition to this diode aclion, there is also lateral NPN parasitic transistor action on the
IC chip. This transistor adlion can cause the output voltagas of the op amps to go to the V'voliage level {or to ground for a large overdrive) for the time duration that
an input i5 driven negative. This is not desteuctive and normal output states will re-establish when the input voltage, which was negative, again retums to a vafue
greater than ~0.3V (8t 25°C).

Note 7: These specifications are limited to-55°C €Ty < +125°C for the LM124LM124A. With the LiM224/LM224A, all temperature specifications are limited to ~25°C
£ Ta € +85°C, the LM324/LM3I24A temperature specifications are limited 1o 0°C € Ty, € +70°C, and the LM2902 specifications are limited to ~40°C £ Ty < +85°C,
Hote 8: Vi = 1.4V, Rg = 00 with V* from 5V to 30V: and over the full input common-mode range (0V to V* - 1.5V) for L2802, v* from 5V to 28V,

Mote §: The direction of the input current is out of the IC due to the PNP input stage. This current is essentially constant, independent of the slate of the culput so
no loading change exists on the input flines,

Hate 40: The Input common-mode voltage of either input signal voltage should not be allowed 1o go negative by more than 0.3V {8t 28°C). The upper end of the
common-mode voliage range is V' - 1.5V {al 25°C}, but either or both inputs can go ta +32V without damage {+26V for LM2802), independent of the magnitude of
vt

Note 14: Due to proximity of extemal components, insure thet coupling is not originating vis stray capscitance between these axtemal pants. This typically can be
detacted as this type of capachance increases at higher frequencies.

Note 12: Refer to RETS124AX for LM124A military specifications and refer to RETS124X for LM124 military specifications.
Note 13 Human body model, 1.5 ki in series with 100 pF.
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LM124/LM224/LM324/LM2802

Input Voltage Range
15 >
B
i)
N
tad
8o
= /
z HEGATIVE
>
o
B POSITIVE
z 5
[ /
>3 /
R
o 5 12 15
V' OR V7 - POWER SUPPLY VOLTAGE {£Vy)
DSH02e-34
Supply Current
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» 3 - - M
o
5L
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w1k
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3 = .
5 i
= b 1y = 8O0 G 432500
¢ = -350¢
o T R
8 19 20 30
v¥ o~ SURPLY VOLTESE (V)
DS0USING-28

Open Loop Frequency

Typical Performance Characteristics

Input Current

20
You = 0 Vg
80
£ 7
s
£ v o= +30 Vg
[ -1}
g L
g 50 N H 1 H
= . -
S 40 Y = +15 Voo
o
5 30
z 4
©o20 Vo= 45 v
_m.
10 [
o

~55-35 =15 5 25 45 B5 85 105125
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DEO0U2E9-38
Voltage Gain
160 ] l
g . R, = 20k
z e
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&
“ R = 2k0
I 8o L
e
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g
H
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Common Mode Rejection
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Typical Performance Characteristics (continueq)

Voltage Follower Pulse
Response
d T H
— R = 2.0%
52 3 v
£ / LR FRAT
5 & 2
X \
o
&8 t 7
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% et 2
R 43
[ 1
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=5 —
[ 0 20 30 40
t - TIME {us)
Ds00E208-40
Large Signal Frequency
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O500529042

Qutput Characteristics

Current Sinking
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o
£
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= e
[
e
[
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&
oy 0.1
< ¥ 3
f .73 \;0
&
° Fis e
= o T
0.01 A T2 28 4l
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DE00D298-44

Voltage Follower Pulse
Response (Small Signal)
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T 450 o
w D 50 pF
£ 00— LR
= INPUT
& 350 ! 1
5 \smpuw
o
H
300
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250 be
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Output Characteristics
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LM124/1L M224/LM324/LM2902

Typical Performance Characteristics (continued)

input Current {(LM2902 only)

100
!

2
= 7
—
-
St
&
= 50
L2
5 prd
&, Lo
S T, =4259C
T 25 et RIS
: |

. .

0 10 20 30

¥ - SUPPLY VOLTAGE (V)
OE008200-46

Application Hints

The LM124 series are op amps which operate with only a
single power supply vollage, have true-differential inputs,
and remain in the linear mode with an input common-mode
voltage of 0 V.. These amplifiers operate over a wide range
of power supply voltage with litle change in performance
characteristics. At 25°C amplifier operation is possible down
to a minimum supply vollage of 2.3 V..

The pinouts of the package have been designed to simplify
PC board layouls. Inverting inputs are adjacent to outputs for
all of the amplifiers and the outputs have also been placed at
the comers of the package {pins 1, 7, 8, and 14).

Precautions should be taken to insure that the power supply
for the integraled circuit never becomes reversed in polarity
or that the unit is not inadverlently installed backwards in a
tes! socket as an unlimited current surge through the result-
ing forward diode within 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 V* without damaging the device. Protection
should be provided fo prevent the input vollages from going
negative more than —0.3 Ve (8t 25°C). Aninput clamp diode
with a resistor to the IC input terminal can be used.

To reduce the power supply drain, the amplifiers have a
class A output stage for small signal levels which converis to
ctass B in a large signal mode. This allows the amplifiers to
both source and sink large oufput currents. Therefore both
NPN and PNP external current boost fransistors can be used
o extend the power capability of the basic amplifiers. The
oulput voliage needs lo raise approximately 1 diode drop
above ground {o bias the on-chip verlical PNP transistor for
output current sinking applications.

For ac applications, where the load is capacitively coupled fo
the output of the amplifier, a resistor should be used, from
the output of the amplifier to ground 1o Increase the class A
bias current and prevent crossover distortion.

Voltage Galin (LM2302 only)

160 i J
) =20k0
210 it —
g
= Ve R o=2.0ka
O &
Lt
Ejg_ 80
)
£
S
i
& 40
g
=%
0
o 10 20 30

V¥ - SUPPLY YOLTAGE (o)
E009250-47

Where the load is directly coupled, as in dc applications,
there is no crossover distortion.

Capacitive 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 gain connection. Large closed loop gains
or resistive isolation should be used ¥ larger load capaci-
{ance 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 Vi to 30 Vpe.

Cutput shorl 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 curent causing
metal fusing, but rather due to the large increase in 1C chip
dissipation which will cause eventual fallure due fo exces~
sive junction temperatures. Putting direct short-circuits on
more than one amplifier at a ¥me will increase the fotal IC
power dissipation to deslructive levels, if not properly pro-
fected with external dissipation limiting resistors in series
with the output leads of the amplifiers. The larger value of
output source current which is available at 25°C provides a
larger oulput current capability at elevated temperatures
(see typical performance characteristics) than a standard IC
op amp.

The circuits presented in the section on lypical applications
emphasize operation on only a single power supply voltage.
i complementary power supplies are available, all of the
standard op amp circuits can be used. In general, introduc-
ing & pseudo-ground {a bias voltage reference of V*/2) will
allow operation above and below this value in single power
supply systems. Many application circuits are shown which
take advantage of the wide input common-mode vollage
range which includes ground. In most cases, input biasing is
not required and input voltages which range to ground can
easily be accommodated.
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Typical Single-Supply Applications v = 50 v,

Non-Inverting DC Gain (0V Input = 0V Output)

*R not needed due to temperature independent ky

DE Summing Amplifier
(Vins 2 0 Vi and Vi 2 Vo)

4]
190k

Where: Vi = Vy + Vo = Vg = Vy
{Vy + Vo) 2 (V3 + V) to keep Vg 0 Ve

DS e0-E

+BY erevvenen ey spvponin | sy Aot
&
-
o
(=1
-
35
GAIN= 14 2
A1
= 101 {AS SHOWN)
a Vi tmV)
s 2
Power Amplifier
A1
910k

Vg = 0 Vg for Vi = 0 Ve
Ay = 10
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LM124/LM224/LM324/1. 02802

LED Driver

Fixed Current Sources

l

fo = 1khz
Q=50
Aog = 100 (40 dB)

DEOOI69-10

Typical Single-Supply Applications (v = 50 V) (Continued)

“BLOUAD” RC Active Bandpass Filter

a1
100

Al

174LMI244

HE

Lamp Driver

3
100k 1B:F T

DS0DU20T-11

D5H09299-9

www.national. com
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Typical Single-Supply Applications

Current Monitor

RI* i
8.1 -
Y
Ry
1/8 L1244 -
Vo
R3
1%
500020842
)
O TIa
Ve w V-2V

*({Increase R1 for I small)

Voltage Follower

O Vo

¥ O

DSO05209-14

V" = 5.0 V) (Continued)

Driving TTL

Yo

_1/4 DMBAXX

-
-

(R005299-93

Pulse Generator

1N914

0.081uF

1/4 L1284

DSULa2Es-18
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Typical Single-Supply Applications v = 50 vyg) (Continued)

Squarewave Oscillator Pulse Generator

R1
20k ne4

A1
100k

[
Q.001,F

i

150k Vo

LM124/LM224/1LM324/LM2902

v+

A
e

DS008295-16

DS0S28947

Wi 0y ! l'o

LSe0929%-18

g = 1 ampfvalt Vi
{increase Rg for I, small}

www national.com 12




Typical Single-Supply Applications (v = 50 v,) (Continued)

Low Drift Peak Detector

Vi O

7" 7 IPOLYCARSONATE OR l ’
W POLYETHYLENE) = 2N920>

*hig AT 10008
HIGH 7
LOW Zgy1 ‘
Ze i
AUX AMP
B INPUT CUARENT
m COMPENSATION
DS00e299-18
Comparator with Hysteresis Ground Referencing a Differential Input Signal
!
! 8t
™M
4 O Vo
Va
500920520 - a4
]
Ver A"
D850209-21
VQ = VR
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Typical Single-Supply Applications (v = 50 v,e) (Continued)

Voltage Controlled Oscillator Circuit

et O

LM124/LM224/LM324/LM2902

O OUTPUT

2 Az
-1 /\/\/
e L 4
O DUTPUT 2
\1 11113
I Wy
D5005209-22

“Wide control voltage range: 0 Vg S Vg £ 2 {V' -1.5 Vpe)

Photo Voltaic-Cell Amplifier

Ri
L]

AAY

fepie l
{CELL HAS OV
ACROSS 1T}

Vo

DISD0R08-28

Wk

DENOS209-24

By
Ay = a—}-(As shown, Ay — 10}
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Typical Single-Supply Applications (v = 50 V) (Continued)

AC Coupled Non-inverting Amplifier

a1 Rz
100k m
A

DS000209-25
A2
Ay =t + 'é?
Ay — 11 (As shown)
DC Coupled Low-Pass RC Active Filter
C
0.01uF
V!N
14 LM1244 Vo
Vo
1—
i} fo
- DSuRe-26
fo = 1 ki
Q=
A\; =2

o -

18
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Typical Single-Supply Applications v = 5.0 Voo) (Continued)

High lnput Z, DC Differential Amplifier

R2
101k

LM124/L.M224/L.M324/LM2902

DSH0REG-27

R1 R4
For ] - = {CMBR depends on this resistor ralio matchy

R4
Vo = 1+ e Vg~V
© RS{Z 1)

As shown: Vg ~ 2(Vp ~ Yy}

High Input £ Adjustable-Gain
DC Instrumentation Amplifier
A1
190k
AAL

+¥ ¢ (oo

GAIN AQJUST

Vo

W O

DEO08299-28

#51 ~ R5E&R3 = R4 = RE = R7 (CMAR depends on match})
211
R R i L
Vo i V2~ Vb

As shown Vo = 101 (Vp ~ V4)
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Typical Single-Supply Applications

Using Symmetrical Amplifiers to
Reduce Input Current (General Concept)

(V" = 80 V) (Continued)

Bridge Current Amplifier

Fira e 144 LM1244 Vo
- [ P
Wiy +
N
¥
21973
*hi B AT 50 vh 0.001:.F
18 DE60E206-30
B

l 2R Fors << tandRi>»>AR

ta — I - 5 &
174 LI1248 Vo T Vaer {3 ) 7
P AUX AMP
§
1,5:; # INPUT CURRENT
COMPENSATION
DSOHE09.28
Bandpass Adtive Filter
[
0.01F
Vi
/4 LM128A '
a3 <
520k
<&
3 #7 A8
10uF T 100k 100k
- - e
DSO08208-3

o= 1 kHz
Q=28

17
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LM124/1.M224/1L M324/L.M2902

Physical Dimensions incn

gs (millimeters) unless otherwise noted

0.785

{1383}
MAX
] 5} [E) (o (3] [ (5]

§.028

ﬁjlﬁﬁu)‘\\\)
RAD

Wll??f!—ﬂ.:lm
(5.588-7.874}

bbb iaie) (el iel o]

NS Package Number M14A

$.200-0.328 8005 0.200
(7.366-8.128) ﬁﬂg& 2;:'} FLA‘&S 1.060 0.005 {5088}
B —--— o
| 3”‘;“’“ {1624 20127} MAX g 620-0.060
L s e e —— {0.508~1.528)
s
f /l 85" 45 86°34° TYP g
167 MAX 0.008-0.012
Sao-0410 m‘m':(';:f’ L 0.018 +0.083 " Nes 1200
(1.874~10.41) . rrrrprrcroiy | et
2k {0.457 0.076) 3.175-5.080)
MAX BOTH ENDS - 5.100 10.610 g.150
(2.540 0.266} m
fith JU4A JHEV &
Ceramic Dual-in-Line Package (J}
Order Number JL124ABCA, JL124BCA, JL124ASCA, JL1245CA, LM124J,
LM124AJ, LM124AJ/883, LIM124.0/883, LM224J, LM224AJ or LM324J
NS Package Number J14A
0.335-0 348
[ {6.509 8 738} !
4 13 12 1t g 8
o ff H ﬁ
0.228~0.244 .
(5781 —6.108) | .,
j 2 N
¥ /,(’" /,/ .
LEAD N, 1 . o
BENT ¥ B ﬁ H H 5 tji;_wi \
1 2 3 4 & & 7 *
L)
0.254)
0.150-0.157
™ EEweoaae |
0.010-2.020 .03 - 0069
TS h e X [ (1,395 —1.753)
{8.254-0.508) k 8" WAX TYP 0.008 —0.010
ALL LEADS . s [0.182-0.754)
L_——-,Jf SEATING i S ) __i
1 PLANE f § f
0.008-0.040 S0 e k } [ 0.014 0.0
¥y T ‘.J 8.015-0,050 a6 ooyl e e s
TYP ALL LEADS 2.004 0.485—1.270) It 0,008 . .
[ERLH] TYP ALL LEADS {0,205 o
ALL LEAD TIPS HOLE RV
MX 8.0, Package (M)

Order Number LM324M, LM324MY, LM324AM, LM324AMX, LM2802M or LM2802MX
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Physical Dimensions inches {millimeters) unless otherwise noled (Continued)
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I 1.016
(3.255* )
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Molded Dualin-Line Package (N)
Order Number LM324N, LM324AN or LM2902N
NS Package Number N14A

0.080 ,
e < 5.050 ot (3,385 WAN ]

0.045
- 0.050 £0.005 ~p - 0.005 MIN TYP
0.026 e 1

e 14 11 Te
! 0,370
I 0.250
0.280 MAX D 0.260
GLASS 0.235
0.612
J J:- y T 0.008
JJ- DETAIL A
DETAIL A 0.370
0.256
PiN #1
JDENT J
1 7

0.005 ]l 0.019 yyp ol |o- be- 0,045 MAX ¥143 (REV )

0.004 0.015
e e

J

Ceramic Flatpak Package
Order Number JL124ABDA, JL124ABZA, JL124A8DA, JL124BDA, JL124BZA,
JL1Z4SDA, LM124AW/883, LM124AWG/883, LM124W/E82 or LM124WG/883
NS Package Number Wi4B
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P hysical Dimensions inches {millimeters) unless otherwise noted {Continued)
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SEE DETAIL A
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]
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GAGE PLANE
[=Ta

i'—- 0.25
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i«—-——-»-— 0.6 £ 0.1

DETAIL &
TYPICAL, SCALE: 40X

el e 318~ (.30 TYP

RERIC R ECIEO)

DIMENSIONS ARE [N MILLIMETERS

WTs (FFY 1)

14-Pin TSSOP
Order Numberl M324MT or LM324MTX
NS Package Number MTC14

LM124/LM224/L M324/LM2902 Low Power Quad Operational Amplifiers

LIFE SUPPORT POLICY

. NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT AND GENERAL
COUNSEL OF NATIONAL SEMICONDUCTOR CORPORATION. As used herein:

1. Life support devices or systems are devices or
systems which, {a) are intended for surgical implant
into the body, or {b} support or sustain life, and
whose failure to perform when properly used in
accordance with instructions for use provided in the
labeling, can be reasonably expected to result in a

2. A critical component is any component of a life
support device or system whose failure to perform
can be reasonably expected to cause the failure of
the life support device or system, or to affect ils
safely or effectiveness.

significant injury to the user.
Hational Semiconductor
Corporation
Amaericas
Teb 1-800-272-89959

Fax: 1-800-737-7018

Email: support@nsc.com

Mational Ssmiconductor
Europe
Fax: +4% {(0) 180-330 85 86
Emalt: eurape support@nsc.com
Dautsch Tah +49 (0} 60 9508 6208
Englich Tel +44 (0) 870 24 0 2171

Mational Semiconductor
Asia Pacific Customer
Response Group

Tol: 65-2544466

Fax: 65-2504468

Email: ap.support@nsc.com

#ational Semiconductor
Japan Lid.

Tel: 81-3-5633-7560
Fax: 81-3-5830-7507

www.nationaloom Frangals Tel 433 (0) 141918780

Nationa! doas not assume any raspansibitty for use of any ciroultry described, ne circult patent licenses ane implisd and Nationsl reserves the right at any Ume without aotice lo change seld circultry and spectfications.






