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Vector Presentation of Sinusoidal |, weuuw lgz g J5b 6,10 p o led

Waveforms
Foal
) N
_I;'_,;'“’ U “ren
b
FiNe: ¢ 7T
e <} B =
= %
b= —

Complex notation for a 2-dimentional vector
, b=|F|Sin6, |F]=ya?+b?, O=tan* (%) a=|F| Cosé

, Cos@+jSingd=e", F=|F|e’, O=wt+p, F=|F|(Cosd+ jSino)

0=2rft+o

Sinusoidal Waveform sum of contra-rotating vectors
ACos (27 ft+o) A Cosé =§(ej‘9+e‘j‘9)
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Qave =Q =Vims lrms Sing

Save =35 :Vrms Irms

% Author:

39 slkego JSb oy Iy o B M

% elecmesln.m

% Version: 3.0

% Description: Single-Phase Power

% Revision: 2.0
Hossein Tabatabaei-Yazdi

% Univ. of Ferdowsi
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% Created: 23/1/1381

clf

% Parameter values:

sq2=sqrt(2);
Vm=sq2*220;
Im=sq2*10;
% 30 degree c=pi/6;
%30 degree phase angle fi=c;
%2*pi*f w=2*pi*50.;

t=0:.0001:.02;

Vao=Vm™*sin(w*t);
Voo=0.0*sin(w*t);
loo=0.0*sin(w*t);

Poo=0.0*sin(w*t);

plot(t,Vao,'-k',t,Voo,'k’,'LineWidth',2)
title('Vao')

xlabel(' time sec.')
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ylabel(' Amplitude Volt.")

pause

la=Im*sin(w*t-fi);
plot(t,la,'-k',t,l00,'-k','LineWidth',2)
title('la')

xlabel(' time sec.")

ylabel(' Amplitude Amp.")

pause

plot(t,Vao.*1a,'-k',t,Poo,'k','LineWidth',2)
title('Pt=Vao*la')

xlabel(' time sec.")

ylabel(' Amplitude VA')

pause

plot(t,Vao.*1a,'-k',t,Poo,'k’,t,10*Vao,'-k',t,Voo,'k',t,50*Ia, -
k','LineWidth',2)

title('Pt=Vao*la, Vao, Ia')
xlabel(' time sec.")
ylabel(' Amplitude VA')

clear
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% elecmeslin.m

% Version: 2.0
% Description: Three-Phase Power
% Revision: 2.0
% Author:  Hossein Tabatabaei-Yazdi
% univ. of Ferdowsi

% Created: 23/1/1381

clf

% Parameter values:

sq3=sqrt(3);

sq2=sqrt(2);

Vm=sq2*220;

Im=sq2*10;

% 30 degree c=pi/6;
%120 degree  a=4%*c;

% 0 and 30 degree phase angle fi=c;

d=sq3/3;

d2=2*d;
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t=0:.0001:.02;

Vao=Vm*sin(w*t);
Vbo=Vm*sin(w*t-a);

Vco=Vm*sin(w*t+a);

Vo00=0.0*sin(w*t);
loo=0.0*sin(w*t);

Poo=0.0*sin(w*t);

plot(t,Vao,'-k',t,Vbo,'-k',t,Vco,'-k',t,Vao+Vbo+Vco,'-k','LineWidth',2)
title('Vao, Vbo, Vco, Vao+Vbo+Vco')

xlabel(' time sec.")

ylabel(' Amplitude Volt.")

pause

plot(t,Vao-Vbo,'-k',t,Vbo-Vco,'-k',t,Vco-Vao,'-k',t,Voo,'-
k','LineWidth',2)

title('Vab=Vao-Vbo, Vbc=Vbo-Vco, Vca=Vco-Vao')
xlabel(' time sec.')

ylabel(' Amplitude Volt.")
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pause

la=Im*sin(w*t-fi);

Ib=Im*sin(w*t-a-fi);

lc=Im*sin(w*t+a-fi);
plot(t,la,'-k',t,Ib,"-k',t,Ic,'-k',t,la+Ib+Ic,'-k','LineWidth',2)
title('la, b, Ic  la+lb+Ic')

xlabel(' time sec.')

ylabel(' Amplitude Amp.")

pause

plot(t,la-Ib,'-k',t,Ib-Ic,'-k',t,Ic-la,'-k',t,100,'k",'LineWidth',2)
title('lal=la-lb, Ibl=lb-Ic, Icl=Ic-la, lal+Ibl+Icl')

xlabel(' time sec.")

ylabel(' Amplitude Amp.")

pause

plot(t,Vao.*la,'-k',t,Vbo.*Ib,'-k',t,Vco.*Ic,'-
k',t,Vao.*la+Vbo.*Ib+Vco.*Ic,'-k',t,Poo,'k’,'LineWidth',2)

title('Pta=Vao*la, Ptb=Vbo*Ib, Ptc=Vco*Ic, Pt-total=Pta+Ptb+Ptc')
xlabel(' time sec.')

ylabel(' Amplitude VA')
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Dissipation Factor

of an insulating material is the tangent =tans The Dissipation Factor
of the phase displacement angle by which the phase displacement

between the current and the voltage in the condenser differs from

, When the dielectric of the capacitor consists exclusively of the %

insulating material in question.

( PP 170 Electrical Engineering Handbook Siemens )

3Ll oledb

AC bridge circuits

As we saw with DC measurement circuits, the circuit configuration known
as a bridge can be a very useful way to measure unknown values of
resistance. This is true with AC as well, and we can apply the very same
principle to the accurate measurement of unknown impedances.

To review, the bridge circuit works as a pair of two-component voltage
dividers connected across the same source voltage, with a null-detector
meter movement connected between them to indicate a condition of
"balance" at zero volts:




Any one of the four resistors in the above bridge can be the resistor of
unknown value, and its value can be determined by a ratio of the other
three, which are "calibrated," or whose resistances are known to a
precise degree. When the bridge is in a balanced condition (zero voltage
as indicated by the null detector), the ratio works out to be this:

In a condition of balance:

R R,

R, R,

One of the advantages of using a bridge circuit to measure resistance is
that the voltage of the power source is irrelevant. Practically speaking,
the higher the supply voltage, the easier it is to detect a condition of
imbalance between the four resistors with the null detector, and thus the
more sensitive it will be. A greater supply voltage leads to the possibility
of increased measurement precision. However, there will be no
fundamental error introduced as a result of a lesser or greater power
supply voltage unlike other types of resistance measurement schemes.

Impedance bridges work the same, only the balance equation is with
complex quantities, as both magnitude and phase across the components
of the two dividers must be equal in order for the null detector to indicate
"zero." The null detector, of course, must be a device capable of detecting
very small AC voltages. An oscilloscope is often used for this, although
very sensitive electromechanical meter movements and even
headphones (small speakers) may be used if the source frequency is
within audio range.

One way to maximize the effectiveness of audio headphones as a null
detector is to connect them to the signal source through an impedance-
matching transformer. Headphone speakers are typically low-impedance
units (8 Q), requiring substantial current to drive, and so a step-down
transformer helps "match" low-current signals to the impedance of the
headphone speakers. An audio output transformer works well for this
purpose:

Using a pair of headphones that completely surround the ears (the
"closed-cup" type), I've been able to detect currents of less than 0.1 pA
with this simple detector circuit. Roughly equal performance was
obtained using two different step-down transformers: a small power
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transformer (120/6 volt ratio), and an audio output transformer (1000:8
ohm impedance ratio). With the pushbutton switch in place to interrupt
current, this circuit is usable for detecting signals from DC to over 2 MHz:
even if the frequency is far above or below the audio range, a "click" will
be heard from the headphones each time the switch is pressed and
released.

Null detector for AC bridge

Press button made from audio headphones

To test

l, Headphones

Headphones

Listening to the headphones as one or more of the resistor "arms" of the
bridge is adjusted, a condition of balance will be realized when the
headphones fail to produce "clicks" (or tones, if the bridge's power source
frequency is within audio range) as the switch is actuated.

When describing general AC bridges, where impedances and not just
resistances must be in proper ratio for balance, it is sometimes helpful to
draw the respective bridge legs in the form of box-shaped components,
each one with a certain impedance:

For this general form of AC bridge to balance, the impedance ratios of
each branch must be equal:

Zy 25

z, Z,
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Again, it must be stressed that the impedance quantities in the above
equation must be complex, accounting for both magnitude and phase
angle. It is insufficient that the impedance magnitudes alone be balanced;
without phase angles in balance as well, there will still be voltage across
the terminals of the null detector and the bridge will not be balanced.

Bridge circuits can be constructed to measure just about any device value
desired, be it capacitance, inductance, resistance, or even "Q." As always
in bridge measurement circuits, the unknown quantity is always
"balanced" against a known standard, obtained from a high-quality,
calibrated component that can be adjusted in value until the null detector
device indicates a condition of balance. Depending on how the bridge is
set up, the unknown component's value may be determined directly from
the setting of the calibrated standard, or derived from that standard
through a mathematical formula.

General impedance bridge

® /® >

O
By 8

A box with a "Z" written
inside is the symbaol for
any nonspecilic impedance.

A couple of simple bridge circuits are shown below, one for inductance
and one for capacitance:

_unknown
inductance

standard
inductance




unknown
capacitance

standard
capacitance

C, s

@ ()

Simple "symmetrical" bridges such as these are so named because they
exhibit symmetry (mirror-image similarity) from left to right. The two
bridge circuits shown above are balanced by adjusting the calibrated
reactive component (Ls or Cs). They are a bit simplified from their real-life
counterparts, as practical symmetrical bridge circuits often have a
calibrated, variable resistor in series or parallel with the reactive
component to balance out stray resistance in the unknown component.
But, in the hypothetical world of perfect components, these simple bridge
circuits do just fine to illustrate the basic concept.

An example of a little extra complexity added to compensate for real-
world effects can be found in the so-called Wien bridge, which uses a
parallel capacitor-resistor standard impedance to balance out an
unknown series capacitor-resistor combination. All capacitors have some
amount of internal resistance, be it literal or equivalent (in the form of
dielectric heating losses) which tend to spoil their otherwise perfectly
reactive natures. This internal resistance may be of interest to measure,
and so the Wien bridge attempts to do so by providing a balancing
impedance that isn't "pure" either:

The Wien bridge




Being that there are two standard components to be adjusted (a resistor
and a capacitor) this bridge will take a little more time to balance than the
others we've seen so far. The combined effect of Rs and C; is to alter the
magnitude and phase angle until the bridge achieves a condition of
balance. Once that balance is achieved, the settings of Rs and Cs can be
read from their calibrated knobs, the parallel impedance of the two
determined mathematically, and the unknown capacitance and resistance
determined mathematically from the balance equation (Z1/Z, = Z5/Z.).

The Maxwell-Wien bridge

It is assumed in the operation of the Wien bridge that the standard
capacitor has negligible internal resistance, or at least that resistance is
already known so that it can be factored into the balance equation. Wien
bridges are useful for determining the values of "lossy" capacitor designs
like electrolytics, where the internal resistance is relatively high. They are
also used as frequency meters, because the balance of the bridge is
frequency-dependent. When used in this fashion, the capacitors are
made fixed (and usually of equal value) and the top two resistors are
made variable and are adjusted by means of the same knob.

An interesting variation on this theme is found in the next bridge circuit,
used to precisely measure inductances.

This ingenious bridge circuit is known as the Maxwell-Wien bridge
(sometimes known plainly as the Maxwell bridge), and is used to measure
unknown inductances in terms of calibrated resistance and capacitance.
Calibration-grade inductors are more difficult to manufacture than
capacitors of similar precision, and so the use of a simple "symmetrical”
inductance bridge is not always practical. Because the phase shifts of
inductors and capacitors are exactly opposite each other, a capacitive
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impedance can balance out an inductive impedance if they are located in
opposite legs of a bridge, as they are here.

Another advantage of using a Maxwell bridge to measure inductance
rather than a symmetrical inductance bridge is the elimination of
measurement error due to mutual inductance between two inductors.
Magnetic fields can be difficult to shield, and even a small amount of
coupling between coils in a bridge can introduce substantial errors in
certain conditions. With no second inductor to react with in the Maxwell
bridge, this problem is eliminated.

For easiest operation, the standard capacitor (Cs) and the resistor in
parallel with it (Rs) are made variable, and both must be adjusted to
achieve balance. However, the bridge can be made to work if the
capacitor is fixed (non-variable) and more than one resistor made variable
(at least the resistor in parallel with the capacitor, and one of the other
two). However, in the latter configuration it takes more trial-and-error
adjustment to achieve balance, as the different variable resistors interact
in balancing magnitude and phase.

Unlike the plain Wien bridge, the balance of the Maxwell-Wien bridge is
independent of source frequency, and in some cases this bridge can be
made to balance in the presence of mixed frequencies from the AC
voltage source, the limiting factor being the inductor's stability over a
wide frequency range.

There are more variations beyond these designs, but a full discussion is
not warranted here. General-purpose impedance bridge circuits are
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manufactured which can be switched into more than one configuration
for maximum flexibility of use.

A potential problem in sensitive AC bridge circuits is that of stray
capacitance between either end of the null detector unit and ground
(earth) potential. Because capacitances can "conduct" alternating current
by charging and discharging, they form stray current paths to the AC
voltage source which may affect bridge balance:

The problem is worsened if the AC voltage source is firmly grounded at
one end, the total stray impedance for leakage currents made far less and
any leakage currents through these stray capacitances made greater as a
result:

One way of greatly reducing this effect is to keep the null detector at
ground potential, so there will be no AC voltage between it and the
ground, and thus no current through stray capacitances. However,
directly connecting the null detector to ground is not an option, as it
would create a direct current path for stray currents, which would be
worse than any capacitive path. Instead, a special voltage divider circuit
called a Wagner ground or Wagner earth may be used to maintain the
null detector at ground potential without the need for a direct connection
to the null detector.




C T —_ earth

stray

Cc. T

stray

The Wagner earth circuit is nothing more than a voltage divider, designed
to have the voltage ratio and phase shift as each side of the bridge.
Because the midpoint of the Wagner divider is directly grounded, any
other divider circuit (including either side of the bridge) having the same
voltage proportions and phases as the Wagner divider, and powered by
the same AC voltage source, will be at ground potential as well. Thus, the
Wagner earth divider forces the null detector to be at ground potential,
without a direct connection between the detector and ground.

There is often a provision made in the null detector connection to confirm
proper setting of the Wagner earth divider circuit: a two-position switch,
so that one end of the null detector may be connected to either the
bridge or the Wagner earth. When the null detector registers zero signal
in both switch positions, the bridge is not only guaranteed to be
balanced, but the null detector is also guaranteed to be at zero potential
with respect to ground, thus eliminating any errors due to leakage
currents through stray detector-to-ground capacitances:




— stray

REVIEW:

AC bridge circuits work on the same basic principle as DC bridge
circuits: that a balanced ratio of impedances (rather than
resistances) will result in a "balanced" condition as indicated by the
null-detector device.

Null detectors for AC bridges may be sensitive electromechanical
meter movements, oscilloscopes (CRT's), headphones (amplified or
unamplified), or any other device capable of registering very small
AC voltage levels. Like DC null detectors, its only required point of
calibration accuracy is at zero.

AC bridge circuits can be of the "symmetrical" type where an
unknown impedance is balanced by a standard impedance of similar
type on the same side (top or bottom) of the bridge. Or, they can be
"nonsymmetrical," using parallel impedances to balance series
impedances, or even capacitances balancing out inductances.

AC bridge circuits often have more than one adjustment, since both
impedance magnitude and phase angle must be properly matched
to balance.

Some impedance bridge circuits are frequency-sensitive while
others are not. The frequency-sensitive types may be used as
frequency measurement devices if all component values are
accurately known.
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« A Wagner earth or Wagner ground is a voltage divider circuit added
to AC bridges to help reduce errors due to stray capacitance
coupling the null detector to ground.

So far the transducers discussed have all been of the inductive variety.
However, it is possible to make transducers which operate on variable
capacitance as well, AC being used to sense the change in capacitance
and generate a variable output voltage.

Remember that the capacitance between two conductive surfaces varies
with three major factors: the overlapping area of those two surfaces, the
distance between them, and the dielectric constant of the material in
between the surfaces. If two out of three of these variables can be fixed
(stabilized) and the third allowed to vary, then any measurement of
capacitance between the surfaces will be solely indicative of changes in
that third variable.

Medical researchers have long made use of capacitive sensing to detect
physiological changes in living bodies. As early as 1907, a German
researcher named H. Cremer placed two metal plates on either side of a
beating frog heart and measured the capacitance changes resulting from
the heart alternately filling and emptying itself of blood. Similar
measurements have been performed on human beings with metal plates
placed on the chest and back, recording respiratory and cardiac action by
means of capacitance changes. For more precise capacitive
measurements of organ activity, metal probes have been inserted into
organs (especially the heart) on the tips of catheter tubes, capacitance
being measured between the metal probe and the body of the subject.
With a sufficiently high AC excitation frequency and sensitive enough
voltage detector, not just the pumping action but also the sounds of the
active heart may be readily interpreted.

Like inductive transducers, capacitive transducers can also be made to be
self-contained units, unlike the direct physiological examples described
above. Some transducers work by making one of the capacitor plates
movable, either in such a way as to vary the overlapping area or the
distance between the plates. Other transducers work by moving a
dielectric material in and out between two fixed plates:
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capacitance changes with capacitance changes with
changes in plate overlap changes in distance

el >

capacitance changes with
changes in dielectric

Transducers with greater sensitivity and immunity to changes in other
variables can be obtained by way of differential design, much like the
concept behind the LVDT (Linear Variable Differential Transformer). Here
are a few examples of differential capacitive transducers:

Differential capacitive fransducers
- = T

capacitance changes with capacitance changes with
changes in plate overlap changes in distance

capacitance changes with
changes in dielectric

As you can see, all of the differential devices shown in the above
illustration have three wire connections rather than two: one wire for
each of the "end" plates and one for the "common" plate. As the
capacitance between one of the "end" plates and the "common" plate
changes, the capacitance between the other "end" plate and the
"common" plate is such to change in the opposite direction. This kind of
transducer lends itself very well to implementation in a bridge circuit:
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Differential capacitive fransducer
bridge measurement circuit

Fictaral diagram

capacitive
- nsar

Schematic diagram

® AN ®

Capacitive transducers provide relatively small capacitances for a
measurement circuit to operate with, typically in the picofarad range.
Because of this, high power supply frequencies (in the megahertz range!)
are usually required to reduce these capacitive reactances to reasonable
levels. Given the small capacitances provided by typical capacitive
transducers, stray capacitances have the potential of being major sources
of measurement error. Good conductor shielding is essential for reliable
and accurate capacitive transducer circuitry!
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