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ABSTRACT

The thesis presents a thermal wattmeter which
using a2 new matal oxide type of polyconductor (Moxie)
for the sensing elements and which could be incorpor-
ated in a watthour meter for remote reading of on
line energy consumption of a load. The basic feature
of this semlconductor is that its terminal resistance
can‘vary by many orders of magnitude for a small
change in input power during transition, thus accounting
for the high sensitivity of the wattmeter. The sedslng
circuit makes use of the approximate square law:
characteristics of two polyconductors to provide the
necessary multiplicétion of the instantaneous current
and voltage required in wattmeter operation. In order
to correct for ambient temperature fluctuatlions in the
_wattmeter circuit investigated,a novel temperaturé
compensation network is incorporated and which generates
heating pulses with frequency determined by the amblent
temperature. The main dfawback assoclated with the
accuracy'of the experimental meter is due to thé hysteresis
rhenomenon inherent in the polyconductor used and 1s
partially overcome by the manner in which the palr of
polyconductors are used resulting in a uncertainty of

,ﬁ;.o%. Other factors are also 1lnvestigated such as




translent power pulse, step temperature fluctuations

and harmonlc content of the line power.
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CHAPTER I
INTRODUCTION

Many electrical engineers are constantly engaged
in a struggle to improve existing electfical equip-
ment with newly developed devices and novei ideés.

Their efforts have led to ﬁany intriguing develop-

ments in electromagnetic field, control, satellite

and space communication and telemetry technology. In-
spite of these advances it is astonishing to realize
how-eiectric ﬁower is metered in domestic and indust-
rial installations, Current meters require the em- _
ployment of manually recorded readoufs to control and
monitor power flows. In addition, these power re-
cordings serve no value as real time information sources.
Any effort to economically solve this problem will be 6f
great interest to those engaged in power generation, dis-
tribution, and consumer billing industry.

The first universal épplication automatic remote
meter reading and load control system was developed by
the Plésse& Electronics Group (1). The system alters
the existing induction type watthour meter with a mech-
anical to electrical device which changes state after a

"unit" of energy has been consumed, The state of the




device is interrogated regularly, and frequently enough

to count every unit consumed. Louisiana Power and
Light Company have an experimental residential load
control system (2) AMRAC (acronym for automatic meter
reading and control) similiar to the Plessey Group'sysA
tem. Steps are taken in converting to remotely read
metérs but an average annual meter-reading cost qf one
dollar per meter per year is too small a quarry to just-
ify only automatic power meter reading (3), as was the
economic situation fourteen years ago but with time the
economics will overrule the meter man in favour of auto-
matic remote meter reading (18). |

The scope of this thésis%is to investigate the use
of a new device in a power meteriné inétrument. The
new wattmeter in this study was investigated in hopes of
developing a meter which would easily lend itself to re-
mote meter reading applications. In this case, the out-
put of the meter_is to be already in a electrical form
thus not necessitating the use of mechanical to electrical
convertors currently employed. The new device invest-
igated has associated probléms with which original deéigns
and ideas were needed to complete the study. The phil-
osophy employed in this thesis is to utilize a éemicon-
ductor device (Moxie,Metal-Oxide) to sense a portion of

the power’flowing'in the line, In this sehse_it is




similiar to the transformerless and transformer type

thermal wattmeters developed by Hagan (4) and Lincoln
Electric (5) which are discussed in Chapter 3.

The device used is a Moxie, which is a trade name
for a polyconductor (vanadium dioxide, VOZ) film which
“undergoes a change~of several orders of magnitude in
its terminal resistanée for typically a few degrees °C.
change from ambient témperature. The device is none
linear but its terminal résistance vs temperature char-
acteristic can be approximated piecewise to exhibit
three logarithmically linear ranges, the second of which
gives the square law response required in a wattmeter.
The basic characteristics of Moxie devices are discussed
in Chapter 2. | ‘

The ériginal design details incorporated in this
 study-include a novel method of ambieﬁt temperature
fluctuation compensation and utilization of the poly-
conductor in a thermél wéttmeter which are presented in
Chapter 4,

The device has an approximate square law response
which is also found in other thermoelements currently
manufactured, Substitution of this device for the
others mainly stems from the large sensitivity as dis-
cussed in Chapter 3.

To date there has been no other attempt tq employ

Moxies in a thermal wattmeter bﬁt numerous thermal watt-




meters employing conventional thermoelements have been

investigated and‘a brief summary is also presented in
Chapter 3.

The instrument presented in Chapter 4 and results
of which we presented in Chapter 5 is designed and con-
structed by the'adthor in search of a meter which would
solve some of the problems inherent in present meters
and one which unfortunately introduces new problems not
realized with conventional instruments, The problems
related to accuracy and their suggested solutions are
discussed in Chapter 6 and Chapter 7, Some of these
could not be overcome due to the present inadequate
technological state of mahufactured Moxies, The Moxie
devices employed‘wgre far from ideal but nevertheless

were utilized in the testing of the instrument,




CHAPTER 2

TRANSITION METAL POLYCONDUCTORS
2.1 General Characteristics

Transition Metal Polyconductors, more commonly
called Moxies, are solid state devices (see Fig..Z.l)
. which exhibit changes in physical properties due to a phase
change in the polyconductor crystal structure (6). The
physical property which has been exploited is that of re-
sistance, specifically, the resistance of a typical device
which will switch from 200Kf. to 300SL when sﬁbjected to
thermal energy. An ideal terminal resistance vs temp-
erature characteristic is shown in Fig. 2.2. The three
logarithmically iinear regions (pre-transition,'tranéition
post transiﬁion) are clearly illustrated. The region of
most interest is the transition region where a linear re-
lationship is evident. The value Rb is the resistanqe
value before transition and Rc is the value after trans-.
“ition. Tb‘and Tc are the temperatures at whiéh switch-
ing from a low conducfivity state to a high conductivity
state begins and ends respectively. These four values
(RB, Rc; Tb' Tc) can be contrdlled_by commerciai.manufact-

uring processes,
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The power required for switching a Moxie device is

approximately 150 mw (7) when the Moxie chip is the 65°C,
switching temperature type and ambient air is at room
temperature. When the air temperature increases the
input power required decreases as the Moxie is "pushed"
further towards total transition., |
The Moxies are cﬁrrently being'manuféctured with trans-
ition temperatures of 57,65,75,85 and 140°C. The switch-
ing from a low to high conductivity varies from a high speed
"on-off" éction to a slow transition requiring substantially
longer switching time.,  As fhe device returns to low con-
ductivity state (after being switched), it does so by tfac-
ing a hysteresis (temperature lag) as illustrated by the
typical plot of.terminal resistance vs temperature curve
shown in Fig, 2.3, (8). This graph illustrates a high
" speed polyconductor with its transitién from high to low,
or viceversa,urequiring only a few degrees C to complete.
The commefcial fabrication of the device involves
deposition of the pochqnductor, in the form of a thin
film onto a suitable substrate (Fig. 2.4) as sapphire, pro-
tection of the film by means of a passivation layer of
silicon dioxide, the attachment of contacts (Fig. 2.5) and
final packaging in either a hermetically sealed tin header
or ceramic packége. The Seﬁsitivity of such a device to

changes in temperature is dependent on the combined heat
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capacity and thermal conductivity of the film, the sub-
strate, the contact leads and tﬁe mass of the package
with which the substrate is in intimate contact. The
switching speed of the polyconductor is dependent on
heat flow through and heat loss by the various materials
used in mounting andvpackaging the film, Thermal coupler
Moxie devices have heaters in contact with the substrate
to provide the thermal energy required for a state change.
In this case, because the heater and the substrate are in
immediate contact, the speed of response of the film de-
pends mainly on héat flow through the substrate. The
extremely fast switching thérmal couplers have a thin film
resistive heating element deposited directly on top of the
very thin silicon dioxide passivation léyer cbvering the
polyconductor, Switching speedé in the low microsecond
range have been observed with high peak pulse power sup-
plied to the heater. Various heater resistances can be
obtained from the manufacturer, but are typically manu-
factured for 5,12, and 24V operation. | |
One of the fundamental drawbacks-of Moxie devices
is the'hysteresis effect previously mentioned which limits
its application in precision instrumentation. A linear
axis plot of the polyconductor témperature hysteresis
graph is shown in Fig., 2.6. This graph was experimentally

obtained from the dual TCl-F 5V Moxies employed in this
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FIGURE 2. 6 TEMPERATURE HYSTERESIS CURVE
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investigation. The upper curve illustrates the heating
| portion and the lower the cooling portion. The extreme
:lower éortion of the curve is narrow, The transition
region is stretched out as it goes through a greater
order of magnitude change in this region. The main re-
quirement of the Moxie device in this investigation is a
slow switching characteristic which will produce an ex-

panded tfansition region, thus enlarging the monitoring

range available for instrument operation. The peak value v i

reached for the dual TC1~F 5V Moxie tested is 420 KflLat
'0°F and the minimal value of 60 is reached at 300°F.
This device therefore goes through an enormous magnitude
change when exposed to a few hundred °F temperature var-
iation, |

The hysteresis curve of interest would naturally be
the portion corresponding to above room temperature.
This’part of the curve is shown in Fig, 2,7 with the

hysteresis curve plotted against the power applied to the

heater of the Moxie device. The useful range is from 90 KJSt
to-i KSL where the device still exhibits a substantial

magnitude of transition.

2,2 Typical Applications

Most of the existing applications of Transition
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Metal Polyconductors exploit the indirect heating feature
of Moxies, Here the device is on a substrate and senses
temperature variations due to electric power applied to a
heater (Thermal Coupler) or direct heating of the enclosed
air (tin header type) or the ceramic package. Fig. 2.1
shows the TCl-F 5V utilized in this study. An enlargement
of the VO2 polyconductor films and substréte on which they
are mounted is shown in Fig; 2.4,

The Thermal Sensor is best suited for detecting_
thermal overloads and applying a suitable feedback net-
work to correct the overload condition or disconnect its
source. Some of the configuration in which Moxie devices
have been used in this manner are lamp dimmer protectign,
power supply protection, temperature stabilized operational
amplifiers, and fire detectors (12).

ThermaIICoupler Moxies have been utilized to convert-
electrical overloads to thermal energy and thus initiate
the transition of thg polyconductor to apply suitable cor-
rective or interruptive feedback. Existing application
of this type are fast charging of nickel cadium batteries
with automatic shut down, current overload protection and.
electronic rate of battefy charge control,

vThe Moxies have been applied in other forms of enefgy
conditions as the acoustic, opticél; microwave, and nuclear
have been reported utilizing suitable modifications of the

physical structure of the device (8 ).

g
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CHAPTER 3

INDUCTION TYPE WATTHOUR METER

3.1 General Description

Although electronic watthour meters have been de-

signed, their complexity explains why the induction
type integrating meters remain in use (9). The in-
duction type meter is operated by the action of alfer-
nating magnetic fluxes on the eddy currents produced by
them, it is braked by eddy currents in the field of a
- permanent magnet. Rotational equilibrium is set up
g - with a permanent magnet brake so thaf the number of
| revolutions performed by the induction meter is a meas-
ure of the electrical energy consumed by the load and

registered by a revolution counter.

3.2 Advantage of Induction Type Energy Meter

The main advantages-of the induction type meter is

~its simplicity and low cost, Induction type watthour

meters are built to withstand specification of 1% error
almost throughout the rated current and rated voltage.

(This is in accordance to international IEC recommend-
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ations, the error should not exceed +2% for either
unity or .5 lagging power factor from 10% basic cur-

rent to maximum overload current,)
3.3 Operational Errors

The main types of errors associated with the
implementation of the cbmmercially manufactured in-
duction watthour heters are of human, mechanical, elect-
rical, and enviromental origin. |

The main cause of error is the human oriented type
which includes improperly made connections during the
installation of the meter or poor workmanship during the
manufacturing §f the meter (14). Some mechanical.assoc-
iated errors resﬁlt from friction andAbearing wear from
vibration. The frictional torque ié compensated by‘an
equal and opposite constant excess. torque generated by
the line voltége. The bearings are spring loaded to‘
overcome vibrational effects.

The electrical associated error arise.from variations
in frequency, voltage and waveform (harmonics). An in-
crease in frequency decreases flux density, exciting cur-
rent and iron losses, thus producing an erronious torque.
Variations from the vdltage‘céuses a change in the frict-
ion compensating torque and also the flux density in the’

voltage core, The error associated with flux density
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in voltage core increases with decreasing power factor.
The waveform variation can cause an increase or de-
crease in the flux density thus increasing or decreas-
ing the magnetizing component of exciting currents and
affecting the torque produced.,

The enviromental associated errors are lightning
and atmospheric conditions as dust,’humidity and bac-
teria, Lightning destroys the braking aétion of the
permanent magnet_brake. Thé atmospheric impurities and
particles attack the méchanical structure but protection

from these is easily attained with air tight seals.
3.4 Proposed Wattmeter

The wattmeter in this study was built in an attempt
to overcome some of the basic prbblemsbof induction type
meters mentioned in the previous section. The device
used is of'the-Moxie typé and consists of a heater and a
sensor used in the basic thefmal'wattmeter philosophy
 as discussed in the next section. Although the meter
builf is.a wattmeter thefé are integrating schemes avail-
able for conversion to a watthour meter. This watthour
meter cquld lend itself to the remote meter applications
referred to in Chapter 1 or a more recent scheme em§IOYed
in Edmonton which is read by a helicopter (14).

. The expected advantages of the proposed meter once
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developed commercially are the small size, possible low-
er cost, easily adapted to remote meter reading schemes,

and possible higher accuracy.
3.5 Basic Thermal Wattmeters

Most existing types of tﬁermal wattmeters incorpor-
ate two basic types of éircuitry. One type uses trans-
formers to do the required mathematical manipulation
while the other type uses a resistive bridge network.

The basic principle of a thermal wattmeter was first
published in 1903 by Bauch (10), according to whom the
instaneous values of currents through the heating branches
(Fig. 3.1) should be expressed in the form |

 il1=Clv + c2i (3.1)
‘12=C1v - C2i (3.2)
where v and i are the instantaneous load voltage and’
current and Cl and C2 are constants. Since these éur-
rents are squared (ideally) in the heatérs, the outputs
Ml and M2 of the two thermoelements will be of the form:
Ml=(clv)? + 2cic2vi + (c2i)? (3.3)
M2=(clv)? - 2clcavi + (c2i)2  (3.4)
If the difference between the two outputs is taken, the
desired quantity of instantaneous power emerges in the
form

M1 - M2 = 4c1c2vl (3.5)
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or alternately
| Ml -~ M2 = 4ClC2VIcos# ' (3.6)
where V and I are the rms values of load voltage and
current respectively and cosg represents the load
power factor, The constantb4C1C2 can be replaced by
a single constant K and equ#tion (3.6) becomes
M1 - M2 = KPcosg (3.7)
where ? is the volt ampere load consumption.
The tranéformerless type wattmeter is shown in .
Fig. 3.1. In this casé the currents in the two heat-

ing branches can be expressed in the form

v ' R2

il = . + e (3.8)
2(R4+H2) 2(R4+H1)
v R2

2 S . .
2(R4+H2) I 5RaED)  (3-9)

where Hl and H2 are the resistances of the heaters.
Since the response of the thermoelements corresponds
to the average power dissipated in the heaters, the dif-

ferential output will be of the form
K 5
ML - M2 = —— g vidt (3.9)
o} .

or alternately

Ml - M2 = KP cosg o (3.10)
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which is the desired power response, The thermo-
element illustrated is a Thermal Coupler and the dif-
ference between the resistances of the two Moxies Ml
and M2 in ohms,

The transformer type wattmeter is illustrated in
Fig.3.2. In this case the mathematical manipulation
takes place in the éplit secondary winding of the pot-
ential transformer., Assuming the two Moxies identical,
‘the heater resiétance values are represented by the val-
ue H. The currents flowing through the two heaters are

represented by

' i e
il =5 + T H (3.11)
i e
12.= > - 3H _(3.12)

where i and e are values proporationalvto the instantan-
eous current and voltage of the metered load. As before
the currents are squared when converted to thermal energy-

and the differential output is

ML - M2 = ei (3.13)
and again due to the fact that Moxie devices respond to
the average power dissipated in the heaters, equation

(3.13) becomes

K
Ml = M2 = — eidt (3.14)
‘ T

o\ NH
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which after integration becomes-

Ml - M2 =V cosg (3.15)

phaseIline
which again is the desired power responsive output with

being rms phase voltage, the rms line cur-

Vphase Iline
.rent and cosg the load power factor., Since, as in the

fransformerless case, the thermoelements are Moxies and

the output is expressed in ohms,

These two maih types of wattmeters (transformerless
and transformer) have distinct advantages and disadvan-
tages associated with each. The transformer‘type watt-
.metér has good isolation from high currenf and voltage
sources but high quaiity voltage and current transformers
must be uséd for good accuracy and these transformers
are designed_for a particular frequency range and gen-
erally have poor frequency responsé. The transformerless
type wattmeter'avoids the intrinsic errors associated .
with the transformer type wattmeter but instead places
high requirements on balancing conditions and quélity of
resistors. Wattmeters of this type have been developed
with frequency rangekof 26Hz to 20KHz (4). This bridge
type circuit was originally developed with a'hot—wire
instrument where the generated effect was the lengthen-

ing of a heated wire, The wattmeter indicated the dif-

ference between linear expansions of two hot-wires (11)..
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CHAPTER 4
THERMAL WATTMETER LAYOUT

In this chapter the proposed wattmeter is present-
ed as a composite of two basic circuits, one for signal
processing and the other for compensating the éffect of
ambient temperature fluctuations, The first circuit
makes use of active elements to achieve addition ahd sub-
traction of signals proportional to the instantaheous
load voltage and current. . The second circuit maintains
a reference Moxie at é quiescent temperature, meters the:
power required to maintain this constant temperature;_
introduces this power to the power sensing Moxies, and
thus achieving a temperature compensated quiescent point

for these sensing Moxies.
4,1 Signal Processing Circuit

Based on the review of the basic thermal wattmeter
designs in Chapter 3 it can be concluded that the math-
ematical manipulation described should be implemented.

Two voltages, one proportidnal to the load voltage
and the other proportionai to the load current were add-

ed, subtracted, squared and finally averaged inorder to
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produce the desired output, To attain ‘an adequate fre-
quency response for harmonics aﬁd transients the watt-
meter of Fig. 4.1 was designed and partially developed.
‘The mathematical operations (ie. addition and sub-
traction) are achieved with an operational amplifier
adder and subtractor. This technique. offers low cost
components and good frequency and temperature‘response.
The open loop frequency response of the amplifiers used
was flat to 10KHz and had a temperature range from 0°C
to 75°C.. If higher frequency or larger temperature
range is desirable,‘there are commercial amplifiers avail-
able and the meter range could be extended by replacement

and minor adjustment,
4,1.1 Circuit Description and Operation

The power measurement made by assuming a square law
relationship between the input and output characteristics
of the sensing Moxie devices MX2 and MX3. These Moxies
have heaters H2,H3 with terminal resistances M2,M3,respect-
‘ively. These two Moxies, MX2 and MX3, were closely match-
ed and have a terminal resistance hysteresis curve as ill—
ustrated in Figf 4.2. Here, as before, the upper curve
illustrates increasing voltage applied to the heater and

the lower curve decreasing applied voltage. A quiescent
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point (Tq,Mq where Tq.is quiescent temperature and Mq
the associated terminal resistance value) was chosen to
place the meter in higher than ambient conditions to

allow for a working range for the temperature compen-

sator, This quiescent point was chosen at Mq = 60 KL
and produced by the ambient temperature T and the power

supplied to the heater (Pq) by the dc temperature com-

pensator level which was added on to the processed sig-

nal voltages by adders OP4 and OPS, A dc signal was
addéd to determine a monitoring region for dc conditions
and the hysteresis graph of Fig. 4.3 was obtained.

When an ac signal was added to the dc operating point,
the trahsition curves do not coincide voitagewise with
the dc curve as illustrated in Fig. 4.4 (hysteresis |
graph of MX2) and Fig. 4.5 (hysteresis graph MX3).

This phenomeﬁon is explained in appendix A. The two
biased hysteresis curves associated MX2 and MX3 form

the monitoring region of the wattmeter, Inorder to make

equal the contributions of the load voltage and current
proportional signals, each signal is rated at 2.75 volts
full scale at unity power factor. Thus when these two

contributions are added, a full transition is obtained.

This operating transition region is ideally represented
by a square law relationship and the output is represented

as
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Ficure 43 UDC-BIRSED OC-HYSTERESIS CURVE
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FIGURE 44 OC-BIASED QC—HfSTERESIS CURVE
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FiGuRe 45 DC-BIASED AC-HYSTERESIS CURVE
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R = K —. | (4.1)

Where H 1s the resistance of the heater, V is the volt-
age applied, K is a constant of proportionallty and R : ;g;
the terminal resistance change due to the applied volt- -
age.

The line current flowing through current shunt

resistor Rl produces the required 701tage Vi propdr-

tional to the instantaneous current in the load. The

voltage dlivider betweén R2 and R3 produces the voltage

V2 proportional to the voltage applied to the load.

The voltage followers OPl and OP2 isolate these volt~

ages frpm the rést of the measuring circuit. The ' -
voltage follower OPl could be converted to a differ-

ehce ampliflier if the shunt resistor was to be placed

in the "hot" instead of ”neutral" line as would be the

case for polyphase power measurements. These two

voltages (V1 and VZ) are added in the adder OP3.

Trimmer resistance R10 1s used to match R8 to R39 and
trimmer reSistance R7 1s used to match R9 and R1l0.
- This matchling is necessary to provide a highly accur-

ate additioﬁ function. The output of OP3 is therefore

VOP3 = -(V1 + V2). C(k.2)

The two voltages are simultaneously subtracted by the'
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subtractor OP6. Similiarily R34 matches feedback re-

. sistor R35 to R40. Trimmer resistbr R38 matches R39
“to feedback resistors 334 and R35. This matching is
necessary to provide an extremely accurate subtraction

function. The output of 0OP6 1s therefore
VOP6 = V2 = V1. (¥.3)

The sum and difference of the two voltages are
the values which are to be squared in the polycon-
ductor and give a set of resistive output values |
proportional to the instantaneous power flowing in
thevline. The temperature compensated operating
‘point of the polyconductors is added to the sum and
difference voltages by adders OP4 and OP5, reSpeé—
tively; The adder OP4 feeds the push - pull power
axﬁpl_ifie‘r created withQ2 and Q3. The adder has
trimmer pots R20 and R21 to match resistances in the
feedback network. Matched diodes D1 and D2 are for-
| ward blased dlodes to'match the base to emitter
junction of Q2 and Q3, respectively. The dc¢ off=-
set cohtrol resistor R13 is adjusted to give zero
voltage across H2 with zero input to the adder. Thils
18 required since the diodes are not pefféctly matched
to emitter~base Junction of the transistor. The

gain. of the adder is adjusted to provide a unlty
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voltage galn across the heater H2. R17 and R1l8 are
two 50 resistors placed in the circuit to prevent the
push - pull pair from "running away". Any unwarranted
changes in the collector current will change the
emitter current of the transistofm This change in
emltter current increases the voltage drop across the
feedback resistor which in turn‘decreases the base to
emitter voltage and pulls the transistor back to its
operating point. The voltage across heater H2 1is

given by
VH2 = =V3 + (V1 + V2). (4.4)

The quantlity of interest 1s the resistive excur-
~sion from the operating point and thus the voltage of

intereét is
vE2 = V1 + V2. (4.5)

The difference voltage output of OP6 is fed
through adder'OPS which 15 identical to OP4. 'In this
case R30 matches R29 to R32 and, R27 and R28 provides
the hecessary gain to givé,the'required summation to
appear across heater H3. Forward biased diodes D3 |
and D4 match the base to emitter junction of the
push - pull transistor pair Q4 and Q5, respectively.
R2hk and R25 provide the same négative feedback which
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was accomplished by R17 and R18. The voltage appearing

across heater H3 1s given by
VH3 = =V3 + V1 - V2. (4.6)

The resistance excursion from the operating point is

again the voltage of interest and equals
VH3 = V1 - V2.

The voltages VH2'and VH3 cause further heating of the
polyconductors and the output differential of the

polyconductors is

T .2 2 '
_M2—M3=K—%—g(y-%§-'-y%%)dt (4.7)
) o]

This 1s true only 1f we assume that the period during
which e and 1 go'through a complete cycle of values is
short‘coﬁpared to the response time of the Thermal
COupiers (Ll.e. The Thermal Coupler response is a
measure of the average square of the heater voltége.).
If the respective values for VHZ2 and VH3 are substi-
tuted and assuming the heater 1s to have equal resis-

 tive values, (4.7) is rewritten

T
M2 - M3 = _.g_ . --,%- S (V1 v2)at (4.8)
(o} ' :

and since

- ___R2 |
V2 = 55 %77 Vphase (#.9)
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and also
V1l = Rl Iline (4.10)

where Vphase

and Iline arg instantaneous voltage and

current values, the result becomes

T

=K | 1 - : e
He-M3=% gz+a3 BRL7 § I11ne Vphase 3¢ (4-11) < o
) | o

By definlng a total proportionality constant K, we
obtain

M2 - M3 =K -

T e >

T
S 'Iline vphase (H.12)
o

and using the definition of pbwer in a circuit as

T

= K :
Power = 3 S Iine Vphase G4F (4.13)
o .
the final and desired expression is

‘M2 - M3 = K * Power. - (u.iu)

L,2 Temperature Compensation Principle

- In order to accurately sense the 1oad powér con-

sumption at a domestic or 1ndustfial installation
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using a polyconductor wattmeter, the deies must be
compensated.for any changes 1in the ambient tempera-
ture at which the initial callbration was made (T,).
If such compensation is not supplied, a temperature
fluctuation (ATo) could cause the Moxies to deviate
from the monitoring region assoclated with them (see
Section 4.1) and produce an erroneous output. |

Temperature compensation at the sensing Moxies
could be achieved by elther of two ways:

l. the sensors could be placed in a constant
temperature chamber and therefore would
never experience any temperature varia-
tion, or »

2. by choosing a quliescent point (Tq Mq) and
increasing or decreasing power Pg in order
‘to maintain Tq (where Pq is an additional
power supplied to the'heater to go from
To to TqJ.

The first method was easily discarded as a con-
stant temperature chgmbér would be quite bulky, expen-
sive and somewhat 1mpract1§a1. The second method has
a theoretically infinite means of compensation as‘long
as the ambient temperature T remalins below Tq and ﬁhe
power supplies to the heater are capable of providing

the required Pq without overloading. In this sense an
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"oven® effect or constant‘temperature chamber 1s created
within the Moxie device until the ambient temperature
T equals Tq at which point all the heating required to
maintaln the "oven" at Tq is supplied from the surround-
ing‘air (iqu = 0), resulting in no available electrical
power Pq to be withdrawn for any cooling action. Temp- -
eratures exceedlng Tq are uncompgnsated for as no con-
ventional cooling can_bé simulated with this method and
thus an operating region's boundarlies are defined by
Tq and thevpower rating of the Pq supply.

The "oven" effect in this study‘was accomplished
by alloﬁing a reference Moxie deviée (MX1) to fluctu-
-ate between an upper and lower temperature limit
éround Tg. Thus fluctuation 1s generated by-applying
a heating pulse whenever the device cools to the lower .
temﬁerature limit, the duration of which‘( pulse width)
is controlled by.the,upper<temperature 1imit at which
point the pulse is removed. The power Pq associated
with the:heating pulse train VS i1s metered and intro-
duced to the sensing Moxies MX2 and MX3 in order to
generate a constant temperature q&iescent point. A
detalled explanatlion of this scheme is offered in the

hext section.
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4.2.1 Cirecult Description And Operation

The electronic components and the desired opera=-
tional characteristic of the temperature compensating
scheme are presented in Fig. 4.1 and Fig. 4.6, respec-
tively. The "oven" condition is set within Moxie MX1,
which has associated heater and terminal resistance Hl
and M1, respectively, by an applied pulse train V5 to
heater H1l maintaining the qulescent temperature Tq and‘
is representative of'Pq.‘ Thls power Pq is applied to .
the heaters HZ and H3 of the sensing Moxies MX2 and
MX3, respectively, thus generating a temperature com-
prensated quiescent point for each. -

The pulse trailn is generated by operation ampli-
fiers OP7, OP8, OPY and transistor Ql. OP7 is in an
open 1oop mode (voltage gain of 50,000 typically) thus
being extremely éensitive to the voltage differences
(V3 - V6) which determines the output voltage, +V or
'QV. The underlying concept is that a constant number
of pulses ls generated depending upon the time the
vMoxie requires to cool to generafe‘a voltage V3 larger
than V6 and thus generate a heating pulse to heat the
Moxie MX1 back to the quiescent temperature. Once
V3 drops below V6, Vi becomes‘negative (1.e. qulescent

temperature is reached) and the cooling process is
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initiated. The constant pulse frequency fp generates
approximately constant value for the qulescent point
Tq. When a temperature fluctuation occurs, the cooling
period is malnly affected (heating period only slightly
affected due to close proximity of heater to VO2 films -
see Flg. 2.4) and it either requires longer time for
V3 to reach V6 (a condition of temperaﬁure T higher
than ambient temperature To) resulting in fewer pulses
and thus a reduction in Pq or a quicker cooling time
(a condition of temperature T lower than ambient temp~-
erature To) resulting in more pulses‘and_higher Pqg.
In this way Pq 1s increased or decreased to provide a
relatively constant temperature within the Moxle device.
The quiescent "oven" temperature Tq can be adjusted fo
lie in with the pre-trénsitiop, transition or post
transition range of the Moxile asblong as Tq 11es_above'
room temperature. Furthermore Tq is established by a
suitable cbmbination of the two voltages V6 and V3.

To 1llustrate this, assume that V6 is adjusted to
%ﬁ + V' (l.e. R47 + RH8 1s made equal to R46) and thus

V4 will be either +V or -V if V3 is greater or less
than %h + V, respectively. The quiescent point Tq
can now be céntrélled by the adjustment of 344 as 1t
dictates where Tq of MX1l will lie as MX1 wlll be

heated until V3 becomes less than V6 at which R44
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approximately equals M1 (i.e. V3 1is slightly smaller
than V6). When this occurs, the heating pulse termin-
ates, the cooling process begins and the temperature

of MX1 will fluctuate about the Tq value so established.

In actual practice RU4L4 is adjusted to approximately
equal to Mg of M1l required for the qulescent operating

point while a coarse and fine adjustment of V6 is ac-

complished through RbS_and RL47, respectively. Using

this method, R47 and RU48 could be selected to give a
accurate.Tq keeping in mind that R44 has only to ap-
proximately coincide with Mg. In this manner varia-
tions in the ambient temperature @ATo)vresult in cor-
responding variafions in fregquency of the heatlng
pulses (afp) wherefp is dictated by Mg for a fixed
amblent temperature To. Although a heating signai
proportional to fp is fed into the sensing Moxles
(analogue to digltal and back to analogue) thevvalue
of fp 1s a digital indication of the ambient temper-~

ature (1.e. a digital thermometer), or similiarly

used to indicate quantitatively the degree of over-
loading of a circuit. The value of an unknown cur-

rent could be determined by sensing the thermal power

it produces (i.e. a digital type Moxie ammeter) or
the value of an unknown resistance, as wlll be de=

scribed later. These schemes represent potential




analogue to diglital converters using Moxle devices

and frequency counters which may replace exlisting more
expenslve, less accurate instruments presently used.
Photographs of the pulse train V5 and fluctua-
ting voltage V3 are shown in Fig. 4.7. Here V3 con-
tinues to decrease after the V5 pulse is removed.
This 18 due to the fact that heat flow from the heater
“to the VO2 film does not stop instantaneously thus the
heating rate'gradually decreases before cooling begins.
This thermal overshoot creates the upper temperature
limit 1n_relation to the lower limit determined by V6
and R44 and hence affecting the pulse frequency Pq.
Since the thermal'overshoot'is_génerated'by the thermal
time conétant of the polyconductor, there could be some
assoclated errors which will be discussed in Chapter 6.
To .calibrate the compensator, switch SW2 is placed
to number 1 position and an external voltage is applied
to terminal 1. This will cause MX1 to heat to the
desired Tq. RULY is then adjusted untll V3 approxi-
mately equal €§+ V (1.e. BRLL approximately equals Ma).
R47 and R48B are then ad justed untii slightly greater
than V3, thus causing V4 to be -V as OP7 acts as a
switch having elther +V or -V output due to the ex-
tremely high gain.

The scheme can‘be described with reference to
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Pig. 4.6. 8W2 is moved to position 2 and the exter-
nal bias is removed. HL has no applied voltage as V4 -
is =V and Q1 1s turned off (reverse voltage breakdown
across base to emitter Jjunction of Q1 is prevented by
D5). MX1 then cools, as 1iluétrated by the cooling
region of V3. V3 increases (MX1l cools as M1 1ncrease§
in value) until it exceeds_V6 in value at which time
V4 equals +V and correspondingly V5 also equals +V.
The heating regibn is then initiated as power 1s ap-
plied to Hl and V3 decreases (l.e. M1 decreases in
value) until reaching a level which makes V6 greater
than V3 at which point VA4 becomes -V and V5 zero volts.
Since V6 and R44 remained fixed, the only quantity .
able to increase or decrease the pulse frequency (fp)
is the temperature of the surrounding medium; thus
temperature compensation'is achleved with an increase
or decrease in ambient temperature. The T < To sec-
tion of Fig. 4.6 illustrates the increase in fp to
supply more power Pgq to MX1l when a decrease in temper-
ature occurs. The heating region 1is relatively un-
changed (due to close proximity of the heater to the
VO2 film) with respect to_the cooling regilon which is
sﬁbstantially shqrter. This condition produces more
pulses pér unit time thus maintalning thé gquiescent

ambient temperature within MXl. The following section
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(T > To) illustrates a condition of higher than qui-
escent amblent temperature. In this case the time re-
gquired for cooling 1s increased with the\heating time
reméining relatively unchanged as before. With the
conditlgn of a longer heating perlod, the number of
pulses in a glven tlime is reduced and correspondinély
1s the power Pq applied to the heafér and thus temper-
ature compensation for above guiescent temperature
condition 1s achleved.

If a Thermal Coupler Moxie device with two heaters
was avallable at the time of the design of this cir-
cult these pulseé could have been fed into one heatér
and the processed signal to the other. Since only
single heater Thermal Couplers were avallable, fhe
pulses were converted to a de level and then fed
into the adders OP4 and OP5. In order to determine
which type of conversion would be mbst'suitable, the
curves of Fig. 4.8 and Fig. 4.9 were plotted and an-
alyzed. These two graphs show how the pulse fre-
quency varies throughout-the avallable temperature
range. One curve is plotted at an ambient tempera-
ture Tq corresponding to an Mg of 60 KN and other

corresponding to 40 KQ. Both graphs show that the

pulse frequency changed non linearly with temperature,the up-

per curve being the cooling curve while the lower
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curve the heating one. This nonlinear phenomenon 1n-

dicates that the pulse width.changes with varying temp-

erature. This means the effective dec voltage of the

pulses must be determined and fed into the adders OP4 o
and OP5. A low pass filter approximates an average;';f o
the pulse width change is negilable. The low pass

filter OP1l0 was tried but proved ineffectlive by itseif

since the galn of the device not only changed the

slope du/dfp, but also the dependence of pulse width.

The pulse to dc scheme 1is incorporated in order po re~

duce the dependence of pulse width and consists of a

frequency to voltage converter. This converter was

achleved by first feeding the pulses into a monostable ‘f'
multivibrator and then feeding the output of the multi-

'ﬁibrator to the low pass filter OP10. It should be

noted'tﬁat'OPlO was designed with a 1.0 second elec-

trical time constant in order to minimize the ripple

voltage produded at its output (see Fig. 4.10). The

multivibrator is formed by transistors Q6, Q7 and Q8 i
with R31 and BSS controlling .the pulses height and | >
R33 and Cl controlling the pulse width. The multi-=

vibrator butput'is a pulse of constant width and

helght once triggered. The design of the circuit
must insure that if the input pulse width (trigger

pulse) increases, the input pulse should not control
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the output pulse width. The temperature compensator
pulse train (V5) is then converted to an impulse train
through differentation by C3 and R53 with D6 preventing
reverse voltage breakdown from occuring at Q6 (see Fig.
4.,11). In order to get as close as possible to a per;
fect conversion, the gain of the low pass filter is
varied with a coarse adjuster'R5O and a fine ad just-
ment R51. These two trimmers control the slope

dv/dfp and R43 and R49 control the dc offset. The
output of the_frequency to voltage converter is shown
in Fig. 4.12. The output of the low pass filter is
then fed into adders OP4 and OP5 to accomplish final
temperature éompensation for the sensiling Moxies.

R1l2 is matched to R14 and R21 in order to compensate
for losses across feedback resistor R17 and R18,
Similiarly,vRBZ is matched to R29 and R30 to attain

the proper-gain. It should be noted that SW1 1s

used in zeroing'alllvoltage output in the tempera-

ture compensation.
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CHAPTER 5
EXPERIMENTAL PROCEDURE AND RESULTS

The experimental results presented in this chap-
ter were obtalned to determine the performance of thé
polyconductor wattmeter discussed earlier. The temper-
ature compensation method was tested with the driglnal

pulsed scheme and also the "E?ade‘off” frequency to

. s
i f ah -

voltage éonverter}aﬁd led to temperature compensation
curves whlch were obtained by piacing,the blased Moxies
in a controlled temperature chamber, varying the cham-
ber temperature and recording the terminal reéistance.
The pbwer response durves were obtalned by simulating

' vyarious load power factors and magnitude conditions

with a variable phase signal generator.
5.1 Temperature.Compensatién Circuit
5.1.1 Experimental Layout
The effectiveness of both the temperature compen-
saﬁion-sohemes (pulsed and dec) were tested by placing

the reference and sensing Moxies in a constant temper-

ature chamber, varying the-chamber temperature and




56

recording the terminal resistance and pulse frequency
fp V5 temperature characteristic. The laboratory set
up is shown schematically in Flg. 5.1. |

The oscilloscope used to observe the various
waveforms of interest associated with the wattmeter
(V3, V5, V7 and V9) was a Type 516A Tektronix Oscillo-
scope. All frequency meaéurements were made by a

Hewlett Packard 53064A Multimeter/Counter and all

voltage and resistance measurements were made with a
Fluke Model 8000-A Digital Mul emtwo power
supplies used in cohjunction wilth the pclyconductor '
wattmetgr were Lambda regulated power supplles, model
-~ LP411-FNM. The‘temperature'chamber used for testing
the pulsed temperature compensation Scheme'wés an
Asspciated Testing Labdratories, Inc. which used 002
for cooling and electricity for heating. The use of

-

CO, resulted in step changes in temperatures around

2
 lower than ambient thermostat settings and, since the
dc temperature compensator has an 1.0.second time lag
(due to low pass fitter OP1L0), a smooth slow tempera-
tufe vériation was unattainable and thus.é chamber
Inreco Model 13-81 was used to test the dc type
“ﬁfade of f# temperatufe compensator scheme. The pulsed

temperature changes, as described in a later chapter

and thus the Associated Testing Laboratories chamber
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was used. The Inreco chambgr provided a very slow
temperature vériation (30 minutes to decrease from
70 to 20°F) and thus provided a slow, smooth transi-
tlon for the dc type scheme. The results obtained

-from these layouts are given next.
5.1.2 Laboratory Procedure And Results

As'stated earlier, the commercially aﬁailable
témperaﬁure compensator requires a very steep switch-l
ing characteristig to operate satisfactorily, thus
proving to be insufficient since the morxies used
have a slow transition. The temperature compensation
was measured by varying the chamber temperature and
recording the change in resistance of the second poly-
conductor éhip Ml in MXl. The blas points Mg chosen
were 60, 40 and 10 KQ. The plot shown in Figs. 5.2,
5.4 and 5.6 haje two curves each,Aoné with a bias
polnt chosen with temperature compensatiqn applied (B)
and the other without (4).

Fig. 5.2 displays the two curves of M1 with a
blas point of 60 KQ, The temperature was varied from
" 20°F ﬁo IOO'F,at which the édmpensator'reached its
upper limit (no electrical energy applied, i.e. Pq = 0).
M1 1llustrated by curve A varled from 285 X to 48 Kq,
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a resistance change of 217 KQ. The compensated curve
designated as B and expanded in Flg. 5.3 shows varia-
“tions of M1l from 60.2 KQ down to 59.1 KO, a Mg of 1.1
KQ as compared to 217 KO of the uncompensated curve.
Fige. 5.4 shows thevtwo curves associated with a
Mg of 40 KQ. 1In this case the temperature is varied
from 0 °F to 120°F, a higher upper temperature limit‘
due to. the higher temperature corresponding in Mq.
M1l in curve A varies from 200.0 KO down to 22.0 KQ,
a change of 178.0 KQ which is lower because MX1l is
blased in a differént prart of the transition curve.'
corresponding to a lower dﬁi/&T. Curve B varies
from 40.1 KQ down to 39.4 KQ, Mg of 700 Q as shown
in Fig. 55
Fig. 5.6 shows the temperature compensation
curves for an Mg of 10 KQ. The temperature was
varled from O°F to 175°, agaln a higher temper-
ature range due to the higher blas point. Curve
A varies from 56.5 KQ to 71 Q, a smaller excur-
sién agaln due to the smaller value of dM dt.
Curve B 1s expanded in Fig. 5.7 and varies from'A
10.5 KO to 9.1 KQ, & Mq of 1.4 KQ. The much
smaller reduction in the uncompenséted'case
is due to thé increase in Tq corresponding to Mg

while the bias point of the compensated case still
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FIGURE 5.6 TEMPERATURE COMPENSHTIGN-10K
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only changing by approximately 1 KQ as demonstrated
in the previous examples. It is therefore obvious
thét the temperature compensator is a novel scheme
which operates in a satisfactory manner under lab-
oratory test conditions.

While Figs. 5.2 to 5.7 illustrate how the pulses
control the temperature of the compensating Moxie MXl,-
Fig. 5.8 shows how the converted pulses control the
temperature of the metering Moxies MX2 and MX3 (note
only response of MX2 is illustrated due to similiarity
with MX3). To achleve this, MX1l was biased with a
Mg of 60 KQ resulting in a pulse train of frequency
-fp with average power Pg. In order to convert Pq to
a dc level, the gain and offset control of the low
pass filter OP10 were adjusted so that M2 equaled
60 Knlat room temperature (70°F). In addition the
first derivative (dv/dfp) is another requirement which
must be set s0 as to g;ve-minimum variance of M2 for
amblent temperature changes around the quiescent
temperature (To).’ As previously stated, due to the
nonlinear frequency to temperatufe response of the
compensating pulses and the linear response of the
frequency to voltage converter, the compensator
could not be adjusted ﬁo glve complete compensation

throughout the total temperature range. When sub-
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Jected to a temperéture variation of 75°F (20 to 95°F)
M2 varied from 60.2 to 54.8, a 5.4 KQ range which cor-
.responds to a 40% reduction in Mq between the compen=-
sated and uncompensated cases. 1In order to plot Fig.
5.9 the settings on the tempefature compensator were
identical to those for the Mg of 60 KO and a processed
Slgnal was applied to increase M2 to 30 KQ. The temp-
erature was then varied to obtain a resistive excur-
sion of M2 shown by the curve in Fig. 5.9 (32.7 to
2k.1 KQ) through a temperature range of 20°F to 95 °F.
The monotonic nature of the curve suggesté that a
lower gain would be more sultable to produce a better
compensation for operation of MX2 at higher‘transition
(i.e. a better choice 6f adv5/afp in view of the non-
linear fp vs T characteristic as may be seen from

Fig. 4.8 and Fig. 4.9),

In general the compensation provéd to be satis-

factory and its best realigation would come when dual

heater Moxlies become available thus eliminating the
need for the error'introduced by using a ffequency to
voltage convértor.

It should be noted that the pulsed temperatufe
.compensation has a tendency to over correct (i.e. re=-
move or replace more Pq than necessary). This phenom-

enon seems to occur as the temperature Tq of MX1l is
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fluctuating between an upper and a lower level deter-
mihed by V6 and V3 and as the frequency of the pulses
Increases the Moxie averages out a power level nearer
to the upper limit and'conversly, as the pulse fre-
Quency decreases the VO2 fllm resistance hovers glose.

to the lower limit.
5.2 Power Sensing Circult
5.2.1 Experimental Layout

The wattmeter performance was tested under var-
lous simulated load conditions in the laboratory gener-
ated using a General Radio Low Frequency Oscillator
which produces a variable phase shifted signal with

respect to a reference voltage_signal (see circult dia=-

gram in Flg. 5.10). The latter represented V2 and was

fed into OF2 while the former represented V1 and was
fed into OPl.. The signal generétor has continuous -
phase adjustment, thus enabling good simulation of any
power féctor loading condition. The power suppllies for
the wattmeter were two Lambda regulated power supplies,
Model LP411-FM. The processed signals (V1 + V2 and

V1 - V2) were observed on a type 516 A Tektronix

Oscilloscope. The voltage and terminal resistance
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readings were displayed by a Fluke Model 8000-4
Digital Multimeter. The polyconductor wattmeter cir-
cuit is fully described in Chapter 4 and Appendix B.

5.242 Power Response Curves - Procedure And Results

The wattmeter responée curves presented in this
sub-section were attalned by sjnthetically introducihg
various load power facter conditioné, thusvenabling
the voltages V1 and V2 to be varied both. in magnitude
and relative phase angle (f) with continuous resolu-
tion, something not easily generated with variable
1m§edence loads. _ ~

Fig.S.llillustfatés M3 - M2 as a unity power
factor load curve (M3 - M2 being the proportional
measure of load power as explained in Secﬁion h,i1.1).
This graph was generated by the polyconductor watt-
meter by sgtting V2 at the rated voltage of 2.75 V.
and varying V1 from O to 2.75 V and back to 0 V. The
lower curve depicts the 1ncreasing power condition
(monotonically and at a rate slower than the thermal
.time.constant of both Moxies) while the upper depicts
‘the decreasing power condition. The maximum power

sensed by the simulation occurs when V1 and V2 equal
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2.75 V, which éorrespbnds to a load of 7.56 watts
(since z%¥§605‘¢ = 2.752 for RL = 10 where V1 and

V2 are proportional to the line current and line
voltage, respectively) which corresponds to the basic.
power condition necessary to produce a full excur-
sion of the monitoring or dynamic range of the
wattmeter for the Moxles employed in the circuit
(lee.. V1 +V2 = 5.5V and V1 = V2 = 0 V). Whole

and fractional multiple of the dynamic range can be
accomodafed by corresponding reduction or enlarge-

ment (i.e. séaling with the appropriate factors)
of the current shunt (Rl) and the voltage divider

(—452——— which is equivalent to the ration ——zg——);
A2 x 73 ’ ' Vphase

The maximum hysteresis 1s illustrated by the major
loop in Fig. 5.1lsince a full transition of the
dynamic range 1s simulated as MX2 will have maximum
voltage (5.5 V) applied when VL = 2.75 V and is in
phase with V2. Smaller excursion of V1 would Pro=
duce smaller minor hystersis loops with this major
loope. .One problem aésociated with this hystersis effect
1s that 1t necessitates readjustment of the bias
points of MX2 and MX1l (adjustment of dc offset con-
trol R49 of OP10) after a compléte power range had

been simulated. This is because when the load power
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was reduced to zero an erroneous blas point existed.
Fig. 5.lé 11lustrates how the sensing Moxies
(MX2 and ij) follow a square law response keeping
in mind that curve A 1s generated by varying V1 and
v2 slmultaneously‘and curve B 18 identical to the
curve in Fig. 5.11. In this comparison, if MX2 and MX3
had obeyed perfect square law relationship tﬁroughout
 the dynamic range; both curves would be identical
and linear but it can be noticed that they in fact
are dissmilar and monlinear, thus indicative of a
non perfect square law relatlonship. It Shquld be
noted that the most common use of a wattmeter is in a
relatively constant line voltage and fluctuéting cur-
'rent mode and thﬁs the polyconductor wattmeter could
be calibrated for this typre of operation.

To determine the sensitivity of the wattmeter
to realrpdwer, various loadlpéwer factor'cbnditlons
were'simulaﬁed. Fig. 5.13 illustrates tne meter re-
sponse to volt amperes aﬁ'selected power factors.
Thése curves 1llustrate that the minimum value of VH3
{voltage V1 - V2 applied to H3 of MX3) was zero only
at unity power factor. The minimum value reached_.
of VH3 increases with increasing poﬁer factor, thus

' the maximum value of M3 - M2 decreases to zero for
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zero power factor. In Fig. 5.14 the abscissa is
changed from volt amperes to real power (watts) to
illustrate the meter's abllity to sense real pdwer
under selected power factors. The unity power fac-
tor curve illustrates the maximum dynamic range

which decreases with decreasing power factot as
explained. Commercial wattmeter must accomodate power
factors as 1low as .5 which in this case corresponds

to an approximate 50% reduction in the dynamic range

of the meter.

The graphs presented in this sub-sectlion lndicate
that the meter is capable of sensing real load power
within certailn restrictions (prlmarily dynamic range).
Accurate calibratién qf the meter would prove diffi-
cult as a résult of the uncertainty of a reading of
an unknown load power due to the hysteresiseffect.
This and other Moxle associated conditlons affecting
accuracy afe discussed in part in the next chapter.

It should be noted that reactive power could be
measured by first phase shifting V1 (the voltage |
proportioﬁal to 1line current) by 90° and feeding the.
resultant to be processed (added and subtracted)

with V2.
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CHAPTER 6
SYSTEM ERRORS AND RESOLUTION

In this chapter a brief error analysis of the
_polyconductor wattmeter is presented to achieve an
approximate error estimation due to circuit compon-
ent tolerances and variation, temperature compensa-
tion and hysteresis, thermal and frequency response.

The possibilty of error magnification in the
two maln areas of the signal processing circuit
1s.éxam1ned along with the effectiveness of both
Athe temperature compensating schemeS’(pulsed and
frequency to voltage conversion). 'The error due
to the hysteresis phenqmonon is calculated with the
‘maximum hystersis loop. A minimum resolution or
threshold 1is glven with reference to the digital
multimeter usedAin the experiméntal procedure,

The same multimeter was in fact used as the -
standard for the power, voltage, curfent and re-
sistance measurement throughdut this experiment.

Errors assoclated with the thermal response
of the Moxles are briefly discussed as well as

a comment on the linearlity of the meter.
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6.1 Component Tolerance Effecting Output Error

In order to estimate the effect of components,-
tolerances or varlations, a linear curve is approx-
imated from the response curve in Fig. 4.4. This
curve 1ls approximated by a stralght line extending
from 50KQ to 1KQ and illustrated by curve C (dotted
line). The slope of the linearized curve is -13.0KQ
per volt. The wattmeter output (M3-M2) vs load power
can be approximated from the solid line of Fig. 5.11
by the dotted line whose slope 1s 8.45KQ per watt.
These two linearized response slope enable the approx-
imation of the effect of component variation on the
output. |

To analyze the signal processing circult the
temperature compensation level is assumed to be
ideal. As defined in Chapter 4,'the voltages of
interest VH3' and VHZ2',being V1-V2 and V1+V2, re-
spectively. The tolerance conditions are investi-
gated in the two main areas. First, an error may
occur in either the value of Rl or R4 which will
contribute to an error in V1l or similarily a vari-
atlon may occur in R2 or RS5 which will lead to an
error in V2. The second type of error will occur

Aiﬁ elther addition or subtraction yeilding an
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error in V1 or V2 at this stage of processing. An
error may occur in the adder OP4 or OP5 bﬁt is of
no particular concern since these adders will hope-
fully be ellminated when dual heater hysteresis free
Moxies become avallable. |

To analyze the first type of error, assume
that V1 1s represented as V1i+§V1 and V2 is unchanged
(no error). This error will be carried through to

H2 and H3 and resﬁlts in

(V1+§V14V2) | (6.1)

- VH2'!

"and

VH3! (V1i+4v1i-v2) (6.2)

To illustrate thfough a numerical eiample, assume
this error to be 1% (i.e. §V1/V1l = .01) and V2
. equals rated voltage. The linear approximation of

M2(and M3 due to similiarity) in Pig.: 4.4 lead to

M2
M3

(72.5-13.0(V1+V2)) K@ (6.3)

(72.5=-13.0(V1=V2)) KQ (6.4)

V2 being 2.75 vblts and current flowing to produce
V1 = 1.00V. Note-that M2 and M3 must equal 1KQ
when elther V1+V2 or V1-V2 equal 5.50V. Substi-
tution of these values of V1 and V2 into (6.3) and
(6.4) yields

M2 = 23.75 KQ

M3

49.75 KQ
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and hence
M3-M2 = 26.0 KQ

Slnce V1 has increased by +1% it is now 1.01V giving
new results for M2 and M3, i.e.

M2 = 23.62 KQ

M3 = 49.88 Ka
and hence. |

M3-M2 = 26.26
It is therefore obvious that a +1% error in the
input produces a 1% error in the output and no
error multiplication is evident.

In the second case the same error (4V1i) will

be assumed to take place 1h thé adder and thus the

heater voltages are:

i

VH2' = V1+§V1+V2 | (6.5)

VH3' = V1-v2 (6.6)

Since the conditions before the error takes place

are ;he same as the first case, we have
M3-M2 = 26.0 KQ

énd since VH3! remains the same, we also have
M3 = 49.75 KO

as before. Since V1 has changed by +1% the new

value will be,as before .

M2 = 23.62 KQ
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and thus

| M3-M2 = 26.13 KQ
which gilves an output error of 5% indicating that
the circult has an inherent error reducing capability

1f -an error occurs within the second region mentioned.,
6.2 Temperature Compensation Error

The temperature compensation method consists of
the pulsed scheme outlined in Chapter 4. A "trade
off" compensation network is used in the wattmeter
due to the unavailability of a dual heater Moxie in
which the pulses V5 could be applied to>one heater
and the processed signal applied to the other
heater. The "trade off" scheme is the frequency to
voltage convertorAdescribed in Chapter 4., The error
1ntroduced‘by-either scheme would be negligible if
M2 and M3 rewmain within the linear range (1=-50KQ)"
as wlll now be explaned. |

Assuming the avaiiability of the dual heater
Moxies and the linear curve of Fig. 4.4 it can be
1llustrated that negligibie error results with
limited temperature range (32-100°F) of the

ambient temperature. The error is negligible so
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'long as M2 ahd M3 are kept within the ideal linear
dynamic range. The pulsed compensation was tested
at three different transition reglons illustrated
by Figs. 5.1, 5.3 and 5.5. If a stralght line
approximation is applied to these three curves the
resulting slopes are approximately 12.5, 6.0 and
5.0 O/°F for the 60, 40 and 10K bias settings,
respectively. The temperature compensafion sSeems
to perform better at lower values of Mg (40KQ and
10KQ) than at the higher value (60KQ). This is
‘not necessarily true as the compensation will
1limit the temperature variance within the Moxle
to similar limits but since at lower régions the
incremental resistance change per °F (aNMi/dT) is
less than at the higher regions, a smaller resis-~
tance change will be observed.

In practice the compensator will be set at
the bieas pdint of 60K and the corresponding
curve slope of 12.50/°F should then be used in
the analysis. The dynamlc linear range is 1 to
50 KO, therefore assume that M3 equals LOKQ when
an amblent temperature varlance is observed. The

Moxle must lncrease 1ts resistance by 10KQ to break

away from the aforementioned linear range. Fig. 5.3

~1llustrates that an 1ncrease in temperature is
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requlred to increase the resistance of the device
(an over correcting phenemonon). Therefore to in--
crease M3 by 10KQ an 800 F increase in ambient temp-

erature would be required, but due to the fact that

above 100 F the compensator reaches 1its upper limit,
the device will rapidly decrease in resistance and

the error becomes significant. The error 1s negligible

untll this upper limit is reached if both M3 and MZ

will increase by similar amounts and the difference

will remain apprpximately the same. On the other
hand if M2 1s 11KQ 1t also has a 10KQ region of de-
viation before it falls from the linear range. This
10KQ decrease in resistance.coiresponds tq an 800 F
decrease in temperature if the curve of Fig. 5.3 is
_extrapolated lineariy. This would not be the case
because the lower lihit will probably be observed
(no 1imit was experimentally observed due to 1nade~
quate controlled temperature chambers availeble).

 This lower 1imit will be observed if the electronic .

components could tolerate such extreme temperature
varlations. The operational amplifiers are de-

signed to operate above the lower limit of 32°F.

- Fig. 5.8 illustrates the dc temperature com-
Pensator response. This curve (Mz_or M3 vs T) is

much inferior to the curve of Fig. 5.4 and has an
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effective region from 50°F to 70°F where a relatively
flat response 1is observed. Outside this reglon, the
errors become significant as the compensator rapldly

loses effectiveness.
6.3 Calibration Error Due To Hysteresis

The Moxies used in the polyconductor wattmeter
have an 1inherent hysteresis loop which produces an
uncertalnity in a load power reading. The majof
hysteresis loop from the dual TleF 5V Moxle 1is
iilustrated in Fig.‘2.6 in which a complete transi-
tion occured. The amount of hysteresis may be re-
duce@ if the pdlyconductor is not.“pushed“ through
total transition but only operated 1h a dynamic
range which includes a partial transition of the
polyconductor. This!phénoménon can numerically be
1llustrated by examinihg similar regions of two
hystereéis curves, one curve beling Fig. 2}6 where
total transition is incured and the second belng
Fig. 4.4 where the polyconductor is limitéd to a
partial transition dynamic range (i.e. 60KQ to
1K2). An average differenée of 3.08KQ is the
amount of hysteresis calculated from the total

transition curve of Pig. 2.6, while an average
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difference of 0.688KQ represents the hysteresls of
Fig. 4.4, It 1s thus shown that the hysteresis
effect 1s reduced by 77.7% by limiting the dynamic
range of partial transition of the polyconductors.
' This numerical result was obtained by calculatlhg»
the average hysteresis between 60Kﬁ and 1KQ and
thus the 0.688KQ hysteresis of Fig. 4.4 introduces
an error of 1.17%. The average difference in the
M3-M2 value at a particular power reading is cal-

culated from Fige. 5.12 as 0.564KQ which corresponds

to 0.96% of the total range of 59KQ which is approx-

imately equal to the error calculated from the Fig.
L.k, A reason for the power hysteresis error being
slightly smallerlis that the difference (MB-MZ) is
calculated indicating an inherent partial cancella-
tion of the hysteresis phenomenon.

An illustration of calibration error is shown
in Fig. 6.1. Fig. 6.1A 1llustrates the criticallylv
demped case when the power is raised to the steady
state point'B from-point A. The hysteresis curve

is shbwn in Pig. 6.1B. The cburse traced out shows

no minor hysteresis loop, the difference M3~M2 reached

point B from point A. The slightly under damped case
of Fig. 6.1C shows an over shoot of the final power

level. In this case the minor partial hysteresis
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loop CDE 1llustrates how an erroneous reading is attained
even though the final power reading 1s the same as in
Fig. 6.1A. The maximum attainable error is «96% as

stgted previously.
6.4 Wattmeter Resolution Error

The wattmeter output ﬁas read from a digitai
multimeter which was capable of reading 1 part in
2,000. For experimental results in this study, the
resolution on the wattmeter was the resolution of
the resistance measuring device, in this case 0.,05%
of full scale. When full scéle deflection was set
at 200KQ, the smallest increment observed is 1000.
The slope of the differential resistance vs power
curve of Fig. 5.11 is approximately 8.45KQ per
watt. Therefore, the load must change by at least
0.01 watt before a change in load is noticed if the
voltage and current are varled simultaneously; If
- the meter 1s operating ét rated voltage and the
current is varled, a 1002 output cﬁange is repre-
sented by a SOQ.decrease in M3 and a 500 increase in

M2. Therefore no load change would be noticed as the

. individual readings changed by only 50Q. In the case

. Where current and voltage are varied simultaneousiy-
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M3 would remain at the bias point of 60KQ and M2 would
vary 1000 and load change would be evident. The case
of the rated voltage and variable current load, which

is the most common one, a load change of .02 watt must

occur before a load variation is experimentally sensed
(without changing the meter range). This resolution
error is approximately 0.26% (full scale defléction at
unity power factor is 7.56 watts), whereas a simultanéous

variance of load current and voltage produces an exper-

imental resolution error of 0.13%. This error is quite
small compared to the 0.96% hysteresis error, but would
deserve more-attention when the hysteresis free Moxies TS3-140

(see Fig.6.2) are available with dual heater elements.
6.5 Frequency And Thermal Resbonse Error
The wattmeter frequency and thermal response Aare

presented in thls section in relation to two external

varlations, one beling transient power while the other

step ambient temperature variations.

6¢5.1 Transient Power Variations

The frequency and thermal response of the watt-
meter could introduce an error in the metering of trans-

ient energy once an integration is developed but due to
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the fact that energy metering personnei do not con-
cern themselves with transient energy (14), this
error would be of little importance. The ability of
the meter to accurately sense transient power could
correspond to how a polyconductor watthour meter
responds to a narrbw high amplitude energy'pulse as
compared to a wlde low amplitude pulse of equal
energy content (8 ).

In an idealczattmeter the frequency spectrum
with the energy pulse would be applied to the Moxie
heater and the corresponding thermal energy would be
applled to the pélyconductbr film, thus the shape of
the pulse would have no effect on the accuracy of the

meter. This ideal situation, however, does not exist

and thus the transient energy sensitivityvof the meter

would depend upon the frequency response of the
operational amplifiers and the thermal energy dlssipa-
tion of the Moxie device.

Operational amplifiers act ag low pass fllters
and the corresponding effect on aecurately sensing
the aforementioned energy pulses 1ls illustrated in
Fig. 6.3. The energy pulses could occur as current
pulses thus voltage pulses would occur across the
current shunt., For the purpose of this analysis

the voltage pulses are assigned an equal area of

e
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H ﬁolt-seconds which would correspond to an equal
energy content condition as the wattmeter is to be
operated at rated line voltage. The narrow high

pulse VlH(t) (Fig. 6.3A) 18 defined by

Vig(t) =l |t|< % VOLTS - (6.1)
0 |t]s= : - o
73

in the time domain and has a spectral dénsity

(Pig. 6.3D) defined by the Fourier transform
Fly(w) = A sa(wzT) VOLTS ' (6.2)
2
The wide low amplitude pulse (Fig. 6.3C) is defined
by |

vip(t) = 15< |t VOLTS (6.3)
0> |t

with a corresponding spectral density (Fig. 6.3D)

defined by the Fourler transform

F1l;(w) = A Sa(wz)  VOLIS (6.4)

The operational amplifiers have a corresponding'pass

band (-w1 to wl) which consists of the heavily shaded

areas of FlH(w) and FlL(w) repreéented as Aly and Al;




96

respectively. If AlH doesn't equal AlL there would be

an error assoclated with the frequency response of the

operational amplifiers as will be shown next.

Since

the spectral densities are symetric the area AlH can

be defined as

U.)l ,
Aly = 2 5 FlH(w)dw_
0

=2 ‘?1A s
= a(wt)
0 2

and similiarily AlL can be deflned as

g

A1, =2 (¢

L FlL(w)dm

lA Sa{wz)dw

OWAE Qo

(6.5)

(6.6)

(6.7)

(6.8)

The integrals (6.6) and (6.8) can be evaluated with

use of the Si(x) function which 1s evaluated in

tables (13)‘and defined by

. z o
Si(z) = § sa(x)dx (6.9)
0
Substitution of (6.9) in (6.6) yields
Zl. .
Aly = 4 S1(z) | ~ (6.10)

where gz = g)_é_c and 2y =0T
2
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J
and similar substitution of (6.9) into (6.8) yield

' 2z,
AlL = 2H Si(z) : (6.11)

where z and z, are as in (6.11). Two sample sub-

stitutions of z, = 2.0 and z = 3.0 yield

Al LH(1.605) = 6.42H VOLT-RADIANS

H
| z1=2.Q
azg| = 2H(1.76) = 3.52H VOLT-RADIANS
AlH‘ = 4H(1.85) = 7.4H VOLT-RADIANS
zl=3.0
AlL\ = 2H(1l.42) = 2.84H VOLT-RADIANS
zl=3.0 -

Similar.substitutions yelld numerical values of AlH

greater than AlL due. to the factor of 2(le 4H and

2H in(6.10) and*(é.ll); respectively) between Alﬁ

and AIL.
It can be concluded from this numerical analysis

that more energy would be applied to the heater due.to

a high amplitude, narrow pulse of energy with respeét

to a low amplitude, wide pulse of equal energy content

thus an erroneous output reading would result from the

‘ low pass filter'charaéteristics of operational amplifiers.

The‘possibility of error due to different thermal
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energy dissipat;on to the surrounding medium corres-
ponding to the aforementioned equal energy content re-
lated pulses VlH(t) and VlL(t) can be discussed as
follows. A narrow high voltage pulse VlH(t) would
generate a higher temperature and thus higher rate
of heat dissipation than the wider pulse of lower
amplitude, VlL(t), but the wider pulse would dis-
sipate heat for a longer pefiod than narrow pulse. -
The accuracy of the‘system in relation to heat dis-
sipation would depend on whether equal amounts of
Thermal energy were dissipated in the Moxie film.

in these two cases. Calculation of the energy
disslpations 1s deemed almost 1mpossible and the
§n1y practical Wéy of determining transient energy
sensitivity would be under actual test conditions
when an- integrating scheme is developed for this
‘meter (15).

Once thls energy pulse ocgured the outputIOf.
the meter would reach .6 of its final value in
approximately 2.5 msec. iater. This value was
experimentally obtalned by comparison of the pulse
traln V5 and voltage VB; Approximately .5 msec.,
(lag time) 1s required for the pulse to heat.thé
heater and initiate heating of the polyconductor

film (causing a reduction in V3). Once the heating
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of the film is initiated 2.0 msec. are required before
V3 decreases .6 of the total variation resulting from
the input pulse (ie a thermal time constant of 2.0 msec.
when measured under aforementioned conditions). Since
both sensing Moxles have fhe results of the energy

pulse applied'simultaneéusly, any variation in the load
would be sensed «5 msec. later and complete .6 of the
output response 2.0 msec. after the time lag passed

(the time lag assoéiated with the operational amplifiers
1s negligible). It should be noted that the fast thermal
time constant enables design of the pulsed temperature
compensation as if this time constant was SIow,(ie .05
sec. which corresponds to the lower frequency limit of
the Thermal Cduplers), the temperature fluctuation within
the reference Moxle MX1 would be too large and cause

a fluctuating biés point for the reference Moxies.

6e5.2 Temperature Compensatof Response To Step

Amblent Température.Change

A properly designed temperature coﬁpensatdr should
be able to respond to step changes in amblent tempera-
ture without’pfoducing errors. Fig. 6.4 1llustrates
what would occur when the reference Moxie MXl.senseé

a step variation (ATo) in ambient temperature To.
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These cuives 111ustraté how the pulse frequency wbuld
change‘almost instantaneously once'the'temperature
change is sensed. This is becaus; the thermal time
constant of MX1 1s quite smwall and the thermal
hysteresis involved is negligible. Thils change could
occur during the heating or cooling region of the
- temperature compensator curve VB but the frequency
1s mainly altered by variations in the cooling time
thﬁs the temperature disturbances are introduced
| duringvthe-cooling cycle in these graphs to illustrate
the almost instant frequency shift. A temperature in-
crease To is appllied af a timeAtu and the temperature
-controlled voltage V3 (le Moxie resistance M1 senses
temperature variations and in turn varies voltage
V3) responds to the disturbance at a time t qHats tlme
- lag At being due to the thermal transportation time
of the Thermal Coupler.‘ This time lag is approxi-
mately 60‘seconds which repreéents the time for a
Thermal Sensor to change its temperature 63% in
response to a step change in ambiént alr temperature
(16). With the 1ncrease In temperature sensed, the
rate of cooling is immediately decreased and thus
the frequency fp is decreased. Similiarily a step
decrease in temperafure 24To is introduced at a time

tﬂ and sensed by the reference Moxie at a time tD+At.




Once the temperature decrease is sensed, the cooling
rate of MXl, illustrated by V3, is increased and thus
the frequency fp of V5 is increased to compensate for

thls temperature wvariation.

A frequency change is noted in both cases without
lJosing the effect of the temperature compensator con-
ditions before the disturbance occurs. If the dls-'

turbance is felt initially dufing the heating regioﬁ,

the pulse wldth would be effected accordingly (ie shorter
for an increase 1n temperature and 1onger for a decrease
in temperature) and the frequencyrfp would be changed
since a different heat dissipation condition would
already exist once the cooling region starts.

Ihis.almosﬁ instant temperatufe sensitivity 1is
destfoyedfwhen the pulses are converted to a dc level
- as the low pass fllter 1nvoived'in the conversion has
an electrlical time constant of 1.0 second. The cor-
| rectivé-voltége V7 would not-be applied instantly and

- thus the sensing Moxies would first be subjected to

a temperature varlation due to the surrounding ambient
temperature which produced thé sfep variation initially,
then subjected to another temperature varlation as V?'

corrects the effects of the vafiation and thus the

small hysteresis affect would produce a neglliglble
erfor as long as the effective dc temperature compen-

satlon range of 20°F is not exceeded (see_Fig. 5¢7)e
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6.6 Meter'Llnearity

The ideal power response curve would be a ilnear
relationship between the output response (M3-M2) and
the input power (in watts) but unfortunately the metef
does not respond in a perfectly linear fashlon as il-
lustrated by the deviation between the actual and the
ideal curves of Fig. 5.11. The reason for this non-
linearity of the output is due to the fact that the
only avallable region of operation of the Moxies used
in this study did not illustrate a perfect uaiform
square law reiétionshlp as illustrated by the dir-
ference in the two curves of Fig. 5.12 (as explained
earlier in this study.

When the hysteresis free TS~140 Moxles (see
Filg. 62 ) are avallable in a Thermal Coupler configura-
tion a region which displays the best relationship
- could bé selected for the dynamic range of the‘
‘sensing Moxles as the transition temperature is 140°¢,
thus a larger above room temperature range is avail-
able in comparison with the TS-57 type polyconductor
films used in this study.
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CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR RESEARCH
7e1 Conclusion

In this thesis an experimental wattmeter is

~—~Presented in an attempt to overcome the mechanical
and eiectrical difficulties with which induction
type meters are assoclated. The polyconductor
wattmeter has no assoclated mechanical problems
but has a limited frequency response {due to opera-
tional amplifiers) but nevertheless this frequency

| rahge is iarger than the induction type meter which
is designed for specific frequency (ie 60 cycles pér
secopd). The polyconductors utilized in this meter
have an 1nherent hysteresis loop which introduces an
approximate 1% uncertainty as illustrated in the
actual power resbonse curve of Fig. 5.11. A novel
Pulsed temperature compensation Schene waé presented
and performed well under slow and fast‘switching
trahsltibﬁ regions, a characteristic not offered
with a commercial compensator bullt by the Moxie
manufacturer. In order to utilize it the pulsed ecom-

pensation scheme was converted to a dec scheme in
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which ﬁuoh of the effectiveness of the pulse typre com-
pensation was destroyed.

Although the total power factor response curves
of Fig. 5.14 1llustrate that the effective dynamic
range of the polyconductor is reduced with decreasing
power factor, this phenomenon could be accomodated by
under rating the wattmeter to enable accurate measure?
ment within specified power factor limits as is the
case 1in domestic and 1ndustr1a1~1nstallat16ns for
which the basic ldea of this wattmeter is intended.

The polyconductor wattmeter offers no inherent
:mechanical difficulties and an electrical type out-
put. This electrical output (reslstance) makes the-
| meter sultable for remote me;er readings applications.

for which it is intended.
7.2 Suggestions For Research

The two main difficulties with the polyconductor
wattneter are the hysteresis effect and the dc com-
pehsation'sgheme. At presént there exists-a hysteresis
free Moxle TS3-140, whose terminal resiétance vs temp-
erature characteristic is illustrated in Plg. 6.2,
but unfortunately is not manufactured in Thérmal |
Coupler confliguration. When this Moxie becomes avail-

~able with a heating element and is utilized in the .
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pPolyconductor wattmeter, the hysteresis problem would
dissappear. Similiarily if'this TS3-140 Moxle was
avallable with two heaters the pulse temperature
compensation could be applied to one heater and the
brocessed signal to the remainder thus.eliminating
the relatively ineffective dc compensation scheme.

Although operatidnal amplifiers were employed
to process the phase voltage and line current in the
polyconductof wattmeter, a transformer type meter
would be reasonable for a Specific frequency range:
application (17).\ When the hysteresis free Thermal
Couplers become avéilable a watthour meter of this
type would be a useful investigation experimentally
since currently used domestic watthour meters do
not read true power under certain conditions (1%).

An integration scheme might be developed
using a metal-nitride-oxide IC memory (18). This
scheme would be especially attractive as it has a
long term temperéture independent charge retention
abllity associated with it.

Newly developed current}transformers which use
'Yig tuned oscillators and transmit a frequency modu-
lated signal to an isolated receiver (19) suggest a
poséible incorporation of a polyconductor meter in
monitoring EHV and UHV loads as the'analogue signal
from the recelver could be fed into the signal pro-

.....
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cessing section out of the polyconductor meter.
The pulsed temperature_compensator scheme could
also be incorporated to develope new type meters or

posslibly improve the behavion of existing ones. The

frequency fp of V5 corresponds to the ambient tempera-
ture thus if thermél power due to an unknown current
was applied,the shift in frequency fp generated
would indicate a value proportional to that current.
The compensator could also be used in a digitél
ohmmeter scheme. The voltage V6 determines what
‘value V3 will fluctuate around, R44 determines the
degree of transition required to'maintain V3 and
this degree of transition dictates the pulse fré-
quency fp as expléined in Chapter 4, Therefore,
with a constant V6 and substitution of R44 with an
unknown resistance,the value of which is within the
terminal resistance range of the Moxie, the pulse
frequency fp wlll be dependent on the unknown re=-

slstance and thus a digital ohmmetervis concelved.

The meter presented in this study is believed
to be the first wattmeter of this type to be built

and serves as a basic prototype which could be de-

veloped in remote nmeter reading applications oonn

line power loads as referred to in Chapter 1.
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APPENDIX A
AC AND DC POWER SUMMATION IN A MOXIE HEATER

Since a dual heater Moxle device was unavailable
the temperature'combensation pulses were converted to
a dc level using a frequency tb voltage convertor.
The desired‘result 1s that the temperature compensating
dc power level would not be altered when the ac pro-
cessed signal was applied. The sum of the twé voltages

(ac and dc¢) is

VH = Edc+Emsin(wt) | (4.1)

where VH 1s the total voltage applied to the heatér,
Edc'is the dc voltage and Em 1s the peak value of

the ac voltage.. The instantaneous power dissipated

in the heater 1s proportional to the square of VH

2
Vg

V5 _1 oy R |
P=g = E(Edc+EmSin(wt))‘ (Ae2)
where p is the dissipated instantaneous power and H
is the resistance of the heater. The Moxie device
responds to the average power disslipated in the
heater which can be determined by averaging over a

over a period as follows
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21 20
w w
w - W 2
Zn § Pat = ( (B, *E sin(wt)?at
0 0 .
_2.11 .
= W W 2 2
ZnE (By o ™E, +2Echm81n(wt)-EniCos(2wt))dt (a.3)
0 2 2

s
and since the average of the ac terms are zZero, we

have

Pav = E

H H (A.ly)

where ErmS is the rms ac vqltage and Pav is the aver-
age power dissipated in the heater. Thus the tempera=-
ture compensation 1s.retained and as referred to in
Chapter L the terminal resistance vs applied voltage
curves will vary (from ac to de) but the total power

applied remains the same.
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APPENDIX B
DESCRIPTION OF PHYSICAL CONSTRUCTION

The wattmeter was built on copper backed Vero
boards, mounted on remsveable front and back panels
of a Hémmond enclosure. There are thfee Vero boards
mounted on the front panel (see photograph Fig. B.i),
one board containing the 9 of the 10 operational
amplifiers and associated circuitry, Joined by Jumper
1l to the second board whish acts as junction panei
for Jumper 2 which electrically joins the front panel
to the back panel. Thesthird board on‘the front
panel contains the complete voltage to frequency con-
verter. The single board on the back panel acts as
‘a junction panel for Jumper 2 on the rearlpanel side.
Moxies MX1, MX2, MX3 and transistor Ql are mounted on
seperate heat sinks attached to the rear panel while
translistors Q2, Q3, QY4 and QS are mounted on a common
heat sink and since transistors QR6, Q7 and Q9 are
used in a low power mode there are no heat sinks

required.

The photograph in Fig. B.2 1llustrates the various

quantities associated with the binding posts mounted

on the front panel.
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The circult dlagram of the two Jumpérs used in
connection of the various Vero boards preﬁiously
mentlioned is shown in the photograph Fig. B.3 with
colour coding information given in Table B.l.

The electronic components description is glven in
Table B.Z2,

The completevpolyconductor.wattmeter assembly

is shown in photograph Fig. B.4.
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Pin No.
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COLOUR CODE OF JUMPERS

Colour

Jumper No. 1

1
2
8
9
10
11
12
13
14
15
16

Black
White
Black
Bfown
Red
Orange
Yellow
Green

Blue

Violet

Grey

Jumper No. 2 .

5 .

O 0 3 O

10
12
13
14
15
16

Green
White
Red
Broﬁn
Orange
Yellow
Blue

 Violet

Grey
White

Black

Description

A

V1
Base of Q1 B
Heater H3 of MX3 i

FPrequency to voltage output V7

-V
Ground

Temperature Compensation voltage V3 .
V2

Refefehce voltage of OP9 (+V or OV

Heater H2 of MX2‘

Resistance of Moxie MX3 (M3)

Resistance of Moxie MX2 (M2)

Heater H2 of MX2

+V

Temperature Compensatlion ioltage V3
Ground

Base Oof 31

Temperature Compensatlion Pulses V5

Heater H3 of MX3
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TABLE B.2 COMPONENT DESCRIPTION

Resistors:

R1 ' - chosen to glve 2.75 voltage
drop across it at rated cur-
rent. a8

R2 ‘ - 1KQ 1/2 watt trimmer pot

R3 : ‘ : - 100KQ 1/4 watt 5%

R4, RS, Rli, R13, R22 |

R36, R41, RU2, RUS - 10KQ 1/2 watt trimmer pot

' R6, R8, R9, R12, R1S5, |

R28, R29, RB32, B33, R35,

BR37, R39, R4O, R52, R54 - lOKQ_l/h_wattlﬁ%

R7, B10, R21l, R30, R38 - k700 1/2 watt trimmer pot

R20, R27 - 4.7KQ 1/2 watt trimmer pot

R16,.R19, R23, B26, ~ = 3.3KQ 1/4 watt 5% |

R31 - 1KQ 1/2 watt 5%

R17, R18, R24, R25 - 50 1 watt 5%

0% | | - 120KQ 1/4 watt 5%

RUL - B70KQ 1/2 watt trimmer pot

RU6 | - L7KQ 1/2 watt 5%

RL47 - : - 4,7KQ0-1/2 watt trimmer pot

R4S ' - - 100KQ 1/2 watt trimmer pot

’49, R50 | - 1KQ 1/2 watt trimmer pot

R51 : - 100Q 1/2 watt trimmer pot

'R53 . < 39KQ 1/b watt 5%

R55 B - 6800 1/4 watt 5%

—




Polyconductors:

MX1l, MX2, MX3

Transistors:
Ql |

QR2, QU

Q3s Q5

Q6, Q7, Q8

Diodes:
pl, D2, D3, D4, D5, D6

Operational Amplifilers:

OP1, OP2, OP3, OP4, OP5.
oPé, OP7, OP8, OP9

OP10

Capacitors:
Cl
c2
c3
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Dual TCl=-F 5V

MJE 3055 BJT
MJE 180 BJT
MJE 170ABJT
2N2495

IN 4005

ML74L CS 7340

ML307

100uf
2200pf




FIGURE 8.4
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