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Abstract

The obdject of this work is to develop and design a
microprOCeSsoi based power monitar circuit for use in
of fice, commercial or light {ndustrial buildings.

Voltage and current transformers with capablilities
up to 277 V and 230 A respectively are used to assure
ease of installation and accurate measurement.

After surveying the existing opower distribution
systems currently in use, and studying in detail the
chavacteristics of the required instrument transformers,
a circult bpased on the Intel 9081 microcomputer and the
Exar Inteygrated System XR=27208 operation multiplier 1is
develope:d,

A detalled study of the effects of harmonics in the
measured current waveforms Aand flowx charts for the
microconputer projram are {ncluded,

Both a detalled mathematical error analvsis and an
experimental study show that nnower measurements of 1.9 %

2]

agccuaracy Aare provided at poawers up to 231 kW,



t. Introduction

This work presents the development and design of a
microprocessor based power monitnring circuit for use in
offlce, coumercial or liqght industrial bulldings, With
the ever rising energy costs it 1s becoming very
important to institute automatic control of the enerqgy
usaye in such buildings. An verv important component of
any serlous energy management system iIs the ability to
accurately mneasure the flnw of electrical power into the
butiding,

There are several features which are required in
such a power monitor. First, the output of the power
monitor «c¢ircuit should he 1in digital form in order to
easily interface with the remajning parts of the control
system, ©Second, easy installation of the metering device
1s iaportant. However, ordinary power meters have to be
installed in the power lines, That is, the power lines
have to be cut, This §s quite Inconvenient,
Transformers canh solve this problem and are employed for
the voltage and current measurament of the power monitor
circuit, Because of the importance of the transformwers
thejir characteristics are analyzed in detail later on,

There are several kinds of pover distribution
systems commonly used in office, commercial or 1light
industrial buildings,. Therefore, for the third feature

2



the poxer monitor circutt fs designed to have the
flexivility to measure power in Alfferent kinds of power

distribution svstem.



2. Power Distribution Systems and Power Measurement

2.1 Common Power Distribution Systems

There are severasl power distribution systems
coamonly used in office, commercial and light 1industrial
buildings (1, 21, The frequency of all the systems is
60 Hz 1in most cases., These Systems are:

(1) 120 v, singyle=phase, 2-wire system (see Filqgure
2=1): This 1s used for the smallest of facilities such
as small residences, out-huildings and 1Isolated small
loads, This 15 also the arrangement of the usual branch
circuit.

(2) 120/240 v, single-phase, 3=-wire system (see
Flgure 2=-2): | This 1s a commonly used system in many
residences, small apartments and conmercial bulldings.
The single phase transformer 1is center=tapped to
establish a neutral, The neutral connection 1s always
grolnde:di,

(3) 1207208 v, 3=-phase, 4-wire system (see figure
2=3): This system 1s the most widely used 3=phase
arrangenent for wmedium sized Eacjlities. The neutral
connection 1is connected tn the svstem ground,

(4) 277/48% vV, 3=phase, 4=wire system (see Figure
2=4): This system Is 1ldeally suited for multistory

office buildings and large single-level or multilevel



Line A

120 v

Neutral

= System ground

Figure 2-1: 120 V, single-phase, 2-wire system

Line A

240 V
y Line B

120 v 120 V

w Neutral

= System ground

Figure 2-2: 120/240 V, single-phase, 3-wire systenm



Line C

120V {208V 208V
Line A
120V 208V
A B IL,ine B
120V
Neutral
c

— System ground

Figure 2-3: 120/208 V, 3-phase,

L-wire system

Line C
277V | 480V | 480V
Line A
/
277V 480V
Line B
277V
Neutral

— System ground

Figure 2-4: 277/480 V, 3-phase, 4-wire system
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industrial biilildings. Many fluorescent lanmps are
designed to work off 277 v, This {s tdentical in
conflguration to the 120/208 V systen,

(5) 240/116 Vv, 3=phase, A4=-wire systen (see Fiqgure
2=5): This 1is used only {n very large commercial or
industrial buildings. This svstea is again identical in
configuratlion to the 120/208 V system.

(6) 120/208/240 V, 3-phase, 4=-wire delta system (see
Figure 2-6): This system {s used where the wmotor 1load
reoresents a large part of the total load, 0One of the
transformers is center=-tapped to establish a neutral
anhich is connected to the system ground.

In this paper all wires, except the neutral, may be
called lines and each line Is deslgnated as Line A, ULine
B or Line T, Sometimes the configuration of a system 1is
expressed by using the number of lines, For example, 3-
pnase, 4=wire systew may be called 3-phase, 3=line system

or just 3=-1line system,

2.2 Power Measurement

Power 1s defined to be the time rate of flow of
ener:y. The power in a one port circuit at any 1nsﬁant,
called the instdntaneous power p(t), equals the product
of the Instantaneous c¢urrent, i(t), In the circuit and

the Instantaneous voltage, v(t), across its terminal at



‘Line C

240V | 416V 416V
Line A
240V 416V
A B Line B
240V
Neutral

= System ground

Figure 2-5:  240/416 V, 3-phase, 4-wire system

A Line A

208V |240V 240V

c Line B

120V 240V

Line C

120V

Neutral

System ground

Figure 2-6:  120/208/240 V, 3-phase, 4-wire delta system
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that mounent; that is,

p(t) = v(t)l(e) . (2-1)

The averige power P, often just cAalled power, 1Is the time
average of the instantanenus power in the circuit., If

steady-state conditions evist, the power is glilven by

v
1

| r
—_ p(t) dt ’ (2-2)
T 0 .

where T 1s the period of the instantaneous power,

Since tne voltage waveform of normal power
distribution systems 1Is 60 Hz sinusoidal, only this
voltage waveform is considered for the analysls of power
in this work. Thus, the {nstantaneous voltage of a

system is expressed as
V(r) = Vm COS( u)_ot + e) ’ (2"3)
or

J2 V cos( w,t +89) ' (2=4)

v(t)

shere V,, V and @ are the peak value, the Ttoot-mean-
square (rms) value and the phase angle of the voltage of
the systean respectively and w,=257500, lsually the current
in power distribution systems can be assumed Lo be stable

for sowme short <duration ouvecAanse the curreant {n such



systems 1s not continuallyvy changinyg. *“oreover, for this
stable duration, the current {n the systemns can be
assumerd to be periodic with a period that is the same as
that of the voltage of the systems, Thus, the stable
periodic curreat for some duration 1is used for the
calculation of the power for that duration. In this case
the instantaneous power Is also stable.

The simplest case Is nne Iin which the current In a
system is 60 Hz sinusoidal, the Instantaneous current {is

expressed as

i

e Imcos(w, t + & ) ' (2=5)

or

i(t) =J2 1 cosCwe t + & ) , (2-6)

where Ipm, I and ¥ Aare the peak value, the rms value and
the phase anjle of the current, The power {is calculated
by uasiny equations 2-1 and 2-2. The result of the

calculation is given by

?'_—v,,,xm cos( P = @ , (2=7)

3
i

or

D
n

VI cos(¥ -6 . (2-8)

In this case the power is determined by V (Vu), T (Iy)

10



and the phase angle difference between the voltage and
the current of the system,

Becduse of nonlinesr 1lnads on power distritution
systems the current Iin the systewms 1Is aqenerally a
distorted wave, BRecause of periodicity the current can

be expressed by the Fourier series,

o
f(t) = Iq + Z In cost nwet + ¥, ) ’ (2-9)
N2t

where I, is the magnitude nf the -d¢ component and I, and
$, are the peak value and the phase Aangle of the nth
havamonic of the current, The instantaneous power is

Jiven hy

VmzoS (Wot +) {To + > Incos(nw.t+ 90}

ns|

p(t)

Vinlo caswet+8)
*E;W“InCOS(wot+9)COS(uwot+Qn)

VmToCos(woett §)

13

b VT, {€OS (P =81 +00S(2Wett B +6))

+ 3 Ym T2 {COS (wo t+ $,=0) +COS (I wots £,+6))

b - - .

+~%thn(cos((n-l)wot+?w-9)
+Cos((n+ 1l wot + Lo+ O}

b e - - . (2-10)

'ne power 1s calculated hv integrating the i{instantaneous
power for the one period nf 60 Hz, To, to vield

11



Ty
J p(t)dt
0

-

A
‘_FC Vm locos(woet+89)At
° 0

| "o
+7J VI Cos (9, -01dt
n

rp
| ‘o
+—2-J’n V11 €0S (2 wet+ ¥, +4) gt

To
+ér£ VmTlz2Cos (wet+ ¥,-0)dt
0

Ty
+_;‘J VmTzCOS(3wot+Epz+9)dt
0

+ - - - -

To
+—:|7--SO VmThcosC((n=1Ywot + P,~0)dt

To
*N%Sn VmThcos({n+1dwet+ ¥+ F)dt

booe- - - )

To
=|
VmT| COS(Q’I'Q)"”:
2Ts | 4

L mT cos (9= 6) , (2-11)

where Lrbos(nunt+d)dt=0 is vsed, This equation shows the
same result as the 60 Hz sinusoidal current case,
equation 2~7; that 1is, the power in power «distribution
systems 1s delermined wy onlv the voltage waveform and
the 60 Hz coaponent o0of the current waveform of the

systems, Horeover, comparing erquations 2=10 and 2=11 the

12



power 1n power «distribution systeas is exactly the same
as the dc counponent of the Iinstantaneous power,

For a system with more than two wires, there are
many ways to connect loads. Aacording to the discussion
op Lo now, it seems that i+t may he troublesome to measure
the total power of such a svstem, Thus, Aa convenient
theorem of powWer measurement of a multiconductor or
polyphase power distribution svstem is next introduced,

"Blondel’s Theorem: The total power delivered
to 3 load system by means of n conductors |{is
given Dby the algebraies sum nf the Indicatlions of
n wattmeters so Inserted fhat each of the n wires
cotains one wattmeter current-coil, its potential
coil beiny connected between that wire and some
point of the system in common with all the other
potential colils; if that common junction of the
potential leads 1is on one of the n wires, the
total poser is obtainahle fronmn the indications of
n=-1 wattaueter elements, [31"
In other words, the fotal power rsan be calculated fromn
voltages between 1lines and the neutral (common) and the
currents in the lines. Applications to the single=-phase,
3=wire system and the 3-phase, A=wire system Are shown in

Figure 2-7. The total power of these systems are

calculated by

13



in

= T,ine A
is
—_— Tine 7
Load
Vg Va
Neutral
= System ground
(a) single-phase, 3-wire system case
ie
—_— Line C
ia
_— Line A
ig
Toad
—_— Line R 1oac
Vg Va Ve
Neutral
— System ground
(b) 3-phase, 4-wire syshtem case
Figure R-7: Measurement for the total power calculation
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(a) single=phase,

| J‘“

P = —
Ts N
(b) 3=-phase,
| j"“

b = EA
*d0

VA .lA At

d-wire

vy 1, dt

3=wire system case

L [T

svstem case

b (T
0

| j“
+ — v, {.dt
T q c [

15
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3, Transformers

3.1 Transformer Equivalent Circuit

The power monitor «clrcuit uses transformers for
vottajge and current measurment of power <distribution
systems., There are several advantages of the use of
transformers, liowever, the characteristics of real
transformers differ from these of ideal ones and are
quite important fdactors fnr the power measurement, In
tnis chapter the characteristics, especlally transfer
characteristics, are discnssed,

Before real transformers are discussed ideal
transformers are considered. The circuit representation
of an ideal transformer is shavn in Figure 3«1, There
are two lossless windings, the primary with Np turns, and
the secondary with ©Ng +turns, and an ideal core whose
hvpotneticél materlal has A 1linear [-H curve with
infinlte permeablility. UnAder these conditions no leakage
flux escapes from the core, and the total flux 1s
proportional to the net magnetomntive force, The voltage
and current relstionships between the primary and the

secondary are
Vs = ( NS/NP ) VP = N VP ' (3-1)
and

16



i

A d . . N
e <$> Vp Vg 2y
Figure 3-1: Circuit representation

of an ideal transformer

e @ vp Zy /N?

Figure 3-2: Equivalent circuit of Figure 3-1
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lp = ( Hs/¥p ) 1g = K i v (3=2)

where vp, Vg, 1ip and {5 Aare tnhe primary voltage, the
secondary voltage, the primary cnrrent and the secondary
current respectively, and ™ is the secondary-to=primary

turns ratio,
N 2 ug/Mp . (3-3)

Usiny these relationships the wvarious c¢ircuit elements
can be referred to either as the primary or secondary by
maltiplying or dividing by the square of the secondary-
to-primary turns ratio, W', For Iinstance, the eguivalent
circnit of Figure 3-1 viewed from the primary clircuit is
shown Ln Filgure 3-2,

Because of equations 3~1 and 3-2 the voltage or
current of power distribution systems can be measured
using 1:deal transformers., When the primary winding 1is
connected between a line and the neutral, the voltage of
tne line is sensed by measuring Lhe secondary voltage
(see Filjure 3-3), 1In thls cAase the transformer 1is called
an Jnstrument voltage transformer or Jjust a voltaqge
transformer, (VT), Wwhen rhe primary winding {s 1inserted
in a line the current in the line is sensed by neasuring
the secondary current (sem Figure 3=3), Note that the

secondary load in thils case should be resistive, A

18



line —_—

?TM)—T__
o« o e ——= ¥
v Vs |2yt isl/
Ry
N
neutral N
" system ground
Figure 3-3: Instrument transformers

in the power distribution system

iron core

wire of the power i Np =1
distribution system — = P

Ns
]
Ry
Figure 3-4: Current transformer
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transformner for this use {s calied an instrument current
transformer or Jjust a current transformer, (CT). In nhany
cases an iron core with a secondary winding 1Is used so
that a wire fin the system {s encircled by this iron core
and hbecomes the primary winding of a CT (see Figure 3-4).
The primary w~indiny of this QT is one, and the wire does
not have to be cut, Insertion of a transformer affects
voltage and current of the paower distribution system
since the secondary load of the transformer is also the
load of the system, Therefore, the secondary load and N
are cnosen carefully so that the effect of transformer
insertion 1Is reduced.

There 4re several advantages to using transformers

in the power distribution svstem., These are:

- VT’s permit low=-voltage measurement of high=-
voltage systems,

- CT's provide a means for reducing large values
of current to lower valnes of current or
voltagye across the secondary load resistance,

- Transformers supply the {nsulation between
poser distribution systems and the power
monitor circuit, Therefore, the power monitor
clrcult can be emploved safely.

- Transforaers provide a high degree of

. 20



flexibllity in locating the power monitor

circult.

A real transformer diffmars from an {deal one {in
several respects, The 1{iron core 1is nonlinear, with
finite permeability and hysteresis, and the windings have
somne resistance. W¥Vot all the flux linking the windings
Joes through the core. The approxinate linear equivalent
clrcuit is shown In Figure 3~5(a), Hecause of the iron
core’s nonlinearity each element In the equivalent
circuit changes «hen frequency, voltage or current of the
primary circuit changes, The resistances RWP and
Rws represent copper losses nf the primary and secondary
winding.,. The resistance Pc¢ accounts for core losses
caused by e:ddy currents and hysteresis, The reactances
Kip and Xis represent the 1leakaye reactances of the
primary and secondary winding. The magnetizing reactance
Xm 1s caused by the magnetizing current, Both the
leakage and the magnetizing reactance reflect the iron
core’s tinite permeablility, The transformer 1in the
equivalent circujt 1s an {deal one. Figures 3-5(h) and
(c) show the eyuivalent clrcults with secondary or
primary elexents referred to nn the opposit side,

The behavior of a real transformer at a certain

frequency, voltage and current §s precdictable from 1its

21



Rwp Jip J¥us Rws

Re JZm

(a) equivalent circuit of a real transformer
Rwp JXup iX1s/N*  Rws/N?
1:N
V.V OO ° °
Re % % }J’Xm
& .

(b) equivalent circuit with secondary elements
referred to the primary

Figure 3-5: Equivalent circu%t of a real transformer
(1 of 2
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NRwp  §N*X1p iXis Rws

Rea J¥ma

—0
(c) equivalent circuit with primary elements
referred to the secondary
Figure 3-5: Equivalent circuit of a real transformer

(2 of 2)
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equivalent circult. When a certain frequency and
maqniﬁude of voltage (current) s applied to the primary
wlnding, and a certain resistance load 1is connocted to
the secondary winding, the fnllowing characteristics can

be noted:

~ The secondary voltage (conrrent) is less than
that of the ideal transformer case,

= The secondary voltaye (current) waveform might
be phase shifted a smAall amount from the

primary voltage (current) waveform.

Thus, unlike the ideal transformer case, it is difficult
to calculate the primarv voltane or current of the real
transformer by measuring the secondary voltage or
current,

Conslider the case {in which real transformers are
usert to wmeasare the voltage or current of a powef
distribution system, First, it will be assumed that the
insertion of the Lransformer which is used for measuring
the voltage or the current does not have any effect on
the system. Thils is a gond assumption because the 1load
of the systean Is usually a wmuch more dominant factor of
the voltaje and the current of the system than that of
tne transforuer, Thereforr, tne primary voltage or
current of the transformer iIs the same As that of tne

24



systeqm without this transformer,

Because tne voltage of a power distribution system
Is a steady 60 Hz sinusoid, one equivalent circuit |is
suffliclent to describe the behavior of the VT, Thus, the
voltage of the system can be sensed hy measuring the
secondary voltage, The current of a system is dgenerally
a3 Jdistorted wave and varries widely in magnitude, Since
a transformer has different transfer characteristics for
different frequency components, or ditferent current
levels, tnhne secondary current waveform of a4 CT can Alffer
from the current waveform of the system. It is
impossible ta precisely determine the current of the
system by measuring the secondary current of a CT. Some
compensation circuit of the CT’s transfer characteristics
may be neaded in order tn employ the CT for the current

measurement.

3.2 Transfer Characteristics of Current Transformers

In this section the transfer characteristics of a CT
are analyzed and experimentally verified. This work {s
required because current measurements of a powver
distribution system depen-ds critically on the transfer
chargcteristics of the CT, When the current of a system
Is measured by a {T the current of the system should be

tha input of the CT, that {s, the primary current of the

25



CT. The output of the CT {s usvally taken as the voltage
across a load resistance connected across the secondary
winding. Normally the primary is one turn, Thus, the
transfer function, gain G and phase shift o, between the
primary current and the secondary voltage of the CT with
one primary turn 1Is considered. When the phase shift
o 1s expressed by the time delay ta the transfer function
is given by Gest |

An Ampropbe Instrument Model SA6ONFN=1 CT is used for
this analysis. The main featuraes of this CT are as

follows,

= pnominal prlmary current range: 0 - 300 A (with
one primary turn),

= maximum secondary antput: 90 mA (continuous
duty),

- secondary turns: 232s,

- recommended secondary load: 304 resistor.

Two ditferent methods are used to determine the
transfer characteristics of this CT. One {s based upon
direct testing and the other upon calculations using the
equivalent civcult. Although direct testing 1is
sufficient to determine tne transfer characteristics of a
particular CT, predicting the transfer characteristics
using the equivalent circuit can be helpful for direct
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testing.

in the laboratory 1t {is difflcult to obtalin
0 ~ 300 A currents (the nominal primarv current range of
the CT) over the fredquency ranaes which 1s needed to test
the TT directly. For convenience, the primary turns of
the CT c¢an be increased 1In order to decrease the
secondatry-to=prinary turns ratio, With thls approach
smaller prinary currents are required to tegt the CT.

Before tnhe effect nf changiny the primary turns on
the transfer characteristics of @ CTT 1s discussed the
equivalent circuit of a CT {s introduced (4}, The
equivalent circuit whose 1oad is resistive 1is shown in
Filgure 3-6, This circult is obtained from the one in
Figure‘B-S(c) whose parallel cireult of Rc2 and Xmz are
changed to series form, The voltage and current are
denoted in phasor form whose magnitudes are rms values,
In this papér the capital letter of voltage or current
with a bar denoted the phasor and the caplital letter
without a bar denotes the rms values, Moreover, the
small letter denotes the {nstantaneous value. These
notations Aare understood wunless otherwise stated, For

Instance, the primary ocnrrent 1Ip s expressed as

Since fhe transformer {n the equivalent circuit is
ideal, the primary current Ip {s transformed perfectly,
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witn no ratio or ghase error, to the current :f| + the

prinary current referred tn the secondary,
Ty = Tp/N . (3-4)

The secondary current 1s, and the secondary exciting
current le, are determined by I, and the circuit
elements, lrrespective of the values of the primary
winding 1impedance, Rwp and Xip. That is, the relation
between the primnary current and the Ssecondary current
dpes not depend on the primarv winding impedance, The
nuwber of the primary turns affects only the secondary=-
to=primary turns ratio N and the impedance inserted into
the primary circuit by the CT. Thns, decreasing M can
make it possible to test the CT with smaller primary
currents than the nominal primary current, all with no
effect on the transfer characteristics.

Next, the calculation of the CT's transfer
characteristics from the equivalent circuit {s discussed.
In the equivalent circuit T} flows Into the secondary
excitinyg impedance, Re aﬁd Xe: this current is called the
secondary excitation current, Tg, It is evident that the
secondary exgitation voltage Ee Is a function of Teg,
Re and Xe. Also, Is 3s a function of Fe and the
secondary winding impedance, Ryws and Xig, and load
resistor R,. Thus, once Te, Re, Xe, Rws, XLs and K_ are
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determined Ip (L)) and Is can be calculated and therefore
the transfer characteristics hetween Tp and Ts.can be
deternined., Hecause of CT's.nonlinearity Re and Xe are
functions of Te, and Rws and ¥is are functions of Is.
Using this egquivalent circuit the transfer
characteristlics at varlous current levels of 60 Hz are
determined. These transfer characteristics of the CT are
important for the power measurement of the power
distribution system., The reason Ls given later, First,
several assumptlons are made to facilitate calculation
and measurenent. One 1s that Pws iIs a constant for aAny
reasonable current. levels of operation. Moreover, Rwg at
60 Hz 1Is assumed to be the same a5 the dc resistance of
Rwse. Because of bthe skin effect nf conductors Rws 1s a
function of frequency. Hawevar, Rwsg At 60 Hz does not
much dilffer from the ac resistance of Rws. Therefore,
using the dc Tresistance of RPws In circults operated at
60 Hz does not introcduce segnificant error. X5 1s also
assuned to oe a constant for any reasonable current
levels because Xis 1s smatler and more linear than Ye.
'nus, measurement. of Re And YXe Vs, Te and X at 60 tlz
can Jeterwine the ZT'’s transfer characteristics at &0 Hz,
The clrcuit used to determine Re, Xe and X g is
shosn in Fijure 3-7, where the primary is left open and a
60 Hz sinusoidal voltage source E is connected to the
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the excitation impedance and
the secondary leakage reactance of the CT
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secondary. Because the primary 1{s open, T} is 7zero,
Ts eduals Te, and 7V, equals Ee/M, In this circuit
voltajges E} EQU V; and V} can bhe measured, Rz and the dc
resistance of Rws is measured directly, Ra is not
necessarily equal to the secondary load resistance Ry.

From these measurements Te, Re, Xe and X;g are calculated

as follows:

Te = Vpa /Ry : (3-5)
Re = (V2 /Te)cosIsin ' {(E/V,)siny}]~R (3-6)
Xe = JIN?V?2/Te)=Re (3=7)
Xis = (F/Te)sing=Xe , (3~8)

where ¥ 1s the phase angle difference between E and Vg, .
Tne details of these ralculations are given in
Appendix A, Using these calcnlated values the equivalent
circuit for a certain secondary excitation current level

is determined, The currents T, and Is can also be

determined as follows:

Ts = TeyRe+X&/ [t +Pws)® +x3g (3=9)
L1 = J{lecos(E=D)+Is)* + (Tesin(E=p)}> (3-10)
A= sin{(To/1, )sin(E=pD)} , (3-11)

wnere o4 is the phase angle difference between Is and I,,

and
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<
1l

tan™{ Xis /(Rws+RL 1) and

tan”'( fe/Ke ) .

g
1}

The posltive & means that Ts teads Ii. The details of
these calculations are again given in Appendix A, Then
the primary current of the CT witn one primary turn, Ipi,

is given hy

Tpt = Ns [ . (3=12)

The relation between the primary current T}| and the
secondary voltaye VkL can be calculated. The recommended
secondary load for the Amprobe SAGKOEN-1 CT {is a
30N resistor. Thus, the followiny work will assume this

value load., The gain G is given by
G = 30 Ts/Ip . (3=13)

The phase shift equals & because Vkl and 3} are In phase.
The positive d means that Vg lead Ipi.

The transfer characteristics at various current
levels of 60 Mz were determined by the method stated
above, For the test circnit a 150,3( resistor was used
as Rz and a A0 Hz, 120 V power line run through a step=
dov#n transformer was used Aas the sinusonidal voltage
source in the secondary circuitr, The primary turns was

set at 200, yieluiny N=11,625. The secondary winding
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resistance, Rws, was measured to be 174,50, which Is the
dc resistance Value, The nnnlnal secondary leakade
reactrance, Xig, At 60 Hz was determined to be 180 QO by
averaging the calculated valunes at vartfous current
levels, The resulting transfer characteristic curves of
gain G vs. the primary current Tp, and phase shift X VS,
the primary current 1Ip, are shown in Figures 3-11 and
3-12 respectively. These transfer characteristic curves
will be discussed later.

Finally, the transfer characteristics of the CT were
tested directly. The +test circuit 1s shown in Figure
3~8. To permit the use of small primary currents this is
done by makling the primarv turns equal to Np iInstead of
only one. Tne primary currant af the CT with one primary

turn, E}|. can  be inferred from the measurement of Vg;

that is,
Tpr = Mp Ve /1 ’ (3=-14)
and the phase angle of TP' equals that of Vg|. The

secondary voltage, with a toad nf 30 O, Vgi=3e, Is given by

VRL=3O= 30 VRL /RL ’ (}"15')

and the phase anile of Vhﬂo equals that of'Vkl. The gailn
5 is then
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G = Vgieao/ Tps . (3-16)

The phase shift d equals that between V}‘ and'VRL. When
Vg, leads Tp , o is positive. |

The transfer characteristics at various frequencies
were determined by direct testiny, kesistors of
3.80 and 31.60 were used as R: and Ry respectively, A
sinusoidal wave yenerator an+d a power amplifier were used
as the power supply in the primary circuit., The primary
turns was fixed at 200, The resulting transfer
characteristics, gain G vs, frequency, £, and phase snitt
oL vs, frequency, are chown {n Figures 3-9 and 3=10
respectively. 1n each fignre there are shown Ltwo curves
snowing the characteristic at a different primary current
level 1pi . 5ain G anA phase shift ol are seen to be
nonlinear functlions of frequency £ and current level Ipi,

Wnen the primary current is a distorted sinusolidal
wave thils CT can not transform the primarv waveform to
tne secaoandary circuit perfectlv, In this case it s
impossible to deterwmine the primary current precisely
from the secondary voltage,

The transfer charaeteristjcs at various current
levels at 60 Hz were also measured., lere resistors of
5.1 and 31.6 0 were used as R, and Ry respectively.

Fhe &0 Hz, 120 V power 1i{ne and a step=down transforwer
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vere used Aas the voltage snupplv in the primary circuit.
Four different primary turms, 200, {09, 50 and 20, were
used to test the CT. Testinag at swall current levels,
using fewer primary turns, gives more reliable transfer
characteristics of the (CT. The resultina transfer
tharacteristics, gain G vs, the primary current 1p and
phase shift o Vvs. the primary current Ipi, are shown in
Figures 3~11 and 3=12 respectively. Phase shift o s
shown only for the Np=200 case since identical results
are obtained for the lesser turns used., Thus, only phase
shift o, when ”P equals 2n0, s shown., These figures
also show the calculated characteristics as determined
Erom the equivalent c¢ircuic, The directly measured
characteristics anA the calecunlated ones shos good
agjreement, Therefore, the measuremnent is considered to
bpe re4dasonable, An analysis o0of the effect of these
transfer characteristics on the current measurement will
oe done In section 4.3,

Althouyh different ¢T’s onf the same model usually
have slightly dlfferent characteristics, any CT of this
nodel 1s assumed to have exactly the same chavacteristics

for convenlence sake,
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4, Power Monitor Circuit Nverview

4,1 Circuit Specification

A few target power distribution systems were
selected as the first step in the desiun of the power
monitor circuit, The power monitor i1l be able to

measure povwer in any of the following four systems:

120 Vv, single~phase, ?2-wire system,

1207240 v, single~-rhase, 3-wire system,

120/208 Vv, 3-phase, 4-wire system,

2777480 v, 3-phase, 4~wire system.

This selection w11l cover the systems In the typical
office, commercial or light industrial building,

The current range of these tarqget systems is now
discussed., The range depends on the device used for
current measurement, l.e. the CT, An Amprobe SAGOEM-]
Cr, whose .transfer charanteristics are determined {in
section 3.2, 1s employed., The specification of tnis CT

shovxs that the maximum secondary current {s 90 wmA -

continuous duty, The ecurrent in power distribution
systems is often steady for some short period.
Therefore, 90 mh Is eronsidered to he the maximum

secondary current, Tgnane A 300 resistor {s used as the

secondary load, Ry, The resultina max{mum secondary
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voltage, Vpimaxr 15 compnted as  Vpimaw =Rt Ismax=2.7 V],
Consultling the ¢gain curve in Figure 3-11 shows that the
gain G, at the high current level, is 0.01163, Thus, the
maxinum prirary current, Tpimax, which induces Vepimax, 1S
conputed as Tpimax =VRimax/0.01163=230 [A). 1Instead of the
noninal prinary current range of the CT, the current
range 0 - 230 A §s ardopted as the primarv current ranfte.,
Therefore, the current range of the tarqget systems is
0 =~ 230 A,

The range 0 - 230 A restrtcrs.only the rins value of
the current. Sirce the Trms value does not have
Iinformation aboutbt the peak value one more restriction on
the current of the taraet systems s made for
convenience. The peak value of tne current is limited to
325 A, which is tne peak wvalne of the 230 A sinusoidal
current,

The voltage of power distribution systems varies

sliyntly from the nowminal wvalue, Therefore, 10

N

of the
nominal voltage 1s considered as a variahle {n the {nput
of the circult. The chanae of the voltane may ciause a
change in the current. Thus, a *10 % current is also
considered a4 variable In the input of the circulit.

Mext, outputs of the pawer monitor circult are
conslidered, The circult displays total power of the
power distrioution system, The powWer of each line in tne
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system, which 1s wuseful in ascertaining the balance of
the systen, is also displayed, The measured power 1is
dispiayed 1in decimal format for easy reading. The range
of the power is 0 to 231,27 W, This maximum value |is
the total power in the 277/480 v, 3ephase, 4=wire system
with voltage of 10 % above the nominal value and current
of 10 % above the maximum value, Because of the wide
range tﬁree significant digits with a floating decimal
point are <displayved. This nutput indication shows the
povder in units of kW, The number of Ssignificant digits
displayed depends on the measurement accuracy. This
numbar of dijJits will be decided after the measurement
accuracy Ls further studied., Usually three sianificant
dlgits of power are sunfficlent for mnost power
distribution systems.

Selecktion for the specific power distribution system
being measured is done by manual s«vltches. That 1is, the
manual sw#itches selecl the number of the 1lines Aand the
voltage of the systenp. Morenver, the manual switches
select which nower option (s to be displaved; that |is,
total power or power of Line A, NLine B or Line C, It may
happen that the selected 1ine whose power {5 to be
displayed is nobt a part of the svstem under measuyrement,

In this case, no=line=indircation I5 displaver,
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4,2 Basic Circuit Diagram

The baslc plock diagram of the power monitor circuilt
is showsn in Figure d-1. This diagram Is not the complete
one because the transformer’s Ltransfer characteristics
have not been considered. The complete bhlock dilagram 1is
shosn after consideratinn of the transformer’s transfer
characteristics. Explanations of the building blocks of
tnis diagram are now presented,

(A) Vonltage and current measurement circuit: This
circuit measdres voltage and current of the power
distribution system. There are, at most, three lines in
the power distribution svstem, According to the
discussion 1in section 2.2 at mnost three pairs of voltage
and current Aare needed to measure the total power in the
system, A VT whose maximum primary voltage 1s qreater
than 277 V can be used to measure voltadges of 277 V and
120 v on the line. Therefore, three pairs of VI’s and
ST's are employed, This confiauration can also measure
pover in the 2=-wire Aand 3-wire svstenm.

The multiplier constants Ky and K; are used for
voltage trimming of the VT anAd CT outputs to match the
fnput of the followlnu power romputation ecircuit, The
constant Ky Is controlled hv the manual switches because
tne voltaye of the line ls 120 v or 277 V,

The poser mnonitor clreult measures power Iin one line
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Figure 4-1: Basic block diagram of the power monitor circuit



at a tine. Three palrs of Aanalog swltches select one
line'at a tine in #hich the pDower is weasuyred, Since
instantaneous power in the 1{nes 1is stable for some
duration, power in the lines remains constant for this
duration. The "on" time of these switches should be
shorter than this duration, These switches are
controlled by the micraronmputer, vwhich {s explained
later.

(B3) Power computation circuit: This circuit
nultiplies tne input Voltages, V, and Vi, and extracts
the dc component from this bproduct, The constant M
adjusts the output voltage of this circult to match the
voltage of the lnput of the following digital computation
and control circuit,

According to the discussion in sectlon 2.2, the
power In powver distribntinn systems equals the dc
component of the instantaneons power of the system, which
furtnermnore 1s determined only by the voltage waveform
and the 60 Hz comwponent of the current waveforin of the
system. Therefore, the outount of this circuit, VP' is
proportional to the power {n the system 1f inputs of this

circnit sAatisfy the followina caonditions:

- Y is proportional to the voltage waveform of

the systen,
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- the 60 ilz component of Vi is proportional to
that of the current waveform in the systemn,

- the phase anyle difference hetween Vy, and the
60 Yz component of Vi,i.e, d, are the same as
tnat of the voltage waveforn and the 60 Hz
component of the ecurrent waveform of the

system,

However, the outputs of the voltage and current
measurenent circuit do not precisely satisfy the
conditions above vecaunse of fthe transfer characteristics
of the transformers. RAddlitjonal circults are needed to
compensate for the transfer characteristics of the
transformers. These additional eclrcuits are dlscussed in
section 4,.4.

(C) ©Digital’ computatrion and control circuit: 1In
order to display the measured ponwer in decimal format the
output of the power computation ecircult must be converted
to dlgltal form., Then the resultinm digital data is
changed to the appropriate form for the following display
circuit. There are several methods for this conversion,
An analoyj to Adiygital (A/M) converter and a microcomputer
are employed. The microcamputer also controls the other
circuits., The operation of tne microcomputer is

controlled by the manual switches,
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(D) Display circuit: This circuit displays the
nreasured power In decimal format, That 15, three
sianificant diglts and a fioatina decimal point, The no=~

line-~{nidication 1s also displaved,

4,3 Transfer Characteristics of the Basic Circuit Diagram
The block diagram 1n sectlon 4-2 does not include
circuitry to correct for the transfer characteristics of
the transformers, The effect, and compensation thereof,
of the transformers are Aiscussed from the point of
measurement accuracy In the next section. Although the
clrcuit block diagram 1s nnt a complete one the transfer
tharacteristics of this ecircuit block is now determined
in order to facilitate the Alscussion {n the next
section, The final transfer characteristics of the
circuit will bpe given after the complete circuit block
dAlagram 1s determined at the end of the next section,
First, the block Afagram in Fiqgure 4«1 is divided
into two parts, the analoa part and the diaital part,
Let A& be the transfer function of the analog part, and B

tne transfer function of the digital part; that is
VP = AP ’ (4=1)

an-

aol
-

n

T

<

-

a
-~

(14=2)
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where P {s the power in the pawer distribution system,
P’ is the output dlsplay of the power monitor clircult,
and Vpd is the diyital representation of Vp. In order to
reduce the aeasurement error B should be close to the
Inverse ot A, However, A includes tne nonlinear transfer
characteristlics of the CT, The B term is constant unless
additional circults are nsed tn inform the microcomputer
of the overall current level in the power distrihution
system, That i{s, B is ecalculated from the inverse of A
oy assuning constant gailn and nhase shift of the C(CT’s
transfer characteristics, Tn this section only A {is
discussed, Clonsideration of R 1is left to the next
section.

The features of some civrcufits in the diagram have to
pe selacted in order to determine the transfer
characteristics. The A/D converter converts a
0 = 10,24 V analog voltage to an 8=-pit digital word., The
{nput ranye of Lhe power calculation circutt is O - 10 V
and the putput range is also 0 - 10 V., All other analog
circuits also work over the voltagye range 0 - t0 V,

The block diagram of the transfer characteristics of
the analoy part is shown in Fiaure 4=2. 1In this diagran
the VU Ls represented by the transfer function ngtp'
where i is the galn and tp 1s the tlme delay which causes
tne phase shift from the primarv voltaage waveform to tne
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secondary voltage waveform, p. Since the voltage
waveform of the power distripution system is 60 Hz
sinusoldal, H And B are the values at 60 Hz. According
to Lhe discussion In sections 2.2 and 4,2, Vp s
determined only bLyYy Lfthe voltaae wsaveform and the 60 Hz
component of the curremt waveform of the system.,.
Therafore, onlyY the 60 Y2 component of the current
saveform Tkso and 1&60 are considered. The transfer
characterjistics of the T are also those at 60 Hz.
Althouyh the diagram shows onlv the case of Line A,
exactly the same argunent c¢an be used for the other
llnes.

In this block diagram Vy And Vig are expressed by
VV = H KV VA I (4-3)

and

Vigo = G Kp Tago . (4=4)

According to the discussion In section 4.2 the output of

the power computation circuit, Vp ., iIs given ny
VP =V Vv VIQO :055 ’ (4-5)

shere & 15 the phase angle Alfference between Vy and V}“.
Usiny equations 4=3, 4-4 and 4-5, Vp is expressed as a
funcrtion of Vs, Xz and 4, t.e.
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Ve = ( H Ky VAo ) G Ky Tago ) M cos d . (4-6)

Since d 15 not the phase difference at the input of the
circuit, equation 4-6 is nnt the complete expression for
tne transfer characteristics of the analog portion., The
relation bpetwveen d and the phase anale difference of
V4 and Tago will he cansidered and conplete transfer
characteristics will hbe afven Ip the next section,

MYext, the constants in eauation 4-6 are discussed,
First, HKy Is selected, The value of Vo is allowed to
vary 10 % from the nominal value, and theA peak voltage
of Vy 1is 10 Vv, Thus, the following two relations are

derived from equation 4-3:

120 * 1.1 /2 ¥ B Kyl

10 ’

and

277 ¥ 1,1 ¥/2 ¥ H Kyl

277 = 10 ’

wnere H&ylizo Aand HKylyyy are the values of HKy with

120 V and 277 V systems., Therefnre, HKy is set to

H Kyligp = 0.05357 , (4=7)

or



4hen V4 Ls the nominal vailne in hoth cases Vy 1Is given by

Vv = 6042‘:' L]

The GK1 in equatian
nanner. when Tpgo is  the
230¢1,1, i.,e. 253 4, then

G K = 0,02795 .

The G eqguals 0,01163

of Yppp (see Figure 3-11),

(4=9)

A=A {5 calculated in the same

maximum 4allowahle value of

for the maximum allowable value

Therefore, Ky is glven by

1 = 2.4 . (4=-10)
Next, the constant I* is selected., The maximum V, is
10 v, This haopens when hoth Vy and Vi, Are maximum and
Jd is zero in equation 4-5, Rpcause fthe largest peak

voltages of Vy

derived from equation 4-5;

¢ 1022 )¢ 102J2 ) M

Therefore,

However,

and Vigo are

cos O

1NV the followinag relation is

10 .
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M = 00,1967 (4=11)

15+ adopted instead of 0,2, This value of M ls selected
to reduce the error of diaital calculation since the
nicrocomputer can only deal with a f€inite number of
4igits of data, Detalls of this argument can be found in
the next section. Tn this case Vp still satisfies the
output ranie of the poser computation circuit.

Using eqgquations 4=6, 4-7, 4=8, 4-10 and 4~11 the

next two equations are ohtained, For the 120 V system

Vp = 0.02529 G V4 Tpag cosd . (4=12)
For the 277 V system

Vp = 0.01096 G V4 TpgocOS O . (4=13)
In both cases Vp with the nominal V4 is given by

Vp = 3.035 G Ipg, cos & ' (4=14)
shere equation 4-9 was used,

4.4 Consideration of Current Transformer Nonlinear
Transfer Characteristics
The circuit block diaaram fn Figqure 4=1 1is valid
when Vy and V; satis€y the conditions which are discussed
in section 4.2. However, V, and Vy can not preclsely
satisfy these conditions hecanse of the transformers’
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transtfer characteristics, The Ltransformers Introduce
neasurenent errors, The vnltage of the power
dlstribution system is normally a steady sinusoldal wave.
Ynerefore, the error cansed by the VT 15 easily removed
by additional circuits becanse again and phase shift are
constant, However, the 60 Hz component of the current of
the system takes on dfeferent magnitude levels., The
transfer characteristics of the CT vs, the various
primary current Jlevels are nonlinear., Therefore, the
error caused by the CT can not be removed perfectly, In
order to reduce the error additional clrcults, which
tonpensate the effect nf the nonlinear transfer
characterlstics of the CT, are discussed,

Although elilnination of error is desirable, it is
Inpossible to completely eliminate the error caused by
the CT. Mos a criterion of maximum allowable error 1is
needed, 'me error caused by analog devices In the
clrcuit, Including the CT, is converted to the bit error
of the dlyital data by the A/D  converter. The output
error of the power monfitor circult reflects this bit
error. %ecause of aquantization hv the A/D converter, the
error by analoi devices does nnt necessarily cAause the
bit error. Conversely, reolatively smAall errors caused by
analoy devices might canse the bit errors. It is
neaningfuyl to express the max{imnum allowable error cansed
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by  analoy Jdevices In terms of the bit error of the
digital data,

At most one least significant bit (L5R) of error of
the digital data 1s allowerd to he caused by the CT. This
error causes at most one level eorror of the output of the
circuit. 'ne 1lnput ranae of the A/D converter is
0 - 10,21 V while the outnut 1is f8=bit data, Therefore,
the error of Vp caused by the CT may At most be 40 mV,
the veight of the (5B,

The following methnd 1s used to determine the
measurenent error of the desianed circult as caused by
thhe CT, rirst, the tramsfer characteristics of the
desianed circuit Is determined, Tn this case the analog
part of the circuit is reaarded as the ideal one with the
exceptlon of the nonlinear transfer characteristics of
the CT. The transfer function of the digital part s the
inverse of that of the anAlog part with constant gain G
and phase shift & of the ¢T., The output error of this
clrecult 15 caused only by the rtransfer characteristics of
the CT. How, one more circuit, the ideal clrcult, 1is
assuned. The transfer function of the digital part of
this circuit is exactly the same as that of the designed
clrcuit, tHovever, the transfer function of the analog
part of this circuit s the 1inverse of that of the
digital part, Therefore, the ontout of this circuit |is
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an error €ree verslon of the power {in the power
distrivution system. If the desiigned and the 1ideal
circuits were connected to the same power distribution
system the difference between the output of the analogq
part of the two c¢ircutits wonld cause the measurement
error of Lthe desianed cireunjt, Thevrefore, this
difference represents the errar caused by the CT and
should be less than the wmayimum allowable error.

An additional circuit which corpensates for the
phase shift of the VT and the CT {5 desianed to reduce
errors., In the block Alagram Iin Figure 4~2 the phase
snitl, of the VT, i.e. pr 15 constant, The phase shift of
the CT, f.e. o, 1is a function of tne orimary current
level, #hich is shown in ¥igure 1=12. However, at high
current 1levels o is constant at 4,3°, How an additional
clrcuit, a phase shifter, is emploved following the CT.
This clrenit shifts phase by -A.3°+F. The block diaqgram
is snown in Fiyure 4=3. Therafore, 4§ In equations 4-12,

d=13 or 4=14¢ is given by
6 = Yago= fa + oL = 4.3° ' (4=15)

xhere G4 and Y Are the phase anqgles of the voltage
waveform an:d the 60 1z compnnent of the current waveform
of Line A respectively, The vnltage of the line of the
power distribution system is 120 V or 277 V, Because
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different prinary voltames of the VT cause different
phase shifts this phase shifter can conmpensate two
difterent phase shifts which are controlled by the manual
switches,

lios the error of the mircuit with the phase shifter
caused by Lhe ) is componted, The transfer

characteristics of the analog part of this circuit is

glven by
Vp = 3,035 G Tpagocos(Wag= 64+~ 4.3") (4=16)
wnere equations 4=14 and 4~15 Are used. The transfer

function of the digital part of this circuit uses 0,01163
and 4.,3° as & and o, which are appropriate for the flat
part of the TT transfer characteristic curves, These
cnoices will eliminate errors caused by the CT at hiqgh
current lJlevals, Therefore, the transfter characteristics

of the analol part of the f4eAal circuit is agiven by
VPI = 0n03530 [AGO COS( SPA&O - QA) ’ (-1"17)

where VPI Is the nutput nf the analoqg part of the ideal
cireuit, Flgures 4-4 and 4=% show the error of this
clrcuit  caused by the CT, Vp=Ypr vS. Tage and VF'VPI VS.
9%“-6%. Usually the power factnr angle of the power
distriburion system Is noat areater than 60°, ‘Therefore,
valiues of 3%@‘6% greater than 60° Aare not calculated,
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These curves shovw that the CT of this circult causes
errors greater than the max{imum allovable error,
However, aft the current level avove 50 A the error does
not'exceed the maximuir allowahle error. The galn fall
0Ef of the T at the 1aw current levels would be the
cause of most errors,

One more circnit is new added, This circuit 1is
desijned for compensation of the zaln drop of the CT at
the low current level. This cirruit detects the current
levels less than 50 A in the nower distribution system,
Therefore, the microcomputer can use a different gain
constant for the CT at 1low current levels. In other
soris, the error at low current levels in Fimures 4=-4 and
4=5 can ne reduced, This additional circuit 1s called
the current level detector,

The transfer characteristics of the analoq portion
of the clrcuit #ith the phase shifter and the current
level detector are alsn naiven by equation 4=16, The
transfer function of the digital npart of this circuit
uses 0,01130 as the gqgain at the 1low current level.
Therefore, the next equatinn, 4-18, glves the transfer
tharacteristics of the anpalon rart of the ideal circuit

in the event tnhat the current level is lower than 50 A,
VPI = 0.,03130 IAgo COSf_ff)Aéo - eA ) . (4={R)
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For current levels hiaher than 50 A the transfer
characteristics of the jdeal cirruit {s the same as gliven
by e wation 4~17, Figures 4~6 and 4«7 show the error of
this circult caused by the C™, f.e. Vp=Vpx vs. Iag and
Vp-Vpr VS, Ppep=0a. These fiaqures show that the error
cause:d by the T never eyxcends the maximium allowable
error of 40 mv,

For the corplete blocvy AdAiaaram of Lhe power monitor
clrcult tne phase shifter and the current level detector
are added to the basic cireunit hlock diagram, Flagqure 4-8
shoss this comaplete circuit block diaaram. The transfer
characteristics of the analna part of this diagram are
aiven by equation 4~16, This is also rewritten as the

tollwing:
- for the 120 V system

Vp = 0,025290V TageC0s (Pago= Gy tol=4.3)
(4-19)

- for the 277 V system

Vp = D.01096GYs Tggoc05 (Pago=ba+ol=4.3)
(4=20)

where equations 4-12, 4«11 and  4~-15 are used, The
transfer characteristics nf the diigital part are easily

obtained by @odifyinag and inverting egquations 4=~17 and
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A=,

Nov the sejght of one bit of the A/D converter
output is Adetermined, Filrst, the #elght of one bit for
the 120 V system at the 1ow currenk level jis considered,

mauation 4=17 15 rewritten as

Vpr = 0,0002858 Vy Tae €OS(Puoo = 64)

D.000285% p . (4-21)

The transfer function of the dAjagfital part is obtained by
Inverting the transfer funchtion 1in the equation 4-21,

'herefore,

’

0= ( 1/0,6002868 ) vp .

Since 49 wV of the Vp 1s converting one bit, the digital

reporesentation of Vp, Vpd , equals Vp/0.04, Thus,

Re]
Y]

( 0.04/0,000285R ¢ VP/0.04 )

Ihe constant 140 is the weight of one bit in this case,
The weijhts of one bhit in other cases are easily
obtained in the 5ame tmanner. The weights of one blt for

other situaltinns Are glven i{n table A~-1,
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Line voltagze Current Jlevel . Waiaght
lnv: T ¢S50 A .
hiaghe T 350 A

120V low 140 W
hiah 136 W
277 v Lo 3123 W
hinh 314

Table 4=1: Weight nf one bit of the output
of the A/D converter
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5. Hardware Construction

5.1 Voltage and Current Measurement Circuit

The schematic of the voltage and current measurenmnent
circuit 15 shoan in Figure S=1, The circults for Line B
angd C are the same configuration as that of Line A,

A VT whose maximum primary voltadge s dreater than
277 v i3 used for the voltage measurement. In addition,
the peak segondary voltage of this VT 1is greater than
10 V when the primary voltaae {s 120 V., %Yhen the voltadae
of the 1line 1is5 277 V the switch a, {s closed. UWhen the
voltage of the line is 120 V the switch b, 1is closed, In
opoth cases the potentiometers are adjusted to make the
peax  voltajge of Vy erqual te 9,09 V when the 60 liz
sinusoidal nonina) voltage waveforms are anplied to the
primary ~inding. These Adfustments set the proper values
of Gtne constant Ky; that §s, the peak voltaae ot Vy {is
10 ¥ when tne valtage of the svstem {s 10 % above the
nominal value,

An  Aaprooe SA6K0FEN=1 T apnd a 30 Q secondary load
resistor are used for the current measurement, An active
first order low pass filter (LPF) is emploved aftter the
2T as  the amplifler and rhe phase shifter, BRecause the
Input part of the LPF affects the seconhdary load

resistance of the CT A voltage follower §s used before
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circuit for Line A
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Figure 5-1: Voltage ?nd curﬁent measurement circuit
1 of 2
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the LRV,

bezause the LPF  Is emdinyverd the higher freauency
connonents of bthe input (the current {n the power
distribution system) Are. Aamped and phase shifted more.
Yowever, the pow#er can be acrurately measured when the
3ain  and ophase shift at A0 "z are accurate known., When
the voltage of the line 1z ?77 v tnhe switches a;, as and
3, are closerd, When the valtane of the line is 120 V the
ssitches o2, bz and b, are closed. In hoth cases the
Jain at 60 fz from the jnont of the voltaage follower to
vy is adjusted to a X; of 2.1, This adjustment should be
nade hy connectling the pawer computation circult because
the input part of the power computation circult affects
this gain adjustwent, The nhasge difference between the
outputs of the LPF and the VT is adjusted to zero when
more than 100 A of the an H7 sinusofdal current and the
nominal voltage, w#hich 1s {n phase with the current, are
applied to the CT and the VT, A current of more than
100 A gquarantees that the T 1s nperated at the flat part
of its phase shift characteristic curve. The voltaage
aoffset  and input blas current offset adjustments are
provided to nallifty the outnnt'vnltaqe for 7zeron lInput,

Mational Seafconductar LF13202 analong swltches are
enployed as the switches for the line selection., These
devices can operate with 10 V analog signal levels, The
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Aigital  input  of this Aevice i5 designed to accept TTUL
levels, These switches Are controlied by the

anlcrocomnvuter,

5.2 Power Computation Circuit

Tne power computatinn circuit consists of an Exar
Intejrated System XR=2208C overatrion multiplier, This
levice contalns  an analenn multivller and an operational
auplitler,

The schematic of this ecirenit appears in Flqure 5=2,
The multiplier output Vo, f.e. the voltage difference
setreen pins | and 2, 1s the product of two input
voltages: Vy Aand Vi, and A gJain constant, The
operational amplifier wpart performs the function of a
differential aaplifler whose input {s Vo. The qain of
the mulbtiplier and the differential amplifier results in
a yaln constant 1 of 0.1947, The 6.6 HF and 0,24 PF
capacitors operate as a LPF which cuts off all high
freguency ac comnponents. The aain constant M is adjusted
oy the gain control potentiometer. The X offset and Y
offset adjustnents compensate for the outpnt voltage for
a zero input and the outpntr offset adjustment nullifies
the ou;out voltaige for a zerno input siwmultaneously on the

X anl ¥ inputs.

The LPF [s +esigned tn extract the dc component from
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Figure 5-2: Power computation circuit
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the instantaneous power, However, the ac components of
the fnstantaneous power can pass through the LPF  while
sustiining sone attenuation hecanse the LPF is not ideal,
The ag ripole at the oantout nf this circuit cAn cause
ne4asurenent errors. Sinén h e could he the 1lnwest of
the ac components of the fnstAntaneons power, the cut off
frecuency of the LPF is destaned to be 2,02 Hz. The again
at  bd Yz 1is then ~H8.,9 AR, The naanitude of the 60 Hz
ripple Is deterumined by the 120 Hz component of the
current in  the power distribution system hecause the CT
cannont pass kthe dc component (see section 2.2), Thus,
thepretically the areatest magpnitude of the 60 liz
cowponent hanpens when the current In tne line Is 230 A,
120 Yz, ven in this case the ripple at Vv is 22,3 mV
peak to pea¥. This ripple causes, at most, t bit error
at the outpat of the A/D converter. This ripple can be
reduced oy changing the L©F  characteristics. However,
reducing the ripple causes A lnn7 response time which is
discussed next,

The step response of the ILPF determines the nminimum
"on" tiune of Lthe line selection switches. The "on" time
o€ these svitches should be substantially lonaer than the
settling tine of the outpnt of the LPF, Vp. The settling
tinme, zero to 95 % of the final value, is 0,38 sec, A
time of one second is suhstantially longer than this
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settling tine and Is selested tn be the "on" time of the
Line selection sw»itches, Tn this case Vp reaches
99,996 3 of the final wvnltaae, The "on" time of the
switch shouli bpe shorter than the duration in which the
current in the line c¢an he coansidered unchanded, 0Nne
secnnd Is normally short enonah for this duration. The
power of each line is measured once every three seconds
since there are, at most, rhree lines,

Atter construction, f.he LPF was tested to
experimentally measure hoth the gain at 60 Hz and the
settling time, The galine at AN 1z was ~51.4 4B and the
gsettling tise was 0.31 sec. These results are still

acceptable,

5.3 Current Level Detector

The current level detectnr measures the peak voltage
of tne Vi’s 606 Hz component an:d  then compares this
neasured valtage with A thresho¥d voltage, This
threshold voltayge correspnnds ta the peak value of a
50 A, 60 He sinusoldal current ‘on the 1ine. TIf the
neasured voltage is less than the threshold voltage the
output of this circuit s ar the high level of the
anicrocomnputer input voltaness {,e, it 1is about 5 V,
Atherwise, tne output s ahnut 0 V, This circuit

consists of Lthree parts: a band pass filter (BPF), a
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rectifier and smoothing ecfrcnit, and a cownarator, The
schenatlc Alajgram of thils circuit is shown in Fiqure 5-3,

The BPF extracts the 60 Hz coaponent of V. The
center fredguency of this PPF is 60 11z and rthe bandwidth
is 12 #Hz, Because the innnt Iimoedance of the BPF  could
loa:d tne Vi source a Vvoltane fallower 15 used before the
APF. The offset adjustment nullifies the output voltage
of the HPF to zero for VYi=n,

Tne rectifier and smnothina clrcuit chananes the NOPF
outout tn dc volta-je whose magpitude equals the peak
voltage of the BPF output, The “discharginag current of
the 0,1 VF capacitor is extremelvy small. Therefore, the
response of the output of this circuit is very slow when
the {nput chanjyes from hiah vnltaige to low voltaage, In
srder to improve the resnonse time 3 3 V zenner diode is
emoloved in the rectifier, This zenner diode confines
the input voltage of this circult so that the inoput
cannot exceed 3 V, 8y nsina this zenner diode the
current level detector resnonds to the channe of
v #ithin one sacond, the "on" ftine of the line selsction
s«Witches,

The conparator portion cemnares the output of the
rectifler and smoothina ecirenit with the threshold
voltage, Because the output of the rectifier and
smonthinyg circull has a riople the compdarator is desianed
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Figure 5-3: Current level detector
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ko be 1 szhiitt triguer type, ®hen Vy 18 1.37 V, 60 Hz
sinusoldal the threshold voltase control potentiometer is
adjiuasted so thakt the outpnt of the current level detector
{is at the transition between the high level and low level
voltade, Thils threshold vnltaae correaesvoreis to a 50 4,
A0 12 sinusoidal current fn the 1ine, The output of this
circuait 1is then fed to micrncouputer. Therefore, the
4,7 V zenner diode and the TTL nate, 7417, are used for

the output part of the comnaratnr.

5.4 Digital Computation and Control Circuit

The di1ital computatinsan anid control circuit is shomn
in Figure 5-4, This cireuit 15 Jdivided Into two parts,
the a/D converter and thie microcnuputer,

The A/D converter converts the output of the power
computation circuit, Vo, fInto g-nit binary data. An
Ainnloy Devices ADS70 8=bit A/D converter 1is emploved.
The input ranie of the converter is 0 =~ 10,24 V,
Therefore, tha seiaht of ane bhit 1s 40 nv, The code
transitions are bhetween the bit weights shown in Figure

-5. The twp potentiometers control the bit weights and

(%28

co‘de transtlions.
The dara output cirenit of the A/D converter is a
tri=-state configquration, WYhen the A/D  converter s in

tne stand=-hby state the data output pins 4are in the

8n
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Figure 5-4: Digital computation and control circuit
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output code

11111111 —
11111110

11111101

7

00000101 | e}

00000100

00000011 F

00000010 [

00000001 ¢

00000000 R W S S T L
0 40mV  120mV  200my 10,16V 10,24V

input voltage

Figure 5-5: Transfer curve of the A/D converter
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Alagn=Ilmpedance (hirh=7) state, Holding the BLANK and
ZOVVERT (B/7) oln high brinas the A/D converter into the
hiTh=7 state, In this state the NATA READY (DR) pin is
hign. wnen the 9/C pin is bhrouqht low the conversion
starts; bub the DR  and 4ata output pins do not change
states. when the conversion is comnlete, in typically
25 sec, the DR pin goes Yow and within S0 nsec the data
putput oins become active with the new data, When the
B8/C pin 1s drfiven high auain the A/D converter enters the
high~2Z state «ithin ahout 1.5 Vsec. This control
sequence is performed by the microcomputer, The diagram
of the sedquence appears in Filiaure 5-56,

The wicrocomputer comoutes the power usinag the A/D
converter output, Then, the mirroconputer translates the
power which is to be displaved {nto 3=diglt hinary-coded=
decimal (BID) data with a floating decimal point. This
Alb  data is the input of the display circuit. Tn order
to perform this computation the microcomputer must have
kxnovledye of #hich type pawer svstem configuratlon one is
dealing 4ith, The manual switches inform the
“microcoqnpnter o0of this econfinuration and which pover
potion Is to ne AdAisplayed, The current level detector is
nsed to inform the microconnnter whether the CT is
carrying large nr small currents, The microcomuter also
controls the line selection swiches and the A/D

R3
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B/C
input

DR
out

data
out

start
conversion

’

blanks data outputs blanks data outputs

holds data outputs

conversion time
25us 1.5 us
|<%——£——+> 5£&—

_al

indicates data ready

500ns (max)
_91 <
data
blank (high-27) (one or zero) blank (high-2)
Figure 5-6: Timing and control sequence of the A/D converter




converter, Detafls of the comnutation are discussed in
chapter 6.

An Intel 8051 single-component &H=bhit microcomnuter
is emploved. This microceomeuter has 4096 bytes of
projram memory and 128 hytes nf Aata memory on the chip.
The instruction cycle {s one wicrosecond when usinag a
12 “Hz crystal., This mlcrncomnuter can perform hardware
rultiples and <divides {n 4 psec. More Iinformation {is
provided by the vser‘®s mannal [81,

There are 32 I/D pins corfigured As four 8#=-bit
ports, Port 0, Fort 1, vart ?2 and Port 3. Fach pin can
he individually and independentlv proarammed as an input
or output. Kach 1/0 pin has a D £lipflop and an output
driver as stho«n In Figures 5.7¢a3) and (b)), The input
operstion cAan be performed bv the followina: First, one
uses an instruction which writes a "one" to an 1I1/0 pin.
This forces the D f£lipflen to store the value on the I/D
pin shich 15 applied ny external device. Then, one reads
the D flip€lop output, The ontpnt operation can be
performe:d sianply by writina a "one" or "zero" to an I/0
pin. decause of the D £l{nflons the last value written
on the flipflop is retalned on the I/0 pin,

Assijgnmnent  of I/0 mins Is snown in table 5=1, 'The
role of Port 0 {s to contrnl other circuits. Port 1 1is
the input port from +the A/D converter and manual
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READ/ INPUT
MODIFY/ —'————;/LBUFFER
WRITE 5y
INTERNAL Q D__.q "l~
5 D | 5k I1/0
PIN
D PORT
FLIP 0
FLOP _ | .
Q —
CLK
WRITE
PULSE —{——— ;17
BUS
CYCLE
TIMING < |
READ INPUT
BUFFER
(a) I/0 pin in Port O
INPUT
READ/ 5V
MODIFY/ 7LBUFFER
WRITE
el ~10k~/0k
INTERNAL Q gE F— [~51
BUS D 1518'.13%) 1/0
D _1 PIN
FLIP PORT 1,
FLOP _ H 2 OR 3
Q —
CLK 1.
WRITE __ | ‘ ;;P
PULSE
1 Note: One-shot activated for
- N two oscillator periods on
READ .
INPUT zero to one transition only.
BUFFER
(b) I/0 pin in Port 1, 2 or 3
Figure 5-7: Configuration of I/0 pin of the 8051
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port pin function
Porkt 0| PN,.D | finput from the current level detector
H: low current level
L: hinh current level
PO, input from N of the A/D converter
H: data is not ready
Lt data 1s ready
P02
Pn,3
PO. 1| control of rthe line selection swifches
PN.S SULA SwWhLB SWI,C
P04 H L H
pPN.s I, tl i
PO0.6 | control of R/ of the A/D converter
H: do not convert
I, convert
PO.T7 | control of the buffers of the manual
switches
H: hianh {nverdance state
¢ acrive state
Port 1| P1.0 | Input from nwit outputs of the A/D
§ converter .
PL.7 P1.7: 48R P1L.0: LSH
PlL.0 | input from the manual switch indicatina
2=Wire system
Pl.1 | input from rhe manual switch indicating
3=wire systam
P1.2 ] input from the manual switch indicating
d=wire system

Table 5«13 1/0 pin assianment of the 8051

(1 of 2)
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porkt pin function
Port (| PLt.3 | input from the manual switch indicating
the voltadge of the system
Hes 277 Vv .+ 120 V
Plet | Input from the manual switch indicatina
that the outnnt < Lhe totAal vower
P1.5 | input from the manual switch indicating
that the outnut {s the power nf Line A
P?l.p ) laput from the mannal switch {ndicating
that tne ontout is the power of line A
Pl1.7 | input ftrom the manual switch indicating
that the ountont js the power of Line C
Port 2| P2.,0 4§ output of tne RCD low=diglt
§ P2.3: usSnh P2.0: LS8
pP2.3
P2.% | output of the BCH mediun=diait
) P2,7: %5y P2.4: LSH
P2.7
Port 3 | P3.0 | output of the RCHD high=dilgit
) P3,3: wsn P3,0: LSB
P3.3
P3,4 | position of the Adecimal point when
the data Js areater than 10 kW
Pl1.5 | positinn of the Adecimal point when
the data is Aareater than 1 kW
PI,.6 | position of the Aecimal point when
the data is smAller thdan 1 k4
?3.7 | no=line=indication

Table S5et: T/ pin assignment of the 8051

(2 of 20
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saitches. Ports 2 and 3 are the output norts fto the
display circult. Since the mannal switches use the same
port a3s the A/D converter 74125 TTL tri{i-state bnffer
Jates are ewployed, These buffer iqates are controlled by
oin P0.7. The output cirenit nf the A/D converter is A
tri-state confljuration. The [/ pins, PN.6 and PO.1,
are connected to the B/C nin and the DE pin of the A/D
converter, an-d control the A/D converter, Pins P0O,S and
P3.t coatrol the line selection switches. TTL 7408°s and
7404°s are ewploved to convert codes on P0O.5 and P0.4 to
the coatrol siignal of the 11ine selection switches, The
T/3 pin POLD is the input nin from the current level
detector. decanse the minimum inout low voltage of the
nfcroconputer is =0.5 V the outent part of the current
level detector uses a 7417 TTHL aate,

The 1instruction cyrle 1s nne microsecond. The pin
HA/VDD is held at a TTL hian 1level hecause the
nlcroconputer has no external memory. In order to reset
the microcomputer at. powerina up the R3T/VPD pin is

connected to the +5 V power sunply,
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5.5 Display Circuit

The display clilrcult 4disnlays the measured power on
three seven=segment LED’s, The {input of this circult 1is
a  3=djuit HBZD data word and tha position of the decimal
point. This circuit also shows the no-line-indication.
The schematic of this circuit 1s shown In Fiagqure 5=R,

In order to control the seven=seqment LEN’s 7447 TTL
RCD-to-seven-seqhent decorders/drivers are used, The
output conflaquration of these cdevices {s an open-=
collector configuration. Therefore, 2200 resistnrs and
coason-anode saven~sedqunent LWN’s are used, The 7417 TTL
spen-collector buffers are emnployed to control decimal
points of the seven=seament LED’s, The no-line=-
indication «circnit uwses the same configuratlion as the

decinal polnlt control.

an



5V
/‘7' no-line-
indication
-\ - 5

N

7A17%%- 5V T ‘_;%T 22040 T
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P3.60 YT Ve GND 8 %‘ vV 112 g ANODE
P3.50 T RBI f—\r—r
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P3,20- 21c  TAET |, LED MSD
P3.10— sz b1gw113b MAN
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Figure 5-8: Display circuit
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6. Microcomputer Program

6.1 Program Outline

lhe projram of the micracomputer 1s discussed in
this chavter, [his proaram comontes the opower in the
power distribution system 3and translates the computed
bower to tne ATD form, This proaram also controls other
circuits; that {s, the 1i{ne selection switches, the A/D
converter and so on, Tnformatinsn avout Lthe Intel 8051
nicroconputer can he found Iin the user’s manual (5, Al,

The outline of the proaram 18 shown in the flow
chart in Figure 6=1. A laop in the flow chart takes one
second wplch is controlled bv the internal timmer, Timer
D. This microcomputer is reset al powerlng ur time and
tnen the execution begins. Y¥nw, each block of the flow
charkt Ls explained,

The £irst block, INTTTATINN, readles the speclal
functlon registers, the user=defined flags and the status

bytes, 1/0 ports and memorles, The special function

.registers are set so that Timer 0, and the Timer 0

interrupt, are enabled, The explanations of the user=
defined flals and status hvtes are agiven in section 6.3.
Port 0 is Jnltiated so0 that the A/D converter is in the
stand=py situation and Line A is connected to the power

coanutation circouit, Parts 2 and 3 are set to display
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‘ ATART )

INTTTATION
N

N
v
VATT

LFRRPARP FFTcuImq}

<

FETOH DATA

v

COXMNECT HEXT LINE

v

CALCHTATE npNAER

[V

Hl=GLIHE-
THNOLTATTION | Cves

nn

RINAKY=RCD COMYERSTON

J

HODTETCATTON Fan DUTRPUT

DYSPLAY

Figure 6=1: Mtline nf the proaranm
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Zero, ALl the memories for measureqd power are set at
Zero.

The #ATT block halts the execution until one second
nas p4asse.l since the last time the execution of the 1loop
veygan., Ine second is the chosen Iinterval for the powver
nessurenents,

The PREPARE  FETCHI»S hlock sets the user=defined
flass and satus bytes in oreoaration for fetching the
output of the a/D converter., This block examines the
nanual switches and declides the memory location which |is
to be addressed wiren the power §{s to be dismlayed. This
olock also decides whether the npo-~line-indication 1is
needed or not,

Depending nonon the configuration of the power
distribution system, the numher of the lines is
iifferent. 3ecause power of each line 1s ineasured every
three seconds the microcomnuter Adoes not have to meAasure
dpower every second {or the none or two line system, The
SYSTEM BRANZH block Adeclides whether or not to read the
R/D converter or walt untt{) {t is time to do so. Table
6~1 showss the criteria of nranchinda,

The FETIZH DATA block montrels the A/D converter and
fetcnes the output of the A/D converter. This block Also
exanines the output of the cnrrent level detector, The
wenory location for measured vnwer is also selected.
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G6

systen destination of SYSTEM BRANCH time to calculate
1st second *| 2nd second ¥ 3rd second * the total power
1-line system | FETCH DATA ¥§5%%§$EON? ?gB%%Q%EON? 15t second *
2-line system | FETCH DATA |FETCH DATA | jo-BIVe- 2nd second *
3-line system | FETCH DATA FETCH DATA FETCH DATA 3rd second *
* NOTE: The overall cycle of time of the program is 3 seconds.
1st second, 2nd second and 3rd second mean the 1st,
the 2nd and the 3rd second of this cycle time
respectively.
Table 6-1: Destination of the SYSTEM BRANCH block

and time to calculate the total power




In order to prepare for the next measurement the
SJOMMECT 4EXT LUHE block eontrals the 1line selection
swiches to connect the line whnse power s to he measured
next,

Accoriding to the discussinn in section 4.4 the nower
in a line Is the product of the fetched binary data and
the welight of a bit, The CALTHLATE  DOWER hblock
calculates this product, i.e, the power of a tine, using
the welaht llsted ipn Tabhle 4-2., The calculated power is
stored {n memory whose lncation was decl-ded In the FETCH
DATA plocke The total power is calculated every three
seconds. If it is time for calculatina the total power
the total powver is also determined, The time for the
total power Is decided aceordina to Tabhle 6«1,

Up to noW the pronram calculates power in binary
form. Yow the process of retrieving the data for display
is constidereid, First, the no=line~indication is
sonsldered, Tf the no=line~-indication is needed then the
display Oof power is not needed, Therfore, -{n this case
it Is decided to display the no=-line~indicat{on and skip
tne blocks which display oawer, itherwise {t is declded
to Jo to the follo«ina blacks which disnlay power, This
is performed in the Llorvrs, MAO=LINFE=-THDICATION? and HO=
LINE=1ADTISATINNG,

The power Lo be displayed {s stored {in the memory
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shose location was decided in the PREPARE FRTCHING block,
This data is in binarv farm_, Since the nutput of the
nicrnconputer is in BCD farm a hinary=s8Cbh conversion is
needed, Thils conversion {s rerformed In the BTIWARY-RCD
CONVERSTON block. 1In this proaoram a speclial scheme 1is
enployed to perform this cnnversion., This 1is explained
in the next secktlon.

The output of the miecrocomnuter is in A three-digit
ATH  code with a floatina decimal polnt at the kW unit.
The “OOIFICATIOY FOR  DUTONT hiock selects the nproper
tnree, out of six, significant diylts and the position of
the decimal polint,

Finally, tne DISPLAY block sends the output to the
display circuit. BAfter this black the excution returns

to the 9WATT blnck,

6.2 Binary to BCD Algoritnm

The algorithm which 1{s wused in the BIHARY=BCD
TOMVERSTIN bloek Ip Figure A=1 §5 exolained next. This
aljorithw is desisned for that nlock alone. That is, the
8051 microcoamputer instruction set is used and the
lengths of the pinary and the RCD Aata are restricted by
the ase of that block,.

First, the lenyth of the binary and the NCD data are

considered, fhe blinary data 1is the product of the
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fetche: ista and the welabt nf a Git, Therefore, the
largest binary word occurs fn a I=phase system when the
fetcned data 1s  aft  a maximum and Lhe weight {s also a

naxinum, The largest binarv word is then
3 k¥ 250 ¥ 323 = 24225n .

rhis {s an 18=-0it data word in binary representation, An
#051 memnory Is only one bvte lonag (R=bits), Therefore,
the largest binary wnrd uses 3 bytes, The RCDH
representation of this data {s ohviously 6 dlaits 1lony,
nerefore, tne alyorithm shond he ahle to convert 18=hit
(3=byte) binary data Inte A=-dlajt BCD data,

This alyorithm emplovs A number of multiplication
and division- instructions. These Instructions can
nanioulate 1 oyte long binary rdata, Memorles aAre also
anly one nyte lonu., Therefore, {1t is convenient to treat
plnary data oy one Lyte increments. Let B, BM and BH be
the decimal representation of Lhe low hyte, the mediun
nyte and the high byte of the hipary data. Thus, the

intejer representation of the hinary data is given hy
gy + 2% 4 Bu o 2% 4 By , (6=1)

where (0<BHL, ngni1<2?  anA OSHL<?8. tow, let NGO, D1, D2,
03, N1 and D5 oe the digits of the BRCD representation of
this winary data vhere N0 is the least sianificant Adigit
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and DY (s the most simmificant Alqgit. Therefore, the

interer representation of Fhis daka is also given by

NG54 10° +DAE10% +03¥10% +02% 107 401 ¥104D0 '
or
(CCCDS¥IOHDAIFIDED3I¥IN4N2)+10+D1 ) ¥10+D0 (H=2)
Fivrst, the besic 1dea of this Alaqorithm is
introduce:d. From expressions &=-1 and 6=2 the next

equation is ootalned,

G628 enak28 40,

TCCN5FL0404Y$104N3)*10eD2IXL0+D1I*¥104ND0D .
dhen voth sides are divided bhv 10 one has

(rae2' % 84628 +ay /710

S(CD5HI04DAI¥FL04NI)IFINEN2Y 10 +DIHDO/IOQ (6=3)

The remainder of this division 1s D00, when the quotient
of this division {is divi{ded nv 10 the rewainder s DI,
In the sane manner 02, D3I, d4 and DS are calculated,

A problem arises when this algorlthm is executed by
the A051 microcomputer Instructinn set, The dividends of
the divisions in tnis alaorithm are, at most, 3 bytes
loni. However, the division {nstruction o€ R0O5! can only
deal witn 1 byte lony data, Theretore, A special

99



catculation is neoered in order to perform these
Ajlvisions.
The right hand side of eauation 6~3 1s changed as

the tollowiny;

(hi 2% enmen¥ 4niy /10
=NNERS9306/1040H¥296/1 0417,
SRUF (55534 3/75)+RME(25+1/8)1401,/710

SHHEBSS+(BH/D) F34PM¥ IR+ (RM/R)¥I+R1,/10 . (6=4)

The «dividends in expressinn 6=-4, B, 04 and BGL, are all 1
pyte long. Therefore, the 8051 can execute these
divisions directly. Since #H {s smaller than 4 the
quntlent of Bii/5 is Zero and the remainder {s BH. Thus,
AH/S does not hiave to be Adone,

Let OM and RY bke the auotient and the remainder of
AM/5, 2, and Pl are similarly related to BL/10,

I'nerefore,

BM/% = M + PM/B ' (6=5)
an i

RL/Z1O = D1+ RILZ1O ' (6=6)

vpnere DM<SL, RMLE, OLC25 and RLegn, From expression 6-4
an: equations A=5 and A=A tne next expression s
optained,
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(a1¥2'Csnent annyz10
BEH¥A553+ (RH/S)¥I+BYXIR (OMDM/5) ¥3+QL,4RL/10

SRS S 3+ 1254+ 0ME407, 4 (RU¥ARRMX6+RL) /10, (6=7)

The dividenid, BH¥s+RMF¥E+RL, {s at most 3¥6+4%H64+9=51,
Therefore, it is one byte lona and the division 1s
pertormed easily.

when 9] and RR  renresent the gquotient and the
reanalnder of the division in exnression 6=7 this division

is expressed py
(BH¥B+RM*A+RLYI/Z1I0 = CW 4+ RR/O ’ (6-8)

rpere QRES and RR¢W, Then expression 6~7 is changed as

the followingg;

(5H*2'° #6228 4R1,) /710

TAHFOS5I+RNF2540MH¥I+0ONL,+0R+RR /10 . (6=9)

According to egquation 6-=3, the remalnder of expression
A=9 1s equal to DO, Therefore, N0 s calculated usina
equation 6=8, In order to determine the hicher diaits,
DL, D2,----, the {inteder nart onf expression 6=-9 |{s
treated 35 the oriqinal data, BH*Z”+HM*2“+HL, and
e‘tyation H=3 Ls used,

The multipication BH¥ASSY {n expression 6=9 can not

pe executed by the t=hvte long multipication Instruction
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easily. Howvever, this Is easilv executed by the addition
Instruction because BII is smaller than 4. Therefore, the
8051 microcouputer instructions can easily convert binary
data  into ACTD data using this algorithw, The flow chart

of this algorithm {s shown in Figiure 6-2,
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START

Rid = the hiagh bvte of the binary Adata
B = the medium hvte of the binary data
B - Lthe low hvte af the hinary rdata

D' = the rnuntient of BM/5
RV « the ramainder of BH/S
2L = the gqunotient of HIL/10
Pib = the remajinder of BIL/10

IR = the gquotlient of (RU¥E+RMF¥A+RI)/Z10
RE = the remainder of (RITEG+RM¥HERT)/L0

N - 0o

Mo gy

> 52 X END )

yes
nn

LY = tne high byte af H¥ASSI+VXIBR+OMEIOL4QR
BM = the medium byte of H¥E553+4%2540M¥340L+0R
BL = Lhe lov byte of 'YASKSI4M¥2H+0M¥I +DL+OR

Figure 6=2¢ Rinarv to BCDH Aalgorithn
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7. Sircult Performance

7.1 Theoretical Performance
The ieasurement acenracv depends on the following

four tactors:

- the nonlinear transfer characteristics of the
T,

~ nonlinearity of the multiplier,

- conversion Aaccuracy of the A/D converter,

- gquantizatjion error of A/D conversion.

Tnese four factors can not be trimmed ont by external
neans. The ripple at the nutput of the power cowmputation
cirzuit is also a factor fn the measurement accuracy.
However, the 120 llz component nf the current in the power
dlstribution system, whicrh determines the magnitude of
the 59 Hz ripple (see sections 2.2 and %.2), is not
Jenerally slimificant. Theresfore, the rvipple is not
aenerally significant and {s not fiagured in the analvsis
In this sectinn. The followina analysis is to determine
the accuracy of the power monitor circuit for the maximum
possible error,

The Ambrobe SAARQEN=1 T causes, at most, 1 bit error
at the output o9f the A/ converter according to the

discnssion Jn sectlon 4,4, The kExar Inteqgrated Svstem
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XF=22082 mualtiplier has a mavismum irreducible output
erraor of 1.0 % of full scale, or 100 @V, This error
canses 2.5 oits o€ error at  the outnut of the A/D
converter. The conversion accuracy of the Analoa Devices
ADRSTO A/D converter is within 0,5 bits difference. Since
the reconstruction level of the quantization 1s the
nlddle of the decglision 1evels the maximum quantization
errot is 0.5 bits, Therefore, the total error caused by
these four €factors is, at most, 4.5 bits at the output of
the A/D converter,

Mote that more than half the amount of this error is
caused by the nonlineatitv of the multiplier, Therefore,
the measuremnent accuracv of Lthe circuit 1is easily
improved oy employving A mnlitiplier with simaller
nonlinearity errors.

The maximun output error of the pawer monitor
circult is determined by nusina the maximum hit error and
the wseijht of one bit. The result {s shown in Table 7-1,
In this table the maximum power in each case is when the
voltage 1s 10 % above the nominal value andi the current
is 17 % above the aAaximum value,

The daximuam  output error {s 1.89 % of the maximum
value, Therefore, the autout display of the three

siynfficant digits Is considered to be meaninagful,.
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9ot

power current output error ( % of the maximum power )
distribution level
system power of a line | total power for 3-line system
low 630 W (1.89%) 1890 W (1.89%)
120 V line
high 612 W (1.83%) 1836 W (1.83%)
low 1453.5 W (1.89%) 4360.5 W (1.89%)
277 V line
high 1413 W (1.83%) 4239 W (1.83%)
Table 7-1: Output error of the power monitor circuit




7.2 Test of Circult Performance

I'he measurement accuracy was experimentally tested,
The agcuracy nf Dp¥er measurement onon A 120 V, i=-1line
system «~as used, Snuch a test {s sufflcient hecause the
neasurenent daccuracy depends ontv  on the four factors
nentioned before, “orenver, only the case of various
nagnitude levels and phase andales of the 60 Hz sinusoldal
current waveform was tested since the power in the
speclific power distr[butinn'svstem is a function of these
curvent ~aveformus,

For convenience the desianed power monitor circuit
#as nodified so that the mndification does not affect the
neasuremnent accuracy. In place of the power distribution
syshtem a special test circuit was used to examine the
nodified power monitor cirenit since it is difficult to
ootain 9 = 230 A currents in the laboratory. The
nodifications of the power monitor circult and the test
circuit are discussed first, Then, the result of the
tests are shosn. A

The power monlitor circuft for the test is shown in
Figure 7=1. This circuit uses the SDK=51 (MCS=51 System
Desian  “it 7)) as thne 8051 microcnmputer In order to
facilltate the programina, 'The use of the 3DK~51 changes
the [nterface circuit of the microcomputer, However, the
cnanJe of the interface rircuit does not affect the
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phase shift
r*fQF——ik—j
gain Ky 2 .
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2
RIS S Vy

+
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-15V -15V
v <« input ;?
gain K, bias 3 voltage
current -15V  offset
offset 7;‘7-

system "= circuit
ground ground
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o o—— —
gain KI‘ a |
15V
I v 2
Sapumn ©] VI.
d +
3
~15V R
inpu
blgs ﬁ voltage
current -15V offset
offset
CT
SA60EN-1

(a) voltage and current measurement circuit

Figure 7-1: Modified power monitor circuit
(1 of 3)
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from the A/D converter
and the manual switches

(see Figure 5-4)
5y o) Q 0 Q SDK-51
7473 , 7404*-§-T 1 117
( L——) 2\, 1D o— P1.7
01123 7 1116 2D2 o P1.6
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T 7475
[e0] v:r. D .
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= 30 4D <} P1.0
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P L]-ZGND g
o Intel
o oL cH 8031
— Al 7475
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O 30 4D
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(b) interface circuit of SDK-51 Port 1

Figure 7-1: Modified power monitor circuit
(2 of 3)
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SDK-51
O— P1.7
o P1.6
o— P1.5
interface circuit o P1.4
of Port 1 o P1.3
(see the last page) o P1.2
los P1.1
0 o) o- P1.0
GL GH
5V
Th040L R A i
16 Intel
to control pins %oe Vee 8031
of 74125 TTL 5
gates of the o i:i Th4 D 15
manual switches L3ds ¢ 14 P3.5
L—241 B 2 P3.4
to B/C of the o 1do A HE P3.3
A/D converter GND
o] 5.1
P3.0
from the
current level © ;
detector 7404*3
from DR of the
A/D converter 3
7402%=
4
(¢) interface circuit of SDK-51 Port 3
Figure 7-1: Modified power monitor circuit

(3 of 3)
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accurdacy of the power =easurement, The microcowmputer
progran is alsd chanaed far thisg interface clrcult. In
order to meAsile the power of the 1-1line systemn only one
voltage and current set need be meisurecd. Thevrefore, the
voltage and current measurement circuit is modified and
the line selection switches are removed, The
contiyuration of the voltaae and current measurement
clrcuit 1is explalined later berause (t is related to the
test circullt of this modified vnwer monitor circujit,

The test circuit and a pmart of the awodified power
nonltor circuit are shown in Fiaure 7~2. The voltage of
the 120 V power distribution svstem, Vizo, Ls fed to the
U Vna i3 also fed to the step=down transformer, The
sacondary  ainding of the step~down transformer is
connecterd to the CT thranah the resistor ?, in order to
supply czurrent to the T*'s orinary windina. The
secondary voltage of rhis step=down transformer s
controllabhle, Therefore, the w3agnitude of the CT’s
orinary current can be chanaed by controlling the
secondary voltade of the step=down transformer, The
nagnitude of the CT’'s primarv ecurrent can be determined
py tne voltLage across R;, vg o The primary turns of the
ZU ls 200, The eouivalent primary current when the CT’s

orinary turn is one, Tpi v is obtained fron
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transformer W'B

Figure 7-2:

Test circuit and a part of the modified power monitor circuit




IP' = 200 UR! /R|

Mow this cHurrent, lpt , can he assuned to he the maagnitude
of the current in the power distribution system,

trecayse of the sten=rinwn transformer and the
secondary loads of this transformer Ve and TP' have some
nhase anjle difference. However, the phase anrle
difference oetseen Vbo and T}; was experimentally
nmeasured and found to bhe constant 3t the maagnitude rangye
0 = 230 & 0f Ip . In other words, current waveforms of
varjous levels are obtained hv ecnantrolling the secondary
voltaye of Lhe step=-down transformer, However, the phase
anygle of that wavetorm remains constant.

ANccording to the disenssion 1a section 4,4 the phase
angle Ji¢ference between V¥, and Vig, L.e. d, of the
designed power monitor cirenit sAnals that between the
voltage and the 60 liz ecomnonent of the current of the
svstem, Peo-8, when the cnrrent §n the system Is in the
nighh  levels, Phus, d of this circuit can he assumed té
equal %eo-f when 1pi 15 in the high level. The § of this
circuit can one changed hy the funchion of the LPF after
tne YT or IT. That 1s, chanaing the J can imitate the
virious pnase 41mnjles of the current waveform in the pover
Adistribution system, The maaniturde of Vy and Vi can bhe

3ljustel Lo the oroper valnes bv the potenti{ometers,
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The Uso assumptions abnut Tp and d 4o not aftect
tne‘neasureﬂent ACCUTACY nf the circult, Therefore,
nsinz this test circuit and the modified power monitor
clrcuit the aczuracy of the onawer measurement of the
iesiuned poser wonitor ecircuit can be determined. The
power of the power distribution system (iwmitative power
of the test clircuit) ecan he calculated by using the
relation 1201p,cosd. Flanres 7=3 throuah 7-7 show the
output indications Ao£ the nower monitor circuit vs, the
nagnltude of the current {n the system for different
phase anjygles, The filgureg alsn sho«s the imitative nower
of the test circuit and the maximum possible error
ventioned in the last section, Errors of all the output
Indications of the power manitor circuit are 1less than

the predicted maximum possihle error.
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of the power monitor circuit
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115



output

30 L

10

jndicasion [kW]

/7 rd
rd d
d 7/
d 7/
’ e
/ /’
7/ V4
/ /
/, d
rd //
rd
y 7/
/ rd
Vd 4
7 Vi
Va 7/
e v
7/
P 7
P 7
’ Vd
V) Vd
P /
P 4
7 o output indication
d
rd //
L calculated power
7/ 7

L0 e mee calculated power

o with the maximum
possible error

100 200
I (Ipl) [A]

power in 120 V, single-phase, 2-wire system

-Figure T-4: Output indications
of the power monitor circuit
when ¥, - 6 = 20° (4 = 20°)

116



output indication [kW]

30 |

output indication
calculated power

—————— calaulated power
with the maximum
possible error .
20 y

2 | | 1 1

0 100 200
I (Ipl ) [A]

power in 120 V, single-phase, 2-wire system

Figure 7-5: Output indicasions
of the power monitor circuit
when $e - 8 = 40° (4§ = 40°)

117



output indication [kW]

30
/’
'l
‘)
- /S
7 /7
/7 /) 7/
[y
2/
/S s
‘QBrs
/l
‘)
,I
20 F /e
[
2 J 7
2 /7
Y44
//
//
///
////
i A
Y43
7 /7
/l
+ /7
2 /7
//
//
10 ¢ A o + s as .
.7 output indication
7z /7
7 087
e —— calculated power
7
/l’
e T calculated power
5 L with the maximum
i possible error
7/
v
¥
/S
7/ 7
S
e
Y /7 .
L |} 1 - | 1
0 100 200
I (Ipi) [A]

power in 120V, single-phase, 2-wire system

Figure 7-6: Output indications
of the power monitor circui}
when Yo - 4 = -20° (d = -20°)

118



output indication [kW]

30 |

o output indication
calculated power
—————— calculated power

with the maximum

possible error L
20 ’

10 [~ // s

Z ] 1 1 i

0 100 200
I (Ipl ) [a)

power in 120 V, single-phase, 2-wire system

Figure 7-7: Output indications
of the power monitor circui}
when Yo - 8 = -40° (d = -40°)

119



8. Conclusion

Il the power wmonitor circuit CT’s are used for
cuarrent apeasurement, In this case the powWwer measurement
in the power distributiman svstem must be based on the
fact that the power in the svstem i35 determined by the
voltaye waveform and the 60 Hz component of the current
vaveform of the system, The reason Is that {t is
{opnssivle Lo measure tre evact waveform nf the current
oy a4 CT because the CT°s transfer characteristics depend
upon  freauency. Bworeover, Iin arder to reduce the error
caused by the IT some speclAal circuits are needed to
compensate for the CT’s transfer charactevristics for the
various current levels. The desian of the power monitor
circult 1s based on these aranments and the error caused
by a particular CT {s held xithin t bit out of 2% bit for
the ful) scale,

In thils work the power monitor circult ewmploys a
vicrocowputer for the Jdfaital computation. Usvally 4
power wmopltor circuit works {n A control systenm,
Therefore, the microcnmputer can be Aalso used to
comaunicate Lo the other circuits In the control systemn,
Regaltse of the oposerful function of the microcomputer
several ilfferent clrenits incinding other power monitor
circuits can share the Sdame microcomputer for calculation
ar control uses. toreover, the microcombuter can easily
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add new functions to the nower monitor circuit: e.dq.,
ener gy anl pesak  power measurements in the power
dAistribhution system, Thase ardditional auantities are
also useful to Know in power distribution systems.

In tnls work it is assumed that all other CT’s of
tne sane rodel have exactly the same transfer
cnaracteristics determined for one particular CT,
However, different CT’s of the same model usually have
sliyntly different transfer characteristics, In other
vords, the 1djifference nf the transfer characteristics
anony CI''s in the same model has not been considered in
this work, However, this {is as {important as the
consideration of the transfer characteristics themselves
necause well matched ¢7™'s are {mportant, Further
research could be done to consider this difference and

chose CT’'s which cause the smallest measurement error.
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Appendix A

Analysis of the Feauivalent (Circuit for a Current

Iranstormer

The auantities Tg, Ye, Pe and Ryg, as shown in
Figure 3-7, are now calculatad, The phasor dlauram of
this circuit 1s shown in Fivire A=1, N, Rws and Ry are
assuned kKno4n, whereas K, Vg, Vo, V, and & are assumed

to be measuredi quantlties. 7Te 13 Jiven hy
Ie = Vpa /Ry r (3=5)

~shere Vgz Ls the voltage across Rz, The imadginary parts

ot V; and B are eqgual
Vz sinn = B sinb ,

shere q is the nhiase anagle AlLfference between Vy and Té.

Thus, n s Jiven oy
n = sin"{(E/V,)sin g } . (A=1)

I'he real part of V} is the voltazge across the resistance

Rws and Re,
Va2 zos Q = e ( Rwsg + Rg ) . (A=2)

Ay wsiny equiations A=1 and A=2? P {s qgiven wy

1723



Imaginary axis

Real axis

iXeTe

Figure A-1: Phasor diagram
of the circuit in Figure 3-7
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Re = (Vz /l.c)COS(Si.n-I(fF/Uz“:{H‘C)}"st . (3=6)
Recause the prinary current §s zoro e Is aiven by
Fe = N V, . (A=3)

Lo 15 the sum of the voltaoes across Re and jXe.

Therefore,

fe = \[1RRE + 1B} . (A=4)

Using eduations A=3 and A=4 ¥ {s 7iven by

Ke = \JUiTvE/1g)-n} . (3=7)

The imazjinary part of I 1s the sum of the voltAues ACross

Xe and Xis . Therefore,
© 5in& = Teke + TeXis .
Thus, Xps 1s given bv
X1s = (B/le)sinl-Xe . (3=%)

Using these calculated values, Ie, Re, Xeg And X5,
Is and 1, of the circuit in Fianre 3=-6 can be calculated,
Iin this circolt Fws and B are also known, The ohasor
dHagqran in the compleX plane of this circult is shown in
Figure A=2, E} is the voltane across Re and jXag when

T; flows. Therefore, Fe {is gliven by



Imaginary axis

Real axis

Figure A-2: Phasor diagram
of the circuit in Figure 3-6
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*

fe = leWs X2 . (A=5)

When 1s flov¥s the voltade arcross 1Xis , Kws and By is also

Eé. Thevefore,

fe = Is/(RL+Rws)20ng ) (A=b)

sing equations A4=5 and A-A Tg 15 diven by

®. . “ - o 2
lg = Ie\/&éh«é/ (P H«w512+(1_5 N (3=9)

dJow  tne phasze angle difference hetween T} and E} and the
one betwsen Ig and Fe are 4enoted ) and E rvespectively,

V and & are given by

<
[}

tan MXie Z(Ruws+h))

tan ' (Ke/Re) .

NiLg
I

Recaise T is the sum nf T} an: ?g T, Is given by the

following tormulas

I, = Vllecos(E-D)t1s)® +{Tesin(E-D1F . (3=10)

In the phasor dilaugram T} and Té satisfy following

relation:
[ sind = lesin(g=) .
Then d is given oy

ol = sinH(re/1)sin(E=D1} . (3-11)
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