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ABSTRACT

The electronic model for tides and storm surges has a large number
of 'grid cards' each of which represents a quantized hydrodynamic
system of the rotating sea with external forces. All the grid cards
have an electrically and physically idential construction, but each
card can store different time-independent variables of the system,
while its time-dependent variables are fed into the grid from another
circuit. This technique offers the solution of the dynamic equations
without a step-by-step process (which is inherent in a digital tech-
nique) and high speed processing (typically 10 milli secons for a
10-day sotrm surge). Described in this paper is the design of such
grid cards with floating DC-power supply units.

1. INTRODUCTION

The first two-dimansional non-steady state rotational electronic
model for tides and storm surges was introduced by the author in 1956.
This was an electronic network (called 'Main Computation Network') which
has a gquantitative analogy to the hydrodynamic system of tides/surge
phenomena. The time-independent variables of the system are stored in
the network, and the voltages representing its time-dependent variables
are fed into the network simultaneously from a multiple function gene-
rator.

This technique offers the solution of the dynamic equations without
a step-by-step process (which is inherent in a digital technigue) and
overcomes problems of computational instability which can arise in a
step-by-step method., The ftechnique dlso facilitates a speedy computation.

. A
In the ealier model, analogue techniques were employed for both the
computation network and funciion generator. In the recent model, more
advanced analogue electronic techniques have been applied to the network,
and digital techniques to the rest of the circuits including the function
generator. Described in this paper is the design of 'grid cards' which
are the 'building blocks' of the computation network.

Note The principle of the computation network is an original idea
ipatented). Although this circuit is an electronic analogue circuit
in the sense of being non-digital, this is not related to an analogue

computer consisting of operational amplifiers with feed-back elements.



2. OUTLINE OF THE WHOLE MODEL SYSTEM

Fig. 1 shows a simplified schematic diagram of the whole model
system.
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Fig. 1. Simplified schematic diagram of the whole systen.

The MAIN NETWORK consists of a number of grid cards and a
matrix socket board with a floating dc-power supply. EFach grid
card represents a unit section of the quantized hydrodynamic
system of the rotating sea whose characteristics are defined by
the fundamental equations (Chapter 2), e.g. linear or non-linear
(the linear version only has been made). Different types of grid
can be used in combination, providing their electronic and physical
specifications are matched with related paris. The matrix socket
board has been provided for combining all the grids so ithat an
arbitrary topography of the sea can be modelled.

The INPUT SYSTEM consists of three major parts: a grid-card
calibrator, an external-force computer and an input memory. The
grid—card calibrator has been prepared for setting the time-indepen-
dent input data into each grid card. Generally the data for an
atmospheric pressure Iield are given in the form of py(x,y,t),
and the wind field has to be computed from them assuming a geostro-
phic wind. Then, from these two types of data, the resultant of
tpressure disturbance? fp(x,y,t) and 'wind disturbance‘.iAx,y,t)
within each grid should be computed. The external-force commuter
has been prepared to carry out this operation, simultaneously when
the input data are received. The computed input data are stored
by the input memory, and are fed into each grid simultaneously at
an appropriate speed through the matrix socket board of the MAIN
NETVHORK. Other types of input data, such as tides, can be
accessed directly by the same menoxy.




The QUTPUT SYSTEN has been prepared for recording the output
data which are available simultaneously from the grids. In order
to economize the recorders, a multiplexer has been used. Since
the full computation takes only 10 ms typically, this is repeated
as many times as required for recording. The output
memory can store a small amount of output data temporarily so that
the data-feeding speed. for the recorders can be adjusted.

The total processing time of the system is determined in
practice . by the speed of the external input-data feeding apparatus,
e.g. a keyboard, punched-tape reader, magnetic-tape reader or direct
data~line. A typical speed would be 56 sec for an 8-day surge period
by a 500 3h/s~tape reader, or 134 ms with the maximum data-feeding
speeed of 100K ch/s,

The numerical accuracy (which excludes the accuracy in
representation of the real phenomena by the fundamental eguations),
stability and linearity have been designed to be better than #* 1&5%
of the full scale of wvariables,

The input of the system is digital, and the output of the system
is digital and analogue, e.g. a numerical printer, tape punch, and
XYT plotter. The analogue output can be monitored by a CRO. The
intermediate stages of the system are hybrid of digital and analogue.
The whole system consists of about 1.2 million transistors; 97% for
digital circuits, and 3% for analogue circuits. 330 grid cards
have been made so far, while: the cabinet of the MAIN NETWORK has
a capacity of 990 grid cards.




3. SOME EQUATIONS RELATING TO THE MODEL

Electronic ecuations listed here are limited to those
‘directly related with the hydrodyuamic system.

Symbols

Hydrodynamic systems

Electronic

D NONMD QYN

Cartesian cordinates

Pinite increments of x and y (not necessarily equal)
Time A
Elevation of water surface

Depth of undisturbed water

Velocity of water current (suffix b for the sea bottom)
x and y components of [/

x and y xomponents of volume transport of water
Velocity of wind on the water surface

x and y component of U,

Atmospheric pressure on the water surface

x and y components of stress on the sea botitonm

x and y components of stress on the sea surface

x and y components of other external force

3

Density of water (assumed uniform) = 1.03 gr cm™
3 gr om™3
Coefficient (relating to friction) = 2.5 x 10~
Latitude

Angular speed of the earth's rotation = 7.202 x 1072 ¢~
-1

Density of air = 1.25 x 10~
3

1

Acceleration of the earth's gravity = 9.81 x 10° cm s

Coefficient (relating to geostrophic windsdimensionless)

Backing angle of wind direction)
(relating to geostrophic-wind estimation)

systems

Time in the model
Period in the model
Voltage

Current

Resistance:
Inductance
Capacitance

Impedance

Coriolis parameter in the model (unit in ohms)
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Pig. 2. Discrete representation of rotating two-dimensional
hydrodynamic system and its analogue circuit.
A signal grid only is shown.
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Pig. 3. Termination of a grid representing the boundary
between a modelled area and an adjacent sea.



Hydrodynamic equations for tides and storm surges in a rotating sea

5 _ 0 ax M RW X Ty X T 4x P AXX
R AT T P A7 BTV I P B
2§ _ 1 ay My W 4Gy 44Ty, a4 3P, 4y Y
‘1587 744X 2¢ +7% +~/”:f% ,0%‘4'/”9 oY F 7 (2)
25 _ 1 W | W, :
T9F T ay oy T oax égy | (3)

o , 44/

Wx=/ / u - dz dy

* “W/z (4)
W, = 4x/2 A7 dX
VL Ly
A= 20 sin ¥ (5)
U= phuylU) 2y = FY V] (6)
x = /ﬁA u"‘IU‘*I o 7ag=/iéu°:!v;' (1)

Electronic equations for a grid card (linear version)

-6 = L2 DGR (=t Gt G ) *
_ 2[ . [ _ e
—46, = Lﬁ_a_z‘f +Qé,tx+kyzy + ( by * &y t Gy (9)
2l _ I ‘ :
e "E”(‘”x"' 4l,) (10)

See Fig. 2 for ‘symbols.

Three scale factors relating the hydrodynamic and electronic system

K, = £/ (11)
K, = 8/ (12)
K= W =0/ 0



Variables in the linearized electronic and hydrodynamic systems,
related by the scale factors ,

. M oax 1 K 44
N fele 4 KA AR APy .
IQX — é 4 ‘Q _ /(4' 44 r (15)
Ke 4 2 - 2
0 . & !‘{ b 4 K, ax 9y
¢ /5( 9h | (16)
c = o AX Ay (17)
%k
N Ko 11 r 7o o Ky [r 7% 18
Zex = /(e Agf_ /22214/ +! Z‘y = ,(/ Ax/_/ﬁ’ /gzg/( + (18)
. = AxX —— = L 1
Ewx /(e {Ogﬁ -Zj.j; ew/ /( 4Y = /Oj"ﬁ a_? (19)
- ! ! = e I 2h
Epe= . K, ** p;{ % 17 e Z’pg Y (20)
) 250 -
Cox= /’Q 4 St Coe = A? 25 (21)

Note: £ is independent of% )
L is independent of 4¥/sy, if 4x= Ak,f
/(//( can be chosen arbitrarily withcout changing C or L ’
if K /KK, oz K, /KK, is kept constant.
Terms in the square root of muatlon (18) are practically
unity for most cases.

Estimation of geostrophic surface wind from an atmospheric pressure
field

ﬁ/:' Qw‘mﬁs( £ s 8+ ;'b car!’) (22)

. ~_ p /é QWE.I;“% ;J{:’ cos§ - 5; Sin S) (23)
Wind stress revresented by Bouations (22) and (23)

ax "':'(zwﬂn ¢)2(§ Sin £+ m;’)/( (24)

’2;7-' é <2w W?() (; wsS — -—f—:hi)/< )-i-( (25)

Resultant of the wind and pressure disturbances within a grid
6,42, - k(£ )(Bﬁ,;ﬁfw 2Ret 2o
ox T px /(/:g ﬁf 20, sm¢

Cyt by = /(/fj [ <2W, ;)c ig"éﬁ/ §£)+ 9;)* ](27)




4. EXAMPLE OF THE MODEL PARAMETERS

Az an example, values of parameters for a 330-grid model of
the seas around the British Isles are shown here.

The grids of the electronic sea model has been chosen as

4% = 4y = 50 Kn (28)
80 that they match with the 100Km=—-grid numerical model designed
for weather forecasting by the Meteorological Office, as shown in
Fig. 4. A single meteorological data is available for every four
sea grids.
The three scale factors have been chosen as follows:
K, = 3.60 x 107 (29)
K, = 3.60 x 1016 ems st 471 (30)
K, = 10> cem V1 (31)
FExamples of the relationship between time in the sea and time in
the model are shown in Table 1.
Table 1. EBExamples of time in the sea and
time in the model
t . A 1/te
lh 0.10 ms 10.00 KXiHz
6 h 0.60 ms 1.66 XHz
12 h 1.20 ns 0.833 KHz
1 day 2.40 nms 0.416 KHz
6 days 14.40 ns 69.44 H=z
1 year 876.00 ms 1.141 Hz
From Bquation (17)
(32)

C = 19290 PF

Examples of the values of other parameters related with water depth
and/or latitude are shown in Table 2.

) Table 2. BExample of model-parameter values
4 (m) 9.7 21.6 46.0 100 211
L (E) 1.076 0.497 0.227 | 0.107 | 0.463
R x(X2)| 9,95 1.95 0.413 | 0.090 | 0.022
S *x(x) | 2.45 1.10 0.500 | 0.240 | 0.115
* For /"= 0,24 cm s %% For A= 60°
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Fig. 4.

Example of the arrangement of a 330-grid electronic sea
model for the seas around the British Isles.

The sea grids are designed to match with a meteorological
grid scheme used for numerical forecasting by the
Meteorological Office.

Four sea grids correspond to one meteorological grid.



5. FUNDAMENTAL DESIGN

The MAIN NEILWORK consists of a number of grid cards and a
matrix socket board with a floating dc-power supply.

Bach grid card has an electronic circuit whose principle
is shown in Fig. 2. The physical and electronic specifications
for the input and output of all the grid cards (including non-
linear versions, if made) are uniform so that a combined use of
different types of grids on a common matrix socket board is
possible.

¢
W ‘\“ o]
/T* L+
eoz:
! by, §R
Key
A 4B +C l
N\
.

Fig. 5. ©Schematic diagram of a grid card by which three types
of operation are carried out simultaneously.
A: Coriolis force B: All external forces
C: Cancellation of excess resistances

Fig. 5 shows a schematic diagram of the circuit for a single
grid card (the inductors and the capacitor are omitted from the
figure). This consists of four units of operational amplifiers
(O4) with a simple resistance network and two opto-electronic
couplers, and carries out three types of operation simultaneously:-

11
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(A) Representation of the Coriolis force

Fig. 5(A) shows the essential part of the circuit for this
purpose. A current, {( , on each arm is sampled by a current-
sampling resistor,/y, as a voltage,// , and this appears on
the output of the QA in the adjacent arm, as

e, = AL (33)

where AV is the voltage gain of OA. In order to satisfy
Bquation (16)

Ay€;= jZW/z

Since the differential voltage across /3 is fed into each 04,
its output voltage is independent of the absolute potential at /z.

(34)

(B) Representation of all the external forces

Fig. 5(B) chows the essential part of the circuit for this
purpose. Only two OAs in the x and y components are used, since
it is enough to represent external forces by those acting
between two adjacent grid centres in each component. An opto-
electronic courler is connected to the input of each OA so that
the input terminals for the external-force data are electrically
isolated from the floating network.

(C) Cancellation of excess resistances in the circuit

Fig. 5(C) shows the essential part of the circuit for this
purpose. Again only two OLs are used, due to a similar reason
th that for the previous circuit., A current,( , along an arm is
sampled by a current-sampling resistor,,@z , a8 a volta,ge,)??é ’
and this is fed into the OA in the arm itself so that the ouitput
voltage of the OA is

é"i: —Arcpz' ¢ (35)
where Arc is the volitage gain and the minus sign shows that
842 and (/ are in antiphase. &,, is not affected by the absolute
potential at £, , because of the differential input of the OA,

If any external resistance, '@ex’ exists in the arm, the total
voltage along the arm is

F-/o = [Pex'l’pz (’-Ayc)]é
Therefore the total resistance along the arm appears as.

Ro= €,/i = Rt (I-A)R, (37)

Concequently the total resistance can be chosen arbitrarily dowm
to zero, inspite of the existance of ,Qex s by adjusting AV( and /22 .

(36)
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Rex could be any resistance between two adjacent grid centres,
e.2., the 1mesistance of an inductor, the output resistance of the
OA itself, another current measuring resistor. This technique
not only extends the range of realization of K (in Equation 13%),
but makes- the degign of other parts much easier.

Pig. 5(A+B+C) shows the combined circuit of the above three
types of circuit.

6. OPTO-ELECTRONIC COUPLING

6.1 Temparature stabilization

Temperature stabiiization of opto-electronic couplers has to
be considered separately from those of other components which have

little problems.,

Generally an opto-electronic coupler in question consists of
a Ga-As light-emitting diode whose light—emitting efficiency
decreases with temperature, and a silicon photo-transistor whose
opto~electronic sensitivity increases with temperature. Since
manufacturing deviations of these characteristics are quite
widely spread, the combined temperature coefficient of each
cpupler also varies quite widely (either positive or negative),

The characteristics of an opto-electronic coupler are not
only affected by ambient temperature but by heat generated
internally, particularly by the light—emitting diode which has to
be driven with a relatively high continuous current in this

application,

The use of a feedback circuit, for temperature stabilization,
from an electrically floating circuit to a non-floating circuit
requires extra components which are comparable to the original

circuit components.

B |
ref Opto-electronic : _+5V
coupler\\\ { <
o] , 3%
o— Constant- 4
°IDAC (> current
o— amplifi s C .
- plifier | 33 p Rxn
Digital | ——~v— Analogue
input Other : § output
, o— " . couplers | N
( 7 | ov
Non—flqating*: Floating

Tig. 6. Schematic diagram of an opto-electronic coupler
and yelgted parts.,
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Fig. 6 shows a schematic diagram of an opto-electronic
coupler and related parts. The light-emitting diode of the
coupler is driven by a constant-current amplifier (its output
current is proportional to its inout voltage but is independent
of a load connected to the output) whose input signal is supplied
from a digital-to-analogue converter (DAC).

Temperature effect of an opto-electronic coupler appears,
at its output, as a signal-sensitivity chenge (ac) and an output-
level change (dc). The method of compensation for this effect,
applied to the present design, is as follows:-

The output signal of the DAC is a function of digital input
and a reference voltage, Eref. If Bref is controlled (manually
or automatically) so that the sensitivity change of the coupler
due to temperature is compensated, the over-—all signal-gain from
the digital input to the output of the photo-transistor becomes
tenperature independent. In order to eliminate the output-level
change (dc) due to temperature, & simple high-pass filder consisting
of Cp and Rynis added, where Rinis one of input resistors of the
following circuit. The time constant of CpRyy can be chosen
easily as more then 1 sec, which is equivalent to more than 1 year
in real time, so that the frequancy range of real phnomenon is
not affected. Note Cp is the only extra component involved.

In order to design a circuit (could be a single potenticmeter)
to control Epop for temperature compensation, three types of data
are requireds:

(1) Range and speed of ambient temperature change

Temperature inside the cabinet (152 x 68 x 64 cm3) which
contains all grid cards including couplers in question, and the
room temperature (IOS Main Building, Room 6, Wormley, Surrey)
were recorded continuously, during a few sampled periods in different
seasong including a season in which the room was heated. Daily
temperature variation inside the cabinet remains whithin + 1.5°C,
and seasonal variations of daily-mean temperature remains within
200C 4 T°C. The speed of temperature change inside the cabinet
is less than 1°C/h in normal operating conditions.

(2) Time constant; of temperature change of the couplers

One of the opto-electronic couplers mounted on a standard
erid card was chosen as a sample. The temperature change was
detected by the collector current of its photo-transistor, and
was recorded by a XI' plotter. The sample was heated slightly
above room temperature, and then released in free air in the
room. The time from release to the time taken for the current
value to reduce to Q.368 of the value at the instant of release
was measured,this being regarded as the thermal time-constant
of this type of coupler. The value is 91.0Osec.
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(3) Temperature coefficient of individual couplers

The full number of counlers, Type TII-~112,. were tested by
a test curcuit showm in Appendix 2 with a standard input current
(1 kHz sine wave of 4 mA peak~to-peak, superimposed on 10 mA de),
at temperature of 30°C and 20°C respectively. The ac compoenent
of the output voltage at the emitter of the photo-transistor of
each coupler was measured, as E3g and Epg. Then (Epgy - Eso)/Ego'looc
is regarded as the temperature coefficient of the coupler. The
value of Bp, is used as an indicaetor of its individual sensitivity.
A1l the couplers were divided into 5 groups depending on the
temperature coefficients as shown, together with the number of
couplers in each group, in Table 3. Some couplers (Groups H and
L) are outside the specified ranges. Examples of the temperature
effect of couplers are shown in Appendix I:.

Table 3. Temperature coefficient of opto=electronic
couplers, Type TIL-112, and numbers in-each group.

Group Temperature Number of

coefficient (%/°C) couplers
" +0,60 2
a’ +0.50 to +0.59 17
b 40,30 40.49 174
c +0.29 +0.10 316
a +0,09 -0.09 127
o -0.10 ~0.29 22
L -0.30 6
Abnormal T
Totel 665

From (2) we understand thal ambient temperature changes
faster than say 10 sec, even if they exist, would not affect normal
operations of the grid cards. From (1) and (3) we also understand
that nmaximum temperature effect on the counlers with no compensation
would be between +4.2% and -2.1%, if the cards are calibrated at
20°C. The maximum tempereture effect would be between +0.90% and
~0.45%, for the same grid cards, if Ep,¢r for each group of couplers
(5 groupe in all) is individually adjusted for the daily-mean
temperature of a particular period (e.g. a season),

In conclusion, the simplest method of temperature compensation
for the couplers is to provide five different values of Epgr,
which can be adjusted individually, and to adjust them seasonally.
It is possible to design a simple circuit to carry out this
operation automatically,



6.2 Sensitivity

The sensitivity of opto—electronic couplers is indicated
&enerally by their current transfer ratio. This for the chosen
type of couplers, TIL-112, is read an the published data sheet
as 2 minimum and 20% typical (at LED forward current = 10 mA,
and transistor collector—emitter voltage = 5,0V. These are rather
poor absolute values and manufacturing deviation; this tyve of
coupler having been chosen 2 years ago because of the lowest
price at the time. An advance of opto-electronic industry has
made a similar type of coupler having more than 100% current
transfer ratio available at the same or even lower price novw.

A feedback circuit applied to the photo-transistor of an
opto-electronic coupler, as shown in Fig. 6, which is intended
to improve its freguency range also has an effect of reducing
the variation of the sensitivity from device to device, although
this has to be compromized with the reduction of the sensitivity.

As described in 4.1.2(3), the sensitivity of this type of
coupler in the full purchased quantity, gxoluding a few abnomal
deviced, was measured individually at 20°C by the circuit B
described in Appendix 2. Table 4 shows the results..

Table 4. Number of opto-electronic couplers, Type TIL-112,
against the relative sensitivity. Measured at
20°C by the circuit shown in Appendix 2. ‘

sensitivity Nunber
10 to 19 69
20 29 184
300 39 149
40 49 119
50 59 72
6C 69 35
7Q 19 17
8a 89
90- 99
100 1
Total 655

In the present design, the coupler and grid cards have been
combined so that the order of the sensitivity of couplers is
inversely proportional to the serial number of cards, within the

16

sane -temperature—~coefficient group shown in Table 3. This arrange-

ment is convenient for selecting the cards for the topograohy to
be modelled, because generally a wide—amplifude operation is
required for a grid representing shallow water depth..
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7. ELECTRONIC DESICN

Fig. T shows the circuit diagram of a single grid card.
Bach of four arms, ON, OE, 05, OW, has potentiomater / by
which JS)p is set in the grid. Each of the arms 0S and OW
has a fixed resistor Ry by which the fixed value of &,

(in Bquation 35) is obtained; an arbitary value of Q¢ (in
Equation 37) is obtained by adjusting another potentiometer

f; (in arm OE or 0S). Rach OA in arms ON and OE has an opto-
electronic coupler input, and its gain is controlled by a
potentiometer /; » The value of /7 has been chosen much higher
than the fixed resistance &, and.R; so that the adjustment of
/} does not affect the rest of the input circuit. The opto-
electronic input is coupled to the OA by a capacitor, Cp for
temperature stability (see 4.1.2), and C, is used for balancing
the differential input impedance. IRach vart of resistances in
the differential input has a fixed value, but this is matched
~ within 4 0.2 (see Appendix 6).

Bach of arms ON and OW has an inductor, L (see page 21), and
a current-measuring resistor K; ; the voltage between terminals
N-N3 or W-Wy is proportional to the current along each arm, and
from this voltage, U or V- (see Chapter 2) is obtained. A
capacitance, C, specified by Equation (17) is connected between
the grid centre to earth.

Two dual IC packages, Type T47C, are used for the two OAs
in each grid card; one package for the OAs in arms ON and OE,
and the other package for arms 0S5 and 0OW. Since the latter
requiresbetter high-frequency characteristics than the former,
this combination helps for efficient use of ICs, Note the
manufacturing deviation of high-frequency characteristics of
ICs is rather lerge (see Appendix 3).

All the UAs and transistors (not LEDs) in the opto-electronic
couplers are operated by a single floating dc-power supply (see 4.2)
through a stabilized voltage divider,

The grid cards should be designed so that amn arbitrary
topography (not a particular sea) can be modelled. In practice,
an applicable water—depth range is assumed between 10m and 21lnm
approximately for the present grid cards (linear version). This
will cover nost seas where storm surges are interesing and tides
are significant for practical applications. In order to treat
water—depth less than 10m, grid cards with non-linear characteristic
will be necessary. For the convenience of design of electronic
components, in fact mainly variable inductors, grid cards (linear
version) are divided into five groups depending on water depth
a5 shown in the first and second rows of Table 5. The designed
values: of the components are shown in the same table.

The variation of walues in the groups is due to the variation
of range of W, & , V¥ 4 f2 of the hydrodynamic system as well as
water depth 4 itself, The range of these factors are taken from
observational data, assuming the sea is in the latitude between
70°S and TOON approximately. Economical operating ranges of
electronic components, e.g. noise level, maximum amplitudes, are
also taken into account.
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Fige Te Circuit diagram of a grid card (linear version). The power
supply lines and the offset terminal lines are not shown.
Two trensistors in the dotted frames are used for grid cards
representing deep water only. See Table 5 for components.
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for grid cards

Table 5. Values of model parameters and components
Grid card Nos. 1001 to 2001 to 3001 to 4001 to 5001 +to
1038 2085. 3105 4060 5040
4 m 9,7 21.6|21.2 47.0| 46,0 100 | 99.9 170| 169 =211
W o e’ 1.0x 10 [3.0%x 10 | 7.5%x10 |7.5x10 | 7.5 x 10
L omox mA 0,029 0.086 0.215 0.215 0.215
3 mox em 300 150 75 75 75
€ max mV 300 150 75 75 5
e/ ges0°| 0 | 2445k 1.1k 1.1k 500| 500 23 |240 140 [140 115
R © | 10k 1.95k | 2.0k 400 | 413 89 | 90 22
R, o | 314 237 (129 92.4 | 58.4 44.4] 28.7 21.8
R; n 1'60' -
é, oV 170 120 60 25
ly omax | 92 200
Rs s} 100k
Ry o 330k
Ap - 3.3
v | &A, | wv | 560 396 198 82
W Cs pF 40
/}/"M’//Qp % 0.2
Ry o 100k
A, - 3.3
A 1k 500 200 100 100
/20| o 2.75k 1.38k 550 2,75
Koo /P % 2.75 1.38 0.55 0.28
Zo®IlKHz| = | >
K, n 1.2k 680 330 180 120
R, 2 33k
R 4 I 100k
As - 3.0
R, /R o 3.6 2.0 1.0 0.5 0u4
5 Ry Q 2.4k 1.36k 660 360 240
B Rs n 39k
Av - 2.56
ta 2 1k 500 200 100 100
Qe/l 2 2¢56k 1.28k 512 256
/Ry | % 2.6 1.3 0.5 0.3 0.3
PLRZ g 2,42k 135k 558 329 329
e 10k 2k 500 100 100




20

The number of 330 grid cards involving some 15,000 components
is too small for making totally integrated circuits economically,
though this number is rather lerge for a laboratory work.

Exersizes show that the total cost of components and assembly varies
very widelydepending on their types, tolerances, and the total
quantity purchased and assembled per operation. The present
designywhich is a hybrid of standard integrated circuits and a few
discrete components mounted on a printed circuit board, is an
optimum in economy, considering the availability of components in
UK in 1972/73; in fact most components had to be imported.

ICs Generally the price of ICs largely depends on the total
production quantity of a single type rather than its quality or
the degree of complexity of its circuitry. Therefore, one of the
most popular type of OLs in ICs, T747C, has been chosen. The high-—
frequency characteristic required for this purpose was tested for
the full quantity of 660 by using a quick test method (see Appendix 3),
and the better half is used for the N and W components, and the
rest for the E and S components. For the opto-electronic coupler,
Type TIL-112, has been chosen being the most inexpensive type at
the time of designing. For the stabilized voltage—divider, Type
CA-3046 has been chosen again as one of the most inexpensive ICs
containing five transisiors.

Potentiometers Preset potentiometers in this application
Trequire a relatively high stability over a reasonable period.
Among many types of cermet potentiometers, Beckman Model T72P has
been found as the best value; the lowest price to satisfy the MIL
Specifications including tempersture stability of 100 ppm/°C,
although poor availability in UK which caused the long delay in
completion of the work.

Resistors Temperzture stability better than 100 ppm/°C and
small size less than 10 mm x 2.5 mm ¢ (except for some high resist-
ance) were the first conditions of the choice., The tolerance of
resistance values was not tightened (say + 25) so that resistors
were available inexpensively. The purchased resistors were divided
into & 0.2% intervals of each nominal resistance value by a digital
ohm-meter, The total cost including the cost of dividing is still
far less than the price of resistors having & 0.2 tolerance.

Coupling caspacitors The coupling capacitors for this applica~
tion require about 40 p¥, 5V working voltage, and a small physical
size. Absolute value of the capacitance is not critical, but
matched pairs (say within 0.2%) are required for balancing the
differential input of the OAs., Since the initial purpose of using
the capacitors is to eliminate the temperature effect of the
transistor in each opto-eclectronic coupler, the leakage current of
the capacitors should be independent of temperature, or the current
should be negligible. Resin-dipped solid-state tantalum capacitors
have been chosen, allowing a wide tolerance in capacitoance {(+ 20%).
In order to obtain matched pairs, a selection method described in
Appendix 4 was used.
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Cavacitors Since the cavacitance
specified by Bauation (17) is proportional to the area of a grid
(4 x 4y), it is not necessary to be varied continiously. but in
steps of a reasonably wide range. The combinations of three diffe-
rent values of canacitors, in series and/or parallel, can make 14
different values. For cxample, by combining three capacitors
having the capacitance ratio of 1:2:4, the following ratios can

be mades:
0.75y 0.85, 1.004 1.25, 1.50, 1.75, 2.00,

3.00, 3.25, 4.00, 5.00, 5.50, 6.00, 7.00.

Note the cost of three standard capacitors is less than that of a
single non-standard capacitor. Standard polystyrene capacitors
having capacitances of 15,000 PF, 3,300 PP, and 560 PF (all x 1%),
temperature stability better than + 100 ppm/OC have heen chosen
for the present model.

Inductors Each inductor for this application
must be continuously ivariable in as wide range as possible
without changing its Q value. After extensive theoretical and
experimental investigations, it was found that the design described
in Appendix 6 gives the best results for the purpose; the combi-
nation of the types of component is not an intended one by the manu-
facturer. An example of the variation ot an inductor is showm
in Fig. 8. The inductors are divided into four groups depending
on water—depth ranges applicable. Iach inductor has three winding
gsections with taps. Changing of the taps is carried out by micro
sockets on the printed circuit board.

0.4

Inductance-(H)
o
o

Fig. 8.

Typical characteristics
of variable inductors
with three winding
sections, inductance:
against turns of the
centre core.

| | l ! I
0 Turns 12

A large number of inductors made for the previous model scheme in
1969 have to be used for the present model for economy, although
new types of core having smaller physical size and simpler const-
ruction are now available. Note the technique described in 4.1.1(C)
makes high~quality inductor not very necessary.

0.05



8. PHYSICAL DESIGN

Figs. 9 and 10 show the physical design of the grid cards,
All the cards have a uniform construction, except for a few extra
components for the cards representing deep water. Bach card has
overall dimensions of 105mm x 65mm x 15mm (highest components),
Components are mounted on a single-sided printed circuit board of’
1.59 mm epoxy glass with 0.0357mm copper. Components
whose height is greater than 6mm are mounted near the centre of
the board so that adjacent boards cen be .overlapped partly and
the packing density of the cards in the cabinet is optimized.

Components relating to the four directions, ¥, B, S, W, are
mounted on four symetrical sections of each board which correspond
physically to the four directions so that it is easy to remember
them. Pour potentiometers for preset adjustments which are requi-
red only when the card is assembled are mounted near its centre
while other potentiometers are near the edges. TFour sets of lead
and micro socket (external diameter, approximately 1 mm) are used
for (1) switching the polarity of the Coriolis parameter, and
(2) calibrating model parameters by connecting the leads and
sockets with the grid—carc calibrator (5.1). Three capacitors
specified by Equation (17) are mounted in a part of the board
where it is easy to replace the components,

i ‘/?
sty § 2
LS D f it 3

kgl
:ﬂ’_,,.,‘w:aw BEE |
e

F("mnkm Q%‘},wi‘; 79

dw‘aq
»

Pige 9. Physical design of prid cards, linesr version
{motual size). 330 cards in 51l have been mede.
Two seta of a transiztor snd & vesistor are used
only Tor card Nos. 400L o 4060 and 5001 to 5040.
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Fige. 10+ Physical design of grid cards,
linear version (scale x2).



24

9. FLOATING DC-POWER SUPPLY

The centre of each grid (0 in Fig. 7) is taken as the common
conductor of all the active components within the grid card,
except for the LEDs of the opto-electronic couplers. The centre
should have an arbitraery electric potential referred to a common
conductgr (earth) throughout all the grids of the MAIN NETWORK.
Consequently each grid has to be driven by a floating dc-power suprly.

Among a few possible methods of realising such a power supply,
& system consisting of an electrical isolation transformer
(operated from an ac power line), a rectifier and a dc voltage
stabilizer is considered to be the most efficient one. The trans-
formers for this purpose require a very high degree of electrical
isolation (ideally a magnetic coupling only); e.g. more than a few
100 1 ohms: for dc, and less than a few PF for ac, between the primary
line and the secondary output terminals. .

Only one type of standard isolation transformer (made in USA)
which satisfies our electric specifications, but a high price
(£7.00 each approx.) and large physical size, was found at the
time of the designing. Therefore, the floating dc-power supply was
developed for the purpose. The cost of the designed transformer
(including that of assembly, but excluding design) was £2.13 each
for the quantity of about 500, and the total cost of the unit
including the rectifier and voltage stabilizer was £6.49 per unit
in 1971.

Fig. 11 shows the circuit diagram of the floating dc-power
supply, where Ry and Cq are the resistance and capacitance by which
the quality of this system can be evaluated. Fig. 12 shows a
conplete unit and components contained in the unit. Details of
the physical design are shown in Appendix 5. The screening of
windings in this design is achieved by aluminium foil which is
manually formed along each windingj however it is now possible to
screen the winding Yy electrically conductive paint which is quick
and easy to complate. A summary of the floating dc-power supplu is
as follows:

Input 17V rms & 1%, 50 Hz
Output , 10V + 0.1% dc, O to 60 mA

Noise voltage between floating
terminals and earth 1 nV pesk-to-peak
Capacitance between floating
terminals and earth PF
Registance between floating
terminals and earth ¥ ohms
Temperature stability (10 to 35°C) -0.1% of value at 25°C

Transient voltageé drifit o
after switch on Less than 0u65% -
Physical dimension, over all 100 mm X 32 mm §

Pig. 13 shows the arrangement of circuits bebfween a power line and
the floating-dc power supply. Fig. 14 shows its stabilities.

Every 60 power supply units are-mounted on a single frame which has
screen ducts for the input lines.
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Fige 11. Circuit diagram of the floating dc-power supply.

Fig. 12 . Floating doe-power supply unit, and its components
(frow left, the isolation transformer, immer screen,
aend printed circuld hozrd on which the reotifler

d voltage stabllizer are mounted).



Tap code Tap code gg mA
“—I—' -—I-— 83 nA
27.4A . Grid
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Power 6 o= 7
BTR f
line o 1 Isolation 474 oy
5 transformer
240V 2 de
ms &i——~—° Moating-
+ 105 17.0V dc power
RS supply
z 330 units
Step-dowm '
A transt 7
c voltage ransformer
Gardeners

stabilizer,
Yax. output HA rms

Fig. 13.

Type GRB0834

Max. outrut 10 A rms
(x 3 units)

Arrengement of circuits between a power line and

the floating-dc power supply.
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% of value at 25°C

% of value at switch on

% of value at no load

Fig.

- Ool
Load
- 0,2 current:
40 mA
- 0.3 ]
0 10 20 30 40

Ambient temperature (°C)
Outout voltage change due to ambient temmerature

0.00 I
Ambient
. temperature:
\ 19.5°C
\\\\\‘\\_“\\
'\
0.05 i

Time (min)

Outout voltage change with time after switch on

0
-1
-2
-3

Ac input: 17V rms
-4 [ De: outputs 10V
-5 | l
0 20 40 60 80

Load current (mA)

Output voltage change due to load current
(A single grid card requires 40 mA at 10V)

14, Stabilities of the floating-dc power supply.
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10. PERFORMANCE

The performance of the grid cards can be tested by the grid—
card calibrator (5.1) with a few external measuring instruments,
the performance has been evaluated by the following factors:-

(1) Setting of the stabilized voltage-divider

By feeding 10,0V dc to the power line of a grid card, the
positive and negative outputs of the divider were measured.
Potentiometer vy was adjusted so that the outputs whow +5.00Vx0.2%
and -5,00V+0.2% respectively. This is satisfactozy.

(2) Setting of the offset voltages

Four potentiometers r, (for N, B, W, S components) were
adjusted so that the output level of each OA became OVE 1mV.
This is satisfactory.

(3) Setting of the Coriolis parameter

By feeding a constant 0.100 mA rme £0.2% sine-wave current
to each unit of N, B, S, W components, its outputs were checked,
for waveform, phase relationship between the input and output,
and adjustable range of potentiometer rz. Also by feeding
triangul ar-wave current, the range of linearity of each unit was
checked, All of them are satisfactory.

(4) FPFrequency resvonce of the Coriolis varameter in the model

By feeding a constant amplitude current having frequency from
DC to 20 kHz, with a constant value of fi,, the frequency character-
igtic was measured. Fig. 15 shows a typical result.

52 EEEES RPN IS FEERE CENRI ER3 IR 6 R I T PR

100%

70’;; ‘355211351,,:;:: R IR of“f:l,.:.:::::'::::i.:’ffﬂf::t... :\‘: 'm'—‘:"::f"’::v
o0 1k - 10k
Frequency (Hz)

Fig. 15+ Frequency responce of the Coriolis: parameter
in the model, flat from dec.

(5) Setting of the external-force-input gain

The overall gain of the exteral-force input depends on the
sensitivity of the couvler used and the setting of potentiometer rn.
This was tested by feeding the standard input signal specified in
3 of Table 6. By feeding a triangular-wave current, the linearity
and phase relationship were also tested. These are satisfactory.

28 .
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(6) Freguency response of the external—foroe‘circuit

This resvonse denends on the combined characteristics of an
opto—electronic coupler used and 0Oki, mainly the latder, Therefore,
the response was mezsured by using the combinetions of three
couplers (high, typical and low sensitivity) snd two OAs (wide and
narrow frequency range). Fig. 16 show the results, Although
there is a slight increase of the gain at about 50 kHz when the
wide—-grequency-range OA is used, a current having this order of
frequency doeg not pass thelAIIN NETWORK . The resulis are
satisfactory.

The low end of this fregquency resvonse is determined by a CR
high-pass filter used at the output of each opto-electronic counler.
The time constent of the filter is from 2.0 sec to 3.5 sec depend-
ing on the capacitor used.

Ofo :T

1

|
- i-

T
T
i

e

[

006 = CoupTew, 1T

P hi h”sehsi%i%ijzf‘?'ﬁ?')“’“f“l“*'if“r‘ﬁ
SI 8=.,>:4 'Xi" ERERS oA’ narrow :
RETE SN PO P QA B R O
— T IR BT S T i R i
LN . .
% 0.5 e
(&)
o, - g g
i |
(@] T
Nl
~ -
@ S R
<) S -
- e '
= -
o SRS SR DR
2 0.3 s
NE S
~ - Typical
3 el :
. HE I -
Ko - . =
5 0.2 [
Ool“_ :
S - B
| ; Gl
0_. - ~ w Y wn Gt N DD e N w P9 w D N R -
1k 10k 100Kk

Frequency (Hz)

Pig. 16, Frequency responses of the external-force input circuit.
obtained by combinations of different opto—electronic
couplers and Qis,
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(7) Setting of excess-resistance cancelation circuit
and its frequency resvonses

The excess-resistance cancelation, expressed by Equatiors (35)
to (37), is based on the essumptiom that no phase shift occures
between the input and output of the OA, A high freaguency at which
the phse shift is noticeable depends on each OA, Therefore, the
test were carried out by using two tynical OAs, one is typical of
OAs-whose ‘frequency range is narrow .(X), and the other one is
wide (W). The tests were also carried out for five different values
of the current-samvling resistor, R, shown in Table 5y i.e. 1.2k,
3302, 1802, and 1209 which are used for grid card serial NoS. le—-,
2 sy 3 y 4 and 5--- respectively. A constant-amplitude
sine-wave current (0.0500 mA peak-to-peak) with various frequensies
was used throughout all the tests, and the external resistance was
changed adequately.

Fig. 17 shows the result. At low frequency (say below 100Hz),
the apparent total resistance, Ryg, can be set from practically
zero to (Rex + Rq) for all the values of Rg. At a frequency higher
than say 100 Hz, the flat frequency-range depends on the required
value of Rex and OA used. Refering to the set of groups for Ry =
6604, for example, an external resistance of 1.5k% can be reduced,
by OA(W), to 200a with a frequency range of dc to 4klz (resistance
rize of +10% at high-frequency endy or by OA(N) to 800a with dec to
3kHz. The practical requirement. for this set is to reduce the
external resistance of 1l.5k2to 1.0k%, for exemple, i.e. the flat
range of the frequency response will be much wider, Note 4kHz in
the model corresponds to the pericd of 2.5h in the sea.

1000

;
M;:-__.j,.g B P e P

S1CAT.

ok 4k 200
Frequency (Hz)

Fige. 17. Frequency responses of the excess-resistance
cancelation circuit.
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(8) Irvedance between terminal E (or N) and the grid centre

The impedance between terminal B (or N) and the grid centre
was measured, while that for terminal W (or S) is given in (7).
Fig. 18 shows the result, The impedance in question for grid
card HoSe le—= t0 3=—- ig the output impedance of an OA used
itself. This is a few ohms at a low frequency, and increases
from a frequency higher than say 1 kHz; 82 to 1652 at 4 kHz
depending on the OA., These values are still small enough compared
with the value of R shown in Table 2, i.e. 90 to 10 k9 approxi-
mately. The impedance for grid card los, 4——- and 5~—— is that of
the OA through an additional transistor. The increase of impedance
with frequency is not noticiable at 4 kHz, and its value &s 2n "io
6% approximately. This is small enough compared with the value
of R which is 903 to 20%&, '

S R | /

T SR
~ i Withomt |/ 10i/ Tl
S 2o transistoxr vl ‘%~"‘- il
5] N R Ry 4 i R R
5 i L With L |
3 ol A srengistor |7
8 ol AL “‘f5:?f&”r;///:1:;
— £ vwil_r ! 1
ff ]
. ;?fé S REBE
(62 | k
1k ‘ 10k 100k

Frequency (Hz)

Fige 18. Impedance between terminal B (or N) =nd the grid
centre, with and without an additional transistor

(9) Overall linearity from the digital input to the analogue
output at the floating circuit.

A digital signal (zero to 63 in binary code) was fed into the
input. terminals of a DAC in the input memory, and the output voltag
(With level compensation) of the emitter of +the vhoto-transistor in
an opto-electronic coupler used for a grid card was measured,

Fige. 19 shows the result which is satisfactoxy..

(20) Combined operations of the Coriolis force and external force

A sine-wave electric current representing a water current (in
Tact a volume transport) in N-3 (or B-W) component was fed between
the corresponding terminals of & grid card, and at the same time
another triangle ox square wave voltare renresenting an external
force was fed into the external-force terminals (N or W), then the
voltage between one of the outvut terminals and the grid centre
was measured. JFig. 20 shows the results which are satisfactory.
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Analogue output of the floating circuif, (V)

e

Digital input

Fige 19 Overall linearity from the digital input of the input
memory to the analogue output of the floating circuit,
through the opto-electronic coupler.

(The analogue output voltage was measured by a DVM having
an accuracy of + 0.1%).
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Examples of combined waveforms of the Coriolis force

Fig. 20,

and external force measured at the centre of a grid.
In order to distinguish the two types of force,

different waveforms and/or frequenciesg were used,
q
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(11) Common-mode voltage rejection

All the OAs used for a grid card have differentigl inputs
so that common-mode volieges are rejected. The degree of the
rejection depends on the matched pair of resistors or capacitors
concerned. By feeding a common-node sine-wave voltage of 1V
peak-to-peak at various frequencies into the input, voltages bet-
Ween terminal W (or E) and the grid centre were measured. PFig. 21
shows example of the results., At 4 kHz, the unbalanced voltage
for the N component is not measurable, and that for the E component
is about 0.02% of the common-mode voltage.
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Fig. 21 . PFrequency characteristics %f common—mode

voltage rejection.

(12) Temperature stability

By choosing the S and N components which has no opto-electronic
coupler, output-voltage level change due to ambient temperature was
tested. Fig. 22 shows the results. The change is less than +4 nV,
which is 1.3% of the full scale specified in Table 5, against the
temperature change of 25°C £ 10°C. Refering to the ambient tempera-
ture change described in 4.1.2(1), this is satisfactory.
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Fig. 22. Output-level change in the S and W units (opto-
electronic couplers are not included) due to
temperature change, relative to value at 25°C,



1ll. CONCLUSION

New 'grid cards' and their floating DC-power supply units have
been designed and tested successfully. 330 sets of cards and power
supply units have been manufactured.
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APPENDIX 1

30 50 70 ‘ 90

m“v‘_;wéAMPLE NO. /’\34,
T 35
_ ] . 0 70
10 30 s

10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Temperature (°C) \

Examples of the ac—sigmal sensitivity change of opto—electronic
couplers due to ambient temperature (1000 to 4000), tested

by the circuit shown in Appendix 2. About five samples per
each senciltivity group are shown.
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APPEIDIX 4 lanufacturing deviation of solid-state tantalum
capacitors.

Type ITT TAG-33/3, ¥ominal capacitance 33 nF, Vorking voltage 3V,
Surege voltage 3.5V, Reverse polarisation 0,3V
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APPENDIX 5 Phycical design of the floating—-de pover supply

l. Winding  The prinary =nd secondary windings are identical,
except for their leadg. Jach winding ie nede of 500 turns of 35 SVG
'Lewmexbond! enamelled covnmer wire. The wire wound on a former is
heated by a current of 3A (dc or ac rms) for 15 sec so that the winding

becomes self-supporting (each winding has resistance of 150).
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2. Screen foil for windings Electrically-insulated liquid vinyl
"Wycoat! is sprayed on the whole of one side and a part of the other
gside (shaded area in the drawing) of the aluminium foil, and cut to
the specified dimensions.
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- g5
3¢ Leads .Lead P is used for the vrimary winding, and Lead S for
linking the secondary winding and the PC board. All conductors used
for the leads are PVC covered 10/0.1 mm tinned conper; colours Red,
Blue, and Green (earth)., Each lead is screened by a very dense
(ideally 100:%) tinned-covper-net screen, and covered by varnished
silk taope held with 'Evostik!, TIINPORTANT: These screens affect the
quality of the whole system seriously. Standard twin screened wire
(RS Type Min iHike Twin) is used for Lead D. A greeh lead is soldered
to each screen. Each of Leads P and D is terminated by a connector
pin (Cambion Type 1521-3-03) with a silicon rubber sleeve,
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4. Insulation of joints of lends Soldered joints between the
winding and lezds are insulated by thermosetting tape by which the
leads are secured physically at the same time, ‘

TAPE 6.8mm X 80mm

5. Screening of windincs  Each winding is screened by the foil
described in 2, by using & jig. The foil, screen of the leads, and
earth lead are soldered at a vmoint using aluminium flux. The screened
winding is bound by varnished - silk tape, and held at its end with
'Bvostik', IIPORTANT: (1) No part of the winding or leads must be
exposed outside the screen, since this affects the quality of the whole
system. (2) The foil must not make an electrically closed circuit
around the winding.

TOTALLY (OATED SIDE TAPE 6.5 mm¥ 300 im

6. Transformer core Belclere Type GFN-Unisil (33 laminations)
whithout the standard frame (the maxirum electo-magmetic power-
tmensmission capacity 2 W) is used.
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T« Commonentse on the PC board All the components are mounted on
one side of the board, excepnt for two capacitors (voth 250 nr, 25V)
vhich are mounted on the other side.

=3 T
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8. Inner screen Copper foil formed by a jig is joined by PVC
tape (19 mm wide) which acts as an insulatér-against the transformer

core.
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9, Case and related parts The case is made of a standard aluminium
container (.S, Senders Litd., 30 nm@, 140 maL) cut to 85 mnlL, with

a fixing hole (9.5:mm¢) drilled at the bottom. The cap is made of
aluminium for the purpose (22 SWG, 30 mm@ inside, 10 mmL), ‘% scpew
bish (9.5 mnP, 12 mnl) and a lock washer with solder tag are used for
Tixing through the hole.
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10. Assembly  Assempbled components are shown in the drawing.
Pogitions of leads relative to the transformer should be “ent
strictly as snecified, since this arrangement minimizes noise in the

output. The order of the assembly is as followss-—

(1) Lead D is soldered 4o the PC board.

(2) The primary and secondary windings are assembled with the core.
The laminations of the core must be exactly 33. They are bound
tightly by electrical selotipe (Scotch, 6 mm wide) at two edges

- of the core.

(3) A plestic sponge pad (20 mm x 20 mm x 5 mm) with adhesive is

' stuck on one side of the core.

(4) Lead S is soldered to the PC board.

(5) The inner screen is soldered to the PC board at a poin¥ (marked
by ¥ in the drawing).

(6) Leads P and D are inserted through the bush and washer.,

(7) The green leads attached to Leads P and D are soldered to the
PC board at a point (marked by + in the drawing).

(8) A1l the above components, except for the bush and washer, are
covered tishtly by varnished silk (85 mm x 100 mm), and its edges

© - ‘are Jjoined by 'Bvostik!,

(9) The above assembled parts are inserted into the case so that
the bush and washer with Leads P and D pass through the fixing
hole of the case. The bush ig tightened with a nut applied
from the outside of the case. The cap is fitted,

VARNISHED  CAPACITOR INNER TRANSFORMER PLASTIC SPONGE BUSH &
SILK SCREEN PAD WASHER

LN W Y

\ ! {

L _ | T e

e

=TI s -
T ) P

Full scale




46

APPENDIX 6 tDesien of variable inductors,
Common for v = 0,010 Care. L2501
Types 1 to 4 @4 = 0,040 Coil former: DT2178
44, = 0,050 Board DT2359
Eu = 0.030 Clips DT2399
m =3 Adjuster LA1295
- -1
€ = 5.58 om (Mullard Vinkor)
Moy = 90,62 '
fyze: gygez Type-L Type-2 Type~=3 Type-4
Emin Water-depth _ 9.7 21.2 46.0 99.8
mnax range (m) - 21.6 47.0 100 211
€y 0.005 ’ 0.010 Humber of turns
Ratio to
L 1.0000 | 1.0000 {1980 +4 [1347 + 3| 915 + 4 | 625 + 3
N, 0.86875 | 0.87256 |1720 + 4 {1170 + 798 + 2 | 545 + 2
N3 0.75472 | 0.76135 (1494 + 3 |1017 + 697 + 3| 476 + 2
Wire gauge © suG —> 45 43 41 39
Rl Culculated 314 129 58.4 28.7
: R2 dc resistance — 273 112 50.8 25.0
(ohms) 1
R3 237 92.4 44..4 21.8
Ratio to L, Inductance (H)
Lmax 1.3047 - 1.2998 1.0437 0.4827 0.2210 0.,1039
leax 1.3450 1.3400 1.0760 0.4977 0.2278 0.1072
lein 1.0050 11,0100 0.8040 0.3719 0.1717 0.08086
Ll 11,0000 1.0000 0.8000 0.3700 0.1700 0.08000
L2max 1.0152 1.0202 0.8120 0.3756 0.1734 0.08162
L, . | 0.7585 | 0.7689 | 0.6068 | 0.2806 | 0.1307 | 0.06152
: L2 0.7548 0.7613 0,6038 0.2793 0.1294 0.06091
L3max 0.7662 0.7767 0.6130 0.2835 0.1320 0.06214
L?min 0.5725 0.5854 0.4580 0.2118 0.09953 0.04684
L3 0.5697 0.5796 0.4557 0.2108 0.09854 0.04637
Lmin 0.5897 0.6030 0.47T1LT 0.2182 0.1025 0.04824

¥ Fnamelled copper wire to BS1844 (fine covering)






