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Abstract

It has been demonstrated that the Balanced Oscillator Tests are more convenient
than the traditional oscillator tests, because they allow to get more complete
and precise informations on reactor narameters such as reactivity coefficients,
fuel time constant etc.. A special automatic control system to carry out these

experiments has been developed, built and tested on the analog computer.

It has been planned to use this type of automatic control system to perform
Balanced Oscillator Tests on SEFOR (Southwest Experimental Fast Oxide Reactor).
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1. Introduction

It has been demonstrated that the "Balanced Oscillator Tests" are more convenient
than the traditional oscillator tests, because they allov to get more complete
and precise informations on reactor parameters such as reactivity coefficients,

fuel time constant etc..

Fig. 1-1A shows a schematic block diagram of a plant (for example a nuclear
plant). If we oscillate an input variable alone (for example the reactivity),
there will be many variables (power and coolant temperatures) which will oscil-
late. Each one of these variables will produce reactivity feedbacks with
associated time constants. The transfer function between power and reactivity
will contain all these effects, so that the results, obtainable from the analy-

sis of these measurements, will not be very precise.

Fig. 1-1B shows a schematic diagram of the ist Balanced Oscillator Test (B.0.T.).
The two controllers provide to keep the coolant temneratures constant by oscil-
lating primary and secondary coolant flows. The transfer function between power
and reactivity is now a cleaner function, because it contains only two para-
meters to be determined: the reactivity power coefficient and the fuel time

constant. The transfer function between power and primary coolant flow can also

\



be measured and this gives additional informations on fuel thermal parameters
(Ref. 1). A second B.0.T. is also possible (Fig. !-1C), in vhich the power is
kept constant and the transfer function between reactivity and average coolant
temperature is measured. This gives the possibility to evaluate the fuel and

coolant reactivity coefficients (Ref. 2.

The "Balanced Oscillator Tests" may be useful also for the measurement of trans-
fer functions of any type of plant for control »urposes. For these reasons, it
was decided at Karlsruhe to develop a special type of automatic conﬁrol systen
to carty out these tests in the most precise and fast way (Ref. 6). A prototyre
of this zutomatic control system has been already built and tested on the analog

computer., .

Balanced Oscillator Tests are planned for SEFOR (Southwest Experimental Fast

Oxide Reactor) where an automatic control system of the type described in this
paper will be used (Ref. 8).

2. Generals
Fig. 2-1A shows a schematic block diagram of the connections of the Automatic

Control System to the SEFOR plant in the case of the 1st Balanced Oscillator

Test (B.0.T.).

The heat produced in the core is removed by the primary coolant, Sodium, and
is then transferred to the secondary Sodium circuit. From here the heat is

rejected to the atmosphere by open circuit forced air cooling.
The reactor is fed with a sinusoidal reactivity signal at frequency ”fo"

AR = AK, sin 2 7f t (¢

which is produced by the ""Frequency and Sinus Tunction Generator’. The input
sienal to the ""Controller Wr. 1" is the difference between the signal of outlet
and inlet reactor coolant temperatures, (Gout-ei), Its outnut signal acts on
the "Primary Pump™, which will tend to change the primary Sodiuwm flow in such

a way that

- - . 2
eout Gi const (2) |
The input signal to the “"Controller ilo. 2" is the outlet primary heat exchanger

Sodium temperature, Tout.,Its output siznal acts on the ''Secondary Pump” which




will tend to change the secondary coolant flow in such a way that

T gt = comst. - &)}
The Transfer Function Analyser (T.F.A.) measures the transfer functions respec=
tively between power (P) and reactivity (Ak) and between nrimary coolant flow

(A wp) and power (P).

An alternative to the scheme of Fig. 2-1A is that of TFig. 2~1B in which the
input to "Controller No. 1" is the signal of the outlet reactor coolant tempera-
"

ture O .
out

Fig. 2-2A shows a schematic block diagram of the connections of the Closed

The plant is fed with a sinusoidal signal at frequency "fo" on the primary

pump

Awp = Awpm sin (21rfo t) (4)

t",constantm(as in the

The serﬁdét&ugumpVééﬁﬂéifﬁei be controlled to keé?rhféu
Ist B.C.T.) or be fed with a sinuscidal signal.

Aws = Aws_g sin(2 'rrfo t+a) (5)

£

with bw_ and "o’ chosen in such a way that they produce the maximum possible
change of the reactor average coolant temperature, A0, compatibly with the
safety and the limitations of the plant. Both the possible control schemes

of the secondary pump have not heen shown in Fig. 2-2A.

The input signal to the “Controller’ is the power, P, vhich is measured by a
flux detector. Its output signal acts on a control rod to produce a change of

reactivity, Ak, which vill tend to keep the power constant

P = const. ©)

The T.TF.A. measures the transfer function between the reactivity (Ak) and the

average coolant temperature (0) so defined:

B = i out 7)

An alternative to the scheme of Figz, 2-2A is that of Fig. 2-2F in which the

power P is kept comstant by acting on the primary coolant flow,



3. Basic Design Criteria

Each of the control loops of figs. 2-1A, 2-1B, 2-2A and 2-~2B can be schematically
described by the diagram shown in fig., 3-1, In fig. 3-1 "U" is the controlled
variable which is intended to be kept constant. When an input signal "I¥ is
introduced in the plant, this will produce a change “UI“ of U through the trans—
fer function Pl(s)° The controlled variable "U" is measured by the ""Feedback"
circuit which has the transfer function "H(s)". The output signal *Y" from this
circuit is compared to the reference "R" and the difference e feeds the
"Controller”. The output signal "y" from the Controller acts on the plant and
produces a change “Uz" of "U" which tends to compensate for the previous change
"U!“ due to the input signal "I”. The plant transfer function between U, and y
is indicated with Pz(s)°

The Controller comsists of two parts which we call "Pegulator” and High Cain
Unit (H.G.U.) having respectively transfer functions G(s) and M(s). '

The function of the "Regulator” is to amplify the input signal "e".

The function of the "High Gain Unit” is to suppress the oscillations of the

Hh

;controlled,variable"“Uﬁratfthewfrequeneyfﬂfbﬂrat'which~the B.0:T.: is performed: -
This means that any disturbance "Ul" of U at the frequency "fo" is compensated

by an oscillation "Uz" having the same amplitude of U,

The H.G.U. can be connected or disconnected from the loop, by operating the switch

"Sw" (fig. 3-1) without effecting the stability of the system.

Looking at fig. 3-1 we can write the following equations in the Laplace domain

U =T, +U, | m
Uy = v Py(s) A (2)
Y =n+2 - (3)
A=y M(s) ()
n =g G(s) (5)
e =R-Y (6)
Y = U E(s) ’ . (7)

From eqs. 2 to 7 we get (for R = const):

U
2 = - K(s) (3)




where

- R(s) = w(s) T:ﬁ%gf , ¢)]
aﬁd

w(s) = Py(s) + H(s) - G(s) . (10)

From eqs. 1 and 8, we get

v _ 1 , ;
lﬁ; T 1+K(s) ; , v an

The transfer function of eq. 11 is called "closed loop transfer function", while

denomination is due to the fact that eq. & would represent the transfet function

of the loop supposed to be ideally cut at the point where U, and Uz are added.

1

From eqs. é and 11 it is clear that the properties of the closed loop tranmsfer

function “g;” can be derived by analysing the open loop transfer function "R(s)".

_Curve No. 1 of Fig. 3-2 shows the polar diagram of the frequency response of the

function
| W(j2nE) = P,(j2nf) H(12nE) G(j2nf) (12)

in a particular numerical case.

Let us suppose for a moment that the H.G.U. (fig. 3-1) is a "Low Pass Filter"”
(L.P.F.). If the input signal “y" is at low frequency, it will pass through

the filter and the output "A" will be added to the signal "n" from the “Regulator”.
If instead "y" is at higher frequency, it will be attenuated and shifted by the
filter and therefore the output signal "A" will not have practically any regula-

ting actiom.

This means that the controller would be able to give a precise control at low

frequencies, while at higher frequencies instead would become less accurate.
This loss of accuracy is due to two causes

a) the higher is the frequency, the more delayed in phase is the signal "A"

in respect to "n"

b) the higher is the frecuency, the bigger is the attenuation between ")\"

and Yy¥,



The first cause can be eliminated by making a phase correction with a device
which changes the phase without changing the amplitude, for example a pure time

delay.

If we incorporate in our I.G.U. a memory in cascade to the "Low Pass Filter”,

the frequency response of the transfer function 4(s) would be of the type:

exp(~j lpf/fo)
M(j2 £) = A (13)
(143 £/£)7

where "f " is the out—off frequency of the filter.

- The angle "¢ must be chosen in such a way that, at the frequency "fo" of the

2w, that is
b+oo = 27 (14)

The curve of Fig. 3-3 shows the polar diagram of the frequency response of

-
ECRETE) | (1)

¥

£
as function of "' where i1(s) is piven by eq. 13 with

[o]

o

£ ,
n=4 , -?2 =0,2 and A=1 (16)

&

This curve shows an high gain at the frecuency "fo". At the hicher harmonics
2509 3fo etc., the gain presents also a maximum value which is becoming smaller

as the order of the harmonic increases.

If we now introduce this modified H.G.U. in our control loop, the frequency
response of the open loop transfer function K(j27f) becomes the curve No. 2 of

Fig. 3-2 if the system is set at the frequency

£ = 0.02 cps. an

The gain at frequency "fO" is about 12.5, vhich means that the oscillation
amplitude of the controlled variable "U" at this frequency is reduced to Tﬁ%g = 87
of that of the disturbance “Ul“. The curve Ho. 2 of fig. 3-2 shows (according to
the Nyquist criterion) that the closed loop will be stable because the open loop
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transfer functlon ,does not encircle.the point."=1". .This conclusionican be easily

:drawn if one thinks that stabillty means that the characteristic transcendental

equation oF the closed loop

R

e T et (1Y

must not have any root with real part positive. If one puts in eq. 20
ifry s =qa+ j2rf ”;_ _li' o R (19)
for o > O one realizes that9 fcr the same value of "f" ‘the function w(s) becomes

smaller in modulus and phase shlft. Thls means that for a given frequency, the

corresporiding point on'the curve -(curve Noi 'l ‘'of fig. 3-2) tends to fove f¥om

s-the left to the -right (as indicated by the small arrow); while the ‘¢urve tend —

to squeeze itself towards the origin. At the same time the function lsz?M(527

of fis. 3-3 tends, for o > 0, to squeeze itself towards the point 1", Because

of all these effects, the envelope of the lobes of curve No., 2 in fig. 3-2, for
a > O tends to squeeze itself towards, the origin. This behaviour of the. function

’ / = ? \7 Teoen on tl 7?‘1’177’1’1";70'Piﬂf‘ﬁi'g_’v?}?ﬁ —~{ovIron HNo ’) anF 1*:--’** 'l* 9’\ enguyes gs T T
l BN L’ P R L 5% % l —‘IJ \lu&-a‘— u&ac)&am \\-ﬂu& A A e PN Y LEAN VAL T g
that,the ‘characteristic equation 20 is alwayo (for o .2 n) dlfferent from -1
w(s) Ty # -1 - (20)

Tnis means that the system is stablee In order to improve the accuracy of the
systems one can use a L.P.F. with a dampinh factor "zt different from 1. The

frequency response cf the transfer function "M(s)" of the Q,;.U, would be of the

tYPe o o . ‘ o
exp(~j ¢ flfb), I ST e R SRR
M(jz £) = = (2D
cyY e roni []-(-23 4 fl'f (fl’f ) } L . VR .

The damping faktor "¢" must be chéen”in such’a way that the modulus of M(j2nf)
has -its maximum value at f = f ., "A" is then chosen so. that the modulus "C"

of M(JZﬂf) at £ = f is as close as possible to 1.

The curvé of fig, 3-4 shows the polar diagram of’ the equation 21 'as functlon

: Of f/f with' O A LA B T R R RE

P dn o eeE . £ N T S RS Tl e
=1, 0§05, £=0.6, =098 ()



"A"™ is then given by

£ £ - ‘
A= C/T-2(1-2 z?) (?‘3)2 + (?‘—’-)ﬁll"l2 = 0.94 (23)
m m -
Curve No. 2 of fig. 3-5 is the polar diagram of the open 1oop frequency response
K(j2nf) at fo = 0.02 c.p.s. in the case in which m(j27f) is defined by eqs. 21
and 22. The system also in this case is stable and the gain at f = fo has become

about 50, which means a precision of about 27.

A quantity, which may be of interest to the designer, is the angle "o" (fig. 3-5)
between the axis, which joins the working point (f=fo=0.02 ¢,p.s.) to the origin,

and the tangént to the big lobe} We have approximately

lwGene )|
- M('jano)[z /i-c?

When C + I, the working point goes to infinite and "o tends to 90°.

o = arctg (24)

4. Results of the studies on the analog computer

The performance of the automatic control system connected to. the Sefor plant to
perform the B.0.T.'s has been investigated on the analog computer. The Sefor
model was simulated on the computer, and the H.G.U. consisted of a memory with
a paper tape punching and reading unit with associated adjustable electronic
filter.

The investigation was carried out over the complete range of frequencies at which
the 1st and the 2nd B.0.T. will be performed on Sefor typical examples of the

results as given in fig. 4-1 and 4-2,
Fig. 4-1 refers to the Ist 3.0.T.. The frequency of the experiment was 0.0l c.p.s.
The diagram shows the behaviour of the outlet temperature signal.

Up to the point "A" the reactivity signal was not compensated and the pump was
E P Yy €

running at constant spead.

At the point "A” the feedback becomes effective, but the #.G,U. is still dis-
P

connected, The amnlitude of the temperature oscillation is reduced, due to the
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compensating signal which feeds the pump.
At the point "B the H.G.U. was connected.

The effect of the H.G.U. began to appear one period later and the amplitude of
the coolant outlet temperature oscillations was progressively reduced to 1/50

of its initial value in about 3 periods (fiz. 4-1).
Fig. 4-2 refers to the 2nd BOE at the frequency 0.02 c.p.s.

The diagram shows the behaviour of the power: the final amplitude is of the

order 1/100 of its initial value and it is reached in approximately & periods.

The flux signal (which was not filtered throush a large time constant as it was

in the case of the coolant outlet temperature signal that is filtered through

the thermal time constants) gave the opportunity to test the performance of the
system under severe noise conditions. Under these conditions the measurement

of the power oscillations had to be performed with the help of a Transfer Function

Analyzer.

As a general result, it can be stated that the study on the analog computer have

—— ~been in complete agreement with the analytical study of the system.

5. Practical realisation of the system

The system will consist basically (fig. 5-1) of an "input section” on ‘high gain

unit section” and on output section.

5.1 Input section

The input section allows the connection of the system to the signal of the
coolant temperature open across the core as required for the lIst B.0.T., or
to the flux signal as required for the 2nd R.7.T., and provides the necessary
amplification. The D.C. component of the input signal is suppressed by means

of a summing unit and of a reference voltage source.

5.2 High Gain Unit (H.G.U.)

The “Bigh Gain Unit’ consists basically of an operational amplifier with a

positive feedback loop.

The positive feedback loop must be able to pick-up the output signal from the
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amplifier and feed it back into the amplifier with a delay "To" equal to the
oscillation period of the disturbance. The delay is produced with a memory.

The selected memory is a complete punching~reading paper tape unit consisting
of the following components: |

Control Unit

Anaiog to digital converter

Puncher encoder |

Puncher

Tape

Reader

Encoder

Digital to analog converter

The output signal from the amplifier is sampled once every desree of the oscillation
cycle and is stored on the tape in digital form. In order to guarantee the
synchronization between the memory and the disturbance oscillation, a pulse

generator, giving a pulse for each degree of rotation, will be mounted on the

g
- —mechanism which produces the disturbance in the plant (for example oan t

rod oscillator). These pulses will trigger the memory.

The length of the tape, or better the number of words on the tape between puncher

and reader, determines the delay time of the memory.

The gain of the positive feedback loop must be as close as possible to I, but
never greater than 1. Since the positive feedback loop contains a low pass filter

to improve stability, the length of the tape between puncher and reader must not

give a delay equal to "TO”, but a delay ”To*" equal to:
¢
* . -2
L,=I « 27 m

where ¢o is the phase shift introduced by the filter at the working frequency
"fc" = I/To. The filter is of an adjustable electronic type, consisting of

four sections used in the low pass mode.

5.3 Qutput section

The output signal from the "High Gain Unit™ will be fed into an adopting component

in order to meet the input requirements of the "Primary Pump Control Circuit".
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5.4 Safety features

The safety features consist of two trip amplifiers that will monitor the input
and the output signals of the automatic control system. If either one of these
signals exceed a preset level, the corresponding trip amplifier will discopnect

the automatic control system from the primary pump control circuit,

5.5 Detailed design

The detailed design of the system is given in fig. 5-2.

This figure shows the amplifiers and the potentiometers necessary for the precise
adjustment of the gain, and the instrumentation to monitor the performances of
the system. A picture of the panels containing the equipment for the automatic

control system is given in fig. 5-3.

B A . DN, Sy . SRS Tl T o
Ue Illial LVONS1AeYrations

The type of Automatic Control System, which has been described in the preceeding

paragraphs, has the following characteristics.

1. It allows to reach a very high precision at the frequency "fO“ of the
experiment. This is obtained by setting the gain of the H.G.U. at,fo
as near as possible to 1 and the phase delay ™" of the memory in such
a2 way that:

U+ =
Yo+ oo 27 , €))

vhere ¢ _ ist the phase shift of the L.P.F. at the frequency “fo”. The precision
is limited by the practical limitations of carrying out these two settings.

UC' can be set within * 1Z. If we choose for "C” the value 9,98 the open loop
gain will be 52 and therefore the error “E" is 27 i.e. the oscillation of the
controlled variable at frequency “fo” will be reduced to 27 of the disturbance.
This is valid if the phase is supposed to be. set perfectly. Fig. 6.1 shows

the error “E" as function of the difference "6y’ between the setted value of ¥
and its corrected value (see Appendix 2). It appears that “E" is sensitive to
this phase setting error “8§y". The memory has a paper tape which moveé under

the writing and the reading heads. The tape has a line of holes and the distance

between hole and hole will correspond to an angle of 1 degree. In this way 3600
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will be given by 360 holes. The value of ¢ is set by choosing the right length
of the tape between the two heads that is by counting the right number of holes.
The system is by itself capable to have a sensitivity of * 0.5 degree. The pre-

cision in setting "Y" will therefore depend upon the way in which the calibration

of memory plus filter is carried out. The reproducibility of the setting of ¢

is very good.

The open loop gain drops as the frequency moves a little from the selected

". The synchronization between the tape speed and the frequency

frequency ”fo
"fo“ is therefore required. The movement of the tape must be derived by the
"Frequency and Sinus Function Generator" shown in the schemes of figs. 2-1A,

2-1B, 2-2A and 2-2B.

. The system is capable to provide an high open loop gain at very low frequences

(figs. 3-2 and 3-5) which means that it can cope with the drift of the plant.

The time needed by the system to reach the balance condition, that is to

(fig. 3-1), can be approximately estimated

compensate for the disturbances UI
T

as follows. We can say that at the "n"th cycle the oscillation amplitude of
_the controlled variable ﬁ7§i1imgéﬁigiﬁc;ﬂ:ééér;ximérgiymﬁyMamfacrcrﬁ(Appendixwll_ﬂ
! 1-C 1—16/]1+w(52wf0)1_7(“'1)
+ ' (2)

heniene )| [1wuiane )| 1-C/ |1+ (52nE ) |

In the case shown in fig. 3-5 we have
C = 0.98 (3)

and [1+9(527 0.02)] = 1.25 (&)

This means that the amplitude of the controlled signal will be reduced in 6

cycles to about 4.5 7 of its initial value.

Looking at fig. 3-5 we see that the modulus of the functions K(j2nf) and
W(j2nf) can be increased by a factor of 1.5 without having problems with
stability. If this is done, the numerical value of eq. 4 becomes 2.4 instead

of 1.35, and the same reduction of amplitude will be reached in only 4 cycles.

It is very interesting to notice that, after few cycles, the memory has
already instored the right corrective signal, so that the control loop can
even be open while the tape continues to feed the plant with the right

corrective signal. In this case it is more convenient to have a second
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reading head (at 360° from writing head) which gives the signal to the writing
head in such a way, that the signal remains in the tape always unchanged. The
first reading head will continue to feed the plant. This feature seems valuable,
if one thinks to repeat a B.0.T.. In this case the right corrective signal
already exists instored in the tape, vhich can feed the plant directly. An
additional control loop, able to cope only with the drift of the plant, could
be added to the system. TFor a better precision it would be conwvenient to have
this second loop working in parallel to the tape also when the tape is recording

the corrective signal.
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Appendix 1

Approximate EvaIUation of the Behaviour of the Controlled Variable in the Time Dom
Let us consider the closed loop control system of fig. 3~1.

We write eq. 11 of para. 3

U _ 1

ﬁ; T 1+R(s) M
where

R(s) = W(s) TZE%ET (2)
and

W(s) = Pz(s) H(s) G(s) (3)

YWle suppose that Ul(t) is a sinusoidal function in the time domain. We have

24

U,(t) = U_ sin 27 £t 4)

In the Laplace domain we have
2 fo ki
=y —2— 5)
s2+(2-nfo)2

Eq. 1 becomes

21rf0 1
U=10 > " ; (6)
s +(2'ﬂ‘fo) 1+7(s) l—:m—(s‘j-

From eq. 6 in the time domain we get
- 2nf 1
vy =urtd = ("N
O ) s2e(2mE )2 14(s) ory
o ) 1-11(s)

Where the symbol L_1 indicates antitransformation.

We shall solve eq. 7 in the case

1(s) = AF(s) exp. (- ¢S/2ﬂf°). 3)

where F(s) is the transfer function of the L.P.F,
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Taking into account eq. 8, eq, 6 becomes

amf 1 1-AF (s)exp(~ys/21f )
u=1 A : o o- 9
° sz+(21rfd)2 1+07(s) l—lAF(s)exp(-ws/2nfolll(l+w(s)

Eq. 9 can be written as follows

2nf ® (AF(s)7™! vs
0 T 7 n - = - 7 5
U=0 —— [l-AF(s)exp(-Ws/anoll T (1) — — exp [~(o-1) ARt
s?+(2nf )2 n=l [1%(s)/ 2nf
- -1
2nf ® _. AR ()T - s -
= Uo-—nu.ll.——- (-nN° ! e exp[-(n-l)w /=A% (s)exp(-n g ) i
s2+(2n£ )% n=I [1+1(s)/ anf_ 2nf
e shall antitransform eq. 11 in the particular case
AF(s) = A (12)
H(s) = W, = const. (13)
e LI — - e & 2/

Taking into account eqs. 12, 13 and 14, eq. 11 becomes

2Mo Y n~-} AQ-! - = s 5 S \7
=0, ——— I (D — [exp/[=(n=1) —_/ = A exp (-n =}/ (15)
sZ+(21f )2 n=i (1417 ) £ £
o o o o
The antitransform of eq. 15 is:
s Ap—] - n~1 0.\
U(t) = U_ sin(2rf t) = ——— J1{t = =—)"AI(6 - — (16)
0 fa} IS - £ £ =
n=1 (1+ﬂo) 0 o
where
n = "n"th oscillation
and 1(t) indicates step function.

Eg. 16 is shown in fig. Ai-i. The controlled variable U(t) oscillates with an
amplitude which is decreasing with the time and taking the following values

1 ' |
Ist oscillation u, T:ﬁ; a7

2nd oscillation U, A 5 * 1-A g
(1+Wo) 1+W°



- 17 -

AP -/ (x+wog7(n"’ )
"n"th oscillation U — * (19)
(1+1)) 1+ 1=A/ (147 )

After a large number of oscillations (n»), the amplitude of the controlled variable

will tend to the asymptotic value.

1-A i -1 Iw 20)
1+ 1=-A/(1+97) 0y 420 '
] o 1-A

u
4]

Eq. 19 suggests an approximate expression for the evaluation of the amplitude of the
controlled variable at the "n''th oscillation.

If we substitute eqs. 12, 13 and 14 respectively with

AF(s) = A|F(j2nf ) |exp(=3¢, 5=) = C exp(=i¢, %)‘ (231}

W(s) = W(j2nf ) (22)
and

v=2m -9, (23)

--—and with these new values we antitransform eq. 11, we get at the "n"th oscillation

the following expression for the amplitude of the controlled variable U

Pl 1-C 1=/C/| 140 (3 2nfo)j_7(““’) _

U : + (24)
® w2 )| J1swG2ne )| 1-c/1su(g2nt )|
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Appendix 2

Dependence of the precision upon the error "8y' of phase setting

The error "E" of the controlled variable "U" is given by (eq. 11 of para. 3)

= 14 = l [ ! = ——-——l-—-——-—-
2= I3 = by * eyt - by

. }!-Cejawl (1

where C is defined by eq. 23 of para. 3.

Eq. 1 can be written as follows

E = tﬁﬂ}f%?"f! « |1-C cos $y+ j C sin 6y| = 1§?3§%§~yl /él-c cos 6¢)2+(C sinxﬁwz (2)
e o . N < A
Since
cos &Y = | (3)
and
sin 8y = &y )
. ——eq. 2 becomes : S
o . 1=C c 2
E = Tﬁfgiggng' jﬂ * G W) )
Fig. 6-1 shows the ratio
Eju(j2nt )| ,
E _ o’ ! € .2
Ei_d - 1 - C = ’/1 *+ (]“'C 8y) (6)

as function of "&y" for different values of "C". "E,." is given by

id
i -C

Fia T THGZE T )
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