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Acquisition performance of an automatic phasc-shiﬂing loop has been discussed for four different types

of loop-filter configurations.

The proposed loop, essentially employs the Sanky phase shifter—a frequency-

independent voltage-conirolled phase shifter— for phase compensation. System equations have been derived for

all the cases and expressions for the acquisition time have been obtained for constant phase shift.

1t has been

found that a practical system based on the linear model concept is the best from the point of view of the

measurement of the phase angle difference.

_1. Introduction
PHASE-SHIFTING networks are often employed to
compensate for the phase shifts occurring or to intro-

duce necessary phase shifts in instrumentation systems.

 Such networks may be employed for the measure-
nient of the phase angle difference between (wo
signals of the same frequency, through automatic
phase compensation or null balancing. A frequency-
independent  voltage-controlled phase-shifter like
the- Sanky phase-shifter'~% has been found to be
ideally suited for this purpose, while measurement
of the phase angle at different frequencies are involy-
ed. A closed-loop system, employing such a phase-
shifter within the loop, can be studied in a way
similar to the studies carried out on phase-lock
loopst~7.
of the preposed automatic phase-shifting loop, for
four different types of loop filter configurations, when
the two input signals have a constant phase shift, has
been presented. '

2. Automatic Phase-shifting Loop Operation
Fig. 1 shows the loop configuration. Here e, and
¢, are the input voltages having the same angular
_ frequency o, and e, differs in phase by ¢ from e,.
The term. ¢, is the output of the Sanky phase shifter
(SPS). The output of the multiplier (M) (a conven-
tional phase detector), viz. e is fed to a low-pass
filter F(S). The voltage output eg of this filter acts
as the input phase control voltage to the SPS.

Let, ¢ = E,.sing, D
er = E,.sing, ’ ...(2)
Tand - e = 45" .sin ¢y S wi(3)
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where ¢, s the first harmonic approximation of the
square-wave output of SPS.
“The voltage e, is given by

e, = 4EE° .-sin @, . sin ¢y
= K [cos(d — do)+C0S(s + do)] ---(4)
2
where, K, = -—i’é’

This is passed through the filter F(S) having essen-
tially a low-pass characteristic. Hence the sum phase
term is filtered out.

Therefore,

es == K1 F(S) . cos(d; — ¢g) .-(5)
It has been proved already that the Sanky phase
shifter is essentially a phase modulator® governed by
the equation . .
¢0 = ¢, - K'(’Q _ ...(6)
Now Fq (5) can be rewrilten as
=K. F(S) cos[(¢s — ¢r) + Ks¢’2] (7)
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Fig. 1 —Schematic arrangement of the configuration phase
shifting loop
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Since ¢, and $, in general will be as

b= ot — ¢ -.(8)
and ¢ = wt (9
(¢a - ¢r) = — ¢ .(10)

Hence e, = K1 . F(S) . cos{Kye, — ¢] L1

This governing equation of the automatic phase-
shifting loop shown in Fig. I, has been used in the

following sections to study the performance of the.

loop for the four different loop filter configurations.

3. Zero-order Loop with Cons‘ant Phase Shift
The sim\ple filter considered first is the one that
has no energy storage elements and thus, has a cons-
tant as transfer function.
Let, F(S) = K,
Therefore,
e = KK cos(Kze: — o)

.(12)
If (ch + ¢ — Kszez ) is small and K1K2Ky > 1
Eq. (12) can be approximated as

Se = - (13)
T ‘)
2K,
Eq. (13) gives the linear relationship teiwecen ¢ and

8, However, to consider the pull-in tehaviour, the
non-linear Eq. (12) has to be considered.

in Eq. (12)

where 8¢ = (ee —

e:
KK,

Normalizing e, a3, 2 =

e = cos (Ke — ¢)

‘where, K = K,K:K,
When there is phase coincidence, tlien

(Ke —¢) =0 ’
Therefore, e = 1
and,

(K — ¢) = 2un wheren =0, 1, 2,...

or o K=¢ 4 2nn ...{15}
Also, when

e =0; ¢ =

[T

The solutions of Eq. (14) are shown in Fig. 2 with K
as the parameter. It can be seen, in the range of
¢ = — 3r/2to + =/2, the response monotonically
increases only for the case, K > =/2. For values of

. K <C n/2, the function is not single valued with res-

pect to e. Similarly, for' & > %/2, a multivalued
function results, although the range of ¢ is increased.
[t may be seen that for constant K, since e is a func-
tion of ¢, strict null balance cannot be “obtained in
phase, Thus, in order to achieve phase,compensation
fully,.ie. for ‘locking’ for various phase angles 4,
the values of K have to be different. To arrive ati a
practical circuit in this way is difficult.

4. First Order Loop with Constant Phase Shift
In this section are considered the following two
first-order filter configurations :

, 1
F(R) = — e
and  F(S) = — ’—(2—“?;*—&) ’

Fig. 2—Solutions of Eq. (14)
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- Figs.-3 (a) and (b) respectively show the above
two filter transfer functions. '
Considering
F(S) = — where © = RC

St
Eq. (11) can be rewritten in the form

K
e = — s: . cos (Kae.g‘—fiz) ...(16)
Calling (Kses — ¢) = «
' do K
Franiali —:.cosa .f..(l7)

. where, K = KiK,

. T . _ T
Letting t=k—.7\, dt———K.dA
. - de
and calling =Y

v = ¢cos (m + &) »

Fig. 4 shows v plotted against . When the lock
occurs, i.e. ¥ = 0, the minimum phase error 1s 4+ /2.
The pull-in time can be determined from Eq. (17), as

a(final) d
G K (19)
cos (7 + «) <

« (initiat}

Value of «{final) cannot be taken as +m/2, since in
this case, the demominator becomes’zero and the

(@)

Fig. 3—Filter configurations considered in the study
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log [tan(%—;—%)]:ﬁ,;

..(18) -

integral becomes infinite. However, to get a meaning-
ful result, «(final) may be taken as slightly less than
+ 7/2 and the time required to reach it may be
evaluated. On integration Eq. (19) yields,

«{final)

...(20)

T
a {initial

where a«finitial) = @, since ¢, 10 start with is zero.
fl'he value of 7 in Eq. (20) gives the pull-in time and
it is dependent on the initial phase difference.
K1+ 8v)

Now, considering, S
,

F(S) =

Eq. (11) can be rewritten as

. KiKe (1 + St)
i

. cos (Kses — ¢) .(21)

calling as before, @ = (Kzez — ¢) and K = K1KsK;, -

and letting = ET LA
de — cosa "
- T—Ksna (22)

Since, K = 4 £3 where £ is the damping coefficient of
the circuit,

— COS a

A g I

-+(23)

Fig. 5 shows the plot of Eq. 23 for values of
£ = 050707, 1'0and 1'414. As can be seenm, v
becomes zero at the points « = — /2, n/2, 3=n/2,
etc. Only in the case of § = 0'5 for a = =/2, v be-
comes infinite. This shows the loop will lock, in
general, when a reaches (27 + 1) (n/2), n being an -
integer. 1In order to see whether this singular point
is stable or not, the value of the acceleration at these
points may be considered. Differentiating Eq. (23)
with respect to A

dy v{sina 4 4 €3y cos a|

dan - 1 —4Bsina

dy
Thus, wheneverv = 0 ; e

..(24)

=0

" Thus, these singular points are stable. Now, . to

estimate the pull-in time, Eq. (22) is rearranged and
used as follows:

a(final) .

f (1 — Ksina) do —
cos (m + a)

& {initiel) s L

Ii. ! ...(29)
't_‘

Since, “When a(findl) = % =/2; the denominator
becomes zero and'the ‘integral - becomes. infinite;i as
before, to get a meaningful result, a(final) ‘nidy -be
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Fig. 5—Plot of Eq. (23) for different values of £

taken as slightly less than + =n/2 and the time requir-
ed to reach it may be evaluated On integration,
Eq. (25) yields :

LT lool tan a 3w
f-7( guanis 44

» . wifinai)
)]-{-K log(cos «)
a(initisl)

...(26)

5. Second Order Loop with Constant Phase Shift
In this section is considered a second order .ﬁlter
in the loop, having a tranfer functxon

Ka (1 4- S<)

F(S) = S22

The circuit configuration of the filter having the
above transfer function can be achieved by the com-
bination of both the filters shown in Fig. 3. Now,
Eq. (11) can be written in the form :

«

=Kk (1 + Sy (K;,ez ¢>

s 27y
calling as before o = (ng, — ¢)

“dWa | K ‘ du C
et .sina. a T esa= 0 ...(28)

Now, calling Kj< = 2?,0),, and K/«* —'m’ where the
* dimension of X is that of the phase angle, Eq. (28)
becomes,

d ,
L+ 2o, sina. % — o3 cos x=0 .(29)
.. A dA
Normalizing ¢ = GTT dt = T
d2. . de  cosa ’
e sina. =220 ...(30}

an 4
This is a second order non-linear differential equa-
tion, the solution of which cannot be obtained in a
closed form, and hence phase-plane technique is
followed? to investigate Eq. (30).

Now putting da/dA = v as before, Eq. (30)

~ becomes,
dv o, éos « _ - ,
P 7&7=0 : (3D

Dividing by v = da/dA thr011ghouf,

COs &

dv . . ) . i :
7 Fsma 4£,v_=0 L (3
and rearranging =
(cos «)/42 SR B
= T““ R £ 1
—— -+ Sinn . : i

Eq. (33) gives the slope of a system of trajcctorlcs s
v corrcspondmg to different mstantaneous phase errors I

A TR



Ther following observations can be made from an

inspection of Eq. (32).

(i) For large values of v, i.e. when de,/dt is large

v _ sin «
do.

av

da =

1
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That is, the trajectories are sinusoidal.
(ii) For « = 0, i.e. when Kgeq = ¢

482y
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Fig. 7—Phase plots for § = 0°707
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Fig. 8—Phase plots for § = 1

T | | . €=1.‘414

Fig. 9—Phase plots for = 1414

The first term becomes indeterminate and these points.

, , are called singular points. ~They denote either stable #
‘L" = —1 ~ or unstable equilibrium of the system. Also at these *

. de. - ' * points, acceleration - is zero. This follows from:

(V) Forv=0,u =4 (21 4+1) = S R

(i) For & = 4 (21 + 1)-’-2',n='o,1,2,etc. :
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: Eq (33) has been’ uuhzed to draw the’ phase plots”
; for, the values of &= 05, . 0707 1700 and 1'414.

) These phase plots aré shown "in Figs. 6-9. These' | rafe of-decréase in' v per phase'cycle may be assumed "

.to be a constant®? as

Afigures lndxcat_e that for large values, of v, ie. ; deyjdt
either positive or negative, the trajectories are sinu-
soids. Curve A in Fig. 6, is, the ‘limit trajectory’
which leads to synchronization. This shows that any
trajectory coming’ within this ‘limit trajectory’, leads
~to Jock within one phase cycle or one 'period ;of the
input sine wave. Trajectories fallmg outside the zone
of the limit trajectory lead to lock-in more than one
phase -cycle, and as such cycie shppmg occurs®?,
The npumber of phase cycles needed in- this case is,
" however, a function of the initiai velocity of arrival,
which is also a function of’ dé’g/df "It may be men-

tioned that, deg/dr JS again a function of the phase ’

4 d:lfercnce q& .
Consxdermg the “limit trajectory’, the' “maximum
value "of the veloc1ly Vmax wuh which the loop locks

within- one phase cycle gives the pull-in phase or °

capturc phase angle Let the capture ratio y be

defined in this case as :

Maximum phase_shift in one phase cycle .
7 Gain'is the System’

o

Cde :
Now, ... k?’»{ﬁ*) = 2E0Vmex
TN max . .

e o 2mfw
Therefore,  ames = S2Ew,,vmax dr -
‘ 0
_ '47:59),,;;%' o
et ; g o - :
Let the Vmax be the initial condmon, v»hlch means

the phase compensatton or shifting has _]USt started,
€g = 0

Then
- Substituting for 28w, ;.

Gmax = 'ﬁmex'

g o= Jmex
* Thus, higher the value of <, higher can be the value
of vimax, i.€. even for higher values Oflmax (1 €. Cmax)

cycle sllppm wxl] not oceur. -

- 6. Acqulsmon Time fo{' the Second Order Loop

The, acqulslt\on time is defined as the time taken
for the. value « to change from its initial value a
“to a value where capture occurs.
_ .pxex jous section, for values of o below amax COrres-
s ’pondmg to the nsoclme represenunﬂ

2)2

" ture'oéeurs within® oné ‘phase-cycle,

(34)

As dlscusscd in the .

v/da = 0 cap- - '
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: . ph _ However, for --
. valtles of y'torrespofiding tovaliies above- amex,  the -

for——l<'¢< +§"_

(a)-vln+COSO(—ﬁx 2

where g = 81’/?7- and 8v is the decrease iny per cycle
and, v, is the initial va!uc of, da/d/\ Suquutmg
this in Eq. (32)

lil _ Cos «
T 483 v, - cos . — ~ P x]

—sine . -'(‘35)

- va.n > 1 and ﬁ< I, Eq (35) may be rcwntten’ as

dv eos a 1 oS & — Bu .
do. " BEvy | T T we ] TR
Intcgratmg, between the limits — 1:/2 to + 37:/2
P
- .
' 8 v_' 4&3‘,3"‘ : o . . (37)

" Therefore, time per cycle is

= T?K[T?T] Lo ..(38)
From Eqs (37) and (38)
Ymex "
= —i: Svindv :,
.- Ve .
or, t = Z‘E [v,f,a;——;'z] : ' ....(39).

Now, substituting for vy and: Vmax

‘

; ___l_ ' dez 3 [ des
e 220),,[ k (dt )max : K (dt )]

‘ ...(40)
From Egs. (6) and (9), L ‘
S db des
= K
or Ks C:f ] ((D _— (1)0) .;.(41)‘
S b, '
where o = =~

Y
Also, within the normal working renge of the
Sanky phase shifter as a frequencv modulator, maxi-
mum value in K . deg/dt brings the maximum- fre-
quency c:han;,c8 which can only be 4+ . dependmg
on the sign of (de«/d!)max :
Hence, Eq. (40) may be written as

|

42)

=



If we assume, initially K . desfd! is very small, then
(o — wy) may be neglected in comparison to .

Therefore, Eq. (42) gives the maximum acqunsmonv

time as ,

2
T 2—%}‘- _ ..{43)

If the term (0 — @,) is not neglccted then Eq (42)
yields

w? — 20wy + ZEm:ft =0 ...(44)
Solving Eq. (44) for w,, we get
wo = o & m\/j _ T ..(45)
ar
Since from Eq. (41), (0 - wo) = da/dt,
d
Hence =+ o \/ -2&"” ¥

If it is assumed, that initially when the phase shifting
starts, the value of ez is zero, and when « reaches

amax» the locking occurs, then, a(initial) = ¢ and
a(final) = omax :

amax 1o —  —

8

Therefore, Ida =T g,\/l — i‘f”—t . de

$ ° w-

w’ 2B} 313 gy

or, {«max — ¢) = 3—5(‘)—2'{] - 'm’; - 1o } ~3‘£(:):‘

rearranging and from Eq. (43)

= rmx{ I ~[(«mx — gy 20n

3/8--
+1]7
. ...(46)
From Figs. (7) to (10) it can be seen that amex corres-
ponds 1o vmax. If ¢ corresponds 10 amax, then 7o
becomes 0, in Eq. (46), which shows capture occurs
within one phase cycle as discussed.

{1 = [em -0 0+ 1T

«..(47)

or, 1y =
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In order to have ¢, real and positive,

[(o:max )] 2-;-;-,15,—- + l] has to be positive and less
than or equal to 1, i.e

'ﬁfnin

Pmax = am_ax +

= Cmax

27%8

3Kz
Therefore, the range of ¢ wnhm which lockmg

may occur js given by '

and

A¢ == ¢max - ¢min
. 21308
1.€., A¢ = W .._.(48)
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