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Abstract—Within the framework of the development of the theory of hidden oscillations, the problem of
determining the boundary of global stability and revealing its hidden parts corresponding to the nonlocal
birth of hidden oscillations is considered. For a phase-locked loop with a proportional-integrating filter and
a piecewise-linear phase detector characteristic, effective methods for determining bifurcations of global sta-
bility loss, for obtaining analytical formulas for bifurcation values, and for constructing trivial and hidden

parts of the global stability boundary are suggested.
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1. INTRODUCTION

A key engineering problem in nonlinear analysis of
phase-locked loops (PLLs) is the determination of the
pull-in range for the input signal frequency depending
on physical implementation parameters of the system
[1, 2]. For given physical implementation parameters
and input signal frequency corresponding to the pull-
in range, the state of the system with any initial data is
attracted to a stationary set, and the system is called

globally stable [3].! The boundary of global stability in
the parameter space of the system is the boundary of
the closure of the set of parameters for which the sys-
tem is not globally stable (in the phase space, there are
trajectories that do not tend to the stationary set).
Moreover, points of the boundary of global stability

are bifurcation points? corresponding to the birth of
undamped oscillations that do not tend to the station-
ary set. A point of the global stability boundary is
called hidden [4] if for its certain neighborhood in the
parameter space the loss of global stability is caused
only by global bifurcations of the birth of hidden oscil-

For systems with a nonunique equilibrium state, various types of
stability can be defined depending on the character of attraction
and the form of the stationary set; in this case, the terms global
asymptotic stability of a system and a gradient-type system are also
used for PLLs in |2, 18].
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lations for which the basin of attraction in the phase
space is not connected with unstable equilibria; other-
wise, the point is called frivial (explicif). Trivial points
of the global stability boundary can be determined
using well-developed methods for analyzing local
bifurcations and numerical procedures for analyzing
self-excited oscillations in a neighborhood of unstable
points of the stationary set. General methods for
determination of hidden points of the global stability
boundary require nonlocal analysis, including analysis
of global bifurcations, and such methods are devel-
oped in the theory of hidden oscillations [4, 5].

For a PLL system with a proportional-integrating
filter, in Kapranov’s 1956 paper [6], it was assumed
(by analogy with the Tricomi problem [7]) that self-
excited oscillations arising in the birth of a heteroclinic
orbit connecting unstable saddle equilibria determine
the loss of global stability and specify the pull-in range
of the system (Kapranov’s conjecture). However, it was
soon shown that Kapranov’s conjecture does not hold
in the general case (see [8—11]) and the system can
exhibit bifurcations of nonlocal birth of oscillations
leading to the loss of global stability. Based on these
results, series of bifurcation diagrams for some param-
eter values and phase detector characteristic types
were numerically constructed in the 1970 paper [12];
however, it was noted that, in the general case, there
are no sufficiently complete and detailed formulas for

2 Fora bifurcation point in the parameter space of the system in an
arbitrarily small neighborhood, there is another point such that
the corresponding phase portraits of the system are not topolog-
ically equivalent. The nonequivalence of the phase portraits in
an arbitrarily small neighborhood of a stationary set corresponds
to a local bifurcation, and, outside such a neighborhood, to a
global bifurcation.
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Fig. 1. PLL model in the form of a nonlinear control sys-
tem.

fast computation of the pull-in range in the literature.
As a result, at present, classical monographs on phase
synchronization for the pull-in range of PLLs with a
proportional-integrating filter offer copied numerical
bifurcation diagrams, approximate or conservative ana-
Iytical estimates, and remarks on the lack of a satisfactory
solution to the problem (see, e.g., [1, 2, 13, 14]).

Below, to solve this problem within the framework
of the theory of hidden oscillations, we develop an
effective approach [15, 16] for determining the exact
boundary of global stability and its hidden parts. The
approach is based on a special change of variables, fol-
lowed by integration and matching of trajectories in
terms of phase variables. In contrast to [6, 8, 10, 11],
this approach does not require the computation of
time intervals for which trajectories pass through lin-
earity intervals of the system, which simplifies the
analysis and makes it visual. Developing these ideas in
the present paper, we analytically describe all possible
bifurcations of the loss of global stability, including
global bifurcations of the birth of hidden oscillations,
and derive complete analytical formulas for construct-
ing trivial and hidden parts of the global stability
boundary and for determining the pull-in range in the
general case of a continuous piecewise-linear phase
detector characteristic.

2. MATHEMATICAL MODEL AND
FORMULATION OF THE PROBLEM

A classical PLL model in the signal’s phase space can
be written as a control system in the Lurie form [4]:

i=Pu—qo(r'u), u= (uy, uz)T e R’

—1 0 T
T tT _ T+T,
P = > q= > (1)
_cho 0 KVCOTZ
T+7T, T+7T
free
T ,
FT=(0,1), @0 =v.() -2,
(0.1), 00 = v~

vco
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where K

vco

oscillator (VCO); o is the difference between the
input signal frequency and the natural frequency of the
VCO; 1, > 0, 1, = 0 are parameters of a low-pass filter

with the transfer function

> 0 is the gain of the voltage-controlled

F(s) = 1+ 1T,8 ’
1+ (7, +71,)s

the state of system (1) corresponds to a shifted state of
the low-pass filter and to the phase difference between
the input and voltage controlled signals: u(f) =

free T
(x(t) —ﬂ,ee(t) ; and v,(-) is the phase detector

characteristic, which is assumed in this paper to be
continuous and piecewise-linear:

kuy, — 2mkm
—l+21tm <u, <l+2nm
k k

Ve(u2) =3- 1

T—— (2)

L omm <u, <=Lt omm+ 1y,
k k

k>L
T

me/Z.

The triangular characteristic (2) with k = 2 is
T
obtained by analyzing impulse signals in digital elec-
tronics [2].

System (1) is associated with the block diagram
shown in Fig. 1, where

8,(r) — 6,(r) = 8,(r),

G(s) = r'(sl — P)'q = LK, F(s).
S

Due to the invariance of system (1) under the trans-
formation (@, x(7), 6,(f)) = (—or,—x(r),—9,(t)),

the analysis can be performed only for @, > 0. The
equilibrium states of system (1) are described by the
equations

free

Vo) = L (3)

vco

w =0,

The form of the function v,(-) implies that, for

o > K., system (1) has no equilibria, and an analysis

of the corresponding characteristic polynomials for
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free

o < K, implies that the equilibria | 0, —&— + 27m
vco

are asymptotically stable, while the equilibria

free

(O,R—(nk—l)m"

+ 2nm] are unstable for any

vco

meZ.

The existence of an asymptotically stable equilib-

. . . . fi
rium varying continuously in the phase space as ®, -

varies continuously within the longest symmetric

free

interval, |0, | € [0, m,), corresponds to the engineer-
ing concept of a hold-in range [17]. For system (1), we
have [0, w,) = [0, K,.,)-

One of the key engineering problems in nonlinear
analysis of PLLs is the estimation of the pull-in range
[0, ®,) [17], which is a subinterval of the hold-in range
such that, for any initial data, the state of the system
tends to an equilibrium. Note that the mathematical
model admits unstable transient processes from a
measure zero set of points of the phase space to unsta-
ble equilibria that are not observable in a physical
implementation because of the noise.

3. MAIN RESULT

Applying qualitative methods for analysis of
dynamical systems to the continuous piecewise-linear
system (1), we can show that the loss of global stability
is determined by bifurcations of disappearance of
equilibria and the birth of a semistable cycle of the sec-

ond kind? or a heteroclinic orbit connecting unstable
saddle equilibria, but the loss of global stability is not
connected with the birth of a cycle of the first kind or
a homoclinic orbit [2, 18].

Let us define

Koo = ] , 1,20,
kT, + T, + 20T(Ty + T,)) @
520 = ! TZ > 03

kQT +1, - 2011, + Ty)
which determine the type of stable equilibria in terms

of the parameter K

Vveo *

3A cycle of the first kind is a periodic trajectory in Rz, and for
cycles of the second kind (i (7), u,(¢)) there exists a period 7> 0
and a number e==*1 such that wu(t+7)=u(?),
uy(t+T)=uy(t) + 2me Vet > 0[18].

KUZNETSOV et al.

k>l,
T
K,oo€(0,K™ 1, the pull-in range coincides with the

hold-in range:

Theorem 1. For 1,>0, 7,20, and

[03 (Dp) = [09 (Dh) = [09 cho)'

Proof sketch. By making the changes of variables

T i K
=0, -, [ + Ty, (1)),
(1:1 + TZ)cho Tl + TZ
T +7T
te A2y

vco

system (1) on smoothness intervals can be written as

free

— _1 + TZKVCOV;(ee) + ('Oe
\/(Tl + Tz).](vco
0, =y

- Ve(ee)a (5)

vco

Using a quadratic Lyapunov function for system (1)
and analyzing the phase space, we find the absorbing
set

Q={(y, 6)eR*|0<y

free
0‘)6
<V + 1)Ko [1 + X J}

vco

(6)

which contains the limit trajectories of system (5).

For K, € (O,thcto] , the stable equilibria are nodes
and their eigenvectors are the phase trajectories of (5)
on linearity intervals. Since the trajectory correspond-
ing to one of the eigenvectors of a node crosses
domain (6) from boundary to boundary, there are no
cycles of the second kind in system (5) and the pull-in
range coincides with the hold-in range.

By applying the method of comparison systems
(see, e.g., [18, 19]), a similar result on the coincidence
of the pull-in and hold-in ranges in some domain of
parameters can also be proved for a sinusoidal phase
detector characteristic.

Lemmas 1 and 2 below describe bifurcations of the
birth of a saddle-to-saddle heteroclinic orbit and a
semistable limit cycle of the second kind for various

> KM

vco*

values of K,

Lemma 1. Given 1, > 0,1, 20, and k > l,for any
4

> Kht OJT;ree —

veco?

K

vco

there exists a unique value

o™ e [0, K..,) for which system (1) has a heteroclinic
orbit connecting saddle equilibria, where

DOKLADY MATHEMATICS  Vol. 108 No.1 2023
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ot = \/S_l —1cho’
Js +1
2 2, 2 2
(=)’ + 2 =1+ kexp(z_&(arctan G-’ +p -« f_cn
(k+m) 28+ +k p 2px 2
l:f cho € (K\tlclo’ K\{I(:o) or TZ = 0, (7)
2
S = K—n+«/z Wk . _ pfn
exp if Ko=K,, and 1,#0,
[K+n—@ (Kz—(n—\/z)z ’
2 2 2
(K_n+&) —-p ((K"'p) _(é_n) f cho>K€20 and T2¢0,

(k=p)’ = E-m)
kT Ko +1

vCco

2 (Tl + Tz)cho ’

(x+n-8’—p’
g =

N
P
T“:

kTZcho —u

2T+ T)Koeo (8)

p=4IE -k, x=yn"+ku u=mnk-1l.

For 1, > 0, we define

Kl = ©)
2

Lemma 2. Given 1, > 0, 1, > 0, and k > l,for any
i

pt ht . .
K., > max(K,., K,.,), there exists a unique value

vCco’

free

o, =™ [0, K,.,) for which system (1) has a
semistable cycle of the second kind, where

O)pt — \' S2 - IKVCO’
NS, +1
n

_ @A e (@ @ k-
S = pt 2 2 pt pt > (10)

(zr =M —x (g +N-K(z —N—-K)

% = 2@,
y = (ks = 2(E + M)k

(1+ Wk -2 -z

and z{ = M + K, k\T,K ] is determined by the follow-
ing transcendental equation for z;:

20(z

n
Zo(z) +M)’ -« [(ZO(ZI) +N+K)(g +K— ﬂ)jK

(z - n)2 —

(Zp(z)+MN—K)(z —N—X%)

—arctand =% S + ED
20(z) + & P 2

— Kfn

7 -28g +k p
i Ko € (Kieos Kieo),
= (Z()(Z]) + \/zCX ( \/E \/%
p
3 — \/Z

2
} KVCO
2(z) +Vk ’ 4 - \/zD d
(2(2) +8) —p’ (2(z) +p +E)(z +p - 5))5 i Ko > Kit

vCco?

(z1 — &)2 - p2

Here’ &5 n’ p’ K’ K:’:O’ K\]/’I(‘TO’ K\?;O
las (4), (8), and (9).
Lemma 2 can also be used to determine initial data

free

are defined formu-

for a semistable cycle if o, =o™: u(0) =
[ pt
KVCO k kKVCO k
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(2(z)+E-p)(z =& -p)

vco*

Theorem 2. For 1, > 0, k > l, and K., > 0, the

T
pull-in range of system (1) with piecewise-linear charac-

teristic (2) has the following form: for t, = 0,

[0, Kveo)  if
[0’ (DP) - ht . ht
[0’ 0“) ) lf KVCO > KVCO

K < ht

vco — vco
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and, fort, > 0,

[0, w,)
[0, Keo) i  Kyeo < Kiny
[0, 0") if Ko € (Kino, max(KDs,, Kyeo)l

0, @) if Ko > max(Klz, Kueo),
where (J)ht and 0" are given by formulas (7) and (10)
ht
VCO))'

< K™ was treated in

vco

(here, o™ < @™ for K., > max(K",,

Proof sketch. The case K,

vco —
Theorem 1. For K, > K‘l,’(fo, we consider system (5)

on a period and divide the phase portrait into the
domains

1 1
=4{,0,)|—-2n<0, <-——, ER},
{(y )Ik oY

s={o0)l-1<6. <L ycR].
where system (5) is linear (see Fig. 2). Consider the

trajectory (y(¢), 6,(7)) intersecting the lines 0, =

i— 2w, 6, = _1 , and 6, k — at the points (y, 6,) =

(701 . - 2m). (5,00 = (.~ 1} and (8 = 1, i)

respectively (see Fig. 2). By making the change of vari-
ables

.= Ly

free ’

kK

(Dfree (Dzree 1
U Tt — H—a )
kKVCO kKVCO k
free free
z= S A 0, 1o U ©e l
o Kk kK.,) kK. k

free
kK

vco

0,+m+u

0,e|——2nm,—m—
T

e

where L = 1tk —1 (see (8)), system (5) can be written
as equations with separated variables:

zdz B do,
2 free
¢ - mz-pk 0, +mT+u
free free
, o, 1
0,e 21, —m— Ul —m—p—e—, -2 |,
{k " kKVCJ ( Mk kJ
zdz __de, (11)
ZZ +2§Z+k o _ Zree ’
° kK

vco

free free
0, 1@ u| 2 l
k kK., kKVco k
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and we can obtain expressions* describing the parts of
the trajectory (y(¢), 6,(¢)) of system (5) in the domains
Aand B.

For y, corresponding to trajectories lying above the
saddle’s eigenvectors, the resulting expressions can be

used to analytically determine the curves y, = y,(),)

and y, = y,()), the intersection of which corresponds
to a cycle of the second kind with initial data

((0), 6,(0)) = ( Vi, — i) Analyzing the derivatives of

the curves y,(»), ¥,(») and restricting the search
domain by set (6) and the additional condition that the
trajectories pass above the saddle’s eigenvectors, we
can derive analytical formulas for the bifurcation value

free

o, = 0" determining the boundary of global stabil-

ity of system (1) for K., > max(K",, K).
Similarly, we consider the limiting case when a het-

eroclinic orbit connecting saddle equilibria arises in

the system. An analysis of the saddle’s eigenvectors

free

e_j and yi' =

vco

yields the points y* = (x+ 1) [i +

free
(x —n) 1_© , at which the heteroclinic orbit
k kKVCO
intersects the lines 6, = —i and 6, = —, respectively.

Substituting the points (ylht, - i) and (y;t, llc) into the
analytical expression for trajectories in the domain B,

free

we determine the bifurcation value @, = =",

> Khl

VCco?

Thus, for K

vco

the pull-in range is deter-

mined by the fact that the point (3", yo') of y,(»)
belongs to the curve y, = y,()) (see Fig. 2) at

free

o0, = =" (7), which corresponds to the birth of a
saddle to-saddle heteroclinic orbit, or by the fact that

free

the curves are tangent at @, = " ' (10), which corre-
sponds to the birth of a semlstable cycle.

Corollary 1. Fixa = € (0,1). Then

T+T

2
(Dp _>—2ab+5) +a
K 2b—b" —a

vco

as (T + 1)Ko = oo,

(12)

4 Fora trajectory of system (5) intersecting the discontinuity line
free free

0, =—-m—U , based on the continuity of

or 0, =

vVCOo vCo
the trajectories of the system, with a suitable choice of the con-
stant of integration, the parts of the solution specified by Egs.
(11) are matched.

DOKLADY MATHEMATICS  Vol. 108 No.1 2023
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Fig. 2. The point (ylm, ygt) = (2.744, 0.353) of the curve y; = yy(») gets to the curve y, = y,(y;), which corresponds to a het-

eroclinic orbit with initial data (y(0), 6,(0)) = (2.744, - i) that connects saddle equilibria in system (5). The intersection of the

curves yy = yo(»1) and y, = y,(y;) at the point (3, yg) = (2.946, 0.531) corresponds to a stable cycle of the second kind in sys-
tem (5) with initial data (3/(0), 6,(0)) = (2.946, —i) Parameters: k = Tgc’ 11 = 0.0448, 1, = 0.0185, K, =250, and

op® = o™ = 154.77.

where b € (a, \/Z] is a unique solution of the equation

a(2b—a—b2)_1 b*(1-a)
=1In 3
b(b — a) b -a)

(O]
Ift, =0, then —=

vco

— 0as 7K, = too.

4. COUNTEREXAMPLE TO KAPRANOV’S
CONJECTURE: HIDDEN AND TRIVIAL PARTS
OF THE GLOBAL STABILITY BOUNDARY

For fixed k > l, after making a change of variables

T
. . T .
and introducing the parameter a = 2 bifurca-
T+7T
free
tion diagrams with axes | (T, + T,)K,,, — | for vari-
vCo

ous values of a can be constructed using Theorem 2
(for the code plotting bifurcation diagrams, see
https://github.com/ApCyb/2023-PLL-lead-lag-pull-
in).

Figure 3 shows the boundary of global stability
constructed using the analytical expressions from
Theorem 2 for the standard engineering parameter

values 1, = 0.0448, 1, = 0.0185 [20] and for a piece-

wise-linear phase detector characteristic with k = 2 in
T

the parameter space for K., > 0, @, > 0.

DOKLADY MATHEMATICS  Vol. 108 No.1 2023

Based on the standard engineering analysis of the
pull-in range with the help of numerical simulation,
the boundary of global stability is determined as fol-

lows. For the fixed parameters 1, > 0, 1, =20, k£ > l,

T
and K, > 0, the trajectories from an arbitrary small
neighborhood of an unstable equilibrium are monitored

free

as®, = 0 issequentially increased in small steps until

a bifurcation of the loss of global stability’ is detected
(see the vertical line in Fig. 3). Here, the disappearance
; the green

of stable equilibria (for 0 < K., < KI;
boundary segment on the left) and the birth of a saddle-

to-saddle heteroclinic orbit (for K thto <K,.,<KP. :
the blue boundary segment in the middle, when self-
excited oscillations arise in the phase space) corre-
spond to the trivial part of the boundary revealed in
the standard analysis of the pull-in range. The birth of

a semistable cycle (for K., > K. ; the red boundary
segment on the right), which is a hidden oscillation,
determines a hidden part of the global stability bound-
ary that is not revealed by the standard analysis of the
pull-in range (see Fig. 4) and is a counterexample to
Kapranov’s conjecture. The blue dashed curve depicts

the “boundary” determined by the standard engineer-

free

3 It is well known that system (1) with @, ~ = 0 is globally stable,
which follows from the analysis of the Lyapunov function

K 2 1
V() = —2ui + | *v,(0)do.
0= [y ve()
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Fig. 3. Boundary of global stability constructed according
to Theorem 2. The part of the boundary for sufficiently

free
e —

large K., corresponds to the asymptotic value

vco

0.605, according to Corollary 1. Parameters: k =

a

El

7, = 0.0448, and 1, = 0.0185.

ing analysis and Kapranov’s conjecture, and the gap
between the red boundary segment and the blue
dashed curve shows the necessity of analyzing hidden
oscillations in examining the global behavior of the
system.

The circles in the vertical line K, = 600 in Fig. 3
denote the parameter values used to construct the
phase portraits presented in Fig. 4. Here, the red upper
trajectory u, () was constructed by the numerical inte-
gration from a neighborhood of an unstable equilib-
rium (without loss of generality, we used the trajectory
of an unstable one-dimensional manifold, for which

initial data are determined analytically). The black

lower trajectory u,(f) was constructed analytically
based on the features of the behavior of the system in
Theorem 2.

Figure 4a (o = 328.72 < ®,) corresponds to the

first point on the line of increasing @, >0 at which

the red upper trajectory u,(¢) from a neighborhood of
an unstable equilibrium tends to an asymptotically sta-
ble equilibrium; initial data for the black lower trajec-

tory u,(#) are chosen at the boundary of the absorbing
set (6). In Fig. 4b (0, = 399.56 > @, = &) the red

upper trajectory u,(¢) also tends to an asymptotically
stable equilibrium (bifurcation of the birth of a saddle-
to-saddle heteroclinic orbit has not yet happened:

KUZNETSOV et al.

free

O = 399.56 < ") without revealing the loss of
global stability, because the system has a stable cycle of
the second kind, which is a hidden oscillation arising

due to the global bifurcation of the birth of a

semistable cycle at (z)£ree = ®". Note that direct
numerical integration methods may also fail to detect
a semistable cycle and close ones because of the finite-
ness of the step size [21]. The importance of visualiz-
ing hidden oscillations for supplementing Viterbi’s

simulation results [13] was noted in [9].

As o° increases further, @, =399.77> 0™ > o™ =

®,, the red upper trajectory u(¢) from the neighbor-
hood of the unstable equilibrium tends to a stable cycle of

the second kind (black lower trajectory u,(¢)) in Fig. 4c
and shows the loss of global stability after the intersec-

tion of its boundary. For o, =601>K,.,=w,, the
equilibrium states disappear and all the trajectories
tend to a cycle of the second kind (Fig. 4d), showing
the loss of global stability when tracked from a neigh-
borhood of a stable equilibrium as well (external esti-

mate of the global stability boundary).

5. CONCLUSIONS

In the general case, the simple structure of the
global stability boundary obtained in the considered
example corresponds to a manifold of one dimension
lower (hypersurface) in the space of real parameters.
For each point of this boundary, there is a neighbor-
hood in the parameter space that is divided by the
boundary into two connected open subsets, one con-
taining only points of global stability, and the other,
only points of no global stability. The type of a bound-
ary point, hidden or trivial, is uniquely determined in
this neighborhood along any continuous path of the
intersection of the boundary through the point into
the instability domain. The interiors of the largest
connected subsets of boundary points of the same type
define a partition of the global stability boundary into
hidden and trivial domains (parts).

Trivial parts of boundaries can be revealed by
applying well-developed methods for analysis of local
bifurcations and numerical analysis of self-excited
oscillations in a neighborhood of unstable points of
the stationary set. Methods for revealing hidden parts
of the global stability boundary require nonlocal anal-
ysis, including analysis of global bifurcations, and such
methods are developed in the theory of hidden oscilla-
tions [4, 5]. Classical problems and conjectures on
global stability by the first approximation (the
Andronov—Vyshnegradsky problem [22], Aizerman’s
conjecture  [23], Kalman’s conjecture [24],
Kapranov’s conjecture, and others [4]) are associated
with justifying and developing ideas concerning trivial
boundaries of global stability.

DOKLADY MATHEMATICS  Vol. 108
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Fig. 4. Phase portraits of system (1) for parameter values 1, =

(b) 0 =399.56, (c) @ = 399.77, and (d) @' =601.

For PLL systems with higher order filters, internal
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3. G. A. Leonov, “Phase synchronization: Theory and
applications,” Autom. Remote Control 67, 1573—1609

(conservative) estimates for the global stability bound-
ary can be obtained by generalizing Lyapunov’s direct
method and frequency-domain techniques to the
cylindrical phase space (see [2, 5, 17, 25]).
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