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High-Order Frequency-Locked Loops: A Critical Analysis

Saeed Golestan, Josep M. Guerrero, and Juan. C. Vasquez

Abstract—In very recent years, some attempts for designing
high-order frequency-locked loops (FLLs) have been made. Nev-
ertheless, the advantages and disadvantages of these structures,
particularly in comparison with a standard FLL and high-order
phase-locked loops (PLLs), are rather unclear. This lack of
knowledge is attributable to the difficulty of small-signal modeling
of these high-order FLLs, which has limited their analysis to
numerical studies. Focusing on three-phase FLLs, the idea of
designing high-order FLLs is first generalized in this letter. Then,
a second-order FLL is considered as the case study, and its
small-signal modeling, stability analysis, and parameter tuning
are presented. Finally, to gain insight about advantages and
disadvantages of high-order FLLs, a theoretical and experimental
performance comparison between the designed second-order FLL
and a standard FLL (first-order FLL) as well as a unification
between FLLs and PLLs is presented.

Index Terms—Complex filters, frequency-locked loop (FLL),
phase-locked loop (PLL), synchronization.

1. INTRODUCTION

HE closed-loop synchronization techniques can be broadly
T classified into two major categories: phase-locked loops
(PLLs) and frequency-locked loops (FLLs) [1]. In their stan-
dard structures, both PLLs and FLLs have a limited filtering
capability. To deal with this problem, many efforts have been
made by different researchers. The majority of these efforts have
been concentrated on PLLs, and a little work has been conducted
on FLLs. The reason behind this probably lies in the reference
frame in which PLLs and FLLs are implemented. The PLLs are
implemented in the synchronous reference frame. Therefore,
their filtering capability can easily and effectively be improved
by including additional low-pass filters (LPFs) and/or notch fil-
ters into their structure [2]. The FLLs, however, are realized in
the stationary reference frame using generalized integrators [3]-
[5] or complex bandpass filters (CBFs) [6]-[8]. Consequently,
designing additional filters for incorporating into their structure
is more difficult.
To enhance the filtering capability of FLLs, some attempts for
designing high-order FLLs have been made in recent years. In
[3], the parallel connection of multiple second-order generalized
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integrator-based quadrature signal generators (SOGI-QSGs)
is suggested. These SOGI-QSGs work in a collaborative way,
each of which is responsible for detecting a particular har-
monic/disturbance component. This strategy is mainly inter-
esting for applications where the selective extraction/rejection
of harmonics is required. Following the same idea as in [3],
the parallel configuration of multiple CBFs for implementing
high-order three-phase FLLs is suggested in [6] and [8]. In [4],
the series connection of two or more SOGI-QSGs is recom-
mended. In this way, all possible harmonics, interharmonics,
and noises in the grid voltage are considerably attenuated. In
[5], it is shown that the SOGI-QSG can be seen as a first-order
LPF, in which the integrator is replaced by the SOGI. Based on
this perspective, a second-order SOGI-QSG is suggested in [5]
and [9], which is implemented by replacing two integrators of
a second-order LPF by two SOGIs. This second-order SOGI-
QSG provides a higher filtering capability than the standard
SOGI-QSG. The same idea is used in [9] for implementing a
second-order CBF.

The main aim of this letter is to analyze the advantages and
disadvantages of high-order FLLs. To this end, a general ap-
proach for implementing high-order CBF-based FLLs is first
presented. This generalization should be considered as an ex-
tension of the work in [5] and [9]. Then, a second-order CBF-
based FLL (briefly called the CBF-FLL2) is considered as the
case study, and its small-signal modeling, stability analysis,
and parameter tuning are presented. To the best of authors’
knowledge, the small-signal modeling and stability analysis
of high-order FLLs have not been presented before. Under a
fair condition, a performance comparison between the CBF-
FLL2 and a standard FLL is conducted, which provides a
useful insight into the advantages and disadvantages of high-
order FLLs. A unification between FLLs and PLLs is also
provided.

II. IMPLEMENTING HIGH-ORDER FLLS

In the signal-processing theory, it is well known that a CBF
can be realized by shifting the frequency response of an LPF
[9]-[11]. In other words, an n-order CBF with the center fre-
quency at w, can be obtained by replacing s in the transfer
function of an n-order LPF with s — jw,, as expressed in (1)
and (2), where a; (: = 1,2,...,n) is the LPF coefficient. Eq.
(1) and (2) are shown at the bottom of the next page. Notice that
the complex operator j in (2) denotes a cross-coupling between
two orthogonal axes, here a and 3 axes.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. (a) n-order LPF. (b) n-order CBF-based FLL.
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Fig. 2.

Schematic diagram of the CBF-FLL2.

Based on the transfer function (1), the block diagram of the
n-order LPF can be obtained, as shown in Fig. 1(a). Consid-
ering this diagram and the relation between the n-order CBF
and LPF [see (1) and (2)], an n-order CBF-based FLL can be
implemented, as shown in Fig. 1(b). Note that the frequency es-
timator in this structure is exactly the same as that in a standard

modeling, stability analysis, and tuning procedure of the CBF-
FLL2 are presented and discussed. It is worth mentioning that a
similar procedure is applicable to an n-order CBF-based FLL.

A. Small-Signal Modeling

Throughout the modeling procedure, the input signals of the
CBF-FLL2 are considered as

Vo (t) = V cos(0)
vg(t) = Vsin(9) 3)

where V and 6 = [ w,dt are the grid voltage amplitude and
angle, respectively, and w, is the grid frequency. In addition, in
obtaining the transfer functions describing the phase and fre-
quency estimation dynamics, it is assumed that the grid voltage
amplitude V' is constant.

1) Frequency Estimation Dynamics: Using Fig. 2, the dif-
ferential equations describing the dynamics of the CBF-FLL2
can be obtained as

three-phase FLL [2], [7]. Note also that the inverse tangent is Do (1) = V), (t) — ©g 05 (t) 4)
calculated using a four-quadrant inverse tangent function. R , o
(1) = vj(t) + wya () ®)
III. DESIGN EXAMPLE: SECOND-ORDER CBF-FLL . ‘ ) )
(1) = — (t) — wyvp(t o (t) — ast, (t 6
Here, for the sake of brevity, a CBF-FLL2 is considered and % (®) @ (8) = &gv5(8) + azva () — azda(t) - ()
analyzed. The schematic diagram of the CBF-FLL2 can be ob- V(1) = —a1vj(t) + @av), (1) + asvg(t) — a2dp(t) (1)
served in Fig. 2. An alternative implementation of a second- . . .
order CBF can be found in [9]. In what follows, the small-signal W (t) = Av(t) = A [vg (t)0a () — va (£)05(1)] - ®)
a
Grer(s) = 5 !
v (s) s" 4 ars" Tt ags" 2 4 a8+ ay )
a
Gepr(s) = GLpr(s — jwy) = T m - — n— ; )
T (s w)" an(s = jwg)" T az(s = jwg)" P A A auei (s — jwg) + an
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Fig. 3. Small-signal model of the CBF-FLL2.

Differentiating (8) with respect to time gives

Gy = [0 (00 (6) + 03 (0 (8) — 50 ()95 (8) — v ()5 (1)]

€))
Substituting 05 (t) = wyv, (1), Uy (t) = —wyvs(t), (4), and (5)
into (9) yields

Oy =& | (wy = @) {va (B)0a (t) +v5(8)05 (1)}

~V?2

+{vs(0)v, (t) — va () (2)} (10)
Differentiating (10) with respect to time gives
'cfj'g A {(d)g — 0y )V — av, — a2'qu| ) (11)

Considering v, and vﬁl definitions in (8) and (10), (11) can be
rewritten as

Gy~ [(wg — bV + @ {(wg —0,)V?

. ;:}g/,\} fagobg/x} (12)

or equivalently

5ot a1y + (az + V)b, + a1 AV, ~ AV [0, + arw,)-
13)
Taking the Laplace transform of both sides of (13) gives

W2is+ar)

14
s34+ ars? + (ay +AV2)s + a1 AV? (19

Wy (s) ~ wy (8).

2) Phase Estimation Dynamics: Using Fig. 2, the phase an-
gle estimated by the CBF-FLL2 can be expressed as

= (56)

5)
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Fig. 4. Accuracy assessment of the small-signal model of the CBF-FLL2

under (a) a +40° phase-angle jump, (b) +5 Hz frequency jump, and (c¢) —0.5
p.u. amplitude jump. Parameters: a1 = 379, az = 49348, and A = 10 220.

Two successive differentiations of (15) with respect to time
result in

j_ 05(1)0a (t) — 0a (t)05(t)
0= 02 52
05 () + 05(t)
. V(80 (t) — v, (H)0s(F)
~ Gy + = (16)
Gy /2
5o 2 [g(D)0a(t) — va (£)05(1)]
0~ w, + V2 :
Vz(équ)
ar [uf (1) (t) — v, (£)05(t)]
V2
)\.V2 —+ a . . X
= (AVQ 2) Wy + a1&y, — ar6. (17)
Taking the Laplace transform of both sides of (17) yields
. AV? AV?
oy~ CLL BB, ()

AV2s(s+ap)

Substituting (14) into (18) with considering that w, (s) = sf(s)
results in
i(s) = (AV? +as)s + aAV?
83+ a1s? + (ag + AV2)s 4+ a AV?2

0(s).  (19)
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Fig. 5. (a) Schematic diagram of the CBF-FLL1 and (b) its small-signal model.

TABLE I
CONTROL PARAMETERS
CBF-FLL2  CBF-FLLI
A 10 220 15791
ai 379 177.7
as 49 348 —

3) Amplitude Estimation Dynamics: Based on Fig. 2, the
amplitude estimated by the CBF-FLL?2 can be expressed as
V fr—

02 (t) + 03(t). (20)

Using a similar procedure as before [i.e., successive differenti-
ations from (20)], it can be shown that the amplitude estimation
dynamics can be approximated by

a2
- V{(s).
s2 4+ ai1s+ ay (5)

Based on (14), (19), and (21), the model shown in Fig. 3 can be
derived for the CBF-FLL2.

4) Model Accuracy Assessment: To evaluate the accuracy
of the derived model, the CBF-FLL2 and the model are both
implemented in the MATLAB/Simulink environment, and their
results under a phase-angle jump, frequency step change, and
amplitude step variation are obtained and compared together.
Fig. 4 shows the results of this comparison. As can be seen, the
model accurately predicts the dynamic behavior of the CBF-
FLL2, which confirms the model accuracy.

V(s) ~ @1)

B. Stability Analysis and Tuning Control Parameters

The stability range of control parameters can be ob-
tained by applying the Routh—Hurwitz’s stability criterion
to the characteristic polynomials of the CBF-FLL2 which,
according to (14), (19), and (21), are s +ars®+ (ag +
AV2)s +a;AV? =0 and s? + a1 s + ay = 0. The obtained re-
sults indicate that the CBF-FLL2 will be stable if a; > 0,
as > 0,and A > 0.

In the tuning procedure, the focus is on the phase loop dynam-
ics and stability margin. The reason is that, from the amplitude
and frequency estimation points of view, the FLL is a type-
1 control system. However, from the phase-angle estimation

point of view, it is a type-2 control system. It is well-known that
the stability problem is aggravated by increasing the type of the
control system.

Using Fig. 3, the phase estimation open-loop transfer function
can be obtained as
0(s)  ki(s+z)

f(s)—0(s) s°(s+ar)

where z; a‘; lg/vz > and k; = as + AV?2. Applying the sym-
metrical optimum design method [12] to (22) determines k1, 21,
and a; as

Goi(s) = (22)

k= bw?
21 = w./b
ap = bw(t (23)

where w, is the crossover frequency (the frequency at which
the open-loop magnitude-frequency response crosses 0 dB) and
b is a design constant that determines the phase margin (PM)
as PM = tan! (b;—;l) Considering k; and z; definitions and
(23), it is easy to obtain

a; = bw(:

as = (b—1/b)w?

we
bV’
Now, the control parameters aj, ag, and A can be deter-
mined by selecting appropriate values for the crossover fre-
quency w, and the design constant b. Here, as recommended
in [12], b = 1 + /2 is selected. This value is corresponding to
a PM of 45°, which ensures a sufficient stability margin and
a satisfactory compromise between the speed of response and
overshoot. Regarding the crossover frequency w,, the selection
involves a tradeoff between the disturbance rejection capability
and the speed of response. Here, to achieve a satisfactory com-
promise, w. = 2725 rad/s is chosen. The selected values for b
and w, determine the control parameters of the CBF-FLL2 as

a; = 379, ay = 49348, and A = 10 220.

A=

(24)

IV. ANALYSIS

In this section, a theoretical performance comparison between
the CBF-FLL?2 and a first-order CBF-based FLL (CBF-FLL1)
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Fig. 7. Phase estimation open-loop Bode plots for the CBF-FLL2 and the
CBF-FLLI.

is conducted. A unification between FLLs and PLLs is also
provided here.

The schematic diagram of the CBF-FLLI1 can be observed
in Fig. 5(a). Based on this structure and following a similar
procedure as that described for the CBF-FLL2, the characteristic
transfer functions of the CBF-FLL1 can be derived as

YUY a1 s + AV?2

)~ T ms rave ) (23

. V2

YO~ ras e 20
V(s) ~ - ilal V(s). 27)

Based on these transfer functions, the CBF-FLL1 model can be
derived, as shown in Fig. 5(b). Notice that, in obtaining (25)
and (26), the grid voltage amplitude V is considered to be a
constant.

The control parameters of the CBF-FLL1 can be selected
using the standard design approach for second-order sys-
tems, i.e., defining a; = 2¢w, and A = (w, /V')? and selecting
proper values for the natural frequency w,, and the damping
factor ¢. Here, ( = 1/4/2 and w, = 2720 rad/s are consid-
ered. These values ensure an optimum damping and almost
the same closed-loop bandwidth as that of the CBF-FLL2.
These selected values result in a; = 177.7 and A = 15791.

Frequency (Hz)

(b) (c)

Frequency (Hz)

Closed-loop magnitude frequency response of the CBF-FLL2 and the CBF-FLL1 in the estimation of (a) frequency, (b) phase angle, and (c) amplitude.

(b)

Fig. 8.  Equivalent PLL structures to (a) the CBF-FLL1 and (b) CBF-FLL2.

Table I summarizes the control parameters of both the CBF-
FLL2 and the CBF-FLLI.

Fig. 6 illustrates the closed-loop magnitude—frequency re-
sponse of the CBF-FLL2 and the CBF-FLLI in the estima-
tion of grid voltage frequency, phase angle, and amplitude. It
can be observed that the CBF-FLL2 provides a higher atten-
uation rate in the estimation of grid voltage phase angle and
amplitude than the CBF-FLL1, which implies that it provides a
higher filtering capability in the estimation of these quantities.
In the estimation of grid frequency, however, both FLLs have the
same roll-off speed and, therefore, a close disturbance rejection
capability.

Fig. 7 shows the phase estimation open-loop Bode plots for
the CBF-FLL2 and the CBF-FLLI. It can be observed that
the CBF-FLL1 offers a higher PM than the CBF-FLL2, which
implies that it has a lower overshoot peak during phase-angle
jumps. This result was expected because there is a first-order
LPF in the forward path of the CBF-FLL2 model [see Fig. 3],
which causes an additional in-loop phase delay and, therefore,
degrades the PM.

A. Unification Between FLLs and PLLs

Based on the characteristic transfer functions and models de-
rived for the CBF-FLLI1 and the CBF-FLL2, it can be proved
that they are mathematically equivalent to the PLL struc-
tures shown in Fig. 8. A hidden assumption here is that the
CBF-FLL1 and the CBF-FLL2 use an amplitude normalization
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Fig. 9. Performance comparison between the CBF-FLL2 and its PLL counterpart under (a) a phase-angle jump of +40°, (b) a frequency jump of +5 Hz, and

(c) a symmetrical voltage sag of 0.5 p.u.
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Fig. 10.  Experimental results for test case 1.

scheme in their structures. To verify this equivalence, Fig. 9
compares the performance of the CBF-FLL2 and its PLL coun-
terpart under the same tests used for the model accuracy assess-
ment (see Fig. 4). The obtained results confirm the equivalence.
Roughly speaking, this equivalence implies that PLLs and FLLs
are the same systems that are implemented in different reference
frames.

V. EXPERIMENTAL RESULTS

In this section, a comparative performance evaluation be-
tween the CBF-FLL2 and the CBF-FLLI1 is carried out. In ob-
taining all results, the sampling frequency and the nominal grid
frequency are considered to be 10 kHz and 50 Hz, respectively.
All experimental results are obtained using dSPACE 1006 plat-
form. The parameters summarized in Table I are considered for
obtaining the experimental results. To make the performance of
both FLLs insensitive to the grid voltage amplitude variation, an
amplitude normalization technique is included into their struc-
tures.

Three test cases are designed.

1) Test case 1: The grid voltage experiences a phase-angle

jump of +40°.

2) Test case 2: The grid voltage is harmonically distorted.
The grid voltage components in this test are V;" =1
pu,V; =0.1pu, V7Jr =0.1p.u., V] =0.05p.u., and
Vit =0.05p.u.

Grid voltage
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Fig. 11.  Experimental results for test case 2.

3) Testcase 3: The grid voltage first undergoes a symmetrical
voltage sag of 0.25 p.u. Then, a single-phase voltage sag
of 0.75 p.u. in the phase A happens.

Fig. 10 shows the obtained results for test case 1. Both FLLs
have a close settling time, which is around two cycles of the
nominal frequency. A noticeable difference in this test is the
lower peak phase error of the CBF-FLL1, which, as explained
before, is because of its higher PM.
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The experimental results for test case 2 are shown in Fig. 11.
It can be observed that the CBF-FLL?2 provides a much higher
filtering capability in the phase and amplitude estimation than
the CBF-FLL1. However, in the estimation of the frequency,
there is not a large difference between them. These results were
predicted before (see Fig. 6).

Fig. 12 illustrates the obtained results for test case 3. From
the transient response point of view, both FLLs provide a close
performance. The CBF-FLL2, however, offers a higher imbal-
ance rejection capability in the amplitude estimation. This fact
is noticeable from lower double-frequency oscillatory errors in
the amplitude estimated by the CBF-FLL2.

VI. CONCLUSION

The critical analysis of high-order FLLs was the main aim of
this letter. To this end, a general approach for designing high-
order FLLs for three-phase systems was first proposed. Then,
the CBF-FLL2 was considered as the case study, and its small-
signal modeling, stability analysis, and tuning were presented.
By considering the CBF-FLL1 as the base for comparison, it
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was discussed theoretically and verified experimentally that the
CBF-FLL2 can provide a considerably higher filtering capability
in the estimation of grid voltage phase and amplitude. However,
it is not able to do so in the case of frequency estimation. It was
also shown that the CBF-FLL?2 has a lower stability margin than
the CBF-FLL1. Finally, an equivalence between FLLs and PLLs
demonstrated. Roughly speaking, this equivalence implies that
PLLs and FLLs are the same systems that are implemented in
different reference frames.
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