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Advanced Type-1c¢ FLL for Enhancing Converters
Synchronization During Frequency Drift

H. Al Beshr ¥, Mohamed Shawky El Moursi

and Ameena Al-Sumaiti

Abstract—This paper introduces a novel out-loop compensa-
tion scheme with a selective filtering stage for Type-1 Frequency
Locked Loop (FLL) to obtain the same features of Type-2 FLL in
response to frequency drift. The proposed scheme can eliminate the
phase angle error during frequency drift without compromising its
benefits of the low order control system. The performance of the
proposed Typel-c FLL is evaluated with alternatively employed
Delayed Signal Cancellation (DSC), Low Pass Filter (LPF) with
selective harmonics filtering and multiple second-order generalized
integrator (MSOGTI) as a pre-filtering stage under the various grid
disturbances. The effects of each filtering scheme on the dynamic
response and harmonics mitigation are identified. As each filter has
adistinct advantage in response to each grid disturbance, a selective
control approach is used to insert the most suitable filter based on
the severity of the grid disturbance to achieve the best performance.
A comprehensive study is conducted to demonstrate the superior
performance of the proposed schemes with both simulation and
experimental validation. In addition, the potential application of
the proposed Type-1c¢ FLL for enhancing the islanded microgrid
operation has been presented and verified.

Index Terms—Frequency-locked loop (FLL), frequency esti-
mation and phase estimation, distortion elimination.

1. INTRODUCTION

HE dynamic response and the accurateness of the grid
T voltage phase angle and frequency estimations under ideal
and non-ideal grid conditions are crucial considerations for
controlling most of the grid-connected power electronics devices
[1]-[6]. The frequency variation and phase jump associated
with the severe system disturbances may result in instability or
improper response of the power converters [7]. For example, the
nonlinear response of the synchronous reference frame (SRF-
PLL) in a power converter failed to maintain the synchronism
with the power grid due to the existence of multiple equilibrium
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points at post fault conditions. Therefore, an adaptive synchro-
nization SRF-PLL is introduced with the capability of realizing
the first-order PLL during the transient condition to ensure fast
synchronization to the power grid. However, the phase jump
and the steady-state phase angle error caused by frequency drift
may result in degrading the performance of the power converter
due to the improper active and reactive power control [7]. For
example, in the islanded microgrid, the frequency is not fixed,
and it varies in response to the loading conditions based on the
deployed droop controllers for the inverter-based devices and the
diesel generator. Therefore, the frequency may ramp up or down
during the off-peak or peak loads, respectively. Thus, the existing
synchronization schemes of PLLs and FLLs suffer from the
steady-stage phase angle error as well as the phase jump during
the frequency ramp. In addition, the asymmetrical operation of
the PLL/FLL imposes another challenge during the frequency
ramp/drift. Consequently, it may lead to islanded microgrid
instability due to the improper active and reactive power flow
[9]. Several researches proposed higher-order synchronization
schemes such as Type-3 PLL/Type-2 FLL to compensate for the
phase angle error during the frequency ramp. However, these
schemes degrade the system stability and the transient response
[9], [10]. The synchronous reference frame phase-locked loop
(SRF-PLL) is widely used as a synchronization scheme, and
can be looked at a second-order closed-loop control system
[11]. Many PLLs are categorized based on their open-loop
transfer function as Type-1, Type-2, and Type-3 PLLs. Type-1
PLL is characterized by having only one integrator in its con-
trol loop resulting in fast dynamic response and high stability
margin [11]. However, both Type-1 and Type-2 PLLs cannot
achieve zero average steady-state phase-error in the presence of
frequency drifts [10]-[13]. The phase angle steady-state error
during frequency drift is tackled by introducing Type-3 PLL
with three cascaded integrators resulting in degradations in both
the dynamic response and the stability margin [11], [14]-[17].
The pre-filters are essential to mitigate the influence of grid
disturbances on the PLL response. The recent research focus
on adding in-loop or pre-loop filters such as conventional Low
Pass Filter (LPF) [18], Moving Average Filter (MAF) [16], [17],
[19], Notch Filter [20], [21], Second-Order Generalized Inte-
grator (SOGI) [22]-[24], Complex-Coefficient Filter [25], and
Delayed Signal Cancellation [26]-[28]. Using in-loop pre-filters
improves the PLL/FLL immunity to disturbance but results in a
large phase delay and thus, degrading the PLL dynamic response
[11], [16]. Many approaches have been suggested to reduce the
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influence of the pre-filters on the PLL dynamic response with ef-
fective distortion elimination such as using PID-Type LPF [16],
lead compensator [19] and Quasi-Type-1(QT1) structure [11].
Alternatively, placing the pre-filters such as MAF in a stationary
frame (out-loop) will enhance the distortion elimination of the
PLL without a significant delay effect [11], [17]. The Notch
Filter (NF) is another filter type for the PLLs that can be classified
into cascade and parallel topologies based on their frequency
estimation part [11]. The cascade topology implements each NF
own with an individual frequency estimator [20], while for the
parallel topology, all NFs have the same frequency estimator
[21]. Moreover, the harmonics rejection selectivity is the main
advantage of NF, which is achieved by using multiple NFs with
different notch frequency setting “w,” (e.g.,: 2wy, 6wy, etc.)
[11], [20]. Also, SOGI, known as dual QSG-SOGI-based PLL
(DSOGI-PLL), is one of the commonly used integrated schemes
for PLL [24]. Multiple SOGI (MSOGI-PLL) is introduced to
mitigate a wide range of harmonics where multiple QSG-SOGIs
are tuned at different harmonic frequencies [29]. The drawback
of using notch filters and SOGI based filters is their high compu-
tational efforts when digitally implemented. The DSC is another
type of filter that has a distinct preference compared to other
filters due to its wide range of harmonics mitigation with a
single-stage [11]. However, the in-loop DSC filter introduces
a significant delay to the PLL dynamics response. This by delay
can be reduced by relocating the DSC filter outside the PLL
closed-loop (pre-loop) at the cost of adding more complexity
and computational efforts [11], [28]. Another approach for esti-
mating the frequency and the phase angle is recently presented
in [9] and [30] for locking to the frequency of the input signals
instead of tracking the phase angle. This type is known as a
frequency-locked loop (FLL). Accordingly, the phase angle is
estimated outside the control loop by using orthogonal voltage
decomposition. A comprehensive analysis of high order FLL
addressing its advantages and disadvantages is conducted in
[31]. It is concluded that PLLs and FLLs are analogous systems
but each is implemented in different reference frames. A review
of recent advanced three-phase FLLs along with a study of the
in-loop filter implementation for advanced FLLs can be found
in [32]. In summary, several types of FLL are developed to
tackle certain disturbance issues. Type -1 FLL is the simplest
one that experiences a finite steady-state phase angle error
during the frequency ramp [30]. To eliminate the phase angle
steady-state error in response to the frequency ramp, a Type-2
FLL is proposed in [9]. Similarly, Type-3 PLL is introduced
to resolve the same frequency ramp issue and recently, a new
Type-2 PLL is introduced to obtain the feature of Type-3 PLL
by introducing a unit delay to the forward loop without the need
to increase the PLL order type [33].

In this paper, a new Type-1c FLL is developed to obtain the
performance of Type-2 FLL without increasing the FLL order.
The proposed Type-1c FLL has a potential application for the
control and operation of the islanded microgrid. As the operation
of the islanded microgrid relies on droop controllers for the
coordination and power-sharing between the renewable-based
generation units, battery energy storage systems (BESS) and
diesel generator, the frequency varies within an operating range
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according to the IEEE Standard 1547-2018 [8]. Consequently,
the islanded microgrid experiences a frequency ramp up or down
at off-peak or peak-loads, respectively. This frequency ramp
creates a challenging operation for the existing PLLs/FLLs such
as the standard Type-1 FLL and Type-2 PLL due to the existence
of the steady-state phase-angle error during the frequency ramp
as well as a larger phase angle jump during disturbances [9].
Several synchronization schemes have been recently introduced
aiming to compensate the steady-state phase-angle error such
as Type-3 PLL/Type-2 FLL. Although Type-3 PLL and Type-2
FLL eliminate the phase angle steady-state error, they face
several challenges regarding the stability and transient response
as well as the immunity to grid disturbances [9], [14], [32].
To increase the immunity to grid disturbances, the proposed
Type-1c FLL is augmented with a selective pre-filtering stage.
The novelty of this scheme is mainly the seamless impact of the
angle compensation on the closed-loop dynamic response since
the compensation scheme of the phase angle is located outside
the closed-loop control unlike the other schemes presented in
[14], [32]. In addition, the proposed selective pre-filtering stage
is dynamically changed depending on the grid disturbances to
achieve the best performance in response to all grid dynamics
and harmonics distortion individually as well as to a combined
contingency of frequency ramp, voltage dip, etc.

II. TypE-1 FLL STRUCTURE

The basic concept of the FLL under ideal grid condition
depends on extracting the phase angle of the voltage vector from
its orthogonal component in the stationary o frame. The «/3-
voltage coordinates can be expressed as:

{Va = Vsin (wt + 0)

ey
Vg = =V cos (wt + 0)

where V' and () are the amplitude and phase angle of the grid
voltage vector. The grid frequency can be estimated by using
the derivative of the orthogonal signal in (1) as follows:

o = WV cos (wt + 0)

% = wV sin (wt + 0)

2

By considering a balanced sinusoidal grid and normalizing
(2) using the nominal grid voltage V (V = I pu), the frequency
can be calculated as follows:

Cav\? o (ave\?

The time derivatives of (3) can be calculated for the discrete
implementation purpose using backward differentiation assum-
ing linear variation between two consecutive samples as follows:

2 2
dVy n Vs o WwiT,? "
dt dt 12
where the term %7212 presents the discrete derivation error

compensation that has been obtained using Maclaurin series as
described in [30].
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Fig. 1. (a) Detailed FLL scheme. (b) Frequency estimation loop.

The implementation of conventional FLL in dg-frame with
a pre-filter stage is shown in Fig. 1. The pre-loop filter stage
can be CDSC filter [26], pre-filter [30] or MSOGI filter [29].
The amplitude normalization block (AN) is employed to avoid
frequency estimation errors [30]. A LPF is used with an error
compensation scheme to enhance the distortion elimination
capability shown in Fig. 1(b). As the tracking speed of the FLL
depends on which the delay introduced by the LPF, a delay
in the frequency estimation is experienced. Consequently, the
estimated phase angle will not be perfectly locked to the grid
voltage phase angle. To compensate the phase angle error, the
difference between the positive-sequence grid voltage phase
angle (04;¢7) and the estimated angle (0.s;) must be added to
the estimate the phase angle ( 0) in the dg-frame as expressed in

5):

Ogirs = tan™! (ﬁ>

’ fr vV, (5)
0 = 0Ocst +0aify

The frequency can be estimated based on the FLL model

shown in Fig. 1 with neglecting the input and output LPFs effect,
using (1), (2), and (3), as follows [30]:

W2 (k) =& (k) + Aw? (k- 1) (6)

where £ is the discrete-time domain number of samples,

If the input and output LPFs are considered, the mathematical
model of Type-1 FLL with described in (6) can be presented in
Fig. 2. Similarly, the mathematical model of the phase angle
estimation loop can be represented as shown in Fig. 3 where
Oair 5 is expressed in the Laplace domain as follows:

Ouirs (s) = Gpy x Laplace (tam1 (31)) 7

d
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Fig. 4. Generalized scheme for the proposed Type-lc FLL scheme with a
pre-filter and out-loop phase angle error compensation.

Substituting for V; and V;, in (7) gives:

in (Awt
Oairs (s) = Gpy x Laplace (tanl <(S?2((A(:t)))> ®

If Awt is very small, the terms sin(Awt) = Awt and

cos(Awt) = 1, hence % is reduced to Awt, and the

Laplace transformation in (8) is obtained as %.

III. PROPOSED OUT-LOOP PHASE ANGLE COMPENSATION
SCHEME WITH VARIOUS PRE-FILTERS TYPES

The steady-state phase angle error during the frequency ramp
is a chronic issue for Type-1 FLL as discussed in [30]. To
obtain the same features of Type-2 FLL, a novel out-loop phase
angle compensation scheme is introduced to the Type-1 FLL
as shown in Fig. 4. The out-loop compensation concept has
many advantages such as simplicity of implementation, preserv-
ing Type-1 FLL conventional structure order, and keeping the
same dynamic response. As a result, the overall performance
of the Type-1 FLL is improved. The angle compensation term
should be calculated for each pre-loop filter type. In this context,
different pre-loop filters are evaluated in this paper to identify
the best one in response to various disturbances. In this section,
the implementation of each filter and the corresponding angle
compensation term are discussed for three main pre-filters types
as follows:
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A. Modified Selective Harmonics LPF Compensation
Angle Estimation

The modified Selective Low Pass Filer (SLPF) scheme acting
as a pre-filter is shown in Fig. 5 where SLPF design avoids
reducing the cut-off frequency under a heavily distorted grid to
permit a faster response [30]. The related compensation angle
can be calculated using the mathematical model shown in Fig. 3
and in response to a frequency ramp input (%), where Aw is
the frequency ramp rate in rad/s?. Let’s consider Aw = AJ, the
steady-state phase angle is obtained as follows:

A6

83 + wps? + wpwes

b (s) = €))

The pre-filter is presented by a first-order transfer function as,
Wp

e 10
PR (10)

By applying the final value theorem to (9), the steady-state
phase angle error is calculated as:
Ad

0. =lims =
’ 520 83 + wps? + wpw,s

A6

WpWe

an

As 0. 55 presents the steady-state error during the grid fre-
quency drift period, it can be used to compensate for the phase
angle as shown in Fig. 6.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 36, NO. 2, APRIL 2021

V6 Dgt,

& Vi
V1 qu
SOGI_1

V2
V1 wesab_'a VZ
V— V2 qV2
SOGI_2

Ve
7- West =
V1 S-la Ve
v6 aV6
SOGI_6

@
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B. MSOGI Pre-Filter Compensation Angle Estimation

The block diagram of the MSOGT filter is shown in Fig. 7. The
MSOGI consists of multiple SOGI blocks which are individually
tuned at a specific frequency to improve the performance of the
DSOGI filter especially under highly distorted grid conditions
[35], [36]. The MSOGI requires two additional SOGI blocks
with a cross-feedback scheme for each harmonic order ‘h’.
The basic structure of SOGI is shown in Fig. 7(b), and its
characteristic transfer functions are expressed as follows:

_ V() _ ks
D(s) = V(s) — s2tkasta?

12)

Q(s) = =
where k is the damping factor, and @ is the estimated funda-
mental frequency. V' and ¢V’ are the direct and quadrature
components of the input signal ‘V”, respectively.

It is worth mentioning that the value of k£ in each DSOGI-
QSGis divided by the corresponding harmonic order to keep the
product kw constant so that the same bandwidth is guaranteed
for all DSOGI-QSGs. The compensation angle Ad.. is calculated
by applying the final value theorem to the closed-loop T.F as
follows:

@
s2+kws+w?

Ad
O ss =1li —0 = ~ =
5 (5) a0 "1 Go,, (s) 253 + kws? + kwews
_ 240 (13)
kwew

According to (13), the phase angle error compensation term
is,
2A0

kww

A90 = 96,88 = (]4)
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The corresponding Out-Loop compensation scheme is shown
in Fig. 8

C. DCS Pre-Filter Compensation Angle Estimation

The DSC filter’s basic idea is to add the signal to its delayed
version to cancel a specific range of harmonics [27]. The DSC
generalized scheme, shown in Fig. 9, has a selective feature
for canceling specific harmonics through its delay factor ‘n’.
Different DSC orders can be connected in cascaded mode
(CDSC) to increase the harmonics filtering capability. DSC can
be approximated by a simple first-order T.F as follows [26]:

1

11 1
$To| —+—+-— |s+1
272\ n,

n2 Nom

CDSChy iy, (8) =

Ty
(15)
where ny, na, n3, ... Ny, € {2,4,8,16,...}, and Ty is the
equivalent time delay introduced by the CDSC, which can be
calculated as follows:

(16)

It is common to implement DSC with a delay factor equals
to 4 (DSC4) to cancel the negative sequence and the 5", and
7™ harmonics. The delay time for DSC4 can be obtained from
(16) equals to %. The mathematical model of the phase angle
estimation loop using a generic DSCn is shown in Fig. 10(a),
while the reduced model is shown in Fig. 10(b). Based on the
closed-loop system shown in Fig. 10, the phase angle error
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transfer function in response to a frequency ramp input is:

1 Ling

O.(8) = ———0(s) = 7—7=—— 17
(s) 1+ Gy, (=) Lagd 452 +wes (a7
Applying the final value theorem to (17):
Tang Ty A6
— 1 2 _ 1d
fess = ig%s Lagd 452+ wes 2w, (1%

The phase angle error compensation term for DSC4 is ob-
tained from (18) by using Ty = % as follows:
Tqa Ao T, Ad

A90 = 06 ss — =
’ 2w,

19
S, (19)
The corresponding Out-Loop compensation scheme is shown
in Fig. 11.

IV. PROPOSED SELECTIVE PRE-FILTER SCHEME

Each of the presented pre-filter schemes has distinct features
in response to the different disturbances. Therefore, there is a
need to select the optimum selective pre-filter stage to obtain the
best performance. To improve the distortion elimination of the
proposed Type-1c FLL while obtaining the desired response, it is
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proposed to use two identical DSC4 in cascade mode (DDSC4)
as shown in Fig. 12. The compensation angle can be calculated
following the same steps as described by (15) to (19) as follows:

1 1
Gppsc (s) = T, (1, 1 =T
7”(1-1-1)34—1 Fs+1

(20)

The corresponding phase angle error can be calculated as:

1 %32
0. = = 21
(DDSC) = T T2 4 st 2y
By applying the frequency ramp = % to (21):
Lang
Oc (5) = 75— (22)
(83 + 82 + wes)
Applying final value theorem lead to:
LZang Lans  T,AS
Oc,ss (5) = lim s 2 =2 =2 (23)
520 83 4 52 4 wes We 4w,

As a result, the angle compensation term is calculated as:

=0, s = ToA0 24)
’ 4w,

Ab.

It is proposed to have a pre-filter selective scheme for Type-1c
FLL as shown in Fig. 13. The proposed scheme uses frequency
adaptive DSC type and two different angle compensation terms
for DSC and DDSC based on (19) and (24). The selection
logic shown in Fig. 13(b) is implemented to obtain the best
performance depending on the disturbance type. The selective
control scheme inserts the DDSC4 pre-filter once the estimated
grid frequency starts to drift in the presence of grid disturbance
while in other cases, the DSC4 is activated. It is observed that
both DSC4 and DDSC4 have similar steady-state performances
when the grid frequency is fixed. On the contrary, when the
grid frequency starts to drift, both filters behave differently
accordingly. Thus, the proper pre-filter is inserted. The selec-
tive controller relies on detecting both grid disturbances and
frequency deviation to latch the switching logic.

V. STABILITY ASSESSMENT OF THE PROPOSED SCHEME

This section aims to analyze the frequency and the phase
estimation loops in terms of the gain and phase margin with
selected parameters. As previously mentioned, the dynamic
response of the FLL depends on the time constant of the output
filter (7). Therefore, it will be fixed for all FLLs schemes to
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(1/133). The open-loop and closed-loop transfer functions of the
frequency estimation loop can be expressed as follows:

Gu,, = G_pf x L‘;C (25)
G

G, = —o 26

14 Gy, (26)

By using (25) and (26), the open-loop and the closed-loop
transfer functions of the frequency estimation loop of FLLs with
DDSC4 can be written as follows:

We
Lig2 4
We

T
52 4 5 4 we

Gy (psc),, = (27

Gu(psoy,, = (28)
The transfer function, presented by (28), is presented in the
standard second-order form as follows:

wn?

52 + 2Cwn s + wy?

Using (15), the time delay 7, introduced by DSC4 and
DDSC4 equals to % and %, respectively. Using (28), the
damping factors ((psc4 and (ppsc4) When alternatively em-
ploying DSC4 and DDSC4 considering w, = 133 and T, =
20 ms are 0.87 and 0.61, respectively, which indicates that both

Gu(pse),, = (29)
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Fig. 14. Bode plot of the open-loop transfer function. (a) DSC-FLL.
(b) DDSC-FLL.

schemes are underdamped. Also, the DSC4 scheme will have
a lower overshoot value and less settling time. The bode plots
of the open-loop transfer functions of the frequency and phase
angle estimation loops with selected control parameters for both
DSC-FLL and DDSC-FLL are shown in Fig. 14. It can be noticed
that both schemes have infinity gain margin and phase margins
of 72° and 60° for DSC-FLL and DDSC-FLL, respectively. A
higher phase margin indicates that DSC-FLL will have a lower
overshoot during the phase-angle jump. Also, the phase margin
degradation is expected due to the additional delay introduced
by DDSC4 scheme. It can be observed from Fig. 15 that both
schemes have the same bandwidth for the frequency estimation
loop whereas, for angle estimation loop, the DSC-FLL has a
wider bandwidth.

On the other hand, the DDSC-FLL provides a higher atten-
uation for the estimated frequency and phase angle amplitudes
than the DSC-FLL resulting in a higher filtering capability.

VI. EXPERIMENTAL RESULTS

The performance of the proposed Type-1c FLL with differ-
ent pre-loop filters such as DSC4, modified SLPF pre-filter,
and MSOGI is evaluated using dSPACE-DS1103 Digital Sig-
nal Processor (DSP). The performance of the compensation
scheme with different pre-filters is evaluated in response to a
frequency ramp under three scenarios. The effectiveness of the
proposed scheme is verified by comparing the performance of
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TABLE I
COMPARISON OF THE PROPOSED SCHEMES UNDER VARIOUS TEST CONDITIONS

DSC4 Modified SLPF  MSOGI DDSC4

2 Hz Frequency ramp

-phase angle error without compensation 0.07° 0.109° 0.161° 0.14°

- compensation time 23 ms 43.6 ms 709ms  59.2ms
- compensated angle error overshoot —0.0047° 0.0205° 0.036° 0.021°
10 % voltage dip with -2 Hz Frequency ramp

-peak angle error during frequency ramp 0.0014° 0.0047° 0.0056° 0°
-peak angle error during constant frequency 0° 0.0008° 0.0011° 0°

Sth harmonics with -2 Hz frequency ramp

- Compensated peak-to-peak phase angle error 0.2189° 0.2353° 0.4337°  =0°
-un-compensated peak-to-peak phase angle error  0.04392° 0.03096° 0.04368° =0°

conventional Type-1 FLL with the proposed Type-1c FLL. The
comparative results are illustrated in Table I to demonstrate the
superior performance of Type-1c FLL in response to various
grid disturbances.

A. Frequency Ramp Test

In this test, the grid frequency ramps down from 50 Hz to
48 Hz in 200 ms as shown in Fig. 16. It can be observed
that the DSC-FLL, modified SLPF pre-filter-FLL, MSOGI-FLL,
DDSC- FLL show almost 0.07°,0.109°,0.161°, and 0.14° phase
angle error without the compensation scheme during the fre-
quency ramp period, respectively. Alternatively, with the pro-
posed compensation scheme, the error is compensated with a
response time of 23 ms, 43.6 ms, 70.9 ms, and 59.2 ms, respec-
tively with acceptable transient overshoots as shown in Fig. 16.

B. Frequency Ramp With Asymmetrical Voltage Dip Test

The performance of the proposed compensation scheme under
10% voltage dip of phase A with grid frequency ramping from
50 Hz to 48 Hz (ramp time: 200 ms) is shown in Fig. 17.



1070

CH4 :100.00mV/div Display Group AcqMode : Normal

Position : -2.00 div M2E)@ 10KS/s 100ms/div
> «»50msidiv

DSC-FLL Input voltage - 1v/div

A A VY VY AV MV r‘_r\ VIV

H,\.Jl *‘f\v"“" LT ‘(fl‘u/(]‘m.\ WL i

(‘ W\ M
i M
{ HHH“‘HN/‘ H“uv‘\(\ Mh H"H‘r“‘\h“
. ‘ AV TNV
u/ MMM \u"/“.‘\‘v} HI U AW M 'HH JH‘ j Wit )\’\]yl“.‘ W wrv W

Vin (1v/div)

o+

50Hz (Frequency)

_48Hz

0. (compensated)

Phase Err (100m°/div) F(Hz)

100m"ldivI
0, (uncompensated)
] @)
Stopped 2 A:Builtin
2018/12/25 12:10:17.494648 Auto 2018/12/25 12:40:44
CH5 1 100.00mV/div Display Group AcgMode : Normal
Position : -2.00 div O2)B)e) 10KSls 100ms/div
prefilter—FLL ~»50ms/div

lnput voltage 1v/d1v

Vin (1v/div)

50Hz (Frequency)

0, (compensated)

Phase Err (100m°/div) F(Hz)

100m°/divi
0. (uncompensated)
, (b)
Stopped 1 &:Builtin

2018/12/25 15:24:14.976033 Auto 2018/12/25 15:24:22

CH4 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div M2)E)4) 10KS/s 100ms/div
50ms/d
MSOGI-FLL lnput voltage 1v/d1v e

A A
}‘\:/U}»‘ 1

f r"\"
\f
“’Y‘“V\Hu\‘
N

il
i
|/

\ \wf‘u‘ ‘ “}A ‘\ WYYV
/“"w,‘\‘”“m.ws‘M/Mw \
.n”‘ I >H\\”‘

Vin (1v/div)

g 50Hz 48Hz
&g /—/—m
=
2 0, (compensated)
s S S Vs N —
= 100m /divI_
i}
]
[ (C) B¢ (uncompensated)
Stopped 4 :Builtin
2018/12/25 15:00:37.147762 Auto 2018/12/25 15:01:04
CH4 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div D29 10KS/s 100ms/div
a w50ms/div
. DDSC-FLL lnputvoltage 1v/div
2 !\‘r\ ‘.” AV ‘/A /\ AV
g VMM U (M
2 M M | UAUA ‘/ I/ \“ '}’\\‘ f‘\ I Ml‘f‘\\
| Wy
§ (:\J/ ! ( Ml y,’(u‘l‘\\/ v (
— (Frequency)
FooSHz o e
'
=
= O¢rr (compensated)
g — oy S
=3
= 100m°ldivI
i}
3
= (d) 0, (uncompensated)
* Stopped 2 MBuiltin
2018/12/25 14:23:14.739275 Auto 2018/12/25 14:24:04
Fig. 16. Frequency ramp test. (a) DSC4 (b) SLPF pre-filter (c) MSOGIL
(d) DDSCA4.

Fig. 17.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 36, NO. 2, APRIL 2021

CH5 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div MG 10KSls 100ms/div
DSC-FLL S «50ms/div

Inputvnltage 1v/d1v

MM f ‘ n
T TR
\‘M“, H‘H\‘ ““‘\“HH‘H/ »“ “”‘0
wh"" I m i
VANAWANAN

N W \J\J W W

f m\ .m‘J‘rf\ il
m i (i
i \‘A M ;/‘I‘V‘} \‘ “\0 ]
,m\ S \,m v A

Vin (1v/div)

")
Frequenc;
50Hz _ (Frequency) o

B¢, (compensated)

100m°ldivI

0, (uncompensated)

Phase Err (100me/div) F(Hz)

| (@)
Stopped 1 M:Builtin
2018/12/25 13:54:12.285814 Auto  2018/12/25 13:54:54

CH5 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div D29 10KS/s 100ms/div
N o «50ms/div
. prefilter-FLL lnputvoltage 1v/dlv
= WA WA \ / \ A
3 MJ&;!\I,WH} ] lll\)Hf Hr“’]“,w!
EFM‘(‘\["““‘J‘M“‘H‘( | \‘\[‘\w“\"‘ H‘H, M | \\
;‘x;£MMMb%wwwAwUW' uwhw‘
g 50Hz (Frqu‘ef'CY) o 48Hz
w
=
= O¢rr (compensated)
£
P a——— VL VONIL VUSRIV, A |
= 100m'/di7f
i}
2
s 0¢,r (uncompensated)
= (b)
Stopped 3 M :Builtin
2018/12/25 15:32:04.438777 Auto 2018/12/25 15:32:30
CH4 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div D23 10KS/s 100ms/div
= «50ms/div
R MSOGI-FLL ln utvoltage 1v/dlv
Z VM \ T m VYV -'u\ r\‘T\-
3 ]"MW“J“W"“‘ !fO ‘H \'H Huu(mwl‘,\ ‘Hu‘\“‘ e H
= AN | Il / 1 1
ST MH {‘ VH\ :rw)‘ "1““\'("‘ Il AV
5 N v v W v\ W
g 50Hz - (Freqruemr:y) 48Hz
w
=
3 0, (compensated)
E Ac
S —— // AAAAAAAAAAAAAAANAN S
= 100m ldivI
i}
2
£
o (c) 0, (uncompensated)
Stopped 5 A :Builtin
2018/12/25 15:02:33.004649 Auto 2018/12/25 15:02:52
CH4 :100.00mV/div Display Group AcqMode : Normal
Position : -2.00 div 2B 10KS/s 100ms/div
S +50ms/div
DDSC-FLL lnputvoltage lv/dlv
= A A AR ne A
] I
= "‘M\"W
£
s
g 50Hz . (Frgquency) sz
w
=
2 ?err (compensated)
g — ) S SR § —
e 100m'ldivI
&
2
g ( d) 0,rr (uncompensated)
Stopped 2 A :Builtln

2018/12/25 14:43:33.602106 Auto  2018/12/25 14:43:59

10% voltage dip + Frequency ramp test. (a) DSC4. (b) Modified
SLPF pre-filter. (c) MSOGI. (d) DDSC4.



BESHR et al.: ADVANCED TYPE-1c FLL FOR ENHANCING CONVERTERS SYNCHRONIZATION DURING FREQUENCY DRIFT

1071

CH4 :1.0000V/div Display Group AcgMode : Normal CH5 1 1.0000V/div Display Group AcqMode : Normal
Position : -2.00 div (D2)E)4) 10KS/s 100ms/div Position : -2.00 div (2B 10KS/s 100ms/div
Qaant> +50ms/di o s +50ms/div
_ ,DSC-FLL. Input voltage - 1v/div_ mee . Prefllte.r F_LL . Input voltage - 1v/div
=3 =
= . = . | |
= =
— Frequenc —_ Frequenc!
e 50Hz (Frequency) i ) 50Hz (Frequency) P
frag preg i
= =
2 0, (compensated) = O¢rr (compensated)
= 1°Idiv I = 1°Idiv]
i} 0., (uncompensated) fri] Oerr (uncompensated)
2 3
2 ]
a (a) o (b)
Stopped 4 2 :Builtin Stopped 2 A :Builtin
2018/12/25 14:11:35.289774 Auto 2018/12/25 14:11:56 2018/12/25 15:26:43.215211 Auto 2018/12/25 15:26:56
CH4 :1.0000V/div Display Group AcqMode : Normal CH4 1 1.0000V/div Display Group AcqMode : Normal
Position : -2.00 div 2)X3)4) 10KS/s 100ms/div Position : -2.00 div (12)3)4) 10KS/s 100ms/div
Zsont> «++50ms/div o> +50ms/di
. MS_OGI'FIfL Input voltage - 1v/div . DDSC'FLL‘ Input voltage - 1v/div e
5 ] ] ! I | I 5 1171 ] | { Iy I { i 104! il I { 1 iVl 1
=3 -
E | 1 ] 988! { 111 E { ) | | { 1 1 1 1
s | s ‘
—_ Frequenc —_ Frequenc
E} 50Hz (Frequency) o ) 50Hz (Frequency) A8Hz
[T o
= =
B O¢rr (compensated) 3 0, (compensated)
£ £
S S, o - e
g 1"Idivt s 1°Idiv I
& 6, (uncompensated) 1 O¢rr (uncompensated)
g g
£ (© & (d)
Stopped 6 M :Builtin Stopped 3 M.:Builtin
2018/12/25 15:53:02.326042 Auto 2018/12/25 15:53:10 2018/12/25 15:50:27.950566 Auto 2018/12/25 15:50:37
Fig. 18. 5™ Harmonic with frequency ramp test. (a) DSC4. (b) Modified SLPF pre-filter. (c¢) MSOGI. (d) DDSC4.

DDSC-FLL schemes demonstrate superior performance on mit-
igating the residual oscillations as shown in Fig. 17(d). The
response of the other filters schemes contained sustained os-
cillation as shown in Fig. 17(a) and Fig. 17(c).

C. Frequency Ramp With the 5" Order Harmonic Test

The performance of the proposed compensation scheme is
evaluated in response to a combined contingency of frequency
ramp from 50 Hz to 48 Hz in 200 ms and 10% of the 5 order
harmonics as shown in Fig. 18. The steady-state phase angle
error for all schemes, except for the Type-1c FLL with the
DDSC4 scheme, starts to have oscillations during the frequency
ramp period. It can be noticed that the peak to peak oscillations of
0.0439 °,0.031°, 0.0437°, and ~ 0° are recorded for DSC-FLL,
modified SLPF pre-filter-FLL, MSOGI-FLL, and DDSC-FLL,
respectively.

Considerable oscillations appear in the phase angle error
while employing the compensation scheme as illustrated in
Table I.

D. Selective Filter Scheme Performance Test

The performance of the proposed selective filter scheme
(DSC4/DDSC4) for Type-lc FLL is tested with a grid

contaminated with 10% of the 5 order harmonics and 40%
phase A voltage dip to demonstrate the superior performance of
the proposed Type-1c FLL with the selective filter as shown
in Fig. 19. The results demonstrate the effectiveness of the
selective scheme in mitigating the steady-state phase angle error.
The best performance for the combined contingency is obtained
by on-line altering the pre-filter stage from DSC4 to DDSC4
when frequency ramp is detected. The proposed Type-1c FLL
scheme outperforms the performance of other schemes that fail
to demonstrate acceptable performance under all test cases.

VII. IMPLEMENTATION OF THE OUT-LOOP COMPENSATION
SCHEME TO TYPE-2 PLL

In this section, the out-loop compensation scheme is also
augmented with Type-2 PLL (referred to as Type-2c PLL) to
show the generalized implementation of the proposed compen-
sation scheme. Type-2 PLL is known for its inability to track a
frequency ramp input. Increasing the order of

Type-2 PLL, which is known as Type-3 PLL, will result in
eliminating the phase angle error during the frequency ramp
period that can mainly be avoided by augmenting the pro-
posed out-loop compensation scheme. The detailed analysis
of the compensated Type-2 PLL is carried out by using the
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Fig.20.  Small-signal model of Type-2-PLL.

conventional small-signal model shown in Fig. 20, where loop
filter LF (s) is commonly a standard PI controller. The system
response to a frequency ramp input can be analyzed with con-
sidering the closed-loop T.F of Type-2 PLL as follows:

Oous (5) = i O (3)

s+ LF(s) Vi (30)

where 0;,(s) represents the grid frequency change. If the fre-
quency changes as a ramp, function, the s-domain presentation
of the input signal is then given by %. Using (30), the phase
angle error can be calculated as follows:

o () s AN 1
out \3 s+ LF(s) V,, 83 s+ LF(s)V, s
(€19}

Substituting LF(s) with the standard PI controller transfer
function (f22tki ) yields:

Ad 1
8+(ks+k)vm's2

The final value theorem is used to calculate the steady-state
phase angle error as follows:

(32)

Oout (3) =

Ad
st (Pt )y, S

The compensation angle Af. can be obtained by evaluating
(33) as follows:

(33)

Ocss = lim s Oy (s) = lim s
’ 5—0 s—0

Agc =0css = 34)
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TABLE II
*DESIGN PARAMETERS [14], [28]
Type2-c PLL Type-3 PLL
Design loop delay for DSC4 ‘T,  2.5ms Phase Margin (PM) 47
Proportional gain ‘k,,’ 166  Cutoff frequency (w,) 2m17.78
Integral gain ‘k;’ 11372 ¢y 187277.5
Open loop bandwidth ‘w,’ 165 rad/sec ¢,y 8511.5
Phase margin ‘PM’ 43.8° Cn2 96.7

*The parameter design criteria is listed in the Appendix.

The implementation of (34) is shown in Fig. 21. A frequency
adaptive DSC4 filter is employed as a filter similar to the pro-
posed Type-1c FLL scheme. The performance of Type-1c FLL
and Type-2c PLL is evaluated using several grid disturbance tests
in comparison with the conventional Type-2 FLL and Type-3 PL.
All tests are performed under a frequency ramp from 50 Hz to
48 Hz in 200 ms.

A. Comparative Performance of Type-1c FLL & Type-2c PLL
With Type-2 FLL and Type-3 PLL Schemes

For a fair comparison, the test sequence and the parameters
are taken from [34] as illustrated in Table II. In addition, com-
prehensive test cases are carried out as follows:

® Case 1: frequency ramp from 50 Hz to 48 Hz in 200 ms.
Case 2: frequency ramp with 40% voltage dip.

Case 3: frequency ramp with 10% 5th harmonics.

Case 4: frequency step with —2 Hz from 50 Hz to 48 Hz.
Case 5: Voltage phase angle jump with 420 degrees.
Case 6: switch over between single DSC4 and DDSC4 in
case of a frequency ramp with 5% of the 5™ order harmonic
and 40% phase A voltage dip.

The simulation results demonstrate the superior performance
of the proposed Type-lc FLL and Type-2c PLL as well as
the effectiveness of the selective filter technique as shown in
Figs. 22 to 27. In all test cases, the presented schemes have
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Fig. 24.  Simulation results for test case 3.

successfully mitigated the steady-state phase angle error, even
at highly distorted grid conditions, with different response times
for each synchronization scheme. The proposed Type-1c FLL
compensated the phase angle error during the frequency ramp
while preserving the order of Type-1. Also, the Type-2c PLL
maintains zero steady-state phase-angle error without increasing
the order of the control system. Thus, it realizes the same feature
of Type-3 PLL while maintaining faster response and higher
transient margin.

In addition, the proposed Type-1lc FLL shows the best per-
formance compared to other schemes as illustrated in Table III.
It can be noticed from Fig. 27 that implementing the DDSC
filter reduces significantly the amount of residual distortion
due to harmonics content. However, the results demonstrate the
effectiveness of the selective scheme in mitigating the phase
angle error.
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B. Experimental Validation of the Proposed Type-1c FLL
and Type-2c PLL

This experimental section introduces a comparison between
the proposed out-loop compensation schemes Type-1c FLL and
Type-2c¢ PLL with the dominant types of Type-2 FLL and Type-3
PLL presented in the literature. In addition, the design and the
performance of the Type-1c FLL including the selective scheme
are validated. Therefore, the following test scenarios are carried
out to validate the effective performance of Type-1c FLL and
Type-2c PLL with respect to Type-2 FLL and Type-3 PLL,
respectively:

e Frequency ramp from 50 Hz to 48 Hz in 200 ms.

® Frequency ramp with 40% voltage dip.

e Frequency ramp with 10% 5" harmonics.

e Voltage phase angle jump with +20 degrees.
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TABLE III
COMPARISON UNDER VARIOUS TEST CONDITIONS

Proposed Type2-FLL Proposed Type3-PLL
Type-1c¢ FLL Type-2¢ PLL
2 Hz Frequency ramp
- Peak phase angle deviation 0.0047 0.059 0.104 0.468
- Settling time (2% criterion) ~0s 24 ms 44 ms 125.2 ms
40% voltage dip with -2 Frequency ramp
- Peak phase angle deviation 0.0047 0.059 0.148 0.824
- Settling time (2% criterion) ~0s 24 ms 57.2 ms =200 ms
-2 Hz frequency step
- Peak phase angle deviation -0.9 1.7 217 -5.11
- Settling time (2% criterion) ~20 ms 44 ms 67.9 ms 206.2 ms
+20° phase angle jump
- phase angle Settling time 5 ms 51.7 ms 80 ms >100 ms
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Fig. 28. Frequency ramp test.
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Various experimental results for all schemes are obtained us-
ing dSPACE-DS1103 Digital Signal Processor (DSP). The dis-
crete models are sampled at 10 kHz with the same design param-
eters used for the obtained simulation results. The results shown
in Figs. 28 to 31 validate the superior performance of Type-1c
FLL and Type-2c PLL compared to Type-2 FLL and Type-3
PLL, respectively. The experimental results demonstrated the

Fig. 31. Phase angle jumps with +20 degrees.

effectiveness of the proposed out-loop compensation scheme
for eliminating the phase-angle error for both Type-1c FLL and
Type-2c PLL with a considerable enhancement of the dynamic
response compared with Type-2 FLL and Type-3 PLL, respec-
tively. The experimental results demonstrated the effectiveness
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Fig. 32. Islanded microgrid configuration.

of the proposed out-loop compensation scheme for eliminating
the phase-angle error for both Type-1c FLL and Type-2c¢ PLL
with a considerable enhancement of the dynamic response com-
pared with Type-2 FLL and Type-3 PLL, respectively.

C. Impact of Synchronization Schemes on Islanded
Microgrid Operation

In this section, the performance of Type-lc FLL, Type-2
FLL and Type-3 PLL is evaluated for the islanded microgrid
shown in Fig. 32. The synchronization schemes are alternatively
employed in the microgrid’s components (BESS, PV and DFIG-
WT) while carrying out comparative analysis for the following
two tests: 1) Operation with changes of RES power generation
and 2) Islanded Microgrid operation with a sudden voltage phase
jump. For a fair comparison, all deployed schemes are equipped
with DSC filter, which is designed to eliminate the 5" and 7%
harmonics.

1) Operation With Changes of RES Power Generation: In
this test, the performance of the islanded microgrid is evaluated
under normal operation with solar irradiance, wind speeds, and
loads variations. In normal operation, the energy sources were
supplying 3.5 MW load such that the PV, DFIG WT, BESS
and DZ are supplying 1 MW (1 pu), 0.9 MW (0.9 pu), 0.01 MW
(0.01 pu) and 1.5 MW (0.5 pu), respectively as shown in Fig. 33.
The over and under-frequency cases are simulated by suddenly
decreasing the load by 28.6% of its rated value (3.5 MW to
2.5 MW) at 10 s, 800 w/m? irradiance change at t = 20 s and
3 m/s wind speed change at t = 30 s.

It can be observed from Fig. 33 that all the synchronization
schemes have almost the same performance, and the islanded
microgrid is capable of withstanding the variations of the load,
solar irradiance, and wind speed without violating the IEEE
Standards 1547-2018.

2) Performance of the Islanded Microgrid in Response to
Voltage Phase Jump: The performance of the synchronization
schemes is evaluated in response to a phase angle jump of 20°
taking place in the microgrid voltage as shown in Fig. 34.
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The proposed Type-1cFLL and Type 2-FLL show the mini-
mum frequency deviation of 0.45 Hz at the instance of the phase
jump. However, Type3-PLL shows the worst response with a
deviation of 1.95 Hz resulting in making the battery storage
charging 620 KW (0.62 pu) at the instant of the phase jump
compared with only 150 KW (0.15 pu) with Type-1c FLL. The
DFIG-WT and PV are also affected by such a deviation, and
Type-1cFLL is able to ensure the same feature of Type2-FLL
with a lower order control system and with enhanced transient
response compared to Type3-PLL.

VIII. CONCLUSION

In this paper, an out-loop phase angle compensation scheme
for Type-1 FLL was developed and verified. Different pre-
filter schemes were tested for the proposed FLL. Distortion
elimination capability of the proposed FLL was improved by
introducing an adaptive delayed signal cancelation filter. The
proposed selective pre-filter stage based on single DSC or Dou-
ble DSC (DDSC) was presented to obtain the best performance
in response to severe grid disturbances. The effectiveness of
the proposed FLL was evaluated based on intensive experimen-
tal results. A performance comparison between the proposed
scheme and the other mature schemes was also conducted.
Results indicated that using the DSC as a pre-filter for Type-1c
FLL is the optimum choice in terms of the dynamic response
and distortion elimination capability under nominal frequency.
For further improvement of Type-1c performance, the double
DSC pre-filter is implemented, which significantly improves
its distortion elimination capability. The experimental results
demonstrated that the proposed Type-1c FLL with the selective
pre-filtering stage achieved the best performance in terms of
dynamic response and distortion elimination capability with a
zero phase angle error during the frequency drift. In conclusion,
the proposed Type-1c FLL is able to obtain the features of the
higher-order FLLs without increasing its model order.

APPENDIX

The parameters for Type2-c PLL with DSC4 as a pre-filter are
calculated using symmetrical optimum criteria (SO). The sym-
metrical optimum method ensure the maximum phase margin
(PM) for the PLL. In this case, the controller gains are calculated
using the following relation, k,, = de ki = dez , where Ty is
the delay introduced by the DSCA4 filter, “b” is a Constant value
equals to 14++/2. For DSC4 pre-filter, it introduces a 5 ms delay,
this delay is presented simply by a first-order delay function

1+TdS and T,; = TDSC =2.5ms
Hence,
ky = ! = 165.6864 ~ 166
P (24142) x (25 x1073) T T -
! 1
ki = — = 5 3
VTT  (2.4142)% x (2.5 x 1073)

= 11370.85 ~ 11371
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