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Abstract— Second Order Generalized Integrator (SOGI)
cells are used for notch filtering due to their simplicity and their
harmonic rejection capability. SOGI and Dual SOGI (DSOGI)
filter cells, combined with Frequency Locked Loops (FLL) to
adjust the notch frequency, are commonly used in both 1f and
3f grid following (GFL) power converters for synchronization,
i.e. SOGI-FLL and DSOGI-FLL, respectively. The FLL relies
on a gradient descent method to minimize a cost function built
up around one inner SOGI cell variable, e.g., the in-quadrature
voltage estimation, and one outer variable, i.e. the error signal
due to the SOGI filter cell. As a result, the FLL manages
relatively large DC offsets and harmonic distortion passing
through the outer SOGI cell variable, which deteriorates the
frequency estimation and then, the SOGI-FLL performance. To
attenuate such issues, the method proposed in this digest only
uses inner SOGI cell variables. It minimizes the deviation
between the estimated grid frequency and the frequency of the
signal across the SOGI cell, which is detected through the
Teager Energy Operator (TEO). The proposal is validated in
simulation and experimentally.

Index Terms—PLL, synchronization, three-phase, converter,
second order generalized integrator.

I. INTRODUCTION

Second Order Generalized Integrator (SOGI) and Dual
SOGI (DSOQGI) filter cells, included in the structure of
Frequency Locked Loops (FLL), are usually employed in 1¢
and 3¢ grid following (GFL) power converters for
synchronization due to their simplicity and harmonic rejection
capability. Firstly proposed in [1], [2], the SOGI-FLL circuit
(Fig. 1) has become an standard and multiple variants have
been proposed and analyzed in technical literature [3], [4],
including the effect on the GFL stability [5], [6]. As shown in
[7], [8], the FLL in [1] consists in a frequency estimator based
on the gradient descent method: the objective function, J, to
be minimized by adjusting the estimated grid frequency, w’,
is build up from one inner SOGI cell variable, e.g. the in-
quadrature voltage, qu,, and one outer SOGI cell variable, i.e.
the SOGI filter error, ¢, resulting in

2 _ )2
j=2=tar) (1)
., _ 6]
W= =YFLL 57 2

where yrLL adjusts the speed of the gradient descent. Different
objective functions are evaluated in [7] and [9] but the FLL
principle in [1] remained unchanged, i.e, combining inner and
outer SOGI cell variables, which is due to overall SOGI-FLL
cell simplicity and performance, e.g. fast adaptation to grid
frequency variations. Normalization can be included as a
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Fig. 1.

Type I SOGI-FLL.

feedforward action [5], as shown in gray color in Fig. 1.
However, relatively large DC offsets and harmonic distortion
levels exist in outer SOGI cell variables, which must be
managed by the gradient descent method, whose filtering
capabilities are limited due to the use of one integrator.

A novel approach is proposed here to estimate the grid
frequency where only inner SOGI cell variables are used. To
this extent, the Teager Energy Operator (TEO) [10] is used to
evaluate the frequency of the signal across the SOGI cell and
adjust the estimated grid frequency accordingly. The resulting
SOGI-TEO cell is described in Section 2. It is used for
synchronization in a 3f-3w GFL converter and compared with
the DSOGI cell both in simulation, in Section 3, and
experimentally, in Section 4. Finally, conclusions are given.

II. PrROPOSED SOGI-TEO CELL

Under ideal operation conditions and steady state, v, (t) =

A cos(wt) and the type I SOGI cell in Fig. 1 results in
{v&(t) = Acos (wt)

qy(t) = Asin(wt) 3)

Moreover, the SOGI filter results in ¢ = 0, and the FLL
provides ' = w.

Then, by applying the continuous form of the TEO [10],
given by
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Fig. 2. Proposed SOGI-TEO cell.

P(x(@®) = %*(1) — x(1) ¥(D), @
to vy, in (3), results in
(e (®) = Y(qua(®)) = 42w, (5)

providing an estimation of the energy associated to v, and,
hence, its amplitude and frequency. However, with (5), no
direct comparison of @ and @’ is achieved, and similarly
occurs if x(t) = qv} and (4) are used.

A further inspection of (4) reveals that, to obtain an energy
estimation, the signal processed must be almost a pure
sinusoidal and two derivatives, or, alternatively, two
integrators are needed. The Type-I SOGI cell in Fig. 1
accomplish both requisites. Then, the SOGI cell provides the
required derivatives by selecting

_qug®) _ A
x(t) = o' O oo sin(wt), (6)

and, then, having slow enough updates of w’(t), under the
assumptions above,

@
w'(t)

. w? .
X(t) = —Amsm(wt).

x(t) = A cos(wt) = v} (t)

()

From (6) and (7), and evaluating (4), deviations of the
estimated grid frequency related to the SOGI cell frequency
are obtained, by

=—=1. 3

If the frequency estimation, w’, matches the frequency of the
signal across the SOGI cell, w, then, from (8), ) = 1. Values
above or below one implies that the estimated grid frequency
is below or above the SOGI cell frequency, respectively. This
can be used, as shown in Fig. 2, to build the SOGI-TEO cell,
where only inner SOGI cell variables are used for frequency
estimation. In comparison with the FLL in Fig. 1, the proposed
TEO-based estimator increases the FLL computational burden
by 2 additions and the frequency adaptation block remains
unchanged.

The SOGI-TEO cell in Fig. 2, as in the case of SOGI-FLL
for the 3¢ DSOGI-FLL [11], can be used as building block for
the proposed DSOGI-TEO structure in 3¢—3w power
converters (Fig. 3). Two SOGI-TEO cells are used, one for
each output of the Clarke transform, Tog. The input for the
TEO based frequency estimator is due to the contribution of
both cells, i.e. @ With the FLL locked, in-phase and in-
quadrature components due to the SOGI filters are used to
extract the fundamental positive sequence (FPS).

From (8) and the overall methods depicted in Fig. 2 and
Fig. 3, the proposal dynamics are dominated by the frequency
adaptation algorithm and the selected value for yzzo.

III. SIMULATION RESULTS

The performances of the proposed DSOGI-TEO, the
DSOGI-FLL and the DDSRF-PLL [12] have been evaluated
in simulation with MATLAB/Simulink®. For comparison

purposes, the same parameters (ksog; = V2, Yrg0 = Yru =
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1
0.5
ol
3|
0.5 | |
I H" ¥ 0 r Iy
. ‘ | h=1.4993 ¢ "
1.45 L5 1.55 16
Time |[s]
@

! sag + rocof ENDS:‘
0.5
0
o
-0.5 H
-1
1.95 2.1
Time [s]
(b)

Fig. 4. Type-A 48.05 % voltage sag plus frequency ROCOF +5 Hz/s. Grid voltages. a) sag + ROCOF start and b) sag + ROCOF end. Vi,se =400 V, Bpyge

=360°, fyase = 50 Hz.

1.2

@

b, [pu]
e [Pu]

Phase and [requency pu]

Fig. 5. Type-A 48.05 % voltage sag plus frequency ROCOF +5 Hz/s.
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Fig. 6. Type-A 48.05 % voltage sag plus frequency ROCOF +5 Hz/s. Integral Square Error, a) initial and b) ending transients. Vy,se =400 V, Bpase = 360°,

fbasc =50 Hz.

10, wy = 2m50 rad/s) are used in SOGI and SOGI-TEO.
However, DDSRF-PLL use the configuration parameters of
[12].

Fig. 4 shows the grid voltage waveforms for a 48.05 % @
518.4 ms voltage sag plus 5 Hz/s rate-of-change-of-frequency
(ROCOF). The THD, and initial grid frequency are 6.8 % and

48.74 Hz, respectively. Moreover, the fundamental is slightly
unbalanced, according to the limits in the EN-61000.

Before the initial transient at 1.5184 s, (Fig. 4.a and 4.b)
both the DSOGIs perform similarly as shown by angle and
frequency estimations plotted in Fig. 5 and the Integral Square
Error (ISE) for both estimations (Fig. 6.a) but, after the
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Fig. 7. Laboratory setup.

transient, the DSOGI-TEO reacts faster, stabilizing the phase
error in less than 160 ms. From Figs. 5.b and 6.b, before the
transient ends, both DSOGIs are tracking the grid angle
properly but the estimation ISE still grows due to the ROCOF.
After the ending transient, again DSOGI-TEO is faster but
results in greater frequency estimation ripple than SOGI. On
the contrary, the DDSRF-PLL presents the smallest phase
error in all the tests carried out (Fig. 5 and 6). However, its
estimated frequency presents a high ripple of up to =5 Hz
under test conditions, which makes this signal not
recommended for applications that use it as a reference signal
in control.

IV. EXPERIMENTAL RESULTS

The proposed DSOGI-TEO and both the DSOGI-FLL and
DDSRF-PLL have been tested experimentally with the 3¢
laboratory setup in Fig. 7. The electrical power grid is
emulated with an AMX Series® programmable power source
from Pacific. The grid-following inverter consists of a power
converter stack SKS SL 20 GD/10-E4P1 from Semikron. A
LC filter (L = 1.5 mH, C = 3 pF) and a signal conditioning
circuitry. Also, to ensure that the injected power does not
exceed the programmable power source capability, 47 Q @
1.5 kW resistive loads are connected. The inverter
performance is evaluated by means of the precision power
analyzer PPA5500 from Newtons4th. The power stack is
controlled by means of a TMS320F28335 Control Card, from
Texas Instruments, operating at a sampling frequency of 10
kHz. The controller consists of an inner current control loop
with decoupled PI controllers in the positive RRF [13]. The
reference current per phase is set to 5 A. The estimated grid
frequency is scaled, and the digital-to-analog conversion is
accomplished by means of a dedicated enhanced PWM
module and a first-order low-pass-filter, with a 967.12 Hz
cutoff frequency.

Figure 8 shows the responses of DSOGI-FLL (a) and
DSOGI-TEO (b) based controllers to +2 Hz frequency steps
when a pure sinusoidal grid voltage is used. In comparison
with the DSOGI-FLL, the time response due to the proposed
DSOGI-TEO is 16 % shorter and similar power factors are
achieved by both synchronization methods. Preliminary tests
with DDSRF-PLL, in Fig. 8.c, show that this PLL results in a
90° shifting of the estimated grid phase (channel 6 in Fig. 8.c)
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Fig. 8. Frequency step (49 Hz to 51 Hz). a) DSOGI-FLL (yg., = 20), b)
DSOGI-TEO and ¢) DDSRF-PLL (yrro = 20). Blue: DC voltage,
magenta [100 V/div]: phase A grid voltage [100 V/div], cyan:
phase A line current [5 A/div], green: estimated frequency [1.5
Hz/div]. Time [20 ms/div].
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and, to prevent damaging the laboratory setup, no further tests
with these operation conditions were carried out.

Fig. 9 presents the response of the three strategies analyzed
at the ending transient of a 20% voltage dip in phase A, with
pure sinusoidal grid voltage at 50 Hz. DSOGI-FLL and
DSOGI-TEO present similar behaviors, with response times
shorter than two cycles at the fundamental frequency. The
DDSRF-PLL presents the worst behavior, having a response
time larger than 160 ms and injecting a significative amount
of reactive power during the transient.

V. CONCLUSIONS

A novel frequency estimator based on the Teager Energy
Operator (TEO) is proposed to be used in combination with
SOGT filter cells. The proposed method only uses inner SOGI
cell variables. The simulation and experimental results
obtained show that the proposed method, i.e. DSOGI-TEO,
under the same operation conditions than the DSOGI-FLL
and the DDSRF-PLL, achieves a similar performance in

steady-state. However, the transient response due to DSOGI-
TEO results in a faster tracking of the fundamental positive
sequence (FPS) with a greater frequency estimation
overshoot and ripple than DSOGI-FLL.
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