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Abstract—The latest research has pointed out that the phase-locked
loop (PLL) plays an important role in shaping the impedance of grid-
connected converters, yet most of the works so far merely focus on the
synchronous reference-frame PLL. Alternatively, this letter presents the
impedance analysis of the second-order generalized integrator frequency-
locked loop (SOGI-FLL), which has been introduced for realizing grid
synchronization in the stationary reference frame. The influences of the
voltage perturbation on the estimated phase and further on the output cur-
rent are revealed for the grid-connected converter using the SOGI-FLL.
The frequency-coupling effect of the SOGI-FLL is also identified and veri-
fied in the experimental tests.

Index Terms—Grid-connected converter, impedance analysis, phase-
locked loop, second-order generalized integrator frequency-locked loop.

1. INTRODUCTION

MPEDANCE modeling is an important tool for analyzing the power

quality and stability of grid-connected converters [1]—[3]. It has re-
cently been found that the phase-locked loop (PLL) plays an important
role in shaping the converter output impedance [4]—[7]. Basically, the
PLL is employed to track the phase of the grid voltage vector in order
to control the converter output current and power. Given a perturba-
tion imposed at the grid voltage, the measured phase of the PLL will
have an angle error Af superposed to the ideal grid phase 6. This
A0 will then be transferred to the current control loop through co-
ordinate transformations, and consequently affect the control output
impedance.

A number of research efforts have been made to address the impacts
of A6 on the synchronous-reference-frame (SRF) current control [4],
[5]. It is shown that a negative resistor is introduced along the g-axis,
which may destabilize the grid—converter interaction [8]. Besides the
SRF impedance model, a stationary-reference-frame impedance model
has also been reported in [6], which formulates the system dynamics in
the positive and negative sequence by means of the harmonic lineariza-
tion principle [9]. However, the frequency-coupling effect caused by
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Fig. 1. Block diagram of the SOGI-FLL-based grid synchronization, where
vgq and v, 5 represent the grid voltage before normalization.

A6 is overlooked in this sequence-domain model, which, as recently
identified in [7], may result in the inaccurate stability prediction.

These research works have unveiled the dynamic effect of the PLL
on the grid-connected converters, yet most of them merely focus on the
dynamics of the SRF-PLL. In contrast, the second-order generalized
integrator frequency-locked loop (SOGI-FLL), which realizes the grid
synchronization directly in the stationary reference frame, is often
overlooked in the impedance modeling and analysis [6], [10].

This letter, thus, attempts to fill in this gap by developing the
impedance model of the grid-connected converter using the SOGI-
FLL for grid synchronization. The impedance shaping effect and the
associated frequency-coupling dynamics of the SOGI-FLL-based grid
synchronization are explicitly analyzed, which is then validated in the
experiments. The results confirm that the developed model provides a
theoretical basis for addressing the dynamic impacts of the stationary-
reference-frame grid synchronization technique.

II. SMALL-SIGNAL MODELING OF SOGI-FLL-BASED
GRID SYNCHRONIZATION

A. System Description

Fig. 1 shows the block diagram of the SOGI-FLL-based grid syn-
chronization for a three-phase grid-connected converter. This approach
is implemented in the stationary a3 -frame and it consists of three
parts:

1) the normalization of the positive-sequence fundamental-

frequency voltage magnitude (V;;);

2) the SOGI-FLL for the frequency-adaptive filtering;

3) the “atan2” for the phase angle calculation based on the filtered

fundamental voltage component.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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The small-signal model of the stationary-reference-frame grid syn-
chronization method can be derived by linearizing the SOGI-FLL and
the “atan2” on the small perturbation in the grid voltage vector. And the
imposed small perturbation is a single balanced harmonic voltage, in
positive sequence or negative sequence. Moreover, it is also worth not-
ing that all the frequency-domain expressions define s = jw, where
jw > 0 represents the positive-sequence components and jw < 0 for
the negative-sequence components.

B. Linearizing SOGI-FLL

As shown in Fig. 1, the a-axis and [-axis are symmetrical at the
part of SOGI-FLL; hence, only the 3-axis modeling is introduced here.
According to the block diagram, SOGI has the following relations:

B kws
Ys = s?2 4+ kws + w? vs = BPF, - vg )]

k. 2
0=ty =k-LPF, v, 2)

2 + kws + w?

where v is the input of the SOGI, while v; and gj are the in-phase-
output and quadrature-phase-output of the SOGI, respectively, k is the
gain, BPF, and LPF, represent the second-order band-pass filter
(BPF) and low-pass filter (LPF) at the angular frequency w, respec-
tively. And w is the output of the FLL, which is the fundamental
frequency (w; ) with the ideal grid.

However, given a small perturbation to the grid voltage, the 3-axis
voltage becomes (3) in the frequency domain.

vg = Var[wi] + Avgp. (3)

Then, errors appear in the outputs v} and w, which are
vy = Vi [wi] + Avg, )
w=w; + Awy, &)

where Vj1 [w] and V};; [w;] represent the fundamental components of
vg and v}, respectively; Avj, and Aw, are the voltage error and
frequency error caused by the perturbation Avgy, .

Then, substituting (3)—(5) into (1) and neglecting the second- and
higher order terms of the errors, the small-signal dynamics of the J-axis
output voltage can be given by

. B kw, s kwq s
Viilw] + Avg, = 7D11 Vi1 [wi] +7D11 Avgy,

————
Vi lea]

2w Aw
= S5 Vil + kAws (Vo] = Vi) ©)
1 N———
0
where Dy = s° + kw; s + w?, and kw; s/ D, defined as BPF,,1, is
a typical BPF at the fundamental frequency w .
Since BPF,; gives no attenuation on Vj; [w, ], relationships (7)
exist, which imply the steady-state operating point at the fundamental
frequency

Viilwi] = Vs w1 ] - BPF,, o
Vilwi] = Varlwi] =V
where V; = 1 in the steady state because of the normalization shown
in Fig. 1.
Considering relations (7), (6) becomes
Awy,
Avg;, = BPF,, - Avg, — 2LPF,; - wn (8)

w1
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Expression (8) indicates that the SOGI provides not only an ideal
BPF,, for the perturbation Avsj, but also an LPF,; filtering the
frequency error Awy,. Since Awj, comes from the FLL and is caused
by Awgy,, FLL should also be linearized.

According to Fig. 1, the transfer function of FLL is

w=-L(y = v}) g5 = ~2(1 = BPF.) - k-LPF, -v5. ()
s : s
Similar linearizing process can be performed, which substitutes (3)
and (5) into (9), and then applies harmonic linearization. In this way,
we get

Aw;,

29k(s* + wi)wi A
- _ Awvgy, .
sD? + 2sDywy (ks + 2wy ) + 2kyw; (s + 2w?) oh

H(s)
(10)

Further substituting (10) into (8), the linearized small-signal model
of the SOGI-FLL is obtained as

A’U;h, = (BPle + %LPFUA . H(S)) -A’UQ}L. (11)

Gsoai(s)

It is noted that the a-axis model has the same form as (11) due to
the symmetry yet with only a different subscript ah.

C. Linearizing “atan2”

To calculate the phase angle of the grid voltage, arctangent
is employed in form of “atan2” following the SOGI-FLL, as
shown in Fig. 1. It gives an angle at range of [—m, 7| with

definition that
arctan(vj /v;) v >0

«a

arctan(vy /vy ) +7 v <0,v5 >0

atan2(vj,v,) = qarctan(vy/vy) —7 vy < 0,05 <0 . (12)
+7/2 vl = 0,05 >0
—m/2 vy =0,v5 <0

For small-signal modeling, “atan2” can be simply regarded as “arc-
tan,” and it can be linearized as

darctan(v; /v},)

ov:

«

0(t) = 6:(2) + (ve (1) = Vi1 ()
—_————

Av* (1)

ah

darctan(v; /v},)

G (W) - Vi(1) . (13)
I} N
Avgh(t)
Considering that A(t) = 6(t) — 61 (¢), (13) becomes
=V (@) - Avs, (t) + VI (t) - Avg, (t
Aé‘(t) _ dl( ) Uah,( ) ul( ) vdh( ) (14)

Vi) + Vit ()

Since V7 1(t) and V7, (t) are the ideal fundamental components in
the outputs of SOGI-FLL in the «-axis and (-axis, respectively, they
are simply set as

{Vj (t) = Vi cos(wi t) (15)

Vi (t) = Visin(wit)
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Fig. 2. Frequency-response diagram of Ggog1(s — jwi) for describing the
relationship of Af(s — jwi ) and Avgy, (s) [see (22)].

Then, (14) can be further expressed as (16) by considering that
i=1

AO(t) = =Awy, (t) -sin(wit) + Avgy, (L) - cos(wi t). (16)
Afterwards, employing Euler equations of
sin(wit) = —j (e/“1! —e7dw1t) /2
o | a7)
cos(wyt) = (ed1t 4 eIw1t) /2
and then applying Laplace transformation, (16) turns to
1o ) A s .
A8(s) = 5183, (5 — jen) = A0, (5 + i)
+ Avgy, (s — jwi) + Avgy, (s + jwr )] (18)

Since the a3 components of a balanced voltage perturbation keep
the frequency-domain relation [11] of

szh(s) = jAv;’;h (8) (19)

expression (18) can be simplified as

Ab(s) = —jAvg, (s + jwi) = Avgy (s + jwr). (20)

Finally, substituting (11) into (20), the linearized small-signal model
of the SOGI-FLL-based grid synchronization can be obtained as

AbB(s) = —jGsoai(s) - Avgp (s + jwr)

= GSOGI(S) 'AUﬂ/L(S+jw1). (21)

The model in (21) reveals the impact of the voltage perturbation on
A6, and 90° phase difference between «-axis and [3-axis model is due
to the relation (19). According to the derivation, the SOGI-FLL gives
a small-signal model G's 1, while the linearized “atan2” introduces a
fundamental-frequency shift to Av,, and Avg,,, as given in (21).

III. IMPACT ON MEASURED PHASE

A fundamental-frequency shift can be applied to (21) to directly
observe the impact of the voltage perturbation on A6, which is

AO(s — jwr)
Avgy (s)

Itreveals a fact that, with the SOGI-FLL-based grid synchronization,
avoltage perturbation A vy, (jw) will introduce an angle error A6, vary-
ing at a shifted frequency (jw — jw; ). The corresponding frequency
response is shown in Fig. 2, where the grid fundamental frequency
is 50 Hz and the negative frequency represents the negative-sequence

= Gsoci(s — jwr). (22)
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Fig. 3. Phase angle estimated by the SOGI-FLL-based grid synchronization,
where 6 is in its actual values.

component. And moreover, two values of the synchronization loop
bandwidth (Bw), which is defined as the bandwidth of BPF,; in (11),
are compared in the figure.

It can be seen that G5 mainly performs as a BPF, even though
there is an additional termin (11). Thatis because this term is introduced
by Aw, while, with the small voltage perturbation, Aw is quite small
and consequently has quite limited influence.

To verity these features, the SOGI-FLL scheme is implemented in
the lab to estimate the phase of a three-phase voltage. The three-phase
voltage is generated by a programmable ac source and contains the fun-
damental component at 50 Hz/220 V mixed with a specific perturbation
at 10% magnitude of the fundamental. For simplicity, only phase-A
voltage (v4 ) is displayed in the test results. Moreover, to clearly show
the impacts on Af, larger synchronization loop bandwidth, which is
Bw = 120 Hz, is selected in the test. And corresponding results, 0
and A6 are output by a D/A converter for displaying.

As shown in Fig. 3, the grid synchronization with SOGI-FLL gives
6 at the range of [—7, +] due to “atan2.” Since perturbation is given
to the grid voltage, shown as the waveform v, in Fig. 3, A# exists in
0, although it is quite small.

To examine the details, Af is extracted by subtracting the
phase of the ideal fundamental voltage (6;) from the measured 6,
which is then amplified 100 times larger before output by a D/A con-
verter. By doing so, Af can be easily observed and analyzed in the
test results, but it is worth keeping in mind that this A# is actually
100 times larger than its actual values.

In this way, Fig. 4(a)—(c) depicts the test results about Af caused
by voltage perturbations at the positive-sequence sixth-order (j6w ),
the negative-sequence sixth-order (—j6w; ), and the positive-sequence
25 Hz (j0.5w; ), respectively.

In line with the theoretical analysis, the voltage perturbation
Awy, (jw) will bring the angle error Af(jw — jw, ), which is Ag vary-
ing at the positive fifth-order (j6w; — jw; ) in Fig. 4(a), the negative
seventh-order (—j6w; — jw;) in Fig. 4(b), and the negative 25 Hz
(70.5w; — jwy ) in Fig. 4(c). Moreover, reducing the synchronization
loop bandwidth in the tests can suppress down A# for any kind of
perturbation, which is consistent with the frequency responses shown
in the Fig. 2.

IV. IMPEDANCE ANALYSIS OF GRID-CONNECTED VOLTAGE
SOURCE CONVERTER (VSC)

The model in (21) is the basis of the impedance analysis for a grid-
connected converter that employs SOGI-FLL for grid synchronization.
Taking a three-phase VSC with an SRF-PI current controller as an
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Fig. 4. Testresults of the impact of Avy, (jw) on Af(jw — jwi ), where A6
is magnified at 100 times larger than its actual values. (a) With positive sixth-
order perturbation; (b) with negative sixth-order perturbation; (c) with positive
25-Hz perturbation.

TABLE I
MAIN PARAMETERS OF THE TEST SETUP

AC voltage (1%) 220 V/50 Hz DC voltage Vpe = 730V
Perturbations 10% in mag. Line inductor L = 3 mH
Switch frequency  fy = 10 kHz bandwidth Bw = 120 Hz
d-axis ref. it =5A g-axis ref. iret =0

example, its harmonic impedance model in the a3 frame is

Gsoai(s — jwr)

ANigsn(s)=|=X(s)+ Z(s)- Vi “Avap ()
Nigg p[—(s — j2wi)] =Y (s)- 7GSOGI‘(/5; je) Avasn(s)
Af(s—jwy)
(23)

where X(s), Z(s), and Y(s) are expressed in the appendix.

Please note that the derivation of (23) is similar to the work in [7].
The differences are that SOGI-FLL is employed for grid synchro-
nization, and the sign of frequency is used to distinguish the positive
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Fig. 5. Test results for frequency-coupling current due to perturbation Avy, .
(a) For positive-sequence sixth-order perturbation; (b) for negative-sequence
sixth-order perturbation; (c) for positive-sequence 25-Hz perturbation.

sequence and the negative sequence. Consequently, two equations, in-
stead of four, are enough to describe the impedance model.

The model in (23) reveals how Gso 1 affects the output impedance
of VSC. It implies that the voltage perturbation Av,, (jw) will not only
bring in the harmonic current at the frequency of perturbation but also
cause a coupling current at the frequency [—(jw — 72w )], which is in
the opposite sequence for the frequency with a double-fundamental-
reducing shift from the frequency of perturbation.

This frequency-coupling dynamics is firstly pointed out for the con-
dition with SRF-PLL [7]. And according to (23), this dynamics still
exists when the stationary-reference-frame SOGI-FLL is employed
for grid synchronization. As indicated by the lower part of (23),
the impedance of the frequency coupling is directly related to A#.
Therefore, this frequency-coupling dynamics can reflect and validate
the features of the developed Gsoar-

To verify the analysis, a three-phase VSC with constant dc-link
voltage is connected to a programmable ac source in the lab and is
commanded to inject fundamental current to the source with an SRF-
PI current controller. SOGI-FLL is employed for grid synchroniza-
tion and detailed parameters are listed in Table I. Please note that the
120-Hz synchronization loop bandwidth is selected to better show the
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influences of A#, and it did not introduce instability issue because of
the low grid impedance.

In the tests, the positive-sequence sixth-order perturbation (j6w; ),
negative-sequence sixth-order perturbation (—j6w;), and positive-
sequence 25-Hz perturbation (j0.5w;), each with 10% magnitude
of the fundamental, are given to the ac voltage separately. The fre-
quency couplings are observed at the frequencies predicted by (23).
They are the coupling current at the negative-sequence fourth-order
[ (j6w; — j2wy)] in the Fig. 5(a), at the positive-sequence eight-
order [—(—j6w; — j2wy )] inthe Fig. 5(b), and at the positive-sequence
75 Hz [—(j0.5w; — j2wy )] in the Fig. 5(c), respectively.

The frequency coupling also exists even with the perturbations at any
other frequencies. And taking sixth-order perturbation as an example
further illustrates that the resulting harmonic components are not the
characteristic harmonic components of the three-phase grid-connected
VSC, hence giving better validation about the topic.

Moreover, reducing the synchronization loop bandwidth can effec-
tively suppress the magnitude of the frequency-coupling current in the
tests. All these results validate the model and analysis in this letter.

V. CONCLUSION

This letter presents a detailed derivation of the small-signal model of
the SOGI-FLL-based grid synchronization, which describes the impact
of the voltage perturbation on A# as a fundamental-frequency-shifted
BPE. The model provides a theoretical basis for addressing the dy-
namic impacts of this stationary-reference-frame grid synchronization
technique. And based on the model, its impedance shaping effects and
frequency-coupling dynamics are analyzed in the frequency domain
and validated through experimental tests.

APPENDIX
X(s)=1/(sL + Vpc - F(s — jwy)) (A.1)
Z(s) = X(s) (Voo - F(s — jor) - (6" + i)/ 2 (A2)

Y(s) = X(s— j2w1) (Voo - F(s — jwn) - (i = i) /2 (A3)

where F(s) represents an SRF-PI current controller.
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