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Modeling, Stability, and Design of the Single-Phase
SOGI-Based Phase-Locked Loop Considering the
Frequency Feedback Loop Effect

Jinming Xu", Member, IEEE, Hao Qian

Abstract—For single-phase grid-connected inverters, the second-
order generalized integrator-based phase-locked loop (SOGI-PLL)
is widely used for good harmonics attenuation and frequency adapt-
ability. However, existing studies usually neglect the frequency
feedback loop in the modeling and design process, and thus, the
potential instability caused by the frequency feedback loop is not
well explained. Besides, the improper design of SOGI-PLL can
lead to the inverter instability both under ideal and weak grid
conditions. Therefore, by fully considering the coupling of the
frequency feedback loop, this article establishes an accurate model
for SOGI-PLL. Furthermore, effects of different PLL parameters
on behaviors of both the SOGI-PLL itself and the inverter are
studied, based on which a graphical method for PLL parameters
design is proposed. As proved, the frequency feedback loop can
deteriorate the stability and performance of both SOGI-PLL itself
and inverter system, especially if rapid transient is expected. The
modeling method is also extended to the low-pass filter-SOGI-PLL
and the improved parameters design is discussed. Experimental
results verify the correctness of the proposed PLL model and the
abovementioned analysis results. The proposed model is helpful to
deeply reveal the instability mechanism and provides a reference
for the PLL design under nonideal grid conditions.

Index Terms—Grid-connected inverter, phase-locked loop,
second-order generalized integrator, stability, weak grid.

1. INTRODUCTION

O REALIZE the synchronization between grid-connected
T inverter (GCI) and the utility grid, the phase-locked loop
(PLL) is employed to obtain the phase and frequency of grid
voltage at the point of common coupling (PCC) accurately and
quickly [1], [2]. In single-phase systems, orthogonal-signal-
generator-based PLLs (OSG-PLL) are usually used to achieve
the synchronization [3], [4]. Methods for constructing the OSG
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include: 1/4 period delay [5], first-order differential [6], double
Park transform [7], Hilbert transformation [8], and second-order
generalized integrator (SOGI) [9]. Among them, the SOGI-PLL
has been widely discussed and used because of its simplicity,
good filtering ability, and frequency adaptability.

Although the SOGI-PLL has excellent performance under
ideal grid conditions, it still faces two problems: 1) instability
at a large PLL bandwidth even though under a strong grid; 2)
instability of GCI with SOGI-PLL in the weak grid even if the
PLL bandwidth is low. As more and more power electronics
devices are integrated into the grid, grid situations tend to be
more complex (e.g., voltage fluctuation, phase/frequency jump,
and variation of grid impedance). Hence, the synchronization
unit is required to be fast, accurate, and robust to accomplish the
task of phase locking. In other words, PLL should have suitable
bandwidth and be able to maintain the system stability under
large grid impedance. Such urgent need presents a significant
challenge for the SOGI-PLL.

The study in [10] showed that the SOGI-PLL might cause the
instability under high PLL bandwidth or large grid impedance,
and pointed out that the frequency feedback branch may lead to
nonlinear coupling and instability, but the in-depth study on the
instability mechanism was missing. In order to avoid the system
instability aroused by SOGI-PLL, the frequency-fixed one (i.e.,
FFSOGI-PLL) is adopted in the case of small or negligible grid
frequency fluctuation [11], where the SOGI central frequency
keeps at the nominal value, i.e., 50 or 60 Hz. This modification,
however, sacrifices the frequency adaptability for the stability.
Then, considering large fluctuations of grid frequency, scholars
try to abandon the frequency feedback loop (FFL) of PLL itself
and propose three types of improvement ways, including: 1)
parallel frequency detector method [12], [13], [14]; 2) error
calculation based compensation [15], [16]; and 3) modifying
the PLL structure [17]. However, these methods tend to increase
the control complexity and ignore the PLL dynamics, resulting
in tracking errors in the case of frequent frequency fluctuations.

In fact, obtaining accurate PLL model is the key to reveal the
instability mechanism, realize the proper design of parameters,
and put forward an effective optimization method. However, in
the past, scholars mainly considered the characteristics of the
phase feedback loop for PLL modeling, and finally obtained
a second-order system model reflecting the relation between
the phase angle of the input signal and the estimated phase
angle of PLL [18]. The second-order system model does not
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consider the dynamic of OSG, so that the PI parameters of
PLL can only be designed from the perspective of damping
ratio and bandwidth. Therefore, Golestan et al. [19] included the
SOGTI into the model and presented a design method considering
three aspects (transient performance, stability, harmonic atten-
uation). However, the abovementioned models are obtained by
linearization at the steady-state operating point. For this reason,
the study in [20] ignores the influence of FFL and deduces the
small-signal transfer function from PLL input voltage to the grid
current reference (reconstructed from the PLL estimated phase
angle) by using the method of perturbation linearization. Since
the error caused by the coupling between different frequency
components were not considered in [20], the SOGI-PLL model
was obtained by harmonic linearization in [21] and [22] from
the perspective of linear time-periodic (LTP) system. But, the
effect of frequency feedback branch is still not considered.
In [23], the effect of different paths of frequency feedback is
studied by solving time-domain state-space equations with the
help of MATLAB/Simulink. It indicates the stability boundary
under different parameters, but a deep and physical insight is
missing for the lack of PLL model. It is important to consider
the FFL and mathematically establish an accurate model of
SOGI-PLL. Recently, the importance of frequency adaptation
in the DSOGI-PLL is emphasized and analytically proved to
limit the PLL dynamics by introducing a positive feedback loop
[24]. However, the obtained model is rather complex and can
not be directly applied to analyze the whole PLL characteristics
from PLL input voltage to the grid current reference. Moreover,
the abovementioned studies focus on the stability of PLL itself,
but neglect the imapct of SOGI-PLL on the GCI stability in the
weak grid case. Hence, in this article, the stability of both the
PLL and the GCI system will be taken into account.

In order to fill this gap, this article incorporates the influence
of the FFL into the modeling, and establishes the mathematical
model of SOGI-PLL through harmonics linearization. The main
work and contributions are summarized as follows.

1) With considering the FFL effect, a mathematical model

for the SOGI-PLL is established, which is proved to be
more accurate in predicting the stability of the PLL and
the GCI than the aforementioned SOGI-PLL models.
Based on the newly-established SOGI-PLL model, the
impact of parameters on the PLL itself and the GCI system
is analyzed, through which the FFL’s nonlinearity and the
instability mechanism are clearly revealed.
A comprehensive and graphical design procedure for the
SOGI-PLL is proposed by fully considering the stability of
PLL itself, the stability of GCI, the harmonics attenuation
ability, and PLL dynamics.

It is hoped that the work can lay a solid foundation for the
design of PLL parameters under weak grid conditions and the
further improvement for the SOGI-PLL.

2)

3)

II. SYSTEM DESCRIPTION AND INVERTER MODELING
A. Topology and Control of the GCI

Fig. 1 illustrates the structure of a single-phase LCL-filtered
grid-connected inverter. In Fig. 1, Uqc, t;ny, U4y, and u, denote
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Fig. 1. Structure of single-phase LCL-filtered grid-connected inverter. (a)
Block diagram of the GCI. (b) Structure of the SOGI-PLL. (c) Detailed scheme
of the SOGI.

Fig. 2.

Closed-loop control block diagram of the grid-connected inverter.

the dc voltage, inverter output voltage, PCC voltage, and ideal
grid voltage, respectively. i o1 and i, denote the capacitor current
and the grid current. The inverter-side inductor L1, capacitor C1,
and grid-side inductance Lo together make up the LCL filter. Z,
is the grid impedance. /., is the amplitude reference of i, and 7,..f
is the grid current reference. G.(s), GA(s), G4(s), and Gprr(s)
denote the current controller, PCC voltage feedforward, digital
control delay, and PLL, separately. In this article, the SOGI-PLL
is studied and its structure is shown in Fig. 1(b) and (¢). kap is
the LCLAfilter active damping factor.

Fig. 2 depicts the GCI closed-loop control block, where kpvynm
is the PWM gain with total control delay 7'4. For simplifying the
calculation, |kpwa| is normalized (viewed as 1). For capacitor
current active damping, the large delay is not conducive to the
robustness. Hence, the delay compensation in [25] is adopted,
and the total delay after compensation is about 0.5/f;. The used
parameters of the GCI system are all given in Table I.
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TABLE I
PARAMETERS OF A SINGLE-PHASE TNPC INVERTER

Parameter Symbol  Value  Parameter Symbol  Value

Rated power Praea 5kW  Inverter- L 0.75mH
side
inductance

DC voltage Uye 760 V. Grid-side L, 0.45mH
inductance

Grid voltage U, 220V  Filter C 6.8 pF

Ugn 311V capacitance

Grid W 1007z Switching fow 15 kHz

frequency rad/s  frequency

PR current ky, Ky, 9, Sampling 1 15 kHz

controller o8 600,6  frequency

PCC voltage G(s) 0.6 Total delay Ta 0.5/f;

feedforward

Active kAD 13

damping

A
]
[}

(2)

Fig. 3. Impedance model of the grid-connected system. (a) Typical Norton
model. (b) Revised model considering the PLL effect.

B. Impedance Model of the GCI

Fig. 3(a) shows the inverter output impedance model without
considering the influence of the PLL [26], where the inverter is
regarded as a current source i (controlled by i,..y) in parallel with
its output impedance Z,, and the grid can be approximately
replaced by the voltage source u in series with grid impedance
Z,4. However, the grid current reference i,.r and the PCC voltage
ug are coupled by the PLL, i.e., i,¢f(s) = I, GpL1.(s)u,4(s). Hence,
the inverter output impedance should be revised as [3]

L1 LyCy 8* +kapkpwmLoCrs2+ (L1 + La)s
+G.(s)kpwm

L10132+kADkPWM013+1_Gf(3)kPWM:|

Zout_PLL (S) =
|: _I’ULGPLL(S)GC(S)kpr

(D

The output impedance model can be transformed into the
one in Fig. 3(b). Following the impedance stability criterion
in [26], the GCI stability is easily predicted by applying the
Nyquist stability criterion to the impedance ratio Z, / Zout PLL-
It is easy to know that, in order to precisely analyze the system
stability, an accurate model for the SOGI-PLL must be obtained.
But, as mentioned in Section I, the frequency feedback loop is
usually ignored, yielding an inaccurate model. Fig. 4 presents
the simulation results of the SOGI-PLL. Clearly, other than the
dominant dc component, certain amount of 100 Hz component
exists in wprr, as well. In the following, it will be shown that

(a)
FFT result
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S | i
e bommmmeeee T
Y | |
= | |
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g | |
U i K | [
= | i
| |
, | a
100 200 300 400
[f(Hz)
(b)

Fig. 4. Simulation results of the SOGI-PLL. (a) ug, iref, and fprr. (b) FFT
result of wpr,L,.

Fig. 5.

Modeling procedure for the SOGI-PLL.

how the PLL behavior and GCI stability are affected by such
component that neglected in the previous work.

III. SOGI-PLL MODELING AND VALIDATIONS

In this section, as shown in Fig. 5, the SOGI-PLL is divided
into four parts for obtaining an intuitive and accurate model.

Step 1: Establish the model of the SOGI, where the input is ug,
wpr1, and the output is u,, ug.

Step 2: Establish the model of the Park transformation, where
the input is u,, and ug and the output is u,,.

Step 3: Establish the model of the SRF-PLL, where the input is
ug4 and the output is Opyr..

Step 4: Establish the model of the grid current reference recon-
struction, where the input is fpy,1, and the output is i,.y.
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Step 1. SOGI module modeling: When a disturbance signal at
frequency f,, is injected into the GCI, the component with
the frequency of mf,, & nfi (m €N, n €N) will be generated
[22], [27]. To perform linearization in the modeling process,
the dominant frequency component of f,, & nf; (n€N) is
usually considered and m = 1 is taken. In terms of the
frequency spectrum of each response component, each ac
variable mainly contains the frequency component of f,, +
nfi (n=1,3,5, ...) and each dc variable mainly contains the
frequency component at f,, &= nf1 (n =0, 2, 4, ...). The larger
the coefficient n is, the smaller the proportion or amplitude of
this frequency component is [28]. Therefore, in this article, the
ac variables (e.g., ug, uq, ug) only considers the component
atf, = f1. Here, define f}, + f1 as “positive mirror frequency”
and define f;, — f1 as “negative mirror frequency”. For the
dc variables in the SOGI-PLL (e.g., uq, u4, wprr,), only the
component at f;, is considered. Note that the feasibility of
dominant components selection will be validated at the end
of this section.

According to the abovementioned analysis, the PLL input
voltage u, is
ug(t) = Ugp cos(2m f1t) 4+ Uy cos2m(f + f1)t + pup)
+ Uy cos2m(fp — f1)t + Pun) (2)

where U, is the amplitude of the fundamental voltage atf1, Uy,

and ., are the amplitude and initial phase of “positive mirror

frequency” voltage at f}, + fi, and U,, and ¢,,, are the amplitude

and initial phase of the “negative mirror frequency” voltage at

fp - f1. Other symbols in the article follow the same notation.
The Fourier coefficient for u, in (2) is

e =Eh
%eij@up7f = :I:(fp + fl)
%eijwn,f ==x(f, — fr)

Similarly, assume the time-domain expression for u, ug, and
wpLL to be

Ua (1) = Uy, cos(27 f1t) + Uy cos2m(fp + f1)t + @ap)
+ Uan COS[ZW(JCP - fl)t + Lpom] “)
ug(t) = Ugy, sin(2m f1t) + Upp cos[2m(fp + f1)t + ¢3p)

Uglfl = 3)

+ Upn cos2m(fp — f1)t + ¢an] 5)
wpLL(t) = w1 + Qs cos(2m fiot + Yus)- 6)
The Fourier coefficients for u,, ug, and wpr, are
%7 f = :tfl
Ualfl = Vap, f = £(fp + f1) (N
Vanaf = j:(fp - fl)
Lo, f=+h
Uslfl = § Vap, f=%(fp+ f1) ®)
Vn, f==(fp — f1)
_ ) W, f =0
QPLL[f]_{Q&f:ifp C))
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U, ; . .
where Vop = %eiﬂ #er and the rest of Fourier coefficients

Vans Vgp, Van, and Q, follow similar shorthand notations.

For the SOGI, there are two inputs: one is u4 and the other is
the estimated angular frequency wpy, (reflecting the frequency
feedback loop). For the cross-product value of the disturbance
components in u, and wpy, is small, the frequency responses of
u,, and ug with respect to u, and wpy 1, are calculated separately.

A. Transfer Functions From wpr,, o U,, Ug

Usually, in the past, wpry, is viewed as its steady-state value
of about 314 rad/s. In this article, the influence of disturbance in
wpLL ON u, and ug is taken into account. Hence, u, is viewed as
its fundamental component without any disturbance but wpr,,
is viewed, as shown in (9).

Based on Fig. 1(c), the time-domain expression of eg is
eg = ke(ug —ua) — ug. (10)

And the frequency-domain expression of eg is

+jog f =2 fy
_(kevap =+ V,Bp)a f= i(fp + fl)

*(kevan + Vﬁn)a f = :t(fp - fl)

Based on Fig. 1(c), the time-domain expression of u,, and ug
is

Eg[f] = (1)

U = /(65 X prL)dt (12)

ug = /(ua X UJPLL)dt. (13)

Substituting (11) into the frequency-domain expression of
(12) and (13), it has

1 U,,
Vap = X | =22 + jwi (keVap +V
ap 27(f, + f1) [ 9 s + jwi( ap Bp)
(14)
. jwi U WLQS
Vﬁ _ ]Ugmﬂs W%(k'evap + V,@P) —? 5
! 2u1 2r(f, + f1)]

s5)

By comparing the coefficients of (14)—(15) with (7)—(8), the
gain from wpr 1, to u, and ug at “positive mirror frequency” can
be obtained and expressed as

ua(s+jwl) Ugm

Pa(s) = _ s+ j 16
(s) Qprr(s) Jkew1 Gals+jer) (16)
UB(S +jw1) Ugm . Ugm
Ps(s) = _— .
5(s) Qprr(s) Jkew Gals + Jon) + J2w
(17

The transfer function at the “negative mirror frequency” can
also be obtained as

’U;a(S _jwl) o Ugm,

Na = = - al\s — ] 1
(s) Qprr(s) Jkewt Gals = jwr) (1%)
uﬁ(s - jwl) Ug’m . UgnL
N, = = — - —. (1
B(S) QPLL(S) jkewl G/@(S le) j2w1 ( 9)
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B. Transfer Functions From Ug fo u,, Ug

In Fig. 1(c), neglecting the disturbance influence of wpy,1, and
according to the Mason’s formula, it is easy to obtain that

0o =~ e
Combining (16)—(21) together, gives
Ua(s + jwi) = Pa(s)QpLL(s)
+ Gals +jwi)ug(s + jwr)  (22)
ug(s + jwi) = Ps(s)QpLe(s)
+Gp(s+jwi)ug(s +jwr)  (23)
Uq (s — jwi) = Na(5)QpLL(S)
+ Gals — jwi)ug(s —jwi)  (24)
ug(s — jwi) = Np(s)pLL(s)
+ Ga(s — jwi)ug(s — jwr).  (25)

Hence, the modeling of the SOGI is completed.

Step 2. Park transformation module modeling: The time-domain
expression of the Park transformation is

ug | | cosfpry sinfpy | Ua
Ug o —sin GPLL COS HPLL up

= Tup—dq(OpLL) - [ua} . (26)

up

If the input voltage has no disturbance, the corresponding
PLL estimated phase angle is denoted as 6. However, when the
influence of input voltage disturbance is taken into account, an
angle difference (denoted as Af) between the estimated phase

angle Opyy, and 0, appears, i.e.,
OprL = 01 + A6. 27
Substituting (27) into (26), To3— d4(fP1L) can be rewritten as

Taﬁ%dq (QPLL) = Taﬁ%dq(Ag) . Taﬁ%dq (91)

Note that all the variables after the product of ug4, u, and
Top-5dq(01) are labelled with the corresponding subscripts of
“y”. Combining (26)—(28), it can be obtained that

(28)

Udy + JUgy = (Ua + jug)e 1%, (29)

Notice that the quadratic term in the disturbance component
has been omitted in (29). And, it can be seen from (29) that u,
contains components with frequencies of f,, f;, &= 2f1, and so on.
On the one hand, f,, & 2f; and other frequency components are
relatively small; On the other hand, f,, + 2f; and other frequency
components did not contribute to the final single-input-single-
output model of PLL [29]. Hence, only the component at f;, is

considered in u4,, which gives
Vap —Van Vﬁp+vﬁn
- + .
27 2

Rewriting (30) in the form of a transfer function, yields

Uglf] =5, = (30)

_ Ua(s — jwi) — ua(s + jwi)
2j
ug(s — jwi) —ug(s + jwr)
+
2
Then, the modeling of Park transformation is completed.

Ugo(S) =

. 3D

Step 3. SRF-PLL module modeling: Harmonic linearization
modeling of the SRF-PLL has been described in detail in
many past studies like [21], [22], [29]. The corresponding
transfer function is given directly without further elaboration
here, i.e.,

ki pu 1
(kp_pll + = ) T

Ab(s) = o
L+ Ugm (kp_pll + Tp) )

“Ugw(8)

—

= TPLL(S) . uqv(s) (32)

where kj, ,;; and k;_p;; are the proportional coefficient and
integral coefficient of PI regulator of PLL, respectively.

Step 4. Current reference reconstruction module modeling: Ac-
cording to Fig. 1(c), the time-domain expression of i,y is

iref = Im COS (9pL]_. (33)

Substituting (27) into (33), gives
irer = I cos(01 + AB)
~ I,, cos0; — I,,,A0sin 0,
=Iref +iref v (34
Applying the Laplace transform to i,f , yields

. I . .
ZT'ef_v(S) = _L;[AG(S — jwi) — A0(s + jwi)]. (35)
Modeling of current reference reconstruction is completed.

Atlast, combine the modeling results in Steps 1—4, the desired

transfer function of the SOGI-PLL is

Gsoci-pLL(s) = —%[Gp(s —jwi) — Gn(s+ jwi)] (36)
G (s) = TorL(s) - [=jGa(s + jwi) + Gp(s + jwr)]
P 2—8Tp1L(8) [~ Pa(s)+jNa(s)+Ps(s)+Ng(s)]
(37)
Go(s) Ter(s) - [[Gals — jwi) + Gp(s — jw1)]

2= 5Tpi(5) [ Pa(5) + 7 Na(s) + Pa(s) + Na(s)]
(38)

where the transfer functions of G,(s) and G (s) are depicted at
the bottom of this page.
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TABLE II
COMPARISON OF DIFFERENT MODELING METHODS FOR THE SOGI-PLL

LTI/LTP  FFL considered? DC gain prediction =~ Low-frequency accuracy =~ Model complexity
Model-1 LTI No High Low Simple
Model-2 LTP No Low Medium Simple
Model-3 LTP No Relatively high Medium Medium
Proposed LTP Yes High High Medium

*LTI and LTP represent ‘linear time-invariant” and ‘linear time-periodic’ modeling.

Bode Diagram
—~ 50
/M
T o
g Consider the amplitude of
E 50 — opsi L“ﬂ:it of ug
%40@ — == -
= 150
200]
—_ Model-1
o0 100 —— Model-2 []
) 0 ) —— Model-3 ||
o —— Proposed
< + Measured|{
-100: NS
& e —
200~ : 7 03
10 1 1
Frequency(Hz)
Fig.6. Bode plots of proposed theoretical model and simulation measurements

for the SOGI-PLL.

To verify the accuracy of the proposed mathematical model
shown in (36), a simulation model of the SOGI-PLL was built
in MATLAB/Simulink. By injecting a disturbance with 4%
amplitude of the fundamental grid voltage into the input voltage
ug, the FFT function provided by the “powergui” module in
Simulink is used to detect the amplitude and phase of relevant
frequency components in i, point by point. During this test, the
SOGI-PLL parameters are k. = 1.414, k,,_,,;; = 0.69, and k;_,;
= 75. Fig. 6 shows the Bode diagrams of the measured results
and the theoretical model results. In order to show the benefit
of the proposed model, Model-1 in [19], Model-2 in [20], and
Model-3 in [21], [22] are drawn together in Fig. 6.

It can be seen and concluded from Fig. 6 that as follows.

1) The measured results are very consistent with the pro-
posed SOGI-PLL theoretical model, which proves the
correctness of the newly-established model as well as the
reasonable selection of dominant frequency components
as mentioned at the beginning of Step 1.

2) Model-1 actually reflects the transfer function from the
input phase angle to the output phase angle (i.e., from 6, to
0 p1,1,) and thus cannot reflect the frequency characteristics
of the SOGI-PLL. If the amplitude influence of u is taken
into account (as shown by the orange dotted line in Fig. 6),
the revised amplitude-frequency curve of model 1 is much
closer to the measured one, but it still cannot reflect the
resonant peak in the amplitude-frequency curve (above
the fundamental frequency), and the phase mismatch is
large.

3) The Bode diagrams of Models 2 and 3 are consistent with
the measurement results above 200 Hz, but there still exists
considerably large mismatch below 200 Hz.

Pole-Zero Map

0.15 O 100:07 5 0-:030:01700
<60 5 5o 0 —05 26600 %
‘» : X 5
= 24 _x increa =400
g 40 x o 300
b= =) .
-/l 100
Y/ 4 . X of
5 E@VFZOOHM
g 7 X 2 300
= % —
'g; 40070.24 x 0
E | , 200
= 600 0.10..0.07 0.03.0.0
01577 ‘ 0.05 77 700
0o B0 -0 40 Z20° 0 20
Real Axis (second-s™)

Fig. 7. Pole-zero map of the SOGI-PLL under different fgvw .

4) In conclusion, compared with existing Models 1, 2, and 3,
the proposed model is more accurate and can better reflect
the actual frequency characteristics of the SOGI-PLL.

A comparison of the differences among Model-1, Model-

2, Model-3, and the proposed model is summarized in
Table II.

IV. IMPACT OF SOGI-PLL PARAMETERS ON THE PLL ITSELF
AND THE GCI

A. Traditional Design Guideline

In [19], a design method for the three control parameters of
the SOGI-PLL is comprehensively considered, but this method
isrelatively complex. Then, in [20], based on a simple model, the
SOGI parameter (k) and PI parameters (k,_,y; and k;_p;;) can
be designed separately. Considering the harmonic suppression
ability and dynamic performance, a compromise is taken that k.
is selected as 1.414 [11], [15]. In the following, k. is set as 1.414
if not specified. For k,,_,;;and k;_y;, they are usually determined
by the damping factor £ and PLL bandwidth fgw from a typical
second-order system model proposed in [20]. Generally, € is set
as 0.707, which is an optimum value for the overshoot and the
settling time. Therefore, according to the traditional PLL design
method in [20], the SOGI-PLL parameters are determined only
by the bandwidth of SRF-PLL part.

B. Impact of SRF-PLL Bandwidth on SOGI-PLL and GCI

It should be pointed out that the SOGI-PLL behaves strong
nonlinearity, which means its bandwidth should not be too large,
otherwise the PLL itself will become unstable. Fig. 7 shows the
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pole-zero maps of SOGI-PLL with k. = 1.414 for different SRF-
PLL bandwidth. Seen from Fig. 7, when fgw increases, two pairs
of dominant poles gradually move from the left half-plane to the
right half-plane, indicating the instability of the SOGI-PLL.

In [30], it is pointed out that the SOGI-PLL is approximately
regarded as the cascade of SOGI and SRF-PLL in the case of
a small PLL bandwidth. In other words, the bandwidth of the
overall PLL system is also affected by the SOGI. To compare
the relationship between the actual bandwidth of SOGI-PLL and
the bandwidth of SRF-PLL, Fig. 8 shows the Bode diagram of
SOGI-PLL when the bandwidth of SRF-PLL part is 75, 100,
125, and 150 Hz, respectively. As can be seen from Fig. 8,
the PLL bandwidth decreases sharply with the increase of fgw,
and the two resonant peaks become much more prominent in
the amplitude-frequency curve. This indicates that the nonlinear
impact of SOGI-PLL becomes more obvious with the increase
of fgw. In other words, the influence of frequency feedback loop
on the PLL frequency characteristics is more significant when
Jfaw turns larger. Note that the gain and phase angle around
50 Hz are never changed, which is a necessary property for the
phase locking mission of the PLL.

Then, the main effects of the frequency feedback loop are
summarized as follows.

1) The two resonant peaks become much larger and their

frequencies change along the 50 Hz line to both sides.

2) Theloop gain of the PLL. moves up and the PLL bandwidth

decreases mainly due to the increase of dc gain.

It is worth noting that Fig. 8 shows that the dc gain of the PLL
increases with the increase of fgy . That is, the suppression of dc
offset in the grid voltage will be affected by the increase of fgw,
which is quite different from the dc characteristics reflected by
the models proposed earlier (e.g., models 1-3).

Table III shows the dc current value of the SOGI-PLL under
different SRF-PLL bandwidths, obtained from Simulations. It
can be seen from Table III that the theoretically-calculated value
of the SOGI-PLL dc gain is close to the measured value and
increases with the increase of fgw, which verifies the theoretical
analysis. Note that the SOGI-PLL cannot work stably at 150 Hz,
which corresponds to the dominant poles in Fig. 7 located near
the imaginary axis.

TABLE III
DC GAIN OF THE SOGI-PLL WITH DIFFERENT Fpw

dc output (A)
Jfew(Hz) dc input (V)
theoretical measured
75 10 0.26 0.27
100 10 0.75 0.75
150 10 unstable
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By substituting the proposed SOGI-PLL model into (1), the
stability of overall GCI system is then evaluated. Fig. 9 shows
some Bode plots of inverter output impedance Z,,; prr, when
the short-circuit ratio (SCR) is 2, 3, 10 and the SRF-PLL
bandwidth is 75, 100, 125, 150 Hz, respectively. When fpw
increases, the frequency at the intersection of Z,y;_prr, and Z,
in the amplitude-frequency curve grows gradually but the phase
margin of the inverter system decreases. When fgyw increases
to 150 Hz, even if SCR is 10 (Z, is small), the phase at the
intersection frequency is below —90° and the inverter system
is unstable. In this case, Z,y:_prr and Z, intersect between
80-100 Hz (i.e., the frequency around the second resonant peak
in Fig. 8, as revealed by the proposed SOGI-PLL model), where
the phase-frequency curve changes dramatically.

C. Impact of SOGI Parameter K,

It has been mentioned that k. = 1.414 is generally considered
in previous literature. In fact, known from the transfer function
of SOGI-PLL [as shown in (36)], the influence of k. should
not be ignored. Fig. 10 shows the influence of different k.
values on SOGI-PLL when the bandwidth of SRF-PLL part is
set at 100 Hz. With the increase of k., the resonant peak in
the amplitude-frequency curve is suppressed, but the rejection
ability at higher frequencies is weakened. Another advantage of
larger k. is the faster dynamics of the SOGI and, thus, the whole
SOGI-PLL.

Fig. 11 shows the Bode diagram of Z,,; pr1, under different
k. when the SRF-PLL bandwidth is 100 Hz. In the figure, with k.,
increasing, the notch at the resonant peak frequency of SOGI-
PLL gradually moves up, and finally there does not exist the
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TABLE IV
PLL PARAMETERS EFFECTS ON THE SOGI-PLL AND GCI WITH/WITHOUT CONSIDERING THE FFL EFFECT

Without considering the FFL Considering the FFL

Parameter

Effect on SOGI-PLL itself Effect on the GCI Effect on SOGI-PLL itself Effect on the GCI

Increasing k. » Fasten the dynamics

» Little effect on the GCI

» Reduce the resonant peak

» Reduce the resonant

» Weaken the harmonics stability caused by FFL peak caused by FFL
attenuation » Help improve the stability » Help improve the
» Fasten the dynamics stability
» Weaken the harmonics
attenuation
Tncreasing f > Slightly affect the stability » Weaken the stability » Increase the resonant peak » Increase the resonant
L (due to the failure of resonant (normally due to the caused by FFL peak caused by FFL
peak prediction) coupling of current loop »> Weaken the stability » Weaken the stability
» Do not affect the dc gain and PLL) » Reduce the whole PLL more seriously due to
bandwidth the resonant peak
» Increase the dc gain
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GCI stability are summarized in Table IV. For the purpose of
F;%.elsl. Bode plots of the inverter output impedance while k. takes different comparison, the results of ignoring the FFL are also given.
values.

intersection for SCR =3 and k. = 1.414, meaning that increasing
k. can improve the stability of the GCI system under the weak
grid condition. However, increasing k. will weaken the filtering
ability of the SOGI, and then affects the estimation accuracy of
the PLL. Therefore, for k., a compromise has to be made by
considering both the PLL estimation accuracy and weak grid
robustness.

At last, by considering the inherent frequency loop coupling,
the effects of PLL parameters on the SOGI-PLL itself and the

D. Comparisons of Different SOGI-PLL Models

Fig. 12 shows the pole-zero maps of different SOGI-PLL
models under k. = 1.414, fgw = 200 Hz (denoted as Case
I). Compared with the proposed model (see Fig. 7 for fpw =
200 Hz), the existing models all fail to predict the right half-plane
poles in the SOGI-PLL under Case I.

Fig. 13 shows the Bode plots of Z; and Z,,,;_pr,1, With using
different SOGI-PLL models under k. = 1.414, fgw = 150 Hz
and L, = 10 mH (denoted as Case II). The proposed model
reveals that Z,,;_pr1, and Z, intersect at a frequency where the
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(c) Consider the PLL harmonic attenuation only. (d) Consider all the factors in (a)-(c) where L, is set as 15 mH.

phase of Z,¢_pr1, is much below —90°, meaning that the GCI is
unstable. However, the rest models fail to predict the instability
of the GCI under Case II.

V. PROPOSED PARAMETERS DESIGN OF SOGI-PLL

The considered control performance includes three aspects: 1)
stability, 2) accuracy, and 3) rapidity. The “stability” requires that
the PLL must first ensure its own stable operation, the “accuracy”
means that the PLL must be able to synchronize with the PCC
voltage under various conditions, and the “rapidity” means that
the PLL should track the phase and fundamental frequency of
PCC voltage quickly. In addition, the GCI stability should be
also considered under the weak grid. To sum up, in this section,
the following factors are guaranteed by the parameters design:

1) stability of the SOGI-PLL itself;

2) stability of the GCI under the weak grid;

3) accurate estimation under voltage harmonics;

4) desired transient response (not too slow).

Firstly, the stability of SOGI-PLL itself is considered. By
using the SOGI-PLL transfer function deduced in Section III and
the MATLAB function “isstable()”, the stability of SOGI-PLL
with different k., and SRF-PLL bandwidth fgw is judged, as
shown in Fig. 14(a) . Seen from Fig. 14(a), too small k. or large
faw leads to the instability of PLL itself. In addition, the smaller
the parameter k. is, the smaller the SRF-PLL bandwidth fzw will
be, in the premise of ensuring the stability of SOGI-PLL itself.
When k. reaches a certain value [about 1.5 in Fig. 14(a)], it can
be guaranteed that the PLL itself is basically stable.

Fig. 15.

Fig. 16.

Define k., fpw, Lgas the input variables, and design orientations are
stability, accuracy and fast dynamics.

v

Using "isstable(eq. (36))" in MATLAB, draw the parameter Region 1
to obtain Fig.14(a) ( marking stable cases with "Green")

v

Using "isstable(1/(Zy+Zp p1r))" with eq. (1),(36) in MATLAB, draw
the parameter Region 2 to obtain Fig.14(b)

v

Considering harmonics attenuation /., (f1, /2, =) and (36), draw the
parameter Region 3 to obtain Fig.14(c)

v

Combine Regions 1-3 to obtain Fig.14(d), and draw the recommended
region by considering margins and PLL dynamics

v

Select parameters k., fp, translate ¢=0.707 [20] and fz to &y, pi ki pir

End

Proposed design procedure for the SOGI-PLL.
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Optional parameter region of the SOGI-PLL. (a) Consider the PLL stability only. (b) Consider the GCI stability and the variation of L, from 10-15 mH.
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TABLE V
ACCURACY OF DIFFERENT MODELS FOR SPECIFIC CASES

Stability results Case | Case 1T
Model-1 Stable Stable
Theoretical Model-2 Stable Stable
predictions Model-3 Stable Stable
Proposed Unstable Unstable
Experimental records Unstable Unstable

Similarly, using the SOGI-PLL mathematical model and the
impedance stability criterion, the influence of PLL parameters
on the stability of the inverter under weak grids can be analyzed.
Fig. 14(b) shows the optional range of parameters considering
the GCI stability in the weak grid (first, take L, = 10 mH for
analysis as the basis). Compared with Fig. 14(a), the optional
parameter range in Fig. 14(b) is somewhat narrowed, which is
mainly caused by negative resistance characteristics of PLL and
nonlinear coupling of SOGI-PLL. Note that the multicrossing
region (where the output impedance and the grid impedance
intersect at multifrequencies) is not recommended. When L,
increases from 10—15 mH, the optional area will be further
reduced [see the expanded region in Fig. 14(b)].

In addition to the PLL stability and the GCI stability, the
harmonic suppression of PLL itself should also be considered.
In [31], it is revealed that typical odd harmonics in the grid
should be suppressed with [—20, —40] dB. Considering that the
mathematical model in [31] is the relation from phase angle to
phase angle, the constraint should be divided by the amplitude
of the PCC voltage when considering the voltage as the input.
Therefore, two points are considered here: 1) suppress the odd
harmonics below —70 dB; 2) suppress the resonant peak (caused
by the frequency feedback loop in the PLL) below —50 dB to
prevent amplifying the low-frequency inter-harmonics.

Fig. 14(c) shows the optional parameter region considering
the harmonics suppression capability. According to Fig. 14(c),
when k. or SRF-PLL bandwidth fgyy is too large, the harmonic
suppression of PLL does not meet the requirements. In practical
application, if the voltage harmonics at PCC are too large or the
phase-locking accuracy is required to be higher, the constraint
shall be further restrained [32]. Anyway, when considering the
harmonic suppression effect, it is necessary to avoid high k. or
JfBw, S0 as to ensure the estimation accuracy.

Fig. 14(a)-(c) is merged together into Fig. 14(d) where L,
is set as 15 mH. According to the analysis in Section IV, too
small k. will lead to the decrease of SOGI-PLL bandwidth,
and then affects the transient response. When the SRF-PLL
bandwidth fgy is very small, the SOGI-PLL nonlinearity will be
weakened, but the PLL bandwidth will also be greatly reduced,
resulting in poor dynamic performance again. In addition, if k.
is too large, the filtering effect of SOGI will be deteriorated and
the estimation accuracy will be affected. As can be seen from
Fig. 14(d), after considering all the four factors, the optional
parameter region is an approximately-triangular region. This fact
indicates that parameters of SOGI-PLL might be difficult to be
optimized under very weak grid.
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15 mH.

Finally, a step-by-step design procedure for the SOGI-PLL is
elaborated in Fig. 15, where %44() denotes the aforementioned
attenuations at f1, f>, and so on. Refer to the main text for detail.

VI. EXTENSION TO THE LPF-SOGI-PLL

In the digital control implementation, a low-pass filter (LPF)
is usually added to the frequency feedback branch, becoming
the LPF-SOGI-PLL, in order to filter out harmonics and noise
introduced by the input signal and the digital implementation.
In this section, based on the model derived in Section III, the

mathematical model of the LPF-SOGI-PLL is derived and the
relevant parameters are optimized.

A. Modeling of the LPF-SOGI-PLL
The transfer function of the LPF used in [28] is

27 fLep

_— 39
S+ 271'pr1: ( )

Grep(s) =

where f1 pr is the cutoff frequency of the LPF.
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Looking back the entire modeling process for the SOGI-PLL,
itis found that the addition of the LPF only affects step 1. Hence,
(22)—(25) should be modified for the LPF-SOGI-PLL as

Ua(s+jwi) = Pa—rpr(s)QprL(s) +Ga(s+jwi)ug(s+jwr)
(40)

ug(s+jw1) = Parer(s)pLL(s) +Ga(s+jwi )ug(s+jwr)
(41)

Ua (s—jw1) = Na1pr(s)pLL(s) +Ga (s —jwi)ug(s—jwr)
(42)

ug(s—jwi)=Nprpr(s)QpLL(s) +Gp(s—jwr)ug(s—jwr)
(43)

where P, 1pr(s) is the product of P,(s) and Grpr(s), and
P3_1,pr(5), No-1,pr(5), and Ng_1,pr(s) follow the same notations.
Finally, the transfer function of LPF-SOGI-PLL is obtained

Gp-rpr(s—jw1) —Gp-rpr(s+jwr)
2j

Grpr-soci—pLL(8)=—
(44)

where the transfer functions of G,_rpr(s) and G,,_1,pr(s) are
expressed in (45) and (46), as shown at the bottom of this page.
To verify the accuracy of the mathematical model of LPF-
SOGI-PLL, a similar point-by-point simulation test is done and
the corresponding measurement results are shown in Fig. 16.
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During the test, the parameters of the LPF-SOGI-PLL are: k., =
1.414, k;, iy = 0.69, and k; ,;; = 75. In Fig. 12, in accordance
with reference [28], fi.pr is set as 10 Hz. Again, the proposed
way of modeling is verified.

B. Discussions on Parameter Design of the LPF-SOGI-PLL

There are three variables in the LPF-SOGI-PLL, i.e., k., fgw
and LPF cutoff frequency fipr. According to Section III, a
suitable balance for the SOGI-PLL is made when k. falls in
the range [1.6, 2], which is also used for the LPF-SOGI-PLL.
With k. = 1.7, Fig. 17 shows the optional parameter range
of the LPF-SOGI-PLL when the PLL stability, GCI stability,
harmonics suppression, and PLL dynamic performance are all
considered.

As can be seen from Fig. 17, if fy,pr is lower than 40 Hz, the
optional range of fpy is relatively large. When fi pr is increased
to 50 Hz, the optional upper limit of fgw has been reduced
to about 100 Hz. This indicates that, for the LPF-SOGI-PLL,
the cutoff frequency fi,pr must be relatively low. From another
point of view, when f1 pr is small, the influence of the nonlinear
frequency feedback loop coupling is greatly weakened so that
the frequency estimated by the PLL (i.e., wpy,1,) is approximately
a constant, and the frequency characteristics of the LPF-SOGI-
PLL will be much closer to the FFSOGI-PLL.

VII. EXPERIMENTAL VALIDATIONS

To verify the above analysis, a single-phase T-type neutral-
point-clamped (TNPC) grid-connected inverter has been built
in the lab, and the sampling and control are realized by DSP
TMS320F28335. Specially, the two integrators in the SOGI are
discretized with the third-order discretization technique in order
to avoid the algebraic loop problem and to obtain the highest
accuracy [9], [33]. To avoid the possible harmonics oscillation in
the experimental process, the following experiments are carried
out at a lower voltage level for safety reasons. In the test, the
parameters of LCL filter are still the same as those in Table I, but
the grid voltage and the grid current are reduced to a quarter of
those in Table I. Thus, SCR = 3 still corresponds to L, = 10 mH
and SCR = 2 corresponds to L, = 15 mH.

Note that the behavior of the PLL is hard to be measured
during the grid-connected operation of overall inverter system.
Hence, to test the phase locking and stability of the PLL itself,
the following way is used. The inverter prototype is operated
under standalone mode. The signal generator DG4062 is used
to generate a sinusoidal signal with peak-to-peak value of 2 V
and frequency of 50 Hz to simulate the grid voltage. Since the
prototype does not employ digital-to-analog conversion module,
in order to capture the PLL output, an open-loop modulation
wave (denoted as u,,) is constructed by using the PLL output

Gp-pr(s)

TorL(s) - [—1Ga(s + jwi) + Gp(s + jwi)]

T 2- sTeLL(8)Grer(8) - [—Pa(s) + jNa(s) + Ps(s) + Ng(s)]
TorL(s) - [1Ga(s — jwi) + Gp(s — jwi)]

(45)

Gp-rpr(s) =

2= STpLL(8)Grpr(S) - [—jPa(s) + jNa(s) + Ps(s) + Ng(s)]”

(46)
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phase and the sine table in the DSP, and then is sent to the PWM
module. Consequently, the inverter output u;,,, (see Fig. 1) under
the standalone mode can be the same in phase with u,,,. Then, to
approximately observe the PLL estimated phase, we only need
to observe u ¢, which is filtered by an LC filter in Fig. 1.

For the rest tests, the GCI is operated under grid-connected
mode, connecting to the ac grid.

A. Start-Up and Transient Performances

Fig. 18 shows the start-up waveforms of the GCI. Once all the
power units are powered up and the power-on button is pressed,
the grid-side relay is closed and then the DSP wll run the A/D
conversion interrupt service routine, in which the PLL algorithm
will be activated. And, after the PLL obtains the phase of the grid

voltage, the amplitude of the grid current reference is increased
gradually until it reaches the desired value (here, 8 A).

To present the transient operation of the SOGI-PLL with
frequency change, an independent DSP development board is
adopted to run the PLL routine. The input voltage u, = 1.65 +
0.25 sin (27f11) is generated by DG4062 and then sent to the
DSP. The desired variables (e.g., fprr, and i,.f) are output with
the help of the 8-bit chip TLV5620 whose output ranges 0-255.

Fig. 19 illustrates the frequency responses of the SOGI-PLL
under a frequency jump from 50-55 Hz. To clearly present the
exact point of frequency jump (denoted as #1 ), the amplitude of u,
is simultaneously decreased by 20% at ¢;. Seen from Fig. 19(a),
iref synchronizes with u, quickly under a frequency jump. In
Fig. 19(b), the estimated frequency fpr 1, is filtered by a digital
LPF of 12 Hz in the oscilloscope to distinctly reveal the tracking
performance. Obviously, fpri, can track the input frequency
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quickly and accurately. In Fig. 19(c), the FFT result of the
unfiltered fpr1, shows that the even components shown in Fig. 4
do exist. Note that the 50 Hz-component in fpr 1, is generated
by the dc component in u, (originally caused by DG4062) and
is not cancelled completely in the independent DSP board due
to fixed-point calculation. Excluding the 50 Hz-component, the
dominant harmonic content in fpy 1, is located at 100 Hz, which
agrees with the simulation results in Fig. 4 and the assumption
about wpr,1, in Section III.

B. Validation of the Stability With SOGI-PLL

Fig. 20 shows the experimental waveforms of the SOGI-PLL
operation under different fgw and k.. In the figure, u, [1 V/div]
corresponds to the actual PCC voltage u, [55 V/div]. Seen from
Fig. 20, with the same SOGI parameter k., when the bandwidth
of SRF-PLL changes from 100-200 Hz, the SOGI-PLL output
(reflected by u() is abnormal and the instability of SOGI-PLL
itself is observed. Moreover, during the test, under the high
few (e.g., 200 Hz), the PLL output frequency and phase can
be very sensitive to noises, challenging the feedback of fpr1,
into SOGI. Then, for SOGI-PLL without filters on the fre-
quency feedback path, noises can make the PLL ineffective
even if k. is increased up to 4. Nevertheless, high fgw is not
recommended.

Furthermore, Fig. 21 shows some experimental waveforms of
the GCI under different k., fgw, and L,. Corresponding points
taken for test in Fig. 21 are labeled in Fig. 14(d). With k. =
1.414, fsw = 100 Hz, and L, = 10 mH, although there are some
harmonics in u,4, few harmonics can be seen in i,. In this case,
the SOGI-PLL is normally phase locked and the inverter runs
stably. However, if fgw is increased to 150 Hz, the GCI becomes
unstable. If L, is increased to 15 mH, the GCl is also unstable and
both i, and u, are highly distorted. Under the conditions shownin
Fig. 21(c), increasing k. to 4 can make the inverter stable again.
However, the harmonics in i, in Fig. 21(d) is significantly higher
than that shown in Fig. 21(a), which is caused by the increase of
k. To be clearer, the detailed harmonic contents in both u, and
i are provided in Fig. 22. Note that the third-order harmonics is
significantly increased with k. increasing from 1.414—4 and so
as to the 100 Hz harmonic, which results in a more distorted i, in
consequence. Specially, the 150 Hz-component becomes larger
than the 100 Hz-component when k. increases from 1.414-4.
This is mainly caused by the worse harmonic attenuation of the
SOGTI at harmonics frequencies. When the selected parameters
locate in the recommended region in Fig. 14(d) [waveforms
are given in Fig. 21(h) and (i)], the GCI works well even
under L, = 15 mH, which validates the analysis and design
in Section V.

Based on the theoretical analysis in Section IV-D and the
stability records in Fig. 20(c) and (b), Table V shows the com-
parisons of different models in Cases I and II. The accuracy of
the proposed model is verified.

C. Validation of the Stability With LPF-SOGI-PLL

Fig. 23 shows the experimental waveforms of the LPF-SOGI-
PLL operation under different fgw and frpr. According to
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Fig. 23(a) and (b), when fipr is 10 Hz, whatever fgw is 100
or 150 Hz, the PLL can work stably. When f;pr increases to
50 Hz, the PLL is still stable when the fgw is 100 Hz, but unstable
when fpw increases to 150 Hz. This indicates that f; pr must be
very low to enable the stable operation of the PLL so that the
nonlinear coupling effect in the SOGI-PLL is well suppressed.
The abovementioned experimental results verify the analysis of
the LPF-SOGI-PLL model proposed in Section IV.

Fig. 24 shows the experimental waveforms of the GCI under
different fgw and fi,pp for L, = 15 mH. As can be seen from
Fig. 24, when fi,pr is 10 Hz, the GCI is stable regardless of the
value of fgw. If fi,pr increases from 10-50 Hz, the GCI is still
stable when fgy is still 100 Hz. But if fgw continues to increase
to 150 Hz, the GCI loses stability. This once again shows that
fr.pr must be very low to ensure the stability of the GCI.

VIII. CONCLUSION

Aiming at the nonlinear coupling caused by the FFL in the
SOGI-PLL, an accurate SOGI-PLL model taking into account
the influence of FFL has been proposed. Based on the newly-
established model, impacts of PLL parameters on the behavior of
the PLL itself and the stability of the inverter are analyzed, and a
graphical parameter design method of the SOGI-PLL and LPF-
SOGI-PLL are proposed. Conclusions include the following.

1) With the FFL effect considered, the proposed model for
the SOGI-PLL is more accurate than those ignoring the
FFL. Specially, the resonant peak caused by the FFL is
found and is proved to have serious effect on the stability.
Based on the proposed model, the parameters (i.e., k.,
faw) effect is analyzed and the instability mechanism is
revealed. Specially, the increase of k. can help suppress
the resonant peak caused by FFL. But, the increase of
Jfaw enlarges the dc gain of the SOGI-PLL and causes the
sharp increase of the resonant peak so that the stability
of the PLL itself and that of the GCI are more seriously
endangered. Note that these results differ much from those
revealed by previous models without considering the FFL
effect.

In view of abovementioned effects, parameters of the
SOGI-PLL are difficult to design if several factors men-
tioned in Section V are considered simultaneously. Hence,
a graphical method of parameters selection is proposed
to improve the overall performance under nonideal grid
conditions.

Incorporating the LPF on the frequency feedback path
from SRF-PLL to SOGI can help reduce the nonlinear
coupling effect of FFL. And selecting a low cutoff fre-
quency for the LPF-SOGI-PLL is simple yet beneficial to
the performance of the GCI under the weak grid.

2)

3)

4

~
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