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for Grid Synchronization
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Abstract—A grid synchronization technique is essential for
grid-connected power converters. Phase-locked loop (PLL) has
been widely exploited as an implementation technique, but ad-
ditional efforts are required to deal with severely distorted grid
voltages. In this paper, an observer is proposed to enhance the
performance of PLL. A state equation is newly formulated to
construct the observer, which extracts positive-sequence voltage
from the distorted grid voltage. Additionally, guidelines are sug-
gested to set the observer gains by considering its internal transfer
functions. The PLL and proposed observer have been tested in
simulations and experiments in contrast to dual second-order
generalized integrator frequency-locked loop. The results have
shown that the proposed method reveals a better phase-tracking
performance for grid synchronization.

Index Terms—Digital signal processing, grid synchronization,
grid-tied converter, observer, phase-locked loop (PLL), positive-
sequence voltage.

I. INTRODUCTION

LECTRICITY is delivered from suppliers to consumers
via an electrical grid. The grid voltage is expected to be
sinusoidal, whose frequency is fundamentally 50 or 60 Hz. This
normal voltage is called a positive-sequence voltage. In particu-
lar, electrical power is mainly transferred by modulating the ac
current corresponding to the positive-sequence voltage, and it is
useful to separate this from the rest of the “apparent power” [1].
The grid voltage phase angle should be detected to elab-
orately modulate active and reactive powers when a grid-
connected converter participates in power delivery. For this
purpose, the method based on phase-locked loop (PLL) in the
synchronous reference frame (SRF-PLL) has been widely used
[2], [3]. However, since the grid voltage is usually polluted
by unexpected distortions such as harmonics, unbalances, and
glitches, the detection of its phase angle may not be easy with
the simple PLL method.
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Therefore, many attempts have been made to enhance the
detection performance under polluted grid conditions [4]-[15].
When the recent research studies are considered, a better
method for grid synchronization is to fulfill the following
requirements simultaneously. First, the mitigation of unbalance
and harmonics should be achieved under higher dynamics to
track the phase angle variation. Second, the consistency of grid
synchronization has to be guaranteed even if grid frequency
varies.

In general, each required function can be implemented in
several stages with filter-type blocks [4]-[9]. In some cases, the
implementation can be based on parallel structure [12], [13].
Even if all of these methods have already presented effective
performances in functional aspects, the computational effi-
ciency is not high due to the distributed structures. Moreover,
the integrated system design becomes more complicated when
the number of separate parts increases. By using a specialized
filter, the rejection at every harmonic has been attempted with
the relatively simple structure [14], [15]. However, this method
should save the previously sampled values, and its sampling
frequency must be set carefully in conjunction with the grid
frequency. Therefore, an appropriate compromise is required
between the implementation effort and the grid synchronization
performance.

In this paper, an observer is proposed to clearly extract the
positive-sequence component of the grid voltage. The required
functions for grid synchronization can be unified into a single
observer by virtue of its state equation, which has been newly
derived in this paper. As a result, the proposed method has a
relatively simple structure while presenting the phase detection
performance comparable to the dual second-order generalized
integrator frequency-locked loop (DSOGI-FLL) [10].

In terms of design and analysis, the following points can
be further noted: although the observer gains are generally set
on the basis of the heuristic insight of the designer, this paper
suggests explicit guidelines in setting the gains considering the
internal transfer functions. In addition, the analyzing tools are
newly introduced to discuss the unified effect of the proposed
fourth-order observer and to examine the distortions from digi-
tal implementation.

The organization of this paper is as follows. In Section II,
how the observer can extract positive-sequence voltage with
less distortion is described. After the observer gains are set,
the observer to PLL attachment is detailed in Section III. The
proposed method is then assessed via simulation and experi-
mental results under grid fault situations in Section IV. Finally,
concluding remarks are noted in Section V.
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Fig. 1. Positive- and negative-sequence voltages.

II. EXTRACTION OF POSITIVE-SEQUENCE VOLTAGES
A. Definitions of Symmetrical Components

In general, the three-phase voltage can be decomposed
into symmetrical components: positive-, negative-, and zero-
sequence voltages [18]. Among them, negative-sequence volt-
age arises mainly when the grid is under abnormal operating
conditions such as phase-to-ground faults and unbalanced load-
ing conditions. In SRF-PLL, it is hard to filter out the negative-
sequence voltage in the SRF even though the bandwidth of PLL
is quite reduced. [3], [4]. To effectively remove the negative-
sequence voltage, the symmetrical component modeling can be
considered.

Initially, the positive-sequence voltage can be defined as

Vgt = —Vysinb,

vpt = — V4 sin(6, — 120°) (1)

Ve = — V4 sin(6, + 120°)
where both subscripts “+” and “p” refer to the positive se-
quence and ¢, is the phase angle of the positive-sequence
voltage.

As per the definition of (1), the positive-sequence voltage
only exists in the quadrature axis of the SRF. This definition
has been adopted to maintain the coherence between grid and
ac motor applications. By using the same phase angle in (1), the
negative-sequence voltage can then be generalized into

Vg = —V_sin(0, + ¢p,)
vp— = —V_sin(0, + ¢, + 120°) (2)
Ve = —V_sin(0, + ¢n — 120°)
where the subscript “—” represents the negative sequence and
¢, 1s the phase difference of the negative-sequence voltage to
the positive-sequence voltage.

For example, each voltage in (1) and (2) can be depicted in
terms of the phase angle as shown in Fig. 1. In the figure, V.
in (1) was set to 179.6 V, and V_ in (2) was 30% of V. In
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addition, ¢,, in (2) was set to 30°. The sum of the positive-
and negative-sequence voltages presents an unbalance as shown
in Fig. 1.

B. Observer for Estimating Positive-Sequence Voltage

For the observer design, the state equation on grid voltage
must first be established. This state equation explains the re-
lationship between states and their derivatives. In essence, the
grid voltage should be discussed in terms of its time variation.
In particular, the grid voltage can be considered in the SRF by

Vg | _2 | cos é’l cos(é,Z —120°) cos(éiZ + 120°)
Vg] 3 |—sinf, —sin(f, —120°) —sin(6,+ 120°)

Vaq
S N )
Ve

where the hat “” hereafter refers to estimated value.

For each phase, the sum of (1) and (2) can be inserted into the
right side of (3). The zero-sequence voltage is not considered
because it is naturally erased in the process of (3). The d—q
voltages can also be decomposed into positive- and negative-
sequence components in the SRF

] = Lo [

_ [Vasinga] | [V sin(20p + 0+ én) @
| Vicosfy —V_cos(20, + 0 + ¢)
where
04=0,—0,. ©))

If d,/dt and d¢,, /dt are negligible under the assumption of
slow variation in the estimation error and phase difference, the
derivative of (4) can be approximated by the chain rule into

d ’Ud d ’Ud7 d A
S =2—14
dt [vq] dt {vq] dt

Each negative-sequence component in (4) is repeated in the
other axis in (6). Equation (6) is then rearranged into

d Vd d ~
— ~2—0
dt [vq] dt

where w is the angular frequency.

The novel derivation of (7) has led to the proposal of this
paper. In (7), the derivatives of vg and v, can be explained
with respect to themselves and the positive-sequence voltage
(without the negative-sequence voltage). Furthermore, because
it has been assumed that df,/dt is small enough to derive (7),
the derivative of the positive-sequence voltage in (4) can be

) [V_ cos(2ép+9d+¢n)
P

V. sin(20,+04+¢n) ] (©
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regarded as null. Then, the entire state equation of the grid
voltage can be derived as

G 0 -2,
d.. |-20, 0 20, 0 B
0 0 0 0
oy 100 0],
Vo— |:’Uq:| - |:0 1 0 O:|‘/S—CmV:9 (8'b)
T
Vs=[va vq var vgy] (8-¢)

where the subscripts “s” and “0” refer to state and output,
respectively.

A Luenberger observer can be designed as in (9) because the
system is observable with A,,, and C,,, in (8) [16]

d ~ N N
%Vv& = AmVs + L’rn : [Vo - CT)’LVS] (9'3)
T
L, = [pl b3 41 CB} (9-b)
P2 P4 42 Qg4
o N N N A 1T
Vs=1[0a ¥ Uit Dgt] (9-¢)

where variables in L,,, are observer gains.

By virtue of the practical assumption on positive-sequence
voltage, the observer in (9) could be newly proposed, which
can observe the positive-sequence voltage in its internal state.

C. Gain Settings for the Observer

The observer gains of L, in (9) must be specified. In general,
it is difficult to logically describe why a set of observer gains
has to be selected since certain selections may have to rely on
the insight of the designer. In this paper, the gain setting of the
observer is described with the reason why they are selected. The
internal transfer functions of the observer are used to explain
the gain setting. These functions can be derived as follows.
Initially, the state equation in (9) can be transformed into
(10) when the derivative operator is replaced with the Laplace
operator

5 Vo= AnVi+ Ly - [Vo — C Vi) (10)

Equation (10) can be rearranged in terms of V,,

Vi=1[s Ipm— Ap+ LpCr] ™t LV, (11)
where I,,, represents the identity matrix.

Hence, the estimated states in (9-c) can be expressed with
respect to the measurable states in (8-b)

’LA)d:At/Pt'Ud+Et/Pt”Uq
'lA}q:Bt/Pt"Ud-f—Ft/Pt"Uq
1A}d+:Ct/Pt"Ud+Gt/Pt"Uq
f}q—&-:Dt/Pt"Ud"rHt/Pt"Uq

(12)
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where all transfer functions in (12) are detailed with

Ay =p15° 4+ {20,(p3 — q3) + p1pa — pap3} §°
+ 20y (P12 — P2q1 + P3qs — Paqs + 20pq1)s

+ 407 (q194 — 4243) (13-a)
By =p3s® + 20, (q1 — p1)s” + 402qss (13-b)
Cy =q15° + (paq1 — p3q2)s”

+ 20, (P1G2 — P2q1 + 20pq1)s

+ 402 (q1q4 — G243) (13-c)
Dy =q3s° + (pags — p3qa)s”

+ 20, {q3(q2 — p2) + @a(p1 — 1) + 20pq3} s (13-d)
E; =pas® + 20, (ps — q4)s> + 4dqugs (13-e)
Fy =pas® + {20, (g2 — p2) + p1pa — pops} s°

+ 20, (P1G2 — p2q1 + P3qs — Pags + 20pq4)s

+ 402 (9194 — q203) (13-)
Gy =q5" + (p1g2 — p2q1) s>

+20,{q2(p3s — q3) + q1(qa — pa) +20pqa}s  (13-g)
Hy = qus® + (prqa — p2qs)s”

+ 20y (p3qa — Pagqs + 20pqa)s

+ 402 (q104 — q2q3) (13-h)

P, =det[s- I, — Apm + LinChy]
="+ (p1 + pa)s® + 402 (q1q4 — q243)
+ {402 + 20, (ps — p2 + @2 — q3) + P1pa — paps } 8
+ 20, {P1g2 —P2q1 + P3ga—Paqz + 20, (q1 + q4)} 5.
(14)

Among the transfer functions in (12), the most important
factors are C;/P; and H;/P,, which explain the influence of
each axis voltage to its estimated positive-sequence voltage.
Therefore, these transfer functions have been crucially consid-
ered in setting the observer gains. Initially, the roll-off rate of
C}/P; and Hy/P; can simply be increased by setting ¢; and q4,
the highest order coefficients in the numerators, to zero

@1 =qs=0. (15)

The settings of (15) are intended to enhance the filtering
performance to high-frequency distortions. By (15), C; and H;
are simplified into

(16)
a7

Cr = — p3gas® + 20pp1025 — 4074243
Hy = — pagss® — 20,paqss — 40.qaqs.

To prevent nonminimum phase responses, all coefficients
must have the same sign in each of (16) and (17). This condition
causes the roots of each equation to be placed in the left half
plane and is presented as

p1/p3 <0 q3/p3 >0 pa/p2>0 q2/p2>0. (18)

Meanwhile, the observer poles can be determined by using
the concept of the general second-order system as follows:

P = (52 + 2 wn1s + wil) (32 + 2(owpas + wZQ) (19)

where (, is the damping ratio and w,,, is the natural frequency.
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After the damping ratios and natural frequencies are deter-
mined, the observer gains are set by comparing the coefficients
between (14) and (19). Considering that all of the coefficients
are positive in (19), the condition in (20) must be satisfied in
the coefficient comparison after (15) is applied

p1+p1s>0 gags <O. (20)

The next design point is to set the observer gains so that the
observer structure is symmetric in the synchronous d—gq refer-
ence frame. This can contribute to the simple implementation of
the observer because similar gains can be repeated in the d—q
reference frame, as shown in Fig. 6. The symmetric structure
can be achieved with (21) when the conditions of (15), (18),
and (20) are assumed

P1=ps P2=-—D3 G2= —(q3. (21

By the settings of (15) and (21), (13) and (14) are simplified
into (22) and (23), respectively. That is, the internal transfer
functions in the d-axis become similar to those in the g-axis

Ay =F, =ps°+ {2‘2”17(‘12 —p2) +pi -l-pg} 5?

+ 4w,p1q25 + 4&;12,q§ (22-a)
By = — By = — (p25°® + 20pp15° + 402 q05) (22-b)
Cy = Hy = p2q25° + 20pp10as + 40543 (22-c)

Dy = — Gy = — {q25° + p1g25® + 2pq2 (g2 — pa + 20,)s }
(22-d)
P, =s* 4 2p1s° + {4@12, + 4y (g2 — p2) +p% +p§} 52

+ 4Qpp1aas + 4025 (23)

The observer gains in (23) can then be specified with respect
to predetermined damping ratios and natural frequencies in (19)
by the coefficient comparison. Because harmonic distortions
commonly occur at multiples of grid frequency, it would be
convenient to set the natural frequency to be proportional to
the grid frequency

Wnp1 = klof)p Wnp2 = kg(.:)p (24)

where @, is the estimated grid frequency. @, has already been
used for the design since (7).

For (21) and (24), the coefficient comparison between (19)
and (23) results in

p1 = pa = (Gk1 + Cok2)@p (25)

A% + Ay (g2 — po) + 13 +p3 = (K + k3 + 4¢i Gk ka) @2

(26)
Abppraa = 2k1 ko (Crke + ok )@ 27
402q5 = kik3a,. (28)
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If py in (25) is inserted into (27), q2 is uniquely determined.
This resultant go must then satisfy (28), which is rearranged into
(29) by the substitution of the resultant g,

2
<C1k2+42/€1> _1 (29)

Crk1 + Goko
Because each value in (29) has been assumed to be positive,
(29) is further simplified into

(G2 = C1)(ky — k) = 0.

When the observer poles are placed according to (19), the
gain settings of (15) and (21) are used only if (30) is satisfied.
One of the two factors in (30) must be zero at least for this to
work. When (26) is considered in addition to (30), (31) must
be satisfied if (; is equal to (o, while (32) does so if k; is
equal to ko

(30)

(p2/dp — 2)% = (k1 — k2)® (1 — (1)
(p2/tp —2)% = — ki - (C1 — ()*.

It is important to remember that every value is a real number
in (31) and (32). According to (31), k1 and k5 can be different
under (33)’s constraint even if (; and (5 are the same. However,
(1 must be identical to (5 in (32) if k; is equal to ko. Therefore,
the setting for (31) is selected to increase the degree of freedom
in the observer poles

€29
(32)

(1-¢)>0—--1<G < (33)

In a general second-order system, oscillatory responses
would occur if the damping ratio is smaller than unity. There-
fore, in (33), the damping ratio could be set to unity so the
observer gains in (21) are finally specified as

p1=pa = (k1 + k2)&p
P2 = —p3 = 2(:)1)
G2 = —q3 = ki1kowy /2.

(34)

D. Pole Placement of the Observer

Considering (12) and (22), the estimated positive-sequence
voltage is expressed by

{@d+:Ct/Pt'vd_Dt/Pt'Uq

A 35
Uq+:Dt/Pt'Ud +Ct/Pt'Uq~ ( )

The substitution of (36) makes the transfer functions similar
to the general second-order system

ki =k, ko=pk. (36)

The transfer functions in (35) are then derived as (37) and
(38) after reducing common factors

Gy _ plksp)? (37)
P, s+ (1 + p)kys + p(kwy)?

2~
Di_ 1 PGS gy
P 2524+ (1+ p)kwps + p(kwy)
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(a) k=2, p=1 Im (b) k=4, p=1 Im
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it it
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2|y 4o,
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Fig. 2. Pole placements of the proposed observer according to k£ and p.

The meaning of k and p can be understood from Fig. 2, where
the locations of observer poles are depicted with the specific
values of k£ and p. All poles are located on the negative real
axis pertaining to (31) and (33). When £ is set first, two poles
are placed at a distance k times the grid frequency. Then, the
remaining two poles are placed according to setting p, which is
the relative distance to the first placement.

By the proposed setting in this paper, the operation of the
fourth-order observer shown in (9) can be described with the
second-order transfer functions in (37) and (38). This feature is
very helpful in adjusting the observer responses since the origi-
nal system can be understood with simple modeling. However,
it is not clear what the unified effect of the proposed observer is
with only (35), (37), and (38).

To analyze the unified effect, the following method is in-
troduced based on the fact that the derived system in (8) is
a linear system. Since the superposition principle holds in
linear systems, the response to the three-phase voltage at each
frequency can be separately considered. Considering (1) and
[14], the three-phase voltage can be generalized into

Van(t) = =V, sin(hwyt)
vpn(t) = =V, sin(hw,t — 120°)
Ven(t) = =V sin(hwpt + 120°)

(39)

where “h” can be any real value.
Through Park’s transformation in (3), the generalized d—q
voltage can be derived as

van () | | Visin (h—1)wpt) | | Vi, sin(w;t) 40)

Vgn(t) | | Vacos (h—1)wpt) | | Vi cos(wt) |

If the Laplace transform is applied to (40), (41) is established
between the d- and g-axis voltages

Wt

van(s) = ;vqh(s). 41)

Based on (35) and (41), the frequency response to the three-
phase voltage at the arbitrary frequency, denoted by wy, can be
derived as

{Od+(s) - (ct /P,—D,/P;- ;) van(8) =Ta(s)-van(s)
Vg4 (8)= (Dt/Pt-%—i—C’t/Pt) Vgn(8)=T4(s)-vgn(s).
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Frequency response of the observer with p= 1

%‘OdB
= SREhl
= =
o ||———k=1|
g |—x=2|

| E— k=4 «
" 1111000
S = oz
& 0

; =

01 12 10
Normalized frequency [wl/(ﬁp]

Fig. 3. Frequency response of the observer to the three-phase voltage.

0dB

B magnitude of
Ty (20,) & Ty (20)

0%

Estimation error included in @)p [%]

Fig. 4. Deterioration of the band-stop function by the grid frequency error.

The Bode plot of Ty and T;, in (42) can be obtained by
replacing s with jw; as shown in Fig. 3. Due to the symmetric
design of the observer, the Bode plot of 7; is the same as that
of T7,. It becomes evident how the proposed observer works in
the frequency domain.

As shown in Fig. 3, the proposed observer fundamentally
serves as low-pass filters in the synchronous d—q reference
frame while offering the band-stop function simultaneously. In
particular, the bandwidth of low-pass filtering is set by the pole
placement, and the stop band is located at double the estimated
frequency. The low-pass function originates in the common
property of the observer, while the band-stop function results
from the proposed modeling of (7) to reject the negative-
sequence voltage.

Although both filtering functions are affected by the esti-
mation error of the grid frequency, the movement of the stop
band is more critical. Then, it has been discussed in terms
of the grid frequency error as shown in Fig. 4. When the
negative-sequence voltage was considered in (42)(w; = 2wp,),
the estimated frequency in (37) and (38) has been changed
within the frequency error of 20%. As a result, even if the
estimated frequency deviates from the grid frequency by 20%,
the magnitude of the negative-sequence voltage is still expected
to be mitigated by the observer by up to one-tenth.
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Fig. 5.

Entire PLL structure.

III. PLL BASED ON THE OBSERVER

The observer proposed in Section II is attached to SRF-PLL.
By virtue of this construction, filtering harmonics can be readily
achieved with less effort in PLL, which allows PLL to increase
its bandwidth and contributes to the higher phase-angle tracking
dynamics. The entire PLL structure is shown in Fig. 5 and is
referred to as synchronous observer-aided preprocessing PLL
(SOAP-PLL).

The estimated frequency in PLL must be fed back to set
the observer gains according to (34). Usually, w.s in Fig. 5
has been used as the estimated frequency. However, w.o may
be sensitive to distortions because k,,,, the proportional gain,
directly delivers scaled angle errors to it. To refine this draw-
back, we; in Fig. 5 is used as the estimated grid frequency.
The effectiveness of this modification can be discussed with the
following equations. When (43) is assumed, (44) can be derived
from Fig. 5

éd’rb’ed:ep—ép

é _ k‘pps + kip 0
P2y kpps + Eip P

(43)

(44)

where k£, and k;;, are proportional and integral (PI) gains for
PLL, respectively.
From Fig. 5 with (43), w, is derived as

kip kip
. 5 (O

04 ~ —0,). (45)

Wel =

If ép in (44) is inserted into (45), it can be rearranged into
kip

kips
Wp.
s2 + kpps + kip

Wel ~ =

46
2+ hpps + Ky (46)

we1 1s a low-pass-filtered value of the actual frequency. By
using this frequency as @, the observer performance can be
less sensitive to distortions. In addition, because the transfer
function in (46) takes the form of the general second-order
system, the PI gains can be set according to the setting rules
of the second-order system

kip = w2

npll (47)

kpp = 2Cpllwnpll;
where (11 and wy,pn are the damping ratio and natural frequency
of PLL, respectively.

The gain settings of the observer and PLL have to come
together, so all the gains are set where the bandwidth of (37)
is larger than that of (44). Empirically, the bandwidth of (37) is
set to four times greater than that of (44). If the dominant pole
of the observer is not larger than that of PLL, the dynamics
intended in (44) would be disturbed.
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Fig. 6. Block diagram of the proposed observer.

Meanwhile, based on the equation obtained from dividing
both sides of (10) by “s,” the proposed observer can be
specifically implemented, as shown in Fig. 6. In the process of
obtaining Fig. 6, the observer gains have been set according to
(15), (34), and (36). Even though the observer design seems
to be rather complicated, the practical implementation of
the proposed observer is simple. As discussed earlier, this
single observer can offer the low-pass and band-stop functions
simultaneously.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Evaluation of SOAP-PLL

The performance of SOAP-PLL can be discussed in two
aspects: the tracking error on grid parameters and the mitigating
ability against distortions. Each performance has been exam-
ined under grid faults where the grid voltages were contami-
nated by harmonics and unbalances, and the grid frequency was
changed.

In particular, the effectiveness of SOAP-PLL is discussed
as compared to DSOGI-FLL. This method has been selected
because its implementation is relatively simple, and essential
gain settings are known [10].

B. Simulation Results

The fault conditions for the simulation tests have been quoted
from the literature [12]. When the voltage amplitude at an ideal
grid is selected as the base voltage, the phasor of the normal
voltage is denoted as 1£0°. Based on this concept, the fault
conditions are given as follows:

Vi, =05/ —30° Vi =0.25/110° (48)
Vs =0.2£0° Vpyp =0.240° Vi3 =0.220°  (49)
ffault - fnor = —-5Hz (50)

where the subscript number of a voltage represents harmonic
order and the normal condition is indicated by the subscript
“nor.”

When the normal grid is assumed to be 220 V,,s—60 Hz and
all of the conditions in (48)—(50) are applied after the fault, the
fault waveforms are shown in Fig. 7.

Initially, the gains of DSOGI-FLL were set according to
earlier work [10]. For a fair comparison of performances, the

gains of SOAP-PLL had to be set such that its dynamics were
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Voltage [V]

200

Time [Sms/div]

Fig. 7.  Grid fault under the conditions of (48)—(50).

Angle Error (0, — ép)
DSOGIN, 7™

SOAP

7]

Estimated frequency ((T)p)

Tlime [lbms/di;/]

Fig. 8. Simulation results under the unbalance fault of (48) with analog
implementations.

similar to those of DSOGI-FLL under the unbalance fault of
(48). The specific values of those gains were
P = 1 k‘ = 1.7 Cpll =1 wnpu = 27‘(‘ . 20. (51)

The gains of p and k are directly inserted into the observer
of Fig. 6, and the gains of (1 and wypy are reflected in the
PLL of Fig. 5 through the PI gains in (47). With these specific
values, SOAP-PLL has presented the same settling time under
the condition specified in (48), as shown in Fig. 8.

Due to the step variations in (48), the estimation errors of the
phase angle and frequency present oscillations for a while after
the fault, as captured in Fig. 8. However, after the oscillations
disappear, both methods shows perfect grid synchronizations
as if there are no unbalance distortions, which confirms that the
unbalance rejection of SOAP-PLL is comparable with that of
DSOGI-FLL.

The performance of SOAP-PLL was different to that of
DSOGI-FLL when each method was implemented in a discrete
time domain, or the harmonics in (49) were included in fault con-
ditions. The digital implementation of DSOGI-FLL was based
on [21], while SOAP-PLL was simply implemented with back-
ward Euler method. With these implementations under 10-kHz
samplings, each method was tested under the fault conditions
of (48)—(50). The simulation result is presented in Fig. 9.

As shown in Fig. 9, SOAP-PLL obviously outperforms
DSOGI-FLL in harmonic filtering. This is because SOAP-PLL
consists of two filtering stages: the observer and the PLL.
Even though the filtering performance of DSOGI-FLL can
be improved by extending to multiple SOGI-FLL [12], this
extension can only be done by increasing the source code lines
for implementation. In addition, the frequency of DSOGI-FLL
presents the average error of 0.79 Hz mainly due to harmonics.
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Fig. 10. Second-order generalized integrator.

The other conspicuous feature is that DSOGI-FLL shows
the steady-state error of 2.7° in estimating the phase angle. To
discuss this phenomenon, one of the dual SOGIs is shown in
Fig. 10. To estimate the positive-sequence voltage, the follow-
ing transfer functions are important in Fig. 10:

kw,s )
D(s)=——"2" -2 52-
(3) 2 + k:d)ps + ":)[2) Var (52-a)
k2 N
Q(s) P = 1% (52-b)

g2 - ~2
s2 + kwps + w5 va

where the subscript “a” refers to the d-axis in the stationary
reference frame. Q(s) particularly generates the quadrature
signal of the input, while both D(s) and Q(s) serve as filtering
harmonics.

When a system is transformed from the s-domain to the z-
domain, its original property can be distorted. Moreover, the
computational delay of z~!, which is indicated by dashed cir-
cles in Figs. 6 and 10, may be included for feedback. To specify
these types of distortions, the z-transformation distortion (ZTD)
is introduced

Hz (eijS)

2Ty (w) = o )

(53)

where “H” symbolizes the system of interest, H refers to
the original system in the s-domain, and H, represents the
transformed system in the z-domain. In addition, w is the
frequency of concern, and 7 is the sampling period for digital
implementation.
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Fig. 11. Bode plots of ZTDs in SOAP-PLL and DSOGI-FLL under 10-kHz
samplings.

The meaning of ZTD is the distorted degree of the z-domain
system from the s-domain system. The Bode plot of ZTD
corresponds to the differences between the Bode plots of each
system

20log,( [ZTD g (w))|

= 20log,( | H.(e’*"*)| — 201og, |Hs(jw)|  (54)
/ZTDp (w)
= /H (e2T%) — ZH,(jw). (55)

The Bode plots of critical ZTDs in SOAP-PLL and DSOGI-
FLL are depicted in Fig. 11, where the sampling frequency is
set at 10 kHz. In the Bode plot of ZTD, magnitude and phase
must be 0 dB and 0°, respectively, which correspond to unity,
when the z-transformation is ideal. As shown in Fig. 11, the
ZTDs deviate from the unity when the frequency of concern
approaches the Nyquist frequency.

From Fig. 11, the reason for the steady-state error in DSOGI-
FLL and not in SOAP-PLL can be explained. SOAP-PLL and
DSOGI-FLL are different theoretically since SOAP-PLL can
separate the positive- and negative-sequence voltages via Park’s
transformation. By this separation, the negative-sequence volt-
age appears at double the grid frequency, while the positive-
sequence voltage is at the dc band. In contrast, DSOGI-FLL
deals with the positive- and negative-sequence voltages in the
stationary reference frame, where both voltages appear at the
grid frequency.

As shown in Fig. 11, the ZTDs of D(s) and Q(s) in (52) ex-
hibit the phase distortions of 2.2 and 3.2° at the grid frequency,
where the positive-sequence voltage appears in DSOGI-FLL.
For ac signals, these nonzero phases mean parallel displace-
ments in the time domain. Then, the phase distortion of the
positive-sequence voltage can cause the steady-state error in
DSOGI-FLL and can be intensified at smaller sampling fre-
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Fig. 12. Grid fault for experiment.

quencies as shown in Fig. 11 (denoted by @5 kHz). In contrast,
the ZTDs of SOAP-PLL present almost unity at the dc band,
where the positive-sequence voltage appears in SOAP-PLL. In
other words, the positive-sequence voltage would not be dis-
torted in SOAP-PLL. Although the observer function is slightly
distorted at double the grid frequency as shown in Fig. 11,
the effectiveness of the band-stop function in SOAP-PLL can
be corroborated with the result of Fig. 9. Unlike SOAP-PLL,
careful considerations are required for digital implementation
of DSOGI-FLL [20]-[22].

In addition, the condition of (50) has also been included in
the fault test of Fig. 9 to examine the frequency-adaptive prop-
erty of SOAP-PLL. Because the second-order distortions are
not observed often in Fig. 9, the SOAP-PLL successfully rejects
the negative-sequence voltage even after frequency variation.

C. Experimental Results

To demonstrate the feasibility of SOAP-PLL, a grid fault was
emulated using an ac programmable source, MX30. All algo-
rithms were implemented in a digital signal processor (DSP),
TMS320F28335, and grid voltages were sampled through volt-
age sensors per 100 us. All of the gains for SOAP-PLL were
set according to (51).

The most frequent fault is the single phase-to-ground fault
[17], which is commonly recognized as phase-to-phase fault by
grid-connected converters due to transformers [19]. The phase-
to-phase fault between b- and c-phases has been considered

Vo=1

‘/b - 71/27‘7“/5ag\/§/2
V’C = _1/2+j‘/sag\/§/2

(56)

where V., is a complex number indicating the degree of
voltage sag. In addition, all magnitudes are in per unit.

The magnitude of V;,, is determined according to the phase
of Viag[19]. As an experiment, Vi, was set to 0.38Z — 40°.
The magnitudes of harmonics at Sth, 7th, and 11th orders
were set to about 0.08 per unit, and the frequency variation
in (50) was included as well. The grid voltages around the
fault occurrence are shown in Fig. 12, which are the voltages
recognized by the DSP board.

Initially, the c-phase voltage, whose negative peak was the
starting point of the fault, was selected as the reference signal
to capture several waveforms from the limited channels of the
oscilloscope. It was assumed that the ac source could generate
almost time-invariant faults according to the same settings.

Under the fault situation, SOAP-PLL has the fewest harmon-
ics in the frequency estimation shown in Fig. 13. The effect
of the proposed observer can be more obvious via the com-
parison with SRF-PLL, where only the observer part has been
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eliminated from SOAP-PLL. As shown in Fig. 13, negative-
sequence distortions were evidently rejected by SOAP-PLL
when compared with SRF-PLL. After transient situations, the
rms of the frequency ripple was 0.1 Hz for SOAP-PLL, 1.52 Hz
for SRF-PLL, and 0.45 Hz for DSOGI-FLL. Furthermore, the
frequency of DSOGI-FLL presented the average deviation of
0.102 Hz when compared to SOAP-PLL.

Because the actual phase angle was not accessed, angle errors
were calculated with respect to the phase angle of SOAP-PLL
fsoap when considering the simulation result. After transient
situations, the phase angle of DSOGI-FLL 6pgogr deviated
from that of SOAP-PLL by 2.4°, as shown in Fig. 14.

V. CONCLUSION

In this paper, an observer has been proposed to clearly extract
the positive-sequence voltage from the polluted grid voltage.
This extraction is intended to reinforce the function of PLL by
using the observer as a preprocessor. The state equation has
been newly derived on grid voltage to construct the observer,
and the gain settings of the observer have been suggested
when considering the mitigation of grid distortions and their
combination with PLL.

In a functional aspect, the proposed PLL method has been
specifically scrutinized in terms of filtering harmonics and re-
jecting unbalances under polluted grid conditions. In particular,
the performances have been discussed in digitally implemented
structures under the consideration of practical implementation.
As a result, the effectiveness of the proposed method has been
confirmed by simulation and experimental results. The pro-
posed method excelled in mitigating distortions of the estimated
frequency and phase angle without steady-state errors.
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