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Abstract: When three-phase voltages are polluted with unbalance, DC offsets, or higher harmonics, it
is a challenge to quickly detect their parameters such as phases, frequency, and amplitudes. This paper
proposes a phase-locked loop (PLL) for the three-phase non-ideal voltages based on the decoupling
network composed of two submodules. One submodule is used to detect the parameters of the
fundamental and direct-current voltages based on Tan-Sun transformation, and the other is used to
detect the parameters of the higher-harmonic voltages based on Clarke transformation. By selecting
the proper decoupling vector by mapping Hilbert space to Euclidean space, the decoupling control for
each estimated parameter can be realized. The settling time of the control law can be set the same for
each estimated parameter to further improve the response speed of the whole PLL system. The system
order equals the number of the estimated parameters in each submodule except that a low-pass
filter is required to estimate the average amplitude of the fundamental voltages, so the whole PLL
structure is very simple. The simulation and experimental results are provided in the end to validate
the effectiveness of the proposed PLL technique in terms of the steady and transient performance.

Keywords: phase-locked loop; non-ideal voltages; Tan-Sun transformation; Hilbert space; Euclidean
space; decoupling control; settling time

1. Introduction

With the widespread application of renewable energy and distributed generation (DG), more and
more grid-connected inverters have been employed in the power grid. However, the power grid will
be subject to some adverse impacts regarding the increased penetration level of DG and the excessive
usage of single-phase, asymmetric, and non-linear loads, such as voltage unbalance, voltage distortion,
frequency jumping, and so on [1,2]. In addition, DC offsets may appear in the detected grid voltage
signals due to the saturation of voltage transducer, A/D conversion error, or power grid fault [3,4].
All the above problems will make it difficult for the grid-connected inverter to synchronize with the
grid voltages normally, and the operation performance of the grid-connected inverter may deteriorate.
Therefore, when the above problems occur in the grid voltages, it is an important guarantee to acquire
the grid synchronization signals such as phases, frequency, and amplitudes of the grid voltages quickly
and accurately for the reliable operation of the grid-connected inverter.

Among power grid synchronization techniques, phase-locked loop (PLL) is one of the most
effective solutions. PLL is a control system which can generate the output signal synchronized with
the phase of input signal. The most widely used PLL technique in the three-phase power electronic
system is the synchronous reference frame PLL (SRF-PLL) [5,6]. SRF-PLL utilizes proportional-integral
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(PI) controller as the loop filter, and it can quickly and accurately acquire the synchronization signals
of the grid voltages when the three-phase grid voltages are balanced. However, the ability of the P1
controller to suppress the interference component that may occur in the phase detector (PD) error
is very limited. Therefore, when the grid voltages are unbalanced, or contain DC offsets or higher
harmonics, second harmonic component, first harmonic component, and higher harmonic components
will appear in the phase and frequency signals detected by SRE-PLL, respectively, which will reduce
the operation performance of SRF-PLL [7-9].

In order to solve the above problems existing in SRF-PLL under non-ideal grid voltage
conditions, some improved PLL techniques based on SRF-PLL have been proposed in the past
few decades. In order to extract the positive-sequence (PS) g-axis component of the three-phase
unbalanced voltage, and compensate it completely by using PI controller, some advanced
PLL techniques have been proposed, such as decoupled double SRF-PLL (DDSRF-PLL) [10,11],
double second-order generalized integrator PLL (DSOGI-PLL) [12-14], double complex-coefficient filter
PLL (DCCF-PLL) [15,16], and three-phase enhanced PLL (3P-EPLL) [17-20]. The above-mentioned
former three PLL techniques have been proved to be equivalent to each other through strict
mathematical derivation, which are all six-order systems [21]. 3P-EPLL is composed of four
single-phase EPLL (1P-EPLL) units, each of which is a third-order system, so the whole 3P-EPLL is up
to a twelfth-order system.

Among the generalized integrator (GI)-based solutions, references [22-24] proposed DSOGI-PLL
or DSOGI frequency-locked loop (FLL) to suppress the higher-harmonic voltages by adding a third
integrator to reject the DC-offset voltages. Yada and Kumar [25] proposed dual SO-SOGI to eliminate
the DC-offset voltages and reduce the higher-harmonic voltages. Zhang et al. [9] proposed mixed SOGI
and third-order GI to eliminate the DC-offset voltages. Shah et al. [26] proposed fourth-order GI-FLL
to reject the DC-offset voltages and filter the higher-harmonic voltages. However, the above Gl-based
PLL techniques can only reduce the higher-harmonic voltages, but cannot eliminate them completely.
Moreover, the rejection speed of the DC-offset voltages and its impact on the operation performance of
the whole Gl-based PLL have not been referred to in the above solutions.

In order to completely eliminate the higher-harmonic voltages, the solutions based on decoupling
network composed of multiple submodules have been proposed. Xiao et al. [27] proposed
decoupled multiple SRFs to separate the PS, negative-sequence (NS), and higher-harmonic currents.
Ali et al. [28] proposed a decoupled network composed of multiple SRFs to eliminate the NS and
DC-offset voltages, and utilized the harmonic compensation network to eliminate the harmonic and
interharmonic voltages. References [29,30] proposed a decoupling network composed of multiple SOGI
to detect the PS and NS higher-harmonic voltages. References [15,31] proposed multiple CCF-PLL
(MCCF-PLL) technique (or called as multiple adaptive vectorial filters FLL in [32]) to extract the PS,
NS, and higher-harmonic components from the grid voltages. However, the above PLL techniques
utilized a large number of submodules, and the order of each PLL technique is much higher than the
number of the estimated parameters, so these PLL techniques are not easy to be implemented in the
actual system.

In order to solve the problems existing in the above PLL techniques, a PLL technique based
on the combination of Tan-Sun transformation [33,34] and Clarke transformation is proposed in
this paper. The decoupling network constructed by the two submodules based on the above
two transformations can be used to separate the fundamental components (FCs), DC-offset
components (DCs), and higher-harmonic components (HCs) from the three-phase non-ideal
grid voltages, respectively, and detect the synchronization signals of these components quickly
and accurately. According to the corresponding relationship between the scalar in Hilbert space
and the vector in Euclidean space, the PD errors of the above two submodules can be rewritten as
the vector form. By selecting the vector which is perpendicular to the coefficient vector of the other
estimated parameter errors in each PD vector error, the inner product of the selected vector and the
PD vector error is related to only one of the estimated parameter errors, so the decoupling control
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for each estimated parameter is realized. Both the estimated phase of phase A voltage, which is a
ramp signal, and its differential signal estimated grid frequency need to be designed as second-order
system; however, all the other estimated parameters only need to be designed as first-order systems.
The system order equals the number of the estimated parameters in each submodule except that the
estimation for the average amplitude of the fundamental voltages needs a low-pass filter (LPF), so the
control structure is very simple. In addition, the response speed of the whole PLL system can be
further improved by setting the control law with the same settling time for each estimated parameter.
Finally, the simulation and experiments of the proposed PLL technique are carried out to verify the
effectiveness of the proposed PLL technique in terms of the steady and transient performance.

2. The Whole PLL Structure with Decoupling Network of Two Submodules

In the three-phase three-wire power electronic system, the non-ideal grid voltages e, can be
expressed as the sum of FCs (e pc1), DCs (eapc0), and HCs (eqpcn) as follows

2 . kGNJr
eq = %Em SN (Ppa — Pca) COS O, + I_:,ao + n:§i1 Eym cos (16, + ¢,) (1a)
a0
fal €ah
2 keNt o
ep = %Em Sin @ca €0s (62 + @Ppa) + Epg + n:%ﬂ E;m cos {n (Ga - 3> + (pn] (1b)

eb0

b1 €bh

2 _ kENT 2n

ec = ——=Em sin ¢, cos (0a + @ca) + (—Ea0 — Eng) + Z Ejm cos {n (Ga + ) + (pn] (1c)
V3 M~ n=6k+1 3

eC

€cl ’ ech

In the first terms e,,o as shown in Equation (1), En is the average amplitude of eypcq, 0a is
the phase of e;, and ¢p, and @c. are the phase differences between e, and e,, and e. and e,,
respectively. As the three-phase three-wire system under study is free from zero-sequence (ZS)
components, the amplitudes of e,,.; are related to the phase differences ¢},, and ¢c,, and they are
2/V/3Em sin (Pra — Pca), 2/ V/3Em sin @Pca, and —2/ V/3Epm sin @Pba, respectively. In the second terms
eabco as shown in Equation (1), the DC offsets of e, and e, can be set as E,g and Ey, respectively, and
the DC offset of e. can be set as (—E,p — Epg) as the system under study is free from ZS components.
The third terms e,p,q, as shown in Equation (1) are set to contain [n = (6k & 1)]-th (k € NT) harmonic
voltages, where (6k + 1)-th harmonics are set as PS, and (6k — 1)-th harmonics are set as NS. The
amplitude of n-th harmonic is set as E,;m, while the initial phase of n-th harmonic is set as ¢n.

According to the expression form of the three-phase non-ideal voltages e.,. as shown in
Equation (1), this paper proposes two detection submodules (DSs), FC and DC detection submodule
(FC&DC-DS) and HC detection submodule (HC-DS), to detect the above parameters contained in
€abcls €abco, and eapcn, respectively. In these two DSs, FC&DC-DS is used to detect the parameters of
eabc1 and egpeo successively through Tan-Sun and Park transformation, and HC-DS is used to detect
the parameters of e,y successively through Clarke and Park transformation. Then, the fundamental
voltages with DC offsets and the higher-harmonic voltages can be reconstructed respectively according
to the detected parameters in these two DSs, and the input voltages of each DS can be decoupled by
cross-subtraction of the voltages reconstructed by the other DS. The whole PLL structure composed
of FC&DC-DS and HC-DS with decoupling network is shown in Figure 1, and these two DSs will be
designed respectively in the following sections.
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Figure 1. The whole phase-locked loop (PLL) structure.

3. FC-DS in Detection of Fundamental-Voltage Parameters

The PLL technique for detecting the parameters of e,p1 in the FC&DC-DS will be briefly reviewed
at first, whose detailed design process has been presented in [35]. e, can be rewritten according to
Equation (1) as

2 .
€al = \ﬁEm Sin (¢pa — Pea) COS 04 (a)
2 .
2 .
€1 = ———=Em sin ¢y, cos (62 + @ca) (2¢)

V3

T
where, the actual parameter vector is denoted as p; = [Ga Pba qoca} . The expression form of the
PD error eq; can be calculated as the second element of the column matrix eqq; derived successively

though Tan-Sun and Park transformation of e, as

€dql = Tpark Tran—Sun€abcl 3)
where
_ |cos (_¢ba - (pca) cos (bea - (Pca) cos ((Pca - gaba) 4
Ttan—sun = . A N . A ~ . N A ( )
Sin (—@pa = Pca)  SIN(Pra — Pca)  SIN(Peca — Pba)

cosf sinf
Tpark = . 5 x @)

—sinf, cosf,

N T

And the estimated parameter vector is denoted as p; = [Oa Pba gbca} . Then, eq can be

approximated as the following linear function about the estimated parameter errors Af,, Agp,,

T
and A@ca, the vector form of which is denoted as Ap; = [AHa A@p, A(pca} , by Taylor expansion of
it with respect to Ap, about the point Ap; = 0 as

E . . .
eq1 (Ap1) = =% [sin2¢cq — SIN 29, + 5IN2 (Ppy — Pea)] Aba

V3

Em . . . .
—I—\—@ [SIN2@ca — siN 26, +sin2 (02 + @ca)] APpa
E
+—= [5in 26, — sin2¢p, —sin2 (01 + Ppa)] APea (6)

V3
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As eq1 in Equation (6) is the function about Ap; with more than one parameter, Hilbert space
should be built here to design the FC-DS structure. In the real space L? [0, 2x], f(x), g(x) € L? [0, 2x].
If the inner product formula is defined as

1 2n
(@), 8 =5 [ F@gdx @)
then the function system
{1, V2cosx, V2sinx, \f2c052x, V/2sin 2x, } 8)

is an orthonormal basis in L? [0, 27 [36]. The inner product defined in Equation (7) denotes the average
value of the product of f (x) and g (x) in a fundamental period. If only the first three elements in
Equation (8) are considered, the orthonormal basis in Hilbert space constructed by these three elements
has a corresponding relationship with the space rectangular coordinate system in Euclidean space, and
these three elements are corresponding to three unit vectors 7, 7, and k of three-dimensional Euclidean
space. Based on the above relationship, if we define x = 26,, ¢q1 in Equation (6) can be expressed as
the following vector form

S E S 2 2
Zq (Apy) = 7% (AGaa + A@pab + A(pcac)

= — [siN2¢ca — SIN 2@y, + 5IN2 (Ppa — Pca)] TAO,

Em
V3
Em | . -, 1 S, 1 7

N {st(pcaz + 2 sin2@caj + A (cos2¢ca — 1) k] App,

Em { . L1 o1 —»]
+— | —sin2@y,I — — sin2 + —(1—cos2 k| A 9
7 Poal = 75 5in 2900 + 75 ( Pba) k| Apca )

The control laws for @ and p; can be expressed as the dot product of &;; and certain vectors as

i (10a)
o — o~ Kt 2y (10b)
dg’fa = — K - &g (10¢)
dftc"‘ = —K373 - g (10d)

where, Ky, K19, K2, and K3 are all greater than zero. In order to implement the decoupling control
for each estimated parameter in the control laws Equation (10), 7; should be perpendicular to b and
¢, % should be perpendicular to ¢ and @, and 73 should be perpendicular to @ and b, respectively. In
order to simplify the design process, 71, ¥, and 73 should be set as unit vectors, and the signs of these
unit vectors should be set to ensure the stability of the control laws Equation (10). Based on the above
analysis, 71, U, and 73 can be calculated as

7. = = = 7 27 1]_
n= 3 T3 (11a)
. |cxdl . o
= = k 11b
02 xid ]SIN Ppy + K COS Py ( )
ax E’ .
U3 = = —7sin Qca — koS Pca (11¢)

[
X
S
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By substituting Equation (11) into Equation (10), the control laws for p; can be rewritten as

%f - % [sin2¢ca — $In 2, +8IN2 (Pba — Pea)] Al (12a)
C(lfta =@+ KlgEm [sin2¢ca — Sin 2y, + 8N 2 (Ppa — Pca)] Aba (12b)
dd(i):,a _ Iﬁjg“ [COS Ppa — €OS (Ppa — 2¢ca)] APpa (120)
d(qibtca _ Kf/%m [cOS Pca — COS (20pa — Pea)] APca (12d)

The control laws for p; should have the same settling time t5, and the damping ratio of second-order
system is equal to its optimal value V2/2, so the gains Kj,,, Kig, Kz, and K3 can be approximately
selected in the case of three-phase balanced voltages (¢p, = —27/3, Pca = 2n/3, and eq; = 1.5E,) as

. 67.0261 386975 (13a)

1 Emt2 [sin 2, — sin 2¢ca — sin2 (Qba — Pca)] eqit?
20.0538 11.5781

Kig = - - - ~ 13b
107 Emts [SIN2@p, — SIN2@ca — SIN2 (Ppg — Pca)] eqits (136)
K = 3v6 ~ 3V6 (130)

Emts [cos (¢pa — 2¢ca) —COS Ppa]  earts

Ks = 3v6 . 3V6 (13d)

Emts [cos (2¢pa — Pca) — COS Pca] - edits

The control laws in Equation (10) can be rewritten as the following form by mapping the vectors
U1, Uz, and 73 in Euclidean space to their corresponding scalar functions of Equation (8) in Hilbert space

do  22.342¢

— = ———(1—2cos2 14
T en 2 ( c0s260,) (14a)
dd, . 668d6eg
=@ + “eaths (1 —2cos26,) (14b)
d(i)ba 6\/56‘]1 :
= — 26 14
= e sin (20 + gva) (140)
0 6/ 3e
dpea _ 6V3eq1 (264 + ¢ca) (14d)
dt eqits

The real parameters p; in the control laws Equation (14) can all be replaced by their corresponding
estimated parameters p,, and the initial values of p; can be set as

@ (0) =50 x 2nrad/s (15a)
Pba (0) = —21/3 (15b)
Pca (0) =2m/3 (15¢)

According to the above design process, the FC-DS structure in the FC&DC-DS in detection of the
fundamental-voltage parameters is shown in Figure 2.
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Figure 2. The fundamental components (FC)-detection submodules (DS) structure in detection of
fundamental-voltage parameters.

4. FC&DC-DS in Detection of Fundamental Voltage and DC-Offset Voltage Parameters

Three-phase unbalanced voltages with only DC offsets, i.e., e,10, can be expressed according to
Equation (1) as

2 .

€a10 = %Em s (qoba - q)ca) cos 8, + Eq (16a)
2 .

€p10 = %Em SIN Pca COS (9a + (Pba) + Eno (16b)

2 .
ec10 = —\T?)Em Sin @p, €0S (0a + ¢ca) — Eao — Eno- (16¢)

In order to detect the DC offsets in three-phase voltages, the estimated values E.o and Ey of E4o
and Ey, respectively, can be constructed as

N

Eao = Eao + AEq (17a)
Evo = Epo + AEpg (17b)

where, AE,y and AEyy are the estimated errors of E,y and Ep, respectively. The fundamental
components of eypc10 in Equation (16) have been acquired by using FC-DS designed in Section 3,
ie.,

0, = 0, (18a)
Pba = Pba (18b)
Pca = Pca (18¢)

And only the control laws for E.o and Ey( need to be designed in the FC&DC-DS. The actual parameter
vector p, the estimated parameter vector f,, and the estimated parameter error vector Ap, can

T . .~ 1T T
be denoted respectively as p, = [an Ebo} , Po = {an Ebo} , and Apy = [AEaO AEbO} .
The expression form of the PD error eq19 can be calculated as the second element of the column

matrix egqq10 derived successively though Tan-Sun and Park transformation of the differences between
€abc10 and Eqpeo as

€dql0 = Tpark TTan—sun (eabcl() - EabCO) (19)

eqio in Equation (19) can be approximated as the following linear function about Apg by Taylor
expansion of it with respect to Apg about the point Ap, = 0 as

€q10 (Apo) =~ [sin (02 + Ppa + Pca) — sin (02 + Ppa — Pca)] AEao
+[sin (62 — @ba + Pca) — sin (62 + Pra — Pca)] AEpo (20)
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It can be derived according to Equation (20) that if Ap, = 0, then eq19 = 0; on the other hand, if
eqlo = 0, then

{[sin (@pa + Pca) — SIN (Ppa — Pca)] AEap — 28in (Ppa — Pca) AEpg } Os 04
—2sin @y, sin paAE 9 sinf, = 0 (21)

As cos 0, and sin 6, are time-variant while the coefficients of them in Equation (21) are time-invariant,
Equation (21) can be equivalent to

AAp, =0 (22)
where
A =[S (Poat+ @ea) —SiN (g2 — Pea)  —28IN (Pha — Pca) 23)
—2sin @p, SIN Pea 0

The determinant of the matrix A can be calculated as

|A| = —4sin @p, SIN Pea SIN (Ppa — Pea) = 4sin (Pa — @p,) SIN (Pp — @c) SN (Pc — @a) (24)

In general, the difference between the instantaneous fundamental phases of any two voltages in epc19
is neither 0° nor +180°, so |A| in Equation (24) is unequal to 0, and it can be derived according to
Equation (22) that Apg = 0. Through the above analysis, we can come to a conclusion that Apg = 0 is
equivalent to eqr0 = 0. Therefore, if €q10 18 controlled to 0, the errors between f; and pg are eliminated
as well.

If the second and third elements in Equation (8) are considered, the orthonormal basis in Hilbert
space constructed by these two elements has a corresponding relationship with the plane rectangular
coordinate system in Euclidean space, and these two elements are corresponding to two unit vectors I
and 7 of two-dimensional Euclidean space. Based on the above relationship, if we define x = 6,, €q10
in Equation (20) can be expressed as the following vector form

€q10 (Ap) A AEqod + AEy€ = V2sin gy (cos Ppal — sin gobam) AEL — V25in (@pa — ¢ca) INEpgy (25)

The control laws for p, can be expressed as the dot products of €419 and certain vectors as

dEaO - o

T —KyTy - €q10 (26a)
dE Lo
?bo = —K50s - eq10 (26b)

where, K4 and K5 are both greater than zero. In order to implement the decoupling control for each
estimated parameter in the control laws Equation (26), 74 should be perpendicular to & and 75 should
be perpendicular to d. In order to simplify the design process, 74 and U5 should be set as unit vectors,
and the signs of these unit vectors should be set to ensure the stability of the control laws Equation (26).
Based on the above analysis, 74 and 75 can be calculated as

54 =1m (27&)

U5 = sin (pbaf—l— COS Pp, 17t (27b)

By substituting Equation (27) into Equation (26), the control laws for p, can be rewritten as

E

ddtao = V2K, sin @y, sin PcaAEqo (28a)
E

M = \TZKS sin Pba sin ((Pba - goca) AEpg (28b)

dt
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The control laws for p, should have the same settling time t; as that of the control laws for p,,
so the gains K4 and K5 can be approximately selected in the case of three-phase balanced voltages
(Ppa = —27/3, Qca = 21/3) as

Ky = 3

e

- /2t sin @y, Sin Pea
3

~

i (29a)

2V2

Ks = (29b)

~
~

B \V/2ts sin @p, Sin (@pa — Pea) ts

The control laws in Equation (26) can be rewritten as the following form by mapping the vectors
¥4 and U5 in Euclidean space to their corresponding scalar functions of Equation (8) in Hilbert space

dE 4e,
a0 _ —v/2Ky sin Baeqi0 = — 10 i 0a (30a)
dt ts
dE 4e,
T:’O = —V2Kssin (6a + @pa) eqr0 = — tqlo sin (6, + @pa) (30b)
S

The real parameters p; in the control laws Equation (30) can all be replaced by their corresponding
estimated parameters p;.

According to the above design process, the FC&DC-DS in detection of both the
fundamental-voltage parameters and the DC-offset voltage parameters is shown in Figure 3, and the
reconstruction structure of the unbalanced voltages containing DC offsets is shown in Figure 4.

A A ~ A A eql()/edm f n ) éa
€10 €10 :eqlﬂ(eahclﬂ’ea’ Poa> wca’Ean’Ebo) 1-2c0s26, 1™ 22.342/[52 —> J.'dl‘ > J--dt >
A A A oA €410 +
€10 = o (eahclo’ 0,5 Poa> Peas Eros Ebo)
L 6.6846/1,
)] Toal i bt
0, | Pa| E,| E )
b: a0 b0 : = 5 o
ot sin(20, +6,,) (> ~633 /1, (> [-dr
I I I R
Lol sin(20,+6,,) | 653 /1, = [t ba,
I I I Ea(,
> sin6, > 4/t > _[~dt
[ [T .
2) A Eho
L sm(@a +(pha) > -4/t > I.d[ >
I I I ‘
| |
| 1
I I
]

Figure 3. The FC&DC-DS in detection of the fundamental-voltage and DC-offset voltage parameters.

o

P

\/gedlo

Pea

sin2¢,, —sin2¢,, —sin2 ((ﬁba ~ Py )

>

&

>

®
o

>

o
=3

—» LPF
R 2 A 2 AooA
€0 = _3Em s (Q’ba - ¢ca)cos 0, +E,
" 2 A Aa S
> Cy0 = —3Em sing,, COS(Q, 4 (pba)+ E,
R 2 A .. A - s
€10 :_ﬁ m SN Py, COS(Ha +(pca)_Ea0_Eh0

€abelo

Figure 4. Reconstruction structure of the unbalanced voltages containing DC offsets.
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In Figure 4, all the input variables are available through estimation except eq19, which has a linear
relationship with the average amplitude E, according to Equation (19). If eq1g is directly feed forward
to the reconstructed voltages of the FC&DC-DS, the whole PLL system cannot be stable due to the
direct connection from the inputs to the outputs of the FC&DC-DS, which are then fed back to the
inputs of the HC-DS. Therefore, a low-pass filter (LPF) should be added in the path for estimating E,
to avoid this direct connection, the transfer function of which is shown as

S
S+ wg

Grpr = (31)

where, wy is the bandwidth of the LPF, which should be set much higher than that of the control laws
designed for all the above estimated parameters, so as to alleviate the impact of the LPF to the transient
performance of the whole PLL system.

5. HC-DS in Detection of Higher-Harmonic Voltage Parameters

The higher harmonics in three-phase voltages can be expressed according to Equation (1) as

keENT

P Z Epm cos (16, + ¢n) (32a)
n=6k+1
kENJr 27'5

eph = Z Eyym cos {n <9a — 3) + @n:| (32b)
n=6k=+1
kENJr 27.(:

ech = Z E,;m COS {n <Ga + 3) + (pn} (32¢)
n=6kx1

In order to facilitate the subsequent analysis, Equation (32) can be rewritten as the following form

keENT
€ih — Z (Encm cos 1, — Eysm sin nea) (33a)
n=6k=+1
keENT
2n . 2n
€ph = 72 |:Encm cosn <9a - 3> — Eysmsinn (Ga T3 >:| (33b)
n=6k=+1
keNt
2n ) 2n
eh = _Z [Emm cosn (Ga + 3> — Eysmsinn (Ga + 3 )} (33¢)
n=6k+1
where
Enem = Enm €08 ¢p (34a)
Eysm = Eum sin ¢y (34b)

Clarke transformation matrix is

TClarke =

S WIN

1
i s )
B
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According to Equation (5), Equation (33), and Equation (35), the dq-axes voltages eqn and eqy, can be
expressed as

Cdn €ah
= TparkTClarke | €bh
eqh €ch
Z+ [(E(ék-‘rl)cm + E(6k—1)cm) cos 6kfa — (E(6k—1)sm + E(6k+1)sm) sin 6k9a}
_ keN (36)
kgﬁ [(E(ék—&—l)sm - E(ék—l)sm) cos 6ktl, — (E(6k—1)cm - E(6k+1)cm> sin 6k9a}

where, f, in Park transformation matrix is provided by the FC&DC-DS, which has been acquired by
using FC-DS designed in Section 3, i.e., 6, = 6,. It can be seen from Equation (36) that the (6k + 1)-th
harmonics in three-phase voltages Equation (32) are finally converted into 6k-th harmonics in the
dg-axes voltages Equation (36) successively through Clarke and Park transformation.

In order to simplify the expression form of ey, and eqp, as shown in Equation (36), the relationships
of the harmonic coefficients can be set as

Edekem = E(6k-+1)em + E(6k—1)cm (37a)
Edéksm = E(k—1)sm + E(6k+1)sm (37b)
Eqekem = E(6k+1)sm — E(6k—1)sm (37¢)
Eqeksm = E(6k—1)em — E(6k+1)em (37d)

By substituting Equation (37) into Equation (36), eqn, and eq, can be rewritten as

€dh — Z (Edékcm CcOSs 6k9a — Edéksm sin 6k9a) (38a)
keNT

egh = ) (qukcm €0s 6kbla — Egersm sin 6k9a) (38b)
keNt

The estimated values Eqgrcm, I:Zq(,kcm, Ed6ksms I:Zq(,ksm of the real parameters Eggkem, Egskems Edéksm/
Eg6ksm, respectively, can be constructed as

Edkem = Edokem + AEd6kem (39a)
Edeksm = Edéksm + AEdgksm (39b)
Eqkem = Eqokem + AEgokem (3%¢)
Eqksm = Eqeksm + AEqeksm (39d)

where, AEggkem, AEgskem, AEdsksms AEgsksm are the estimated parameter errors of Eggkem, Eqekem:
Egsksm, Eqeksm. respectively. The real parameter vector py,, the estimated parameter vector py, and the
estimated parameter error vector Ap,, can be denoted respectively as

[Edekem]ken+ [Edskem ] ken+ [AEd6kem]ken+
[Ecl6ksm]keN+ [E m] keNT [AEol6ksm]keN+

= = A
Ph {Eq6kcm] keNt [ qékcm} kEN* Ph [AEq6kcm} kN
[Eqéksm} kN [ q6ksm] kN {AEqéksm] kN
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The PD errors eg, and eqy, can be reconstructed according to Equation (38) as

2 27 21
€dh = 7 |€ah COS 0a +eppcos | 03 — — | +epcos | O0f + —

3 3
— Y (Ed6kem €05 6k0a — Eggjsm sin 6k6, )
keNt
= Y (AEqeksm Sin 6kf; — AEqgjcm cos 6k, (40a)
keNt

2 . . 2n . 2n
€gh = —3 €an SIN Oy + epp sin | O, — 3 ~+ eqn sin | O + 3

— 2 (Eqékcm cos 6k0, — Eq6ksm sin 6k9a>
keENT

=) (AEq6ksm sin 6kf — AEqgtem cos6k9a> (40b)
keNt

It can be derived according to Equation (40) that if Ap, = 0, then egp, = 0, g, = 0; on the other hand,
if eqn = 0 and ey, = 0, then

Y (AEggksm Sin 6k0a—AE gkem cos 6kb,) = 0 (41a)
keENT

y (AEq6ksm in 6k0a — AE ggtem €O 6k9a> -0 (41b)
keENT

As cos6k0, and sin6kf, are time-variant while the coefficients of them in Equation (41) are
time-invariant, it can be concluded that AEggrem, AEdsksm, AE g6kems and AE g6ksm all equal zero.
Through the above analysis, we can come to a conclusion that Ap, = 0 is equivalent to Aegy, = 0 and
Aegnh = 0. Therefore, if Aegp, and Aegp, are controlled to 0, the errors between p,, and p,, are eliminated
as well.

If we establish the relationship that cos 6kf, and sin 6kfl, in Equation (8) are corresponding to Jj
and K in Euclidean space, respectively, eq, and eqp, in Equation (40) can be expressed as the following
vector form

1 - 1
em (Ap) = —ki.AE — —T7AE 42a
an (Ap) k§+ < NG kAEd6ksm ﬁ]k d6kcm) (42a)
1 - 1
e.n (Ap) = —kiAE — —T7AE 42b
qh( P) keZN+ ( \6 kB Lq6ksm \@]k q6kcm> ( )

As the expression form of &y, is the same as that of €y, only the control laws for Edekem and Egersm
need to be designed, and the control laws for Eq6kcm and Eqéksm can be designed in the same way.
The control laws for Eggrem and Eqgrsm can be expressed as the dot products of &4y, and certain vectors
respectively as

dE
% = —KkcTdke * €an (43a)
dE
% = —KksTdks * €dn (43b)

where, Ky and Kgj are both greater than zero. For any k € N, if T4y and T4 only contain the unit
vectors 7 and Ky, then 45 and Ty will be certainly perpendicular to both {7,|n € N, n # k} and
{En |n € N*, n # k}. Therefore, in order to implement the decoupling control for Eggem and Eggrem in
the control laws Equation (43), T4y is only required to be perpendicular to %k, and T4y is only required
to be perpendicular to Ji. In order to simplify the design process, U4k and F4xs should be set as unit
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vectors, and the signs of these unit vectors should be set to ensure the stability of the control laws
Equation (43). Based on the above analysis, 74y, and 4y can be calculated as

Tdke = —Jk (44a)
Taks = ki (44b)

By substituting Equation (44) into Equation (43), the control laws for Egerem and Eggrem can be
rewritten as

dﬁd6kcm _ 1
—ar ﬁdeCAEdafcm (45a)
dE 6k 1

ar = 5 KarsAEdsiem (45b)

The control laws for Eggxem and Eggrsm should have the same settling time t as that of the control laws
for p; and p, so the gains Ky and Ky can be selected as

3v2
Kake = Kais = . (46)
S

The control laws in Equation (43) can be rewritten as the following form by mapping the vectors
Tge and T4 in Euclidean space to their corresponding scalar functions of Equation (8) in Hilbert space

dE 6
% = V2K gjceqn cos 6kt = 7 €dh €OS 6kfa (472)
S
dE 6
% = — \/Edesedh sin 6k9a = — ?edh sin 6k9a (47b)
S
l:he control laws for Eq6kcm and Eq6ksm can be derived in the same way as the ones for Eqgm and
Edgksm as
dE 6
zlikcm = g €os 6k6, (48a)
S
dE 6
qd6tksm = —t—eqh sin 6k6, (48b)
s

According to the above design process, the HC-DS in detection of the higher-harmonic voltage
parameters is shown in Figure 5, and the reconstruction structure of the higher-harmonic voltages
is shown in Figure 6, where the sine and cosine coefficients of (6k & 1)-th harmonic voltages can be
calculated according to Equation (37) as shown in Figure 6.
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Figure 5. The higher-harmonic components (HC)-DS in detection of the higher-harmonic voltage

parameters.
Equcm N 1 E(ek—l)cm
E(Gk—l)cm = 5( askem + Eqgiom ) . g
E Eg keN'
q6ksm ~ 1 (6k—1)sm . . n
E(Gk—])sm :E( d6ksm qél\cm) " € = Z (Encm 005”9 E 51“”6;,)
- ~ et
Egsem A 1 E(6k+1]cm FeN* -
_dokem | -l >l - < | ~ A 2m) A . A~ 21 €obe
E griyem = 2( dékem — qél.sm) &y = z [Encm cosn[ea _Tj_ sin n(ﬂa _Tﬂ Ly
E R E.,. . n=6k+1
e (6k+1)sm =_( d6ksm T qGALm) G, A keNT [T .~ 21 A 2n
ey = z E,.cosn| 0, +? —EnSm sinn| 6, +?

6. Simulation Analysis

n=6k+1

FC&DC-DS

Figure 6. Reconstruction structure of the higher-harmonic voltages.

This section will validate the correctness and effectiveness of the proposed whole PLL system,
which is based on the combination of FC&DC-DS and HC-DS with decoupling network in
MATLAB/Simulink. In the simulation, three-phase voltages are set unbalanced with DC offsets
and higher harmonics, and the parameters of the three-phase non-ideal voltages are set as shown
in Table 1. In Table 1, the fundamental voltage unbalance factor can be calculated as 14.58% according
to [37]. In order to simulate the actual three-phase distorted grid voltages, the three-phase voltages
mainly contain the 5th, 7th, 11th, and 13th harmonics, and the 5th and 11th harmonic voltages are NS
(—5 and —11) while the 7th and 13th harmonic voltages are PS (47 and +13). The amplitude of each
order higher-harmonic voltage decreases as the harmonic order increase. The amplitudes of the 5th
and 7th harmonic voltages, as well as those of the 11th and 13th harmonic voltages, are both nearly
the same. The selection of the DC offsets in the three-phase voltages can refer to [3,16].

Table 1. Simulation Parameters.

Symbol Description Value
Em Average voltage amplitude 100V
f Grid frequency 50 Hz
Pba Phase difference between phase B and A voltages  —130°
Pca Phase difference between phase C and A voltages ~ 125°
Eax DC offset in phase A voltage 5V
Epo DC offset in phase B voltage -2V
Esm Amplitude of 5th harmonic voltage 12V
E7m Amplitude of 7th harmonic voltage 115V
E1im Amplitude of 11th harmonic voltage 4V
Ei3m Amplitude of 13th harmonic voltage 3.8V

In the simulation, the settling time t5 of the control law for each estimated parameter is set as
35 ms, and the bandwidth wy of the LPF for estimating Eyy, is set as 2000 rad /s. The simulation for the
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proposed whole PLL system is performed under the following three different transient conditions of
the three-phase non-ideal voltages, so as to validate the steady performance and response speed of the
whole PLL system, respectively.

6.1. Three-Phase Unbalanced Voltages Being Injected with DC Offsets and Higher Harmonics

Att = 0.3 s, the three-phase unbalanced voltages are suddenly injected with DC offsets and
higher harmonics, and the simulation results are shown in Figure 7. It can be seen from Figure 7 that the
detection time for each parameter is less than 50 ms. The estimated error of each fundamental-voltage
phase is almost zero, and the maximum estimated error of the grid frequency is less than 0.9 Hz.
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(e) ® (8)

Figure 7. Simulation results when three-phase unbalanced voltages are suddenly injected with DC
offsets and higher harmonics. The waveforms of (a) e,pc; (b) éapc1. The actual and estimated parameters

of (¢) Eao, Evo; (d) Esm, E7m, E11m, E13m; (€) f; (f) 6a; (g) Pbar Pca-
6.2. The Phase Difference between Phase B and Phase A Voltages Having a Step Change

At t = 0.8 s, the phase difference between phase B and phase A voltages has a step change from
—130° to —150°, and the simulation results are shown in Figure 8. It can be seen from Figure 8 that the
detection time for each harmonic amplitude is about 60 ms, while the detection error is little, and the
detection time for the other parameters is about 30 ms. The estimated error of each fundamental-voltage
phase is very little, and the maximum estimated error of the grid frequency is less than 1.2 Hz.
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Figure 8. Simulation results when ¢, has a step change from —130° to —150°. The waveforms of (a)
€abc; (b) éapc1- The actual and estimated parameters of (¢) Eyo, Evg; (d) Esm, Ezm, E11m, E13m; (e) f; (f)

Ba; (8) Pbas Pca-

6.3. The Grid Frequency Having a Step Change

Att = 0.8 s, the grid frequency f has a step change from 50 Hz to 45 Hz, and the simulation
results are shown in Figure 9. It can be seen from Figure 9 that the detection time for each parameter is
about 60 ms. The estimated error of each fundamental-voltage phase is very little, and the maximum

estimated error of the grid frequency is less than 1 Hz.
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Figure 9. Simulation results when the grid frequency f has a step change from 50 Hz to 45 Hz. The
waveforms of (a) e,pc; (b) é;pc1. The actual and estimated parameters of (¢) Eao, Epg; (d) Esm, E7m, E11m.

E13m; (e) f/' (f) 0a; (8) Pvas Pca-

It can be concluded according to the simulation results that the proposed whole PLL system
can successfully separate the FCs, DCs, and HCs of the three-phase non-ideal voltages, respectively,
and detect all the parameters in less than 60ms under various types of transient conditions. Except for
the big overshoots in detecting the DC offsets and higher harmonics of the three-phase voltages, the
overshoots in detecting the other parameters are relatively very little. It is worth to note from the
simulation results that the proposed whole PLL system has good steady and transient performance.

7. Experimental Results

The performance of the proposed whole PLL system has been evaluated through simulation in
Section 6. This section will validate the correctness and effectiveness of the whole PLL system on the
digital experimental platform. The experimental platform, as shown in Figure 10, is composed of a
waveform generation board and a waveform detection board which both take the digital signal
controller TMS320F28335 as the core. The waveform generation board is used to simulate the
three-phase voltages sampled from the voltage transducers, and the parameters of the three-phase
voltages are set as the same as those used in the simulation (Table 1). The waveform detection board is
used to receive the three-phase voltages produced by the waveform generation board and detect the
parameters of the received voltages. The settling time of each control law and the bandwidth of the LPF
programmed in the waveform detection board are set also the same as those used in the simulation.
This section will first validate the steady performance of the whole PLL system when both the DC
offsets and higher harmonics are contained in the three-phase unbalanced voltages. And then, the
transient performance of the whole PLL system will be validated under three different transient
conditions, which are set as the same conditions as in the simulation.
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Figure 10. Photo of digital experimental platform.

7.1. Analysis of the Steady Experimental Results

18 of 24

When the three-phase unbalanced voltages contain DC offsets and higher harmonics, the steady

experimental results are shown in Figure 11. It can be seen from Figure 11 that the whole PLL system
can successfully separate the FCs, DCs, and HCs of the three-phase non-ideal voltages, respectively,
and detect all the parameters without steady errors, which can demonstrate that the whole PLL system

has good steady performance.
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Figure 11. Experimental steady results when three-phase unbalanced voltages contain DC offsets and
higher harmonics. The waveforms of (a) ep.; (b) f, Pha, and Pea; (€) é;pc and 0a; (d) Eapeo; (€) Esm, Evm,
Ellm/ and El?;m-

7.2. Analysis of the Transient Experimental Results

7.2.1. Condition I

When the three-phase unbalanced voltages are suddenly injected with DC offsets and
higher harmonics, the experimental results are shown in Figure 12. It can be seen from Figure 12 that
the estimated errors of the grid frequency and the phase differences between phase B&C and phase A
voltages are almost zeros. The detection time for the FCs, DCs, and the harmonic voltage amplitudes
is less than 40 ms with little overshoots.
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Figure 12. Experimental results when three-phase unbalanced voltages are suddenly injected with DC
offsets and higher harmonics. The waveforms of (a) ep; (b) f, Pba, and Pca; (€) é;p and 0a; (d) Epeo;
(e) Esm, E7m, Erim, and Eyzm.

7.2.2. Condition II

When the phase difference between phase B and phase A voltages has a step change from —130°
to —150°, the experimental results are shown in Figure 13. It can be seen from Figure 13 that the
estimated errors of the grid frequency and the phase differences between phase B&C and phase A
voltages are very little. The detection time for the FCs, DCs, and the harmonic voltage amplitudes
is less than 25 ms, while the estimated DC offsets have large fluctuations and the estimated higher
harmonic voltages have little fluctuations.
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Figure 13. Experimental results when ¢y, has a step change from —130° to —150°. The waveforms of
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7.2.3. Condition III

When the grid frequency f has a step change from 50 Hz to 45 Hz, the experimental results are

shown in Figure 14. It can be seen from Figure 14 that the estimated errors of the grid frequency and
the phase differences between phase B&C and phase A voltages are very little. The detection time for
the FCs, DCs, and the harmonic voltage amplitudes is less than 60 ms, while the estimated DC offsets
have large fluctuations and the estimated higher harmonic voltages have relatively less fluctuations.
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Figure 14. Experimental results when the grid frequency f has a step change from 50 Hz to 45 Hz. The
waveforms of (a) eape; (b) f, Ppa, and Pca; (€) &xpc and éa; (d) Each; (e) E5m/ EA:7m/ éllm/ and E‘13m-
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It can be concluded according to the experimental results that the proposed whole PLL
system can successfully separate the FCs, DCs, and HCs of the three-phase non-ideal voltages,
respectively, and detect all the parameters in less than 60ms under various types of transient conditions.
Except for the large fluctuations of the estimated errors in detecting the DC offsets of the three-phase
voltages, the overshoots or fluctuations in detecting the other parameters are little. Therefore, the
experimental results can demonstrate that the proposed whole PLL system has good steady and
transient performance.

8. Conclusions

This paper has proposed a PLL technique based on the combination of FC&DC-DS and HC-DS
with decoupling network, which can realize the rapid detection of the parameters of FCs, DCs, and HCs
of the three-phase non-ideal voltages, respectively. The control law for each estimated parameter can be
designed as the first-order or second-order system (grid frequency and instantaneous phase of phase A
voltage are the latter case) which is related to only the corresponding estimated parameter error, so the
decoupling control is realized for each estimated parameter. The response speed of the whole PLL
system can be further improved by setting the control law for each estimated parameter with the same
settling time. The proposed PLL technique can directly detect the instantaneous phases of three-phase
fundamental voltages other than those of the three-phase PS voltages. It can be concluded from the
simulation and experimental results that the proposed PLL technique has good steady performance,
and the detection time for each parameter does not exceed three grid cycles in various types of transient
conditions, which can demonstrate that the PLL technique also has good transient performance and
high stability. Future work will focus on the practical application of the proposed PLL technique to the
three-phase AC microgrid.
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