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Abstract—This article presents approaches for efficient model-
ing and systematic design of enhanced phase-locked loop (ePLL)
structures. While different ePLL structures have found a wide
acceptance for various applications, their modeling and design
aspects have not been fully and systematically reported in the ex-
isting literature. This article fills this gap by presenting an effective
modeling approach for both the single- and three-phase ePLLs. The
models are derived with a view to minimize the number of parame-
ters to be adjusted to simplify the design. The models are then used
to develop systematic design algorithms for their parameters. As
an example, application of the ePLL in a grid-connected inverter
is formulated and studied through simulation and experimental
results. The design and simulation files are made available.

Index Terms—Enhanced phase-locked loop (ePLL), phase-
locked loop (PLL), PLL design, PLL modeling, unified three-phase
signal processor, voltage-source converter (VSC).

I. INTRODUCTION

A PHASE-LOCKED loop (PLL) is a key element of almost
all grid-connected power electronic converters. It tracks

the grid voltage and provides a reference for synchronization.
The PLL is nonlinear due to the nonlinear relationship of the
frequency and angle to the sinusoidal waveform. Therefore, its
efficient modeling for design and stability analysis is a challenge.
A well-designed PLL can significantly improve the responses of
the converter and the entire system [1], [2].

The enhanced phase-locked loop (ePLL) was first proposed
in [3] and [4] in a single-phase form and then in [5] and [6]
in a three-phase form. Its extensions are published in a num-
ber of technical papers, e.g., [7]–[10], and a monograph [11].
The single-phase ePLL (1ePLL) removes the historical double-
frequency ripples and provides a direct estimation of magni-
tude in addition to the frequency and angle. The three-phase
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ePLL (3ePLL), also called unified three-phase signal processor
in some studies [12], separates the sequence components and
estimates their attributes. Some further extensions include esti-
mation of dc component [9], harmonics and interharmonics [13],
synchrophasors [14], [15], and fault analysis [16].

A brief review of some other ePLL-related publications is
as follows. Application of the delay signal cancellation ap-
proach to the ePLL to remove harmonic and dc components
is reported in [17] and [18]. The two-phase version of the
ePLL introduced in [19] does not address the unbalanced sit-
uations, as further analyzed in [20]. The ePLL’s applications
in dynamic voltage restorer [21], unified power quality condi-
tioner [22], static compensator [23], [24], microgrids [25]–[27],
multilevel inverter [28], synchrophasors [29], grid-connected
converters [30]–[33], uninterruptible power supply [34], and
voltage flicker mitigation [35], among others, have been
reported.

Given the widespread interest in the ePLL, developing simple
and workable models for the following objectives is needed: 1)
Obj1: design of the ePLL parameters itself; 2) Obj2: stability
analysis of the entire system wherein the ePLL is adopted; and 3)
Obj3: design of the controllers for such systems while including
PLL dynamics. A large-signal linear time-invariant (LTI) model
for the 1ePLL has been proposed in [8], where the frequency
dynamics are ignored. A similar model for the two-phase ePLL
has recently been proposed in [10]. The single-phase model
is used to enhance the controller of a converter connected to
weak grids [1]. A linear time-periodic (LTP) model for the
1ePLL is presented in [36] with more accurate prediction of its
responses and stability margins. A comprehensive and compact
rendering of the models (in the form of a single and homogenous
presentation) for design and analysis of both the 1ePLL and the
3ePLL is still needed and missing.

This article fills the mentioned gap. It first shows that the com-
bination of two models, i.e., 1) the large-signal LTI model with-
out frequency dynamics and 2) the small-signal phase/frequency
dynamics, provide an adequate and effective framework to
achieve the aforementioned three objectives. Then, using this
framework, direct and simple algorithms to design the ePLL
parameters are presented. Moreover, two practical aspects have
been given special attention: 1) presence of possible offset in the
ePLL input and 2) severe grid voltage conditions. Accordingly,
the ePLLs are modified to address them, and their models are also
modified. Finally, the systematic application of the ePLL in a
grid-connected inverter is formulated and studied in detail using
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Fig. 1. 1ePLL structure.

computer simulations and experimental results. The design and
simulation files are made available.

II. SINGLE-PHASE EPLL

Consider a single-phase ac signal u(t) expressed as

u(t)=Ucos(θ) + uh(t), θ(t)=

∫ t

0

ν(τ)dτ + θ(0) (1)

where ν is the fundamental frequency anduh(t) comprises total-
ity of other components, including dc, harmonics, interharmon-
ics, noise, and transients. The signal u(t) normally represents
a measured ac grid voltage. The objective of using a PLL is
primarily to detect the unitary synchronizing signal sd, which
is an estimate of cos(θ). The quadrature signal sq is defined as
the 90◦ delayed version of this signal, i.e., sq estimates sin(θ).
A PLL may also estimate the magnitude U , the frequency ν, the
angle θ, and other parameters within uh (e.g., dc component,
harmonics, etc.).

Fig. 1 shows the structural block diagram of the ePLL, [4],
[8], [11]. It provides the direct and quadrature unit vectors sd and
sq , the magnitude A (estimation of U ), the angular frequency ω
(estimation of ν), and the phase angle φ (estimation of θ). The
design parameters μ1, μ2, and μ3 control the transient response
of the ePLL. The constant ωo denotes the rated frequency.

Remark 1: If u(t) is expressed as a sine function, i.e., u(t) =
Usin(φ) + uh(t), the block “cos” in Fig. 1 is replaced with “sin”
and the block “sin” with “− cos.” Then, sd estimates sin(θ) and
sq estimates − cos(θ).

Remark 2: The division to A may be replaced with the
division by |A|+ ε (for a small positive ε, such as 0.001Ao,
where Ao is the nominal value of voltage magnitude) to avoid
a possible divide-by-zero. The initial value of the A integrator
may also be set to Ao for a faster starting.

A. Linear Analysis and Design of 1ePLL

The first main result is given by the following theorem.
Theorem 1: Assume that μ3 = μ1 = μ and μ2 = 0. The

ePLL of Fig. 1 reduces to a completely LTI system in terms
of the state variables x = [x1 x2]

T = [A cos(φ) A sin(φ)]T .

Proof: From Fig. 1, the ePLL’s two main equations are as
follows:

Ȧ = μe cos(φ), φ̇ = ω − μ
e

A
sin(φ) (2)

where e = u−A cos(φ). Using x1 = A cos(φ) = Asd and
x2 = A sin(φ) = Asq , it is readily seen that

ẋ1=Ȧ cos(φ)−Aφ̇ sin(φ)= · · ·=−ωx2 + μe

ẋ2=Ȧ sin(φ) +Aφ̇ cos(φ)= · · ·=ωx1.
(3)

For μ2 = 0, i.e., ignoring the dynamics of frequency, (3)
reduces to an LTI system with transfer functions

X1(s) =
μs

s2 + ω2
o

E(s), X2(s) =
μωo

s2 + ω2
o

E(s) (4)

and since E(s) = U(s)−X1(s), we obtain

X1(s)=
μs

s2+μs+ω2
o

U(s), X2(s)=
μωo

s2+μs+ω2
o

U(s).

This means that at a given frequency, the ePLL’s input–output
dynamics (the output being x1 = Asd) is equivalent to that
of a second-order bandpass filter. Thus, its “amplitude/phase”
dynamics is characterized by s2 + μs+ ω2

o = s2 + 2ζωos+
ω2
o = 0 for μ = 2ζωo.
The second step is to derive a linear model, around the oper-

ating point, for the “phase/frequency” dynamics of the ePLL.
Let u(t) = Ucos(θ) and θ = ωot; then, e = u−A cos(φ) =
Ucos(θ)−A cos(φ), and

Δ̇ω=−μ2

A
[Ucos(θ)−A cos(φ)] sin(φ)≈ μ2 U

2 A
sin(θ−φ) (5)

where the term −μ2 U
2 A sin(θ + φ) + μ2

2 sin(2φ) is ignored. This
high-frequency (double-frequency) term goes to zero as A and
φ approach U and θ. Similarly, for the angle

φ̇ ≈ ωo +Δω +
μU

2 A
sin(θ − φ). (6)

Denote φ = ωot+Δφ; then, (5) and (6) may be written as

Δ̇ω ≈ −μ2 U

2 A
sin(Δφ), Δφ̇ ≈ Δω − μU

2 A
sin(Δφ). (7)

Linearizing around (A,Δω,Δφ) = (U, 0, 0) leads to

Δ̇ω ≈ −μ2

2
Δφ, Δφ̇ ≈ Δω − μ

2
Δφ. (8)

Therefore, the phase/frequency dynamics is characterized by
s2 + 0.5 μs+ 0.5 μ2 = 0. This can be written as s2 + 2ξωns+

ω2
n = 0, which leads to μ2 = μ2

8ξ2 . Since the frequency does not
experience very fast changes in a power system, the responses
will be more robust if this dynamics is overdamped, i.e., ξ > 1.
For instance, for ξ = 2√

3
, μ2 = 3μ2

32 , and the poles are at − 3
8μ

and − 1
8μ.

Remark 3: It is concluded from (2) and (7) that the ePLL has
two equilibrium points: (A,ω, φ) = (U, ν, θ) and (A,ω, φ) =
(−U, ν, θ + π). Linearizing around the second equilibrium
point, i.e., (A,Δω,Δφ) = (−U, 0, π), leads to the same dy-
namics as (8), meaning that both equilibrium points are stable.
As a result, the response can converge to negative magnitude
and 180◦ shifted angle. This is not practically an issue because
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Fig. 2. Proposed design region (inside the box) and the stable region of the
ePLL according to the LTP model of [37].

negative A can be used as a flag to adjust the 180◦ shift in the
angle. However, to completely prevent this problem and also to
avoid possible division by zero, the term 1

A may be modified
to 1

|A|+ε for a small positive ε, such as ε = 0.001Uo, where Uo

is the rated magnitude of the input signal. This will force the
second equilibrium point to become unstable.

Algorithm I: Design of 1ePLL.
Step 1: Choose μ = 2ζωo, where ζ is a damping ratio and ωo

is the system’s rated frequency. The recommended range for ζ is
0.25 ≤ ζ ≤ 0.75. Smaller ζ leads to stronger filtering capability
but slower response.

Step 2: Set μ3 = μ1 = μ and μ2 = μ2

8ξ2 , where ξ is a damping
ratio. The recommended range for ξ is 1 ≤ ξ ≤ 1.5. Larger ξ
leads to (smaller bandwidth of frequency estimation loop, ωn,
resulting in) a smoother and more robust frequency estimation
but at a lower response speed.

Remark 4: The LTP model of [36] and [37] predicts the
stability margins of the ePLL. Fig. 2 shows the proposed design
region placed within the stable region of the ePLL, as predicted
by the LTP model of [37]. The proposed design region is
sufficiently away from the stability border. The horizontal axis
in this figure is an intermediary variable ωz = γ = ki

kp
= μ2

μ1
,

which is equal to μ2/8ξ2

μ = ζ
4ξ2ωo using our notations. The value

for ζ
4ξ2 according to Algorithm I is between 0.25

4×1.52 = 0.0278

and 0.75
4×12 = 0.1875. Therefore, the value of ωz (or γ of [37]),

according to Algorithm I, is between 0.0278× 377 = 10.5 and
0.1875× 377 = 70.7. This means that the values of 300 and
1000 selected in [37] for this parameter are very much exag-
gerated. Even the value of μ = 533, or μ = 444 for the 50-
Hz system (corresponding to ζ = 0.707), and μ2 = 71000, or
μ2 = 49000 for the 50-Hz system (corresponding to ξ = 0.707),
suggested in several existing publications (marked by ∗ in Fig. 2)
is still extreme. While such extreme selection of parameters may

Fig. 3. Modified ePLL to improve its disturbance response.

exhibit faster PLL dynamic responses, they increase the level of
oscillations during dynamic conditions, cause instability when
used in a converter connected to a weak grid, and can also reduce
the output current quality when the grid voltage is distorted.
Moreover, such levels of fast dynamic response are not indeed
required for power system applications. This analysis and the
graph shown in Fig. 2 also prove that a statement such as “it has
a quite narrow stable zone,” regarding the ePLL, made in [37],
is scientifically incorrect.

B. Modified ePLL

An ePLL must continue to provide an accurate estimate of sd
and sq during severe conditions, such as the abrupt transients and
disturbances of the grid voltage. Moreover, it can often happen
that the input to the PLL has a small unknown dc offset, which
may have been present in the actual measured input or have been
created during the measurement and signal conditioning stage.
Fig. 3 shows a modified ePLL to address large transients and dc
aspects.

To enhance the performance during severe grid voltage tran-
sients, e.g., short-circuit faults, etc., two modifications are made.
First, a saturation block is added to keep the frequency devi-
ation between [−2πΔfmin 2πΔfmax]. Second, the gain μ2

is made adaptive to μ2

1+λ
|e|

|A|+ε

so that it becomes small during

an abrupt disturbance, which will prevent the frequency from
shifting too much. For λ = 0, this feature is disabled. A value
of 10 < λ < 30 can well improve the ePLL responses during
sudden transients [7]. Too big of λ compromises the speed of
frequency estimation.

As for the possible dc (offset), a new branch, including a gain
μ0 and an integrator, is added. Here, A0 will be the estimate of
the dc offset. To design μ0, from Fig. 3 and (4), we obtain the
characteristic equation as

1 +
μ0

s
+

μs

s2 + ω2
o

= 0 ⇒ 1 + μ0
s2 + ω2

o

s(s2 + μs+ ω2
o)

= 0

with the typical root locus shown in Fig. 4. One option is to have
all three poles aligned on a vertical line. The value of μ0 that
aligns all three poles vertically is obtained from the real root of
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Fig. 4. Locus of ePLL poles when μ0 varies.

Fig. 5. Variations of μ0 versus μ for vertically aligned poles.

the equation

μ̄3
0+3μ̄1μ̄

2
0+(3μ̄2

1+9)μ̄0+μ̄3
1−4.5μ̄1=0 (9)

where μ̄1 = μ1

ωo
and μ̄0 = μ0

ωo
. Fig. 5 shows variations of μ̄0

versus μ̄. It is observed that at μ̄ = 0.95, we get the maximum
value for μ̄0 at 0.272. At this point, the damping of complex poles
is ζ = 0.5 and the distance of all three poles to the imaginary
axis is 0.405ωo. For a 60-Hz system, this leads to μ = 360 and
μ0 = 100. The ePLL poles will be at −154, −154± j267. And
μ2 will be μ2 = 3

32μ
2 = 12000.

Algorithm II: Design of the Modified 1ePLL.
Step 1: Choose the damping ratio ζ and calculate μ1 = 2ζωo.

The recommended range for ζ is 0.25 ≤ ζ ≤ 0.75. Smaller ζ
leads to stronger filtering capability but slower response. Set
μ3 = μ1. (The value of ζ = 0.475 may be selected to generate
maximum μ0.)

Step 2: Set μ̄1 = μ1

ωo
and find the real root of (9) for μ̄0.

Alternatively, use Fig. 5. Set μ0 = ωoμ̄0. (For ζ = 0.475, the
maximum value at μ̄0 = 0.27 is obtained.)

Step 3: Choose the damping ratio ξ and calculate μ2 =
μ2
1

8ξ2 .
The recommended range for ξ is 1 ≤ ξ ≤ 1.5. Larger ξ leads to
(smaller bandwidth of frequency estimation loop, ωn, resulting
in) a smoother and more robust frequency estimation but at a
lower response speed.

Step 4: Choose 10 ≤ λ ≤ 30. Larger values of λ results in
smoother responses to sudden signal transitions, such as at the
start-up or when a grid voltage fault (or abrupt disturbance)
occurs. Larger values of λ slows down the frequency adaptivity
rate. For λ = 0, this feature is disabled.

Fig. 6. SRF-PLL with magnitude normalization.

Fig. 7. Alternative presentation of the SRF-PLL of Fig. 6.

III. THREE-PHASE EPLL

The synchronous reference frame PLL (SRF-PLL) has been
commonly used for three-phase applications [38]–[40]. Thus, a
brief overview of the SRF-PLL is provided first.

A. Synchronous Reference Frame PLL

The SRF-PLL is shown in Fig. 6, where uabc(t) denotes the
three-phase signal, e.g., the measured grid voltage. The vari-
ables ω and θ denote the estimated frequency and phase angle,
respectively. The two gains μ1 and μ2 are the proportional (P)
and the integral (I) gains. The direct signal ud is passed through
a simple low-pass filter (LPF) μ3

s+μ3
and is used to normalize the

quadrature signal uq .
Fig. 7 shows an alternative modular representation of the SRF-

PLL, where two-phase αβ representation is used. The vectors
sdp

and sqp are defined as

sdp
(θ) =

[
cos(θ)
sin(θ)

]
, sqp(θ) =

[
sin(θ)

− cos(θ)

]
. (10)

The equivalence of Figs. 6 and 7 is readily observed. Fig. 7,
however, lends to transition from the SRF-PLL to the ePLL, as
explained in the following sections.

For a balanced input, ud=Ucos(φ− θ) and uq=Usin(φ−
θ). Therefore, for θ close to φ, wq may be linearized to (φ− θ),
and the linearized loop is characterized by

1 +
(
μ1 +

μ2

s

) 1

s
= 0 ⇒ s2 + μ1s+ μ2 = 0. (11)

B. Basic 3ePLL

The basic 3ePLL, shown in Fig. 8, is derived by modifying
the SRF-PLL of Fig. 7 through adding a subtraction block at
the input, where eαβ = uαβ − Udsdp

(θ) is performed. The LPF
block is also accordingly replaced by an integrator with the gain
μ3. It is readily observed that uq in the ePLL is identical with
uq in the SRF-PLL. Meanwhile, it can be proved that Ud in the
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Fig. 8. Basic 3ePLL.

ePLL is also identical with the output of the LPF in the SRF-
PLL. Therefore, this ePLL is indeed equivalent to the SRF-PLL.
Nevertheless, as we will show, it allows further extensions in a
convenient and modular way.

An interesting fact is that a suitable change of variables leads
to derive a large-signal LTI representation for the ePLL (or SRF-
PLL). This is stated in the following theorem.

Theorem 2: Assume that μ3 = μ1 and μ2 = 0. The ePLL of
Fig. 8 reduces to a completely LTI system in terms of the new
state variables x = [x1 x2]

T = Udsdp
(θ).

Proof: We first notice that ω = ω0 and

θ̇ = ω − μ1

Ud
sqp(θ)

T eαβ = ω − μ1

Ud
sin(θ)eα + μ1

Ud
cos(θ)eβ

U̇d = μ1sdp
(θ)T eαβ = μ1 cos(θ)eα + μ1 sin(θ)eβ .

Differentiating x1=Ud cos(θ) and x2=Ud sin(θ) leads to

ẋ1 = U̇d cos(θ)− Udθ̇ sin(θ) = −ωx2 + μ1eα
ẋ2 = U̇d sin(θ) + Udθ̇ cos(θ) = ωx1 + μ1eβ .

(12)

Since eαβ = uαβ − x, we can obtain

ẋ1=−μ1x1−ωx2+μ1uα, ẋ2=ωx1−μ1x2+μ1uβ . (13)

In transfer function form, X(s)=T (s)Uαβ(s), where

T (s)=
μ1

(s+ μ1)2 + ω2

[
s+ μ1 −ω

ω s+ μ1

]
. (14)

This matrix transfer function shows that the PLL uses both the
α and β components of the input to generate its outputs. Based
on this analysis and (11), a design algorithm may be developed
as follows.

Algorithm III: Design of SRF-PLL and Basic 3ePLL.
Step 1: Choose the damping ratio ζ and calculate μ1 = ζ(1−

ζ2)−0.5ωo ≈ 0.25(7ζ − 1)ωo. The recommended range for ζ is
0.25 ≤ ζ ≤ 0.75. Smaller ζ leads to stronger filtering capability
but slower response. Set μ3 = μ1.

Step 2: Choose the damping ratio ξ and calculate μ2 =
μ2
1

4ξ2 .
The recommended range for ξ is 1 ≤ ξ ≤ 1.5. Larger ξ leads to
(smaller bandwidth of frequency estimation loop, ωn, resulting
in) a smoother and more robust frequency estimation but at a
lower response speed.

For example, in a 60-Hz power system, for ζ = 0.5 and ξ =
1.25, we get μ1 = 220 and μ2 = 7600. The roots of (11) will
be at −43 and −177. Primarily, the slower mode (time constant
of 23 ms) represents the frequency and the other (time constant
of 6 ms) represents the phase angle dynamics, which are quite
reasonable.

Fig. 9. 3ePLL with negative-sequence estimation/rejection capability.

C. 3ePLL With Negative-Sequence Estimation/Rejection

Fig. 9 shows the ePLL that is upgraded to estimate the negative
sequence and reject its impacts on the accuracy of estimated
variables. The estimated negative sequence is shown by y. The
unit vectors sdn

(·) and sqn(·) are

sdn
(θ) =

[
cos(θ)

− sin(θ)

]
, sqn(θ) =

[
sin(θ)
cos(θ)

]
. (15)

The LTI model of the negative-sequence block is obtained by
changing ω to −ω in the LTI model of the positive-sequence
block. Therefore, the state-space equations of the ePLL with
negative-sequence estimation are summarized as

ẋ1 = −ωx2 + μ1eα, ẋ2 = ωx1 + μ1eβ
ẏ1 = ωy2 + μ1eα, ẏ2 = −ωy1 + μ1eβ .

(16)

Using eαβ = uαβ − x− y, we obtain

ẋ1=−μ1x1 − ωx2 − μ1y1 + μ1uα

ẏ1=−μ1x1 − μ1y1 + ωy2 + μ1uα

ẋ2=ωx1 − μ1x2 − μ1y2 + μ1uβ

ẏ2=−μ1x2 − ωy1 − μ1y2 + μ1uβ

(17)

which is in the form Ẋ = AX +BU with the characteristic
equation as det(sI −A) = (s2 + 2μ1s+ ω2)2.

Algorithm IV: Design of 3ePLL With Negative Sequence.
Step 1: Choose the damping ratio ζ and set μ1 = ζωo. The

recommended range for ζ is 0.25 ≤ ζ ≤ 0.75. Smaller ζ leads
to stronger filtering capability but slower response.

Step 2: Choose the damping ratio ξ and calculate μ2 =
μ2
1

4ξ2 .
The recommended range for ξ is 1 ≤ ξ ≤ 1.5. Larger ξ leads to
(smaller bandwidth of frequency estimation loop, resulting in)
a smoother and more robust frequency estimation but at a lower
response speed.

For example, in a 60-Hz power system, for ζ = 0.5 and ξ =
1.25, we get μ1 = 188 and μ2 = 5600. The roots of (11) will
be at −37 and −150. Primarily, the slower mode (time constant
of 27 ms) represents the frequency and the other (time constant
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Fig. 10. 3ePLL with negative-sequence and dc estimation/rejection capability.

of 7 ms) represents the phase angle dynamics, which are quite
reasonable.

D. 3ePLL With Both Negative-Sequence and DC Estimation

Fig. 10 shows a complete version comprising the dc and
negative-sequence extraction units. The estimated dc vector is
shown by z and the negative sequence by y. Using the two
previous ePLLs, the equations of this ePLL are

ẋ1 = −ωx2 + μ1eα, ẋ2 = ωx1 + μ1eβ
ẏ1 = ωy2 + μ1eα, ẏ2 = −ωy1 + μ1eβ
ż1 = μ0eα, ż2 = μ0eβ .

(18)

On noting that eαβ = uαβ − x− y − z, we obtain

ẋ1 = −μ1x1 − ωx2 − μ1y1 − μ1z1 + μ1uα

ẋ2 = ωx1 − μ1x2 − μ1y2 − μ1z2 + μ1uβ

ẏ1 = −μ1x1 − μ1z1 − μ1y1 + ωy2 + μ1uα

ẏ2 = −μ1x2 − μ1z2 − ωy1 − μ1y2 + μ1uβ

ż1 = −μ0x1 − μ0z1 − μ0y1 + μ0uα

ż2 = −μ0x2 − μ0z2 − μ0y2 + μ0uβ

(19)

which represents an LTI system with the A-matrix

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

−μ1 −ω −μ1 0 −μ1 0
ω −μ1 0 −μ1 0 −μ1

−μ1 0 −μ1 ω −μ1 0
0 −μ1 −ω −μ1 0 −μ1

−μ0 0 −μ0 0 −μ0 0
0 −μ0 0 −μ0 0 −μ0

⎤
⎥⎥⎥⎥⎥⎥⎦
. (20)

Algorithm V: Design of 3ePLL With Negative Sequence
and DC.

Step 1: Choose the damping ratio ζ and set μ1 = ζωo. The
recommended range for ζ is 0.25 ≤ ζ ≤ 0.75. Smaller ζ leads
to stronger filtering capability but slower response.

Step 2: Choose the damping ratio ξ and calculate μ2 =
μ2
1

4ξ2 .
The recommended range for ξ is 1 ≤ ξ ≤ 1.5. Larger ξ leads to
(smaller bandwidth of frequency estimation loop, resulting in)

Fig. 11. Poles of the ePLL with dc and negative-sequence rejection loops when
μ0 varies from 0 to 100.

a smoother and more robust frequency estimation but at a lower
response speed.

Step 3: Sketch the root locus of A in (20) to find μ0.
Fig. 11 shows the loci of the eigenvalues of A for ω =

377 rad/s,μ1 = 188, and 0 ≤ μ0 ≤ 100. The poles are repeated.
At μ0 = 100, there are two set of poles at −161± j258 and
−153, which seems to be a very reasonable design.

Finally, the modifications introduced in the 1ePLL may be
applied to the 3ePLL as follows.

Modification 1: The divisions by Ud and Vd may be replaced
by |Ud|+ ε and |Vd|+ ε to prevent division by zero, and to force
the second equilibrium point to become unstable.

Modification 2: The gainμ2 may be divided by 1 + λ
||eαβ ||
|Ud|+ε to

reduce transient frequency errors after abrupt input changes. A
value of λ = 10 is suggested and used in this article. For λ = 0,
this feature is disabled.

IV. APPLICATION OF THE EPLL IN A GRID-TIED CONVERTER

This section presents a systematic application example of
the ePLL for the generation of the current reference in a grid-
connected inverter. It is shown how the ePLL can flexibly gener-
ate current reference for different scenarios. A current-limiting
mechanism is also added to prevent converter overcurrent during
low-voltage grid transients.

A. Single-Phase Application

A grid-connected converter executes the real and reactive
power set points of Pset and Qset via a current control loop.
The reference current iref(t) must be correctly calculated. For
the grid voltage vg(t)=Vg cosθ, express the current as

i(t)=I cos(θ+ϕ)=Idcos(θ)−Iqsin(θ) = Idsd − Iqsq.

Then, the reference current is computed from

iref = Irefd sd − Irefq sq, Irefd =
2Pset
Vg

, Irefq =−2Qset

Vg
(21)

where Vg, sd, and sq are provided by the ePLL.
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Fig. 12. Generating and limiting single-phase reference.

Fig. 13. Current control structure using a resonant controller.

Fig. 14. Generating and limiting (balanced three-phase) reference.

During the transient low-voltage (or short-circuit) grid faults,
Vg drops, and as a result, a large current tends to flow to
balance the power. To protect the converter, this current must be
limited. One approach is shown in Fig. 12. The block denoted
by “sat” is a linear saturation block that limits its input within
[0 Imax]. If the current controller is sufficiently fast, it will keep
the converter current close to the reference current and, thus,
limit it. The current controller used in this article comprises a
resonant controller, as shown in Fig. 13. The feedforward term
vPLL = Asd is taken from the ePLL (see Fig. 3).

B. Three-Phase Application

In the three-phase applications, different current reference
forms may be used [41]–[43]. For instance, one scenario is
to generate a balanced current regardless of whether the grid
voltage is balanced or not. Another scenario is to let the current
become unbalanced, for example, in order to remove the power
ripples [10]. These two scenarios are discussed here.

1) Balanced Current: The current reference generation and
limiting mechanism is shown in Fig. 14. Its operation is the
same as the one for the single-phase case shown in Fig. 12
except that sdp

and sqp are vectors here. The reference current

iref is also a vector representing the current in the αβ domain.
To analyze, consider the space-phasor grid voltage expression−→vg=Vgp

−→sdp
+Vgn

−→sdn
, where Vgp and Vgn denote its positive-

and negative-sequence magnitudes, and −→sdp
= ejθp and −→sdn

=

e−jθn , in which θp and θn are total phase angles of positive-
and negative-sequence components, respectively. A positive-
sequence current can also be expressed as

−→
i = Id

−→sdp
− Iq

−→sqp ,
where Id = I cos(ϕ), Iq = I sin(ϕ), I is the magnitude, and ϕ
is the phase angle of the current with reference to the voltage.
The complex power is defined as

−→
S =1.5−→v −→

i ∗= P + jQ and
is calculated as

1.5(Vgpe
jθp+Vgne

−jθn)(Ide
−jθp−Iqe

−j(θp−π
2 ))=1.5VgpId

−j1.5VgpIq+1.5VgnIde
−j(θp+θn)−j1.5VgnIqe

−j(θp+θn)

= 1.5[VgpId + VgnI cos(θp + θn + ϕ)]
+j1.5[−VgpIq − VgnI sin(θp + θn + ϕ)] = P + jQ.

This shows that both the real and reactive powers will have
double-frequency pulsations if the grid voltage is unbalanced.
The current reference (in the αβ domain) is

iref =Irefd sdp
−Irefq sqp , I

ref
d =

Pset
1.5Vgp

, Irefq =
−Qset

1.5Vgp
. (22)

2) Unbalanced Current: The current is expressed as
−→
i = Idp

−→sdp
− Iqn

−→sqp + Idn

−→sdn
− Iqn

−→sqn
where Idp

=Ip cos(ϕp), Iqp =Ip sin(ϕp), Idn
=In cos(ϕn),

Iqn =In sin(ϕn), Ip and In are the magnitudes of its positive-
and negative-sequence components, respectively, and ϕp and
ϕn are their phase angles with reference to the corresponding
component of the voltage. The complex power is equal to

1.5(Vgp
−→sdp

+Vgn
−→sdn

)(Idp

−→sdp
−Iqp

−→sqp + Idn

−→sdn
−Iqn

−→sqn)∗
=1.5(Vgpe

jθp+Vgne
−jθn)(Idp

e−jθp−Iqpe
−j(θp−π

2 )+Idn
ejθn

−Iqne
j(θn−π

2 ))=1.5VgpIdp
−j1.5VgpIqp+1.5VgpIdn

ej(θp+θn)

+j1.5VgpIqne
j(θp+θn)+1.5VgnIdp

e−j(θp+θn)

−j1.5VgnIqpe−j(θp+θn)+1.5VgnIdn
+j1.5VgnIqn

which is equal to

1.5[VgpIdp
+ VgnIqn + VgpIn cos(θp + θn + ϕn)

+VgnIp cos(θp + θn + ϕp)]+j1.5[−VgpIqp + VgnIqn
+VgpIn sin(θp + θn + ϕn)− VgnIp sin(θp + θn + ϕp)].

It is observed from this expression that it is possible to choose
the inverter current to avoid the 2-f pulsations in real power
or reactive power individually, but not simultaneously. It is also
possible to make a tradeoff between the two, as explained in [41].
One scenario for unbalanced current generation is to remove the
2-f real power oscillations. For this to happen, it is readily seen
that the conditions

1.5VgpIp cos(ϕp) + 1.5VgnIn cos(ϕn) = Pset
1.5VgpIp sin(ϕp)− 1.5VgnIn sin(ϕn) = −Qset

φn = φp + π, VgpIn = VgnIp

(23)

must be satisfied. Define the voltage unbalance factor Uv=
Vgn
Vgp

;
then, by combining the equations, we obtain

Idp
= Pset

1.5(Vgp−UvVgn)
, Iqp =

Qset

−1.5(Vgp+UvVgn)

Idn
=−UvIdp

, Iqn =−UvIqp .
(24)
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Fig. 15. Generating/limiting (unbalanced three-phase) reference.

TABLE I
SINGLE-PHASE CONVERTER SYSTEM PARAMETERS

The block diagram representation of this current generation
mechanism is shown in Fig. 15. Note that the “average magni-
tude” of the current reference (before limiting) is√

I2dp
+ I2qp + I2dn

+ I2qn =
√

(1 + U2
v )(I

2
dp

+ I2qp).

This is used to properly adjust the limiting mechanism.
This approach limits the average magnitude. The individual
phase currents may cross the limits in extremely unbalanced
conditions.

C. Simulation Results

1) Single-Phase Grid-Connected Inverter: The system pa-
rameters are given in Table I. The controller is designed using
the linear quadratic tracker (LQT) approach of [44], leading to
the gains of K = [k1 k2 k3] = [7.9× 106 1.9× 104 14.9]. The
ePLL of Fig. 3 is used, and its parameters are set at μ=360,
μ0=100, μ2=12000, λ = 20, and Δfmin = Δfmax = 5 Hz,
according to Algorithm II. A sample of the inverter responses
is shown in Fig. 16. At t = 0.05 s, the gating commands are
applied. Prior to this time, the ePLL is preparing a presynchro-
nization reference for soft start. At t = 0.1 s, the real power
reference of 2 kW is applied. At t = 0.15 s, the reactive power
set point of 2 kVAr and then of −2 kVAr at t = 0.2 s is applied.
The reactive power is restored to 0 at t = 0.25 s. At t = 0.3 s, the
grid voltage experiences a deep drop of 70% (down to 72 V rms)
and restores to normal at t = 0.35 s. The converter responds by
limiting the current at 22 A.

Fig. 16. t=0: ePLL starts; t=0.05 s: converter starts; t=
0.1, 0.15, 0.20, 0.25 s: real and reactive power commands; t=0.3 s:
grid fault (70% deep); and t=0.35 s: fault is cleared.

TABLE II
THREE-PHASE CONVERTER SYSTEM PARAMETERS

2) Three-Phase Grid-Connected Inverter: The system pa-
rameters used in this article are given in Table II. The controller
is implemented in the stationaryαβ frame, which comprises two
decoupled single-phase channels optimally designed using the
LQT approach of [44], leading to the gains ofK = [k1 k2 k3] =
[3.36× 106 8× 103 6]. The PLL used in this example is the
3ePLL with negative-sequence and dc estimation capability
shown in Fig. 10 with the parameters of μ1 = 188, μ2 = 5600,
and μ0 = 100 according to Algorithm V.

Three system responses are examined in the next figures: 1)
balanced grid voltage and balanced current generation of Fig. 14;
2) unbalanced grid voltage and balanced current generation of
Fig. 14; and 3) unbalanced current generation of Fig. 15. At
t = 0.05 s, the gating commands are applied. Prior to this time,
the ePLL is preparing a presynchronization reference for soft
start. At t = 0.1 s and t = 0.15 s, the real and reactive power
references of 10 kW and 10 kVAr are applied, respectively. The
change of reactive power to 0 and subsequently to −10 kVAr
at t = 0.2 s and t = 0.25 s are also applied. The reactive power
is restored to 0 at t = 0.3 s. At t = 0.35 s, the grid voltage
experiences a deep drop of 50% (down to about 85 V peak)
and restores to normal at t = 0.4 s. Fig. 17 shows the inverter
responses when the grid is balanced and the inverter generates
a balanced current according to Fig. 14.

Fig. 18 shows the responses when the grid is unbalanced and
the inverter generates a balanced current according to Fig. 14.
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Fig. 17. Generating balanced current while the grid is also balanced. t = 0:
ePLL starts; t = 0.05 s: converter starts; t = 0.1, 0.15, 0.20, 0.25, 0.3 s:
real and reactive power commands; t = 0.35 s: grid fault; and t = 0.4 s: fault
is cleared.

Fig. 18. Generating balanced current while the grid is unbalanced, causing
power pulsations.

The powers pulsate at double frequency. Fig. 19 shows the
responses when the grid is unbalanced and the inverter generates
an unbalanced current to remove the real power pulsations
according to Fig. 15.

In order to further illustrate the effectiveness of proposed
design, Fig. 20 compares the responses of two converters when
μ2 is selected according to our proposal at 5600 and when it is
selected at a large value of 28 000 (as it is common to select this
gain high). Larger μ2 causes larger level of oscillations in the
powers when the grid is weak.

D. Experimental Results

A hardware-in-the-loop prototype of the three-phase
grid-connected VSC is implemented, shown in Fig. 21,
to validate the performance of the method described in
Section IV-B. The controller is implemented in the OPAL-RT
OP5700 field-programmable-gate-array-based real-time
simulator. The voltages and currents are measured by the
data acquisition unit, OP8660. The converter consists of a

Fig. 19. Generating unbalanced current while the grid is unbalanced, removing
real power pulsations.

Fig. 20. Responses of three-phase inverter: ePLL designs based on the pro-
posed method (μ2 = 5600) and the commonly used large value (e.g., μ2 =
28000).

three-phase insulated-gate bipolar transistor bridge mounted
on a Semikron MiniSkiiP power module with SKHI61 drivers
and power rating of 40 kW. The dc-link voltage is set to 240 V,
which is provided by a photovoltaic emulator from Chroma.
The regenerative grid simulator from Chroma (model 61830)
is used as the three-phase grid with a line-to-line voltage of
52 V. The grid frequency is 60 Hz and the L-filter inductance is
5 mH. The data are saved on a PC and are plotted in MATLAB.
The control and ePLL settings are the same as those given in
Section IV-C2. The current is to be limited at 15 A peak.

The results of two tests are presented, corresponding to two
scenarios discussed in Sections IV-B1 and IV-B2, respectively.
The responses of the converter to real and reactive power jumps
(500 W and 400 VAr at around t = 0.025 s and t = 0.06 s), a
symmetrical low voltage grid fault (50% voltage drop at around
t = 0.1 s), a single-phase fault (50% voltage drop at t = 0.3 s),
and a grid frequency jump (2 Hz at t = 0.5 s and −2 Hz at
t = 0.65 s) are shown in Figs. 22 and 23. These extreme grid
frequency jumps do not happen in practice and are considered
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Fig. 21. Photograph of the experimental setup.

Fig. 22. Experimental results of Test I: feeding balanced current (in response to real and reactive power commands, a symmetrical, and an asymmetrical grid
fault, and a ±2 Hz grid frequency jump.)

Fig. 23. Experimental results of Test II: feeding unbalanced current (in response to real and reactive power commands, a symmetrical, and an asymmetrical grid
fault, and a ±2 Hz grid frequency jump.)
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here only for extreme response analysis. Test I shows the re-
sponses of the controller described in Section IV-B1. As shown
in Fig. 22, the converter exhibits quick and smooth tracking of
power commands, generates balanced current during the fault,
and limits its peak to 15 A. Test II shows the responses of the
controller described in Section IV-B2. As shown in Fig. 23, the
converter shows fast and smooth execution of power commands,
generates balanced current during the symmetrical fault and
limits its peak to 15 A, and generates unbalanced current during
the single-phase fault in a way to remove the double-frequency
ripples from the real power. As a result, the reactive power
shows larger double-frequency ripples. The sharp grid voltage
frequency jumps of±2Hz at t = 0.5 s and t = 0.65 s only cause
a tiny swing in the real and reactive powers. The impact of this
large frequency jump on the current waveform is not visible.

V. CONCLUSION

This article presented an efficient modeling and systematic
design of the 1ePLL and 3ePLL concepts. A combination of
a large-signal linear model ignoring the frequency dynamics
and a small-signal linear model, including the phase/frequency
dynamics, was used to effectively analyze and design the ePLL
gains. Several step-by-step algorithms to robustly design vari-
ous ePLLs were derived. The ePLLs were adjusted to address
the presence of the dc component and the severe grid voltage
conditions. Finally, a grid-connected inverter application was
systematically formulated and studied through computer simu-
lations and experimental testing. The design and simulation files
are made available.
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