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Abstract—This paper analyzes the performance of two syn-
chronization algorithms, the EPLL and the ISI-PLL, under
scenarios where inter-harmonics and sub-harmonics distortion
are present in the input signals. Synchronization algorithms main
goals are to estimate, with high accuracy, power grid parameters
such as frequency and phase-angle. The EPLL is a well-known
structure that is widely studied in the literature, whereas the
ISI-PLL is a recent proposal. In order to obtain experimental
results, both structures were implemented in the hardware-in-the-
loop (HIL) dSPACE 1103 platform. Results showed that where
the proposed structure is highly accurate under the considered
scenarios, the EPLL estimation is not as precise.

Index Terms—Phase-locked loop, Inter-harmonics,
harmonics, Power Quality, Power Converters.

Sub-

I. INTRODUCTION

Power electronics devices have become very important for
the modern power grid. They have several applications such
as in distributed generation (i.e. photovoltaic and wind farms
[1]), FACTS devices (i.e. STATCOM and UPFC [2]-[4]),
active filters [5]-[7]. For the control strategies of most of
these applications, information regarding the grid’s voltage
(and/or current) amplitude, frequency and phase-angle play a
major role. Therefore, there is a demand for synchronization
algorithms that are capable of estimating these parameters with
high accuracy and in a fast manner.

Power supply systems are supposed to operate at a deter-
mined frequency (60 Hz in North America and Brazil or 50 Hz
in Europe), however, this is not always the case. In adverse
grid condition, caused by grid faults and the increased use
of non-linear loads, harmonics distortion, phase-angle jump,
and different sequence components are a common factor that
grid-connected power converters must deal with in order to
continually provide the grid with its normal functionalities.

Phase-angle jumps are caused by a change in the X/R of
the system and are usually associated with voltage sags. They
are thoroughly discussed in [8]. Harmonics are either integer
or non-integer multiples of the power frequency. Specifically,
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non-integer multiples are known as inter-harmonics (sub-
harmonics are inter-harmonics where the non-integer multiple
is less than one). Sub and inter-harmonics can be generated,
for instance, by arc furnaces/welders, cycloconverters or ad-
justable speed drives [9]-[12]. The presence of such distortions
can cause light flicker in lighting systems, core saturation in
transformers and accuracy loss in synchronization algorithms.

IEEE Std. 519-2014 recommends harmonics limits within
electric power systems [13]. The maximum total integer-
multiple harmonic distortion allowed at a point of common
coupling (PCC) with nominal voltage less than 1 kV is 8%,
with individual harmonic no greater than 5% for short time
periods. These values reduce progressively as the voltage
level increases. In the case of non-integer multiple harmonic
distortion, the standard suggests voltage limits based on lamp
flicker assessed making use of a technique presented in [14].
The range varies between 5% for frequencies very near the
fundamental frequency of 60 Hz, less than 16 Hz or greater
than 114 Hz. For frequencies in between, the curve varies in
a parabolic-like manner from 5% to values close to 0%.

Several synchronization algorithms can be found in the
literature, however, closed loop structures, such as the phase-
locked loop (PLL) have obtained good results under un-
balanced and distorted grid conditions [15]-[17]. Accuracy,
however, becomes even trickier when input signals contain
inter-harmonics close to the fundamental frequency. In such
scenarios, the PLL should have an enhanced filtering capabil-
ity. The aim of this paper, therefore, is to analyze the steady-
state and dynamic performances of a well-known structure, the
enhanced PLL (EPLL), and of a new proposal, the ISI-PLL,
under sub and inter-harmonic distortion.

An overview and the mathematical modeling of the EPLL
and ISI-PLL is presented in Section II. Section III shows
experimental results obtained through the hardware-in-the-
loop (HIL) platform DSPACE 1103 whereas Section IV has
the concluding remarks of the paper.
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II. STUDIED PLL STRUCTURES

In this section the EPLL and ISI-PLL structures will be
briefly presented and their mathematical models derived.

A. EPLL

The single-phase EPLL structure was proposed in [18].
The name enhanced comes from the fact that the structure
removes a common problem of the conventional PLL, the
double-frequency error. This is accomplished by adding a new
loop to the conventional structure. Within this loop, which
is illustrated inside the upper dashed-box in Figure 1, the
amplitude of the input signal is estimated. The EPLL can also
be seen as a non-linear adaptive notch filter and, therefore, is
capable of outputting a filtered version of the input signal. This
feature, in conjunction with its structural simplicity, makes it
a great solution for several power systems applications [19].

From Figure 1, it is possible to derive the following gov-
erning equations for the EPLL:

V()= /e(t) cosf (t) Kdt
Aw (t) :/e(t)sin@(t)K,»dt M

0(t)= [ [e(t)sind (t) K, + Awt + wo] dt
e(t)=u(t) —Vcosb(t)

Where V (t), w, 6., are the estimated amplitude, angular
frequency and phase angle of the EPLL, respectively, and e(t)
is the total distortion and noise. In addition, through the use
of two different trigonometric functions, the structure provides
in-quadrature signals.

Lastly, the parameters K, K, and K; are responsible for
controlling the structure’s performance such the time to reach
steady-state and filtering capabilities. This paper will not
address how these parameters can be found however, the reader
can find more information in [20].

Added loop

Conventional Structure

Fig. 1. Single-phase EPLL structure.
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Fig. 2. Three-phase EPLL structure.

The three-phase EPLL structure was proposed in [17].
Figure 2 shows that this structure is composed by four single-
phase EPLLs and a computational unit.

The structure works as follows: i) a fundamental signal
for each phase, as well as a in-quadrature counter-part, is
obtained making use of the filtering feature of the single-
phase EPLL structure; ii) the six output signals are used
as inputs for the computational unit that will extract the
positive sequence components for each phase. This unit uses
the Lyon transformation, a time-domain expansion for the
Fortescue theorem, which says that unbalanced phasors can be
represented as a combination of several balanced phasors. The
transformation matrix utilized to obtain the positive sequence
is shown in Equation 2.

v (t) 1 a o2 [va(t)
vt =5 1a? 1 al [w®)]. )
v (t) a o 1] |v(t)

Where « is an operator that represents a 120° time-shift
of the instantaneous input signal, that is, a time-domain

equivalent of ¢/ . Knowing that /% = +1 + iez
Equation 2 can be rewritten as:
vt (t) = 3v5(t) — (ol (O) + ol (1)~
S () — ol (1))
v (1) = —v (1) = v} () SNE

v (r) = Lol (1) — Sl (1) + ol ()
Sra(ol(t) ~ vl (1)

Where ¢ represents a 90 degrees time-domain shift and, f
the fundamental component.

Finally, a fourth EPLL is used in order to estimate the
phase angle, the amplitude and the angular frequency of the
fundamental positive sequence voltage of one of the input
phases.

Because of the multiple single-phase EPLLs and the com-
putational unit, the three-phase EPLL algorithm is a robust
structure even under polluted grid scenarios where harmonics
and different sequence components are present. The structure
itself is still easy to digitally implement using either DSP
microcontroller or dSPACE and it does not represent a great
computational burden.
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B. ISI-PLL

The ISI-PLL, shown in Figure 1, is an adaptation of the
structure presented in [21]. A single-phase realization of the
adapted structure can be found in [22]. The following para-
graphs will derive the realization of the three-phase structure
for the ISI-PLL.

The PLL works as follows: two input signals on the af
reference frame are obtained from the three-phase input signals
through amplitude invariant Clarke’s Transformation. These
signals, U, can be projected onto a complex sub-space on
the a3 reference plane, e/ (2”{ 1Y)as | through the inner product
defined as G.g(t) = (e~W2mh120 G s(t)), where f, is the
PLL’s estimated fundamental frequency.

The sub-space is defined from a reference constituted by
the fundamental positive sequence components on the «af
reference frame:

- | Ua (t) o Vlsin(27rf1t + @1)
Tas(t) = {uﬁ(t)} = {Vlsin(walt—f—qﬁl “mye @

When the ISI-PLL correctly estimates the frequency of the
input signal, that is fl = f1, the corresponding complex sub-
space can be written in the exponential form as:

e—i@nfit) — cos(27rf1t) — jsin(Zﬂ'flt)
e—i@mfit—%) — COS(Qﬂ'flt — g)f . %)
jsin(2mfit — %)
The inner products, Gns(t), of the input signals and the

reference frame are calculated over a period equivalent to one
cycle of the estimated signal, 77 = 1/f1, and is given by:

/ Vo (t)e_j(%flt)dt
T

Uﬁ(t)e—j(QWflt—W/Q)dt '
T

g5(t) ©

ins(0) = |00 -

As showed in Equation 5, the complex sub-space is consti-
tuted by real and imaginary parts, thus, the inner products can
also be written with real and imaginary parts, Re{g.(t)} and
Im{gap(t)} respectively. The real part is explicitly calculated
in Equation 7.

Integral
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Filter
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Fig. 3. ISI-PLL block diagram.

+1
Retg}}

t
Vo (t)cos(2m f1t)dt
-

Relga(®) = |
Re{gp(t)} = /t_T vg(t)cos(2m frt — w/2)dt . (7)

= / vg(t)sin(2m fit)dt
=T,

The imaginary part can be calculated in a similar way
as seen in the original structure [21], however, the ISI-PLL
estimates this component through an adaptive filter as shown
in Figure 4. The input signal of this filter is given by the sum
of the real parts previously calculated in Equation 7.

The structure not only estimates the imaginary part but
also attenuates the components with frequency different than
the fundamental one. Considering z, = Re{gas(t)}, To =
Re{gzé (t)} and Zg = Im{g:é (t)}, the following expressions
in the Laplace domain can be found:

Za(s) = 5 [Kra(a(s) — &a(s)) — er1ds(s)]
)
p(s) = 5 [Kra(zp(s) — 25(s)) — 01da(s)]
Rearranging Equation 8, the following transfer functions can
be found:

To _ KFA(S+1)

a:a(s)_ 2+ 5(Kpa+1)+Kpa+a2’ ©)
. Kea

()= A (10)

ZTq 5 2+ 5(Kpa+1)+ Kpa + &3
The frequency responses of the transfer functions presented
previously are shown in Figure 5, where the gain Kp4 is
considered to be 100. It is possible to notice how there is a
large attenuation for signals with frequencies different than 60
Hz, thus, the output signals will have an enhanced immunity
to harmonics distortion if compared to Re{gng(t)}. The
governing parameter for this filter is K 4 and by changing this
value, it is possible to either increase the filtering capability to
the detriment of a faster dynamic response or the other way
around.

Re{g,} -t-‘ I @ ’_’ Ret g;[l}}

9 » Im{g}}

Fig. 4. Adaptive filter.
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Fig. 5. Bode diagram for: (a) £o and (b) Zg.

Having the filtered real and imaginary signals from the
adaptive filter, by calculating the arctangent of the ratio
between the two, one can estimate the time-varying phase-
angle as shown in Equation 11.

A Im{gt} R .
015(t) ﬂan_l(%) = (2nfit+o%5). (A1)

If the frequency is not appropriately locked with the input
signal one, f1 # f, there will be an error defined as Af =
fl — f1. By not taking the angle from Equation 11 into account,
the phase angle can be written as:

015(t) = 2mfit + 2w A ft. (12)

Differentiating both sides with respect to ¢, the following
expression is found:
a0l o f
dt 1.
Af= 2m
As all the variables on the right side of Equation 13 are
known, by integrating both sides with respect to At, we can
find the adjustment applied to fl over this period:

13)

(14)

R det .
fit) = KMF/(% ;;ﬂ - fl(t))dtJr fo-

Where fj is defined as the initial estimated frequency (usu-
ally the nominal power frequency) for the PLL startup. Ky/p
is a gain that can either amplify or decrease the error and,
therefore, speeding up or slowing down the loop’s dynamic
when a frequency mismatch is present.

21, 21 |< /.

Fig. 6. Frequency estimation loop.

Lastly, in the Laplace domain, it can be noticed that the
frequency loop is, in fact, a first-order low-pass filter as
Equation 15 points out:

Kyr

- S+27TK1WF' (15)

@i(s)

f1(s)

The ISI-PLL therefore has two filters in its structure,

which greatly improves the fundamental positive sequence

component estimation under faulty scenarios. The structure,

however, is more complex to digitally implement than the

EPLL, especially because of the inner product computation

which is calculated over a period that varies according to the
estimated frequency.

III. EXPERIMENTAL RESULTS

A comparative analysis is made between the ISI-PLL struc-
ture and the EPLL. The EPLL parameters are defined as:
K = 300, K; = 19000 and K, = 300, chosen following
[20]. The ISI-PLL parameters are chosen analytically once the
inner product computation makes it difficult to find a linearized
model for the structure. They are defined as: Kr4 = 100 and
Kyr = 9. As mentioned previously, all of these parameters
can easily be adjusted to improve either dynamic response or
steady-state estimation precision.

The implementation is realized through the HIL (Hardware-
in-the-loop) platform dSPACE 1103. To generate the input
signals, the programmable power supply MX30-3Pi from
California Instruments is employed. Two steady-state scenarios
are considered to test the behavior of both structures under sub
and inter-harmonic distortion. Dynamic state scenarios con-
sider amplitude change, phase-angle jump and sub-harmonic
distortion introduction.

A. Steady-state response

Two scenarios are considered to assess the steady-state per-
formance of the studied PLLs. On the first scenario, alongside
the fundamental component with 1 p.u. amplitude at 60 Hz
frequency, there is a sub-harmonic distortion with 0.2 p.u. at
36 Hz. On the second scenario, an inter-harmonic distortion
with 0.2 p.u. at 90 Hz will be added to the unitary amplitude
fundamental signal. Results are shown in Figure 7, where the
three-phase input signals, estimated phase-angle and estimated
frequency are presented.
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Fig. 7. Experimental evaluation of the PLLs structures under (a) sub-harmonic,

phase-angle; estimated frequency.

Figure 7(a) shows that, whereas the ISI-PLLs estimated
frequency is near 60 Hz, the EPLL estimation varies and can
reach values as high as 70 Hz and as low as 50 Hz. This
condition has an impact on the phase-angle estimation, since
this parameter is a function of the estimated frequency. This
can be seen in the figure as the small oscillations on EPLLs
sawtooth curve. Also, to clarify, it is important to mention that
the phase-angle estimated by the EPLL varies from 0 to 27w
while the ISI-PLLs varies from —7 to +.

Figure 7(b) shows similar results to those in (a). However,
in this scenario, the frequency estimated by the EPLL is more
precise although a significant error can still be seen, especially
if compared to the ISI-PLL estimation. The amplitude of the
inter-harmonic imposed is the same as the sub-harmonic in
the previous scenario, but the frequency is not as close to 60
Hz, therefore, both structures experience an improvement in
accuracy.

B. Dynamic response

Three scenarios are considered to assess the dynamic perfor-
mance of the structures. On the first scenario, the fundamental
component has an amplitude change from 1 p.u. to 0.7 p.u.. On
the second scenario, the fundamental component has a phase-
angle jump of -10.8 deg. These scenarios do not involve any
harmonic distortion and are meant to observe both structures
transient behavior under basic parameters change. Lastly, on
the third scenario, a 0.2 p.u. sub-harmonic distortion at 36 Hz
is added to the fundamental component.

The input signals are represented in Figure 8 as the in-
stantaneous aggregate voltage which is defined in [23] as:

= /v2(t) + v2(t) + vZ(t). If the three-phase input

(b) inter-harmonic distortion. Plots from left to right: input signals; estimated

signal are completely balanced this curve should be seen as
a constant value, whereas any unbalance or the presence of
distortion will cause oscillations.

Figure 8(a) shows that, by changing the amplitude, the
EPLL experiences a transient that reaches steady-state within
40 ms. Figure 8(b) shows a similar result when a phase-
angle jump occurs. In both cases the ISI-PLL experience
such a small change that it makes difficult to assess with
the oscilloscopes chosen amplitude, however they do exist.
Lastly, Figure 8(c) outputs the scenario change from when the
conditions are ideal to the scenario presented previously in the
steady-state sub-section.

IV. CONCLUSION

In this paper a performance analysis was made for the
EPLL and ISI-PLL structures. The mathematical modeling of
both was presented, and experimental results were obtained to
verify the behavior of both for scenarios where inter-harmonics
and sub-harmonics are present.

Regarding the steady-state experimental results, it is possi-
ble to notice oscillations on the estimated phase-angle curve
from EPLL. This is even clearer when the estimated fre-
quency curve is plotted. The EPLL’s estimated frequency
variation reaches 10 Hz whereas ISI-PLL’s estimation is highly
precise under the studied scenarios. The dynamic response
results shown that, while ISI-PLL’s estimation remain almost
unchanged, the EPLL’s are quite sensitive even when few
changes, such as amplitude and phase-angle jump, are made.
It can be concluded from the experiments that the ISI-PLL
usage under sub and inter-harmonic distortions can be a very
interesting option. On the other hand, compared to the EPLL,
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the

complexity to implement the ISI-PLL algorithm is its

biggest disadvantage.
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