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Abstract. The authors have recently presented a new
modeling approach, for electrical signals in povegstems,
which is based on the concept, derived from daffiéial
geometry, of the contact between a signal and aoculating
sinusoid”. A difficulty in applying the approache$ in the
calculation of the “osculating sinusoid” parameteshen the
signal contains noise. In order to overcome thisbfam, the
paper proposes a new computation algorithm forrdeteng
the “osculating sinusoid” parameters also in presesf noise
on the signal. Accodingly, a new method providinfast and
accurate estimation of the frequency, phase arglitache for
noisy grid signals is developed. The good perforceaof the
method is verified by some significant simulatiesults.
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1. Introduction

Distributed generation (DG) systems are becomingemo
common as a result of the increased demand for
electricity and the requirement to reduce the irhpgac

the environment from traditional fossil and nuclear
sources of power production.

DG systems are relatively small and many of therkema
use of renewable energy such as photovoltaic, dai|
microturbine or small wind power. They have a reeer
power flow capability and operate in parallel wittility

grid by means of intelligent power interfaces. Toerect
operation of these interfaces (very often grid-cmed
inverters) is assured by information about freqyenc
phase and amplitude of the utility voltage and euirr
Moreover, an accurate and fast detection of thevebo
guantities is also one of the most important issues
regarding the development of power conditioning
equipments such as Uninterrupted Power Systems and
Series or Shunt Compensators (SC) [1],[2].

Thus, many estimation and synchronization methods,
like suitable Phase Locked Loop (PLL) algorithmayén
been recently developed and proposed to track the

aforesaid information both in the steady state @dunihg
the transient periods [3]-[5].

On the other hand, especially considering the dgpat
SCs and DG systems to operate services as power
management or voltage control at distribution lewsle
can easily understand the importance of developaw
approaches able to represent grid voltages ancrusrr
both in the steady state conditions as well ashia t
transient ones [6],[7].

For this reason, the authors have recently predentew
modeling approach for electrical signals in power
systems [8]. The approach is based on the concept,
derived from differential geometry, of the contact
between a signal and an osculating sinusoid. Acditfy

in its application lies in the calculation of thecalating
sinusoid parameters, when the signal containgenois

In order to overcome this problem, this paper psegoa
new computation algorithm for determining the above
parameters also in presence of noise on signal.
Accordingly, a new method providing a fast and aatai
estimation of the frequency, phase and amplituate f
noisy grid signals is developed. The algorithm @sedxl

on the derivatives estimation of noisy time signals
approaches, recently presented in literature 19]-[

The paper is organized as follows: the foundatimithe
modeling approach of power electrical signals are
illustrated in the next section. In section 3, theew
computation algorithm for determining the paranster
associated with the approach, also in presenaisk

on the signals, is described in detail. Then, &ithon
results about the direct application of the modglin
approach as estimation and synchronization method i
some significant situations are given in section 4.

2. New Modeling Approach of Signals

The modeling approach already proposed in [8] &eba
on the concept of the contact between two curveBon
in differential geometry. In particular, two curvea R?
described by the real functiomg= f(x) and y = g(x),
continuous and with continuous derivatives up to an
order of interest, haverath order contact at poinP of



abscissaxg if the two functions and their derivatives up
the ordem have the same values, whereas the derivatives
of ordern+1 are different i.e.:

f(xo) = 9xo); M) = gM(xg); ......;

1
tMxo)=gMxo) 1™ H(xo)* g™ H(x). ()
A zero order contact means that the curves haveples
crossing atP, a first order contact corresponds to two
curves tangent & and two curves having a second order
contact are said osculating. So, for example tlalatng
circle of a curve at a point is just a circle hayvansecond
order contact (at least) with the curve at thatnpoi
Indeed, the three conditions obtained by (1) amtifipd
with n=2, give three equations allowing to determine, for
each xg , the radius and the coordinates of the center of a
unique circle, provided that the second derivats/@ot
zero.
In a similar way, for a generic electrical signglt) it is
possible to define as “osculating sinusoid” gft) at
instanttg , the signalv(t) given by:

v(t)=V(t)sinjg(t)] with g(t)=n(t)t+/(t) (2)

and meeting the following conditions:
W(to) = y(to), v(to) = yM(tg), v(B(tg) = y(2)(to).

Denoting V(tg)=Vo, w(tg)=wug ,/(tg)=/, and
then g(tg ) = uot +/ o, the above conditions provide the
following three equations:

Vosinlg(to)] = ¥(to ), 3
WoVoCOS[Q(to )] = yW(tg), 4)
WEVo sinfg(to )] = - Y (to ). )

Through simple manipulations, the following soluatso
can be obtained:

o =y- YD (to)/ y(to), (©)
g(to) =arctg uo y(to )/ Y M (to) ] @)
Vo :\/[y(to )]2+[y(1)(t0)/W0]2- ®)

It is easy to observe that the angular frequenagrgby
(6) is not real when the following condition is Wierd:

Y2 (t)/ y(to)>0. )

In order to define, however, an “osculating sindoive
substitute (5) with the following equation:

y(2(tp)

(2)(¢
Y(to) Y (to)

wVo sing(to )] = sgn (10)

and so the angular frequency is determined by:

wo = |¥12(to)/ y(to ). (11)

In this way, it is always possible to define thgnsil
v(t), given in (2), by which the electrical signa{t)
can be locally approximated. Clearly, this signstill
called “osculating sinusoid”, actually has not zce
order contact withy(t) when condition (9) occurs.

In order to better clarify the peculiarities of thmdeling
approach, we consider to apply it to a genericadior
example toy(t):t3e‘t . By using (11), (7) and (8), it is
possible to determine the “osculating sinusoids
practically for every instant. Fig. 1 shows thensigto be
modelled (in red) and the osculating sinusoids bjime
and green) in two different instants.
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Fig. 1. “Osculating sinusoids” of/(t) =t3e ! for
t =2s(in blue) and fort =7 s(in green)

It is important to note that, ify(t) is just a sinusoidal
signal, then the “osculating sinusoid{t) is clearly the
same at the various instants with amplitude, amgula
frequency and phase equal to thosey@f) . On the other
hand, it is worth observing that the power eleetri
signals, for which it is proposed to apply the rloty
approach, are generally characterized by wavefatims
converge to sinusoidal signals of grid frequency.

A. Calculation of the Osculating Sinusoid’s Paeers

As described in [8], because in some istants tratiept
included in (11) is ill defined due to an indetenation
of the form 0/0, it can be convenient to use a aatatpon
algorithm based on the knowledge also of the thider
derivative of the signal. Accordingly, the paramete
g to can be calculated by:

3
q to =arctg | yl o | )ito (12)
|y to |y to
and thenug can be obtained by:
2 2
(2) (3)
_4 Y (o) Yy (to)
o =4 —serg(to)] + - coda(to)]
\/ y(to) y(t)
(13)



The amplitudevy is still determined by means of (8).
Then, to apply this computation algorithm, it icessary
to have a practically instantaneous estimatiosigfal
yt and of its derivatives up to third order at amt
to . Different numerical algorithms able to give fasid
sufficiently accurate estimations of the abovenjitias
from the knowledge of few samples of signalt can
be chosen [8].

B. Applications of the Modeling Approach

As known, a PLL structure first must provide theaph

of the grid voltage so as to synchronize the irerert
output current with the grid voltage; at the sameetthe
structure also allows to monitor the grid voltage
amplitude and angular frequency.

The direct application of the proposed modeling
approach leads to an algorithm performing tasks
comparable to those of a single-phase PLL for grid-
connected inverters. Indeed, as confirmed by fagmit
simulation results shown in [8], the modeling agwh
provides an algorithm able to give fast and aceurat
synchronization and reliable monitoring of the aitople
and frequency of the grid voltage.

The basic point of view of the approach, consistimg
considering the signaly t as a sinusoidal signal of
angular frequency, phase and amplitude varying with
respect to time, involves a very interesting resoteed,

it allows to extend the same concepts used in gtsiate
conditions to characterize the grid signals, alsahe
transient  operation; then, new definitions of
instantaneous active and reactive powers can ke tose
design new power flow control strategies in appidres
based on power electronics converters [7],[8].

3. A New Algorithm for Noisy Signals

A problem in applying the above modeling approach i
actually due to the fact that the equations (8),@=d
(13) used to determine the parameters of the “atiogl
sinusoid”, require the knowledge of the signat and

its derivatives up to third order for every instaftime.
Indeed, it is known that the measure of an eleddtric
signal contains at least the acquisition noiseretftoee,
even if suitable numerical differentiation algorith are
adopted, the calculated derivatives, especiallysehof
higher order, are acceptable only for noise-frgaals.

With the aim of overcoming this problem, this paper
proposes a new computation algorithm, which takés i
account the presence of noise on the signal.
Consequently, this algorithm, applied to the midgl
approach of the power electric signals, allowslitaim a
method providing a fast and accurate estimatiothef
frequency, phase and amplitude for noisy signals.

This algorithm is divided into three steps, whialopde
the estimations of the angular frequency, anglaseh
and amplitude respectively for the “osculating sioid”

at the generic instartg .

The algorithm is based on the derivatives estimatib
noisy time signals approaches, recently presented i
literature [9]-[11].

A. Estimation of the Angular Frequency

In this new context, the real noisy signal is:

r(t)=y(t)+n(t), (14)
where n(t) is an unstructured perturbation agdt is
the noise-free signal. To estimate the angularuaqy
ng of the “osculating sinusoid” at instaty , we assume
to represent the signa(t) according to the model:
r(t)»v(t)+n(t)

to-TEtE1,, (15)

where v(t) is just the “osculating sinusoid” & i.e.
V(t) =Vpsin(uot +/ o) and T indicates the size of
sliding estimation window. This hypothesis can aiaty
be acceptable, if we use a quite short time window,
nevertheless sufficient to obtain accurate estnati

In order to simplify the description of the algarit, we
consider, for the moment, that (15) is valid fiot O;
this corresponds to asssume that the noise-fremlsig
actually sinuoidal with constant angular frequetaybe
estimated.

It is easily to observe that the signg]t) satisfies the
following linear differential equation with constan
coefficient:

viA(t)+udv(t)=0.
Translating this equation into operational domaia,get:
sV (s)- sv0)- V{1 (0)+undVv (s)=0.

Taking the second derivative with respectstgermits to
ignore the initial conditions:

2V (s)+ 4s—d\:j(ss) +(s2+ug)

d?V(s) _
ds?

Then, dividing both sides by® to avoid derivations
with respect to time, we have:

4 dv(s),

2,
4 ERPNEION
52 ds

2
—3V(s)+ 3 0) 02

(T4
S S

0. (16)
S

To estimate the parametwg, it needs to express (16) in
time domain, using the classic rules of operat@inudus.
Recalling that the derivatiod® ds® with respect tos
translates into the multiplication by -1 Ktk and

1sKis replaced by the iterated integral of orderwe
obtain , thanks to Cauchy rule, the estimationuqf as
the following time-function:

;(t- £)2- At-t) +t2]r(t )dt

WGs(t)=-2 . (17)

;(t- £)2t%r (¢t )dt



where of course, the noisy observatiqr ) is considered

in the two integrals. Let us note that (17) givetnze-
domain representation with no derivatives but only
integrations with respect to time and the unstmactu
noise is attenuated by the iterated time integratich
are simple examples of low pass filters.

Specifying this result to the representation (1Bd a
taking into account closely the definition given time
previous section, we obtain for the estimationtlut
angular frequencymnge of the “osculating sinusoid” at

instanttg, the following formula:

b N2 i 2
tO_T[(T £)2- AT -t +t ]r(z‘)dt‘

=2

e

- — . (18)
‘ o (T 00222 e ‘

B. Estimation of the Phase Angle

According to (7), it is easy to obtain the followin
estimationge(tyg of the phase angleg(ty :

ge(to ) = arctg] upe Ye(to )/ v (t0) 1, (19)

where yg to and yel tg denote the estimations of
the noise-free signal and its first derivative extjvely at
instantty . Therefore, to obtain the estimatigg(ty it is
necessary to extract from the samples of the rsiggyal
r(t)in the interval [ty - T,to], the estimations of the
angular frequencyge , the noise-free signal and its

first derivative.
The approach, adpoted to calculate these quantises

based on the assumption that the noise-free signal

y t can be locally approximated in intervbb - T,to]

by the truncated Taylor expansion. However, forghake
of simplicity we first consider to representt in the

interval [O,T] by the following polynomial function:

N th
y(t)» y(0)+ y<“>(0)ﬁ, (20)
h=1 )

where N is the approximation degree.

In order to obtain a quite accurate estimationhef first
derivative of the noise-free signal, a degke8 has been
chosen in (20) i.e. the following expansion hagrbe
considered:

2 3
YD) » y(0)+yD )+ YD () +yD(0) -

Translating this equation into operational doméime
previous equation is written as:

(1) (2) (3)
Y(s)» Y0, Y1) yD0)  y(0)
S S S S

Multiplying both sides of the equality bg* and taking
the second derivative with respectdpwe have:

=6sy(0) +2yD(0).

2
4 Ygs)

1252(s)+ 853 Y (S) |
ds ds

Dividing by s, taking the derivative with respect o,

again dividing bys* and finally using the correspondence
rules from operational domain to time domain and th
Cauchy rule, the estimation of the first derivative

y{(0) is given by:

WD (0)=- 25 et (e )it @)

with
p(t)=2(T-1)3- 14T -t )2t +1AT-t)t?- 3

Because we are interested in obtaining the estmati
yél)(to ), based on the samples of the noisy signal
r(t)in the interval [to - T,to], it is easy to understand

as its formula can be drawn from (21) and it has th
following expression:

Wts)=20 T pr)r(to- £ )t 22
W) =25 p)ro- )ar (22

By using an algorithm similar to the previous ondth a
degreeN=2 in (20), the quantityye tg is given by:

V()= " aOrCo- ) @3)
with
Ar)=3(T-1)2-6(T-1)+t2.

Once known the estimatioge(tg ), calculated by (19),
immediately we get the estimation of phasge.

C. Estimation of the Amplitude

The estimation of amplitudevye of the “osculating
sinusoid” at instanty is calculated by the equation:

Voo =[e(to ]2 + [y (10 )1 e (24)
directly derived by (8).
4. Simulation experiments
The previous algorithm, applied to the modeling
approach of the power electric signals, allowshitam a

method providing a fast and accurate estimatiorthef
frequency, phase and amplitude for noisy grid digna



In order to explain the performances of this methoth
during stationary and transient conditions, thistisa
reports some significant numerical experimentsthise
experiments, the noise level, introduced in (14§ an
measured by the Signal to Noise Ratio in dB i.e.:

Iyt P

SNR=10log1g >
In(t; )|

has been taken equal #0 dB a sliding estimation

window T:2><10'3s, with 2000 samples has been
chosen. Suitable and simple numerical expedient® ha
been used in order to avoid numerical errors ircifpe
conditions. In particular, to avoid zero-crossing toe
denominator in (18) an appropriate threshold hasnbe
adopted.

The first experiment allows to evaluate the perfanoes

of the angular frequency estimation obtained by).(18
Actually, the quantity foe = nge/2p has been taken into

account; therefore, an abrupt change of the freqyuen
the signal, fronb0to 51 Hz has been considered.

Fig. 2 shows the frequency variation (in blue) ahd
estimation obtained by the proposed method (in. red)
it is evident, after the step variation, the carnemdue of
the frequency is estimated in less than an halfhef
signal period.

Fig. 2. Frequency estimation

In order to highlight the performance of the mettasd
regards its ability to provide a good synchronizatithe
second experiment considers a ramp variation B0rkiz

to 60 Hz for the frequency of the signal.

Fig. 3 shows as the estimation of the angle plaisg is
accurate and there is always synchronization betwree
estimated angle phase (in red) and the real signal
blue), also when the frequency is gradually chagmngin

The third simulation experiment aims to highlighie t
ability of the proposed method to provide a correct
estimation of all the signal parameters. Therefoinés
experiment considers a variation of the signal o
which goes fron¥ to 5 Volt and lasts abo®0 ms

Fig. 4 shows again the comparison between realkign
(in blue) and the estimated angle phase (in red)adso
that between the real signal amplitude variatiorgfeen)
and its estimation (in black). The figure highlighhe
good estimation of the signal amplitude ofedi also

Fig. 3. Angle phase estimation

v V. Vv =
Real Amplitude
—— Estimated Amplitude
; : —— Real Signal
0.02 0.04 0.06 0.08 0.1 0.12 0.14
[s]

Fig. 4. Angle phase and amplitude estimations

during the transient condition considered, withimsing
synchronization between the estimation of the angle
phaseq(t ) and the real signal.

5. Conclusion

The paper started from a new modeling approachulsef
to represent power electrical signal. This appnoas
based on the definition of an “osculating sinuspioly
which the electrical signal can be locally approxied.

A difficulty in its application lies in the calcuian of the
parameters of the “osculating sinusoid” as angular
frequency, angle phase and amplitude, when tigaaki
contains noise.

Therefore, this paper developed a new computational
algorithm for determining the parameters of the
“osculating sinusoid” for noisy signals. This algiom
was obtained by the derivatives estimations ofyntime
signals approaches, recently presented in litezatur

Then, this algorithm, applied to the modeling agoh

of signals, was used as method providing a fast and
accurate estimation of the frequency, phase and
amplitude for noisy grid signals.

Moreover, considering the capability of the modglin
approach to extend concepts as frequency, phade ang
and amplitude during the transient, the main achgebf

the proposed method consists in the ability to jpl®v
very fast estimations in steady state conditione@ltin
transient ones. This is very useful in applicadices DG
systems or Power Conditioner equipments conneded t
the utility grid especially at distribution level.
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