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Abstract

A well-known issue with existing power systems is rapid and accurate synchronisation to grid voltages
when the system is unbalanced under grid fault conditions and corrupted with harmonigsp€his
presents a novel phase locked loop technique for grid synchronisation technique using the energy
operator. A comparative study is undertaken to investigate the accuracy arsthesb of this
technique compared to existing grid synchronisation techniques.

1. Introduction

Grid synchronisation is one of the key issues for distributed power generatiemsyginnected to

the utility network through power electronic converters. It is also importantdeices such as
flexible AC transmission systems (FACTSs), active power filters, and H¢®@erters[[lL]. Among
various methods, the synchronous reference frame phase-locked-loop (SRF-PLL), is nosaty k

and the simplest. However, it is sensitive to grid voltage distortion and tiorrdgy harmonics and
cannot work for unbalanced voltages without additional filtefilig [2].

Practical systems involve various single phase loads with unequal loading ofdedds being
continuously connected or disconnected, and loads which are nonlinear, unbalanced and distort the
voltage at the point of common coupling (PCC). Accurate knowledge of phase and frequetidy of g
voltage under these conditions is hard to obtain but crucial for converter operation and control. Several
new schemes have been reported to address the stated requirements and comparative studies of som
of them have been carried ofif] [3]. However analysis of their characteristicsnis aérdynamic
response speed and tracking precision, computational simplicity, capabdistdrtion rejection, and
unbalanced robustness as a whole is lacking. In particular the latter has been oveviterkethe

voltage angle between any two phases is always assumed to°hghll2this may not be true when

there is a fault in the power system [ref]. Any schemes including SRF-PLLnhddsagcording to this
assumption will not be able to provide the FACTs device, for example, a fault-ride-through capability.
The energy operator concept has been introduced]in [4] as a computationally e#ficehigh
precision solution for fast tracking of the grid voltage frequency and is abl®rk under a wide

range of voltage distortions including those with unequal magnitude and phéseaigptacement.
Originated from Hebert M. Teagfr][5] and first presented by Ki$er [6]. This technighedmsgastly

applied in signal processing in the demodulation of speech signals usinge®a-g) algorithm[[{],

and only until recent times has been investigated for estimation of power systepitude and
frequency characteristits[8110]. Unlike this SRF-PLL, this scheme alonet iable to provide the
information about the instantaneous phase angle of the grid voltage. The crossirgnadlgged in
measures the interaction between two real signals especially fog difay estimation of
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communication signal§ [12]. In power system applications, this technique has been lapiigy
Kaiser et al[[1B] to compute the continuously changing active powernfioaiound the grid. A
similar approach is adapted to estimate phase angle changes of voltages..

This paper introduces a new phase locked loop technique combining the features of dreatdiff
energy operator methods; the basic energy operator is used to estimate the frefjukacygrid
voltages whilst the cross-energy operator estimates the phase of the @igts/oBoth are sample-
based techniques and are unified to realise a grid synchronisation PLL stwiutthreare robust and
accurate tracking the grid voltage amplitude, frequency and phase angle.

A coherent investigation is performed with the proposed technique with four ativemnced
synchronisation schemes as listed; Decoupled Double Synchronous Reference Frame (DDSRF),
Double Second Order Generalised Integrator (DSOGI), Fourier Series + Moving AyegaddVA)

Comb Filter and Cascaded Delayed Signal Cancellation (CDSC) using MATLAB-SIMULINK. These
schemes are well-known and have been investigated by researchers for power apgliffatibns [2, 14]. The
above mentioned grid synchronisation schemes are investigated for dynamic responseasgieed, t
precision, computational simplicity, harmonic rejection, and unbalanced voltage scenarios.

2. Energy Operator for Grid Synchronization

Crucial requirement in grid synchronization schemes is that it must remain symeldrwiith the grid

voltage under all system operating conditions, voltage harmonics and when powergydtimlts

occur. Based on this, recent work proposed by Nwobu ¢t| al [4] investigdrediuency based
approach using the energy operator technique for fast and accurate synchronisatibnee-phase
network. This technigue was shown to have advantages of fast and accurate tratkimgyrid
frequency whilst under balanced and unbalanced case scenarios. This section impfey@stah

scheme proposed to introduce a phase locked loop based scheme that takes into consideration
frequency and phase tracking of the three-phase system. The scheme is contpased-liown
techniques later in Section 4 for its performance under unbalanced voltages and lsarmonic

2.1 Principle of Energy Operator

We start with a discretized version of the phase voltage signal and bdchmdrforward sample
shifts.

VX (n) =Vx COS(an+¢x) (1)
Vx(n_l) :Vx COS(Qx(n_1)+¢x) (2)
v, (n+1 =V, cos(Q, (N+1) +¢,) 3

whereq = 2/ / f_i.e. discrete angular frequency
Using the two trigonometric identities

cos(A+ B)cos(A—B) = %COS(ZA) +cos@ B

Ccos(2A) = 2cos” A-1
The product of the equations in (2) and (3) can expressed as

v, (n+1)v, (n—1) =V,” cos* (Q n+g¢,) -V, sin® (Q,) 4)
Substituting (1) into (4) the equation can be expressed as
V,”sin? (©,) = v, () =v, (n+1)v, (n—1) = E[v, ()] )

At a fast sampling frequengy, the error in estimation is further reduced &’ (Q,) ~Q, and

hence the discretized energy operator algorithm can be simplified as
B[V, (W] = Q,V," = v, (0)* = v, (n+ v, (n-1) ()

v, (N)?—v, (n+2v, (n-1) @)
T 2

)

Elv, (M~ QV,” =



whereQy, = 24f i.e. discrete angular frequency

The expression in (7) shows that with just two samples shifts of thamalrigpltage signal, its
instantaneous energy can be resolved. It is important to note a key benefit here is that the expression in
(7) is able to estimate quickly at two samples instant that relatedydteestmpling frequency, i.e.

at a faster sampling rates instantaneous energy estimated se@nds. The expression is also shown
to be independent of the phase aggle

2.2 Frequency Estimation Using Modified Discrete Energy Separation Algorithm
(DESA-2)

Several discrete versions of the energy operator @ikt [7, 15] and the calculatienenfety is
classified based on derivative methods used for the input signals in this case voltage Fhgnal
DESA-1a is based on an asymmetric two-sample difference whilst the DESA-1 basedan two
sample difference. In this paper DESA-2 is chosen for the estimation of frequency and phase
characteristics as shown in the block diagram Figure 4 below. This is considénedbast approach
because it avoids half-sample shifts in the estimated frequency kipnal [7].

Using three discrete samples of the signgl(n),vy(n+1),vy,(n—1) and its three-sample
derivative E[sy(n)] at various time points and the instantaneous engifgy (n)] the frequencyf of

the signal can be evaluated using trigonometric identity as the following fer(iL)-(2), wheref is
the digital sampling frequency.

Hs,(M] V,’sin*Q, iy _ 1760520,
Elv,(N]  V,’sin”Q, 2
8
[ Sm_l[ E[sx(n)]J ®
27T Elv, (n)]

or 1 cost 1_72E[sx(n)]

ArT, Elv, (n)]
These are simple arithmetic formulae which can be implemented on-line for agaiydividual
phase voltages. To implement the energy operator for synchronization to the utilitgltgge in real

time, five discrete samples(n),v, (n+1),v, (n-1),v, (n+2),v,(h—2) of the grid voltage signal is
requiredat a sampling time oft, to calculate the derivative of the energySy (n)].
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Fig 1 (a) Discrete Energy Separation Algorithm (DESA-2), (b) Frequency Estimation Using DESA-2

Figla. shows a block diagram of the DESA-2 algorithm. A moving data windowdstastore the
voltage samples in a first in-first out (FIFO) order. The width of thimslow frame is a fixed length of



5 samples; consequently there will be a 4-sample delay at the start of dnithaddput an advantage
is that time delay is dependent on the sampling frequency of the voltage signal. fasteéhahe
sampling frequency the shorter the delay. Fig. 1b show the result of a testsufhttiise when it is
applied to a voltage waveform sampled at 2 kHz. The simulated waveform was distudbeshging
its frequency from initial 50 Hz to 50.5 Hz and 49.5 Hz at time duration 0.017s &k,0.0
respectively. These changes of frequency are detected quickly as shown with pletdaay of
800us (4xT7).

2.3 Power Angle Estimation Using Cross-Energy Operator Product

It is well-known in grid synchronisation that accurate phase estimation of the phase voltagegsas we
frequency is needed for grid synchronisation. The energy operator proposed above thiesintm
account the phase characteristics of the voltage signals which limitfieéprency estimation. The
cross energy operator product has been recently proposed by D. Kaisfr3eatifnation of phase
characteristics of power systems using the useful properties of the energy apelatioed if[[1]1]. .
The energy operator cross product for power angle is defined as

E [vi(n)]=v(n)i(n) —v(n+1) —i(n-1) )
E [iv(n)]=i(mwv(n) —i(n+1) —v(n-1)

where,
v(n+1) :Vsin(Q(n tD+4, )
i(n+1) =1 sin(Qn+1) +4, ) (10)
0=¢,~¢

Using o = wt_from (8) and substituting (10) into (9) using various trigonometric identhiespower
factor anglgy) is be expressed in two forms as shown in (11)-(12).

o Cosl( E [vi(n)] +E [iy(n)]} (11)
2,[E[V(M] < E[i ()]
9 sin tar(Q)( E[iv(n)]-E [vf(n)]} (12)
2,[E[v(n)] x ELi ()]

Using (12) is takes into consideration if the power angle is leading or lagging in thal.contr

2.4 Energy Operator Phase Locked Loop (EO-PLL)

Using the cross-energy product described in (12) with the DESA 2 in (8) mese locked loop
scheme in proposed as shown in Fig2. The scheme applies the-enesgy operator product to
estimate the phase angle difference in real-time and the DESA to trackghenitg changes of the
three phase voltages respectively.

In other to estimate the phase angle difference between voltages the crogsopresitpr product
formula is modified as shown in (13)

B = Sinl[tar(Q)[ 1 O E b, ) D (13

2JE[v, (0] x E[v, (1)]
whereg, — corresponds to the phase angle differeagce =4, -0, , -

In conventional phase-locked loop techniques, the a-b-c voltages are resolved withteppsitons
in a reference frame. Here instead in the EO-PLL, a feedback loop of the frequency oAPhase

voltages is used to create a reference rotating voltage Wgtosing an angle generator. This voltage
vectorV __ is independent of the phase angle of Phase A voltage and thus keeps track ofeheerefer

point.

ref



The phase angle differeneg 0.,,0,.are estimated using (13) and angles generated with a PLL

refa’?
generator with the use of estimated phase frequenéied,, f.. This generates independent phase
locked loop signals for each phase. This scheme has an advantage in the sensé¢htieat phase

voltages are synchronised independently under unbalanced voltage scenarios anpositinee
sequence decoupling is of voltage vectors is not required
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Fig. 2: Block diagram of E@LL Fig. 3: Block diagram of EO-PLL+ Filter

2.5 Energy Operator Phase Locked Loop (EO-PLL + Filter)

A drawback is that thEO-PLL technique is very sensitive to noise or harmonics in the powensyst

This is because the algorithm is sample based and relies on the nature of the waveform to be sinusoidal
[6]. Like other grid synchronisation a filter is applied before the synchronisation deehrilere, a

second order filter is used in this paper to filter off the harmonics eofeitimated grid voltage
frequencies and phases. It is important to note that with the EO-PLL carefulcselectiigital

discrete filter design is crucial in improving the accuracy whilst uhdamonics. The block diagram

of the EO-PLL + Filter is as shown in Fig3.

3. Overview of Advanced Grid Synchronization Techniques

In advanced voltage synchronisation schemes as mentioned in Section 1, the fundamental positive
sequence components (PSCs) of the PCC voltages are extracted before the phase éstimation
performed using SRF-PLL in most cases. This extraction technique employed by etheseof
schemes is the main feature which makes it distinctive from the otherssédtisn reviews the
principles of these schemes. Detailed comparisons have been discussed in dégjiland|are
summarised here briefly

3.1 Decoupled Double Synchronous Reference Frame (DDSRF)

DDSREF is the extension of the standard SRF-PLL and has been developed mainly for unbethnced g
voltage synchronisatiop [2]. Its distinctive feature is the two Clarke-Pamkformations employed to

obtain the dg components of the grid voltages. These are based on two reference frarotsgjrane

in synch to the frequency and the other opposite direction. At the outputs of tlee, fitrene exist two
component sets; the first is a set of DC components which represents the positive sequameentom

of the voltage while the second is the AC component due to negative sequence component. The
reverse is true for the outputs of the oppositely rotating reference frame tbassgfdrmation. A
decoupling network is used to cancel the AC components to extract positive secprapoaent

(PSC) vectors as shown in Fig. 4a. The positive sequence vectors are usetl fbage estimain

using the conventional SRF-PLL technique

3.2 Double Second Order Generalised Integrator (DSOGI)

Based on the adaptive notch filtering technique, DSOGI based technique estimates tranglease
through the extracted PSCs in tiedomain which are in general written as (14)



f v, 11 g 14
Y {V/}_E[—q JVW -

where,V is the stationary reference frame based voltage vector for the measurephtseegrid
voltages while q = €7 is a delay operator by @0 The latter is produced by applying a second order
generalised integration (SOGI) on each elemen¥ jn. The general configuration of a DSOGI is
illustrated in Fig. 4b.

3.3 Cascaded Delayed Signal Cancellation (CDSC)

The Cascaded Delayed Signal Cancellation (CDSC) synchronisation scheme remowap afgr
harmonics from the measured grid voltage signals before the fundamental PS@Ge phdse are
estimated but the harmonics removal is actually performed by CDSC operators rgtieised on the
following expression:

DSC, = i[vx ) +v, [t - IH

where \(t) is the instantaneous measured signal and T/n is the time delay withgtid frequency

and n is a positive integer. For a value of n, several harmonics can be removéahsiously and if

the measured signal is processed in several stages by dp®€ations with different n values, a
combination of several harmonics can be eliminated. One exam@B®C scheme is shown in Fig.
5a. With a combination of DSMperators, having n = 2, 4, 8 and 16, it is able to remove almost all
even and odd harmonics up to"36rder. Note that SRF-PLL is needed employed for phase angle
estimation.

3.4 Fourier Series+ Moving Average (FS+ MA)

This technique uses a moving average comb filter (MVA) in processing the gridevalesssurements
to obtain the fundamental PSCs, which will be used to compute the phase angle. direséy are
achieved by multiplying each phase voltage with two sinusoidal signals, gin@it + 6,) and v, =
cosit + 8,)), which are orthogonal to each other.

Each of the products is sent through an MVA filter whose discrete time transfer functionen asit

H)= 2172

nl-z* (16)

ne sampling frequency
a)l

where
and two signals containing only the DC component are obtained. The filtered output arévedgpec
multiplied by (2 x ¥) and (2 x ) before summing them together to extract the fundamental
component asgy, = A; sin(w4t + 6;1). Similar process can be carried out to obtajg ¥ A; cos:t +

61) through swapping around the orthogonal signals. The two resulting signals areeti¢a abtain
phase angle of the fundamental PSCs.
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Fig 4: (a) Configuration of a DDSRF Scheme, (b) Overall of implementation DS@@Ghronisation
(c) Synchronisation scheme based on CDSC having DSC2, DSC4, DSC8 and DSC16 operators.

4. Analysisand Simulation Results

MATLAB-SIMULINK was used to investigate the performance of grid synchronisativenwthree-

phase voltage is unbalanced and corrupted with harmonics. Simulation results are isdefiigat
unbalanced grid voltages, unbalanced grid voltages with phase jump, unbalanced voltadzS wit
offset and grid voltages with harmonics as shown in Figure 8a. At the start of the simulation, the three-
phase grid voltages are balanced. At t= 0.08s, a disturbance with unbalartagd eohdition is
introduced. At 0.1s a DC off set introduced on Phase A and at 0.16s phase jump iA Bhddthase

B. For the harmonic investigation, odd order harmonics (5, 7, 9,11th) are injected in the grid voltage.

Fig 5b, show results for the DDSRF scheme. This scheme only works well when the grigtsol

become unbalanced but takes about half cycle to achieve steady state. Under high mai@csar

under balanced and unbalanced case, the phase angle becomes erroneous and cannot be tracked
accurately.

Fig. 5¢, show results for the DSOGI scheme. It can be observed that the estimated pHateely
correct even when thgrid voltages become corrupted with harmonics and contain a DC component.
This scheme is slower and takes about 1.5 cycles to achieve steady state.

Fig. 5d, show results for the CDSC scheme. This scheme also works well with gddesolt
unbalanced and voltage with harmonics. Compared to the DSOGI scheme it is faster and takkes about
cycle to achieve steady state.

Fig. 5e, show results for the FS+MA scheme. Besides having the capability of synchronising
individual grid phase voltages, this scheme works well when they becomeéedistarbalanced and
are no longer 12@legrees from each other.

Fig. 5f, show results for the EO-PLL scheme. Besides having the capabilitynoifirsgising
individual grid phase voltages, this scheme works well under all unbalanced cenbittorequires
filtering for harmonic distortion.

4.1 Further Discussions

Table 1 summarises the ability of the above schemes to synchronise to the grid voitheyethe
mentioned conditions whilst Table 2 summarise the computational complexity of each scheme.

EO-PLL and FS+MA allow independent synchronisation of individual phase voltages anddy&th w
under unbalanced voltage conditions. The FS+MA’s included with the moving average filter which

allows for synchronisation with harmonics. A second order filter is used h#mes icase the E@LL

and also synchronises under harmonics. It is important to note any filter type with good low frequency
cut-off characteristics can also be used. EO-PLL has the fastest response antbagsefiemes



investigated so far which makes it a more attractive approach. DDSRFtedliomly to unbalance
conditions and DSOGI does not work well for all distortion types. When compared E@-RBlietter
alternative. CDSC and FS+MA appear to be desirable synchronisation technigoeyg asrk well

with voltages which are unbalanced and corrupted with harmonics and DC offsetsverous

design is more complicated when compared to the EO-PLL. It is also important to rnioddl tha
synchronisation schemes apart from EO-PLL and FS+MA extract positive sequence component
(PSC’s) voltage vectors and use closed loop SRF-PLL generators. The EO-PLL on the other hand
doesn’t need to extract PSC’s and is a sampled-based open loop scheme with no need for P+l control.
The EO-PLL is hence the good approach for grid synchronisation based on its simplicity, accuracy and
speed

Grid Voltages Grid Voltages
(@) 200 ””~Wl1"w‘l“"l1ﬂul‘”
200 Il hhlmﬂll umf!] Hiu
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Fig. 5 (a)-(f) (a) Grid voltage unbalanced voltage conditions, (b) PLL Angle for DDSRF
scheme, (c) PLL Angle for DSOGI scheme, (d) PLL Angle for CDSC scheme, (e) PLL Angle
for FS+MVA Scheme, (f) PLL Angle for EO scheme



Ability to synchronise

Unbalanced [Unbalanced Unbalanced

Schemes |Unbalanced | Voltage& | Voltage& | Voltage &
Voltage Phase With With

Displaced | Harmonics | DC Offset
DDSRF Yes No No No
DSOGI Yes Yes No No
FS+tMA Yes Yes Yes Yes
CDSC Yes Yes Yes Yes
EO-PLL Yes Yes Yes Yes

Table 1: Ability of various schemes for synchronization

Number of Operators .

Typeof [Method Cos S{e_titrlrl‘r;g

frame Arithmetic| & | Buffer |Filter

Sin

A-B-C EO-PLL 30 7 3 3 :5>c<)f2

frame |FS+MA 33 6 6 6 cycle
dqframe |DDSRF 17 8 0 4 | 0.5 cycle

frame CDSC 76 16 8 0 1 cycle

b DSOGI| 22 | 0 | 0 | 0 | 15cycle

Table 2: Complexity of the schemes and their transient performance

Conclusion

The energy operator phase locked loop (EO-PLL) has been introduced and s detailed review and a
coherent comparison for grid voltages synchronisation has been performed on four different schemes.
All these schemes have been tested and the comparison has been verified through simulation results.
The common trait in all these schemes apart from the EO-PLL is that they all aim to egtract th
fundamental PSCs from the measured grid voltages signals and the phases are either estimgted directl
from the extracted PSCs or conventional SRF-PLL scheme. Every scheme has its own merits and its
application should depend on the severity of the distortions and the resources available (i.ee hardwar
or software) for the implementation. Based on its simplicity and faster transient regpdSaPLL

offers a relatively definitive solution for synchronisation of grid voltages.
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