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Abstract — This paper presents an improvement on the
structure of a Phase Locked Loop (PLL), to detect in real
time the phase-angle of the positive-sequence component
of the voltage in an unbalanced three-phase system. In
conventional PLL algorithms, when the voltages are
unbalanced, the detected phase-angle presents errors that
may be unacceptable for some FACTS controllers. The
improvement proposed in this work is to minimize this
error keeping a fast dynamic response in the range of a
cycle. Comparative simulation results between the
conventional PLL and the proposed new-structure will be
shown.

KEYWORDS

Phase Locked Loop (PLL), unbalanced system, FACTS.
I INTRODUCTION

Several different equipments based on Power Electronics
devices are used in industrial applications and in power
system applications. These equipments, in many cases, need
the preciseinformation about the phase angle of the positive-
sequence voltage component of the system to operate
properly. This information is typically obtained from the
grid using some form of a phase locked loop (PLL) circuit.
However, when the voltages present in the system are
distorted with harmonics, including notches, unbalances or
deviations frequency, they induce an error in the
measurement of the phase angle.  Thus, for some
applications, as STATCOMs for instance, this error may be
unacceptable.

Many papers have been presented in the literature addressing
the problem of minimization the errors due to voltage
distortions or unbalances [1].[2],[3]. In [2] the method of
symmetrical optimum [4] is proposed to calculate the PI-
regulator (Proportional-Integral) gains, to improve the
dynamics of the PLL. In [5] the Winner method [6] is used
to have the best optimization method for the second order
PLL systems. Although these works present good results,
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they are not robust against unbalanced voltages and therefore
should be improved.

In order to overcome the problems present in conventional
PLL systems, this paper proposes a new structure of PLL
with the addition of a moving-average filter in series with the
proportional—integral regulator. Some  comparative
simulation results and discussions on differences between the
conventional PLL and the proposed PLL are shown.

II.  PLL PRINCIPLE OF OPERATION

The voltages at a transmission- or distribution- system can be
balanced or unbalanced, with or without harmonics. Thus,
the general phases voltages (v,,v, and v.) can be represented
by :

v =27 sin(we+f )+27 sin(we+f )+
a2V sn(wi+f)
ah h h

v =427 sin (wi- 2/3+F )+J27 sin (we+2/3+F )+
b + + - -

a2V sin(we+f) @)
bh h h

v 22,1 sin(we+2p/3+F ) 420 sin (we- 2p/3+F )+

c

a2V sn(we+f)
ch h h

where the subscripts (+), ¢) and () denote the positive,
negative sequence variables and harmonics components. V,
V. are the rms-values of the fundamental components of the
positive and negative sequences voltage components,
respectively.

The objective of the PLL is to detect phase-angle of the
fundamental positive-sequence voltage in phase “a”, i.e. q =
(we+f,). The phase angles for the others phases are
displaced by 120° and 240° respectively. The basic
configuration of the PLL algorithm is shown in Fig. 1 This



configuration is defined as g-PLL and, as it can be seen,
based on the instantaneous real and imaginary power theory
[7].

In Fig. 1, the set of three-phase instantaneous voltages in
(a-b-c) coordinates can be transformed to (a-b-0) coordinates
by:
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In the block diagram in Fig. 1, the voltages v, and vy, are
multiplied by two fictitious currents: i , and i, respectively.
This product results in a fictitious instantaneous imaginary
power (q°) represented by:

©)

q'=Vpiy - Valp

Thisimaginary power (g’) is the input of the proportional-
integral controller (Pl), which outputs asignal corresponding
to the angular frequency, w.. This frequency signa is
integrated to produce the synchronizing signal q.. When the
angular frequency w (rad/s) generated by PLL is equal to the
angular frequency of the fundamental component of the
system w (rad/s), the fictitious currents i’ and i}, are in
phase with the voltages of the system, v, and vy. In this
situation, the average value of ¢ " will be null. The integrator
block is reset wherever q. reaches 20. This is the ideal
operation of the PLL showninFig. 1.

Considering that the instantaneous voltages in (3) are
arbitrary and can contain distortions and harmonics, the
instantaneous fictitious imaginary power ¢’ can be separated
in its average and alternating components|[8]:

q=q+q “)

where, the “bar” represents the average and “tilde” the
alternating values.
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Fig. 1: Block diagram g-PLL.

From Fig. 1 it is possible to see that, if the voltage is
distorted or unbalanced, the signal ¢ " will contain oscillating
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component 5 that, after passing through the PI controller

will produce a w, with oscillating components. This will
produce errorsin the phase signal g.. The idea in this paper
isto solve this problem by introducing afilter between the Pl
controller and the integrator. The objective is to eliminate
the effect of the oscillating componenting .

I11. Moving Average Filter

The moving-average filter is represented basically by an
integration block, a transport delay block, a subtractration
block and a division block, which is shown in Fig. 2. In this
figure, the transport delay block output is the input signal
value delayed by 1/k of the fundamental period, where k is an
integer. The difference between the integrator block output
(s 1) and the transport delay block output (s 2), represents the
input signal integration over theinterval [t- T/k,t], where T is
the period of the fundamental component of the input signal.
Finally, the division block divides the integrated input signal
(s3) by the integration interval, that is, T/k. Theforore, the
output obtained is the moving average of the input signal
calculated over the time interval T/k.

sl + $3
*—> Integration ———O—> Division —*>
Input - Average
Sina
Delay =5’
T/k

Fig. 2: Block diagram moving-average filter.

InFig. 2, the output is given by [9]:

~

. k
MOVlngaverage (dorq) = ? Qf(t) dt (5)

T
f-—
k

where f{t) isthe signal at theinput of thefilter.

IV. Improved PLL

The block diagram of the proposed PLL structure can be
described as shown in Fig. 3. In this figure, the main
modification is the addition of the moving average filter in
series with the PI-controller of the conventional g-PLL.

The purpose of the moving average filter is to reduce the
influence of harmonics and negative sequences components,
present in the voltagesv, and vy, inthesigna w’,.

In the previous section, it was shown that the filter depends
on the value of the constant 4 to calculate the average
correctly. Thus, the value of the constant £ of the moving
average filter should be carefully chosen.



In Fig 3, all distortions can be present in the voltages at the
same time. By choosing £=1 the average of all distortions
will be null, except for the fundamental harmonic.

The disadvantage of this method is that the moving average
filter will have one cycle of time response. This dynamic
response can be as faster as the period of a specific harmonic
(n™ order) wanted to be removed, by simply making k=n.
However, the choice of k=1, does not degrade the dynamic
performance of filters for most of the industrial and power
system applications.

li'b
va > X ki —» 1s
W '
- q —Moving » 1s —4»Y
_|.t + I Average
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w X T

f

The modified algorithm has the same basic operating
principle of a conventional PLL. The proposed PLL is
designed to detect phase angle without error even if the
system voltage is unbalanced. The tracking error present in
the operation of the PLL described in [10], may not be
acceptable in some FACTS equipment.

-C0S =

W,

&

sin

Fig. 3: Improved PLL.

To determine the range of possible values for the
parameters of the Pl controller, it is necessary to derive a
valid model for small perturbations. The mathematical model
derived in [10] can be used here for the analysis of the
conventional PLL. The linearized model of a conventional
PLL is shown in Fig. 4, and its transfer function is given in

(6).
_> kp
Dor=0 é Du, Da,
_>D > 1/s
- +
ot Lo
Linearized Model <
JA ]
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Fig. 4: Block diagram of the linearized conventional PLL.
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DWC _ S(k1)ko)+kiko
Dw  s2+sk,k, +kk,

(6)

where k, =+/3V, cos@, - ,,)

The addition of the moving average filter to this model,
leads to the block diagram of the new PLL structure

representedin  Fig. 5.

— 5 kp D,
Dq*=0+ c Dw,, Do,
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Fig. 5: Block diagram of the PLL with moving average filter.

The transfer function of the moving average filter can be
determined by Padé approximation [11]. For the present
case, it is considered that the first order approximation is
sufficient for the analysis. Therefore, the following two
equations will be considered:

e sT »

1+ sT @)

Dw,

ct

~ sk k,)+kk,
Dw  Ts®+s2(L+k,k,T) +s(k,k, +kkT)+kk,

)

where T denotes the interval of integration of the moving
averagefilter.

As one can see in (8), a pole was added to the transfer
function given in (6). This additional pole is, obviously, due
to the moving average filter dynamics. Thus, the choice of
the controller gains should be different in this case.

Fig. 6 shows the location of the poles and zeros of (8) for
different values of the proportional gain.
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Fig. 6: Poles and zeros location for ki =1500 and different
values of kp.
V. RESULTS

The performance of the proposed algorithm was
compared, in simulations, with that of a conventional PLL.
Three cases are considered here:

a) Balanced three phase voltages, with even and odd
harmonics;

b) Unbalanced voltages (no distortion);

¢) Frequency deviation.

As the averaging period was taken equal to the
fundamental frequency period, the moving average filter
needs one cycle to calculate the average correctly. The PI
controller gains were chosen to produce a response slower
than the moving average filter: kp =60 [rad/Ws], ki=1500
[rad/W<7.

For the first case the hypothetical voltage waveform and
its harmonic content are shown in Fig. 7. The voltage
waveform contains the 2nd and the 7th order harmonics, each
having 10 % of the fundamental component amplitude.

Fig. 8 shows the angular frequency signal w, calculated
using the conventional and proposed PLL. It can be
observed that both PLL reach the steady state in less than
0.15 s. However, a small oscillation can be observed in the
angular frequency obtained with the conventional PLL. The
proposed PLL produces a clean frequency signal.

Fig. 9 shows error between the calculated and the actual
phase angle for the two PLL algorithms. In this figure it can
be verified that both PLL produced a error practically null,
when even and odd harmonics are present.
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Fig. 7: Voltage v, and its harmonic content.

In the second case an unbalance is applied at t = 0.5 sdue to
avoltage sag of 40% in one phase (type voltage sag D [12]).
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Fig. 8: Three-phase balanced voltages with even and odd
harmonics: (a) conventional PLL ; (b) proposed PLL.
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Fig. 9: Detction error (E) with even and odd harmonicsin the
voltage.

Fig. 10 shows the signal w, calculated by the conventional
and the proposed PLL. In this figure it is observed that the
new PLL algorithm can detect the angular frequency even
when 40% voltage sag occursin one phase only.
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Fig. 10: Three-phase unbalanced: (a) conventional PLL; (b)
proposed PLL.
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Fig. 11 shows that the conventional PLL produced a phase
angle with a error considerable. It can be seen that the
proposed PLL has a superior performance than the
conventional PLL.
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Fig. 11: Detction error (E) with even and odd harmonics in
the voltage with unbalanced voltage.

In the last case, afrequency deviation of 10 Hz in the voltage
system occurs at t =0.3 s. Fig. 12 shows that the proposed
PLL can track the new frequency without oscillations. It was
verified by other simulations not presented here, that the
proposed PLL has a very good tracking for frequency
deviations up to 40 Hz.
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Fig. 12: Signal angular frequency w,.. proposed g-PLL with
deviation frequency.

VI . CONCLUSION

Thiswork has proposed a new PLL algorithm. The results of
digital simulation show that the new PLL structure presents a
better performance than the conventional PLL even when the
three-phase grid voltages contain harmonics components or



unbalances.

The authors believe that this PLL may be useful for some
FACTS applications were the fundamental positive sequence
voltage must be accurately detected asin STATCOM, UPFC
etc.
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