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Abstract—The precision of phase-locked loop (PLL) has a
direct effect on the output performance for three-phase
grid-connected inverter or three-phase active PFC. In this
paper, a new three-phase digital closed-loop phase-locked
algorithm is proposed on the basis of synchronous reference
frame transformation. Synchronous simulation of the PLL
techniques is a good choice even if the polluted three-phase
grid such as the harmonics, phase jump and unbalance.
Finally, MATLAB digital simulation results prove that the
proposed PLL can fast and accurately track the positive
sequence fundamental components of three-phase grid
voltage.

Index Terms—Phase-locked Positive
Synchronous reference frame

loop, sequence,

[. INTRODUCTION

With the development of economy, more and more
non-linear loads are connected to the electric networks.
Therefore, distortions and transients such as harmonics
and phase shifts often occur to the grid [1, 2]. Moreover,
it is reasonable to expect that the level of pollution will
increase in the future. Obviously, the accurate phase
angle information of utility voltage is very essential to
grid-connected inverters or active PFC. Various
synchronization techniques have been proposed in
literatures. The zero crossing detection methods [3], the
space-vector filtering (SVF) method [4], the artificial
neural networks (ANN) method [5], the recursive
weighted least-squares estimation (WLSE) algorithm [6],
the discrete Fourier transform (DFT) and its
modifications [7], the methods based on the concept of
adaptive notch filtering (ANF) [8], the Kalman filtering
technique [9], the frequency-locked loop (FLL) methods
[10], three phase open-loop phase-locked method [11]
and the phase-locked loop (PLL) algorithms [12, 13] are
among the existing synchronization techniques.

This paper puts forward a new closed-loop phase-
locked method. The positive sequence fundamental
components of grid voltages are extracted with the help of
an all-pass filter and a second-order low-pass filter. The
proposed PLL demonstrates superior performances in
terms of synchronization signals even under the conditions
of harmonics, phase shifts and unbalance that exist in the
utility voltages used as the basis of synchronization. In
addition, the salient feature of the proposed PLL is the
simplicity of structure which renders itself for digital
implementation.
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II. CONVENTIONAL CLOSED-LOOP PHASE-
LOCKED METHOD

The basic structure of three-phase PLL based on
synchronous reference frame transformation is shown in
Fig.1.

Fig. 1 Block diagram of three-phase PLL based on
synchronous reference frame transformation

Where V,,V, ,V, stand for three-phase utility voltage,
sin #and cos € are the output of PLL. @, is the output
of PI controller, w is the feed-forward component of
the grid angular frequency.

The three-phase polluted grid voltage can be written

as:
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Where V. V,_,V, .V,  are the amplitude of

1+ 2 n+ > ' n
fundamental posmve sequence component, fundamental
negative sequence component, n-order positive sequence
component, n-order negative sequence component

respectively. O, 0;_, O, _are the original phase

n+’

of fundamental positive sequence component,
fundamental negative sequence component, n-order
sequence component, n-order negative sequence

component respectively. @ is the fundamental angular
frequency. ¥, is the zero sequence component.

With the help of two transformation matrixes, a three-
phase PLL control scheme can transform the three-phase
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grid voltage vectors into d-q synchronous rotational
coordinates:

14 Ve
d (2
[V ] =Tabc/aﬂ *Ta/)’/dq Vb )
! V.
Where T; belap and T apldg A€ two transformation

matrixes. @ is the evaluated fundamental angular
frequency.

Then the formula (2) can be rewritten as
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If the three-phase grid voltage contains little harmonic
component and the evaluated value (fis close to @i,
Vd can be simplified as

Vd=

A satisfactory closed-loop system should provide both
fast tracking ability and high phase-locked accuracy.
Conventional three-phase PLL systems use low-pass
filters (LPF) to reduce the impact of harmonics after the
extraction of d-axis component. Lower cut-off frequency
of the low-pass filter causes lesser distortions in the
estimated phase angle. However, this results in a poor
dynamic performance. So, a trade-off should be made
between the two features. Furthermore, if the three-phase
utility voltage is seriously polluted, it will be impossible
to acquire the accurate phase information of the positive
sequence utility voltage at fundamental frequency only
depending on the regulation of cut-off frequency. Thus,
the three-phase closed-loop system should be redesigned
in consideration of heavy pollutions such as harmonics,
frequency variations, phase shifts and unbalance that
usually exist in the utility voltages.

%VH sin(at - ) z%VH (- @

III. NEW THREE-PHASE CLOSED-LOOP PHASE-
LOCKED METHOD

Based on the theory of symmetrical components, the
positive sequence components of three-phase utility
voltages |_V+ V* V*|can be obtained as

a b c
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For the formula (5), the operator —j= can be

implemented with a full-pass filter Wthh is designed to
provide unit gain and realize -90° phase shift at the
fundamental frequency. The harmonics in three-phase
utility voltages would pollute the synchronization signals,
this paper considers the second-order low-pass filter as
shown in the formula (6) to reduce the harmonics and
implement the -90° phase shift at the fundamental
frequency without any distortion as required to obtain the
positive sequence components and eliminate harmonics
synchronously.

The specified transfer function of the second-order
LPF in the Laplace domain is expressed as

2
LPF=—— 2 40
ST+ w,s+w,

Where @), is the natural angular frequency that should

be equal to the fundamental angular frequency.
The Bode plot of the filter is shown in Fig.2. It is
obvious to see that the filter shows itself as unit gain and
-90° phase shift at 50Hz. In addition, high frequency
utility voltage harmonics are significantly reduced. For
instance, the second harmonic is attenuated to -11.2 dB,
the third harmonic, -18.7 dB and the fifth harmonic, -27.8
dB at the output of the second-order LPF.
Gm = Inf dB (at Inf Hz) , Pm = S0 deg (at 50 Hz)

System: &1
Frequency (Hz): 50 |
Magnitude (dB). -0.033 |

Magnitude (dB)

Phase (deg)

Frequency (Hz)

Fig. 2 Bode plot of the second-order LPF

The proposed three-phase PLL structure is shown in
Fig.3. The polluted three-phase utility voltage is
transformed into a-f stationary coordinates. In this way,
the feedback loop acquires the positive sequence
components and attenuates the high-frequency harmonics
synchronously. In addition, the conventional integral is
replaced by a sine table ranging from 0° to 360° which
makes the proposed synchronization method more
convenient for digital implementation.

By means of a transfer coefficient, that is k , the
estimated angular frequency is transformed into the index
value of the sine table listed in digital program. The
transfer coefficient is defined as:

=@>ki>k]*Y (7)
a 360

http://www.i-joe.org



PAPER
A NEW PLL SIMULATION VALIDATION FOR THREE-PHASE GRID UNDER HEAVY DISTORTED CONDITIONS

Where N is the number of specified sine values in the
sine table, and 7 is the sampling period.
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Fig. 3 Block diagram of the new three-phase digital PLL

IV. SIMULATION

Performance of the proposed PLL method is evaluated
by means of a number of simulations.
The full-pass filter (a)n -s)/(s+ a)n) and the second-

order LPF wj /(S2 +s+ CU,?) are changed into

discrete model in order to implement the digital control.
Eventually, the hybrid simulation of the digital PLL
scheme is realized by C language and Simulink module in
Matlab. The key PLL parameters are shown as

T =50%1075. N = 720,k = 0.00573. Lp = 550
s+ 850

To show the promising behaviors of the proposed
synchronization method, three operation conditions are
considered in the following simulations.

A.  Harmonic distortion Simulation

Usually, the odd harmonic contents in the utility
voltage are high, while even harmonics are few and can
be neglected. Hereby, the three-phase utility voltages in
the presence of heavy harmonic pollution are shown as:

V, = 411sin(wyt) +100sin(3ew,t) + 100sin(Swyt) +
100sin(7wyt) +100sin(9wyt) +100sin(1 1oy t)

V, =311sin(wyt - 27z/3) +100sin(ewyt + 277/ 3) +
100sin(3wyt) +100sin(Swyt + 277/ 3) +100sin(7ewyt - 27/ 3)
+100sin(9w,t) +100sin(l 1wyt + 277/ 3)

V. =311sin(wyt + 27/3) +100sin(wyt - 27/3) +
100sin(3awyt) +100sin(Swyt - 27/3) +100sin(T eyt + 27w/ 3)
+100sin(9aw,t) + 100sin(1 1wyt - 277/ 3)

®)

The fundamental frequency of utility voltage is SOHz.
The THD of output signal of the proposed PLL is shown
in Fig.4. Fig.5 shows dynamic response of the proposed
PLL, the three waveforms imply the amplified sinusoidal
synchronization signal, the A-phase positive sequence
fundamental voltage and the A-phase polluted utility
voltage.
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Fig.5 Dynamic response of the proposed PLL

B.  Three-Phase Voltage Phase Jumping Simulation
Before 0.1 second, the three-phase utility voltages are

still shown as the formula (8). After 0.1 second, the three-

phase utility voltages happen to shift. The results are

shown as the formula (9). At the 0.1 second, the positive

fun%amental phase of the three-phase grid change by

180°.

V, =411sin(w,t + ) + 100sin(3w,t) + 100sin(5w,¢)

+100sin(7w,t) +100sin(9w,t) + 100sin(1 1w, ¢)

V, =311sin(w,t + x/3) +100sin(w,t + 27/ 3) +100sin(3e,t)

+100sin(5e,t + 27 /3) + 100sin(To,t - 27 /3)

+100sin(9e,¢) + 100sin(l 1ot + 27/3)

V. =311sin(w,t + 57/3) +100sin(w,t - 277 /3) + 100sin(3e,t)

+100sin(5e,t - 2 /3) + 100sin(7o,t + 27 /3)

+100sin(9e,¢) + 100sin(l 1ot - 27 /3)

©)

Fig.6 shows dynamic response of the proposed PLL.
The three waveforms imply the amplified sinusoidal
synchronization signal, the A-phase positive sequence
fundamental voltage and the A-phase polluted utility

voltage.
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Fig.6 Dynamic response of the proposed PLL
when the fundamental phase jumping
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C. Three-Phase Voltage Unbalance Simulation

Under the power faulty condition, the three-phase
utility voltages with DC offset components and negative
sequence component at the fundamental frequency are
shown as

V, =411sin(wyt) + 80
V, =311sin(wyt — 27 /3) +100sin(wyt + 277/ 3) + 60
V., =311sin(wyt + 27 /3) +100sin(awfyt - 277 /3) + 20

(10

Fig.7 shows the input and output waveforms of the
proposed PLL. The input signals in the presence of
unbalance components are described by the waveforms
which amplitudes are approximate to 300V. The other
two waveforms stand for the amplified sine and cosine
signals of the PLL output. It is not possible to see any
significant  distortions in the sine and cosine
synchronization signals even under severe unbalance
conditions. Further, Fig.8 shows the phase comparison
between the A-phase positive sequence fundamental
component and the amplified sinusoidal synchronization
signal for the proposed PLL method. As shown in Fig.§,
the two signals almost go all the way.
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Fig.7 Input and output waveforms of the proposed
PLL under the utility voltage unbalance condition

400 . : : T

2001

-200

-400

0 0.02 0.04 0.06 0.08 0.1

Fig.8 Phase comparison between positive sequence
fundamental voltage and amplified sinusoidal
synchronization signal for the proposed PLL

V. CONCLUSIONS

A new closed-loop phase-locked method for three-
phase grid-connected inverter or three-phase active PFC
has been proposed in this paper. The proposed PLL
method is introduced with a formal closed-loop structure
including a positive sequence extraction module and a
harmonic filter module. The proposed method of PLL is
immune to noise, harmonics and other type of distortion.
Matlab Digital simulation results show that the proposed
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PLL has good steady-state and transient performances
even under the conditions of large harmonics, phase shifts
and unbalance that exist in the three-phase utility voltages.
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