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Abstract—An increasing amount of single-phase photovoltaic
(PV) systems on the distribution network requires more
advanced synchronization methods in order to meet the grid
codes with respect to power quality and fault ride through
capability. The response of the synchronization technique
selected is crucial for the performance of PV inverters. In this
paper, a new synchronization method with good dynamics and
accurate response under highly distorted voltage is proposed.
This method uses a Multi-Harmonic Decoupling Cell (MHDC),
which cancels out the oscillations on the synchronization
signals due to the harmonic voltage distortion without affecting
the dynamic response of the synchronization. Therefore, the
accurate response of the proposed MHDC-PLL enhances the
power quality of the PV inverter systems and additionally, the
proper fault ride-through operation of PV systems can be
enabled by the fast dynamics of the synchronization method.

1. INTRODUCTION

The increasing installation of single-phase PV systems
leads to the evolution of the grid regulations regarding PV
integration. The restrictive modern grid codes for single-
phase PV systems [1]-[6] require the injection of high quality
power in the normal operation mode [7]. Furthermore, the
Fault Ride Through (FRT) operation is necessary in order to
provide voltage and frequency support immediately when a
grid fault occurs.

Control systems for single-phase PV systems should be
enhanced in order to meet the grid requirements and to
improve the power quality of the injected current. A typical
single-stage single-phase PV system is shown in Fig. 1. For
this system, the control of the Grid Side Converter (GSC) is
based on the PQ controller, which generates the reference
currents and the current controller, which is responsible for
the appropriate current injection as described in [6], [8]-[14].
The PQ controller can be implemented in the stationary or
synchronous reference frame as a closed loop or an open
loop controller. The current controller can be designed by
using a Proportional-Resonant (PR) controller in the
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stationary reference frame or a Proportional-Integral (PI)
controller in the synchronous reference frame. Since the
injected current has to be synchronized with the grid voltage,
the response of both controllers will be affected by the
performance of the synchronization method. Phase-Locked
Loop (PLL) algorithms have been widely used for the
synchronization. Hence, PLL based synchronization methods
in single-phase PV systems require further improvement as
depicted in [15]-[19] in order to ensure a proper operation of
the PV systems.

A common PLL based synchronization technique to
estimate the phase angle () of the grid voltage (v;) in single-
phase systems is enabled by generating a quadrature voltage
vector in the stationary reference frame (v,;). Then, this
vector is transformed into the synchronous reference frame
(v4y), where a simple PI controller regulates the voltage v, to
zero and therefore the phase angle is extracted [19]-[20]. In
each PLL technique, a different Quadrature Signal Generator
(QSG) is used to generate the vector v, A straightforward
T/4 delay transport technique is used in [6], [19]-[20] as a
QSG, where T is the fundamental period of the grid voltage.
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Fig. 1. Control structure of a single-phase grid-connected PV system.




Inaccuracy in the case of low or high order harmonics is the
main drawback of this PLL system due to the lack of
filtering. In contrast, the Inverse Park Transform (IPT) based
PLL method [20]-[22] can filter high frequency harmonics.
Some interesting techniques based on adaptive filtering and
generalized integrators, such as the enhanced PLL and a
Second Order Generalized Integrator (SOGI) are presented
in [19]-[20], [23]-[25], which present similar filtering
response with IPT-PLL, where the low frequency harmonics
are not eliminated. Finally, in [22], [26], a Hilbert based PLL
technique is presented. The harmonics effect is eliminated
by this method, but unfortunately, it has practical
implementation problems in the case of real-time application
with time-dependent signals. Some interesting PLL
techniques have been presented in the recent literature,
which enable the robustness of the synchronization against
low-order harmonics. Those techniques are based on
adaptive or notch filters [27]-[28], or apply repetitive and
multi resonant controllers on the PLL and/or on the current
controller [29]-[32] of the PV system. Although the afore-
mentioned techniques achieve to overcome the harmonics
effect, the dynamic response of the synchronization is
slightly affected. Therefore, the harmonic robustness comes
at the expense of performance deceleration of the PV system,
which is undesired, especially in the case of grid faults.

In light of the above issues, this paper presents a novel
synchronization method, which can achieve accurate and
dynamic synchronization performance under several grid
voltage disturbances and also when the distribution grid
contains low- and high-order harmonics. The QSG of the
proposed method is based on a combination of an IPT and a
T/4 delay transportation to attenuate the high-order
harmonics effect. A new Multi-Harmonic Decoupling Cell
(MHDC) is then applied to the PLL system, and it is
designed in multiple synchronous reference frames to
dynamically cancel out the oscillations due to low-order
harmonics. The designed MHDC has a recursive filtering
characteristic with fast dynamic response similar to the
decoupling networks presented in [33]-[36] for three-phase
systems and thus, the proposed MHDC-PLL can enable a
fast cancellation of both low- and high-order harmonic
oscillations. The accurate and dynamic response of the
proposed MHDC-PLL has been verified under several grid
conditions. Furthermore, this paper investigates the effect of
the accurate synchronization through the proposed PLL on
the performance of grid-connected single-phase PV systems.
The investigation has proven that the new synchronization is
beneficially affecting the power quality of the PV system.

II.  PROPOSED SYNCHRONIZATION METHOD

The proposed synchronization is based on three modules:
the QSG, the MHDC and the dg-PLL algorithm. The QSG
generates the quadrature voltage vector (v,4) and filters the
high-order harmonics of the voltage. The MHDC module
achieves the fast and accurate decoupling of the fundamental
voltage vector from the oscillations caused by the low-order
harmonics. Finally, the almost harmonic-free voltage signal

is used by the dg-PLL technique to extract the phase angle of
the grid voltage.

A. Quadrature Signal Generator (OSG)

The QSG used in the proposed synchronization is a
combination of an IPT [6], [20]-[22], which can be
considered as a band pass filter, and a 7/4 delay
transportation [19]-[20] as it is shown in Fig. 2. The voltage
(v,) is produced by using one forward and one inverse Park
transformation and two first-order Low Pass Filters (LPFs),
as shown in Fig. 2. The forward and inverse Park
transformation can be achieved by setting the n-m equal to
+1 and -1 respectively in (1) and the transfer function of the
LPFs is presented in (2).
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in which wy; is the cut-off frequency. The transfer functions
va/vs and v'g /v, are given by (3) and (4) respectively, where
v, is the grid voltage measurement.
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The transfer function in (3) is actually a second-order
band pass filter, which attenuates the high frequency
harmonics without affecting the amplitude and phase angle
of the fundamental voltage when wy is set to 2v/2-50 rad/s.
The generated voltage v;" is a 90° shifted voltage with
respect to the measurement voltage v, according to (4), but it
presents different harmonic attenuation to the grid voltage
than v, due to the different filtering of (3) and (4).
Distinguished from the IPT-PLL, the use of v;" is avoided in
the proposed PLL, since the different harmonic filtering
effect of v, and v;" requires a more complicated design for
the MHDC. In the proposed QSG, the generation of the
quadrature signal vz is obtained by the 7/4 delay
transportation of the filtered v, as shown in Fig. 2, which
makes the voltages v, and vy to present identical low order
harmonic distortions.

a Quadrature Signal Generator (QSG) N

7~ Inverse Park Transformation
(2™ order BPF to attenuates high-order harmonics)
Va

Y. T/4 Delay Signal

Fig. 2. The structure of the quadrature signal generator (QSG) that is used
in the proposed MHDC-PLL.



B. Multi Harmonic Decoupling Cell (MHDC)

The voltage vector vy =[v, v,;]T is free of any high
frequency oscillations due to the QSG, but the low-order
harmonics still exist. In order to cancel out the oscillations
caused by the low-order harmonic through the MHDC, a
comprehensive analysis of the voltage is required. Since the
vg is T/4 delayed from v,, the v,5 can be expressed as a
summation of the fundamental component (n=1) and the
low-order odd harmonics (n=3, 5,7, 9, ...),

cos(wt +6,) cos(nwt +6,)
v =V + y T
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4 79, 4 ]
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The voltage vector of (5) can be rewritten as shown in
(6), where the summation of the harmonics can be divided
into two groups according to the harmonic-order.
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Using basic trigonometric identities, (6) can be expressed
as (7), where it is clear that the sign of the radial speed of
each component depends on the harmonic order.
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Therefore, the voltage vector v, can be expressed by (8),
in which sgn(n) defines the speed direction of each harmonic
component.
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The voltage vector v,4 can then be translated into any n™
synchronous reference frame (dg™®""”-frame) with a rotating
speed equal to msgn(n)w, where w is the fundamental
frequency. The voltage vector expressed to the dg™""-frame
v dqnsgn(n)) can be calculated by multiplying the v, with the

transformation matrix [T dqrrsgn(n)] of (1) as shown in (9). The
voltage vector v g E) in (9) contains an oscillation-free

V;qmgno,) term, which is actually the voltage component V"

rotating with the corresponding synchronous sgn(n)nw
speed. Furthermore, it contains some oscillation terms
(V;;"'S ) = [qun.sg,,(,,)_m.sg,,(m)] Vd'zm.sgn(m)) based on the effect of

the rest of the voltage components.
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To enable the design of the proposed MHDC the voltage
vector should be expressed in all reference frames of the
existing frequency components. Since the QSG has
eliminated the effect of high frequency harmonics, the
proposed method deals only with the effect of the four most
significant low-order harmonics. Therefore, the voltage
vector should be expressed in the fundamental (+1) and the
most significant harmonics (+3, +5, +7, +9) reference frames
as shown below.
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Now, the estimation of the oscillation-free terms of each
harmonic component ¥, is achieved, by subtracting all the

oscillation terms [qumg,,(,,),,,,.sg,,(,,,)] Vdrgm'sgn(m) from each

voltage vector v,," as shown in (11). An LPF [F(s)] is then
used to eliminate any remaining oscillations.
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Finally, (11) can be rewritten in the form of (12), which
is the main equation of the MHDC. The block diagram of the
proposed MHDC is presented in Fig. 3.
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Fig. 3. The block diagram of the proposed Multi-Harmonic Decoupling
Cell (MHDC).
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where s+,

The cut-off frequency (w;,) of [F(s)] in (13) should be set

to 2m:50/~/2 rad/s in order to achieve a fast and an optimally
damped decoupling of the voltage component as it has been
proved in [33]-[36] for similar decoupling cells in three-
phase systems. The MHDC presents very fast dynamics
compared to the LPF since the MHDC is acting as a
recursive filter. The block diagram of the proposed MHDC is
presented in Fig. 3 for the four most significant harmonics,
where it is clear that the multiple use of (12) in the MHDC
can achieve the generation of the oscillation-free signal
qu*”, which can be used for an accurate synchronization.
The detailed analysis of the single-phase voltage in multiple
synchronous reference frames and the proposed MHDC are
the significant contributions of this paper. A fast and
accurate oscillation-free estimation of the fundamental and
harmonic components of the voltage is achieved through the
proposed MHDC. The dynamic and accurate response of the
proposed MHDC enables the proper synchronization of
single-phase PV systems, and thus can beneficially affect the
power quality of the injected current.

C. Phase-Locked Loop Algorithm designed in Synchronous
Reference Frame (dg-PLL)

The produced voltage vector V;{tlz by the MHDC is free

of any harmonic oscillations. The use of the vector V;qt[z as
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Fig. 4. The structure of the proposed MHDC-PLL.

the input to any simple PLL algorithm can easily enable a
fast and accurate synchronization. In the design of the
proposed MHDC-PLL, the dqg-PLL algorithm has been
chosen to extract the phase angle of the fundamental voltage.
The simple dg-PLL structure is presented in Fig. 4, where a
PI controller is used in the synchronous reference frame to
extract the phase angle of the fundamental voltage. The
tuning process of such a PLL is based on the linearized small
signal analysis of the PLL as presented in [6], [33], [35]. In
the case where the transfer function of the PI controller is
given by K,+1/(T;s), the closed-loop transfer function of the
PLL can be simplified to the second order transfer function
in (14) when the PLL is designed for per unit voltage. The
tuning parameters &, and 7; can be calculated according to
(15), where ¢ should be set to 1/+/2 for an optimally damped
PLL response and the Settling Time (ST) for the proposed
MHDC-PLL has been set to 100 ms.
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To sum up, the proposed MHDC-PLL consists of three
main modules: the proposed QSG in Section II.A, the
MHDC as proposed in Section II.B, and the PLL algorithm
of Section II.C. The structure of the new MHDC-PLL with
all the modules is presented in Fig. 4. The proposed
synchronization technique can achieve accurate and dynamic
response under distorted voltage, which allows a significant
enhancement of the power quality of PV systems as it will be
demonstrated in Section III.

III. SIMULATION AND EXPERIMENTAL RESULTS

The robust and dynamic response of the proposed PLL
requires verification through simulation and experimental
results. Moreover, an investigation on how the PLL response
affects the performance of the PV system is necessary.
Therefore, an experimental setup and an identical simulation
model (in MATLAB/Simulink) have been implemented
according to the structure of the PV system presented in Fig.
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Fig. 5. Simulation results for the response of SOGI-PLL and the proposed
MHDC-PLL under harmonic distorted voltage and phase step change,
voltage sag and frequency step change.

1. The experimental setup uses a Delta Elektronika SM 600-
10 power supply to emulate the produced DC power from
the PV panels. A Semikron SEMITeach (B6CI) inverter is
used as a GSC and a California Instrument MX-30
programmable AC source (equipped with a parallel resistive
load) is used to emulate the power grid. The LCL filter
characteristics are set to Ly=3.6 mH, C,=2.35mH, and
Lg=4mH. The proposed synchronization unit and the
control algorithm of the GSC has been designed using a
dSPACE DS1103 DSP board in combination with the
dSPACE Control Desk and MATLAB/Simulink real time
workshop. A 10 kHz sampling frequency has been used for
the control of the GSC and the rating power of the GSC is
considered as 1 kVA. For the purposes of the simulation and
experimental study presented in this paper the tuning
parameters of the under investigation PLLs are set to kp=92
and 7;=0.000235 to achieve identical time performance.

A. Response of the Proposed MHDC-PLL

The proposed synchronization method claims an
outstanding performance in terms of accuracy under
harmonic distorted grid voltage. Therefore, the proper
response of the MHDC-PLL should be tested under
harmonic distorted voltage and under other several grid
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Fig. 6. Experimental results for the synchronization response. On the left
side, harmonic distortion is applied on the grid voltage and on the right
side a 25% voltage sag occurs. The grid voltage [100V/div] is presented
in (a). The synchronization signals according to SOGI-PLL [6: 5V/div,
f0.5V/div, v, :2V/div, v4"2V/div ] are presented in (b) and the
synchronization signals according to the proposed MHDC-PLL [6:
5V/div, £:0.5V/div, v, :10V/div, v,":5V/div ] are presented in (c).

voltage disturbances, such as phase jump, voltage sag and
frequency variation.

The simulation results for the response of the two PLLs
(SOGI-PLL [19]-[20] and proposed MHDC-PLL with the
same tuning parameters) are presented in Fig. 5 under several
voltage conditions. The voltage at the beginning of the
simulation is purely sinusoidal with a total voltage harmonic
distortion (THDy) of 0.3% (only high-order voltage
harmonics). A significant low-order voltage harmonic
distortion (THDy=7.8%) is injected by the grid at t=0.3 s
with |[V5=6% and |V]=5% relative to the fundamental. It is
clearly observed from Fig. 5 that, for low-order harmonic
distorted voltage (¢>0.3s) the SOGI-PLL presents
significant oscillations due to the harmonics effect, while the
proposed MHDC-PLL achieves a very accurate response and
is robust against harmonics. The PLLs are also tested under
several voltage disturbances. For example, the MHDC-PLL
presents a very accurate and dynamic response when
subjected under the following sequence of events: a -30°
phase change at 0.4 s, a 25% voltage sag at 0.6 s, and a 0.8
Hz frequency step at 0.8 s, despite the voltage harmonic
distortion. Some very small but negligible oscillations on the
proposed PLL are presented for #> 0.8 s due to the imperfect



response of the T/4 delay component used in QSG under
frequencies which are different from the nominal one.

The robust performance of the proposed PLL is also
validated according to the experimental results of Fig. 6. The
experimental synchronization signals are depicted in the
channels 1-4 of the oscilloscope, Fig. 6 (b) and (c), by using
the Digital to Analogue Converter (DAC) of the dSPACE
board. The presented signals 6, /', v,” and v,” of Fig. 6
represent the synchronization signal according to (16).

107 %
0=—2" ¢ r="0_(F-50Hz),
628rad’ ! TV 70D
DAV . L 20V . (16)
Vg = Vo Vg = '(1_Vd+1 )
lpu. 9 lpu.

On the left side of Fig. 6, the response of the SOGI-PLL
and the proposed MHDC-PLL is presented when a harmonic
distortion (|V5=2% and |V;|=2% relative to the fundamental)
is applied on the grid voltage. In the left side of Fig. 6 (b) it
can be observed that the low-order harmonics on the grid
voltage cause inaccuracies on the synchronization of the
SOGI-PLL. In contrast, the proposed MHDC-PLL achieves
an accurate and robust performance despite the harmonic
distortion, as shown in the left side of Fig. 6 (c).

On the right side of Fig. 6, the response of the two
synchronization methods is presented under a 25% voltage
sag. The proper performance under a low-voltage fault is
achieved by both PLLs as shown in the right side of Fig. 6
(b) and (c). Therefore, it is proven that the proposed MHDC-
PLL achieves an accurate and robust response under
harmonic distorted voltage without affecting the dynamic
performance of the synchronization under grid disturbances.

B. Effect of the Accurate Synchronization on the PV System
Performance

It is also interesting to investigate the effect of the
proposed synchronization on the performance of a single-
phase grid-connected PV system. Therefore, an enhanced
GSC control of a PV system has been designed according to
Fig. 1. It is obvious from Fig. 1 that the synchronization
response can affect the performance of the PQ and current
controllers and thus, the performance of the whole PV
system.

The PQ controller of the PV system is based on an open
loop controller design in the synchronous reference frame

[6], [11], [19]. Therefore, the reference currents (Id;) are

calculated based on the P* and Q" power set points and on
the fundamental voltage vector estimated by the PLL

(vag = V;;rfz for the proposed PLL) as shown in (17).

R L2 I T [P*} (17)
dg —| |7 2 2 *

1 vy + vy Vg Vg 0

The current controller is also designed in the synchronous
reference frame and it is based on PI controllers. To achieve
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Fig. 7. Simulation results for the PV system performance under harmonic
distorted voltage and low-voltage grid faults. The synchornization of the
GSC control is based on the SOGI-PLL before 0.5 s and on the proposed
MHDC-PLL after 0.5 s.

a proper operation under harmonic distorted grid voltages the
current controller should be enhanced with harmonic
compensation modules [6], [8], [14]. The GSC controller is
enhanced with Low-Voltage Ride Through (LVRT)
capability in order to provide voltage and frequency support
to the faulty grid with a ratio of Q:P =2:1 and also to limit
the currents according to the converter ratings.

Simulation results for the performance of the designed
PV system are shown in Fig. 8. The grid voltage is distorted
with  [V3=5%, [Vs=6%, |V=5%, |Vo=1.5% and |V
orders=0.3% relative to the fundamental voltage for the whole
simulation. Such a voltage harmonic distortion is within the
permissible power quality limits for the distribution grid
voltage according to [7]. The synchronization of the PV
system is obtained from the SOGI-PLL for # < 0.5 s and from
the proposed MHDC-PLL for ¢ > 0.5 s. Therefore, the results
in Fig. 8 demonstrate the performance of the PV system in a
highly harmonic distorted grid, based on two different
synchronization methods and under normal grid conditions
and low-voltage faults (with a 40% voltage sag). It is clear
that the accurate synchronization through the new MHDC-
PLL beneficially affects the response of PQ and the current
controllers. The generated reference currents (Ig,) from the
PQ controller are accurate and free of any harmonic



TABLE I
THE EFFECT OF THE ACCURATE SYNCHRONIZATION
ON THE POWER QUALITY OF PV SYSTEM

Grid Conditions Synchronization Method
Harmonic Distorted Voltage L
(relative to the fundamental) SOGI-PLL | WiHDC-PLL
THD(%) of the injected
o, o, o, 0,
V(%) V(%) VAR | Vet urrents (full-load conditions)
5 6 5 1.5 1.75 1.0
4 5 4 1.25 1.55 1.0
3 4 3 1 1.30 1.0
2 3 2 0.75 1.15 1.0
1 2 1 0.5 1.1 0.95
0 0 0 0 0.95 0.95

oscillations, when the proposed synchronization method is
used. Furthermore, the accuracy and the quality of the
injected currents from the current controller are significantly
enhanced when the proposed PLL is used. Hence, the PV
system using the SOGI-PLL presents 1.8% of total current
harmonic distortion (THDy), while the PV system using the
new MHDC-PLL presents a THD; of about 1%. This proves
that the proposed synchronization can contribute to an
improvement on the performance of the grid-connected PV
systems and especially on the power quality of the injected
currents. Another important aspect is the fast LVRT
performance of the PV system. It is obvious that the
cancellation of the harmonic oscillations on the
synchronization signals of the proposed PLL is achieved
without any effect on the dynamic response of the
synchronization. This enables a proper and fast LVRT
operation of the PV system, when a voltage sag occurs.
Therefore, according to the simulations of Fig. 8, the PV
system is operating in the 90% of the GSC ratings under
normal grid conditions (0.1 s<7<0.3 sand 0.5 s<7<0.7 s).
When a 40% low-voltage fault occurs (0.3 s <¢<0.5s and
0.7s<t<0.9s5s), the PV system is able to immediately
provide voltage and frequency support to the grid (with a
ratio of Q:P=2:1) and the injected current is limited
according to the converter ratings.

A  more comprehensive investigation has been
summarized in Table I, where the power quality of PV
systems is compared when two different synchronization
methods are used in the GSC controller. The benchmarking
considers the THD of the injected currents when the PV
system is operating at 100% of the GSC ratings. For the
purposes of this investigation, the grid voltage varies
between pure sinusoidal voltage and the maximum
permissible harmonic distorted voltage according to [7]. The
benchmarking proves that the new MHDC-PLL can enhance
the power quality of the PV system under any harmonic
distorted voltage. For further investigation, different kinds of
PQ controllers and current controllers with harmonic
compensation have been designed according to [6], [8]-[14],
and in general, under any type of PQ and current controllers,
the accurate proposed synchronization beneficially affects
the quality of the injected currents.
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Fig. 9.  Experimental results showing the grid voltage [100V/div], the
injected current [10A/div] and the FFT analysis of the current for the PV
system using the proposed synchronization method. The performance of the
PV system is shown (a) when the grid voltage is pure sinusoidal and (b)
when the grid voltage is harmonic distorted.

Experimental results are presented in Fig. 9 with the
performance of the PV system when using the proposed
MHDC-PLL. The PV system performance is demonstrated
in Fig. 9 (a) under a purely sinusoidal grid voltage with a
voltage THD equal to 0.83% due to high order harmonics.
Correspondingly, the performance of the PV system under
harmonic distorted voltage with |Vs|=|V;|=2% relative to the
fundamental is presented in Fig. 9 (b). As it is observed in
Fig. 9, the harmonic distortion of the grid voltage does not
really affect the operation of the PV system when the
proposed synchronization method is used. The quality of the
injected current is insensitive to the voltage harmonic
distortion due to the robustness of the proposed MHDC-PLL
in terms of harmonic immunity.

IV. CONCLUSIONS

This paper has proposed a novel single-phase MHDC-
PLL, which can achieve an accurate synchronization under
distorted grid voltage. The estimation accuracy of the
synchronization signals is enabled by the proposed MHDC,
which can cancel out the oscillations induced by low-order
harmonics, but without affecting the transient response of the
PLL. Simulation and experimental results prove the accurate
and dynamic response of the proposed PLL under highly
distorted grid voltages and under several grid disturbances
(e.g., voltage sag, phase jump and frequency jump).



Furthermore, the effect of the proposed synchronization on
the performance of single-phase PV systems has also been
investigated and it has been demonstrated that the proposed
MHDC-PLL can significantly improve the power quality of
the injected power to the distribution grid.
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