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Abstract: With some of the intermittent new energy and large nonlinear loads, grid voltage unbalance, harmonics, and
frequency deviation are increasing year by year. The voltage source converter (VSC) is seriously affected by the various
unexpected factors, and the presence of grid impedance makes the situation worse. In order to make the VSC track
the nonideal grid quickly and accurately, this paper proposes a frequency-adaptive grid-virtual-flux synchronization by
multiple second-order generalized integrators (MSOGI-GVFS). Key expressions of the MSOGI-GVFS and its frequency
response characteristics are described in this paper. A second-order generalized integrator configured as a quadrature
signal generator generates a specific-frequency virtual flux. A harmonics decoupling network achieves fundamental and
harmonic components of the virtual flux. The positive- and negative-sequence components are separated by multiple
positive- and negative-sequence calculators. A frequency-locked loop is used to track the grid angular frequency. Finally,
after compensating the voltage and the flux on the grid impedance and the filtering inductor, it accurately achieves the
estimation of the grid virtual flux in the highly polluted grid environment. This method may reduce the voltage sensors,
eliminate the influence of grid impedance, and track the grid frequency quickly, which contributes to the stability of the
VSC. The good performance of MSOGI-GVFS is verified by simulation and experimental results.

Key words: Grid virtual flux, second-order generalized integrator, harmonic decoupling network, frequency-locked loop,

grid impedance, grid synchronization

1. Introduction
The voltage source converter (VSC) is emerging as the main topology of modular and standardized grid-
connected converter units in a wide power range. A large variety of strategies for grid synchronization and control
of VSCs have been proposed in the scientific literature [1-5]. Voltage-sensorless operation is among the topics
that are gaining increasing interest for cost reduction, increased modularity, and eliminating the impedance of
the power lines, which has a greater impact on VSCs [6,7]. Particularly in some remote grid applications, such
as offshore wind power plants or photovoltaic power plants in high-altitude areas, grid impedance is large and
the voltage-sensorless grid synchronization may have more applicability.

In the ideal grid, a phase-locked loop (PLL) [8] based on the synchronous reference frame can obtain

satisfactory results. While the nonideal grid contains negative-sequence components and harmonic components,
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this approach is unable to track the grid accurately. Using a notch filter or delayed signal cancellation filter [9]
can extract the positive and negative sequence of the voltage fundamental component. However, these methods
do not take the harmonic interference into consideration. There is also a fixed-frequency detection defect,
so they cannot track very well when the grid frequency changes. The decoupled double synchronous reference
frame PLL (DDSRF-PLL) [10] can detect fundamental negative-sequence components or the specified harmonic
components, but when the DDSRF-PLL is extended in multiple reference frames, decoupling cells would be very
complicated because feedback decoupling of each component uses a rotation transformation. Some scholars use
the optimal iterative method with symmetrical components and state-space filter to approach the input signal
[11,12]. Rodriguez et al. proposed a second-order generalized integrator-frequency-locked loop (SOGI-FLL)
that makes improvements from an enhanced phase-locked loop by using the SOGI as the quadrature signal
generator (QSG). This approach not only detects positive- and negative-sequence fundamental components of
the grid, but it also takes low-order harmonics expansion into consideration [13]. This approach can also be

adapted to the changes in the grid frequency.

The grid is very similar with the three-phase AC motor stator circuit. The DC bus voltage and switch
states from the grid-connected VSC are used to construct and forecast the grid-virtual-flux vector as the
orientation vector of the VSC [14,15], which has been the most popular grid synchronization without voltage
sensors. However, this method has a problem with unknown initial values of its flux observations. If the fluxes
are obtained by pure integrator, some DC bias associated with the integrated initial values is introduced to the
estimation of the fluxes. In the literature [16,17], a practical improved method was proposed, using a low-pass

filter instead of a pure integrator. However, this method is very sensitive to the changes in the grid frequency.

At present, grid synchronization based on grid virtual flux is mainly researched in the ideal grid. Under
unbalanced grid conditions, the literature [18] first proposed a method where the low-pass filter is used to
obtain virtual-flux-vector magnitude and a slower PLL is used to extract the positive frequency of the fluxes.
The method, under synchronous reference frame, of joining the notch filter and low-pass filter to extract the
positive-sequence components of the grid virtual fluxes was presented in the literature [19]. Cichowlas et al.
[20] proposed a method using SDRF-PLL to detect the positive-sequence virtual fluxes. Kulka [21] proposed
a method using a cascaded low-pass filter. In general, there are fewer studies that systematically applied grid
synchronization based on grid virtual flux to the distorted and unbalanced grid.

From the literature above, three disadvantages about the current grid synchronization based on grid
virtual flux can be summarized. First, the applied filters are sensitive to the changes in grid frequency. Second,
under the unbalanced grid conditions, the methods have greater cascaded delay for obtaining flux and separating
the positive- and negative-sequence work one after another. Third, there is no grid synchronization based on
grid virtual flux under harmonic grid conditions.

To solve these problems, this paper proposes frequency-adaptive grid-virtual-flux synchronization by
multiple second-order generalized integrators (MSOGI-GVFS). This approach integrates the estimation of the
grid virtual flux with its subcomponent extraction by a harmonics decoupling network (HDN) containing SOGIs
[22,23] and the multiple positive- and negative-sequence calculator (MPNSC). Thus, the fundamental and
harmonic grid virtual fluxes are not only achieved correctly, but the transient response time is also reduced.
The FLL [24] used in this approach can also follow the grid frequency. Finally, the simulation and experiment

results verify the correctness and feasibility of this proposed approach.
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2. Principle of the grid virtual flux estimation

Figure 1 shows the main structure of the grid-connected VSC. According to three-phase voltages on the point
of common coupling (PCC), its control method adjusts the duty cycles to produce the converter side voltage.
Voltage differences in the filter inductors are thereby achieved to produce the desired grid currents. At the same
time, these duty cycles also control the DC bus current into the DC bus, which can produce the desired DC
bus voltage. However, due to the grid impedance by which the grid currents would pass to absorb a part of the
grid voltage, the voltages on the PCC are affected by the grid currents. If the grid impedance is large enough,
it could seriously influence the performance of VSC. The stability of the grid-connected VSC can be analyzed

by the impedance ratio and its Nyquist plot [25]. The impedance ratio can be expressed as:

F(s) = (1)

where Z; (s) is the transfer function of the grid impedance. Z,. (s) is the transfer function of the VSC output

impedance including in the impedance of the controlling part.

Grid equivalent model Filter inductor

} Power supply/load
|Virtual PCC |
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Figure 1. The main structure of grid-connected VSC.

As shown in Figure 2, the more the grid impedance decreases, the farther the Nyquist curve of the
impedance ratio moves away from (-1,0), and the better the VSC’s control performance is. If the voltages on
the PCC are compensated with voltages on the grid impedance, grid voltages on the virtual PCC are obtained
as a basis for the VSC control. Obviously, at this time, the grid impedance can be considered nonexistent,
which will be very beneficial to improve the stability of the VSC. According to Figure 1, if the parameters of
grid impedance and filter inductor are known, an equation to estimate grid voltages on the virtual PCC in
two-phase stationary coordinates might be obtained as follows:

Grid impedance O; dB

—_ N W

Imaginary axis
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Figure 2. Nyquist plot of the impedance ratio.
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where eg4 o5 are grid voltages on the virtual PCC, v, s are the output voltages of the VSC, and i,s is the

€g,a8 = Vc,ap — Rz - igap — L

output current of the VSC. L, and R, respectively represent the total inductance and resistance on the filter
inductor and the grid impedance. v g can be reconstructed by the DC bus voltage and the duty cycles of the
switching device [26,27] just as Eq. (3) shows below:

Ue,a = %udc(sa - %(Sb + SC))

/s , (3)
Ue,p = TS’U'dc(Sb - Sc)

where S,, Sy, and S, represent the duty cycle of the a, b, and ¢ phase bridge on the VSC, respectively.
However, in Eq. (2), since the differential to the output current of the VSC is calculated, the current noises
will be amplified to produce inaccurate estimation of grid voltages on the virtual PCC. Based on the principle
of virtual flux, these noise interferences can be effectively avoided. The grid virtual fluxes on the virtual PCC
can be expressed by [19,21]:

U = [ (s = Be - igas)dt = Lo igas (@
Introducing per unit values, the base values for voltage and flux are given by:

Vi
Vo= Vonase Voae=2:Vo w =2 Py =3Vl (5)
Eq. (4) is rewritten as follows:

Vi = [ (0 = R iy ag)t = L2 0 ©)

This equation is an expression for ideal estimation of the grid virtual fluxes on the virtual PCC. Since the
virtual flux corresponds to the integral of the voltage, its instantaneous phase angle lags behind the voltage

phase angle by 90°. Therefore, the voltage phase angle 6, can be easily estimated as given by:

g = arctan Yoo 0y =74 +90°. (7
by o

Since the integration required for virtual flux estimation implies a filtering effect, the instantaneous phase angle
for synchronization can usually be calculated directly from Eq. (7). It can, of course, also be tracked by a
PLL. Since the integrated initial values is unknown in Eq. (6), the DC bias will be introduced related to these
values, resulting in inaccurate estimation. The conventional improved method is that the low-pass filter be
replaced by the integrator, while compensating the phase or amplitude. There are two main ways, as shown
in Figure 3. Figure 3a uses a first-order low-pass filter [28], which can only compensate the amplitude, while
the filtering delay is longer. Figure 3b uses a cascaded low-pass filter [29], formed by plurality of a first-order
low-pass filter. In this way not only can the amplitude be compensated, but the correct flux phase can also be
achieved. However, two filters only adopt the fixed grid frequency and poor filtering capability, so they are only
suitable for a strong grid. As for a weak grid, there may be larger grid-frequency fluctuation such that a big
error would be the result.

1933



WANG et al./Turk J Elec Eng & Comp Sci

V, Amplitude | LPF Ve Vel Amplitude N LPF LPF Ve
compensation compensation | |£90°/n £90°/n
7Y 2] X
K, K, T l T
0] [0
g() = —18() [+ IO
K, | K, T T
Vg Amplitude Vs Vs | Amplitude LPF LPF Vs
compensation | | LPF ] compensation | |/ 90°/n| |« 90°/n
(a) (b)

Figure 3. Two traditional flux observers: (a) based on a first-order low-pass filter, (b) based on a cascaded low-pass

filter.

As for sinusoidal signal, a SOGI [12,13] can be configured as a frequency-adaptive band-pass filter and
QSG by using feedback from the output signal. The resulting structure is shown in Figure 4. It is clearly seen
that general voltage v with the various angular frequency and estimate w’ of the angular frequency are explicit
inputs to the SOGI. The voltage signal with only the angular frequency w’ and its quadrature signal are explicit
outputs from the SOGI. The transfer function of the filter from the input variable v to the filtered variable v’

is given by:

v

v_,é_u.ﬂ eke st | v

SOGI-QSG
' —L‘Z|4— J' <

SOGI qv' =1,

)

Figure 4. SOGI structure.

v’(s): k-w s (8)

v(s) 24k -w-s+w?’

Eq. (8) corresponds to a critically second-order damped system. It can be seen that the frequency response can
be adjusted by selecting the gain k. When k is equal to v/2, this will be a good compromise between overshoot
and settling time. Thus, & =v/2 will be considered as the default value in the following discussion. In Figure
3, the quadrature output signal labeled as guv’ is a value that the integral of the filtered output v’ multiplies

with the angular frequency w’, as given by

q’ = w’/v'dt =Wy, ~wb/v’dt =X. (9)
With the reference to flux definition, the quadrature signal can be considered as per unit of flux signal, denoted
by x. By considering Eqgs. (8) and (9), the transfer function of the quadrature output signal is given by

k-w'2

24+ k-w s+ w?

v(s). (10)

qv'(s) =
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Eq. (10) corresponds to the second-order low-pass filter, which provides the unity gain and 90° phase shift for
the input signal with the angular frequency w’. According to Figure 4, the implementation of Eq. (10) will be
inherently frequency-adaptive as long as the estimate of the grid angular frequency w’ is available. Combined
with Egs. (10) and (6), after compensating the resistance voltage and inductor flux, with the SOGI being the

flux observer, the expression estimation of grid virtual flux is given by:

* k ) w/2 * * <k * -k
wg,aﬁ(s) = LH+k-w-s+w? [(vc,aﬂ(s) - Rz : Zg,aﬁ(s))} - w;m : Lz : zg,aﬂ(s)‘ (11)

This frequency information can, for instance, be provided by a PLL or by a FLL. The FLL’s detailed structure
is shown in Figure 5. The error signal €,(44), output signal v; 5, and its quadrature signal qv:JK g from the SOGI

are treated as FLL input signals. With reference to Eq. (11) and the FLL, it can get the grid virtual flux

estimation method based on SOGI under balanced grid conditions, shown in Figure 6.
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Figure 6. The grid virtual flux estimation method based on SOGI under balanced grid conditions.
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3. Grid virtual flux estimation under unbalanced and distorted grid conditions
3.1. Under unbalanced grid conditions

In the unbalanced grid, the grid voltage contains a negative-sequence component, its vector locus is not a circle,
and its vector rotation angular velocity changes, as shown in Figure 7. The positive- and negative-sequence
components of the grid virtual fluxes as well as the grid frequency need to be separated. The positive- and
negative-sequence calculator (PNSC) [30] may be used to directly separate the positive and negative sequence

component of a signal, as shown in Eq. (12).

Figure 7. Unbalanced grid voltage vector locus.

I —q
+ 1
vi,=5 A%
af 2 l q 1 ] aBf
(12)
v,=1 ! 1 A%
af 2 —q 1 aB

In this equation, ¢ = e 9™/2 is a lagging phase shift operation. Taking into account that the SOGI quadrature
output signal qv’ represents a flux signal in Figure 4, a 90° backward signal to separate the positive- and
negative-sequence components of a flux signal is needed. This signal can be obtained from the same SOGI
filtered output signal v’, which corresponds to —gx. Thus, the positive- and negative-sequence component of a
flux signal can be gotten. Similarly, the same method can be used to isolate the positive- and negative-sequence
components of the grid currents.

As shown in Figure 8, through the SOGI and PNSC, the fundamental fluxes are separated to their
positive- and negative-sequence components. With the same method, the currents can also get their positive-
and negative-sequence components. Then, after subtracting positive- and negative-sequence IFCs and RVCs,
positive- and negative-sequence separation of grid virtual fluxes is finally achieved. It does not have the
cascaded delay effect because obtaining the flux and separating the positive and negative sequences are almost
simultaneous through the SOGI and PNSC.
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Figure 8. The grid virtual flux estimation based on SOGI under unbalanced grid conditions.

3.2. Under unbalanced and distorted grid conditions

The grid virtual flux estimation based on SOGI under unbalanced grid conditions discussed in Section 3.1
was introduced in [31]. This paper will further extend the virtual flux-based grid synchronization method to
unbalanced and distorted grid conditions.

In the seriously distorted grid, a cross-feedback network consisting of multiple SOGI-QSGs with different
filter frequencies can accurately detect the fundamental and harmonic components of the grid voltage, called
the HDN [13] as shown in Figure 9. The HDN can be seen as a plurality of different adaptive filters with n
selectable center frequencies in parallel pairs, named as DSOGI-QSG-i. That fundamental frequency detected
by the FLL multiplied by the corresponding number of harmonics can adjust the frequency of the DSOGI-QSG-
i. Therefore, it can detect the required harmonic components of the input signal. However, when the harmonic
components are in a narrow band, detected results will be affected mutually. In order to avoid the influence,
narrow bandwidth must be set in the DSOGI-QSG-i, but this in turn will cause additional transient shock to
respond slowly. To avoid these problems, a cross-feedback network is used in the HDN. v; is the input signal
of a phase in DSOGI-QSG-i. D;(s) is the transfer function of the ith SOGI with reference to Eq. (8). The
transfer function of the a-phase output signal v, of DSOGI-QSG-i is given by:
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Figure 9. Harmonics decoupling network.

j=1
J#
After v; is obtained by the same method, the transfer function of the a-phase output signal v, of DSOGI-QSG-i

can be further improved.

/ n 1—-Dj(s)
vi=|Dis) ] (1—D(>D<>) ’ "

j=1

J#i
Similarly, the transfer function guv; can be obtained with reference to Egs. (10) and (14). As an example of the
HDN effect, Figure 10 shows the Bode output signal passed by the HDN. The HDN comprises four DSOGI-QSGs
and their center frequencies are 1st, 5th, 7th, and 11th harmonic frequencies, respectively. Center frequencies of
the output signal in Figures 10a and 10b are respectively the 1st (50 Hz) and the 5th (250 Hz). The blue lines in

Figures 10a and 10b are respectively their logarithmic frequency characteristic curves without a cross-feedback
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network. The black lines in Figures 10a and 10b are respectively their logarithmic frequency characteristic
curves with a cross-feedback network. As can be seen, the cross-feedback network generates a kerf at each
SOGI-QSG center frequency. Thus, selective filtering characteristic of each SOGI-QSG are enhanced, and the
response speeds of these DSOGI-QSGs may be improved for wider bandwidth.

Bode diagram Bode diagram
~ 0F- ~
g &
L L
El E
g ‘g
i &
= 40 =
-60
90 180
. 45 5
)
2 0 § 90
3 45 o
& -0 z 90,
-135 s -
—180 bt - b i) Ple oo 3. a-p PPN P Pt IS ~180
10° 10! 10° 10° 10* 10
Frequency (Hz) Frequency (Hz)

(a) (b)
Figure 10. Bode diagram of output signal passed by HDN: (a) fundamental-frequency output signal, (b) fifth-frequency
output signal.

The grid virtual flux estimation under unbalanced grid conditions has been discussed. However, when the
grid is seriously distorted, due to the harmonics, the effect of the estimation will be greatly reduced. This paper
presents a method called MSOGI-GVFS, as shown in Figure 11. After the resistance voltage compensation,
each harmonic virtual flux corresponding to each harmonic voltage is decoupled by the HDN. The positive- and
negative-sequence components of the virtual fluxes are got by the MPNSC. Therefore, the grid current may
also be separated by the HDN and MPNSC. After positive- and negative-sequence IFCs, the grid virtual fluxes
including in the positive- and negative-sequence components of n harmonics are finally obtained.

4. Simulation and experimental results

4.1. Simulation results

To test the transient response of the proposed method, an unbalanced and distorted grid fault is imposed to
the system at 10 kVA at a 380-VRMS line voltage in MATLAB/Simulink. Its circuit structure is the same as in
Figure 1. Grid impedance consists of L,=0.03 pu and R, = 0.004 pu. Filter inductor is 0.1 pu and its internal
resistance 0.01 pu. At the beginning, a three-phase grid voltage phasor is balanced and set tou,; = 120° pu.
Its fundamental frequency is 50 Hz. With a fault in the grid at 0.2 s, its fundamental frequency is stepped down
to 40 Hz. Fundamental positive- and negative-sequence phasors are u,; = 0.5£ — 30° pu and u,; = 0.2£110°
pu, respectively. For the 5th harmonic positive- and negative-sequence phasor, u,s = 0.15/135° pu and
u,5 = 0.1£45° pu. For the 7th harmonic positive- and negative-sequence phasor, u,; = 0.1£15° pu and
u,7 = 0.220° pu. The center frequency of DSOGI-QSG-1 is the fundamental frequency for the FLL and the
gain k; = /2. The remaining DSOGI-QSG-i gain is set by the gain k; divided by corresponding number of
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harmonics for making all the DSOGI-QSGs have the same filtering characteristic. Finally, FLL gain is I' = 50.
The simulation results of the grid virtual flux estimation are shown in Figure 12.
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Figure 12. The simulation results of the grid virtual flux estimation.
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Figure 12a shows the three-phase grid-voltage waveform before and after the grid fault. It can be seen
that a serious unbalance and distortion and hopping appeared in the grid voltage after 0.2 s. Figure 12b shows
the grid fundamental frequency detected by the FLL, from which it can be seen that the FLL can achieve
good adaptivity. As can be seen from Figures 12¢—12h, positive- and negative-sequence components of the grid
fundamental and 5th and 7th harmonic virtual fluxes are estimated accurately and quickly. Figures 12i-12I are
the enlarged views of Figures 12e—12h.

Figures 13a—13f are positive- and negative-phase tracking charts of the grid fundamental and 5th and 7th
harmonic virtual fluxes and grid voltages. All the virtual flux phase estimations lag behind the corresponding
voltage phase by 90°, which achieves the purpose of tracking the grid phase and proves the correctness of virtual

flux estimation.
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Figure 13. Phase tracking chart of the grid fundamental and 5th and 7th harmonic virtual fluxes and grid voltages.

4.2. Experimental results

To further validate the correctness of the method, a 1.8-kW three-phase voltage generator is established to analog
the unbalanced and distorted grid, as shown in Figure 14. The grid virtual flux estimation is achieved with
dSPACE 1104 with L, and R, analog grid impedance. The Table shows the parameters of the experimental
System.

The amplitude of the fundamental positive-sequence component is 0.3 pu, the amplitude of the funda-
mental negative-sequence component is 0.1 pu, the amplitude of the 5th harmonic positive-sequence component
is 0.1 pu, the amplitude of the 5th harmonic negative-sequence component is 0.1 pu, the amplitude of the 7th
harmonic positive-sequence component is 0.1 pu, and the amplitude of the 7th harmonic negative-sequence
component is 0.05 pu. Figure 15 shows the experimental results. Cursor 1 represents the per-unit value of the

1941



WANG et al./Turk J Elec Eng & Comp Sci

A-phase detected current (1 pu: 0.5 V). Cursor 2 is the per-unit value of the A-phase detected voltage (1 pu:
1 V). Cursor 3 is the fundamental angular frequency (1 rad/s: 1.5 mV). Cursor 4 is the per-unit value of the
a-axis grid virtual flux of the fundamental positive-sequence component estimated by MSOGI-GVFS (1 pu:
0.5 V). Figure 15a shows the response waveforms when the MSOGI-GVFS is starting. Figure 15b shows the
steady-state response waveforms. Figure 15¢ shows the response waveforms of the fundamental frequency from
50 Hz to 45 Hz mutation. Figure 15 shows that MSOGI-GVF'S has a good adaptive performance and can track
the changes of the grid quickly.

Three-phase
voltage

generator Ji
c,abe

|4

c,abe

A/D Sampling

Virtual
fluxes <,\: D/Aoutput <: dSpacel104

Figure 14. Experimental system block diagram.

Table. Parameters of the experimental system.

Parameters Unit | Value
Rated power kW | 1.8
Fundamental frequency | Hz 50

Sampling frequency kHz | 10

Rated voltage \% 110

Line resistance Q 0.2

Line inductance mH |5

Filter capacitor pF | 4.6 (A type)
Load Q 20

5. Conclusions

In this paper, a new synchronization method, MSOGI-GVFS, under unbalanced and distorted grid conditions
is proposed. First, in order to raise frequency adaptivity and filtering capability, the SOGI as a basic framework
module is used in this synchronization method. The SOGI and PNSC are integrated to realize the specific-
frequency virtual fluxes and their positive and negative sequences simultaneously without cascade delay. The
HDN included in the cross-feedback network and multiple SOGI-QSGs achieves the decoupling of each harmonic
virtual flux as well as each harmonic voltage. The cross-feedback network enhances selective filtering charac-
teristics and the response speed of each SOGI-QSG. Thus, MSOGI-GVFS has a high-damping fast transient
response. Then IFCs and RVCs achieve estimation of the grid virtual fluxes on a virtual PCC by compensating
voltages and fluxes on the grid impedance and filtering inductor. The grid virtual fluxes on the virtual PCC are
obtained to provide a foundation that improves the stability of the VSC. Since MSOGI-GVFS contains the FLL,
used to detect the fundamental frequency of the input signal, the system has a frequency-adaptive function.
The simulation and experimental results show that MSOGI-GVFS can still quickly and accurately detect the
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fundamental-frequency and harmonic-frequency positive- and negative-sequence grid virtual flux components
when even the grid suffers from extreme pollution. These results also prove the correctness of the theoretical
analysis and the feasibility of the proposed method.
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Figure 15. Experimental results.
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