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Abstract: The decarbonization of energy systems is forcing the development of renewable energy
generation and consumption technologies. Photovoltaic systems are being used in almost every
industry, including autonomous power systems used on ships, space vehicles, or flying platforms,
where the voltage supplying specific equipment can change in an overridingly controlled manner.
Feeding energy from a renewable source into a power system with highly dynamic frequency changes
is not possible for traditional grid converter control strategies. This is caused by the synchronization
system, which is designed for a fixed value of the grid voltage frequency, and by the proportional-
resonant controllers used. In this paper, it is shown that frequency tracking correction causes
deviations from the unit amplitude of synchronization signals, causing errors in the reference signals
responsible for the active and reactive components of the converter current. To solve this problem, a
new variable frequency adaptation system using a generalized second-order integrator was proposed.
As a result, synchronization signals of unit amplitude were obtained. Due to the proposed method,
the proportional-resonant controller was able to control the active and reactive components of the
current even when the voltage frequency changes, adjusting the resonant frequency.

Keywords: synchronization; variable frequency; photovoltaic; proportional-resonance control

1. Introduction

A stable energy future is the main goal of the research that is being carried out in the
field of energy conversion. The decarbonization of power systems is becoming a global
effort that requires large-scale implementation of zero-carbon technologies [1], particularly
for the generation of renewable energy. Photovoltaic (PV) and wind power plants are now
cost competitive with power generation from fossil fuel sources. Interest in low-carbon
technologies is gaining momentum and is expanding into larger and larger operating areas.
One such area is the facility with autonomous power grids, designed and customized to
meet specific energy requirements. Examples include space vehicles or shipboard systems.

In the case of facilities containing autonomous power supply systems, an essential
component of power generation is a system of generators, often powered by engines
fueled by fossil fuels. Synchronized generator operation is the basis for the stability of the
internal grid and the key to preventing unwanted power outages. In the situation of using
renewable energy sources, the problem is complicated by the voltage inverters connected to
the on-board grid, which are an essential element for the integration with renewable energy
resources. Complication arises from the need for perfect synchronization of power control
algorithms with voltages in the grid, without which maintaining acceptable reliability and
efficiency of power systems becomes a difficult, and in some situations impossible, task [2].
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The use of power electronic systems, especially converters connected to the grid,
requires proper synchronization with the frequency and phase of the voltage of the grid.
This is a critical task for the correct operation of synchronous-based controllers due to
their dependence on the accuracy of variable transformation procedures [3-5]. Extensive
research into the methods of synchronizing grid converters reduces to procedures for
minimizing deviations in voltage, phase angle, and frequency between the output of a
renewable energy source generator and the grid [6].

The most popular synchronization schemes for grid-connected inverters are based
on phase locked loop (PLL) and extended PLL (EPLL) [7-12]. Among the techniques
described in the literature, solutions based on Kalman filtering [13-16] and discrete or
recursive Fourier transforms can be found [17-19]. These methods are able to provide
control algorithms not only with the information necessary for synchronization but also
with information regarding harmonics. Thanks to them, it is possible to activate procedures
to improve the quality of electricity in the power system. One of the most commonly
used methods of synchronization in single-phase systems is also a method based on the
use of a generalized second-order integrator (SOGI), which performs harmonic detection
and generates the necessary synchronization signals [20-22]. With SOGI, synchronization
systems characterized by low complexity in relation to methods using Fourier transform or
Kalman filters are obtained.

The synchronization methods described in the literature refer to power grids with
fixed voltage frequency. In the case of autonomous on-board grids, the voltages have a
wide frequency range reaching up to 800 Hz. In such a situation, the estimation of syn-
chronization signals is a more difficult problem [23] than in the case of typical power grids.
This is caused by problems in the accuracy of the calculations that cause a reduction in
the dynamic response of the synchronization system in the estimation of voltage param-
eters. All described synchronization methods are characterized by good performance in
estimating voltage parameters only around the equilibrium point [24]. The work [18,25]
attempted to estimate the frequency of the change in a system designed for aircrafts, but its
main weakness is the high computational load. This article focuses mainly on the problem
of synchronization using the PLL technique. This is the most widely used synchronization
technique, broadly described in the literature and with many improvements and mod-
ifications. However, it should be particularly emphasized that the PLL technique used
in grid converters applies to cases where the grid voltage has a constant frequency. In
such a situation, it is possible to properly design filters that make the PLL synchroniza-
tion perform perfectly in the characteristic frequency environment. In the case of large
frequency changes, this technique is no longer useful. Even knowing the function of fre-
quency changes, modifying the characteristic frequency on the fly in the PLL algorithm
will result in the errors in synchronization signals. If the dynamics of frequency changes is
not large, these errors can be ignored, while at high dynamics, these errors will already be
significant. In the system described in this paper, the high dynamics of frequency changes
is characteristic and necessary for proper operation of the device. Therefore, to control the
active and reactive power, it was necessary to change the synchronization process that led
to a circular trajectory of orthogonal components responsible for the reference values of the
active and reactive current.

Many on-board grids are characterized by the presence of power buses with different
voltage parameters. Typical AC sub-grids are characterized by different voltage parameters,
in particular different voltage frequencies in relation to the objects fed from them. In
most cases, the voltage parameters of these buses are fixed, and the connection of grid
converters that integrate them with renewable energy sources requires the use of known
synchronization methods, effectively estimating the voltage parameters around static
equilibrium points. A special group is represented by power buses, which are connected
devices that require dynamic changes in the value of voltage amplitude or frequency. An
example of such a device can be an ozone generator, which is necessary in water treatment
processes. In such a situation, the use of classical synchronizers becomes impossible
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because of the wide divergence of the device’s operating frequency from the synchronizer’s
equilibrium point. The main challenge of the work was to develop a new synchronization
system which, by modifying to an adaptive form of a generalized second-order integrator,
allows efficient synchronization of a grid converter with a widely varying grid frequency.
Consequently, this allows precise control of the active and reactive components of the
current of the grid without causing emergency shutdowns of the device.

The rest of this paper is organized as follows. Section 2 describes the synchronization
problem resulting from linear changes in the frequency and amplitude of the supply voltage.
The problem resulting from a voltage having the shape of a chirped signal is analytically
demonstrated, and the numerically determined error causing disturbance of the control
system’s reference signals is presented. A new algorithm for adaptive synchronization
and a proportional-resonant control system is described. Section 3 presents test results
that confirm the effectiveness of the proposed method. Section 4 concludes this paper by
formulating the final conclusions.

2. Materials and Methods

The vast majority of systems in which energy is converted operate at constant op-
erating parameters. If these parameters change over time, these changes usually have
time constants that are many times larger than the characteristic time constants of the
converter devices. However, there are situations in which the given trajectories of changes
in operating parameters are characterized by high dynamics, which cause disturbances in
the operation of the converter. One such device is an ozone generator, used in the water
treatment process. The processes of optimizing energy distribution and consumption on
flying platforms, ships, and space vehicles also require the use of renewable energy. This
study refers to the analysis of the use of solar energy in the ozone production process in
the context of changes in the high dynamics of voltage frequency forcing internal electrical
discharges. The system shown in the block diagram in Figure 1 was tested.

Bus1 Bus 2
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Figure 1. Block diagram of a photovoltaic converter system connected to an alternating-current
voltage bus of variable frequency.

The tested system is part of an on-board system developed and reported in publi-
cations [26], in which the solar energy conversion subsystem is connected to Bus 2. Bus
2 supplies power to a facility characterized by a high-steep voltage frequency trajectory
during the start-up phase. It was assumed that the trajectory of changes in the voltage
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generator’s operating parameters is made independently through the system (GC) con-
trolling the operation of the power generator (PG). In the research conducted, the device
start process was assumed by implementing a reference voltage trajectory according to the
curves shown in Figure 2.

fe @

fe
fu j Os(pa)
; | i

” |

# t, t

O;(pu.)

(b)

Ve (pu)

]

t t

0

Figure 2. Trajectories of changes in frequency (a) and amplitude (b) of voltage at the point of
connection of the grid converter.

At the time of starting the device, the generator starts to operate with a voltage at the
maximum frequency fiy and amplitude close to zero. By linearly increasing the voltage at
a constant frequency, the start-up control process waits for the signal of the beginning of
electrical discharges in the device and the production of ozone. When the initiated ozone
production process is detected (¢1), the generator starts to reduce the voltage frequency
from fy; to fr. This reduction occurs linearly and lasts until the moment (¢,), defined in the
technological process as the stable phase. An example of the Bus 2 voltage waveform of
a generator implementing the assumed trajectory of amplitude and frequency changes is
shown in Figure 3.

ot

_—

t; t t

Figure 3. Generator voltage waveform at the connection point of the grid converter.

Taking into account the voltage frequency trajectory from Figure 2a and the voltage
amplitude trajectory from Figure 2b, the voltage waveform v on Bus 2 can be described
as follows.

%tsin(anHt) fort <t
v (t) = { Vsin (27rfgj%g}t2 + 271%0 forty<t<t, , )
Vsin(27frt) fort >t
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where V is the amplitude of the voltage at which sliding discharges occur.

Assuming that the energy needed to generate ozone comes not only from the generator
(PG), but also from the photovoltaic panels, a photovoltaic converter is connected to Bus
2 to transmit the converted solar energy. The amount of energy available depends on
environmental parameters such as the outdoor temperature T and the solar irradiance s,
and is a function of the installed power of the PV. The operating point of photovoltaic
panels is determined by the Maximum Power Point Tracker (MPPT) that implements the
incremental conductance algorithm [27] based on the current values of the photovoltaic
voltage vpy and the photovoltaic current ipy. In the proportional integral control algorithm
(PI), the fill factor is determined for the switch s in the boost converter. This converter
controls the capacitor charge current in the DC link in a way that allows the maximum
power point of the PV to be obtained. Increasing or decreasing the current feed into the DC
link causes the voltage across Bus 1 to rise or fall, respectively. To counteract this, based on
the measured voltage value in Bus 1, another proportional integral regulator (PI2) controls
the reference current of the grid converter (inverter), leading to voltage stabilization in
Bus 1.

The value of the current fed by the grid converter into Bus 2 depends on the current
energy production of the PV. Most of the time, the grid inverter is not loaded with nominal
power, so it was used to compensate for the reactive power in Bus 2. The parameters of
the current fed into Bus 2 are determined by the proportional-resonant regulator (P + R),
which controls the active and reactive components of the current. This is possible only
if the current control algorithm has current information on the orthogonal components
of the voltage vg occurring on Bus 2. The function of the orthogonal signal generator is
performed by the reference shape signal generator (RSG).

The proportional-resonant control system that controls the current fed Bus 2 is de-
signed to directly control the active and reactive components. The reference value of the
active component i, is set to obtain a stable voltage on Busl according to Formula (2).

. 1
i () = kp - Avpe + T—C/ Avpedt, @)

where Avpc is the voltage deviation on Bus 1, kp is the gain and T¢ is the integration
constant. The reference value of the reactive component i, is arbitrarily determined based
on the given level of reactive power compensation on Bus 2. The calculated active and
reactive components of the current are used to define the reference waveform for the
proportional-resonant algorithm according to Formula (3).

i () = dar(£) - 04 (£) + ime () - B(8), 3)

where 9, and 9 estimate the cosine and sine components of the voltage on Bus 2, respectively.
In the case of ac systems characterized by a constant voltage frequency, the waveforms
of the sinusoidal and cosine components of the voltage can be easily calculated using the
known structures of quadrature generators based on the integration of the fundamental
component obtained from the phase lock loop (PLL) system. In the case of the voltages
described by Equation (1), there is a problem related to the calculation of the combination
of the trigonometric function and the linear function.

Assuming that in the linear stage of the voltage frequency change, the fundamental
component estimation algorithm (implemented in RSG) reconstructs it by directly imple-
menting the trajectory in the form of Equation (4):

£ = a5, @
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where ay s the is a directional coefficient that determines the dynamics of frequency changes,
the reference signal curve can be written in the form (5):

8(t) = sin(27f (1)t) = sin(Zrcaftz). (5)

Formula (5) describes a typical chirp signal in which the frequency increases (for a5 > 0)
or decreases (for ar < 0) over time. It is commonly used in spread spectrum systems. To
analyze the influence of the voltage estimate given by Equation (5) on the control process,
its transform should be analyzed. The Fourier transform of the following function (5) has
the form:

]-"{sin (Zmzftz) }(w) = 7 sin (27taft2) e~ wtdt (6)

The function (5) can be written as
einmftz _ efz‘Zmet‘2

2i ’

sin (Zmz ft2> - )

then

—00 — 00 —00

j—_‘(w) — % (/ eiszﬁe*iw’fdt o / e—i27tﬂft2€iwtdt) _ % (/ ei(Zmzftz—wt)dt _ / e—i(Znaft2+wt)dt) (8)

Due to the fact that the exponents in Equation (8) are quadratic functions, the resulting
oscillating integrals can be simplified by substituting:

Pi(t) = 27mft2 — wt, 9)

Po(t) = 2mast + wt. (10)

Assuming a stationary point where the phase differential takes a value of zero, the results
are obtained:

d(Pl(t) _ . w
T —47mft—w—0:>t— 47Tﬂf, (11)
and d ()
¢ . . W
= dmagt+w =0=t = 47T€lf. (12)

The Fourier transform of a quadratic phase function leads to a result proportional to the
Gaussian function in the frequency domain. On the basis of the symbolic calculations
performed in Maple, approximate results were obtained:

1 -
e Yl 13
2afe e's, (13)

2
—i27mft2 ~ 1 - Brag —iZ
F{e }(w) 1/—Zafe e s, (14)

By substituting (13) and (14) into (8), it can be written:

87'mf Sﬂﬂf —i
F(w) 21<1/2a et 1/25[6 e 4) (15)

f{eiZTIaftz } (w) ~

and
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Assuming a constant value for the steepness of the frequency ramp a, the Fourier transform
(15) can be simplified to the form:

- 1 g (di—ed 1 g (7 1 s ”
((U) = Ee 721 == Ee Sln(z) - @e . ( )

Formula (16) is in the form of a Gaussian function with a distribution that depends on the
rate of frequency change. Therefore, it can be concluded that as a function of the steepness
of frequency changes in the interval from f; to f;, the amplitude of the signal estimate
described by Equation (5) will change. In this case, the use of a standard PLL will cause the
reference waveforms obtained in it to be no longer unit waveforms.

In a further stage of research, the problem arising from Equation (16) was analyzed in
the structure of a generalized second-order integrator, which acts as a quadrature generator
for phase synchronization. The equations of the quadrature generator are described by the
following equations:

6 do do
ﬁ—i—wﬁ—kw —(UE 17)
d*0, o,  ,
W%—wﬁ—kw = wv (18)

where 0 and 9, are orthogonal signals, v is the input signal and w = 27ntf. The Bode plots
corresponding to Equations (17) and (18) are shown in Figure 4.

(@)

Bode Diagram

(b)

Bode Diagram
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Figure 4. Bode plots of the generalized second-order integrator for frequency f = 500 Hz: signal of
the fundamental component 9 (a); signal of the orthogonal component 9, (b).

Figure 4a shows the Bode plot of the sine function, and Figure 4b the cosine function
determined for a fixed frequency w = 500 Hz. Analyzing the plots, it can be concluded that
for a variable frequency, the sinusoidal signal should be disturbed to a small degree relative
to the cosine signal. In the case of the chirp signal, which occurs in the interval from t; to tp
of the signal presented in Figure 3, Equations (17) and (18) can be written in the form:

— 426 b d
ZH((fH—le)t+ti‘Lt1 —thz)dT;] + di; +27((fu — fu)t + frti — fut2) = di; (19)

ty—t d26q+ 1 @—I—l*v 20)
472 ((fy — fu)t + futs — faty)? A2 2((fu — fo)t + futy — futa) dt N
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The analytical solution of differential Equations (19) and (20) is a complex problem, so their
numerical simulation was performed. The block structure of the equations that describe the
quadrature signal generator based on the second-order generalized integrator with linearly
variable frequency is shown in Figure 5.

w(t)

=

=3

(A
Figure 5. Block structure of the generalized second-order integrator.

During the test, it was assumed that the input signal v is in the form of a fixed
frequency signal fy = 500 Hz, which at time #; changes into a chirped signal with a linear
modulated frequency. The linear frequency modulation ends at time tp, when the frequency
of the chirped signal reaches f; = 100 Hz. The waveforms of the input signal applied to
the generalized second-order integrator and the frequency change profile are shown in
Figure 6.

H

500

f(Hz)

100

t; time t,

Figure 6. The voltage waveform v and the quadrature signal estimates ¢ and 9, obtained by direct
implementation of the frequency variation profile f in the generalized second-order integrator.

To obtain quadrature signals based on the generalized second-order integrator shown
in Figure 5 it is necessary to include the frequency value in the signal processing. If the fre-
quency changes, the Bode plots cannot be analyzed due to the fact that frequency is a fixed
transmittance parameter. These signals can only be calculated from Equations (19) and (20).
In the case of a frequency change according to a known profile w(t), the profile can be
inserted into the calculation instead of the fixed parameter. If a frequency variation profile
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is substituted for a fixed parameter, calculations will be performed to continuously update
its value. Intuitively, it may seem that, as a consequence of this update of frequency values,
orthogonal signals should be correctly estimated. In Figure 6, it can be observed that the
calculated quadrature signals correctly track the frequency changes, but their amplitudes
change as the input signal is reduced. This observation confirms the conclusions formulated
for Equations (19) and (20).

Properly estimated quadrature signals should be sinusoidal and have unit amplitude.
In the case of the analyzed frequency variation profile, the trajectory resulting from the
quadrature signals should always be a circle with a unit radius. Figure 7 shows the
trajectories resulting from the calculations of the generalized second-order integrator for
a fixed frequency, corresponding to the initial frequency fy and the final frequency f;.
Analysis of the obtained trajectories shows the change from circular to elliptical form
or vice versa, remaining circular only for the frequency interval consistent with the set
parameter. The densities of the paths of the elliptical envelope trajectory indicate at the
same time the achievement of a steady state characterized by a non-unit amplitude value
and non-orthogonality of the waveforms.

(b)
1| S

<D
=)

1 -1 % 1
Figure 7. Trajectory of quadrature signals formed in the generalized second-order integrator for
(a) w =500 Hz, (b) w =100 Hz.

If a known frequency change profile is substituted in place of a fixed parameter, the
resulting trajectories are similar to circular trajectories. Path densities occur in the boundary
of a single circle. As a consequence, it can be confirmed that the obtained quadrature
waveforms will be correct during the analyzed time interval, and the amplitude and phase
changes will be transient. This case such the trajectory is shown in Figure 8.

Due to the requirement of unit amplitude for quadrature signals, the approach pre-
sented for the implementation of the PLL system will result in errors in the calculation of
the active and reactive components of the reference current.

This paper proposes a new quadrature signal generation method based on a gener-
alized second-order integrator. The use of a known frequency variation profile does not
give the desired effect of a circular trajectory, so the traditionally used PLL system was
replaced by a reference shape signal generation (RSG) system. If the sinusoidal input signal
is frequency modulated, then during the period of the signal, a change in the value of the
characteristic frequency in the second-order integrator will always result in a deformation
of the signal from the desired shape. To achieve the condition of unit amplitude condition
with the correct phase shift, a method of synchronous latching of the current frequency
value was used. Using this approach, where the current frequency value is latched for a
time corresponding to the period of the input signal, will make the calculation of quadrature
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signals take place with a quasi-stationary parameter corresponding to the characteristic
frequency of the second-order integrator.

Figure 8. Trajectory of quadrature signals formed in a generalized second-order integrator for a given
frequency variation profile.

Figure 9 shows a flow chart of the proposed characteristic frequency reference system.

(START |

FlagA = False

<

Read (x)
f=x

J
dx
Yes | 04X % 0or flagA }L
L dt )
A 4

FlagA = True
timer += AT

o
ﬂ} timer =1/x ]—NL
Y

Fla;A = False

Figure 9. Flow chart of the proposed characteristic frequency reference system.

The proposed solution to the problem of changing the fixed transmittance parameter
of the reference signal was based on a single-flag system. Systems based on flags are classic
synchronization mechanisms that are used in concurrent programming. Their primary
goal is to manage access to shared resources among multiple threads to prevent conflicts
and ensure correct cooperation. The assumed binary flag (FlagA) is set when the frequency
change trajectory (x) is changed. At this point, the timer is reset; after that, the interval is
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measured, which is derived from the latched period value resulting from the set trajectory
of frequency changes. The timer used measures time with a resolution resulting from the
set interval AT. After measuring the current value of the reference waveform, the frequency
value is updated and the new value is read from the set trajectory (x). To properly work
with the algorithm shown in Figure 9, the time relations associated with the calculations
performed must be met. These relations are shown in Figure 10.

f -0 dx
t dt a0 2 P FlagA=True
i = N || FlagA=False
« —#0
dt
1 || i _— d
f2 timer di: #0 dx
i L ar -
fi o L.
AT«
Fusga = [T ,
I L i .L i JF l » time
start fi fa f3

Figure 10. Graphic illustration describing the adaptive zero-order hold block process.

Taking into account the proposed frequency change adaptation system explained in
Figure 10, the RSG system can be depicted as in Figure 11. In the shown system, a pre-set
frequency change trajectory is input to the quadrature signal generator via an adaptive zero-
order hold block (AZOH). AZOH samples the input trajectory x with varying frequency and
holds the sampled value until the next synchronization cycle. The set frequency trajectory
is marked in Figure 11 as the red x waveform, and the resulting frequency is marked blue
as the f waveform.

f‘

® o (o} ! [AZOH ]
v
vJ::T+ o
Job——m—
““ﬁwﬂq‘;
=L
t]_ tZ

Figure 11. Structure of the RSG system and waveforms describing the operation of AZOH.

Taking into account the quadrature signals obtained from the proposed system, the
waveform of the signal modulating the operation of the inverter switches was calculated
using the proportional-resonant control algorithm. A diagram of the complete control
system is shown in Figure 12.

The control system of the grid inverter consists of three main structures to control
the current with respect to a linearly varying frequency. A proportional-integral controller
(PI2), which calculates the reference value of the ac component of the inverter current
(iar), is directly responsible for maintaining a constant voltage on Bus 1 (vpc). According
to Equation (3), the reference current of the inverter is determined, taking into account
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its reactive component (i;;). The reactive component is established by the higher-level
system. The reference waveform of the inverter current is controlled in the proposed
controller (P + R), with its output (y) fed to the inverter modulator. In typical applications
of proportional-resonant controllers, its settings depend on the resonant frequency, which
corresponds to the frequency of the generated waveforms in the inverter. When the
frequency changes, the proposed controller automatically adjusts as a function of f. This
function is calculated in the RSG structure. The RSG consists of a generalized second-order
integrator (SOGI), which is described by Equations (16) and (17); an adaptive block (AZOH),
which operates according to the diagram shown in Figure 9; and a frequency trajectory
generator (GT). GT is a structure to generate trajectories based on the status of the O3 signal,
as shown in Figure 2. This trajectory is used in the adaptive tuning process of the controller
and SOGI system and is involved in the control of the main generator through the control
system (GC). The operation of the GC system is a separate issue and will not be discussed
in this article.

Figure 12. The proposed system of adaptive regulation of the grid converter.

3. Results

The grid inverter control system structure proposed in this article to support a power
system based on a variable frequency voltage generator was described in the hardware
description language (VHDL, standards IEEE 1076-1987, IEEE 1076-1993 and partially
IEEE 1076-2000), which implemented it in a control board containing a reconfigurable
FPGA type EP2C20F487 logic chip (Intel FPGA Corporation, previously Altera, Santa
Clara, CA, USA). By using the capabilities of the VHDL language, the developed (in
Quartus 11, ver 9.0 software) structure was capable of running as independent instances
that executed concurrently.

The tests carried out focused mainly on demonstrating the effects of the changes made
to the structure of the synchronization system and on showing the impact of the proposed
adaptive mechanism on the entire on-board subsystem. Therefore, the PV roles in this study
were performed by a PV emulator using the Sandia model of PV modules. The tests used
the debugging and visualization tools built into the FPGA chip’s operating environment
for on-chip signals, which communicated with the host system through a JTAG (standard
IEEE 1149.1) interface. The inverter was carried out on a test bench, shown in Figure 13.

The converter control system in Figure 12 was tuned according to the settings summa-
rized in Table 1.
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Figure 13. Test stand designed for testing grid-tied inverters.

Table 1. Control system parameters.

PI P12 P+R
kp=1 kps =1 kpp = 0.01
Tc =0.1 Tc =0.01 kp, = 6.5

3.1. RSG Tests

Tests of the RSG system were carried out to validate the proposed adaptation of
a synchronizer based on a generalized second-order integrator operating at changing
frequency. Figure 6 shows that the knowledge of the change in frequency trajectory alone
is not sufficient for the SOGI system to correctly reproduce orthogonal unit signals. After
the implementation of the AZOH system, the trajectory shown in Figure 14 was obtained.

-1 bl 1
Figure 14. Trajectory of quadrature signals formed in a generalized second-order integrator for a
proposed RSG with AZOH.

When comparing for the same conditions the obtained trajectory of quadrature signals,
including AZOH (Figure 14) with the trajectory obtained for SOGI without the frequency
trajectory adaptive system (Figure 8), it can be concluded that the obtained signals are
unitary sinusoidal signals and are orthogonal. During the full profile of frequency changes,
the trajectory for AZOH maintains a circular profile that generates overlapping paths. The
minor variations are due to computational errors and are of marginal significance.

The tests were carried out in case of a linear frequency change from 500 to 100 Hz over
a duration of 100 milliseconds.
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3.2. Tests for Different Dynamics of Frequency Changes

Analysis of the performance of the proposed system to adapt the synchronization
system to changing frequency leads to the conclusion that the quality of quadrature signal
estimation can be affected by the slowness of the linear frequency change. To experimentally
confirm this statement, synchronization system were designed, during which the frequency
change was changed from 500 to 100 Hz. For comparison purposes, the maximum deviation
of the quadrature signal from the singular value was measured for the generalized second-
order integrator with the set frequency profile and with the AZOH system.

The first test was carried out for a linear frequency change over 280 milliseconds. The
results are shown in Figure 15.

qux - Vmﬂx

(a) (b)

Figure 15. The trajectory modulus of quadrature signals with a frequency drop of 1.42 Hz per
millisecond without (a) and with AZOH (b).

An analysis of Figure 15 shows that the largest change in the amplitude of the 0.1 amplitude
quadrature signals occurs at the time of the frequency change. As can be easily deduced,
this is the result of the start of the AZOH process at the time of the appearance of a non-
zero value of the derivative of the frequency change. The SOGI system at a frequency
change of 280 milliseconds correctly generates quadrature signals, both when the frequency
change profile is entered directly (Figure 15a) and when the AZOH system was applied
(Figure 15b).

Another test was performed for a frequency change of 140 milliseconds. The recorded
amplitudes of the quadrature signals are shown in Figure 16.

Vinax Virnax

(2) (b)

Figure 16. The trajectory modulus of quadrature signals with a frequency drop of 2.84 Hz per
millisecond without (a) and with AZOH (b).
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It can be seen in Figure 16 that reducing the duration of the linear frequency change by half
does not affect the operation of the RSG with AZOH. The waveforms in Figures 15b and 16b
are the same. When AZOH is not used in the SOGI system (Figure 16a), changes in the
amplitude of quadrature signals that reach 0.85 Vmax appear. Also, it should be noted that
the amplitude changes continue for the entire duration of the frequency reduction.

The last recorded case refers to the duration of the frequency changes of 30 milliseconds.
The results obtained for such frequency reduction conditions are shown in Figure 17.

Vmﬂx Vm:z:z

(2) (b)

Figure 17. The trajectory modulus of quadrature signals with a frequency drop of 13.3 Hz per
millisecond without (a) and with AZOH (b).

The analysis of Figure 17 confirms the effectiveness of the AZOH system even for
extremely dynamic frequency variation profiles. The behavior of the RSG system with
AZOH confirms the effectiveness of the system’s operation. In the absence of an adaptation
mechanism, for frequency changes lasting 30 milliseconds, the synchronization system
reduces the amplitudes of the quadrature signals by close to 50%. In such a situation, it
should be assumed that the control system will not be able to properly control the active
and reactive components, which can consequently lead to emergency conditions.

Summarizing the studies performed on the influence of the dynamics of frequency
profile changes, it was deduced that for slow frequency changes sustained for more than
280 milliseconds, the system with and without AZOH gives similar results. The devia-
tions of the quadrature signals from unity are due to the amplitude characteristics of the
generalized second-order integrator and the frequency reduction time. The dependence
of the percentage change in the amplitude of the quadrature signal on the steepness that
describes the linear frequency reduction is shown in Figure 18. When AZOH is used, the
maximum value of the percentage reduction in amplitude is 10%, and it occurs only in one
period. In the remaining duration of the frequency changes, the reduction in amplitude is
negligibly small.

3.3. Dynamic Tests of Quadrature Signal Generator

The application of a generalized second-order integrator in a synchronization system
with the proposed AZOH requires standard tests designed for PLL systems. In this study,
tests were carried out for frequency step change and phase angle step change. Since
the designed synchronizer operates in a system where, as a result of the ozoniser power
process, the voltage frequency changes dynamically (Figure 2), tests were conducted for a
constant voltage frequency and a linearly changing voltage frequency. Figure 19a shows the
response of the synchronizer in the form of quadrature signals ¢ and 9, for a step change
in the frequency of the input signal v; from 300 to 500 Hz. Due to the use of AZOH, no
significant disturbance is observed in the output signals. During the operating mode of the
system, when the frequency of the input waveform is linearly reduced and a step change in
frequency to 100 Hz occurs at the time of the disturbance, the reference waveforms establish
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steady-state within a period. This situation is shown in Figure 19¢c. The investigated system
was also tested for a step change in phase angle. Tests were performed for a step change in
phase angle of 71/3 at a constant input signal frequency of 500 Hz. The recorded waveforms
are shown in Figure 19b. Figure 19d shows the signals recorded with a phase angle step
change of 71/3 during linear frequency reduction in the input waveform. Similar to the tests
for frequency step change, in the case of phase angle step change, the waveforms establish
steady state in a time shorter than the one period of the input signal. The response time of
the system is characteristic of second-order integrators due to its dynamics.

50

45
40
~
o 35
=
N
2 30
£
= 25
|
o 20
3
15
10
5
0
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
f H— f L ( -2 )
tp—t1

Figure 18. Percentage change in amplitude of the quadrature signal versus steepness of frequency change.
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Figure 19. Response of the synchronizer in the form of quadrature signals ¢ and 9, to the input
signal v; for: step change in the frequency of the input signal (a); step change in the phase angle (b);

step change in the frequency during its linear reduction (c); step change in the phase angle during
frequency reduction (d).
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The developed synchronization system was also tested for an input signal disturbed
by the third harmonic with an amplitude equal to 20% of the amplitude of the fundamental
component. The response of the system is shown in Figure 20a. In this case, the shape of the
quadrature signals is deformed insignificantly, which results directly from the Bode plots
of the generalized second-order integrator presented in Figure 4. If the input signal was
disturbed by white noise of unit amplitude, the properties of the second-order integrator
effectively eliminate it from the output waveforms. This case is demonstrated in Figure 20b.

ANAAAAANAN R A A LA A A A A
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I EPR 77 I B T O T B B BP9 TP
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Figure 20. Response of the synchronizer in the form of quadrature signals 9 and 9, for: fundamental

component v; disturbed by the third harmonic (a); fundamental component v; disturbed by the white
noise (b).

3.4. Tests of the Power System

The control system shown in Figure 12, implemented in a control board with an
FPGA, was tested on a test bench with a grid inverter connected to the existing power line
depicted as Bus 2. The parameters of the power line connected generator to the ozoniser are:
R =0.24 () and L = 80 pH and results from the specific construction of the power system.
Tests were carried out on the effect of the proposed RSG on the precision of reconstructing
the reference values of the active and reactive components of the grid current in the set
trajectories of changes in the amplitude and frequency of the voltage at Bus 2. The tests
carried out concern two cases:

1. The set active component with zero reactive component;
2. The set active component equal to the reactive component (phase angle of 45 degree).

Figure 21 shows the waveform of the grid inverter current and voltage registered
on Bus 2 with a non-zero set active component and a zero reactive component. From the
analysis of the results, it can be seen that in all start-up states, including voltage rise at
constant frequency, linear frequency reduction, and steady state, the current waveforms
are in phase with the voltage waveform.

Figure 22 shows the current and voltage waveforms recorded for a given inverter
current that contains active and reactive components with the same values. Consequently,
the current flowing from the photovoltaic system into Bus 2 should have a phase shift of
45 degrees.

The power circuit confirmed the effectiveness of the proposed adaptive synchroniza-
tion method that implements the AZOH algorithm in the RSG. In addition, information
about the change in the frequency of the voltage on Bus 2 was used in the control of con-
trolling the output current of the grid inverter. Consequently, the possibility of regulating
the active and reactive components of the inverter current was also obtained in states of
dynamically changing voltage frequency.
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Figure 21. Current and voltage waveforms of the mains inverter measured on Bus 2 with non-zero
active component and zero reactive component.
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Figure 22. Current and voltage waveforms of the mains inverter measured on Bus 2 with the same
active and reactive component.
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4. Conclusions

This paper has proposed a single-phase converter system connected to an on-board
bus with a changing voltage frequency. During dynamic voltage frequency variation, stan-
dard synchronizers based on generalized second-order integrators cannot maintain unit
amplitudes of quadrature signals, which are necessary for accurate control of active and re-
active power. By implementing the proposed adaptive procedure, unitary synchronization
signals with a known frequency variation profile are obtained while adapting the resonant
frequencies of the grid current controller. Analytically, it is shown that the dynamics of
voltage frequency changes has a key effect on the accuracy of quadrature signal estimation.
In the proposed method, the rate of change does not play a significant role in the estimation
of synchronization signals, making it possible to control active and reactive power even
at high dynamics and with a wide range of voltage frequency changes. In this study;, it
was shown that the application of direct adaptation does not give the expected results, as
it causes changes in the modulus of the quadrature trajectories of the reference signals.
Only the use of the author’s solution in the form of AZOH makes it possible to maintain
the reference circular trajectory for different frequencies and during its change. Due to
the use of the PV panel emulator in the research, in which a Sandia model is used, the
sharp decrease in frequency can be possible as an effect of the PV modeling. Future studies
are to be carried out on the effect of the PV model accuracy on the dynamics of possible
frequency changes.
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