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Abstract. The process of synchronization of synchronous generators and power electronic converters with the power grid may take on quite
different forms. This is due to their specific principles of operation and essential differences in energy conversion process. However, since
synchronous generators and power converter often operate in the same utility network, coherent rules should be defined for them. There-
fore, this paper aims at a formulation of the uniform and consistent interpretation of synchronization with the power grid for both types of
aforementioned units. The author starts from the classic interpretation of synchronization for synchronous generators and power electronic
converters, considered as micro-generators, specifies their mathematical and numerical models and then performs simulation tests. Selected
synchronization algorithms are described in detail. Simulation tests are used for analysis of the elaboration of outcomes. The results of sim-
ulation tests are handled to formulate a uniform interpretation of synchronization for the micro-generation systems considered. Based on the
results obtained, appropriate parallels are built between the two systems being compared. It is shown that the synchronization processes are
identical regardless of the micro-generation unit considered. Nonetheless, they differ significantly due to their properties in transient states.
Inverter systems have higher dynamics but their disadvantage lies in the relatively high sensitivity to disturbances and the complex selection

process of the synchronization algorithm.
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1. Introduction

Correct synchronization of electric micro-generators with
power grids is a key issue increasing power quality and grid
stability [1, 6, 11]. Proper synchronization increases the con-
verter’s ability to withstand a variety of disturbances occur-
ring in the power system, and thus stabilizes the entire sys-
tem, especially during fault ride through operation [1, 25, 40].
The above is essential in the currently emerging power grid
landscape, where the distributed generation systems are often
dominant in the total energy balance. For micro-generators this
results in the need to participate actively in the production of
electricity and to maintain the power quality imposed by the
local grid codes.

The problem of grid synchronization is elaborated herein
based on the example of selected distributed micro-generator
systems, i.e. hydroelectric (HE) and photovoltaic (PV) power
plants connected to the utility grid. These micro-generators
represent two distinctively different types of energy sources.
A hydroelectric power plant can be classified as a so-called
classic generation system, in which electric energy is generated
by a three-phase rotating synchronous machine. A photovoltaic
micro-generator is connected to the electricity grid via static
power electronic converters. Both generators must be accord-
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ingly synchronized with the power grid. Conditions for their
synchronization are widely described in the literature [6, 11,
31, 33]. This applies, in particular, to synchronous generators
that have been in use since the beginning of the development
of electricity AC transmission, introduced in late nineteenth
century.

According to the state-of-the-art literature [1], when syn-
chronizing any generator with the utility grid, the following
conditions must be achieved:

i. equal rms voltage U,,,, values of grid and connected
generator,

ii. equal grid and generator frequencies fgig, fGens

iii. the same phase sequence Uy,

iv. equal instantaneous angular phases of synchronized volt-

age ugrid(t)’ UGen (t)

After synchronizing a generator with the utility grid, some-
times the above conditions are temporarily violated. This article
considers cases of such violations arising on the grid side. Such
cases can be caused, for instance, by:

e large voltage variation resulting from symmetrical or asym-
metrical sags,

e abrupt changes of the instantaneous synchronization angle
resulting from switching operations in the electrical sub-
station,

e presence of nonlinear load generating higher harmonics for
the grid.

These examples of disturbances have negative effects on
cooperation of micro-generation systems with the utility grid.
Due to the necessity of continuous synchronization, the gen-
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eration units react even to temporary disturbances. These may
cause significantly different responses of the two generator
types being compared herein. This is due to different dynamics
and physical properties which keep the generator in synchro-
nous operation.

For example, synchronous generators directly connected
to the power grid react spontaneously to voltage disturbances
resulting in temporary changes in their power angle. The speed
of these changes is usually limited due to significant inertia of
the rotating elements and kinetic energy accumulated in these
elements. As a result, this action causes a slowdown in the
response, which is beneficial when it comes to the suppression
of unwanted transient phenomena.

For a photovoltaic micro-generator equipped with a power
electronic converter, the effects of disturbances are much more
spectacular. These systems are more sensitive to temporary
deviations of synchronization conditions for several reasons.
The first one is the low value of the electrical energy stored
in the capacitors of the DC circuit [2]. Due to this fact, the
system cannot compensate for disturbances, which results in
a prompt reaction.

In addition, the synchronization process is based on a sig-
nal generated by special, complex algorithms [3—6]. There
are a few such algorithms that differ in structure, operation
principles, immunity to disturbances and speed of operation.
These algorithms can be sensitive to specific disturbances,
hence choosing them correctly constitutes a very important
and even decisive factor in the quality of the synchroniza-
tion process. The richness of bibliographic sources stands as
evidence of the importance of synchronization process. At
a number of research centers, these issues were the subject
of scientific publications. The leading ones include Aalborg
University, represented by Frede Blaabjerg and Remus Teodo-
rescu [6—8, 33], and Technical University of Catalonia with
Pedro Rodriguez and Alvaro Luna [7-9]. This issue was also
addressed by Marian P. Kazmierkowski, Mariusz Malinowski
and Marek Jasinski, from Warsaw University of Technology
[10, 11, 40—42] and Dushan Boroyevich from Virginia Poly-
technic Institute and State University, Blacksburg VA [4, 12].
Currently, these works are still being developed, and their goals
include adaptive algorithms [13—15] or work with frequency
synchronization systems [7, 8] that have a special application
in islanded grid systems.

Significant achievements in the development of generation
systems can also be attributed to Lublin University of Tech-
nology, represented by the author. The doctoral dissertation of
P. Lipnicki and D. Zielinski, supervised by the author, allowed to
systematize this broad subject matter and to develop the authors’
own synchronization methods resistant to notch type disturbances
[16, 17, 35] or robustness on voltage fluctuations [18, 19, 22].
Moreover, application of the comb and Savitzky-Golay digital
filters, proposed in T. Chmielewski’s doctoral thesis, provided
the opportunity to extend the spectrum of grid-tied converters
and to further improve their performance [20, 21].

The idea behind this article is an attempt to propose univer-
sal relations between different generation systems represented
by conventional synchronous machines, rotating with constant
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speed, and grid-tied power electronic converters, coupling
micro-sources of varying power parameters with a power grid.
Despite their different structures and different principles of
operation, the author points out a common concept of synchro-
nization. This concept is studied on the example of micro-gen-
eration systems of similar nominal powers.

The category of micro-generation systems with synchro-
nous generators can be exemplified by hydroelectric or diesel
generators, while systems with power electronic converters can
be represented by photovoltaic generators, wind power plants
as well as electrochemical or flywheel energy storage. In this
survey, both groups are represented, respectively, by a hydro-
electric plant with an externally excited synchronous generator
and by a photovoltaic generator with a grid-tied power elec-
tronic converter.

In Section 2 the initial stage for the analysis is set up by
means of synchronization rules specified for synchronous gen-
erators. These rules are then transferred to power electronic
converters and, as a consequence, they differ only in the man-
ner of implementation, caused by completely different structure
and principle of operation. Algorithmically they are represented
by the synchronization angle, which is formed as a sawtooth
trace for the ideal sinusoidal voltage condition, regardless of
the type of the micro-generation system applied.

In Section 3 detailed structures of micro-generation sys-
tems are defined. Moreover, an interpretation of power angle
changes during voltage sags is shown for an HE power plant.
A diagram of the PV generator system and examples of syn-
chronization algorithms are presented.

A presentation follows the results of selected disturbance
studies and interpretation of this research. Differences and
common features of the synchronization processes are dis-
cussed. Conclusions are formulated, indicating advantages and
disadvantages of both groups.

2. Analysis of instantaneous synchronization
angles

During synchronization, the first three conditions i+iii are
checked with steady-state measurements. The verification of
the iv" condition requires the use of the transient state regula-
tion system. The perfect fulfillment of condition iv is the equal-
ity of grid and micro-generator instantaneous phase angles,
interpreted as synchronization angles.

In a three-phase symmetrical electrical network, the phase
voltages have equal amplitudes and are shifted from each other
by a 2m/3 radian. Assuming zero initial angles, the voltage
equation of the grid is determined by formulas (1).

us(t) = Uy sin(ogyt)

up(t) = Ug,sin (a)gt - %n) (1)

. 4
uc(t) = Ug,,sin (wgt 3T

Bull. Pol. Ac.: Tech. 67(6) 2019



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

A survey of the synchronization process of synchronous generators and power electronic converters

where:
Uk, — is the amplitude of the fundamental harmonics of
phase voltages for K= A, B or C,
o, — is the network angular frequency.

Similarly, voltage synchronized with the micro-generator
network is determined as in formulas (2).

Upy(t) = Upym cos(a)#t)

ug,(t) = Ugymcos (a)ut — %n) )

ucy(t) = Ucpmcos (a)ﬂt — %TC)

where the p-index stands for micro-generator unit.

The instantaneous variables of the synchronization angles
0,(t) and 6,,(¢) for phase A are determined by formula (3).

0,(t) = fora)gdt

. 3)
0,(t) = [, @gudt + 6

where 1 — operation time,
o — synchronization shift angle caused by external

disturbances.

The traces of the grid 6,(r) and micro-grid 6,(¢) phase
angles obtained for constant grid frequency (line 1), variable
micro-grid frequency (2, 4) and random synchronization shift
angle (2) are presented in Fig. 1.

tirpe
0.1

Fig. 1. Examples of instantaneous phase angles of: 1 — 6,(¢) of the

utility grid, 2 — micro-grid with constant synchronization shift angle,

3 — micro-grid with lower frequency, 4 — micro-grid with lower fun-
damental frequency and higher harmonics

In the expressions of equations (1) and (2), the phase angles
are arguments of cosine trigonometric functions, hence instead
of presenting them with the infinite line, like in Fig. 1, it is
possible to interpret them in 2r intervals. Thus, the linearly
dependent phase angle (line 1) is realized as a sawtooth relation
0,(t) in Fig. 2. Therefore, in order to fulfill the condition of
perfect synchronization of sinusoidal voltages, it is sufficient
for sawtooth traces 6,(¢) and 6,,(¢) to overlap.
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0 0.02 0.04

Fig. 2. Requirement for identical sawtooth functions of the collaborat-

ing generator systems, where 6,(¢) (black line) represents the sawtooth

angle of the utility grid, 6,,(¢) (red line) — the synchronized micro-grid,

o — the difference in the synchronization angles which should be close
to zero during synchronization

In the further part of the article, sawtooth relations are
defined as synchronization functions. Generating these func-
tions for each phase applies only in special cases.

During the synchronization of a micro-generator with the
utility grid, it is necessary to equalize the instantaneous phase
angle of micro-grid 6,(¢) with the phase grid angle 6,(¢). If
these phase angles are not identical and their traces do not over-
lap, the difference between these angles &(¢) is a measure of
the transient phase shift of the synchronized micro-generator
and is defined by relation (4).

0(t) = 0,(t) = 5(7) “)

Essentially, they are defined for the representation of all
phases that can take into account sine wave deformation and
asymmetry. Such a representation for instantaneous values is
expressed by the transformation to the so-called spatial vector
conversion. Mathematically, such an image can be obtained by
means of transformation into spatial vector [l a gz], where
a = exp(j2n/3) [23-25], or in an equivalent manner in a matrix
equation defined as the Clarke T,z transformation (5) [26].

-1 1
2 2 .
U, 3 3 ¢
Ugp Ua :TaﬁUabc_§ 0 g _g Up| 5
]
11 |l
2 2 2

As aresult of these transformations, the voltage vector
U, is determined in a stationary af§ frame. For sinusoidal and
symmetrical U, voltages the U,y vector rotates at a constant
angular speed determined by grid frequency w,. The coordi-
nate system in which this vector is described is the stationary
system a3, corresponding to the coordinate system of complex
variables Re-Im.

The U,y vector is represented by two orthogonal compo-
nents U, and Up which, like the phase voltages, are sinusoidal
variables. Therefore, phase angle 6,(¢) varies proportionally
and for constant voltage frequency, its amount is a product of
angular frequency and time to 6,(¢) = w,t. Thus, synchroniza-
tion function of the U, vector corresponds to the Ug(t) voltage
component (Fig. 3).
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Fig. 3. Components of the complex voltage vector U,g, where U,
— blue line, Uy —red line, and the sawtooth synchronization angle 6,
— dashed line

For deformed U, voltages, e.g. those disturbed by higher
harmonics, or in the case of a two-phase short circuit, the syn-
chronization angle 6,(t) loses the sawtooth shape [26]. Exem-
plary interpretations of the 6,(¢) angle for the voltage disturbed
by the fifth harmonic and for the two-phase supply voltage set
are shown in (Fig. 4).

The impact of certain disturbances on the synchronization
process of the electromechanical hybrid energy system with
a synchronous generator and a PV generator with power elec-
tronic inverter are the subject of subsequent parts of the article.

3. Impact of certain disturbances
on synchronization of micro-generators
with the power grid

During the operation of micro-generation systems with the
power grid, various disturbances may occur, causing adverse
synchronization conditions and negatively affecting the syn-
chronization angle, phase currents and oscillations of instanta-
neous power p and q. Examples of these disturbances include:

e step change of the synchronization angle,

e symmetrical and asymmetrical voltage sags,

e higher harmonics interferences.

The disturbances mentioned above affect particularly
adversely the operation of power electronic micro-generation
systems. This is primarily related to the high dynamics of power
electronic systems.

To illustrate such events, simulation tests were carried out
for two micro-generation systems with equal nominal power of
10 kVA. The first unit is a hydroelectricity plant with an exter-
nal excitation synchronous generator (HE) directly connected
to power terminals. The second one is a photovoltaic stack cou-
pled with the power grid through a power electronic inverter.
Due to the demand for dynamic control, the inverter is a vector
control system with voltage oriented control (VOC) employed.

The operation of each of the micro-generators studied was
simulated using Matlab/Simulink software. Both the HE and
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Fig. 4. Sawtooth synchronization graphs (black lines) at ideal U,
voltages and deformed graphs (red lines): a) disturbed by higher
harmonic, b) at a single-phase power supply

PV systems were connected to the point of common coupling
(PCC) of the power grid. During the simulations, the influence
of disturbances on the synchronization process was observed.

3.1. Operation of hydroelectric generator during grid dis-
turbances. It was assumed that the main components of the
water micro-generator system taken into consideration are the
Francis turbine, the synchronous generator with electromag-
netic excitation, the excitation control system and the speed
power governor system (Fig. 5). The water flow is controlled
by means of guide vanes adjusting the turbine load. The guide
vanes consist of a number of blades that can be adjusted in
order to increase or reduce the flow rate through the turbine.
The speed-power governing system of the turbine adjusts the
turbine-generator speed based on the feedback signals of devi-
ations of both the grid frequency and micro-generator with
respect to their reference settings [44—46].

Af Utility
Water speed - power A grid
stream governor Pry
U [SVerid]
p §
Generator Synchronizer

[SVgen]

LLL
iy

|
P

Switch

Fig. 5. Simplified diagram of a hydroelectric plant with an external
excitation synchronous generator, speed-power governor adjusting
the position of guide vanes (u), and a synchronizer checking the
synchronizing conditions based on delivered synchronization vectors
SVgria and SVgeq. A synchronizer is a control system performing
automatic synchronization with equalization of voltages and fre-
quencies along with switch closure when all the synchronization
conditions are simultaneously met

Bull. Pol. Ac.: Tech. 67(6) 2019
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A synchronizer checks the conditions delivered by the vec-
tors:

S\Igrid = [Urms—grida fgrida ljsec-grida ugrid(t)] 5
SVGen = [Urms-Gens fGem Usec—Gens UGen (t)] 5

and after their fulfillment it closes a switch.

For the adopted scope of the research, a mathematical model
of the generator is formulated using equations of the synchro-
nous machine in a transient state [28]. The mechanical side of
a turbine is represented by a first-order inertia system, and the
speed control system is approximated by a master loop feed-
back with a proportional controller. This is determined by the
swing equation (6).

dw,,
dt

= Tu(t) = T.0) (6)

After multiplication by angular velocity ®,, and having in
mind that o, = w,, p, where p is the number of electric gener-
ator pole pairs, we receive:

me dwm = mem(l) - &T;f(t) (7)

dt p

where:
T,, —is a mechanical torque delivered to the generator
by the turbine,
J, L,, —the moment of inertia of the electromechanical sys-
tem (J) and angular momentum (L,, = Jo,,),

dw,,
" dt

:Pm(t)_Pe(t)' (®)

The expression for the instantaneous value of the electro-
magnetic power (9) is determined on the basis of the external
excitation synchronous machine model in transient states and
a constant rotor flux represented by field components ¥, and
¥, in a rotating dgq reference frame [28].

3
P, ==
e 2(0

m(Paig — Fyia) ©)
where:

¥,

', — are components of the spatial flux vector in a syn-

chronously rotating reference system (after the Park
transformation),

ig, ig — components of the spatial current vector in a syn-

chronously rotating reference frame.

In order to analyze the behavior of the micro-generator,
an interpretation based on a quasi-stationary model (10) is
applied, where generated power depends on the product of
the grid and micro-grid voltage as well as the sine of the Jp
power angle.

30,0,
P, =" gins,

g

(10)
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where:
U,

ug>» Uy — 1ms value at micro-generator terminals and at

a grid PCC, respectively,

X, — grid reactance between the PCC and micro-gen-
erator terminals,

Op — power angle.

According to this dependence, the average value of the gen-
erated power can be approximated by a sinusoidal function with
amplitude P,,. In the event of a voltage sag, this amplitude will
decrease in proportion to the sag depth and as a result of this
sag the point of operation (P,, 8p,) moves initially to (P, &p,),
and after a time depending on the system parameters, the steady
state operation will be fixed at a new point (P,, 8p,). Interpre-
tation of changes in the operation point and the accompanying
speed changes are shown in Fig. 6.

p \qs_c_il_lqt_igﬁ
\
\
Yor(t)
Y, %
P a8
o Gz T/ &

Fig. 6. Changing the operating point during voltage sags causes pul-
sation of the power angle Jp, which in turn produces micro-variations
of synchronization angle 6,

It is evident that changes in the power angle p(¢) also
affect the angle of synchronization. Its transient states and
oscillations are responsible for the deformations of the saw-
tooth shape of the synchronization angle. This phenomenon is
easily seen in Fig. 6.

Due to the movement of the operating point, temporary
speed changes occur, hence the synchronization angle function
is a composition of the described situation (11).

-l d(sP
0,(t) = f({ <a>g + dt(t)>dt

where f is a grid frequency.

According to the swing equation (6), the speed of change of
the operating point depends on the inertia of the system, which
is a significant value for electromechanical hydropower plant
units, hence oscillation of the operating point is visible in the
trace of the synchronization angle.

On the basis of the mathematical description used, the sim-
ulation model prepared in the Matlab/Simulink software was
specified.

(11)
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Fig. 7. Diagram of a PV generator synchronized with the utility grid, where el = @wLi, + uy, €2 = —oLiz + u,

The applied water turbine control system with the master
speed controller and direct connection of the synchronous gen-
erator to the utility grid causes the rotational speed to only
be able to change around the synchronous speed during the
occurrence of disturbances on the part of the grid. This behav-
ior takes place until the power on the turbine shaft exceeds the
possibility of receiving power by the grid due to a too large
voltage sag. Consequently, the rotation increases and the system
loses synchronism.

3.2. Structure of the photovoltaic generator. Photovoltaic
generators connected to the network are equipped with power
electronic inverters. They convert DC voltage into almost
sinusoidal voltages with the amplitude and frequency required
by the grid. Adjustment of these quantities ensures only the
fulfillment of static conditions of integration with the power
grid. This converter control is insufficient in grids with high
saturation of PV generators because it causes dangerous voltage
swells, decreasing voltage quality and reactive power circula-
tions.

To obtain active control of high dynamic properties, it is
necessary to apply one of the vector control methods. These
control methods are based on transient state models affecting
temporary values of amplitude and phase angle [28]. There are
two basic methods of regulation applicable to the active oper-
ation of grid-tied inverters. These are voltage oriented control
(VOC) and direct power control (DPC).

In this paper, the VOC system was applied where feedback
control loops with variables responsible for active and reac-
tive power were expressed in the rotating reference frame dq.
Therefore, the correct generation of the synchronization signal
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is a fundamental task, which is performed by the phase locked
loop system (PLL). The diagram of such a generator is shown
in Fig. 7.

The inverter applied in PV uses the basic algorithm for syn-
chronization of the three-phase voltages type, i.e. SRF PLL
(synchronous reference frame phase locked loop), shown in
Fig. 8a [29], where the instantaneous value of the phase angle is
detected by means of synchronization of the rotating reference
frame with the power grid voltage vector [43].

1 @ |

U,
[Jb abe L[/]L» ) +

a
0% % a@»ﬂ oL

SRF - PLL

Fig. 8a. Diagram of the synchronous reference frame SRF-PLL algo-
rithm generating a sawtooth synchronization angle

The algorithm uses signals obtained after Clarke transfor-
mation which convert a natural abc frame into an o3 two-phase
frame and then Park transformation, converting a3 into a rotat-
ing dq frame. The position of a grid angle is obtained by setting
the U, at zero and then the error is processed by the PI control-
ler. Estimated synchronization angular frequency wy, after add-
ing grid frequency o, and integration of the result, generates
the Op;;(f) synchronization angle with a grid sawtooth shape
for sinusoidal and symmetrical grid voltages.

Bull. Pol. Ac.: Tech. 67(6) 2019
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During high disturbances, the SRF-PLL algorithm does not
perform as required in order to ensure high quality of the output
power. Hence, other synchronization algorithms can be used
which can generate a smooth sawtooth signal in the presence
of disturbances. One of the widely applied alternative syn-
chronization algorithms is a double second order generalized
integrator (DSOGI) PLL. In the present research, it was used
at higher harmonics disturbances.

The DSOGTI are the second order resonance filters with an
auto tunable structure. In the applied structure (Fig. 8b), such
a filter provides positive sequence voltage to SRF-PLL inputs.

a U, E SOGI -'—t>(: > Opr1
%’ abc :> QSG |[I - -X SRF-PLL [—>
b, | >

B Vo |l feoart

Fig. 8b. Diagram of a double second order generalized integrator
DSOGI PLL, where QSG stands for quadrature signal generation

4. Comparative tests for HE and PV generators

Comparative tests were carried out for the described HE and
PV generation systems. The responses to exemplary step dis-
turbances were compared:

e Shift of the power grid phase angle,

e Symmetrical voltage sag,

e Asymmetrical voltage sag,

e Abrupt higher harmonics increase.

4.1. Shift of the power grid phase angle. It was assumed
that during synchronization of the micro-grid with the utility
grid, the difference in the angles of synchronization in accor-
dance with (5) is 6 = 3% -2n = 0.188 [rad]. The tests were
conducted for the HE micro-generator and then for the PV.
The results obtained are illustrated in the diagrams of Fig. 9a+d
and, respectively, present the results of:
a. Voltage output of the micro-generator during its
switch-on to the power grid,
bl. Current output of the HE micro-generator,
b2. Current output of the PV micro-generator,
cl. Derivative of synchronization angle of the HE
micro-generator,
c2. Derivative of synchronization angle of the PV
micro-generator,
dl. Instantaneous power pq of the HE micro-generator,
d2. Instantaneous power pq of the PV micro-generator.
The waveforms presented in the diagrams start from a steady
state operation close to the nominal load. Then, due to the
switching processes in the power grid, the phase of this grid is
shifted by a ¢ angle. This sudden disturbance causes significant
changes in the observed variables, as shown in Figs 9c1+9d2.
In the case of a step shift of the power grid phase angle (Fig. 9a),
the current rises (Fig. 9bl) to an alarming value and then falls

Bull. Pol. Ac.: Tech. 67(6) 2019
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Fig. 9a. Voltage at micro-generator terminals at switching on with
a ¢ difference of the synchronization angles between the voltage of
the utility grid and the micro-generator voltage. The disturbance was
generated att =0.15 s
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Fig. 9bl. Current output of the HE micro-generator at switching on
with a difference of synchronization angles between the utility grid
and the micro-generator
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Fig. 9b2. Current output of PV micro-generator at switching on with
a difference of synchronization angles between the utility grid and

the micro-generator

back to the value determined by the load. The steepness of the
current changes depending on the moment of inertia and is
determined by the electromechanical time constant of the gen-
erator and the gain factor in the speed feedback loop. It should
be noted here that a high rate of speed gain can reduce the time
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Fig. 9cl. Trace of derivative of the synchronization angle in the HE
micro-generator at switching on, caused by a step shift of the power
grid phase angle
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Fig. 9d1. Instantaneous power pq characteristics of HE micro-genera-

tor at switching on, caused by a step shift of the power grid phase angle

constant; on the other hand, it can cause unwanted oscillations
in reaching the target value.

For the same disturbances, the current output of the PV
micro-generator was significantly different. Due to the high
speed of control, the current changes were practically unno-
ticeable.

The outputs of other compared variables were also very dif-
ferent. In all transient state cases of the HE micro-generator, the
variables were accompanied by long-term oscillations. Except
for changes in the synchronization angle (Fig. 9b2), the max-
imum values of the HE micro-generator also exceeded those
that were obtained for the PV micro-generator.

4.2. Symmetrical voltage sag. Voltage sags are disturbances
that often happen in the power grid. They are mainly caused
by faults on transmission lines, which may be symmetrical,
during short-circuiting of three phases, or asymmetrical, e.g.
with a two-phase short circuit. The depth of the dip depends
on the location of the fault and fault resistance.

In this paper, the topic of voltage sags is described in two
subchapters. The current subchapter analyzes symmetrical sags
and the next one — asymmetrical ones.

It was assumed that the voltage sag occurs in the power
grid in a step way and its depth is about 30% (Fig. 10a). This
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Fig. 9¢2. Trace of derivative of synchronization angle of PV
micro-generator at switching on, caused by a step shift of the power
grid phase angle
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Fig.9d2. Instantaneous power pq characteristics of PV micro-generator
at switching on, caused by a step shift of the power grid phase angle

voltage change causes variation of synchronization states. In
the synchronous generator, the power angle ¢ adjusts to current
conditions and in the case of power electronics inverters, the
voltage vector U,g can be modified.

During the experiments, similarly to the previous studies,
currents (Fig. 10b2) derivative of the synchronization angle
(Fig. 10c1, Fig. 10c2) and instantaneous power pq (Fig. 10d1,
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Fig. 10a. Voltage sag of a 30% symmetrical decrease due to a three-
phase short circuit
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Fig. 10d1. Instantaneous power pq characteristics of the HE micro-gen-
erator caused by a symmetrical voltage sag

Fig. 10d2) were tested. The results obtained for both the
micro-generators were compared and considered.

The voltage sag due to the symmetrical short-circuit results
in a rapid increase in the current, whose fixed value depends on
the network parameters. This is also accompanied by transient
states, particularly pronounced for the HE micro-generation
system.

As it transpires from analyzing the results presented
throughout Fig. 10, smaller overshoots after the symmetrical
sag occurrence are created in the PV micro-generator. The HE
micro-generator responds with greater amplitude of a tran-
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Fig. 10d2. Instantaneous power pq characteristics of the PV micro-gen-
erator caused by a symmetrical voltage sag

sient state because during the sag the operating point (Fig. 6)
is changed. Stabilization in a new position takes some time
depending on the HE inertia.

The power electronics converter response varies signifi-
cantly from the HE unit behavior. The amplitudes of the
observed variables are visibly smaller. This can be explained
by the fact that during the symmetrical sag only the amplitude
of the U,g vector of voltage changes while the phase of Ugyg
remains unchanged. Thus, the current increases up to the value
which compensates for the voltage decrease while the power
after a short transient state comes back to the reference value.
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On the basis of the results obtained, it can be stated that the
PLL synchronization algorithm is very robust at symmetrical
voltage sags.

4.3. Asymmetrical voltage sag. Asymmetrical sags are more
challenging than the symmetrical ones analyzed in the previous
subsection. Similarly as in the previous tests, the sag level in
the two faulty phases reached 30% (Fig. 11a).
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Fig. 11a. Asymmetrical 30% voltage sag caused by a two-phase short
circuit

During these tests, the currents of two shorted phases almost
overlapped with each other (Fig. 11bl). Such a current shape is
a result of shortage of two phases which causes the U, vector
to mostly pulsate instead of rotating. Such relationships may
cause significant overloads and dangerous pulsations.

N

VLMLV IV IR
: TR V |

Fig. 11b1. Current response at an asymmetrical 30% voltage sag of
the HE micro-generator

An asymmetrical voltage sag creates much more difficult
operating conditions for the generator than a symmetrical one.
For the HE micro-generator, currents have larger asymmetry
in terms of amplitude (Fig. 11b1). In one phase, a short-circuit
amounts to almost double the nominal value. However, for PV
micro-generators, thanks to the efficient reaction of the control
system, the amplitudes of the currents in all phases are similar,
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and their values are limited to the value allowed by the control
system (Fig. 11b2).

An interesting fact is that the changes of synchronous angle
are almost identical for both micro-generators (Fig. 11cl and
Fig. 11c2). In both systems, this angle oscillates at around
100 Hz and their amplitude is around 1000 times greater than
during the symmetrical voltage sag.

The instantaneous powers p and ¢ also oscillate at around
100 Hz. For the PV micro-generator, the amplitude of oscilla-
tions is significantly smaller than for the HE one.
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Fig. 11b2. Current response at an asymmetrical 30% voltage sag of
the PV micro-generator
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Fig. 11cl. Trace of derivative of the synchronization angle of the HE
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Fig. 11d1. Instantaneous power pg characteristics of the HE micro-gen-
erator caused by an asymmetrical voltage sag

The above reaction could be predicted. Dual power fre-
quency pulsations are characteristic of two-phase short circuits.
The micro-generator with such a reaction actively participates
in the reconstruction of the mains voltage. From the point of
view of the fault ride through (FRT) requirements and grid
strength, this is a desirable reaction.

The PV micro-generator with the inverter and applied SRF-
PLL algorithm can reduce these vibrations and even completely
eliminate them. Such an effect can be obtained when the syn-
chronization algorithm designated in Fig. 7 estimates the syn-
chronization angle corresponding to the distorted network volt-
age [29]. In the discussed case of the two-phase short-circuit,
the synchronization signal should be of a rectangular shape, as
in Fig. 4b. The possibility of such an action is a significant ben-
efit indicating an important feature of micro-generators which
fulfil the FRT requirements but do not strengthen a faulty grid.
Instead, the inverter adapts itself to faulty conditions and can,
therefore, minimize currents and the instantaneous pg power.

4.4. Influence of higher harmonics on grid synchronization.
Higher harmonics are generated by various nonlinear loads.
Their presence affects the efficiency of devices supplied from
such a polluted utility grid in a negative manner, and may pose
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Fig. 12a. Characteristics of grid voltage deformed by higher harmonics
of 5™ and 7™ order and THDu = 20%
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Fig. 12bl. Current characteristics of the HE micro-generator with
higher harmonics distortion of 5 and 7" order and THDu = 20%
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Fig. 12b2. Current characteristics of the PV micro-generator current
with strong higher harmonics distortion of 5" and 7" order and
THDu = 20%

a serious risk for micro-generation systems connected to the
grid. In the current tests, distortions of 5™ and 7™ order harmon-
ics have been introduced to the utility grid at THD level of 20%.

For the utility grid with higher harmonics, instantaneous
currents as well as currents in steady states are much higher
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Fig. 12d1. Instantaneous pq power characteristics of the HE micro-gen-
erator with strong higher harmonics distortion of the power grid

for the synchronous generator than for the PV power electronic
inverter. This is due to the fact that the HE micro-generator sys-
tem outputs sinusoidal voltage. This causes significant instanta-
neous voltage difference between grid and micro-grid voltage
and therefore currents and their THDu significantly increase.

In the case of the PV micro-generator with an inverter syn-
chronized by SRF-PLL, the synchronization angle changes sim-
ilarly to that depicted in Fig. 4. Hence, the voltage produced is
also distorted. For this reason, phase voltage drops are smaller
than in the case of the HE micro-generator. Moreover, phase
currents have much lower amplitude values and lower THDu
values than in the HE micro-generator.

Taking account of the previous reasoning, it is easy to
explain the characteristics in Fig. 12c¢1 and Fig. 12¢2. The
amplitude of d6/dt is negligibly small. Moreover, despite the
time right after the introduction of the higher harmonics, the
phase angle of the HE micro-generator increases linearly. The
situation is completely different for the PV micro-generator
with the SRF-PLL synchronization algorithm. Because this
algorithm is not resistant to higher harmonics, the higher har-
monics distortions introduced are extended to the synchroniza-
tion angle 6 and in consequence to the synchronization angle
changes shown in Fig. 12¢c2.

1080

Fig. 12¢2. Trace of derivative of the synchronization angle of the PV
micro-generator synchronized by the PLL-SRF algorithm, with strong
higher harmonics distortion of 5 and 7 order and THDu = 20%
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Fig. 12d2. Instantaneous pq power characteristics of the PV micro-gen-
erator operating under the PLL-SRF synchronization algorithm

For the same reasons, instantaneous pg power has higher
amplitudes for HE than for the PV micro-generator. The rele-
vant characteristics are shown in Fig. 12d1 and Fig. 12d2.

The results presented do not include all the characteristics of
PV micro-generators equipped with vector-controlled inverters.
These characteristics can be formulated according to specific
requirements. We can influence the features of the system by
selecting the synchronization algorithms, introduce extended
control systems as well as changes in topology.

Examples of these properties are shown for the last tests.
They are repeated for the PV micro-generator with the synchro-
nization algorithm which is resistant to higher harmonics distor-
tion. Based on references [6, 7, 30, 31], the double second order
generalized integrator PLL (DSOGI-PLL) algorithm was chosen.
To present the influence of this algorithm on synchronization of
the characteristics, the trace of the derivative of the synchroniza-
tion angle and instantaneous pqg power characteristics of the PV
micro-generator are shown in Fig. 12¢3 and Fig. 12d3.

Significant stabilization of the synchronization angle was
obtained for the DSOGI algorithm [10, 11, 30-32]. There-
fore, an inverter with this algorithm seems to be more resis-
tant to interference from higher harmonics than one with the
SRF-PLL algorithm. However, the limitation of these pulsa-
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Fig. 12¢3. Trace of derivative of the synchronization angle of the PV
micro-generator synchronized by the DSOGI-PLL algorithm, with
strong higher harmonics distortion of 5 and 7" order and THD = 20%

tions does not have a significant impact on the instantaneous
pq power pulsations. This happens because an inverter with the
DSOGI-PLL algorithm generates a nearly sinusoidal voltage,
while the utility voltage is strongly disturbed. Therefore, large
amplitude pulsations of pq are produced, and their maximum
values are comparable to HE micro-generators.

The last experiment with the DSOGI-PLL synchronization
algorithm indicates that synchronization procedures should be
chosen very carefully, always bearing in mind the nature of the
disturbances and the overall control structure.

5. Conclusions

The paper showed that synchronization of synchronous gener-
ators and power electronic inverters are equivalent processes.
They both enable collaboration of micro-generation systems
with the power grid.

In classic synchronous generators, synchronization is
a process based on physical phenomena and can be carried out
spontaneously. Interference in the synchronization process can
take place mainly through turbine control or excitation circuit
control systems.

In power electronic inverters, a special synchronization sys-
tem is required. It usually is implemented as a set of digital
algorithms. Just like in a synchronous generator, these algo-
rithms work in online mode, producing a synchronization signal
during working time.

Significant differences in operation occur when the grid
voltage is disturbed. This results in synchronous generators
reaction with long-lasting transient states. Transient values of
current and instantaneous pg power are obtained with far greater
excesses than those observed in the inverter. This behavior
results from the lack of direct fast control circuits for current
and instantaneous pg power. Nevertheless, even during different
disturbances, synchronous generators always produce sinusoi-
dal voltages according to a symmetrical three-phase system.

Power electronic inverters behave differently. Based on
estimated information about the synchronization angle, the

Bull. Pol. Ac.: Tech. 67(6) 2019

; AAAAAAAAAAARARARANARAANRAANANR

WV UVVVVWVWVVWVVV\{VVW
I

os I 1 I
i
&
Z0 i
o
-0.5 |‘ ¥ ¥ ¥ LELI |
; [ . Time [s]
0.28 0.3 0.32 0.34 0.36 0.38 0.4

Fig. 12d3. Instantaneous pg power characteristics of the PV micro-gen-
erator synchronized by the DSOGI-PLL algorithm, with strong higher
harmonics distortion of 5 and 7" order and THD = 20%

inverters generate voltages corresponding to this synchroniza-
tion signal. If the signal is distorted, then the voltages will be
deformed to the same extent. This can be dangerous to the
grid as it will consolidate the incorrect state of the operation.
Therefore, synchronization algorithms are required to generate
a sawtooth signal regardless of the existing disturbance.

To meet this task, a number of complex algorithms have
been developed. They can be grouped, e.g. according to immu-
nity to disturbances. There are also attempts to build multi-
variable synchronization control structures [47] and to also
build universal algorithms with adaptive structures. However,
the main disadvantage of these latter algorithms is their long
processing time. The effects of a long delay in dynamic states
are dangerous, hence in practical applications, the quick classic
SRF-PLL solution is used most frequently.

It is also possible to arbitrarily generate a sawtooth shape
and synchronize only in the time periods specified by the zero
crossing of the voltage. However, control over what is happen-
ing in the grid is lost. This solution can cause high risks in the
case of disturbances occurrence. One of such hazards is the
erroneous detection of the voltage zero crossing. Such a sys-
tem loses its synchronization completely, which is consequently
equivalent to converter emergency tripping.

In some cases, exceptions from the principles presented
herein may exist. Namely, if the power system support is not
required in transient states from the converter, then such a con-
verter may generate distorted voltages in a short period of time.
Thus, it fits, e.g. into a voltage sag. This action provides relative
protection for the inverter from overloading and over-regula-
tion, and limits hazardous instantaneous power flows.

In conclusion, it should be emphasized that the synchroni-
zation process plays a fundamental role in the integration of
micro-generation systems with the power grid. Power electronic
converters are much more powerful in terms of dynamics and
optimization of transient states. Their functionality depends, to
a large extent, on the synchronization process. That is why there
are still a number of issues that require more precise elabora-
tion. A number of scientists are currently working, for example,
on adaptive systems [13—15, 31, 34], on the increase of circuit
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inertia [2, 36-38] and algorithms designed to work in variable
network structures taking account of temporary island work
[4, 39]. Further progress in this area should bring benefits, espe-
cially in the case of converter systems that operate as dispersed
energy sources in networks that perform as smart grids [39, 48].
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