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Abstract
The dissertation centres on a single-phase voltage-source grid-tie inverter design and construction
aimed at interconnecting various small-power renewable energy sources (RES) with an electric
power system. It also provides the explanation of application areas for this kind of devices. A
great part of the research addresses the problems arising from the influence of small-scale RES
on the electric power quality in a low-voltage distribution grid the devices are mostly
interconnected with. Therefore, the analysis of standard requirements regarding the
interconnection of RES with the grid was included in the study. The thesis also characterizes the
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

range of possibilities which voltage source inverters open up to help maintain power quality
around the point of common coupling (PCC) during voltage disturbances caused by the receivers.
An overview of a hardware design with an emphasis on output filter and control schemes for
currently used single-phase inverters serves as a basis for describing the inventions introduced to
the prototype. In the final section the simulation and experimental results of the designed inverter
are presented and discussed.
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Streszczenie
Rozprawa doktorska skupia się na opisie procesu projektowania i budowy jednofazowego
falownika napięcia umożliwiającego łączenie różnego rodzaju źródeł odnawialnych małych mocy
z systemem elektroenergetycznym. Omówione badania skupiają się głównie na problemach
związanych z wpływem tego typu źródeł na jakość energii elektrycznej obserwowaną w sieci
dystrybucyjnej niskiego napięcia, do której takie urządzenia przyłącza się najczęściej. Dlatego też
w pracy zawarta została analiza wymagań normatywnych dotyczących przyłączania źródeł
odnawialnych do sieci dystrybucyjnych. Rozprawa charakteryzuje także możliwości jakie dają
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

falowniki przyłączane w kwestii utrzymania parametrów jakości energii elektrycznej w
dozwolonym zakresie podczas gdy są one pogorszone przez odbiorniki energii elektrycznej
przyłączone w okolicy falownika. Przegląd stosowanych rozwiązań obwodu mocy ze
szczególnym uwzględnieniem filtrów wyjściowych oraz rozwiązań układów sterowania
załączony został do pracy jako podstawa do opisu zbudowanego prototypu falownika. Jako
konkluzję zaprezentowano i omówiono wyniki badań symulacyjnych i eksperymentalnych
przeprowadzonych na zaprojektowanym układzie w celu weryfikacji założeń konstrukcyjnych i
funkcjonalnych.
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1. Introduction
The growing number of distributed energy sources (DES), which are often renewable energy
sources (RES) connected to the distribution grid, is constantly changing electric power systems in
many countries by diverging from the classical, centralized version. Large-scale power plants
connected to the transmission system in a classical power system design were used to supply
receivers connected to distribution grids through transmission system. Nowadays, it can be seen
that sources are being connected at every voltage level available, in every possible nodes. This
trend leads to multiple problems in the power systems designed to be supplied by large-scale
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

power plants where output active and reactive power can be controlled over a wide range [23].
The problems arise in electric power quality at the point of common coupling (PCC). Therefore,
before being connected to the distribution networks, DES need to be examined so as to ensure
that their current parameters do not influence the system and that the voltage at the PCC is kept
within the acceptable range. As a result, DES need to respect very restrictive limits.
Due to the high standards required by DES, the only course of action was the introduction of
power electronic converters into DES applications. The solution seems even more valid in the
case of significantly unstable electric power sources, such as wind turbines, photovoltaics and
wave energy. Multiple connections and disconnections to the grid tend to cause yet more
problems than it is commonly observed e.g. in biogas-fueled piston engines coupled with
synchronous generators. But it is not only the power quality that calls for the use of power
electronic converters in DES applications, but it is also the productivity of these sources. This is
attributed to the fact that many sources are more efficient if they operate at variable angular
frequency. In order to transfer energy to the system from a synchronous generator driven with
variable speed, yet still maintaining almost constant frequency and yielding constant synchronous
speed, there appeared a need for such a converter that could be operated with variable frequency
of voltage at generator terminals.
The use of power electronic converters, i.e. inverters to interconnect DES with the grid, is
already a well-recognized issue. The power generated by modern inverters has good powerquality. However, the inverters are not used as a means to improving power quality, which is
often lowered by receivers. Normally, conventional generation units are based on the
synchronous generator which is able to compensate for voltage distortions and use the reactive
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power flow to stabilise the voltage level. The thesis is aimed at developing an inverter-based
system, which could improve power quality aggravated by another device, not by the inverter
itself.
The conducted research is to prove the thesis formulated as follows:
It is possible for a renewable energy source equipped with a storage system to
participate in frequency control and to improve voltage quality by means of an inverter
controlled by a proper algorithm.
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In order to substantiate the thesis, the following steps were accomplished:


literature studies of the single-phase grid-tie inverters hardware and control design,



simulation model examination of the proposed inverter with the proposed control
scheme,



experimental validation of the proposed voltage source inverter (VSI),

1.1. Evolution of power conversion systems used in DES applications
The observed evolution of power electronic converters in DES applications can be easily
explained by means of energy transfer circuits from wind turbines. In Figure 1 the simplest
solution is presented. The wind turbine drives a squirrel-cage asynchronous generator whose
stator is connected to the electric power system through a transformer. In this case, according to
the torque characteristic of the induction machine (Figure 2), the turbine angular speed has to be
higher than the machine’s synchronous speed. This is true when the generator is connected
directly to the wind turbine shaft with no transmission in-between. Then the speed of the turbine
remains fairly constant over a full power range, which also means that for different wind speed
values the turbine’s angular speed remains constant. This leads to aerodynamic losses lowering
power generation. A Similar situation can be noticed in small water-turbine applications, in
which a cage induction motor is used much more often than it is the case with wind turbine
applications. In this case also energy conversion of the water flow can be more efficiently used if
the turbine could be operated with variable speed – a solution not possible with this type of
system arrangement [22]. Despite the fact that blade pitch angle control might be employed, the
efficacy of the wind turbine application might still benefit from having the ability to control the
wind turbine angular speed.

12

Figure 1. Wind turbine connected through a squirrel-cage asynchronous generator
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to the PCC

Figure 2. Squirrel-cage asynchronous machine torque characteristic
Apart from aerodynamic losses, this solution yields poor electric power quality. First of
all, it is highly possible the connection will cause a high inrush current flow. The root mean
square (RMS) value of the inrush current can be up to 8 times higher than the generator nominal
current and may last up to a few seconds. To lower the value of inrush current one might use the
delta-star reconnection sequence [8]. Nonetheless, significant current value can be expected.
Such a current flow causes voltage dips and swells, which in turn affect the receivers connected
in the proximity of the PCC.
The asynchronous generator, while being operated, causes a reactive power flow; the
current of the generator is lagging the voltage because the stator winding produces magnetic
field. In other words, the grid current magnetises the machine. If there are no capacitive

13

components between the generator and the PCC, the reactive power will flow further to the
system. The inductive power flow caused by the generator lowers the PCC voltage compared to
the situation when the same amount of active power is transferred to the system without the
presence of the reactive power flow. If the system impedance is high, such a generator can lower
the PCC voltage below the acceptable value. Similar situations might be avoided if the generator
or the transformer is connected to the system by means of a cable instead of an overhead line.
The reactive power required by the generator for magnetization can be compensated by the
capacitance of the cable provided it is long enough. However, such an arrangement is often
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

impossible due to the problems of matching the cable and the generator reactances.
The system presented in Figure 1 is also sensitive to the tower shadow effect (TSE)
present in many wind turbine types. While the turbine blade is crossing the tower, the blade is
being affected by the wind flow turbulences caused by the tower. Therefore, lower mechanical
power is observed in the turbine shaft (see Figure 3) [16]. The asynchronous generator is not able
to compensate for the power fluctuations by itself, thus the fluctuations are also present in the
output current and voltage. Also the flicker effect might be observed by the receivers connected
to the grid where such a wind turbine is placed. The occurrence of the flicker depends on the line
and the transformer impedance but also on the turbine output power and current.

Figure 3. Squirrel -asynchronous machine torque characteristic
To avoid some of the mentioned above drawbacks of the system in Figure 1, another
system was developed (Figure 4) [96]. To limit the inrush current a thyristor-based, soft-start
circuit is used. However, the high inrush current in the design is replaced by a highly distorted
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current flow, which distorts the PCC voltage on start-up. The soft-start situation is not permanent
so the distortions do not disturb the voltage constantly, because normally the system operates
with the thyristor switches fully on throughout the whole grid voltage cycle.
In order to bring more power stability to the system, a compensator is used. Depending on
the compensator technology, it might also cause further problems to power quality. Static var
compensators can cause voltage dips and even a non-linear current flow. Even though the system
depicted in Figure 4 limits the inrush currents and compensates the reactive power flow, it still
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encounters problems of the flicker effect and the constant generator shaft speed.

Figure 4. Wind turbine connected to the PCC through a squirrel-cage asynchronous
generator. The wind turbine is using a thyristor soft-start circuit and a reactive power
compensator
A further essential step forward in the development of wind turbine systems became
possible owing to the use of voltage source inverters (VSI) and rectifiers used as a frequency
changer, originally employed along with slip-ring induction generators. The topology shown in
Figure 5 is an example of a doubly-fed induction generator (DFIG) application for electric power
generation. However, there are other applications where doubly-fed induction generators do not
use slip-ring induction machines [21][62]. In such cases, the rotor winding voltage is controlled
by a three-phase VSI fed by the rectifier. The greatest advantage of such a system over the
systems previously introduced was the possibility to control the generator shaft speed through
rotor-winding current-frequency control. The variable shaft speed allows to introduce a soft start
to the system and, thus, to limit the starting currents. Furthermore, the design gives an
opportunity to control the reactive power flow by means of the rotor winding current value
control. In other words, the machine can be magnetised from the rotor side. Moreover, the
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transformer connecting the generator with the grid can also be magnetised by the generator [15],
so there is no reactive power flow at the PCC.
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Figure 5. Wind turbine connected to the PCC through a slip-ring asynchronous generator.
The wind turbine is using a power electronic excitation current controller
A DFIG, driven by the wind turbine and fed by the frequency changer from the rotor side,
does not generally have most of the negative features which are present in the designs shown in
Figure 1 and Figure 4. Nevertheless, it is still problematic to compensate for the flicker caused by
the motor, although there are research projects which try to develop a method allowing for the
reduction or elimination of the flicker caused by the DFIG [63]. There is still another problem in
DFIG systems, as they require brushes and rings maintenance. Yet, slip rings and brushes are
avoided in permanent magnet synchronous generators (PMSG). Also they might be easily
avoided in DC-current-exited synchronous generators, provided a simple rotating rectifier is used
[24][40][66]. Although brushless doubly-fed machines are subject to ongoing research [81], as
yet they are not in common use in industrial applications. An additional problem present in wind
turbines using a DFIG is the occurrence of the frequency converter which feeds the rotor
winding. The converter rated power normally amounts to around 20-30% of the turbine rated
power. This is the main advantage over the competing circuit shown in Figure 6, which uses a
full-scale frequency changer interconnecting the synchronous generator and the grid. Due to the
smaller rated power of the design based on DFIG, the investment costs are considerably lower.
However, if the frequency changer has to provide the system with reactive power, the frequency
converter will also have to use higher rated power. Consequently, the cost differential between
the two designs turns out to be not as high. Hence, modern wind turbine applications are mainly
based on the design presented in Figure 6.
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Figure 6. Wind turbine connected to the PCC through a synchronous generator with a fullscale frequency converter
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Possible arrangements of a full-scale frequency converter are given in Figure 7. The
rectifier, being a part of the frequency changer, can be constructed as a line-commutated diodebased, a semi-line-commutated thyristor-based and a self-commutated transistor-based variant.
The inverter, however, can be arranged as a semi-controlled thyristor-based or controlled
transistor-based option. There are some applications using thyristors which can be turned off
while still conducting the current, so they can be fully controlled.

Figure 7. Possible full-scale frequency converter arrangements for wind turbine
applications
Small-scale wind turbine sets utilize mainly diode-based rectifiers and transistor-based
inverters [95]. Applications using thyristors in the rectifier or the inverter were used in the past in
large scale designs. Nowadays, they being replaced by transistor-based rectifiers and inverters
[19][20].
The topology equipped with a grid-tie inverter organised as a transistor-based VSI has the highest
flexibility, which allows to:
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operate the turbine with continuously changed angular speed,



apply maximum power point tracking (MPPT) algorithms,



control reactive power and magnetise the transformer from the generator side,



control voltage at the PCC by means of reactive power flow control,



compensate for active power fluctuations related to the TSE,



achieve good generated power quality parameters,



protect the generator from grid faults, such as short circuit, low voltage operation, etc.

The development of Insulated Gate Bipolar Transistors (IGBT) and Metal Oxide
Semiconductor Field Effect Transistors (MOSFET) technologies producing smaller switching
losses allows to achieve higher switching frequencies. Therefore, even for small values of the
filter parameters, it is possible to minimize current distortions to the level compliant with the
standards.

Figure 8. Simplified simulation model of inverter operation in current control mode
1.2. Proposed solution
Even though VSIs have very good power quality parameters, they still present certain
problems in the electric power system. Modern VSIs operate in the current control mode, which
means that the output current is expected to be sinusoidal. In this mode the inverter is seen by the
system as the current source, which remains sinusoidal even when the PCC voltage is distorted.

18

This situation can be explained by a simple simulation model where the grid is modelled as a
voltage source connected in series with the RL branch and the inverter as the current source. If
the non-linear receiver connected to the grid is in close proximity to the inverter or at the PCC
itself, as shown in Figure 8, one can observe that the PCC voltage is distorted by the receiver and
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the inverter current does not compensate for the distortion.

Figure 9. Results of the model simulation from Figure 8 (Vpcc –the PCC voltage, Iinv –
inverter current, Irec – rectifier current, Igrid- grid current)
As can be inferred from the results of the simulation presented in Figure 9, the current of the
inverter is sinusoidal and its voltage is distorted. This implies that the voltage at the PCC is not
filtered from the distortions produced by the rectifier.
The case is different with standard units generating energy, such as synchronous
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generators. For the sake of simplicity, in a single phase diagram one can present a synchronous
generator as an ideal voltage source connected in series with RL branch (Figure 10). In this case,
the energy source provides the system with distorted current, which compensates distortions over
the PCC voltage. Figure 10 presents the plots corresponding to Figure 9 values. The parameters
of the model remained unchanged, whereas the voltage source of proper RMS value and phase
replaced the current source. It can be clearly seen that the voltage waveform at the PCC is less
distorted than the PCC voltage from Figure 9. Obviously, the flow of the deformed current
through the generator causes higher power losses in the generator itself. Nonetheless, the
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

distortions in the grid current are lowered and, therefore, the losses observed are reduced.

Figure 10. Simulation model of the synchronous generator
The current source operation does not cause any problems in the grid so that the PWM
inverters operated in current control mode easily sustain sinusoidal current. Yet, the inverters in
this mode do not help maintain good voltage quality like synchronous generators do. The grid
voltage is distorted by multiple receivers observed especially in the low voltage network. Among
the devices which are the main sources of distortions in the grid voltage are:


consumer electronics,



computers,



modern home appliances,



fluorescent lamps,

20



light emitting diode (LED)-based light sources,



variable speed drives,



etc.

Particularly, the excessive use of modern energy-efficient light sources using diode-bridge
rectifiers has led to harmonic distortions appearance in even high-voltage transmission systems
[80]. Therefore, modern techniques should be applied to lower the negative influence of modern
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devices on the grid.

Figure 11. Simulation results of the model from Figure 10 (Vpcc –the PCC voltage, Iinv –
synchronous generator current, Irec – rectifier current, Igrid- grid current)

21

In order to maintain voltage quality without the need for additional devices being installed the use
of DES was proposed, which has broken new ground in power generation and electric power
system (EPS) applications.
The main aim of the research conducted for the purpose of this thesis was to build a singlephase inverter, whose equivalent circuit would be comparable to the equivalent circuit of the
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synchronous generator (presented in Figure 12).

Figure 12. Simplified equivalent circuit of the synchronous generator
Yet, in order to construct a VSI carrying similar parameters to the ones found in a
synchronous machine, a new control strategy had to be developed. One of the research objectives
was also to design a hardware which would allow the system to operate at high efficiency as well
as to enable fast and accurate control of voltage and current. Only by combining these features
can an unstable, renewable energy source-based system contribute to the improvement of electric
power quality.

22

2. Application examples
Single-phase grid-tie inverters are mainly used for the integration of distributed energy
sources of rated power below 10 kVA with the electric power system or micro-grids [1]. Yet,
there are applications which require higher power up to 30 kVA, in particular, in countries where
the standards allow for single-phase designs of rated power higher than 10 kVA. The limitation
of the rated power for single-phase designs is attributed to the voltage unbalance at the PCC,
which may occur due to an uneven current flow in the lines of a three-phase system [4][59]. Such
current flow asymmetry can be easily eliminated in three-phase inverters. For the rated power
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below 10 kVA, there exists a limited number of topologies used in RES systems. This chapter
explains the features of the mainstream systems used in PV or wind turbine power conversion.
2.1. Hardware of single-phase VSIs
The basis for the VSI construction is the class D inverter (Figure 13), which can be seen as a
converter connected to one of the VSI lines [48][52]. The class D inverter is considered a onequadrant converter. In normal operation it is supplied with DC voltage from the capacitor C1 side,
whereas the switching of the transistors allows to convert the electric power from DC to AC.
Thus, the voltage at the capacitor C2 has both an AC and DC component [44]. Even though the
class D inverter was normally operated in a single direction, it is a bidirectional device. The
explanation of this feature is given in Figure 14, where the inverter is shown in two
arrangements.

Figure 13. Class D inverter topology
In Figure 14 (a) transistor Q2 remains off. In this case the topology of the inverter is
transformed into a step down (buck) converter which transfers the energy from capacitor C1
towards capacitor C2. The buck converter lowers the output voltage level below the level of DC

23

supply voltage. When the converter is operated with transistor Q1 being constant, the class D
inverter is transformed into a step-up (boost) converter (Figure 14 (b)). The power source has to
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be connected in parallel to capacitor C2 to enable boost operation.

Figure 14. Operation of class D topology as a bidirectional power flow converter (a) step
down (buck) converter, (b) step up (boost) converter
The combination of the two converters (buck and boost) present in the class D inverter
leads to the conclusion that the inverter is able to operate as a bidirectional device. A further
conclusion is that the class D inverter can be operated as a two-quadrant converter. If the energy
flows from the DC-voltage side (parallel to C1 capacitor) to the AC side, the maximum ACvoltage value has to be lower than the DC-voltage value. This is true if hard-switched operation
of the class D inverter is considered. The opposite power flow allows the voltage boost. In simple
terms, if the class D topology is operated as an inverter, it lowers the voltage; when it is operated
as a rectifier; it increases the voltage.
A single-phase VSI consists of two class D inverters connected in the way presented in
Figure 15. The DC component of capacitor C2 voltage which was present in the class D inverter
is omitted in VSIs, because capacitor C2 is not connected to the ground but to another class D
inverter producing an equal DC component. These two DC components do not produce any
current flows, therefore, they are not present in output voltage. It is, however, still possible to
produce a DC component at the output of the VSI [57]. This can happen due to the pulse-width
modulation (PWM), the measurement or the control system errors. To avoid these errors and the
DC-component itself, special control adjustment methods are required.
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Figure 15. VSI as a combination of two class D inverters
A more detailed diagram of the single-phase inverter is given in Figure 16. The inverter
has a large input capacitor connected in parallel to the DC-supply terminals. The capacitance has
to be large enough to suppress the voltage ripple caused by the 50 Hz AC current flow of the
nominal value for the designed system. The large capacitors are indicted in figures as polarized
capacitors. Depending on the variant of the system topology, the acceptable ripple level varies. In
parallel to the input capacitance, different realizations of the voltage divider are used for DCvoltage measurements. Also the DC current measurement can be realized in the system.
However, there are designs which estimate the DC current by means of AC active power and DCvoltage measurements.
The next part of the VSI is a full-bridge transistor topology controlled by gate drivers. The
signals controlling the transistors switching are the result of PWM of the controller signal. The
voltage produced by the full bridge topology is filtered by the LCL filter. The maximum output
voltage value cannot be higher than the DC voltage in the system presented in Figure 16.
A surge protection is placed at the output of the filter. Typically, a varistor is used to
protect the system from overvoltages. In order to further protect the inverter and to allow the
device to disconnect itself from the system, a switch is implemented. The switch, often termed a
utility-interface disconnect switch, is usually a relay. This type of interconnection can, however,
cause problems. Therefore, the relays can be also arranged into a pre-charge circuit for the
capacitors if the inverter is designed to work as a rectifier. The circuit lowers the current flow
which might be observed in the system when DC capacitors are discharged and the relay connects
the grid voltage to the inverter to start the rectifier operation. To achieve that, the VSI control
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system switches relay S1 at the beginning to start the charging process (see Figure 17), while the
charging of current is limited by resistor R1. When the DC voltage value is close to the peak
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value of the grid voltage, the S2 relays are switched on.

Figure 16. Single-phase voltage-source inverter supplying grid

Figure 17. Example of a possible pre-charge circuit arrangement for a single-phase VSI
It is not necessary for the low power VSI to have an additional protection, such as fuses or
automatic circuit breakers from overcurrent from the AC side, because the control system of the
inverter protects it from overcurrent. Even if the system is damaged and it cannot disconnect
itself from the grid during failure, the protection devices (installed in the switch-gear for cable
protection) will act as protection for the inverter.
In some systems employing single-phase VSIs, it is necessary to provide electric
separation of the inverter or the devices connected to the inverter from the grid. Therefore, low
frequency transformers are used to interconnect the inverter with the grid. The diagram of the
VSI topology using a low frequency transformer is presented in Figure 18. The system is similar
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to the one depicted in Figure 16, the difference being the transformer which does not only
provide galvanic insulation between the circuits, but it is also used as the final stage of the output
filter. The turn ratio of the transformer allows to match various voltage levels with the grid
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voltage, which in turn can result in converters developed for numerous device arrangements.

Figure 18. Single-phase voltage source inverter supplying the transformer
2.2. Possible topologies of DES using single-phase VSIs
Nowadays, in most applications single-phase VSIs are used for power transfer from wind
turbines or photovoltaics. Less frequently it can be observed that the inverters are also used for
small water turbines [51][90][93], combustion engines [7][85], chemical batteries [26][27]
[31][78] and fuel cells [55] [65][75] integration with AC grid. The topology of power converters
along with the VSI used in power transmission systems depends on multiple factors:


the type of the generated current (DC or AC),



current and voltage levels,



measures of protection against electric shock,



the method of MPPT implementation,



the possibility of bidirectional power flow.
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All these lead to the situation that multiple topologies can be observed in different usage
examples of the same source.
Small-scale wind turbines found in industrial applications use mainly three types of
topologies, the simplest of which is presented in Figure 19. Such a system consists of a generator,
a rectifier (mainly diode-based), a DC/DC converter (most commonly a step-up/boost converter),
and an inverter connected directly to the grid. This kind of design does not provide electrical
separation of the generator from the network, the result being the lack of the transformer in the
system. This also means that other measures of protection against an electric shock have to be
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provided to the system. The protection factor is in fact one of the main reasons the topology in
Figure 19 is still not very popular. The MPPT is realized by the DC/DC converter along with the
VSI, both controlling the wind turbine voltage, which means that they also indirectly control the
wind-turbine angular speed [3]. The system in Figure 19 uses 3 levels of electric power
conversion and does not provide separation. The system comprising the same number of energy
conversion stages, yet equipped with galvanic separation, is presented in Figure 20.

Figure 19. Wind turbine interconnection system without galvanic separation

Figure 20. Wind turbine interconnection system with a low-frequency transformer
providing galvanic separation
To electrically separate the wind turbine form the turbine’s electrical equipment, the
turbine set system (shown in Figure 20) was fitted with a low-frequency transformer, which also
matches the voltage level of the grid to the level accepted by the designed inverter. Typically, the
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turn ratio of the transformer is selected to give a few times lower voltage level at the terminals
connected to the inverter. In this system, the inverter is operated with variable input voltage and
its controller has to provide the MPPT. The input voltage variability is high, therefore also the
inverter hardware has to be designed so it can operate over a wide range of input current and
maintain high efficiency. The power factor equal to 1 can be achieved here only if the
transformer is magnetized from the inverter’s side, therefore the inverter has to conduct current
that is higher than it could be calculated from the active power.
The system’s transformer, apart from galvanic separation and voltage level matching, also
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filters higher harmonics coming from the inverter and the grid. However, the transformer
equivalent inductance cannot be easily selected for the designed filter – it is limited within a
certain range by the parameters of the transformer. Thus, other filter parameters are also limited,
which results in lowering the flexibility in the filter design, which can be regarded as a
disadvantage, especially when the filter is to be capable of conducting a certain level of current
higher harmonics.
A low frequency transformer (50 or 60 Hz) is somewhat larger and heavier compared to
transformers operated at higher frequencies (from several to dozens of kHz). Even though most
RES applications tend not to be limited by space or weight, their dimensions and weight can
prove disadvantageous in that they can be more costly than smaller devices. It is due to a larger
quantity of the materials used as well as the costs incurred through transportation, materials and
the inverter itself.
The disadvantages of the design presented in Figure 20 have led the researchers to refine
the design, an example of which is presented in Figure 21. Instead of using the low frequencytransformer to provide the system with galvanic insulation, the DC/DC converter equipped with a
high-frequency transformer is used. Since the inverter is connected to the grid directly through its
filter, it is not separated from the grid. Though separation is provided for the turbine and the
rectifier in the DC/DC converter.
The topology in Figure 21 is able to provide MPPT through the inverter control on the one
hand, and DC/DC converter operation combination on the other. Generally, the system is aimed
at having constant voltage at the inverter input terminals. As it has already been expressed above,
DC voltage has to be higher than peak voltage of the grid. This has to be true for instantaneous
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values of AC and DC voltage, so the DC voltage ripple has to be also taken into consideration.
Moreover, the inverter-filter-impedance voltage drop has to be compensated, which means that
DC voltage needs to be higher from the sum of grid voltage and the filter voltage drop.
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Figure 21. Wind turbine interconnection system with the DC/DC converter providing
galvanic separation
Similar topologies to the one used in wind turbine applications can be observed in
photovoltaics-based DES. Nevertheless, PV systems are DC sources, thus, there is no need to
include a rectifier in the converter. Instead of a rectifier, PV units use diodes connected in series
to the string of panels. The diodes are to prevent reverse current flow, which could
damage the PV.
In Figure 22 a system similar to the one presented in Figure 19 is shown. As can be seen,
both systems have similar features. Here, two converters, not electrically separated from the grid,
are used to operate the PV unit at its maximum power point (MPP) and to convert power from
DC to AC [77]. Such a topology is, however, excluded from multiple-use possibilities in that it
does not provide separation of the input and output circuit. The PV panel in most cases is not
compatible with devices requiring different methods of protection against an electric shock. For
example, PV panels are not generally designed as class-II devices with double insulation.

Figure 22. Photovoltaic interconnection system without galvanic separation
Figure 23 shows a circuit providing electric separation by means of a low-frequency
transformer. This topology is analogous to the one shown in Figure 20 and they share similar
features.
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Figure 23. Photovoltaic interconnection system with a low-frequency transformer providing
galvanic separation
A high-frequency transformer is used to provide the system in Figure 24 with galvanic
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separation. The corresponding circuit in wind turbine applications is shown in Figure 21.

Figure 24. Photovoltaic interconnection system with a DC/DC converter providing galvanic
separation
All the systems presented in Figure 19 – Figure 24 are basic topologies for low power
DES. The topologies employing wind turbine-based generation units can be treated as basic
topologies for DES applications equipped with three-phase synchronous generators, such as small
water turbines or biofuel combustion engines. Consequently, the topologies described as PVbased DES are basic topologies for all DC sources, including fuel cells and chemical batteries [2].
Depending on the topology used, the inverter might not be fitted with a low frequency
transformer (its diagram is shown in Figure 18) or can be connected to the system directly
through a LCL filter (Figure 18). These two versions of a single-phase VSI display different
operation features. However, increasingly more systems currently manufactured use the inverter
without being connected to the low frequency transformer, which also results in higher flexibility
while determining the output filter parameters.
The systems serve only as a basis for further designs. Essentially, the topologies applied
in industry utilise the same components as the ones found in the examples above.
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3. Requirements for inverter-based distributed energy source interconnection with the
electric power system
There exist multiple standards and regulations which the inverter construction must meet.
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In particular, the inverter-based systems have to comply with a number of regulations involving:


safety,



anti-islanding,



stability of the electric power system,



electric power quality,



electromagnetic immunity and compatibility.

3.1. Safety considerations of the inverter construction and its operation
Safety regulations concern the features which ensuring protection for people and other
devices from interaction with the designed device during normal operation as well as in the case
of failures. To fully analyse the system’s structure and the design in terms of safety, four main
issues have to be taken into consideration:


electric-shock protection of the device and all the devices connected to it,



overcurrent protection (including also fire protection),



short-circuit protection,



overvoltage protection.

Standards such as [18][35][36][60] provide trustworthy safety guidelines for safe gridconnected power electronic converters.
To afford a certain degree of protection against an electric shock, one should consider
applying reinforced (class-II) insulation or galvanic separation of the conductive parts or both.
Also automatic disconnection might be used to protect against an electric shock. During the
design of the inverter prototype for the purpose of this dissertation, requirements of safety
standards were followed.
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3.2. Anti-islanding protection
The anti-islanding protection found in grid-tie inverters is used in order to minimize the
possibility of the inverter’s (or another device connected nearby) failure, which might occur
during or after a blackout [17]. There are examples of applications using islanding inverters as
backup sources for groups of receivers. This type of inverters is controlled by a switch which
disconnects the inverter and the receivers from the rest of the grid or receives information that
such disconnection has occurred and, consequently, it is possible to operate in a stand-alone
mode. To allow for failure-free reconnection to the system, the islanding inverters are often
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equipped with resynchronization units but the islanding operation is as yet much less popular
than the non-islanding counterpart.
Figure 25 presents a block diagram showing the inverter and the load connected to the
grid through switch S1. If S1 disconnects the grid voltage from the load-inverter system and if the
inverter does not disconnect itself from the line it is connected to, then, after S1 reconnection, the
resulting difference in phase angle of the inverter and the grid might cause a high equalizing
current flow. The reappearance of the grid voltage might be seen as a result of auto-recloser or
automatic transfer switch operation. To avoid reconnection while the inverter voltage is present,
the inverter has to be able to detect the islanding operation.
To illustrate two different states which may take place while part of the system (VSI and
certain receivers) is disconnected by switch S1 from the grid, Figure 25 is presented.

Figure 25. Islanding issue schematic representation
The first state can be observed when the active and reactive power of the inverter and the
load diverge, so the grid is either supplying or being supplied by the system with active or
reactive power. In such cases, before the switch opens, there will be a current igrid flow through it.
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Therefore, the disconnection should be easy to detect in that the disconnection should be
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followed by the distortions of electric power quality seen as one of the events listed below:


frequency variations,



voltage spikes and notches,



voltage dips (sags) and swells,



under- and overvoltage,



voltage flicker.

When none of the reasons enumerated above is recognised by the inverter protection
systems, the control system should encounter a difficulty in keeping set parameters within the
allowed control system parameters values and, therefore, should be able to detect the grid voltage
failure.
The IEEE Std 929 [32] puts forward a set of recommendations on response times for
different grid voltage disturbances. Table 1 presents under- and overvoltage state trip times,
which were recalculated to European nominal voltage levels (the standard refers to American
base voltage for LV grids). The operating frequency limits for electric power systems are given in
Table 2. These values might be used for detecting abnormal states (including islanding
operation).
Table 1. Response to abnormal voltages
Voltage (at the PCC)

Maximum trip time

V < 50% (V < 115 V )

6 cycles

50% ≤ V < 88% ( 115 V ≤ V < 202.4 V )

120 cycles

88% ≤ V ≤ 110% (202.4 V ≤ V ≤ 253 V )

Normal operation

110% < V < 137% (253 V < V < 315.1 V )

120 cycles

137% ≤ V (315.1 V ≤ V )

2 cycles
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Table 2. Border values of frequency in the power system
Maximum frequency

50,2 Hz

Minimum frequency

49,5 Hz

The other state can be observed when the inverter and the load active and reactive powers
match. In such a case, the grid does not provide either power, nor the current flow, thus, making
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islanding operation detection more complicated than in cases when the powers are not balanced.
This situation, however, should be considered in theoretical terms only, because a perfect balance
between the inverter and the load is highly unlikely. If, however, power values of the generating
and receiving parts of the islanded system were to be similar, it would be difficult to detect the
transition over a short period of time. When a slight imbalance is observed, the frequency of the
islanded system voltage will begin to change. The time over which the frequency would change
more than it is allowed to, might be too long to prevent reconnection while the inverter is still on.
Hence, there is a need for the use of other methods of detecting the inverter’s islanding operation.
Typically, such methods make use of a type of distortion provided into current, which can help to
calculate equivalent grid impedance seen at the inverter terminals. An example approach assumes
the use of inverter transistors as a means to applying one of the voltage vectors available in order
to cause an artificial current flow. The resulting change of the current value can be used to
evaluate ‘grid impedance’. The distortion, if repeated frequently enough, allows for the
comparison of the consecutive measurements in order to distinguish sudden changes in the grid
configuration.
‘Active’ methods of grid impedance measurements combined with grid voltage
parameters measurements and control unit parameters supervision ensure a satisfactory degree of
islanding protection of small generation units based on VSIs [72][88][91].
3.3. Influence on power-system stability
The power system is able to operate only over a certain range of its parameters. The
power-system stability can be seen as the ability to control the power system elements, especially
generation units, in the way which allows to operate within a permissible parameters range.
There are three main factors which define the system operation stability:
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frequency stability,



voltage stability,



rotor angle stability.

Frequency stability depends on the ability of the system to maintain balance between the
generated and received active power. If there is a certain lack of active power generated by the
units inside the system, the frequency drops. It can be seen that power plants compensate for
sudden deficiencies in power produced by using kinetic energy stored in generators and turbines’
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rational motion. To be more specific, additional energy is produced by reduction of turbine and
generator angular speed. An opposite situation takes place when a surplus of energy produced
appears in the system. In this case the rotating machines accelerate and store the surplus of
energy in rational motion.
If the active power imbalance is high and lasts long enough, the frequency of the system
can exceed safety margins and the system might falter. Consequently, to avoid such a situation,
the generated power has to be controlled. The influence of unstable RES, such as wind turbines,
photovoltaic systems and run-of-the-river hydro-power plants on frequency stability tends to be
negative in that the generated power is a result of external conditions, rather than the control
system requirement.
To lower the negative influence of unstable RES, the transmission and distribution system
operators need to be able to reduce power production in large renewable-energy-based generation
units. The use of energy storage connected to an unstable RES might be used to reduce
detrimental effects of RES on the power system [9][11] [49][92]. Such a solution would enable
the hybrid system to change the operation point according to the demand of power generation
[37].
The voltage stability depends highly on reactive power flow in that the PCC voltage can
be controlled over a certain range with the use of reactive power flow. The capability of an
energy source to generate or to receive reactive power is one of common requirements that need
to be fulfilled prior to interconnection with the system. This is crucial in maintaining the required
voltage levels in decentralized EPS.
The rotor angle stability deals with cooperation of electrical machines such as a
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synchronous generator in the EPS and it does not concern VSI-based generation units.
3.4. Influence on power quality
Regulations concerning power quality deal mainly with the following issues:


dynamic changes of the voltage value,



flicker effect,



reactive power flow and cooperation with the grid during over- and under-voltage
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states as well as operation during sags and swells,


DC-current component flow,



grid-voltage distortions caused by inverter current distortions.

The problem of dynamic changes of the voltage value can be eliminated through multiple
techniques aimed at reducing sudden current flow changes. The principal solution helping to
minimise dynamic disturbances caused by the inverter operation can be achieved through a
proper design of the control circuit. Therefore, the control scheme should incorporate e.g.: a softstart feature, dynamic response for sudden voltage-value variation, relatively slow reaction for
the required output changes and also, optionally, a pre-charge circuitry and inrush current
limiters.
The flicker effect can be minimized also by means of proper control techniques, which
need to be combined with sufficient energy storage capability allowing to the average output
power.
To avoid problems stemming from long-term voltage deviations, the inverter should be
capable of reactive power flow control, which not only can produce a positive impact on the grid
voltage level, but it can also be required by the grid operator in order to aid the reactive power
compensation of the receivers. On the other hand, grid-tie inverters are often required to be
capable of operation with the power factor equal to one (no reactive power flow) over a wide
range of the inverter output power and the grid voltage.
The presence of a DC-current component produced by grid-tie inverters implies several
problems to the power system. First and foremost, DC current causes additional power losses.
Moreover, a significant value of DC current can cause the transformers or compensator-inductors
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magnetic components saturation, which can lead to additional losses, the transformer or inductor
current increase and voltage distortions. To minimize the DC-current component, current
measurements have to be arranged in such a way, that the measurement system is able to measure
the current DC component and also that the control circuit may compensate for its signals to
avoid the DC current flow.
Current distortions observed at the inverter output can cause the following: additional
power transfer losses, electromagnetic interference, problems found in receivers and reactive
power compensator operation. They can also distort the grid voltage. Therefore, maximum
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current distortions are limited by several regulations presented below. It should be noted that also
an investigation of the grid voltage at the PCC is often required for new renewables before they
can be connected to the grid. One can see the efforts to limit current-distortions as a trade-off for
the whole system. On the one hand, both the switching frequency and output filter parameters
should be considerable and on the other hand, the increase in both parameters leads to higher
losses during the inverter operation. Thus, it is necessary to seek the best arrangement which
could afford highest efficiency possible and, at the same time, would meet the standards’
requirements for current distortions. Also, the control scheme chosen for the project needs to be
dynamic and ready for rapid response in the face of the problems which may occur in the grid or
in the inverter.
3.5. Power quality standards for grid-tie inverters
The main regulations concerning the influence of VSIs on the grid are set by standards
including:


IEC-1727 [61],



IEEE1547 [34],



EN61000-3-2 [47].

The most important requirements of these standards for grid-tie inverter operation are
summarized in Table 3 [77]. One may notice that for low-power grid-tie applications, the
regulations seem to be restrictive, which, consequently, makes the design of the inverter fulfil the
standard conditions. Additional requirements for the grid-tie inverter operation can be found in
IEEE Std 519-1992 [33]. Also,the documents titled ‘Instructions of transmission grid's operation
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and maintenance’ given by the grid operators can provide additional information on the measures
that need to be taken for the inverter to operate safely before being connected to the system.
Table 3. Power quality requirements for grid-tie inverters
Issue

IEC61727 [13]

IEEE1547 [34]

EN61000-3-2 [47]

Nominal power

10 kW

30 kW

16 A x 230 V = 3,7 kW

Harmonic
currents

(3-9) 4,0%

(2-10) 4,0%

(3) 2,30 A

(11-15) 2,0%
h) (17-21) 1,5%

(11-16) 2,0%

(5) 1,14 A

(17-22) 1,5%

(7) 0,77 A

(23-33) 0,6%

(23-34) 0,3%

(9) 0,40 A

(>35) 0,3%

(11) 0,33 A
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(Order
Limits

–

(13) 0,21 A
(15-39) 2,55/h

Even harmonics within these ranges shall be Approximately 30% of
less than 25% of the odd harmonic limits listed the odd harmonics
Maximum THD

5,0%

Power factor at 0,90
50% of rated
power

-

DC
current Less than 1,0% of the Less than 0,5% of the <0,22 A – corresponds
rated output current
rated output current
to a 500 W half-wave
injection
rectifier
Voltage range for 85% – 110%
normal operation (196 V – 253 V)

88% – 110%

Frequency range 50 ± 1%
for
normal
operation

59,3 Hz to 60,5 Hz

-

(97 V – 121 V)
-

All the above-mentioned documents are to integrate the grid-tie inverter with the power
system. Yet, none of them makes a distinction between the current distortions which compensate
for voltage distortion and the ones which cause it. For example, the operation of a synchronous
generator under distorted PCC voltage can cause a distorted current flow, which would violate
the standards. Therefore, from the standards’ and regulations point of view, such a generator
39

cannot be connected to the grid. This is true even though such an electrical machine improves
voltage quality at the PCC. A similar operation scheme to the one of a synchronous generator is
investigated in this thesis. Therefore, the designed system operation can be rejected by the
standards. Thus, a better approach of evaluating such inverter operation in the power system

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

would be to examine how the inverter influences the PCC voltage.
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4. Background for the solution
4.1. Research project basis
The research conducted for this doctoral thesis was part of a larger research project
initiated by the Polish Ministry of Science and Higher Education. The goal of the project was to
create a generation unit which would be based on PV and chemical battery as energy storage for
active power conditioning.
4.2. Industrial designs of hybrid PV-battery systems
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The basic idea of the topology allowing to incorporate a hybrid system including the PV
and the battery is presented in Figure 26. One can notice that the battery is connected through the
diode to the photovoltaics and to the inverter input, and the system is connected to the grid by
means of a transformer. The power point of the PV unit is determined in the system by battery
voltage, which means that the PV voltage is not controlled by the converter and it is not possible
to realize MPPT. The only possible way to maximize the PV productivity is to match the battery
rated voltage with the MPP voltage of the PV. However, if for example a lead-acid battery is
taken into consideration, its voltage (in normal operation states) can vary from 1,65 to 2,23 V per
cell at a different depth of discharge (DOD) and different current flow values. Therefore, the
battery voltage can vary from 82.5% to 111.5% of the rated value. Also the PV voltage varies
according to the state it is currently operating in.

Figure 26. Simple hybrid system transferring energy from the PV unit and the chemical
battery to the PCC
The characteristics of the PV module are given in Figure 27 and in Figure 28. It can be
noted in Figure 27 (a) that at different ambient temperature levels, the maximum power point
(MPP) occurs at a different temperature for a given illuminance value. Also, for different
illuminances the MPP voltage differs. However, ambient temperature has considerably more
influence on the MPP value than illuminance.
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The combination of the battery voltage variability and the PV MPP voltage variability
triggers power production losses, unacceptable in modern hybrid system applications. Therefore,
the topology presented in Figure 26 is used only in small-scale historical applications of standalone systems, which then often have no output converter installed whatsoever (receivers are
connected directly to the battery through a fuse). There are also examples where a DC/DCconverter instead of the inverter is used, when DC receivers require a stabilized DC-voltage
source.
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(a)

(b)

Figure 27. Example of current-to-voltage characteristics of the PV module given for (a)
different ambient temperatures, (b) different illuminances
To enable the MPPT, systems shown in Figure 29 were developed. The converter
connected in series with the PV unit is responsible for the MPPT realization. The disadvantage of
the system is that the battery operates as a capacitor for the system. The lack of balance between
the DC/DC-converter output power and the DC/AC-converter input power is compensated by the
battery. Moreover, as can be seen in the system in Figure 29 (a), even if the battery is not used,
there is external voltage connected to it. In such a state the battery lifetime might be shortened.
To avoid such a problem, the additional circuit containing a diode and a switch was connected in
series to the system. When the battery is not charged, the switch is off. In case sudden generated
power deficiency occurs, the battery will provide the required power through the diode. On the
other hand, in order to start the charging process, the switch has to be on.
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Figure 28. Example of power-to-current characteristics of the PV module for different
illuminances
(a)

(b)

Figure 29. Enhanced PV-battery hybrid unit
4.3. Previous research projects
To eliminate problems of maintaining the battery in the best conditions possible a new
system has been proposed. The research project conducted by the members of Division of Power
Plants and Power System Economy was aimed at constructing and testing the developed
structure. The proposed system topology is depicted in Figure 30.
Possible power transfer directions for the converters are indicated with blue arrows in the
diagram. The PV panels are connected directly to the inverter, thus one power conversion stage is
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omitted, which presents an opportunity for the system to achieve higher efficiency in primary
energy-source power conversion. The DC/DC converter connected to the battery and the inverter
is able to, while the inverter is operated in the constant output power mode, provide the system
with the MPPT. To do so, the converter control unit stabilizes both its output voltage, and the PV
output voltage since it is connected in parallel to the converter through a diode. The possibility of
the PV-voltage stabilization at different levels allows to introduce incremental MPPT algorithms
to the system [71]. These algorithms measure the PV-output power at different stabilized voltage
levels so as to compare them and next find the peak value, i.e. the MPP. The MPPT realization in
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the designed system was tested and the results of the operation were introduced in Appendix
13.1.
The battery charging is possible owing to the rectifier included in the system. One of the
possible arrangements was tested and described in [9].The rectifier has to separate the grid from
the battery to ensure protection against an electric shock. The system was designed to be charged
at night before the morning ramp of EPS due to the increased electricity demand. The battery
charged at night is supposed to be discharged during the day but the discharge power depends on
the power required by the system and the PV power. The goal of the project was to use the night
energy surplus to stabilize power generation during the day. The battery was designed to have
one cycle a day during the normal operation, which should extend battery lifetime, because the
main problem of the lead-acid battery is the number of cycles, not the calendric capacity lifetime.

Figure 30. New topology of the PV-battery hybrid generation unit
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To lower the primary power conversion stages and, therefore, maximize the efficacy a
similar idea was introduced to a wind turbine – combustion engine hybrid generation unit. Figure
31 shows the diagram of the system topology. The wind-turbine driven generator and the enginedriven generator are connected in parallel to the DC network. The rectifier is a simple
uncontrolled six-pulse diode rectifier. The system was designed to control combustion-engine
speed to stabilize the inverter input voltage and, thus, to stabilize wind-turbine speed at a given
inverter output level. Similarly to the system in Figure 30, the inverter operates with constant
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output power and with variable input voltage.

Figure 31. Novel hybrid generation unit based on the wind turbine and the combustion
engine interconnected by the DC-line
The system allows to stabilize the output power by the time the instantaneous value of the
required power generation level is higher than the power production in the wind turbine. The
system can only generate energy, therefore, it can only add the amount of power to the power
generated by the turbine. All the converters in the system are designed to transfer energy in one
direction due to the system features. The test results of the system seen in Figure 31 are given in
the Appendix 13.1.
4.4. Research project description
All the topologies presented in this chapter are interconnected with the grid by means of a
low frequency transformer. As it has already been mentioned above, the presence of the low
frequency transformer in the output filter leads to difficulties with the filter design. Therefore, in
order to accomplish the research project assumptions a new topology has been introduced by the
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research group. In the block diagram of this system given in Figure 32, the possible active powerflow directions are indicated by the blue arrows. The inverter, with its construction and
development being the main part of this thesis, is featured in red. It can be noticed that it is
connected directly to the grid and it is lacking in galvanic separation. As a consequence, in order
to offer protection against an electric shock, the other devices in the system have to provide
separation as indicated in Figure 32, where a transformer sign next to the converters has been
added. The whole system was designed to be remote-controlled in order to allow the EPSoperator to change the power demand for the unit.
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The primary energy source for the system is the PV module, connected to a transformerbased DC/DC converter. The battery storage is connected to the bidirectional DC/DC converter
connected on the other side to the PV set and the inverter. There was also a battery charger
intended to be part of the system. However, such a converter was eventually omitted in the final
version of the system. The inverter is normally operated in the constant active output-power
mode. To avoid the need for it to be operated with different voltage and current levels, the input
voltage of the inverter is kept constant by the battery-supplied converter. Therefore, the PV
converter realizes the MPPT by its current control (the voltage level is stabilized) being an
indirect power control method. The goal of the battery converter is to control its output voltage. It
adapts to power balance changes between the PV unit and the inverter.

Figure 32. Final concept for hybrid unit arrangement
The introduced system has three main operation modes, graphically expressed in Figure
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33. The first mode (Figure 33 (a)) occurs when the power demanded by the network is higher
than the PV power production. The deficit of the power is covered by the battery converter. In
this mode the battery is discharged and the VSI transfers energy to the grid, which means that it is
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operated as an inverter.

Figure 33. Operation modes of developed system
The second state (Figure 33 (b)) takes place when the power demand of the grid is lower
than the power production in the PV battery. In this state the battery is charged with the surplus
of PV-power. Such an operation should be avoided, as high variability of PV-power has to be
compensated by the battery resulting in shorter battery lifetime. The lead-acid batteries do not
respond satisfactorily to the variability of the charging current. In such an operation mode, the
VSI is operated as an inverter.
The third state (Figure 33 (c)) can be observed when the EPS has a surplus of the energy
produced, more than required for the designed device to load the system and charge the battery.
Then the VSI is operated as rectifier. A special case of modes presented in Figure 33 (a) and
Figure 33 (c) can be seen when there is no power production from the PV unit. In such cases, the
power-flow direction for the battery converter and the inverter does not change, and no power
flow in the PV-supplied DC/DC-converter is observed.
The system was also designed to be able to use battery-energy storage to supply important
receivers during grid failure, which is similar to uninterruptible power supply (UPS). In this case,
the system has to be able to disconnect itself from the grid when voltage is disturbed. Figure 34
shows a diagram of the proposed system topology intended for stand-alone UPS operation.
Hence, a thyristor-based static switch was designed. The UPS operation implies the need for
stand-alone operation algorithms to be included to the control system.
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Figure 34. Designed topology used as a backup source for important receivers
To allow the system to operate as a UPS, the battery has to be kept constantly charged or
at least a certain reserve of energy must be stored. Operation modes in the stand-alone state are
introduced in Figure 33 (a) and (b).
The inverter for the hybrid system was designed in such a way that it could be also used
for wind-turbine power conversion. The diagram in Figure 35 depicts a wind turbine with a
PMSG connected to a six-pulse diode rectifier. The DC-voltage level is stabilized for the inverter
by the DC/DC converter equipped with a high frequency transformer.

Figure 35. Full-scale frequency converter topology based on the designed grid-tie inverter
used for wind-turbine power conversion
In all the above-mentioned operation modes of the inverter, the input voltage has to be
kept fairly constant above the peak voltage of the grid. Certain parameters of the VSI can be
derived from the required voltage level and the rated power, originally set at 2,5 kVA.
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4.5. Initial designed inverter parameters description
Due to the multiple operation states observed in the designed system, the inverter and its
control circuit have to be able to:


operate as a inverter – transfer energy to the grid,



operate as a rectifier – receive energy from the grid,



operate as a stand-alone inverter – supply the receivers and operate as a sinusoidal
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voltage source.
Since the system was designed to be compatible with the European Low-Voltage Grid, the
rated line-to-neutral RMS value of the grid voltage is 230 V. According to the standards, the
allowed voltage variation is +/- 10% of the rated value. Consequently, the lowest acceptable
RMS value of the grid voltage is 207 V, thus, it is for this value that the inverter must be able to
produce the rated amount of apparent power. The highest RMS voltage value is 253 V. Hence,
the peak value of the undistorted sinusoidal voltage value is equal to:
Vpeak

√2 Vmax

357,8 V

(4.5.1)

Thus, the lowest possible input voltage to the VSI has to be higher than 357,8 V. The voltage
which feeds the inverter has to be higher, so that it can compensate for the voltage drops
observed in semiconductors, the filter, conductors and bond wires.
Furthermore, several parameters of the inverter are determined by the designed system
features and the grid constraints, i.e:


Input voltage needs to be stabilized;



The level of input voltage has to kept at a level higher than peak voltage in the
grid;



Low-frequency ( > 300 Hz ) ripple voltage is allowed if the minimum
instantaneous-voltage value is higher than the lowest acceptable input voltage and
also the maximum instantaneous voltage value is lower than the system ratings
allow

High frequency ( > 300 Hz ) ripple is not allowed, as it might cause problems with control.
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5. Overview of control strategies used in single-phase VSIs
5.1. Hysteresis control
One of the most basic ideas for the grid-tie inverter control is the use of current-mode
hysteresis control. This type of control compares the set value of reference current with the
measured value and causes the transistors to switch on/off when the margin of error (the
difference between the set value iset and the measured value imeas) exceeds the limits defined by
the controller parameters. Figure 36 shows the block diagram of the hysteresis current control
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applied to the single-phase inverter. The system consists of the current measurement circuit, the
subtractor (calculating the error e) and the hysteresis block producing switching patterns for the
transistors. The transition of semiconductor switches in the inverter branch results in the inverter
voltage variations, measured indirectly by the current measurement. These voltage variations, due
to the controller operation, adapt to grid voltage and filter impedance to provide the grid with the
required value of current.

Figure 36. Block diagram of a single-phase grid-tie inverter with hysteresis control
The example of waveforms at one fourth of a sinusoid period for a VSI with current loop
hysteresis-control scheme in a continuous conduction mode is given in Figure 37. The bandwidth
in the top plot is shown as a red dashed line. The borders of the bandwidth are calculated as a
sum of the constant and the set values (the black dashed line). The blue line presents the inverter
output current. The bottom plot presents the inverter output voltage, being a product of the
hysteresis controller operation. The bandwidth in the example provided here is considerable,
which means that the accuracy of the control is limited and there is a reduced number of
transitions throughout the process. Nevertheless, it can be noted that the transition periods are not
equal. Consequently, the switching frequency varies according to the state the inverter is in. This
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leads to difficulties in maintaining a good level of the electromagnetic compatibility (EMC) of
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the device as well as in the design of electromagnetic interference (EMI) filters.

Figure 37. Hysteresis current control loop operation (black dashed line – set current, blue
line – inverter output current, red dotted lines – hysteresis band, black line – inverter
output voltage)
The limit which serves as the basis for the hysteresis controller operation – the bandwidth –
defines the level of the converter’s accuracy. Furthermore, the hysteresis band also defines the
time required for the inverter for given output filter parameters to switch the transistors. The
efficiency of the VSI depends on the number of transistor transitions per time unit. Therefore, the
hysteresis bandwidth for a given output filter is a compromise between efficiency and accuracy.
It can be observed that the satisfactory accuracy and efficiency is difficult to achieve by means of
the hysteresis control. The hysteresis controller presented above is the most basic version which
evolved into more complex designs. Modern hysteresis controllers can display constant switching
frequency [29][70]. Moreover, to improve the system efficiency and reduce the filter parameters,
the use of all three voltage vectors of the single-phase VSI was applied [28].
The single-phase VSI is able to provide at its output three voltage vectors corresponding to the
transistor states (see Figure 38):


positive vector (see Figure 38 (a)) – equal to the DC-supply voltage lowered by
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the voltage drops,


negative vector (see Figure 38 (b)) – equal to the reversed DC-supply voltage
lowered by the voltage drops,



zero voltage vector (see Figure 38 (c), (d) and (e)) – no voltage applied from the
supply to the output – conduction is possible due to the reverse diode.

In Figure 38 the transistors in the switched-off mode are in grey. Even if a transistor is
kept in the ‘off’ state, its reverse diode can conduct current, which is necessary when the output
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filter, essentially inductive, is forcing continuous current conduction.

Figure 38. Possible switching-pattern states for single phase VSI: (a) a positive vector state,
(b) negative vector state and (c), (d), (e) zero vector states
The three vectors used in the VSI produce lower voltage ripple Therefore, the filter
parameters can be lowered. In the switching pattern employing the all three voltage vectors, the
switching process in each branch of the VSI occurs at a different moment. The classical
hysteresis controller used to switch from the positive to the negative vector, the result being that
at the same time both branches have to switch the transistors. This can be avoided by the use of
zero voltage vectors used in-between. The efficiency in such a case benefits from having lower
voltage-transition levels and lower number of switches in a time unit.
Although constant frequency operation can be applied and the efficiency raised due to the
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three vectors, the use of hysteresis control is not very popular in modern VSI applications.
5.2. Pulse-width modulation (PWM)
The basis for single-phase VSI-control algorithms used in up-to-date applications is the
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pulse-width modulator, which can be arranged into two modes:


bipolar (see Figure 39) – using two voltage vectors only



unipolar (see Figure 40) – using all three voltage vectors

Figure 39. Bipolar switching pattern of the single-phase VSI (Vsin – controller output signal,
Vtrian1- triangle signal, Vout – inverter output voltage)
The bipolar PWM in the single-phase VSI is generated to produce sinusoidal output
voltage through triangular signal Vtrian1, which is compared (by a comparator) to the sinusoidal
voltage value Vsin. When the sinusoidal signal value is higher than the triangular signal, the
positive voltage vector is applied; when the triangular signal is higher, the negative vector is
used. A simplified circuit diagram of the bipolar PWM generator is shown in Figure 41. The
output signals are grouped in pairs: inverted Q1 – Q4 and non-inverted Q2 – Q3, and they are used
to control diagonal transistors in the VSI bridge. Transistors Q1 and Q3 have the drain (collector)
connected to the positive terminal of the DC voltage and Q2-Q3 pair has the source (emitter)
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connected to the negative terminal.

Figure 40. Unipolar switching pattern of the single-phase VSI (Vsin – controller output
signal, Vtrian1- triangle signal, Vtrian2- inverted triangle signal, Vout – inverter output voltage)
The unipolar PWM can be achieved by the use of two inverted (phase-shifted at a 180⁰
angle) triangular signals Vtrian1 and Vtrian2. These signals are compared by two comparators
relative to sinusoidal signal Vsin. As a result of the comparators operation and the negation of their
signals, four PWM signals are generated. The diagram of the unipolar pulse-width modulator is
presented in Figure 42.
The examples of PWM given in Figure 39 and Figure 40, along with the corresponding
diagrams in Figure 41 and Figure 42 do not include the dead-band between the transistors’
transitions in one branch. In other words, the transistors in the branch are switched
simultaneously, which is forbidden in real applications in that it might cause a short-circuit of
supply voltage. Therefore, the second transistor can be switched on after the first has already
switched off. This is realized by adding dead-time when both gate signals for the transistors in the
branch switch off.
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Figure 41. Simplified circuit diagram of the bipolar PWM generator

Figure 42. Simplified circuit diagram of the unipolar PWM generator
The dead-time combined with the switching times of the transistors introduce certain nonlinearity to the conversion of reference sinusoidal voltage, into the inverter output voltage or
current. The example of dead-time-caused non-linearity achieved through simulation is given in
Figure 43. In addition, an example of a real inverter operation is given in Figure 44, where
waveform 1 presents the filtered current of the inverter, and waveform 2 indicates the inverter
filter capacitor voltage.

Figure 43. Simulation example of dead-time-caused non-linearity
in the inverter current (Igrid)
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Figure 44. Model test example of dead-time-caused non-linearity in IGBT-based inverter
current (1-inverter current, 2-inverter filter capacitor voltage)
5.3. Proportional integral control
Because of the non-linearity as well as the distortions present in the grid, the use of an
ideal sinusoidal function as a reference for the PWM is not recommended. Moreover, one of the
simplest methods to control the inverter is the proportional-integral (PI) controller-based currentloop control. A diagram of the PI-controller-based current-loop control is presented in Figure 45.
The system measures the output current and subtracts it from the reference signal giving the error
signal e. The derivation of the reference sinusoidal signal for the VSI controllers will be
discussed in Chapter 5.6.

Figure 45. Block diagram of the single-phase grid-tie inverter with PI-control
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The PI controller changes its output signal in function of the error signal and the previous
error signal values, because it retains (because of integral part) ‘memory’ of the previous system's
behaviour.
In actual fact, the PI controller is a version of the proportional-integral-derivative (PID)
controller (presented in Figure 46), with the exception that the derivative part is omitted. Only the
PI part of the PID controller is found in use in power electronics. However, some examples might
benefit from having the D part included. The difference between the PI and the PID controllers
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can be seen in transient states.

Figure 46. PID-controller structure
The PI-based current control of the VSI is an example of a tracking system whose main
task is to follow the reference value. Yet, the controller keeps following the value which has
already changed. This means that error is inevitable, as might be observed in phase displacement
of the reference current and the inverter output current. It is therefore of importance that the
system is designed properly, so that the value of the displacement is negligible.
Since the PI controller is equipped with the integral part, it retains, as it was mentioned
before, ‘memory’ of past disturbances. Even though the proportional part, due to its more
dynamic nature, plays a more significant role in the inverter control, the integral part can cause
significant problems. The example of the inverter current waveform disturbed after the grid
voltage disturbance is shown in Figure 47. The presence of the non-linear receiver (a full-bridge
diode rectifier) of significant power causes instabilities in the inverter output current. This can be
seen after the rectifier current has lowered its value to zero. This is one of the reasons why
proportional-resonant controllers were introduced to single-phase inverter-control systems
[14][30][86].
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Figure 47. Disturbances in inverter current (Iinv) after the grid voltage (Vgrid) disturbance
caused by the non-linear receiver current flow (Irec)
5.4. Proportional-resonant control
The structure of the proportional-resonant (PR) controller is given in Figure 48. It consists
of the proportional part, analogous to the proportional part in PI controller, and the resonant part,
corresponding to the integral part of the PI-controller. The difference between the two controllers
is that the PR-controller integrates the signals whose frequencies are close to the resonant
frequency. The KR coefficient is responsible for the gain and width of the resonant part. The
centre frequency for the resonant block is equal to the grid frequency [84][89].

Figure 48. Proportional-resonant controller structure
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5.5. Proportional-resonant control with harmonic compensation
For further improvements in power quality of the inverter, the PR-controller might be
expanded by additional resonant controller blocks tuned to fundamental-voltage higher
harmonics. The use of additional blocks, called harmonic compensation of the PR controller, is
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depicted in the diagram in Figure 49 [41].

Figure 49. Proportional-resonant controller structure with 3rd and 5th harmonic
compensation
The inverter controlled by the PR-controller or by the PR-controller with harmonic
compensation is expected to display better quality. However, this type of controllers utilizes more
resources of the calculation making unit. Typically, a digital signal processor (DSP) is used as a
unit providing control for the system. It is possible that the complexity of the calculations at high
switching frequencies of the inverter will force the designer to incorporate a more powerful DSP.
This could lead to higher system costs. Moreover, at high switching frequencies an equally
common PI-controller is more stable and tends to cause fewer problems than it is the case at
lower frequencies. Therefore, industrial designs might often use a popular PI-controller as long as
it is deemed sufficient for given conditions.
5.6. Synchronization with grid voltage
Another problem which one is bound to be faced while designing a grid-tie single-phase
VSI is the derivation of iset signal used to calculate the current controller error. This problem can
be solved by means of a phase-locked loop (PLL) employed to create a sinusoidal function whose
frequency and angle are equal to grid voltage and frequency [79]. An example of the control
system fitted with the PLL block to derive iset signal is presented in Figure 50. The system is also
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equipped with a unit aimed at stabilizing the DC-voltage level. All the controllers inside the
system are PI-based topologies. The PLL block derives the grid angle ωt which is in turn used to
derive the sinusoidal function sin (ωt) in phase with grid voltage. This function is multiplied by
value Iset achieved by the VDC voltage stabilization block. Signal iset , due to the PLL block
operation, is in phase with the grid voltage. Therefore, the VSI transfers only the active power to
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the grid.

Figure 50. Full structure of the single-phase inverter controller for DC-link voltage
stabilization and the non- reactive power flow

Figure 51. Block diagram of reference frame-control approach of
the three-phase grid-tie VSI
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The controller presented in Figure 50 can be seen as a basis for multiple different
arrangements, which can also provide: the MPPT, the rectifier operation, the reactive power flow
control, etc. A corresponding topology for a three-phase system is presented in Figure 51 [56].
The system utilizes a three-phase PLL unit for the calculation of the grid voltage angle, which is
the crucial difference between the single- and three-phase designs. The three-phase PLL is able to
calculate the grid-voltage phase angle almost instantaneously by means of three voltage levels
measured at the same time in three phases (this feature will be described in detail in the next
chapter). In the example – the reference frame control system –VDC and Q control units are used
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for active and reactive power control. The dq/abc block is in fact a combination of the Clark and
Park transformations [56][74]. The result is the recalculation of the two rotating vectors d and q
(corresponding in this case to the active and reactive components accordingly) into three vectors
which are set-points for the three PI-based current control blocks.
In both cases (the ones shown in Figure 50 and Figure 51) the PLL is the major part of all
the variations of VSI control systems, as it is responsible for distinguishing the phase angle and
adapting to the changing conditions of the grid. The PLL block operation (for current controlloop based designs) defines the accuracy of the reactive and active power control. Therefore, for
stable operation of the VSI a fast response to the changing grid condition is required.
5.7. Grid synchronization – the Phase-Locked Loop
The PLL unit was developed in 1923 and it was established as a synchronization unit.
(The block diagram is given in Figure 52). The system consists of three main components:


phase detector (PD),



low-pass filter (LPF),



voltage-controlled oscillator (VCO).

Figure 52. Block diagram containing modules of the Phase-Locked Loop
The aim of the PLL operation is to match its output signal frequency and angle to the grid
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frequency and angle. Because these parameters constantly change, the PD block constantly
compares PLL output phase angle Θo with the input angle Θi. The PD output value remains 0 if
the signals are matched. If the signals differ, PD value is different from 0 – it is positive or
negative depending on the difference between the angles and the system structure. The PD output
signal is then filtered in the LPF block and the filtered signal is transmitted to the VCO block, in
fact producing an oscillating signal at an angle ranging from 0 to 360 degrees. Typically, for the
LPF and VCO realization a PI controller and an integrator are used. The realization of the PD
block, especially in the case of sinusoidal signals, is, however, more problematic.
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The most significant difference between the three-phase and single-phase grid-tie VSI
designs is the derivation method of grid-voltage angle , described by (5.7.1), which serves as a
basis for comparison in the PD block of the PLL.
sin

sin ωt

(5.7.1)

To develop reference current for the controller, the voltage angle needs to be recognized,
the task typically accomplished by the PD. In the case of three-phase systems, the derivation of
the grid angle can be conducted instantaneously by measuring the three voltage vectors given by
the grid [67]. This is possible provided the following conditions are true:


The voltages in all three phases are equal (the system undergoes no unbalance),



The voltages are not distorted by any signals of different frequency (at least not by
significant values of this signals),



The voltage has no DC-component.

Figure 53 is provides an explanation why the three-phase system angle can be recognized
instantaneously. All three voltages are measured simultaneously at the starting moment t1,
resulting with values Va, Vb and Vc. The three values can be measured only for angle Θ1 and
‘further occurrences’ of this angle for the next periods of the voltage given in (5.7.2)
(5.7.2)
Each of the measured voltage values Va, Vb and Vc can be observed twice during each
period, although the combination of all the three values at the same time can be observed only
once per voltage period. Moreover, this is true for any voltage vector measured in the balanced,
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undistorted three-phase system. As a result, for any time of measurement t1, the system voltage
angle can be distinguished by the method described above. To enable fast and accurate grid-angle
tracking under real conditions, filters are used. The band-pass filters tuned to the rated grid
frequency will cause a phase shift between the input and output signals if the grid voltage
frequency differs from the rated one. Therefore, the control circuit may encounter an additional
error, which, in the case of the current-loop control-scheme, will cause a slight reactive power
flow. Yet, the PLL itself has strong filtering capabilities, as the integration is applied, so that
there is no need for high filter attenuation. Thus, also the error produced by the filters resulting
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from frequency deviations is negligible.

Figure 53. Three-phase voltage phase detection
In order to deal with the problems caused by grid-voltage unbalance, different methods of
voltage vectors balancing can be used. The example was presented in [83]. A simplified threephase PLL structure was given in Figure 54 [73]. The PLL is based on abc-to-αβ transformation
and αβ-to-dq transformation. In addition, the PI-controller and the integrator are used in the
system.
A similar realization to the one found with the PLL can be used for the single-phase gridtie inverter. As it can be seen in the block diagram of the example single-phase PLL arrangement
given in Figure 55, instead of using the abc-to-αβ transformation, a delay block is used to derive
the signal perpendicular to the Vgrid signal. Typically, the derivation is used to generate a
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sinusoid, phase-shifted by 90⁰ [68]. Because of its nature, the derivation in function of time
displays a natural tendency to amplify the higher frequency signals in comparison to the lower
frequency ones. Therefore, the measurement noise or the grid voltage distortions can be amplified
in the delay block and have a major influence on the overall system performance. Also, the use of
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input filters is required to suppress the grid voltage higher harmonics and the measurement noise.

Figure 54. Three-phase PLL structure

Figure 55. Single-phase PLL structure
A number of publications show other multiple possible ways the three-phase and the
single-phase inverter PLL can be realized [12][43][53][76][82]. However, the majority of PLL
systems apply methods presented in this chapter, most of which are based on abc-to-αβ and αβ-
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to-dq transformation and on delay block combined with αβ-to-dq transformation. That is the
reason why they share similar features.
5.8. Park and Clarke transformation realization
The basis for the three- and single-phase grid-tie inverter operation is abc-to-αβ
transformation and the αβ-to-dq transformation, also called Clarke and Park transformations from
the names of the innovators who proposed the two methods. These two ideas, as it has already
been mentioned before, serve as the basis not only for the direct realization of the controller, but
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also for the PLL realization. The idea behind the two transformations is to transform the three
constantly changing voltage measurements to the system, which would instantaneously allow to
calculate the inverter powers [94]. To do so, numerous calculations need to be performed.
In order to transform e.g. the three-phase voltage measurements, one might use (5.8.1),
which transforms the three rotating vectors Va, Vb and Vc system into a stationary twoperpendicular-vectors Vα and Vβ system.

Vα
[Vβ ]
0

2
3
0
1
[3

1
3
√3
3
1
3

1
3
Va
√3 [V ]
b
3 Vc
1
3 ]

(5.8.1)

The αβ frame can be transformed by (5.8.2) (where φ is the angle between, the Va and Vd
vectors) into two-vector system Vd and Vq which rotates synchronously with the grid voltages.
Vd
[V ]
q

cos φ
[
sin φ

V
sin φ
] [V ]
cos φ

(5.8.2)

If one assumes that for the symmetrical system (5.8.3) is true, then the final equation used for dq
system determination it can be presented in the way expressed by (5.8.4) [10][94].
cos
Va
[Vb ]
Vc

cos (
[

cos (
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(5.8.3)
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2
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3
2
)
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(5.8.4)

This results in the (5.8.5) derivation. The final values can be used for both current and
voltage control, which allows for active and reactive power control with current or voltage
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control loops.
(t)

cos(

)

(t)

sin(

)

(5.8.5)

The inverse dq-to-αβ and αβ-to-abc transformations can be used to generate reference
signals for the inverter voltages. The overall transformation is made by (5.8.6), which
decomposes the dq system back to the abc system.
Va
[Vb ]
Vc

sin φ
cos φ
1
Vd
2
2
sin (φ
) cos (φ
) 1 V
[ q]
3
3
2
2
V0
[sin (φ 3 ) cos (φ 3 ) 1]

(5.8.6)

Such transformation can be also used for single-phase designs but then the Vb and Vc vectors are
redundant since Va becomes the reference signal for the inverter.
The calculations, which represent the transformations required by the standard control
techniques for proper operation, can be performed in modern DSP. Nevertheless, the number of
recalculations is still significant.

66

6. Proposed control system description
6.1. Expected control system parameters
The specificity of the designed inverter operation given in Chapter 4.4 enforced a number
of key features which the control system should incorporate. in particular, the proposed control

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

system was developed to:


be able to control the active power flow,



be able to influence the PCC voltage through the reactive power flow control,



enable partial grid-voltage distortion compensation,



enable stand-alone operation.

The time constant of power controllers does not have to be fast due to the fact that the
system is to cooperate with RES, which in normal operation states do not produce sudden output
parameters, especially power changes, and the grid does not normally have to undergo sudden
changes of the reactive power flow. Rapid power flow changes can be even seen as a
disadvantage as they might cause dynamic changes of the PCC voltage.
On the other hand, the control system developed for stand-alone operation needs to be
fast, because the quality of the supplying voltage and the stability of the receivers operation
depend highly on the system response time.
Due to the timespan of the research conducted for the thesis, the behaviour of the control
system and the inverter in transient states occurring on disconnection from the grid, observed
during the transition from grid-tie to stand-alone operation, has not been tested.
6.2. New idea background
To allow the grid-tie inverter to be seen by the electric power system as a device with
similar features to the ones of the synchronous generator’s, the use of the inverter-output-voltage
control-loop as a final stage of the inverter has been proposed. In such an arrangement, the
cooperation between the inverter and the grid can be simplified to the circuit presented in Figure
56 (a), containing two ideal voltage sources (representing the PCC voltage and the inverter
voltage) connected by equivalent inverter filter impedance.
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Figure 56. Equivalent circuit of the inverter cooperation with the grid (a), the example
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voltage and current vectors for: purely inductive inverter impedance (b),
inductive and resistive grid impedance (c)
Based on the Kirchoff’s second law one can calculate that the difference between the PCC
voltage VPCC and the inverter output voltage Vinv lies in the inverter-impedance voltage drop
VZ,described by (6.2.1).
Vinv V

VP

0

(6.2.1)

In the case when the inverter impedance is purely inductive in character, the impedance
voltage-drop vector produces perpendicular lagging current vector Iinv. The module of this vector
can be calculated by (6.2.2).
V
inv

inv

V
ω inv

(6.2.2)

To make the inverter current vector perpendicular to the grid voltage (to provide the
system with active power only), in the case the impedance is purely inductive, a certain phase
angle δ between VPCC and Vinv and a certain Vinv vector module have to be produced by the
inverter for a given VPCC vector as it is presented in Figure 56 (b). If also the resistive component
of the inverter filter impedance is taken into consideration, Vinv has to have a different module
and phase (see Figure 56 (c)) in order to have the same current flow as in the example in Figure
56 (b).
A standard control strategy for this kind of arrangement is based on the PLL-algorithm
yielding a base sinusoidal waveform. This function can be amplified and phase-displaced to give
a different Vinv vector and, as a result, different inverter-filter voltage-drop vectors VZ. Therefore,
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both the current flow and the active and reactive power flow can be controlled. One might expect
that in order to change only the active power, it is enough to change phase-displacement δ. This
is not true. If, for example, for the system operated as in Figure 57 (a) the control had to change
the amount of active power transferred to the grid, the first course of action would be to change
the phase displacement angle δ to δ’, as depicted in Figure 57 (b). As a result, not only the active
power, but also the reactive power is changed. Therefore, this type of control is not decoupled, as
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the two controlled parameters (δ and Vinv) have to be changed. (see Figure 57 (c)).

Figure 57. Active-power flow change in the vector representation
A similar situation takes place if the reactive power flow needs to be changed. The basic
idea in this case is to change the vector’s length. Comparing Figure 58 (a) and Figure 58 (b) one
may notice that the result of the inverter-voltage vector module change will also affect the active
power flow. Therefore, in order to maintain only the reactive power flow, as shown in Figure 58
(a), also phase displacement angle δ needs to be adjusted to the δ’ value (Figure 58 (c)).

Figure 58. Reactive-power flow change in the vector representation
If the control scheme parameters are not decoupled, the stabilization of the set parameters
becomes significantly more difficult. In the case of single-phase grid-tie inverter power flow
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control, the change of one of the controlled parameters affects the other parts of the controller,
thus forcing them to adapt to new conditions. Furthermore, it is problematic to build a controller
focused on one error only and controlling two outputs, controlled in turn by another controller.
Hence, control decoupling methods for this type of inverters are developed.
There are multiple solutions of power-control decoupling described in scientific papers.
The majority of them, however, focuses on the control strategy involving the current-control loop
as the final stage of the controller output [6][50]. These strategies can form a basis for inverter
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voltage-oriented control.
To decouple the active and the reactive power flow control, the use of the dq frame may
be used, as shown in the block diagram of the control system based on this solution presented in
Figure 59. Grid phase-angle Θg is derived for the measured PCC voltage VPCC in the PLL block,
presented in Figure 55. Then Θg is used for reference sinusoidal-function generation. This
function should be kept synchronized (by the PLL block) with the real grid voltage waveform.
The resulting sinusoidal function is then transferred directly to the αβ-dq block. The sinusoidal
function is also used for other phased-displaced sinusoidal function generation in the delay block.
Typically, the derivation is used to produce a function displaced by 90⁰. As a result, an imitation
of synchronous rotating frame αβ is produced. These two sinusoidal functions are used for further
transformation to the static Vd-Vq.

Figure 59. Block diagram of DQ-frame-oriented control of inverter output voltage for
indirect active and reactive power control
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If the PLL block does not produce any errors and the resistive component of the inverter
output-filter is negligible to the inductive one, the Vd vector can be used for the reactive power
control and the Vq vector for the active power control. The control of these two powers can be
carried out by multiplying the Vd, Vq vectors by kd and kq values respectively (see (6.2.3)). The
combination of these multiplications along with grid phase-angle Θg is used in the dq-abc block
in order to develop the reference voltage for the output stage of the converter. The inverter
voltage can, therefore, be seen as a combination of two components revolving on the d – q axis.
V
] [Vd ]
q
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VD
[V ] [

(6.2.3)

The resulting combination of the vectors can be form a basis for deriving the inverterfilter-impedance voltage-drop. However, the values seen in a real system will be eventually
multiplied by the constant p (presented in (6.2.4)), representing the amplification process taking
place in the inverter. The inverter uses its supply voltage to shape the sinusoidal waveform, thus,
converting the small value signals of the control system into the real voltage vector.
[

[

]

]

(6.2.4)

The resulting inverter-output-voltage vector is the sum of two vectors derived in the
control system, which is expressed in (6.2.5).
Vinv

Vd

Vq

(6.2.5)

The vector illustration of the resulting vector and its components is given in Figure 60 (a).
This figure presents also the vector being the subtraction product of the inverter and the PCC
voltage, which is in fact the inverted-filter-impedance voltage-drop. This vector can be
transformed into a perpendicular-lagging-vector representing the current flow if the assumption
of a purely inductive filter is sustained. Based on the resulting current flow presented in Figure 60
(a), it can be noticed that the change of the ’dVd vector will affect only the output reactive power
in that the value of the Iinv-q component of the inverter current will change accordingly (6.2.6).
Vd
inv q

ω

(6.2.6)

inv

Also, the change of the k’qVq vector will cause only the active power to change, because it
will affect the Iinv-d component of the inverter current (6.2.7).
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Vq
inv d

ω

(6.2.7)

inv

Thus, the control developed in this way with a sufficient degree of accuracy can be seen
as a decoupled control of the active and reactive power flow. The resultant current module will
can be calculated from (6.2.8).
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(6.2.8)

Figure 60. Vector representation of the dq rotating frame-based control scheme
The above-described method is not free from disadvantages with the error of the PLL
system and its response times for the changing frequency and phase of the grid voltage being the
most serious ones. In the case of the current-loop-based control, the result of the PLL block error
will be seen as a different phase displacement between the inverter current and the PCC, from the
one initially set. While the RMS current will not be affected, the reactive and active current
components will differ from the fixed values. Though, such an operation can be easily detected
and compensated for. In the case of the voltage-loop-based control, the result of the error in
phase-angle derivation will result in significant changes in the active and reactive power flow.
The reason for this is that even a minor angular error will give a significant change of the VZ
voltage drop, which in real-life conditions tends to be minor. Also the detection and proper
response to the disturbance might be more difficult in the case of the voltage-loop control than in
the current-loop one.
Similarly, the number of transformations and calculations observed in the presented

72

algorithm can be problematic in the DSP or other digital machine realizations. This is especially
true for single-phase inverters, which tend to be developed as small power designs and, therefore,
for them to be priced competitively, they have to use cheaper and, thus, smaller computing power
devices.
6.3. Developed control scheme
To make the system less complex and to deal with the PLL-errors issue it was decided to
modify the described pq rotating frame approach and propose a new idea of the single-phase grid-
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tie inverter-control. It was proposed that instead of using the PLL for synchronization an
appropriate filter will be used. The single-phase PLL implementation is fitted with a filter, so it is
already incorporated in the system and is used for primary control vector generation, which can
be seen as a representation of the Vd vector in the synchronous-reference dq-frame-based method.
The chosen filtering method should display a number of features, allowing to achieve good
overall parameters of the control system, the most important of which include:


no phase displacement at fundamental frequency,



no suppression of the fundamental frequency signal,



high suppression of higher harmonics,



very low phase displacement and low signal dampening over the frequency range
allowed in the electric power system.

High suppression is expected already for the 3rd harmonic. The 2nd harmonic is not crucial
due to the fact that the majority of the distortions present in the power system affect both halves
of the voltage at the same way. In other words, the distortions are symmetrical.
The tuning of the filter for the fundamental frequency does not pose any problems. Thus,
the lack of suppression and phase displacement for the base frequency can be easily realized.
Though, the fulfilment of the remaining conditions is somewhat more complicated. The
achievement of both the high suppression factor for the higher harmonics and the low phase
displacement is contradictory to a given filter type. Therefore, a trade-off has to be found
between these two parameters of the filter. In Figure 61 and Figure 62 two example Bode
diagrams are presented.
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Figure 61. Bode diagram of the example band-pass filter designed
for -15 dB suppression of the 3rd harmonic

Figure 62. Bode diagram of the example band-pass filter designed
for -10 dB suppression of the 3rd harmonic
The transfer function of the presented second-order band-pass filters is given in (6.3.1).
()

2
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ω20

(6.3.1)

The center frequency of the filter is defined by (6.3.2) and the frequency width of the
passing band is defined by (6.3.3)
0

ω0
2

(6.3.2)
(6.3.3)

2
The center frequency for both filters is equal to 50 Hz. The first filter is calculated at –15
dB suppression of the 3rd harmonic. The second one is calculated to suppress the 3rd harmonic by
Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-09

–10 dB. It is achieved for the passing band widths equal to 20 Hz and 40 Hz respectively.
Since the grid-voltage frequency in the electric power system can deviate from the norm,
it is important that the filter output signal does not have a significant error in comparison to the
frequency equal to the rated one. The diagrams presented above show that in both cases low
dampening of the signals can be expected. n the range of ± 1 Hz the attenuation value will be
lower than –0,05 dB. This attenuation will produce a relatively insignificant error which should
not affect the overall system performance.
The significant change of the phase angle observed even for the slightest changes of the
filtered base frequency seems to be more problematic. The change of the filter-output-signal
phase in frequency function over the range of ± 2 Hz from the center frequency is given in Figure
63 and Figure 64. As it can be seen, the angle change of over the range of frequencies expected in
the electric power system is considerably low. The characteristics are fairly linear and they can be
easily compensated for by the control circuit by means of frequency measurement.

Figure 63. Frequency response of the filter designed for -15 dB suppression
of the 3rd harmonic for frequencies close to the 50 Hz
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Figure 64. Phase response of the filter designed for -10 dB suppression
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of the 3rd harmonic for frequencies close to the 50 Hz
Despite certain disadvantages, the same features of the grid voltage vector derivation
method can be observed at the PLL input in classical designs. Another problem in the proposed
method is the incomplete attenuation of higher harmonics present in the generated reference
voltage vector. However, the presence of the distortions in the grid voltage is highly limited and,
therefore, the attenuation at the level of -10 to -15 dB of the 3rd harmonic should suffice to
assume that the reference signal is purely sinusoidal. One of the solutions might be to build a
hybrid filter capable of eliminating the 3rd harmonic, which is the biggest problem.
In contrast, the advantage of the proposed method is that better dynamic parameters can
be achieved relative to the system using the PLL. In particular, the integrator plays a significant
role in the PLL structure as in typical designs the input signal is integrated two times before it
becomes the output signal. Thus, the response for the frequency changes can produce an error
which is difficult to be compensated for.
The proposed control strategy assumes the derivation to generate a vector which is
perpendicular to the filtered grid voltage. The vector, combined with the filtered grid voltage,
offers an opportunity to control inverter filter voltage drop VF. Both vectors (filtered VF and
derived VD) can be properly scaled and added up to produce a reference vector which can be
further used for the inverter voltage generation. Practically, the control scheme bases on the
filtered vector VF. The vector is then added up to two vectors kDVD and kFVF, achieved through
multiplication of the filtered grid-voltage vector VD and the derived voltage vector VF (see
(6.3.4)). Adding up the vectors results in the inverter reference voltage vector, changed in the
inverter to the real voltage vector. The values of the kD and kF coefficients are changed by the
active power and reactive power controllers respectively.
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Vinv VF

VF

VD

(6.3.4)

The addition of vectors kDVD and kFVF can be seen as a direct control of the inverter filter
impedance voltage drop (6.3.5). Hence, it is proposed that the developed control strategy be
called: Direct inverter filter-impedance voltage-drop control scheme.
V

VF

VD

(6.3.5)

The result of such a control circuit arrangement is full decoupling of the active and
reactive power flow. If the filter resistance is neglected and the V F vector is perfectly tuned with
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the VPCC vector, vector kDVD will be responsible only for the Iinv-d current flow. Similarily, kFVF
is responsible only for the Iinv-q flow (see Figure 65 (a)). These current vectors correspond to the
active and reactive power components. As can be seen in the example of the reactive power flow
change given in Figure 65 (b), the increase of the coefficient the kF value to the ’F value results
in the change of the inverter voltage vector to the value V’inv, which in turn causes the voltage
drop value to change to V’Z. Such a change affects the current flow so that only the reactive
power component of the current is adjusted from the Iinv-q value to a higher value ’inv-q. (the state
presented in Figure 65 (a)). A similar situation (given in Figure 65 (c)) can be observed in the
case when coefficient kD is increased to the ”D value resulting in the increase of ”inv-d,being the
active power component of the current.

Figure 65. Vector representation of the proposed control scheme: (a) vectors for a purely
inductive filter, (b) vectors for the increased reactive power flow, (c) vectors
for the increased active power flow
The direction of the kDVD and kFVF vectors can be reversed to redirect the reactive and
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active power flow. This allows the inverter to be operated as a rectifier and to provide the power
system with capacitive or inductive reactive power.
The vectors used in the controller can be regarded as vectors only for a single point over a
time scale. In real devices, they are signals which can be added up, multiplied and derived in the
DSP to achieve the required operation of the controller. Therefore, the name ‘vector’ was used to
simplify the description of the control scheme operation.
The block diagram of the full control-system arrangement is shown in Figure 66. Inside
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the system, VPCC voltage is filtered. Then, as a VF signal, it is transferred to the derivation block,
the multiplier and the adder. The controllers of the active and reactive power responsible for
maintaining the Ps and Qs set power values respectively at the inverter output employ simplestructure PI controllers. The proposed methods of Pm and Qm power measurement calculations
will be given in the next chapter. The operation of power controllers results in the generation of
the kD and kF factors, which are used to calculate kDVD and kFVF. These two signals, along with
the VF vector are added up to achieve the resulting Vinv signal being the reference signal for the
inverter’s voltage generation.

Figure 66. Block diagram of the designed control system with the voltage controller
In the final stages of the control scheme, one PI controller is used for the inverter voltage
generation, whereas the other for limiting the maximum current to the value Imax. The inverter
filter capacitor voltage is the signal used for feedback. In the case of high distortions or grid
voltage deviations a high current flow is expected. Thus, the controller limiting the maximum

78

current of the inverter is used to prevent damage to the power circuit. The output voltage
controller and the current limiting the controller are arranged in parallel to the controller structure
in that they are connected lower than the block comparing the absolute values. The controller
output signal is transferred to the block, which modulates the signal and adds a dead-band to the
final signals, which in turn control the transistors through the drivers.
Another structure which can be used for the controller realization is presented in Figure
67. The difference between this scheme and the one presented in Figure 66 is that the output
voltage control loop has been omitted. This arrangement can be used for the inverter
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characterised by a significantly low dead-band error leading to the non-linear representation of
reference voltage by the inverter output voltage. High quality output voltage without the voltagecontrol loop can be achieved if:


the inverter is operated at high switching frequency,



low dead-band times can be used for the applied transistors and for a given power
circuit,



the filter displays satisfactory dampening parameters over a wide range of the
output power levels.

Figure 67. Block diagram of the proposed control system without the voltage controller
6.4. Proposed power-flow calculation for the controller
The operation of the designed control scheme highly depends on the accurate
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measurement of the power flow observed in the inverter structure. The simplest method of the
active power measurement is based on the inflowing inverter current and the inverter DC-input
voltage measurements. The average of these two values’ multiplication gives (according to
(6.4.1)) the average inflowing power reduced by the losses equal to the inverter output active
power.
avg(

)

(6.4.1)

The error of this method lies in the fact that the losses are unknown. In transient states the
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DC-link capacitors can lower their voltage and generate additional power which, will not be seen
by the measurement based on (6.4.1). As a consequence, the designed inverter has been equipped
with a different measurement technique and the method based on (6.4.1) has been left as a
supervisory measurement for the system.
The measurement of the active power in the distorted AC system seems to be a
problematic issue. Nevertheless, one may find useful the definition of active power for AC
systems given in (6.4.2), which states the following: the active power of the system is the average
power calculated for the period of the voltage fundamental frequency.
1

∫ (t) (t) t

(6.4.2)

0

This definition becomes clear when a sinusoidal system is taken into consideration. In such
systems, the period of the voltage signal can be divided into four parts: two with a positive result
of the current and the voltage instantaneous values multiplication; two with a negative result, as
graphically shown in Figure 68. The ‘instantaneous’ power pac signal has the frequency two times
higher than voltage. The negative parts of the period are responsible for the reactive power flow.
Consequently, in order to calculate the active power, the area of the negative parts of the
waveform limited by the axis is subtracted from the positive parts’ area. In other words, the
active power is the constant component of the instantaneous power curve.

The definition (6.4.2) of PAC can be rewritten for the purpose of sampling-based measurements
which are used in the DSP controlling the output power given by (6.4.3).
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1

∑

(6.4.3)

1

where:
– number of samples per period,
– sample number,
– voltage value of sample n,
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– current value of sample n.

Figure 68. Power-flow direction changes in the undistorted AC system
The period of the sampled signals can be based on zero-crossing events detection observed at
filtered voltage VF.
Equation (6.4.3) is sufficient for distorted AC-system active-power estimation. If the
sampling frequency is high and so is the resolution of the digital measurement level, the sampling
and quantization errors can be minimized to the extent that they do not have influence on the
control system accuracy.
To estimate the other power components it was decided to calculate the apparent power.
In order to do so, the RMS current and voltage values need to be calculated according to
equations (6.4.4) and (6.4.5), which are digitally presented by (6.4.6) and (6.4.7) respectively.
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1

√∫

(t) t

(6.4.4)

(t) t

(6.4.5)

0

1

√∫

1
√ ∑

(6.4.6)
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1

(6.4.7)
1

√ ∑
1

The RMS current and voltage values can be used for the apparent power calculation resulting in
(6.4.8).
1
√ ∑

1
√ ∑

1
√ ∑

1

1

1

(6.4.8)

The measurements of apparent power SAC, the RMS values of current IAC and voltage VAC
are used mainly for protection and they are not dispensable in normal operation calculations of
the inverter control system parameters. However, there is a theory which assumes the apparent
power for the reactive power calculation. This theory is explained further below.
The reactive power present in the distorted voltage and current waveform cannot be easily
calculated. According to the theory published by Budeanu [45][46] the reactive power flow in a
non-linear circuit can be calculated as a sum of reactive powers of all the higher harmonics,
which is expressed by (6.4.9), where h is a harmonic number and

h

is a phase displacement

between the voltage and current of harmonic h.
∑

sin

(6.4.9)

1

Budenau also proposed a new approach for the apparent power calculation, defined by the
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(6.4.10), which implies the appearance of a new component of electrical power called
‘deformation power’.
√

(6.4.10)

This theory, however, is difficult in realization because it has to use multiple calculations
which seem to be too complicated for real-time system realization. The usefulness of the
Budeanu theory for the reactive power compensation is also debatable, on the grounds that e.g.
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the compensation of reactive power QAC may also affect the deformation power [54].
It is also possible to arrange the reactive power measurement as the measurement of the
reactive power generated by the fundamental harmonic. One may use filtered grid voltage VF and
the filtered inverter output current (which can be seen as the first harmonic current) and use their
RMS values and phase-shift angle

1

to calculate the fundamental harmonic reactive power

according to (6.4.11).
sin

(6.4.11)

This calculation is much simpler than the calculation applied by the Budenau theory. Most
of the power flow will be included into the control system basing the measurement system on
(6.4.3) and (6.4.11) in that most of the power flow in the inverter is expected to appear at the
fundamental frequency grounded signals. Nevertheless, an error might be expected due to the
distorted current flow.
Another solution to calculate the reactive power in a non-linear system is put forward by
Fryze [58]. His theory stipulates that the system reactive power is understood as all the power
which is not the active power. Therefore, the calculation of the reactive power can be performed
with (6.4.12).
√

(6.4.12)

Since the active power and the apparent powers can be easily calculated with the use of (6.4.8)
and (6.4.3), the Fryze theory can be easily incorporated and, thus, chosen for further
implementation in the designed control system.
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6.5. Strengths and weaknesses of the proposed control system structure
The idea to omit the voltage-control loop has a number of major advantages. First and
foremost, as it has already been expressed above, the proposed inverter needs to be equipped with
considerable inductance in the output stage so as to prevent sudden changes in the current flow in
the grid voltage transient states. If the voltage-control loop is used, the controlled voltage is in
fact the voltage measured at capacitor C1 (see Figure 69) being part of the inverter output filter.
Therefore, the impedance between the controlled voltage and the PCC voltage is related only to
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the final stage of output filter ’2 and ”2.

Figure 69. Typical structure of single phase inverter output filter
In the case when no voltage feedback loop is used, the transistor full bridge is the point
where the reference voltage is generated by the inverter. Consequently, the total filter impedance
will separate the inverter generated voltage from the grid. In such an arrangement, the
inductances of the filter can be reduced relative to the control scheme in Figure 66.
The main advantages of the proposed method applied in the single-phase grid-tie inverter
control are as follows:


number of necessary calculations per unit of time can be reduced,



control of the active and reactive powers can be almost fully decoupled since the
resistance of the output filter is relatively small,



no change of the coefficient values in a steady-state operation,



good dynamic characteristics of power control can be achieved.

On the other hand, the proposed control is not free from drawbacks. Apart from the
problems with the filtered voltage quality, there is also the question of the grid impedance present
in the system. In order to take account of the grid impedance, the simplified diagram of the
inverter cooperation with the grid presented in Figure 56 (a) should be thus transferred to the
system presented in Figure 70 (a).
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When the grid impedance is taken into consideration, PCC voltage VPCC cannot be treated
as the grid equivalent voltage Vg because the grid impedance produces a voltage drop. The vector
representation of a such situation is given in Figure 70 (b). The resistance of the filter and the grid
was neglected. In Figure 70 (c) it can be seen how the vectors will change if the generated power
are lowered by 25%. One can notice that the position of the PCC vector will also change. This
leads to the conclusion that during the changes provided into the inverter output current some
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additional difficulties might be expected for the control system.

Figure 70. Equivalent circuit of the inverter cooperation with the grid completed by the
grid impedance voltage drop; (a) vectors for active power flow and the neglected
resistances, (b) 25% lower active power flow vectors
The situation becomes even more complicated if the resistance present in the grid
impedance is considered. Since the low-voltage network resistance is a significant component of
the grid impedance, it might be expected that the change of the active power will have an effect
on the reactive power controller and vice versa. The decoupling of the power components control
is thus disturbed. The higher the resistance in the overall impedance (Zinv + Zg), the higher the
disturbance of the decupling.
To reduce the problems of the grid resistance, one may design the inverter filter
displaying higher inductance. Clearly, the increase of the filter inductance will lower the
capability to compensate for grid voltage distortions. Hence, also methods of dealing with the
control system that would not be fully decoupled from the control scheme end are required. One
might consider making the time constant of the reactive power controller higher. As a result, no
rapid changes of the reactive power are necessary and, therefore, easier and faster active power
stabilization can be achieved. Due to the fact that the filter and the grid combined have much
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higher inductive reactance than the resistance, the differences between the time constants of the
active and reactive power controllers do not have to be very high.
The features of the proposed control system impose certain power circuit parameters.
Therefore, the design of the system has to incorporate a specific operation of the control scheme.
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The next chapter gives more details of the power system design.
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7. Prototype design
7.1. Targeted system ratings
The prototype is to cooperate with 50 Hz and 230 V, the standard in Poland, EU and
multiple other countries around the world. Table 4 summarises the target system parameters. The
switching frequency of the system is sufficiently high to allow for the inverter operation without
the voltage feedback. For higher frequency, better dynamic parameters of the inverter operated
with the voltage feedback are also expected. Lower current and voltage distortions are expected
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in both operation modes.
Table 4. Designed inverter parameters
Parameter

Value

Rated Voltage

230 V ± 10%

Rated apparent power

2,5 kVA

Rated active (real) power

2 kW

Rated output current

12 A

Peak current

20 A

Rated input voltage

400 V

Rated input current

5A

Switching frequency

20 – 30 kHz

The achievable switching frequency is mostly defined by the transistor, thus making it the
most important part of the system. The transistor also defines multiple other parameters of the
designed inverter, so the transistor choice should be made at the beginning of the design process.
7.2. Transistor selection
To allow the converter to operate at fairly high switching frequency (set for the system at
20-30 kHz), it was decided to use more dynamic MOSFET transistors. For the target voltage
range and the power range, the IGBTs are used more often. However, the IGBTs cannot be
operated at high switching frequencies, as they produce higher switching losses. Also turn-on and
turn-off times are significantly higher than those expected in the MOSFETs. Hence, higher dead-

87

band non-linearities might be expected [25].
Typically for the given DC-link voltage, the maximum drain-to-source voltage VDS for the
MOSFET transistor should be two times higher. Typically, higher transistor drain-source voltage
VDS cause higher on-state resistance RDS(on) and also worse switching parameters, which in turn
leads to higher on-state losses decreasing efficiency and longer dead-time. Consequently, higher
non-linearity of the reference voltage representation in the inverter can be observed. Therefore,
650 V rated transistors VDS were chosen for further consideration. For the transistor to operate
safely when the breakdown voltage is only 1,5 times higher than the DC-link voltage, a careful
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consideration of parasitic inductances and possible voltage spikes elimination were required
during the design process.
Table 5. Infineon SPW47N60C3 MOSFET most important parameters
Parameter

Symbol

Value

Maximum drain-source voltage

VDS

650 V
47 A @ TC = 25⁰C

Continuous drain-current

ID
30 A @ TC = 100⁰C

On-state resistance

RDS(on)

0,06 Ω

Rise-time

tr

27 ns

Fall-time

tf

8 ns

Turn-on delay time

Td(on)

27 ns

Turn-off delay time

Td(off)

111 ns

Output capacitance

COSS

2200 pF

Input capacitance

CiSS

6800 pF

Maximum gate-voltage

VGS

± 20 V

Inverse diode forward voltage

VSD

1,2 V
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The next parameters which were taken into consideration involved the expected system
efficiency and switching capability. The following parameters were studied for the final transistor
selection: on-state resistance RDS(on), rise time tr, fall time tf, output capacitance COSS, input
capacitance CiSS [69]0. On examination of off-the-shelf transistors' parameters, Infineon
SPW47N60C3 was selected. The most crucial parameters of the chosen transistor are shown in
Table 5.
It might be noticed that continuous drain-current ID is much higher than the rated current
of the converter, which can be interpreted as a poor use of the MOSFET capability. Nonetheless,
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to achieve high efficiency, a low RDS(on) is expected. Only the transistors rated for a relatively
high current have a low RDS(on). The voltage drop at the rated current is calculated by (7.2.1)
resulting in 0,72 V, which makes the transistor voltage drop competitive with the IGBT. On-state
losses Ploss(on) present in the inverter transistors can be calculated with the use of (7.2.2) resulting
in 17,3 W, which is less than 1% of the overall system efficiency. It has to be noted that the most
significant part of the transistor losses is expected to be caused by the on-state losses.
RDS(on) 0,72
2

RDS(on) 17,3

(7.2.1)
(7.2.2)

The values calculated in (7.2.1) and in (7.2.2) are based on the values given for junction
temperature Tj equal to 25⁰C. The on-resistance at higher temperatures is higher, thus, the proper
cooling has to be applied to the system to prevent power losses from increasing. At the rated
current, the transistors have a smaller voltage drop than the inverse diode (integrated into the
transistor structure) voltage drop VSD. Consequently, to achieve high efficiency, a reverse
conduction of the MOSFET has to be utilised. This happens automatically due to the specificity
of the inverter transistor gate-signals generation. Nonetheless, to minimize the losses provided by
the inverse diode, also the dead-band has to be minimized.
7.3. DC-link capacitance selection
The operated inverter tends to disturb the DC-input voltage. To prevent the influence of
the voltage ripple caused by the inverter current flow, it is necessary to design proper DC-link
capacitance. The higher the capacitance value, the lower the voltage ripple. On the other hand,
one should remember that the bulk capacitance produces high construction costs of the inverter. It
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can also cause problems with the DC-voltage stabilisation by the converters connected to the
inverter input. To find a sufficient level of the DC-capacitance value, one might begin with
calculating the mean value of the rectified rated voltage with the use of (7.3.1).
2√2

10,8 A

(7.3.1)

If the assumption is made that there is no active power flow and the total inverter apparent power
is used for the reactive power flow generation, the mean current can be used for maximum
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capacitor voltage-fall calculation. It is due to the fact that the mean value of the rated current for
half of the period T (10 ms) will be discharging the capacitor. During the next half, the capacitor
will be recharged with the same amount of current. The charge Qel removed from the capacitor
can be calculated by (7.3.2).
2

0,108

(7.3.2)

The voltage change caused by the charge removal was decided to be lower than 5% of the rated
input voltage. This gives the maximum of 20 V peak-to-peak ripple Vripple. The calculation of the
lowest required capacitance allowing to maintain the voltage ripple within the chosen range can
be obtained by (7.3.3).
5,25 mF

(7.3.3)

Based on these calculations and the maximum ripple current of the off-the-shelf
components, the use of a 8 mF capacitor was decided
7.4. AC filter
The typical structure of the output AC filter used in single-phase grid-tie inverter
applications was presented in Figure 69 [87]. It was decided to use a more complex structure of
the filter, as presented in Figure 71. The difference between the classical and the proposed
designs is that another stage of the filter was included. While this stage does not change
significantly the filter characteristics, the measurement combined with a different placement of
the output current was proposed. The value of the current flow through the C2 and R2 elements is
not high, therefore, it does not result in a significant error in the current RMS value calculation.
Nonetheless, it was recognized that such a measurement arrangement would be of help in current
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control-loop stabilization, which was also tested in the system.

Figure 71. Proposed filter structure
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The filter parameters were chosen based on the modelling results. The goal was to design
a filter, which would resonate beyond a 2 kHz range (because of the higher harmonic presence
expectation in the electric power system). Again, the filter at the other end should not resonate
around the inverter switching frequency. In Figure 72 the Bode-diagram of the designed filter is
presented, which indicates that the resonance of the filter appears at approximately 3 kHz. To
compare how the additional stage affects the designed filter, the Bode diagram of the filter
without L2-C2-R2 components is presented in Figure 73. Although the resonant frequency of the
system is slightly changed, the character of the filter and its performance at the key frequencies
remains. In both diagrams parameters close to the rated ones were used.

Figure 72. Bode diagram of the proposed filter
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Figure 73. Bode diagram of the proposed filter without L2-C2-R2 stage
Fairly low dampening of the frequencies over the range of 50-2000 Hz is used to allow
the inverter to participate in grid-voltage distortions compensation.
7.5. Overall system structure and components
The complete designed system topology is presented in Figure 74. In addition to
aluminium electrolytic capacitors in the DC link, also foil-film capacitors were used to
compensate for parasitic inductances of the electrolytic capacitors. Voltage and current
measurements are based on voltage and current transducers, which employ a special connection
method protected by patent. The proposed transducer-signal conditioning circuit is described in
Appendix 13.3. Pre-charge circuitry was used at the inverter output to enable the rectifier
operation and varistor V1 is used for surge protection.

Figure 74. Designed inverter structure
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The diagram in Figure 74 is purely demonstrative and it concerns mostly the power
circuit. Multiple other systems have been designed and they are not indicated in that scheme, the
most important ones being:


transistor drivers,



numerous separated power sources used for the supply of multiple systems at
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various voltage levels,


high-frequency AC line supplying the separating transformers,



measurement-signals filters,



switch-control circuits.
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8. Simulation results
8.1. Introduction to modeling tests
Before the prototype of the inverter was built, multiple simulations had been conducted to
preliminarily validate the inverter control strategy and the parameters design presented in the
previous chapter. The simulation model developed in the PSIM software is presented in Figure
75. In order to evaluate the inverter control circuit the dll-block has been used for the C-language
code of the controller development. Samples of the code prepared for the simulation are given in
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Appendix 13.2. The code was to fit the DSP proposed for the final design including the
simulation of the interruption services modelling.

Figure 75. Model of the designed inverter prepared in the PSIM software
At the beginning, standard control strategies for current-control loop were tested. The test
included:


variable-switching-frequency hysteresis-current-controller operation in bipolar and
unipolar PWM modes,



constant-switching-frequency hysteresis-current-controller operation in bipolar
and unipolar modes,



PI-controller-based current-control loop realization in bipolar and unipolar PWM
modes,
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PI-based voltage-control loop in stand-alone operation.

These tests were conducted with the aim of checking the possibility of high quality
operation of the designed inverter. The results of these tests are not included here due to their
marginal influence on the final control scheme realization. It was stated before that the designed
inverter was ready for stable operation in all of the afore-mentioned operation modes and
therefore, it should not cause any problems in the course of its future implementation. However,
during the simulation it was also noted that it might be difficult to achieve a satisfactory output
voltage quality without the voltage control loop, which otherwise could lead to the increased
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current distortions flow to the grid, thus causing further grid-voltage deviation. Consequently, it
has been decided to use the voltage control loop in the control scheme as shown in Figure 66.
8.2. Power-changes response evaluation
After the preliminary test which confirmed that the designed power circuit parameters
allow for high quality output-stage controller realization, the C code of the full proposed control
system has been developed. First, the response to the demanded power changes has been
prepared. The reaction for both active and reactive power changes were tested and the results of
step changes of the generated power can be seen in Figure 76. The output current indicates that
the response to step changes of the output power is sufficiently fast. The transient states at the
RMS value of the current can be seen only for a short period of the sinusoid. A higher overshoot
of the output current can be noticed in the final stage of the simulation when power has rapidly
decreased. Nonetheless, still the changes observed in current are acceptable as far as the inverter
and the grid are concerned. Moreover, the simulated changes are the worst case scenario.
Normally, in renewable-energy based systems power step-changes do not appear. Rather,
a slow increase or decrease of the output power can be observed. This kind of operation can be
also difficult for control systems due to constant changes in the set value. Figure 77 presents the
inverter current and the grid voltage during such an operation, the conclusion being that the
controller is stable during this type of operation and is able to deliver power accurately to the
system, even though the pace of changes was higher than the pace usually observed in the RES.
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Figure 76. The response to active and reactive power changes seen in the inverter output
current

Figure 77. Inverter current and grid voltage during power ramp tests
An even more complicated situation occurs when the demanded power undergoes
constant changes and the grid voltage distortions appear. Based on the result of the power-ramp
response test under the distorted grid voltage condition, presented in Figure 78, one can notice
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that the inverter provides the grid with distorted current to compensate for the grid voltage
distortion. Even though the realization of the power demand changes fared worse than in the
previous case, the instabilities observed in the current during the transient state should not cause
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significant problems of cooperation with the grid.

Figure 78. Inverter current and grid voltage during power ramp tests under the distorted
voltage condition
The tests conducted to validate the stability of power controllers confirmed that the
parameters of power demand changes in the inverted control scheme exceed the required
standards. Specifically, a fast and accurate response of the control circuit can be observed. It has
also been ensured that the inverter control strategy is capable of the reactive power flow control,
which implies the possibility of the receivers’ reactive power compensation and the grid voltage
value deviation compensation.
8.3. Evaluation of the grid-distortion compensation capability
To test if the system is capable of distortion compensation, the grid voltage has been
deformed, first, with the third, next, with the sixth harmonic. The harmonic voltage value in both
cases was equal to 2% of the fundamental harmonic. The results of the test are presented Figure
79 and Figure 80 respectively. Even though the inverter current distortion is high, the
improvement of the grid voltage is not significant. However, it has to be noted that for relatively
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high short-circuit power (simulated equivalent grid inductance 0,5 mH and resistance 0,3 Ω), the
attenuation of the 3rd harmonic achieved a 20% level and the 6th harmonic a 19% one. The
inverter generated the 3rd harmonic current at the level of 39% of the fundamental harmonic
current. In the second case, it generated the 6th harmonic current at the level of 20% of the
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fundamental harmonic.

Figure 79. 3rd harmonic grid-voltage distortion compensation

Figure 80. 6th harmonic grid-voltage distortion compensation
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To check the inverter operation in more realistic conditions, a single-phase diode based
rectifier of 2,5 kW power was placed in the PCC. The result of current flows and the PCC voltage
has been presented in Figure 81. It can be clearly seen that the inverter is supplying the grid with
highly distorted current compensating for the distortions present in the grid voltage. Moreover,
the inverter current is limited by the current-control loop since the distortions tend to force the
current to exceed 20 A. A slight instability of the current controller might be observed when the
value of current approaches its limit. It is much more important for the controller to react fast
than to stabilize its value, as it is responsible for overcurrent limitation and, therefore, for the VSI
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power circuit protection.

Figure 81. PCC voltage, the inverter current and the rectifier current during 2,5 kW
rectifier connection to the PCC
8.4. Response of the proposed system for sudden grid-configuration changes
A vital issue in the proposed system operation is the response to sudden grid configuration
changes. These actions might lead to either a sudden change of the PCC voltage, or sudden
equivalent grid impedance changes. They might be caused by the load steps taking place in close
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proximity of the PCC. Alternatively, they might be caused by the grid infrastructure
reconnections.
To check the response of the inverter to reconnections in the grid, a 10 degree
instantaneous phase-shift has been tested. The resulting waveforms are presented in Figure 82 –
for a shorter time interval, and in Figure 83 – for a longer time interval in order to observe the
controller’s transient states.
Although the instabilities of the inverter current are high, even reaching the 20 A limit, the
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controller is able to adapt to the situation quickly and stabilize the current after approximately 10
periods. It should be added that such a significant grid-voltage angle change should be rather
expected in low-voltage networks where single-phase grid tie inverters are used. It is worth
pointing out that the PCC voltage suffered almost from discontinuous phenomena. All the
discontinuous actions at the grid voltage are very unlikely, since the grid and the devices
connected to it have a natural tendency to damp the rapidly changing disturbances.

Figure 82. Inverter current response to a sudden PCC-voltage angle change
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Figure 83. Inverter current response for sudden PCC-voltage angle change (multiple cycles)
8.5. Grid-voltage frequency change test
Sudden changes in grid frequency are very unlikely, since the inertia of the system is
considerably high and, therefore, even very large load-steps are not able to change the system
frequency significantly. However, to present the dynamics of the proposed control system, a 1 Hz
frequency change has been simulated. The result of the frequency change, which was conducted
at 0,5 s of the simulation, by the use of the inverter current waveform and the PCC voltage is
presented in Figure 84. The system adapted to the frequency deviation instantaneously, so that
the output current of the inverter only changed its frequency without changing the value. This test
was conducted for the 1000 W active power flow.
A similar test has been conducted for the frequency increase of 1 Hz, which again
appeared at 0,5 s of the simulation and this time the inverter was supplying the grid with 1000 W
of active power and 300 var of reactive power. In this case the system suffered from a transient
state observed in the current but after 8 periods the value of current stabilized. The results of the
simulation are depicted in Figure 85. A much better performance is expected in real-life
conditions, where only a slight frequency deviation can be observed.
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Figure 84. Inverter reaction for the grid frequency drop of 1 Hz

Iinv [A]

VPCC [V]

t [s]

Figure 85. Inverter reaction to the grid frequency rise of 1 Hz
8.6. Grid-voltage value change
Another important issue which needed to be tested in simulation before the prototype
construction and testing began was the system reaction to dips and swells. As it is presented in
Figure 86 and Figure 87, the designed system can handle easily the change of the voltage value.
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The system in both cases supplied the grid with 1000 W and 300 var. Small problems with the
current quality can be observed during the voltage swell, which results from the reduction of the
current flow which, in turn, causes the filter to be operated in worse conditions as it is inductive
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in character and, therefore, better filtering capability at high current values.

Figure 86. Inverter behaviour during a voltage dip (80% of rated voltage value)

Figure 87. Inverter behaviour during a voltage swell (120% rated voltage value)
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8.7. Short circuit behaviour
Grid-tie inverters have to be able to withstand a short circuit at the output terminals. To
validate the overcurrent protection, a short circuit test has been conducted. One can notice that
the inverter is capable of limiting current by the required value. This gives the system a chance to
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detect and disconnect itself from the grid suffering from different kinds of failures.

Figure 88. Short-circuit test of the designed inverter
8.8. Simulation results summary
Multiple other tests were conducted to check the system stability and performance. Even
though the conditions were often much more adverse than the ones observed in the EPS, the
designed inverter showed high durability and ability to stabilize its operation after acceptable
time periods. The tests also proved the system’s good performance in a steady-state operation as
well as validated its capability to improve its voltage quality.
The drawback of the designed system can be seen in the fact that while it generally helps
to improve the voltage quality during significant issues observed in the grid voltage, it might also
cause temporary problems in the grid when adapting to new conditions.
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9. Experimental results
9.1. Prototype construction
To conduct experimental validation of the proposed control system a model of single-phase
inverter has been constructed. The basis for the inverter is its motherboard, the photograph of
which is presented in Figure 89. The board has six main circuits: 1 – DC filter and DC
measurement, 2 – transistors with drivers, 3 – output-filter capacitors and the current
measurement, 4 – output switches with pre-charge circuit, 5 – output-voltage measurement and
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the measured signals conditioning units, which along with additional active filters form signals, 6
– RS-232 communication port. In the middle of the mother board a eZdsp f2812 rapid
prototyping board from Spectrum Digital with Texas Instruments TMS320F2812 DSP was
placed, which is the main control unit for the inverter.

Figure 89. Photograph of the designed inverter mother board
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The DSP is equipped with 12-bit unipolar AD converters, which were used during the test.
The converters are capable of measuring signals over the range of 0 ÷ 3.3 V. The DSP is also
equipped with special Event Manager units responsible for generating PWM signals and for
managing interruptions, and are connected to PWM signals generation and to ADC operation.
Even Managers are also supplied with dead-band generation for each PWM signals pair. For a
single-phase design only two out of 6 PWM pairs need to be used.
During the preliminary tests and the prototype start-up a significant level of noise generated
during the transition of MOSFETs used in the device was noticed. The noise presence led to the
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appearance of gate driver signals which were not generated by the DSP. These noise generated
signals were causing the gate voltage of the transistor in the off-mode to be raised and thus
leading to transitions of switches, which at that moment should be off. This is attributed to a very
high dv/dt value of the transistors’ transitions present in the system due to relatively small turn-on
and turn-off times combined with the 400 V DC-input voltage level. The source of the noise was
found to be each of the conducting parts experiencing the voltage transition e.g.: the source and
the drain of the transistors connected in the branch, the inductive filter connected to it, the
conductive materials of the PCB connected to the transistor branch.
Figure 90 and Figure 91 show oscilloscope screen-shots taken while the gate signals are being
interfered with. One can easily notice in Figure 91 the appearance of noise when the gate signal
of one of the transistors reaches its plateau voltage.
To cope with the noise issue it has been decided to construct part 1 and part 2 of the
motherboard as a separate board. The designed power circuit is presented in Figure 92, This
board has given the opportunity to separate the noise signal sources from the control unit and,
therefore, to eliminate the problem. The new power circuit board to further eliminate the parasitic
inductances was made with the use of ultra-thin PCB material. The DC-current and DC-voltage
measurements were left at the previously designed motherboard.
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Figure 90. Oscilloscope screen shot of four

Figure 91. Oscilloscope screen shot of two

inverter-transistors gate signals being

interfering inverter-transistors gate signals

disturbed

Figure 92. Photograph of the transistor branch board prototype
The main chassis of the inverter apart from the transistor switches and their drivers contains
also AC-filter inductors and DC-link capacitors. The photograph of the chassis interior is
presented in Figure 91. The chassis itself is a standard 19” 3U frame featuring only a half of the
normal enclosure depth. Figure 94 shows the photograph of the laboratory bench with the
constructed inverter during the test. A 6 kW and 600 V laboratory supply was used to provide
power transferred to the grid (during the grid-tie operation) or the receivers (during stand-alone
experiments).
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Figure 93. Photograph of DC-link capacitors and AC-filter inductors

Figure 94. Experimental setup during tests
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9.2. Test results
To maximize the efficiency at a relatively high switching frequency, the unipolar modulation
has been used in the developed inverter. The inverter-bridge output voltage indicated by
waveform (1) and the 60 mΩ shunt resistor voltage drop (2) representing the filtered inverter
current waveform are presented in Figure 95. This measurement has been conducted in a standalone mode while the inverter was running at a low-input voltage value. Even though the voltage
value was low, the opened chassis caused high noise emission observed in both signals. All the
other tests were conducted while the chassis was closed and, therefore, used as a noise
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dampening cage.

Figure 95 The oscilloscope screenshot presenting 1 – the inverter bridge output voltage
(orange) and 2 – the shunt resistor voltage drop (turquoise)
The important factor of the designed inverter quality is the efficiency of the system. The
performance of the system has been tested in a stand-alone mode by means of APPA 305
multimiters used for current and voltage measurements. Moreover, Fluke 345 power quality
analyser was used to check if reactive power flow can be observed in the system. Interestingly
enough, the analyser was not able to detect any distortion, neither in voltage, nor in the current
generated by the inverter loaded with a resistor. The results of the efficiency test are given in
Figure 96 and in Figure 97. A trend-line has been added to the points achieved in the test. The
inverter top drain efficiency was 94%, which is worse than the efficiency of industrial designs.
However, because of a different scope of the project, the research was not focused on efficiency
completely. The analysis of the losses curve might lead to the conclusion that switching losses
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play a significant part in overall system performance, therefore, the change of the transistors with
higher resistance but lower output capacitance might lead to better results. Also further
optimization of the switching frequency might be beneficial for the system performance.
Nevertheless, the achieved efficiency, being not far from the one observed in industrial inverters,
can be further optimized so that it may compete with the one found in industrial applications.
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40,00%
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Figure 96. Designed inverter efficiency in function of load power
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Figure 97. Inverter losses in function of load power
For safety reasons, the short circuit test has been conducted in a stand-alone operation. The
inverter during normal operation has been short circuited. Figure 98. The achieved results, seen in
Figure 98, show higher current value instability during the inverter test than during the inverter
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model test. Nonetheless, as expected, the designed inverter was able to limit the short- circuit
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current.

Figure 98. Inverter current during the short-circuit test
To further validate the developed inverter behaviour, grid-tie operation has been tested. The
number of tests conducted in grid-tie operation is lower than number of tests conducted in the
simulation stage. It is due to the lack of artificial network which could be used for grid voltagedisturbances emulation.
The oscilloscope screenshots indicating the steady-state operation of the inverter are depicted
in Figure 99 and Figure 100. The tests have been carried out in real conditions for the voltage
shape observed in the laboratory. The first screen shows the inverter operation with 1000 W
output power transferred to the grid. The grid voltage and the inverter capacitor voltage were
aligned to show how the inverter filter capacitor voltage is affected by the system operation. One
can see that the voltage value is higher at the capacitor. Moreover, the current is distorted,
because it tries to compensate for nonlinearities in the PCC voltage.
A more detailed screen is presented in Figure 100. The inverter supplied the grid with 1800
VA of apparent power. It supplied the system with active power, which caused capacitive power
flow. Also in this case some distortions were likely but eventually the grid voltage was less
distorted than in previously and therefore, so was the current shape.
The distortion compensation current in both cases is limited by the inverter filter inductance
and the grid impedance. Thus, the value of current distortions is low. In the case of higher power
inverter-power circuit use, also the influence of the grid voltage could be much more significant.
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Nonetheless, it is worth noticing that the inverter supplies the grid with higher instantaneous
value of the current (than it could be expected for a purely sinusoidal current waveform) over the
time periods, when voltage notches are observed and as their value is small, also the current is
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limited.

Figure 99. Oscilloscope screenshot with: 1 – PCC voltage (orange), 2 – inverter filter
capacitor voltage (turquoise) and 4 – inverter current (green) during steady-state grid-tie
operation

Figure 100. Oscilloscope screenshot with: 2 – PCC voltage (orange) and 4 – inverter current
(green) during grid-tie operation
The next step in the inverter testing was to check the inverter response to the step-set
power-value change.
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Figure 101. Oscilloscope screenshot with: 1
– PCC voltage (orange), 2 – inverter filter
capacitor voltage (turquoise) and 4 –
inverter current (green) during generatedactive-power step grid-tie operation

Figure 102. Oscilloscope screenshot with: 1
– PCC voltage (orange), and 4 – inverter
current (green) during generated-reactivepower step grid-tie operation

Figure 101 and Figure 102 present waveforms observed during the generated power steps. In
the first case the active power flow was doubled from 1200 W level. There was no reactive power
flow observed. Even though the output active power was higher than the designed system was
able to stabilize the value of power flow. While internal parameters of the controller were read
during the test, they indicated that the reactive power controller value hardly changed. Thus, it
might be noted that the above-mentioned decoupling of the control system parts was achieved. In
the second case, as the reactive power flow was doubled and also a steady operation was
observed after a short time. In this case one might also notice that the shape of the current
changed. It is due to the fact that the phase angle of the current had to change and, therefore, the
higher harmonics compensating for the grid distortions changed their position compared to the
fundamental harmonic.
The problem observed during the test can be linked to purely sinusoidal inverter-filtercapacitance voltage shaping as the inverter was not able to maintain a purely sinusoidal voltage
waveform at the capacitor while the distorted current was supplied to the grid. Such a situation
might be caused by the voltage PI-controller operation. It is possible that the parameters of this
controller might with greater care to allow for greater precision in tackling higher harmonic
distortions.
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All the conducted tests confirmed that despite its drawbacks, such as the unsatisfactory
efficiency and voltage shaping problems, the system is not far from industrial-ready design. By
implementing a number of minor changes in the power and control circuit, the already
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satisfactory performance may improve even further.
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10. Conclusions
The research conducted for this thesis proves that standard, commonly used power electronic
converters cooperating with unstable renewable energy sources can take part in power quality
improvement. If the grid-tie inverter is equipped with a proper control scheme, it can improve the
voltage waveform at the PCC. Moreover, the use of an energy storage system combined in a
hybrid system with the unstable source as well as the inverter’s ability to rapidly change the
active power flow can be used also for frequency stability improvement in the power system.
Admittedly, the single-phase inverter based topology of the rated power range of a small number
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of kilowatts is not able to improve the power quality of the EPS significantly. However, the
proposed solution will make sense only if a considerable number of the dispersed generation
units are consistent with the idea here presented.
The proposed control strategy of the single-phase VSI can make sense provided the
regulations concerning power quality requirements change. The current standards for inverterbased sources tend to limit current distortions. Therefore, inverters cannot take part in voltage
waveform improvement in that only the distorted current flow can compensate for the distortion
caused by non-linear receivers. Hence, it has been proposed to validate inverter-based RES
applications on account of PCC-voltage instead of current limitations.
The research work has been preceded by literature studies. The thesis advanced for this
research has been validated by the theoretical analysis, the simulation test and the experimental
results. All the above proved that it is possible to develop a grid-tie inverter control scheme able
to influence the power quality at the PCC and, therefore, make the unstable electric-energy
source more acceptable for the EPS. The proposed grid-tie inverter behaviour shares features
with the ones of the synchronous generator’s. On the other hand, the proposed system can be seen
as an active power filter, the difference being that the filtering is partial and there is no receiver
current measurement, because the inverter is not adequate for certain groups of receivers.
The conducted research indicates that the basis for the developed system can be a simple VSI
design already commonly used in industry. Only a few minor changes have to be made to the
inverter power circuit compared to standard current-loop based designs. The most distinctive
feature is the AC-filter design, which in the designed system has to provide higher impedance at
the fundamental frequency relative to the industrial designs.
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The number of calculations in the proposed control scheme has been minimized. Thus, the
proposed control scheme does not require special tools for performing calculations and still
allows for the device to be operated as a real-time operating system.
The control strategy has also certain drawbacks, when compared with standard approaches.
The biggest concern observed is the behaviour of the system during the sudden voltage-value
change, such as swells and dips. After the grid voltage deviation, the system has to adapt its
values to new conditions and a transient state is observed. It needs, however, to be stated that the
band-pass filter used in the system has not been optimized. It is thus possible that a better tuning
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of the filter combined with a new power controller parameter setting could improve the behaviour
of the inverter in transient states.
Despite its disadvantages, the presented research results offers an opportunity for a better
distributed generation use in the EPS. Moreover, it is hoped that the presented research will prove
valuable for future single-phase inverters’ development and that the data here accumulated will
aid in advancing new possible system arrangements.
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11. Future research
To improve the system performance it has been proposed to continue the development of the
proposed control scheme. Especially, a better filter, being the basis for the system operation, is
planned to be optimized. It is expected that the system behaviour during transient states caused
by the PCC voltage value deviation can be improved. Further research can lead to voltage
deviation compensation at the PCC. The use of the reactive power as a means to stabilising the
PCC-voltage can be more beneficial for the system than the here presented method of reactive
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power stabilization which allows to remotely supervise the reactive power flow.
The emphasis of the presented research was the development of a single-phase inverter. The
single-phase designs, due to the limitation of the maximum rated power allowed in the grid, are
not able to influence the system on a large scale. It is planned that the further research will
concern the development of a similar system in a three-phase arrangement. Such research will be
aimed at developing an intelligent car-battery charger which could not only divert the power flow
or to change the active power flow value, but also could be used for voltage waveform
improvement. The battery charger is an example of a low voltage application closer to the source
of voltage distortions, typically LV receivers. Nonetheless, a high-power converter design able to
be connected to the MV line by means of a transformer is within the scope of the research [64].
Though, it has to be noted that the proposed system should be operated at a high switching
frequency. Therefore exploring small and medium power generation units connected to a LV
network may be considered more relevant to further advancements of the proposed system.
An important issue beyond the scope of the present project is the development of active antiislanding detection methods, especially necessary when a distorted current flow might be
expected in the normal operation of the inverter. The passive methods of island operation can be
adopted from standard inverters with a current control loop. Nonetheless, the active methods
should be considered in future research.
The use of modern transistor technologies to achieve very high switching frequencies along
with high efficiency and, therefore, to improve control capability of the devices connected to the
grid heralds a new area of research in the field [5][38][39][42].
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13. Appendixes
13.1.

Experimental results of hybrid systems without DC/DC converter connected

in series with primary source
To test the systems presented in Figure 30 and Figure 31, a PV-panel emulator and a wind
turbine emulator have been developed. In Figure 103 the op-amp based control circuit converter
is presented. This system has been built to achieve similar characteristics to the ones found in
photovoltaic units, and therefore, to allow for MPPT algorithms testing without the need to wait
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for stable weather conditions.

Figure 103. PV-panel emulator

Figure 104. Wind turbine emulator
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The cooperation of the battery converter (see Figure 30) and the directly connected PVemulator (see Figure 103) allowed to stabilize the DC-link voltage and, therefore, to change the
operation point of the PV-emulator. The possibility of the primary source voltage stabilization is
the basis for MPPT realization. In Figure 105 the V-I characteristic of the PV emulator is given.
To achieve this plot, the emulator was loaded with different values of resistance. Corresponding
characteristic is given in Figure 106, but to test them a DC/DC converter and an inverter operated
in a stand-alone mode have been used. The control system of the DC/DC controller, aimed at
cooperating with the battery, was able to stabilize the PV-emulator output and the inverter input
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voltage. The inverter was operated in a stand-alone mode with constant load power. Thus, it was
seen by the hybrid (PV-battery) system as a constant load. While these two tests have been
conducted at slightly different set points of the emulator, one can clearly see that it is possible to
stabilise the PV-panel voltage with the use of the battery converter.

Figure 105. PV-emulator characteristics

Figure 106. PV-emulator characteristics

achieved by resistor loading

achieved through cooperation with the
inverter and the battery converter

A similar MPPT realization can be found in the wind–diesel hybrid system. In this case, the
set of the frequency converter-fed induction motor couples with a permanent-magnet
synchronous generator loaded by a six-pulse diode rectifier. The control of the frequency
converter has evolved into a small-scale fixed-pitch-angle wind turbine or a diesel-driven unit
designed for the DC-voltage control.
The series of tests have been conducted to assess the possibility of the diesel engine to
stabilise the output voltage of the wind turbine while being connected to the constant power
receiver –constructed inverter in a stand-alone mode. The test results for transient states as the
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stabilized voltage level had been changed are presented in Figure 107 and Figure 108. It can be
noticed that by controlling its output power, the diesel-emulator is capable of stabilizing the
voltage level on a new level and, therefore, also able to change the operating point of the wind
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turbine.

Figure 107. Stabilized voltage level change

Figure 108. Stabilized voltage level change

(1 – DC-link voltage, 2 – DC wind turbine

(1 – DC-link voltage, 2 – developed inverter

emulator current, 3 – diesel set emulator

output voltage)

current)

Figure 109. Wind speed shift (1 – DC-link

Figure 110. Wind speed shift (1 – DC-link

voltage, 2 – DC wind turbine emulator

voltage, 2 – developed inverter output

current, 3 – diesel set emulator current)

voltage)

Figure 109 and Figure 110 depict how the system behaved while the sudden change of wind
speed was emulated. It can be noticed that in both situations the behaviour of the system leads to
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stabilization of the output voltage. This is true in the case when the system output power exceeds
the wind turbine production.
The presented approach of MPPT realization gives an opportunity to omit a DC/DC converter
connected to the renewable energy source and, thus, to increase the efficiency of the renewable
energy conversion. Moreover, the system will be still capable of supplying the receivers or the
grid with the demanded value of active power until a certain reserve of energy in the battery
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storage system is achieved or deficiency of wind power in the wind-diesel hybrid is observed.
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13.2.

C code samples of control system used in the simulation model

The code samples here presented were selected to show the implementation example of the
developed control strategy. For the sake of clarity, only the most important parts of coding have
been presented. Moreover, the coding developed for PSIM environment dynamic link library
DLL block has been presented because the use of Texas Instruments DSP coding would be much
more complicated due to the need for IQmath (virtual floating point engine) the library use,
incorporated to speed up calculations performed in the inverter.
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The programme executing the control scheme can be divided into two main parts. One is a set
of calculations conducted once every PWM carrier wave cycle. The other one is a set of
commands which have to be carried out per every grid voltage cycle. The measurement values
were scaled to achieve 1 at the maximum measurable level. Therefore, the control is based on
per-unit values.

The commands used per every PWM cycle are listed below.
2nd order filter of the PCC-voltage signal:
Y = (Y1 * 1.989840458) - (Y2 * 0.989997576)
0.005001212)

+ (in[0] *

- (X2 * 0.005001212);

derivativeY = (Y – Y1) / period;
Y2 = Y1;
Y1 = Y;
X2 = X1;
X1 = in[0];
To calculate output filter signal value Y, input voltage measurement in[0] is used. Values Y1,
Y2, X1, X2 store previous samples of the filter output and filter input respectively.
Active power and RMS values of PCC voltage and the inverter current:
samples = samples + 1.0;
sum_ui = sum_ui + in[0] * in[1]; //active power integration
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u_rms_integral = u_rms_integral + in[0] * in[0]; //PCC voltage
integration
i_rms_integral = i_rms_integral + in[1] * in[1]; //inv. current
integration
The value of these variables needed to be brought down to zero every grid voltage cycle.
PI controller responsible for voltage waveform-shaping set-value calculation based on
power controllers outputs:
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Uset= Y + (*Q_reg) * Y + (*P_reg) * derivativeY;
PI controller responsible for voltage waveform shaping:
static double Kp = 25.5, Ki = 0.5;
Uerror = Uset - in[2];
Uint = Uint + Uerror * (period);
*PI = Kp * Uerror + Ki * Uint + 1;
The controller structure presented above was also used for active and reactive power control and
also for current limitation control.

The commands used per every PCC voltage cycle are listed below.
Power and RMS values final calculations:
P = sum_ui / samples;
i_rms = sqrt (i_rms_integral/samples);
u_rms = sqrt (u_rms_integral/samples);
i_rms_integral = 0;
u_rms_integral = 0;
S = i_rms * u_rms;
Q = sqrt ((S * S) - (P * P));
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Active power control:
static double Kpp = 0.001, Kip = 0.5;
P_error = P_set - P;
P_integral = P_integral +

P_error * per_sin;

*P_reg = Kpp * P_error + Kip * P_integral;
Reactive power control:
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static double Kpq = 0.001, Kiq = 0.5;
Q_error = Q_set - Q;
Q_integral = Q_integral +

Q_error * per_sin;

*Q_reg = Kpq * Q_error + Kiq * Q_integral;
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13.3.

Transducer-to-ADC connection method

For the purpose of the designed inverter a simple transducer-to-analogue-digital converter
connection method has been developed. The technology here presented is patent pending. Very
often the hall-sensor based closed-loop current or voltage transducers are used in power
electronic converters to provide the system with necessary measurements as the output signal of
the transducer can vary, depending on the measured values, typically from -15 V to + 15 V.
Multiple techniques have been used so far to make the transducer output signal conditioning and
to change its level to prepare it for the AD conversion. Typical voltage levels accepted by AD
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converters are 0 – 3,3 V.

Figure 111. Output voltage of the current transducer (continuous line) and the voltage
scaled for ADC (dashed line)
This leads to the conclusion that in order to transfer the signal from a typical transducer to a
typical ADC one not only has to reduce the signal value but also change its level. A
representation of this situation for sinusoidal signals is presented in Figure 111, where signal 1 (a
continuous line) is observed at the transducer output and signal 2 (a dashed line) is appropriately
prepared for the AD conversion.
In a classic measurement system configuration (see Figure 112), in order to sample the signal,
the operational amplifier circuit, connected to the transducer and the RM resistor, operates as a
voltage divider. The circuit attached to the next operational amplifier changes the reference level
of the signal and provides filtering. In this and many other examples the voltage from the
transducer is adjusted to an acceptable level by the transmitter circuit using operational amplifiers
or other active systems requiring power supply.
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Figure 112. Diagram of a typical configuration of the current sensing system
In such cases, the level of 0 V of supply voltage transducers LEM is connected to the 0 V
level of the supply voltage AD converter.
Disadvantages of standard signal conditioning circuits using operational amplifiers are
numerous. Firstly, they require additional work in the design and production stage and during
calibration. Secondly, they increase the production cost of the device and often require an
additional power supply. Thirdly, they introduce non-linearity. What is more, sometimes it is
possible that operational amplifiers and the transducer have different supply voltage levels. In
this case an additional supply system has to be constructed to match all the required supply
voltage levels.
As already mentioned, the transducers have or require the RM resistor, which converts the
current signal into the voltage signal. The signal measured is generally the voltage signal and
loading it with resistance introduces a measurement error being proportional to the measured
signal. However, if the transducer does not have an internal RM resistor, it can be seen that it
becomes possible to change the current signal coming from the M output of the transducer to
voltage signal in the proximity of the first operational amplifier, which helps to reduce the noise
in the signal. In this case, most of the path signal is transmitted as the current signal which is
much more resistant to the interference.
The solution here discussed involves the use of passive components and the
corresponding voltage level connections to transfer and adjust the measurement signal level.
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Thanks to the use of the current sensor it is not necessary to equip the system with elements
providing galvanic isolation between the measured signal and the AD converter. The isolation is
obligatory to ensure servicing safety and provide protection against the electric shock. The
transducers in most cases offer a sufficient level of insulation and generally do not need to add
more devices to implement galvanic isolation between the high voltage (power line) and the low
voltage (control and monitoring systems) parts of the device.
The invented system is shown in Figure 113. For the proposed system to operate
correctly, the potential GND (0 V) of the AD converter has to be combined with the transducer
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low supply voltage potential -Vcc. This allows to match the signal coming from the transducer to a
level acceptable by the AD converter by means of a resistive divider RVD1 - RVD2. This also means
that for a unipolar AD converter and a bipolar transducer (5) has to be true. The divider
proportionally lowers the voltage signal coming from the transducer, so that also the reference
level of both sides matches.

Figure 113. Diagram of the new connection method
Both resistances RVD1 - RVD2 make a bypass for the RM resistor, which introduces an error
to the system. On the other hand, the divider resistances cannot have to have high values because
they are active parts of the noise-suppressing low-pass filter. The divider together with RM
resistor have to be placed as close to the AD converter as possible. If the distance between the RM
resistor and the AD converter for some reason cannot be small, then the values of resistances in

137

the voltage divider have to be decreased.
The proposed conditioning system has been validated in the developed inverter current
measurement system. Firstly, the connection of current transducer LA25-NP has been validated.
The test results of the current transducer are presented by the graph shown in Figure 114. It can
be seen that the integer value received in the AD converter output register was linearly dependent
on the measured current.
20

10

Measured current [A]
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Figure 114. Relation between the measured current and the AD converter value
Furthermore, LEM LV25-P was used to validate the behaviour of the measurement
system using the invented circuit in transient states. Figure 115 presents the experimental
response of the voltage measured at the AD converter input (signal 2 - middle) and at the voltage
transducer output (signal 1 – top) to the step impulse (from 0 to 400 V) of the measured voltage
(signal 3 – bottom). To capture the signals Tektronix TPS 2024 oscilloscope was used. The time
constant of the signal at the input of the AD converter is equal to around 25 µs and the voltage
transducer response time constant was around 5 µs. The observed difference is caused by the
filter, the installation of which was necessary for proper noise suppression in the inverter while
normal operation was being tested.
During the tests also the distorted grid voltage was measured together with the
corresponding signals from the transducer and at the input of the AD converter. The captured
signals are presented in Figure 116. The signals assignment is identical to the impulse response
test. It can be seen that the transducer voltage together with the voltage at the output of the
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invented circuit is proportional to the voltage observed. This also means that the invented circuit
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is able to provide the accurate signal for the AD converter.

Figure 115. Impulse response of the

Figure 116. Grid voltage measurements

voltage measurement circuit
The disadvantage of the system is that a part of the ADC resolution due to limited output
signal generation levels in transducers might be lost. To be more precise, the +15 to – 15 V
output-signal range cannot normally be achieved by a transducer. However, the outband of the
measurement signals are normally used to measure failure situations, therefore, they do not need
to be measured very accurately, because they mostly lead to the device disconnection.
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13.4.

Publications and patents list

List of most important papers
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outphasing for high-frequency resonant inverters," IEEE Transactions on Power Electronics, vol.
29, no. 4, pp. 1894-1908 2014.
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outphasing for high-frequency resonant inverters," in Conference Proceedings - 2012 IEEE 7th
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M. Koniak, P. Biczel, M. Klos, M. Koceba and L. Roslaniec, "LCC resonant power electronic
converter for photovoltaic system with battery energy storage," in Proceedings of the 2011 3rd
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List of patents
Patent application P-402799
Co-author of the patent
Układ dopasowujący signal pomiarowy z bipolarnego przekładnikach prądowego/napięciowego
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wykorzystującego efekt Halla do unipolarnych przetworników analogowo-cyfrowych
(Signal conditioning circuit for Hall-effect-based bipolar voltage/current transducer integration
with unipolar analogue-digital converter)
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13.5.

List of abbreviations

AC – alternating current
ADC – analogue–to–digital converter
DC – direct current
DES – distributed energy sources
DFIG – doubly–fed induction generator
DLL – dynamic link library
DOD – depth of discharge
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DSP – digital signal processor
EMC – electromagnetic compatibility
EMI – electromagnetic interference
EPS – electric power system
IGBT – Insulated Gate Bipolar Transistors
LPF – low pass filter
MOSFET – Metal Oxide Semiconductor Field Effect Transistors
MPP – maximum power point
MPPT – maximum power point tracking
PCC – point of common coupling
PD – phase detector,
PI – proportional–integral
PID – proportional–integral–derivative
PLL – phase–locked loop
PMSG – permanent–magnet synchronous generator
PR – Proportional–resonant
PV – photovoltaics
PWM – pulse–width modulation
RMS – root mean square
TSE – tower shadow effect
UPS – uninterruptible power supply
VCO – voltage–controlled oscillator
VSI – voltage source inverter
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13.6.

List of most important symbols

 – grid–voltage angle

C – capacitance
fB – passing band
fo – center frequency
I – current vector
i – instantaneous current value
Igrid – grid current
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igrid – instantaneous value of grid current
Iinv – inverter current
Irec – rectifier current
iref , iset – reference signal for current control
IRMS – RMS current value
Kd – derivate gain
Ki – integral gain
Kp – proportional gain
Kr – resonant gain
L – inductance
Linv – equivalent inductance of inverter filter
N – number of samples
P – active power
Pm – mechanical power
Q – reactive power
Q1 – transistor
Qel – electric charge
R – resistance
S– apparent power
S1 – switch
T – period
t – time
v – instantaneous voltage value
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V – voltage vector
V1 – varistor
VDC – DC voltage
Vgrid – grid voltage
Vmax – maximum voltage value
Vout – output voltage
Vpcc – the PCC voltage
Vpeak – peak voltage value
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VRMS – RMS voltage value
VZ – inverter filter equivalent impedance voltage drop
X– reactance
Zinv – equivalent impedance of inverter filter
δ–phase displacement between vectors
– phase displacement between signals
ω – angular frequency
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