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CONTROL AND GRID SYNCHRONIZATION OF TWO LEVEL VOLTAGE
SOURCE INVERTER UNDER TEMPORARY VOLTAGE UNBALANCE

Tomasz Chmielewski

Lublin University of Technology, Electrical Engineering and Computer Science Faculty

Abstract. This paper presents the operation of grid tied, two level voltage source inverter (VSI) during network voltage unbalance. The control system was
implemented in synchronous rotating reference frame dq0 (SRF). Two types of control structures were investigated herein. First utilizes the Double
Decoupled SRF Phase-locked loop (DDSRF-PLL) synchronisation with positive and negative sequence currents control. Second one is simplified system
that does not provide symmetrical components decomposition and decoupling for synchronisation. Simulation results exhibited a superior performance of
the DDSRF-PLL control system under grid voltage unbalance.

Keywords: control, PLL, unbalance, synchronisation

STEROWANIE ORAZ SYNCHRONIZACJA DWUPOZIOMOWEGO FALOWNIKA NAPIECIA
W WARUNKACH PRZEJSCIOWEJ ASYMETRII NAPIEC SIECI

Streszczenie: Niniejszy artykul przedstawia prace dwupoziomowego falownika napigcia wspolpracujgeego z sieciq, podczas przejsciowej asymetrii napigé.
System sterowania zostal zaimplementowany w wirujgcym ukitadzie synchromicznym dq0. Przeanalizowano dwa typy sterowania. W pierwszym
zastosowano metodg synchronizacji z odprzeganiem DDSRF-PLL wraz z mozliwoscig kontroli prqdow sktadowej zgodnej i przeciwnej. Drugi natomiast w
swoje uproszczeni formie nie pozwalala na sterowanie obu sktadowych symetrycznych, zabraklo rowniez odprzegania podczas synchronizacji z siecig.

Wyniki symulacji pokazatly o wiele lepsze dzialanie pierwszej metody sterowania.

Stowa kluczowe: sterowanie, PLL, asymetria, synchronizacja
Introduction

The semiconductor based power converters are commonly
used in order to provide the desired supply conditions for a given
application. This can be for example a motor drive which requires
a specific functions that could not be provided by means of any
other equipment. Another application are renewable energy
sources [34]. Typically the transmission system operator (TSO)
defines the requirements for grid connected converters operation
(grid codes). The increasing demand of grid code compliance
require a sophisticated power converters topologies and control
[33]. Due to unpredictable nature of energy carriers such as wind,
sun radiation or sea waves, not only the network operator’s
requirements are the challenge, but also a robust and economical
operation of such power sources are at stake [35]. Three phase
electrical utility grid is subjected to various disturbances such as
faults, harmonics, transients, it is crucial that the converter is able
to withstand such conditions. One of the most common
disturbance occurring in three phase network is voltage unbalance.
It may be caused by variety of factors such as faults,
unsymmetrical load, system overloading [30].

The main scope of this paper is the investigation of control
method that ensure stable operation of power converter and
maintain the reference tracking during AC grid unbalance.
Moreover, the author presents a comprehensive literature review
which resulted in clear classification of available methods applied
for control of grid connected power converters. The following
sections of this paper present the comparison of highly complex
control scheme that is able to fulfil abovementioned requirements
and the simplified algorithm with limited controllability of power
converter output during voltage asymmetry. Both of control
schemes are based on voltage oriented (VOC) approach with Pl
regulators operating in synchronous rotating reference frame dg0
(SRF). The simulation results obtained using Simulink software
are followed by their interpretation and conclusions.

1. Voltage unbalances in three phase grids

In certain conditions the three phase grid voltage can become
either unbalanced or distorted. The unbalance may take a various
form but generally it concerns voltage magnitude, phase or both.
In order to simplify the analysis of such unbalanced systems the
decomposition into symmetrical components is applied. It allows
one to represent the unbalanced system by means of three
symmetrical balanced components namely: positive, negative and

zero sequence. Positive and negative sequences are three phase
symmetrical, 120 degrees shifted systems that rotate with the same
frequency but in opposite directions. Whilst zero sequence
components are all in phase. When considered as vectors the
original voltage vector is essentially a geometrical sum of
corresponding positive, negative and zero sequence components.

Due to the fact that the voltage unbalances may have a various
nature, it is convenient to have some kind of classification that
would at least give an idea which parameters of the supply are
affected the most. The general classification of disturbances in
power systems is for example provided by the IEC 61000-2-
5:1995 standard [30]. It addresses the number of phenomena and
classify them in the frequency domain (Table 1). As can be
observed the low frequency conducted phenomena is one of the
largest group. It is also a crucial range from the point of view of
power converters control. This is due to the fact that high
frequency phenomena are hard to be affected by the control that is
coupled with a power converter which operates at switching
frequency in range of couple of kHz.

One of the simplest parameter that expresses the severity
of unbalance is expressed by the equation (1). It shows the ratio
of negative sequence to positive sequence voltage average
value [31].

%Imbalance = % X 100%
pos

More complex view on the type of voltage unbalance is so
called ABC notation which is strictly related with a fault type that
can cause such voltage conditions. This kind of classification
precisely specifies how the fault has affected the symmetrical
components of the voltage. Knowing that one may easily
distinguish  the disturbance and possibly apply certain
countermeasures [6, 7]. Only type A voltage sag is a symmetrical
disturbance that appears only in amplitude. This kind of
disturbance can be caused for example by 3-phase fault or
symmetrical overload. Type B can be easily projected to e.g.
single phase fault which is one of the most common short circuits
in power systems (around 70% of all faults [37]). Type E can be a
consequence of two phase to ground fault. Whereas types C, D, F
and G are the consequences of either B or E. There are also other
classification schemes that may be applied for a description of
voltage unbalance. In [32] author proposes the classification that is
based on space vector methodology. This method utilizes the fact
that in balanced conditions the rotating space vector on the

artykul recenzowany/revised paper

IAPGOS, 4/2016, 26-31



p-ISSN 2083-0157, e-ISSN 2391-6761

complex plane that represents the voltage creates the perfect
circle. Unlike when the unbalance occurs, during which this shape
becomes elliptic. This deformation is defined by the severity of
magnitude and phase unbalance.

Table 1. The classification of network disturbances [30]

Group Examples
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Table 2. The classification of grid connected power converters control methods

Voltage/Virtual flux Oriented Control (VOC/VFOC)
e PI-VOC/VFOC [16, 22, 47, 61, 66, 73]
e PR-VOC/VFOC [4, 27, 41, 69]
e Integral Resonant [42, 43]
Dead-beat control (DB)
e DB-DPC [56, 57]
e DB current control [5, 11, 24, 48, 79]

Harmonics, interharmonics

Signal systems (power line carrier)
Voltage fluctuations

Voltage dips and interruptions
Voltage imbalance
Power-frequency variations
Induced low-frequency voltages
DC in AC networks

Magnetic fields

Electric fields

Conducted low-frequency
phenomena

Radiated low-frequency
phenomena

Finite Control Set Model Predictive Control (FCS-MPC)
e DPCJ70]
e VF-DPC 3, 51]
e  Current control [71]
e MP3C[23]
e Hysteresis [81]
State Feedback Control
e Full State Feedback [10, 18, 20, 67]
e Partial State Feedback [21, 58]

Unidirectional transients

Conducted high-frequency phenomena
Oscillatory transients

Magnetic fields

Electric fields

Electromagnetic fields

Continuous waves

Transients

Induced continuous wave (CW)
voltages or currents

Radiated high-frequency
phenomena

Electrostatic discharge
phenomena (ESD)

Nuclear electromagnetic pulse
(NEMP)

Direct Power Control (DPC)
e Look-up Table Based (LUT-DPC) [15, 29, 52, 60]
e Space Vector Modulation Based (SVM-DPC) [50, 82]
e  ORS concept [19]
Sliding Mode Control
e Hysteresis based [1, 2, 13, 39, 40, 74]
e PWM based [14, 26, 36, 44, 46, 77, 78]

e DPC[28]
Fuzzy Logic Control
e DPCJ8 9]

e PIDOrPR [12, 62,65, 72]

2. Power converters control methods

The topic of grid connected power electronic control has been
elaborated in number of papers [25, 38, 45, 63, 75, 76]. The variety
both methods makes it possible to find the optimal solution for
nearly every application. A universal control scheme that would
satisfy all requirements does not exists and there are always certain
constraints to every single method. The choice of the control
technique should be made mainly based on the application. Factors
such as power, voltage level, space constraints also play a
significant role in choosing the control or modulation type. This
chapter provides a comprehensive view on available control
methods that can be applied for grid connected converters.
Although, the primary goal of each method is to robustly track the
desired reference their performance and complexity may differ
significantly. Table 2 presents control methods that are categorized
based on relevant references.

The most common control methods are voltage or virtual flux
oriented control methods based on proportional-integral (P1) or
proportional resonant (PR) controllers. The topology presented
herein is the state-of-the art approach. Implementation in dq0 SRF
with axis decoupling and separate controllers for positive and
negative components is a robust and well known solution.
Predictive methods such as DB or FCS-MPC provide superior
performance in terms of dynamics but are fairly complex and
require a good knowledge about the system under control.
Likewise the State Feedback control requires accurate model of the
system as well as increased number of measurements (which can
be in some cases replaced with observers). DPC offers a high
dynamic and reference tracking. On a downside it requires high
sampling rates and is characterized with variable switching
frequency when applied with use of LUT. Sliding Mode Control
operation principle consists in modification of a control structure
that maintains the output within predefined range (sliding surface).
Fuzzy logic control on the other hand allow to control the system
even in case of limited knowledge about it structure (i.e. does not
require exact model of the controlled structure). It is based on set of
fuzzy logic rules that assign the input value to a specific
membership function defined by the designer. Finally the hysteresis
controllers track the control single with respect to the reference
value in order to keep it within specified limits (hysteresis band).
Hysteresis band may be constant or adaptive which results in either
variable or constant switching frequency.

e Adaptive [64]

Hystersis Control
o Constant hysteresis band [17, 49, 53, 54]
e  Variable hysteresis band [55, 59]

Most of existing current and power control methods were
verified or adopted for operation under voltage unbalance. The
main reason for making the converter control immune to
disturbances such as voltage unbalance are network stability
requirements. Namely, the converter should not trip which could
lead (especially in high power applications) to load rejection or
generation loss. This in turn may cause frequency and voltage
variation which are unfavourable in terms of network operation.
This paper presents as an example of power converter control
under voltage unbalance a widely used VOC technique with a
robust DDSRF-PLL synchronisation algorithm

3. Control system and network description

The control methods described herein are both voltage oriented
(VOC) with PI controllers used for current reference tracking. They
differ in control capabilities during voltage unbalances. The most
important differences are application of symmetrical components
decomposition and Double Decoupled SRF Phase-locked loop
(DDSRF-PLL) synchronisation in case of extended VOC control.
[47, 68, 80, 83]. It is noteworthy that the gains of the current and
PLL PI controllers are the same for basic and extended control
algorithms.

3.1. Basic VOC-SRF control algorithm

Basic control algorithm implemented in SRF is a VOC with
feedforward and Pl regulators and simple phase-locked loop
(PLL). This particular control system lacks function of
symmetrical components decomposition. Both the control
structure and PLL are shown in figures below (Fig. 1 and Fig. 2
respectively).

The reference values of direct and quadrature components of
currents (proportional respectively to active and reactive powers)
are calculated based on equations (1) — (4) setting the negative
sequence components of currents of voltages and currents to zero.
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Fig. 2. Basic PLL grid voltage synchronisation

3.2. Extended VOC-SRF control

The extended control structure is depicted in Fig.3. Compared
to basic algorithm it provides robust operation during voltage
asymmetry due to utilization of DDSRF-PLL (Fig. 4) and
sequence components decomposition. Because of abovementioned
features current and resulting power controllability are greatly
improved.
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Fig. 3. Extended VOC-SRF control

PLL 0
(Fig.2) [
V%Decouplingﬂj" |E§——>
o da¥ vgr| network |+
aB |2 apc > + ~—{LPEH
V: Ta ) QT
* labe d v, Decoupling
> a7 vg | network | .
? |abc > - MpE—

%o to
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The reference currents in direct and quadrature axes are
calculated based on the power reference and voltage
measurements. As it can be observed in Fig. 3 and Fig. 4 the
control system requires also a decomposition into symmetrical
components which are then decoupled and controlled
independently. The control uses the DDSRF decoupling network
and output low pass filters both in case of measured voltages and
currents. The most essential block for the control objective
determination is the reference current calculator which determines
the currents in current supply voltage conditions that will result in
desired power flow (in this particular case 5 kW).

rlgref-l [ Vl;— VJ ‘id_ VCI_ _] [g Pref]
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The equations (1) — (4) represent the operations done for
reference currents calculations [9].

3.3. Network under study

The network under study is depicted in Fig. 5 and Fig. 6. Two
level inverter comprises ideal switches (losses are neglected). It is
coupled to the external network modelled as an infinite bus via
current filter of 10 mH. Sinusoidal pulse with modulation (PWM)
is used for gating. The frequency of a triangular carrier wave was
set to 16 kHz. The measurements of three phase voltages and
currents are taken behind the filter (at grid connection) where the
reference conditions should be achieved.
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Fig. 5. Current waveforms for extended control system

Infinite bus
VL =400 Vims

L=10 mH f=50Hz
YY)
850 vV YN grid
T YY)

Voltage and current
—i%& —i%& measurement

Fig. 6. Current waveforms for extended control system
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3.4. Simulation results

The results presented in this section are the outcome of
simulations conducted in Matlab/Simulink for a temporary voltage
unbalance in 400 V three phase 50 Hz system.

The occurring unbalance was assumed to have 30% of
negative sequence (Fig. 5). The following figures depict the
current waveforms and instantaneous power measured for both
herein presented control algorithms. Additionally the voltage
phase angles theta produced by PLL blocks are presented in Fig. 7
and Fig. 8.

As it can be observed the extended control system was able to
maintain controllability and adjust the currents (Fig. 9) to the new
grid condition. Basic control algorithm was able only to keep the
inverter in operation introducing high deformation of the inverter
current (Fig. 11) due to lack of symmetrical components control
and advanced synchronisation loop. Despite the same PI controller
gains (for making the results comparison possible) the response of
the system is different with a visible overshoot in phase currents.
This is caused mainly by the modified overall control structure in
case of extended control. The main factor that should be also
accounted for are filters present in the DDSRF-PLL and most
importantly their presence in decomposition of measured currents
into symmetrical components. Moreover there is a visible
difference in the voltage theta angles of the synchronisation loops
(Fig. 7 and Fig. 8). In this case the DDSRF-PLL presents much
higher performance with no visible fluctuations, which cannot be
said about the simple SRF-PLL. The instantaneous powers traces
(Fig. 10 and Fig. 12) exhibit some interesting properties namely,
lack of independent positive and negative sequence controllers
results in 100 Hz reactive power oscillations. In case of basic
control these oscillations are visible for both reactive and active
powers whereas the extended control with negative sequence
current injection was able to eliminate the active power
fluctuations. One should note that in order to eliminate oscillatory
terms in both reactive and active powers, the control system
should have two more degrees of freedom i.e. inject zero sequence
currents. In order to achieve it the inverter would have to operate
in four wire topology. Detailed description of such requirements
can be found in [68, 80].
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4. Summary

Based on the performed simulations it was shown that the
control system of a power converter is essential for proper
operation of the grid connected power converter. This fact is
especially manifested during grid voltage unbalanced. Insufficient
control capabilities may result in non-satisfactory output power
quality which can even worsen the voltage quality. Only a fully
coordinated control, designed for specific system topology is able
to provide the reference tracing regardless of an external
conditions. Voltage oriented control coupled together with
DDSRF-PLL synchronisation has proven to be a good choice for
such grid conditions. Basic control system without symmetrical
component decomposition and simple PLL was on the other hand
maintain the operation of the power converter under the voltage
unbalance. This essentially means that it could actually be applied
in systems with no strict requirements regarding the power quality
or voltage support functionalities.

References

[1] Abrishamifar A., Ahmad A.A., Mohamadian M.: Fixed switching frequency
sliding mode control for single-phase unipolar inverters. IEEE Transactions on
Power Electronics 27(5)/2012, 2507-2514.

[2] Alarcon-Gallo E., De Vicuiia L.G., Castilla M., Miret J., Matas J., Camacho A.:
Decoupled sliding mode control for three-phase LCL VSI operating at fixed
switching frequency. IEEE International Symposium on Industrial Electronics,
2012, 1572-1578.

[3] Antoniewicz P., Kazmierkowski M.P.: Virtual-flux-based predictive direct
power control of AC/DC converters with online inductance estimation. IEEE
Transactions on Industrial Electronics 55(12)/2008, 4381-4390.

[4] Bianchi N., Dai Pre M.: Active power filter control using neural network
technologies. IEE Proceedings-Electric Power Applications 150(2)/2003, 139—
145.

[5] Bibian S., Jin H.: High performance predictive dead-beat digital controller for dc
power supplies. IEEE Transactions on Power Electronics 17(3)/2002, 420-427.

[6] Bollen M.H.J.: Voltage recovery after unbalanced and balanced voltage dips in
three-phase systems. IEEE Transactions on Power Delivery 18(4)/2003, 1376-
1381.

[71 Bollen M.H.J., Zhang L.D.: Different methods for classification of three-phase
unbalanced voltage dips due to faults. Electric Power Systems Research
66(1)/2003, 59-69.

[8] Bouafia A., Krim F., Gaubert J.P.: Design and implementation of high
performance direct power control of three-phase PWM rectifier, via fuzzy and
PI controller for output voltage regulation. Energy Conversion and Management
50(1)/2009, 6-13.

[9] Bouafia A., Krim F., Gaubert J.P.. Fuzzy-Logic-Based Switching State
Selection for Direct Power Control of Three-Phase PWM Rectifier. IEEE Trans.
Ind. Electron. 56(6)/2009, 1984-1992.

[10] Busada C.A., Gomez Jorge S., Solsona J.A.: Full-State Feedback Equivalent
Controller for Active Damping in LCL-Filtered Grid-Connected Inverters Using
a Reduced Number of Sensors. IEEE Transactions on Industrial Electronics
62(10)/2015, 5993-6002.

[11] Buso S., Fasolo S., Malesani L., Mattavelli P.: A dead-beat adaptive hysteresis
current control. IEEE Transactions on Industry Applications 36(4)/2000, 1174—
1180.

[12] Cai H., Wei W., Peng Y., Hu H.: Fuzzy Proportional-Resonant Control Strategy
for Three-Phase Inverters in Islanded Micro-Grid with Nonlinear Loads, 2014.

[13] Carpita M. Marchesoni M.: Experimental study of a power conditioning system
using sliding\nmode control. IEEE Transactions on Power Electronics
11(5)/1996.

[14] Chang F.J., Chang E.C., Liang T.J., Chen J.F.: Digital-signal-processor-based
DC/AC inverter with integral-compensation terminal sliding-mode control. IET
Power Electronics 4(1)/2011, 159.

[15] Chen B.S. Joos G.: Direct Power Control of Active Filters With Averaged
Switching Frequency Regulation. IEEE Transactions on Power Electronics
23(6)/2008, 2729-2737.

[16] Choi J.W. Sul S.K.: Fast current controller in three-phase AC/DC boost
converter using d-q axis crosscoupling. IEEE Transactions on Power Electronics
13(1)/1998, 179-185.

[17] Davoodnezhad R., Holmes D.G., McGrath B.P.: A novel three-level hysteresis
current regulation strategy for three-phase three-level inverters. IEEE
Transactions on Power Electronics 29(11)/2014, 6100-6109.

[18] Dirscherl C., Fessler J., Hackl C.M., Ipach H.: State-feedback controller and
observer design for grid-connected voltage source power converters with LCL-
filter. 2015 IEEE Conference on Control and Applications, CCA 2015 -
Proceedings, 2015, 215-222.

[19] Escobar G., Stankovic A.M., Carrasco J.M., Galvan E. Ortega, R.: Analysis and
design of direct power control (DPC) for a three phase synchronous rectifier via
output regulation subspaces. IEEE Transactions on Power Electronics
18(3)/2003, 823-830.

[20] Galecki A., Kaszewski A., Ufnalski B., Grzesiak L.M.: State Current Controller
with Oscillatory Terms for Three-level Grid-connected PWM Rectifiers under
Distorted Grid Voltage Conditions. 2015 17th European Conference on Power
Electronics and Applications (EPE’15 ECCE-Europe), 2015, 1-10.

[21] Galecki A., Kaszewski A., Ufnalski B., Grzesiak L.M.: LQ current control for

p-ISSN 2083-0157, e-ISSN 2391-6761

three-phase  PWM rectifiers under unbalanced grid voltage conditions.
Proceedings - 2015 9th International Conference on Compatibility and Power
Electronics, CPE 2015, 2015, 191-196.

[22] Garcia-Triviio P., Gil-Mena A.J., Llorens-Iborra F., Garcia-Vazquez C.A.,
Fernandez-Ramirez L.M., Jurado F.: Power control based on particle swarm
optimization of grid-connected inverter for hybrid renewable energy system.
Energy Conversion and Management 91, 2015, 83-92.

[23] Geyer T., Oikonomou N., Papafotiou G., Kieferndorf F.D. Model predictive
pulse pattern control. IEEE Transactions on Industry Applications 48(2)/2012,
663-676.

[24] Gokhale K.P., Kawamura A., Hoft R.G.: Dead beat microprocessor control of
pwm inverter for sinusoidal output waveform synthesis. IEEE Transactions on
Industry Applications 1A-23, 5/1987, 901-910.

[25] Guerrero-Rodriguez N.F., Rey-Boué¢ A.B., Herrero-de Lucas L.C., Martinez-
Rodrigo F.: Control and synchronization algorithms for a grid-connected
photovoltaic system under harmonic distortions, frequency variations and
unbalances. Renewable Energy 80/2015, 380-395.

[26] Hao X., Yang X., Liu T., Huang L., Chen W.: A sliding-mode controller with
multiresonant sliding surface for single-phase grid-connected VSI with an LCL
filter. IEEE Transactions on Power Electronics 28(5)/2013, 2259-2268.

[27] HuJ. He Y.: Modeling and control of grid-connected voltage-sourced converters
under generalized unbalanced operation conditions. IEEE Transactions on
Energy Conversion 23(3)/2008, 903-913.

[28] Hu J., Shang L., He Y., Zhu Z.Z.: Direct Active and Reactive Power Regulation
of Grid-Connected DC/AC Converters Using Sliding Mode Control Approach.
IEEE Transactions on Power Electronics 26(1)/2011, 210-222.

[29] Hu J., Zhu Z.Q.: Investigation on switching patterns of direct power control
strategies for grid-connected DC-AC converters based on power variation rates.
IEEE Transactions on Power Electronics 26(12)/2011, 3582-3598.

[30] IEC. IEC 61000-2-5: Electromagnetic compatibility (EMC) - Part 2-5:
Environment - Description and classification of electromagnetic environmen.
1995.

[31] IEEE. IEEE Std 1159™-2009, |IEEE Recommended Practice for Monitoring
Electric Power Quality. 2009.

[32] Ignatova V., Granjon P., Bacha S., Dumas F.: Classification and characterization
of three phase voltage dips by space vector methodology. Future Power
Systems, 2005 International Conference on, Generic 6/2005.

[33] lov F., Hansen A.D., Sorensen P.: Mapping of grid faults and grid codes. 2007.

[34] Jarzyna W.: TERMS OF THE TURBINE AND GENERATOR CHOICE OF
WIND POWER STATIONS. Rynek Energii 1(4)/2011, 102-106.

[35] Jarzyna W., Lipnicki P.: The comparison of Polish grid codes to certain
European standards and resultant differences for WPP requirements. 2013 15th
European Conference on Power Electronics and Applications, EPE 2013, June
2013, 1-6.

[36] Jung S.L., Tzou Y.Y.: Discrete sliding-mode control of a PWM inverter for
sinusoidal output waveform synthesis with optimal sliding curve. IEEE
Transactions on Power Electronics 11(4)/1996, 567-577.

[37] Kacejko P., Machowski J.: Zwarcia w Systemach Elektroenergetycznych. WNT,
2013.

[38] Kazmierkowski M.P., Malesani L.: Current control techniques for three-phase
voltage-source PWM converters: a survey. IEEE Transactions on Industrial
Electronics 45(5)/1998, 691-703.

[39] Komurcugil H., Ozdemir S., Sefa I., Altin N., Kukrer O.: Sliding-Mode Control
for Single-Phase Grid-Connected LCL-Filtered VSI With Double-Band
Hysteresis Scheme. IEEE Transactions on Industrial Electronics 63(2)/2016,
864-873.

[40] Kukrer O., Komurcugil H., and Doganalp A.: A three-level hysteresis function
approach to the sliding-mode control of single-phase UPS inverters. IEEE
Transactions on Industrial Electronics 56(9)/2009, 3477-3486.

[41] Li Z., Li Y., Wang P., Zhu H., Liu C., Xu W.: Control of three-phase boost-type
PWM rectifier in stationary frame under unbalanced input voltage. IEEE
Transactions on Power Electronics 25(10)/2010, 2521-2530.

[42] Lidozzi A., Lo Calzo G., Solero L., Crescimbini F.: Integral-resonant control for
stand-alone voltage source inverters. IET Power Electronics 7(2)/2014, 271-
278.

[43] Lidozzi A., Calzo G. Lo., Solero L., Crescimbini F.: Integral-Resonant VVoltage
Control for Three-Phase Four-Leg Voltage Source Inverters. 2012, 1412-1419.

[44] Lin C., Fu T.L.M.W.L., Hsiao C.: Design and implementation of a chattering-
free non-linear sliding-mode controller for interior permanent magnet
synchronous drive systems. 6, December 2011, 2012, 332-344.

[45] Liserre M., Teodorescu R., Blaabjerg F.: Multiple harmonics control for three-
phase grid converter systems with the use of PI-RES current controller in a
rotating frame. IEEE Transactions on Power Electronics 21, 3 (2006), 836-841.

[46] Liutanakul P., Pierfederici S., and Meibody-Tabar, F.: Nonlinear control
techniques of a controllable rectifier/inverter-motor drive system with a small
dc-link capacitor. Energy Conversion and Management 49(12)/2008, 3541—
3549.

[47] Ma K., Chen W., Liserre M., Blaabjerg F.: Power controllability of a three-
phase converter with an unbalanced AC source. IEEE Transactions on Power
Electronics 30(3)/2015, 1591-1604.

[48] Malesani L., Mattavelli P., Buso S.: Robust Dead-Beat Current Control for
PWM Rectifiers and Active Filters. IEEE Trans. Ind. Appl. 35(3)/1999, 613—
620.

[49] Malesani L., Tenti P. A: Novel Hysteresis Control Method for Current-
Controlled Voltage-Source  PWM Inverters with Constant Modulation
Frequency. IEEE Transactions on Industry Applications 26(1)/1990, 88-92.

[50] Malinowski M., Jasinski M., Kazmierkowski M.P.: Simple Direct Power
Control of Three-Phase PWM Rectifier Using Space-Vector Modulation (DPC-
SVM). IEEE Transactions on Industrial Electronics 51(2)/2004, 447-454.

[51] Malinowski M., Kazmierkowski M.P., Hansen S., Blaabjerg F., Marques G.D.:
Virtual-flux-based direct power control of three-phase PWM rectifiers. Industry
Applications, IEEE Transactions on 37(4)/2001, 1019-1027.



p-ISSN 2083-0157, e-ISSN 2391-6761

[52] Malinowski M., Kazmierkowski M.P., Hansen S., Blaabjerg F., Marques G.D.:
Virtual-flux-based direct power control of three-phase PWM rectifiers. IEEE
Transactions on Industry Applications 37(4)/2001, 1019-1027.

[53] Mao H., Yang X., Chen Z., Wang Z.: A hysteresis current controller for single-
phase three-level voltage source inverters. IEEE Transactions on Power
Electronics 27(7)/2012, 3330-3339.

[54] Maswood A.l. Liu F.: A unity-power-factor converter using the synchronous-
reference-frame-based hysteresis current control. IEEE Transactions on Industry
Applications 43(2)/2007, 593-599.

[55] Mcmurray W.: Modulation of the Chopping Frequency in DC Choppers and
PWM Inverters Having Current-Hysteresis Controllers. IEEE Transactions on
Industry Applications |, 4/1984, 763-768.

[56] Monfared M., Rastegar H.: Design and experimental verification of a dead beat
power control strategy for low cost three phase PWM converters. International
Journal of Electrical Power and Energy Systems 42(1)/2012, 418-425.

[57] Monfared M., Sanatkar M., Golestan S.: Direct active and reactive power
control of single-phase grid-tie converters. IET Power Electronics 5(8)/2012,
1544,

[58] Montagner V.F., Jr L. A.M., Koch G.G,, et al.: Partial state feedback controllers
applied to grid-connected converters. 2, 3.

[59] Nagy I.: Novel Adaptive Tolerance Band Based PWM for Field-Oriented
Control of Induction Machines. IEEE Transactions on Industrial Electronics
41(4)/1994, 406-417.

[60] Noguchi T., Tomiki H., Kondo, S., Takahashi I.: Direct power control of PWM
converter without power-source voltage sensors. IEEE Transactions on Industry
Applications 34(3)/1998, 473-479.

[61] Norniella J.G., Cano J.M., Orcajo G.A., et al.: Improving the dynamics of
virtual-flux-based control of three-phase active rectifiers. IEEE Transactions on
Industrial Electronics 61(1)/2014, 177-187.

[62] P, K. and Mahapatra, K.K.: Pl and fuzzy logic controllers for shunt Active
Power Filter--a report. ISA transactions 51(1)/2012, 163-9.

[63] Parvez M., Elias M.F.M., Rahim N.A., Osman N.: Current control techniques
for three-phase grid interconnection of renewable power generation systems: A
review. Solar Energy 135/2016, 29-42.

[64] Punitha K., Devaraj D., Sakthivel S.: Development and analysis of adaptive
fuzzy controllers for photovoltaic system under varying atmospheric and partial
shading condition. Applied Soft Computing Journal 13(11)/2013, 4320-4332.

[65] Rakhtala S.M. Shafiee Roudbari E.: Fuzzy PID control of a stand-alone system
based on PEM fuel cell. International Journal of Electrical Power & Energy
Systems 78/2016, 576-590.

[66] Razali A.M. Rahman M.A.: Virtual grid flux oriented control method for front-
end three phase boost type voltage source rectifier. 2012 25th IEEE Canadian
Conference on Electrical and Computer Engineering: Vision for a Greener
Future, CCECE 2012, 2012, 1-4.

[67] Rese L., Costa A.S., E Silva A.S.: Enhanced modeling and control of VSIs in
microgrids operating in grid-connected mode. 2012 IEEE PES Innovative Smart
Grid Technologies, ISGT 2012, 2012, 1-8.

[68] Rodriguez P., Pou J., Bergas J., Candela J.I., Burgos R.P., Boroyevich D.:
Decoupled double synchronous reference frame PLL for power converters
control. IEEE Transactions on Power Electronics 22(2)/2007, 584-592.

[69] Roslan N.F., Suul J.A., Luna A., Candela I., Rodriguez P. A: Simulation Study
of Proportional Resonant Controller Based on the Implementation of Frequency-
Adaptive Virtual Flux Estimation with the LCL Filter. 2015, 1934-1941.

[70] Scoltock J., Geyer T., Madawala U.K.: Model predictive direct power control
for grid-connected NPC converters. IEEE Transactions on Industrial Electronics
62(9)/2015, 5319-5328.

IAPGOS 4/2016 31

[71] Scoltock J., Geyer T., Madawala U.K.A: Model Predictive Direct Current
Control Strategy With Predictive References for MV Grid-Connected
Converters With LCL Filters. IEEE Transactions on Power Electronics
30(10)/2015, 5926-5937.

[72] Sefa I., Altin N., Ozdemir S., Kaplan O.: Fuzzy PI controlled inverter for grid
interactive renewable energy systems. IET Renewable Power Generation
9/2015, 729-738.

[73] Song H.S. Nam K.: Dual current control scheme for PWM converter under
unbalanced input voltage conditions. IEEE Transactions on Industrial
Electronics 46(5)/1999, 953-959.

[74] Tan S., Member S., Lai Y.M., et al.: A Fixed-Frequency Pulsewidth Modulation
Based Quasi-Sliding-Mode Controller for Buck Converters. 20(6)/2005, 1379—
1392.

[75] Timbus A., Liserre M., Teodorescu R., Rodriguez P., Blaabjerg F.: Evaluation
of current controllers for distributed power generation systems. IEEE
Transactions on Power Electronics 24(3)/2009, 654-664.

[76] Veena P., Indragandhi V., Jeyabharath R., Subramaniyaswamy V.: Review of
grid integration schemes for renewable power generation system. Renewable
and Sustainable Energy Reviews 34/2014, 628-641.

[77] Wai R., Member S., Lin C.: Active Low-Frequency Ripple Control for Clean-
Energy Power-Conditioning Mechanism. IEEE Transactions on Industrial
Electronics 57(11)/2010, 3780-3792.

[78] Wai R.J. Lin C.Y.: Dual active low-frequency ripple control for clean-energy
power-conditioning mechanism. IEEE Transactions on Industrial Electronics
58(11)/2011, 5172-5185.

[79] Yamamoto Y.: Dead beat control of three phase PWM inverter - Power
Electronics, IEEE Transactions on. 5(1)/1990, 21-28.

[80] Yin B., Oruganti R., Panda S.K., Bhat A.K.S.: An output-power-control strategy
for a three-phase PWM rectifier under unbalanced supply conditions. IEEE
Transactions on Industrial Electronics 55(5)/2008, 2140-2151.

[81] Zhang X., Wang Y., Yu C., Guo L., Cao R.: Hysteresis model predictive control
for high-power grid-connected inverters with output LCL filter. IEEE
Transactions on Industrial Electronics 63(1)/2016, 246-256.

[82] Zhang Y., Qu C.: Direct Power Control of a Pulse Width Modulation Rectifier
Using Space Vector Modulation Under Unbalanced Grid Voltages. IEEE
Transactions on Power Electronics 30(10)/2015, 5892-5901.

[83] Zielinski D., Jarzyna W., Lipnicki P.: Synchronization of voltage frequency
converters with the grid in the presence of notching. COMPEL - The
international journal for computation and mathematics in electrical and
electronic engineering 34(3)/2015, 657-673.

M.Sc. Tomasz Chmielewski
e-mail: tomasz.chmielewski@pollub.pl

The author is a Ph.D. student in Electrical Engineering
at the Faculty of Electrical Engineering and Computer
Science of Lublin University of Technology. His main
area of research are grid connected power electronic
converters operating in abnormal supply voltage
conditions.

otrzymano/received: 15.08.2015 przyjeto do druku/accepted: 30.10.2015



