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Abstract—The paper deals with the problem of creation and
developing of effective and perspective control means and
methods for correction of voltage and current level and harmonic
spectrum by means of active and hybrid correction systems in
conditions of distributed generation on the base of renewable and
alternative power sources. The main types of active and hybrid
correction systems are presented and analyzed. The main existing
means and methods of harmonic detection, compensation and
signal processing are presented and analyzed. The universal
control system structure for active and hybrid correction systems
is proposed. The proposed control system structure and
algorithm are based on existing theories of harmonic
compensation and power decomposition, current physical
components, p-q theory and also on modern signal processing
methods. The efficiency of proposed algorithm and control
system is proved by results of mathematic modeling and
computer simulation. The required level of proposed control
system redundancy is proved.

I. INTRODUCTION

Nowadays the problem of power quality and
electromagnetic compatibility ensuring is actual both for
conventional centralized power supply systems and distributed
generation systems on the base of alternative and renewable
power sources. The main reason of power quality and
electromagnetic compatibility decreasing is a wide spread of
nonlinear load, which consumes non-sinusoidal current and
generates harmonics in power supply system.

The main type of nonlinear load is power frequency
converters of different structure and function mode. In case of
conventional centralized power supply systems mentioned
nonlinear loads are mostly presented as a part of variable
frequency drives of process installations. In case of distributed
generation systems on the base of alternative and renewable
power sources mentioned nonlinear loads can be presented
also as a part of variable frequency drives of process
installations and as a part of electrical complexes of solar
power stations, wind farms and micro turbine installations,
which work on following oil gas. For example the electrical
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complexes of solar power stations include one and more
DC/AC or DC/DC power converters for compliance of voltage
levels of solar panels and consumers or for conversion of
direct current of solar panels to alternative current of power
supply system [1, 2]. The similar example is valid also for
wind farms and micro turbine installations, which work on
following oil gas.

II. THE EXISTING DEVICES AND DECISIONS

The main consequences of negative influence of voltage
and current harmonics to electrical equipment are the
decreasing of rated lifetime, the possibility of resonance
modes occurrence, incorrect function of digital relay
protection systems, isolation damage [3, 4].

There are a number of the following passive technical
devices for voltage and current harmonics elimination:

e Passive filters of different structure.
e Damping reactors.

e Power transformers with special connection of the
secondary winding.

One common disadvantage of the mentioned passive
technical devices is the limited range of harmonic order for
compensation [5, 6].

Also there is a class of active devices, based on voltage
source converters and current source converters, intended for
harmonic elimination, reactive power compensation, voltage
dips and deviations elimination, source and load asymmetrical
modes compensation [7]. Among these devices it is necessary
to indicate the following:

e Shunt and series active filters.
e Active front end rectifiers.

e STATCOM devices.

e SVC devices.

e Dynamic voltage restorers.
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The functional capability of these devices is considerably
wider than passive devices, but in some cases even active
devices can not give the required result [8, 9]. That is why for
such difficult cases the hybrid systems should be used [10].

The hybrid systems can be classified according to the
following key factors:

e The way of active and passive part connection to each

other.

The way of hybrid
compensated network.

system connection with

e The type of power converter in active part.

Also for hybrid systems it is necessary to use more
difficult algorithms and methods. The realization of such
algorithms and methods should be provided on the base of
modern signal processing technologies.

III. THE EXISTING ALGORITHMS AND METHODS

The most existing algorithms and methods for control of
hybrid systems are based on Clark transformations of voltages
and currents. Also some numerical methods can be used in
existing algorithms such as Fast Fourier Transformation (FFT)
and Discrete Fourier Transformation (DFT). The general
classification of existing algorithms and methods is presented
on Fig.1.

There are some basic functions of active and hybrid
correction systems in the area of power quality improvement
and electromagnetic compatibility ensuring [11]:

e Voltage and current harmonic elimination.
e Voltage dips and fluctuations compensation.
e Power factor correction.

Source and consumer unbalance compensation.

The improvement of energy efficiency of variable
speed drives systems.
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Fig. 1. The general classification of existing algorithms and methods

Most algorithms of current harmonic elimination are based
on reference current determination by means of different
power theories and methods of orthogonal current
decomposition. Nowadays there is a set of theories and
methods, which are applied in active and hybrid correction
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systems control. According to researches results and analysis
of recent significant publications the following theories,
methods and scientific directions should be indicated for using
when developing of effective algorithms [12, 13]:

Classical theories, developed by C. Budeanu and S.
Fryze.

Current physical components theory, proposed by L.
Czarnecki.

Instantaneous power theory, developed by H. Akagi.

The mentioned three main scientific directions are the
basis of different modern theories and methods of power and
current components. That’s why they must be considered as
theoretical basis for developing new effective control methods
and means for active and hybrid correction systems control.
However these theories have some disadvantages, let’s
consider them.

Theory, proposed by C. Budeany, doesn’t give an exact
and applicable in practice equation for calculation of distortion
non-active power [14].

Theory, proposed by S. Fryze, doesn’t allow to determine
exactly the active current, because the active conductance can
vary during a period [15].

Current physical components theory, proposed by L.
Czarnecki, is applicable only in three-phase three-wire power
systems, for three-phase four-wire power systems this theory
isn’t applicable [16].

Instantaneous power theory or p-q theory, proposed by H.
Akagi, is correct only in the case of balanced linear load. Also
in some publications it’s maintained and proved that according
to Akagi’s theory the active current isn’t in phase with supply
voltage [17]. This fact contradicts to fundamental definition of
active current according to classical theory, proposed by
Fryze.

IV. THEORETICAL BASIS OF PROPOSED UNIVERSAL CONTROL
SYSTEM STRUCTURE

The universal and flexible system for effective control of
active and hybrid correction systems must perform the
mentioned in section III base functions for power quality
improvement and electromagnetic compatibility ensuring. For
realization of each function it’s necessary to create theoretical
basis with help of acknowledged methods.

Theoretical basis for voltage and current harmonic
elimination is the current physical components theory,
proposed by L. Czarnecki. For effective realization of this
function it’s necessary to detect two main values: active
current magnitude and phase relations of supply voltages for
phase synchronization of compensation current or voltage with
power supply system [18]. According to current physical
components theory the equivalent active conductance Gegy is
determined by means of the following formula:

eqv = 2
rms

3)




In (3) P is an active power, U, is a RMS value of supply
voltage. The results of theoretical researches, mathematical
modeling and computer simulation show that the equivalent
active conductance for active current magnitude determination
should be calculated for the fundamental component,
according to the following equation:

“4)

In (4) P, and U, are the active power and RMS value of
supply voltage of fundamental component correspondingly.
Then the active current magnitude can /.1, be calculated by
means of the following formula:

Loy =\/5G1U1 =\/5§ )
1

Instantaneous value of the reference active current i,(¢)
can be determined according to the following equation:

ial(t)z Glul(l) (6)

In (6) ui(?) is the instantaneous value of supply voltage of
fundamental component.

A phase synchronization of compensation current or
voltage with power supply system is realized by means of the
phase locked loop (PLL) system. PLL is well known
technology, which has been applied in different electronic
power and communication devices [19]. There are several
methods of PLL realization, the most effective of them are the
following:

e The usage of orthogonal components of input signals

by means of Park and Clark transformations.

The application of additional low-pass filter in case of
unbalanced power supply system.

e The usage of state space formalism.

For effective PLL application in active and hybrid
correction systems it is reasonable to use Park and Clark
transformations of input voltages and currents according to the
results of mathematical modeling and computer simulation.

Theoretical basis for unbalance elimination is the method
of symmetrical components. According to this method it is
necessary to detect the direct sequence components of supply
voltages vector by means of the following equations [5]:

(N

1 2 2
Uy =§(MA tauyt+a ”c)a Up =Uya, Ucp =Uyd

In (7) u4, up, uc are the instantaneous values of supply
phase voltages, a is the operator, defined as a = ™3, w41, upi,
uci are the instantaneous values of direct sequence component
of supply phase voltages. The equations (7) can be presented
in vector form by means of Fortescue transformation [5]:

121

2016 XV International Symposium "Problems of Redundancy in Information and Control Systems" (REDUNDANCY)

L Uy
- _I (3)
Uy =jUp |=5|aUy

Ucy au

Finally the compensation voltage vector for unbalance
elimination in conditions of combined functioning of
centralized power supply and distributed generation system
can be calculated according to the following formula [5]:

uuc :uc _ucl _ud +ud1

€

In (9) Z is the compensation voltage vector for

unbalance elimination, u, and 12 are the vectors of

centralized power supply and distributed generation voltages
correspondingly, u—d and LE are the vectors of direct

sequence component of centralized power supply and
distributed generation voltages correspondingly.

Reactive power compensation is based on C. Budeanu and
S. Fryze definitions with some corrections and additions.
Firstly it is necessary to divide the fundamental component
and harmonic reactive powers, then the harmonic active power
should be extracted [20]. Also the cross-harmonic non-active
power should be determined. Reactive power compensation
should be realized firstly on fundamental component
frequency, other reactive and non-active components can be
eliminated during harmonic compensation.

Fundamental component and harmonic reactive powers Qi
and O, can be determined according to the following
equations:

0,=UI sing, (10)

0,=>.U,I,sing, (1D

n=2

In equations (10) and (11) U; and I, are the RMS values of
supply voltage and consumption current of fundamental
component, ¢@; and @, are phase angles for fundamental
component and harmonic of z order.

Harmonic active power P, can be calculated by means of
the following equation:

P,=>U,1,cosg, (12)

n=2

Cross-harmonic non-active power components can be
calculated according to the following equations:

m-n




Equation (13) defines the real part of complex cross-
harmonic power S, equation (14) defines the imaginary part
of complex cross-harmonic power Sum, Uy, is voltage harmonic
of m order, I, is current harmonic of n order, ., is phase
angel of U, v is phase angel of /.

Reactive power compensation on the frequency of
fundamental component and harmonic elimination allows to
improve total power factor cosep and power factor of
fundamental component cos@;, which can be determined by
means of the following equation:

P
cos(p =— (15)
¢ S

cos@, = ? (16)

1

In (15) and (16) P; and S; are the active and total powers
of the fundamental component correspondingly, P and S are
the active and total powers correspondingly, which may
include harmonic components, if their compensation is not
provided.

Voltage dips and deviations elimination also is based on
PLL system and extraction of direct sequence component of
supply voltage [21].

V. THE PROPOSED UNIVERSAL CONTROL SYSTEM STRUCTURE

The proposed universal control system structure for active
and hybrid correction systems is presented on Fig.2.

The proposed structure includes the following blocks:
e Measurement system (MS).
e Phase transformations block (PTB).
e Sequence extraction block (SEB).

Amplitude extraction block (AEB).
Unbalance extraction block (UEB).

Power extraction block (PEB).

Fast Fourier transform (FFT).

Phase locked loop (PLL).

Voltage deviation extraction block (VDEB).
Reference current extraction block (RCEB).
Unbalance compensation block (UCB).
Reactive power compensation block (RPCB).
e Voltage deviation compensation block (VDCB).
o

Harmonic compensation block (HCB).

MS provides measurement information about phase
voltages (U,, Uy, U.) and currents (/,, I, I.) of power supply
system. PTB is necessary for Clark and Park phase
transformations from three phase system abc to af0 system
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Fig.2. The proposed universal control system structure

(Us, Up, Uy, L, I, Ip). SEB provides the direct sequence
component (Ui+, Up+, U.+) of supply voltage extraction
according to (7) and (8). AEB extracts the amplitude of direct
sequence component of supply voltage. UEB separates
unbalance components of supply voltage (U, Uus, Uuc). PEB
provides the extraction of active and reactive power (P, Q) and
zero sequence component power (Py) according to
instantaneous p-g power theory. FFT is necessary for
extraction conductance (Gi), active and reactive power (P,
0)) of fundamental component, conductance (G,) for n order
harmonic. PLL generates unity sine and cosine signals (sine,
cos®), which provides phase synchronization of compensation
current and voltage with power supply system. VDEB
determines the value of voltage deviation or dip and forms
proper compensation voltage signal.

Similarly RCEB determines the value of reference current
and forms proper compensation current signal. UCB, RPCB,
VDCB, HCB provide elimination of unbalance, reactive and
non-active power, voltage dips and deviations, harmonics
correspondingly. All compensation signals are converted into
control pulses for power elements of voltage source and
current source inverters by means of hysteresis regulators.

The hardware implementation of proposed system is based
on the digital signal processor (DSP), which key parameters
are determined by the required level of residual voltage and
current harmonics after correction. Also the hysteresis width
of hysteresis regulators influences on the CPU clock of DSP.




The required redundancy level of proposed control system
may be reached by means of optimization of key parameters
calculation sequence. Also in proposed system there is no
doubling functions and calculations, which could rise the
redundancy level.

VI. SIMULATION RESULTS

For evaluation of efficiency of proposed universal control
system the mathematical model of power supply system with
nonlinear load and hybrid correction system is developed in
MATLAB Simulink software. The parameters of power
supply system and nonlinear load are selected according to the
results of experimental researches, which were carried out in
conditions of oil production enterprises. These parameters are
suitable also for other industrial areas, where nonlinear load
has wide spread in form of power converters of variable speed
drive systems. The hybrid correction system is realized on the
base of shunt active filter with voltage source inverter and
passive filters, which are tuned to eliminate 5 and 7 harmonic.
The control system of hybrid correction system is realized on
the base of proposed universal control system structure.

The computer simulation of developed mathematical
model was carried out according to the following stages:

e Harmonic elimination simulation.

Reactive and non-active

simulation.

power compensation

e Voltage dip and deviations elimination simulation.

e Unbalance compensation simulation.

The results of harmonic elimination simulation are
presented in Tab.l, where the voltage and current total
harmonic distortion (THD) factors before and after
compensation are shown. The values of voltage and current
THD factors show the efficiency of proposed control system
functioning and power quality factors compliance with
requirements of Russian GOST 32144-2013 and International
standard IEEE  1459-2010 in power quality and
electromagnetic compatibility area.

The results of reactive and non-active power compensation
simulation are presented in Tab.ll, where the fundamental
component (Q;) and harmonic (Q,) reactive power and cross-
harmonic power (S,,) are shown. Cross-harmonic power is
calculated for harmonics before 30 order.

The results of voltage dips and deviations elimination
simulation are presented in Tab.IIl, where the phase supply
voltages (U,, Up, U,) are shown.
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TABLE L.
THE RESULTS OF HARMONIC ELIMINATION SIMULATION

Power quality factors

Simulation mode

Voltage THD, % Current THD, %
Before elimination 17.3 19.6
After elimination 3.77 3.69
TABLE L.
THE RESULTS OF REACTIVE AND NON-ACTIVE POWER COMPENSATION
SIMULATION
Reactive and non-active power
Simulation mode
01, kvar On, kvar Sum, kva
Before compensation 24.5 23 1.8
After compensation 8.5 1.2 0.7
TABLEIII.

THE RESULTS OF VOLTAGE DIPS AND DEVIATIONS ELIMINATION SIMULATION

Phase voltages RMS values
Simulation mode
Uy V Us, V U,V
Before elimination 213.3 213.4 2134
After elimination 228 227.9 227.3

After this elimination mode the deviations of phase
voltages are not exceed £10 % of rated phase voltage value
(220 V), that satisfy the requirements of Russian GOST
32144-2013 and International standard IEEE 1459-2010 in
power quality and electromagnetic compatibility area.

The results of unbalance compensation simulation show
that negative sequence factor k, of phase supply voltages
decrease from 12.5 % to 5.9 % and zero sequence factor ko of
phase supply voltages decrease from 8.4 % to 3.2 %, that also
satisfy the requirements of Russian GOST 32144-2013 and
International standard IEEE 1459-2010 in power quality and
electromagnetic compatibility area. Network voltage (U:) and
current (1) waveforms before and after harmonic elimination
during computer simulation are presented on Fig.3.

VII. CONCLUSION

The universal control system structure on the base of signal
processing for active and hybrid correction systems is
proposed. The mentioned universal control system allows to
improve power quality and ensure electromagnetic
compatibility in conditions of traditional centralized power
supply systems and distributed generation systems on the base
of alternative and renewable sources.




The proposed control system is intended for voltage and

current harmonic elimination, reactive and non-active power

compensation,

unbalance correction, voltage dips and

deviations compensation.
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Fig.3. Network voltage and current waveforms before and after harmonic
elimination during computer simulation

The mathematical model of power supply system with

nonlinear load and active correction system, which equipped
with proposed control system, is developed. The results of
computer simulation of developed mathematical model show
the satisfactory efficiency of proposed universal control
system structure. The recommendations for redundancy level
improvement of proposed system are presented.
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