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Abstract — This paper proposes the application of an
accurate, fast and stable method to be used by the
control systems in the selective compensation of harmonic
currents in three phase systems susceptible to frequency
changes and phase jumps. This application is based
on a MSOGI-FLL (Multiple Second Order Generalized
Integrators - Frequency Locked Loop) method, which is
composed of multiple double adaptive filters called Dual
Second Order Generalized Integrators (DSOGI) coupled
to the frequency detector entitled Frequency Locked Loop
(FLL) which keeps the set synchronized, even in abnormal
situations.

Keywords — Frequency-Locked-Loop (FLL), MSOGI,
Selective Harmonic Compensation (SHC), Shunt Active
Power Filter.

I. INTRODUCTION

Due to the increasing use of residential electronic loads
and industrial equipment evermore based on semiconductor
composed inherent devices, such as soft-starters and voltage
inverters, the production of large current harmonic distortions
in transmission and distribution networks becomes inevitable
[1]. In the past, different solutions were used in order to
minimize the effects of harmonic distortion, the main one
being passive filters. However, with the great technological
development of switching devices, microcontrollers and
digital control systems, Active Power Filters (APF) gained
importance. These were the brainchild of laboratories,
which were transformed into real electrical systems and
are currently in use. However, given the great complexity
of transmission and distribution systems, along with the
expansion of independent distributed generation systems
connected to the electrical network, the APF control systems
need to continue supply under a variety of different situations,
such as high harmonic currents, variations in frequency and
even phase jumps in the power system.

Due to the importance of APF in electric current quality
in transmission and distribution systems, the scientific
community has researched different configurations and control
methodologies of such filters. The implemented active
filters without harmonic extractors [2], flexible harmonic
compensation [3], compensation based on the conservative
power theory [4], compensation algorithms based on the PQ
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and CPC theories [5], current compensation with photovoltaic
generation [6] and characterization and compensation of
harmonic and reactive [7] are some of the works developed.

Active filters with selective compensation of harmonics
has some advantages compared to total compensation of
harmonics, such as the drastically reduced bandwidth and
the lower possibility of occurrence of dangerous oscillations
between the filter and the load due to the presence of
capacitive or resonant components on the load [8], [9],
[10]. In medium/high-power systems where the switching
frequency of the active power filter is low to avoid power
loss, the selective harmonic compensation become especially
important, since traditional high frequency active filters cannot
be used [11].

By using such active filters in conjunction with
conventional passive filters, very interesting results can
be observed. The active filter suppress some harmonics near
the fundamental frequency, and the higher harmonics can be
mitigated easily using the passive filters or reduced by the
line impedance of a power system [12]. For the sake of the
research in this field, this work shows that an APF can be split
into various control modules, as seen in Figure 1, such as 1)
Generation of harmonic reference currents for compensation.
2) PWM control for the voltage inverter in order to generate
the inverse of the harmonic currents for compensation. 3)
Algorithm for the detection of failures and islanding.
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Fig. 1. Simplified harmonic compensation circuit. The dotted section
is the part under study in this paper.

Harmonic detection methods are crucial to the APF, the
speed and accuracy of the method used are crucial to
the implementation of stable control strategies under harsh
conditions. The existing disturbances encountered on the
power grid can lead to compensation of harmonic currents
that do not exist on the network, or are lagged, compromising
the operation of the whole project. There are a number of
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methods, different topologies and algorithms for the detection
of harmonics. These methods can be implemented in the
frequency domain or the time domain. In the frequency
domain, these methods take on the Discrete Fourier Transform
(DFT) [13], the Fast Fourier Transform (FFT) [14] and the
Recursive Discrete Fourier Transform (RDFT) [15]. The
main disadvantage of the methods that use Fourier Transforms
and their variants is the need of high processing speed and
large memory microcontrollers for storing signal samples
during a complete cycle of the main frequency. In addition
to this, these methods give inaccurate results in unstable
conditions [16]. The methods in the time domain use
simple calculations when compared with the methods in the
frequency domain. Among such on notes, Synchronous
Reference Frame (SRF) methods and their variants, where it is
necessary to use synchronizing angular position mechanism,
which may be of complex construction, when considering
three-phase unbalanced current with harmonics, oscillating
frequency and phase jumps.  Another problem is the
application of numeric filters, and not being ideal, present
errors in amplitude and mainly in phase, causing the harmonic
signal detected not to represent the existing harmonic signal
on the network [17]. Methods based on the calculation of
instantaneous power can only be used in cases of balanced
three phase currents [18] furthermore they also have the need
to use digital filters, presenting the same amplitude and phase
errors described in synchronous methods. The generalized
integrators (GI) overcome the limitations of PI (proportional
integral) controllers in dg frame of reference that do not have
good traceability of signals with harmonics [19]. The GIs are
derived from an integration in the time domain, represented by
a Laplace second order transfer function, having as an answer
an infinite gain at the resonant frequency. The difficulty of
this method is that integration constant (Ki) of each transfer
function (one for each harmonic frequency) should be defined
from a pre-existing plant [19]. Improved methods using GI
were presented in order to leave the model independent of a
specific plant [20]. However, reverted to the use of methods
that have proven to be inefficient, such as digital filters that
change the amplitude and phase of the signals, and have
a need for synchronism of the supply voltage with a PLL,
which proved inefficient when there are phase imbalances,
frequency variation and jumps in voltage phase on the grid.
In this article, the contribution of the authors is present
a multi-resonant structure to generate reference signals for
selective compensation of the three-phase harmonic currents,
implemented using the Multiple Second Order Generalized
Integrators (MSOGI-FLL) [21], [22], which until this moment
have used only as inverter synchronization method when
connected to the power grid.

The harmonic components with more distant frequencies of
the fundamental can be mitigated easily using passive filters.
The third harmonic component and its multiple can be easily
minimized by the use of transformers with D-Y cores. The 5th
and 7th harmonics were chosen in simulation/experiments to
be more difficult to be attenuated by passive components.

The contribution of this paper is the presentation of a new
application for the MSOGI-FLL method to generate reference
currents for selective compensation of harmonic components
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close to the fundamental frequency in power active filters.
MSOGI-FLL was described in [21]-[23], and its application
was constituted by a synchronizing voltage converter with the
power grid, as proposed by [22], [24].

II. DECOMPOSITION INTO SYMMETRICAL
COMPONENTS OF UNBALANCED
THREE-PHASE SYSTEMS

According to the method of Lyon [25], unbalanced three-
phase systems can be decomposed into three wave forms
lagged at 120° from each other, called positive sequence
symmetrical components rotating anticlockwise, the negative
sequence rotating clockwise and zero sequence, with non-
rotating components in phase with each other. The positive
component is the voltage or current element under balanced
nominal conditions, with a positive rotation direction through
convention. The negative component is the element voltage
or current with the reverse rotation direction. The component
is zero voltage or current element with the same fixed phase
angle for each phase, and in three-phase three-wire systems, it
can be disregarded. This approach not only offers an elegant
and standardized method for the analysis of unbalanced
polyphase systems, but also allows for a mathematical and
physical explanation of existing phenomena in commercial
electrical systems currently in operation.

To minimize the computational effort, rather than calculate
the positive and negative-phase components of the phases a,
b and c individually their symmetrical components ¢ and 3
are calculated. Applying [T,g] and [T’ o], the method arrives

at (1) and (2). It can replace e by q, where the q operator
signifies is a 90-degree displacement in the input signal.
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As shown in Figure 2, it is possible to calculate the positive
symmetrical components (i; and izg) and negative (i, and i)
of the input signal i from (1) and (2) [26]. As can be seen
both in the block diagram of Figure 2, as in (1) and (2) for
calculating the if;, ig, iy and il; the quadrature signal is needed
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Fig. 2. Positive/Negative Sequence Calculation block.
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III. GENERATING QUADRATURE SIGNALS

A Second Order Generalized Integrator (SOGI), shown
in Figure 3, is an adaptive filter [26]-[29], which provides
signals in quadrature, i.e., provides a filtered signal at the
same amplitude as the input signal and another signal which
is identical to the first but 90 degrees out of phase. The
two output signals in quadrature of SOGI quadrature are
represented by transfers function (3) and (4) where @' is
the signal frequency to be filtered, k represents the filter
damping factor, and i’ and gi’ are filtered outputs in-phase
and quadrature respectively of the input signal i. One can
see that this diagram uses only simple arithmetic operations
such as addition, subtraction and multiplication (do not
use trigonometric function) [22], [24], and can be easily
implemented onto microcontrollers.

Ei

Y NS

SOGI .

Fig. 3. Second Order Generalized Integrators.
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From transfers function (3) and (4), and considering an
input signal as a sinusoidal signal of frequency @ constant
(i =Isin(wt + ¢)), the SOGI response time shown in Figure
3 is written as in (5) and (6), where k < 2.
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(6)

As proposed in [30], the settling time of a second-order system

2
can be estimated by 7, = 4.67. In (5) and (6), one has 7 = o
thus the SOGI settling time can be approximated by:

9.2

t,(SOGI) = o @
From (7), the conclusion is reached that the higher the k value,
the faster the SOGI settling in time. However, the gain &
also affects the bandwidth of SOGI where a very high value
of k reduces the immunity of SOGI regarding the harmonic
components of the input signal, but on the other hand, too low
a k gives rise to a very long transient response of an undamped
SOGI. The Bode diagram for values of k = 0.1, 1.0 and 2.0 is
shown in Figure 4.
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Fig. 4. Bode diagram of the SOGI transfer function (3) with different

values of k.

Figure 5 shows ¢; in SOGI considering different values of k.
In all cases, the amplitude of the sinusoidal input signal falls
for under 20% of its nominal value while the frequency is kept
constant at 60 Hz. Figure 5(a) shows the input signal i, and
Figures 5(b), 5(c) and 5(d) show errors & of SOGI for k values
equal to 0.5 , /2 and 2 respectively.

It can be concluded from Figure 5, the best situation
between dynamic range and oscillations can be achieved with
k= \@ The settling time SOGI can be obtained from (7), that
is Ti(5041) = 17.5ms.
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Fig. 5. (a) Input signal with a drop of 80% of the initial value. (b)
Stabilization of &, for k = 0.5. (c) Stabilization of &, for k = v/2. (d)

Stabilization of g, for k = 2.
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IV. TUNING CURRENT IN THE FUNDAMENTAL
FREQUENCY

A structure called SOGI-FLL is presented in [24], where
a SOQGI is coupled to a tuner module called a Frequency
Locked Loop (FLL).There is a mutual feedback between two
structures, allowing the SOGI tuning error to act upon the FLL
to make the correction of frequency signal, which in turn feeds
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the SOGI at the new corrected frequency. The structure of
SOGI-FLL blocks can be seen in Figure 6.

FLL

Fig. 6. Second-Order Generalized Integrators FLL (SOGI-FLL).

Considering that the transfer function between the error
g and the input signal i is given by E(s) as written (8),
and plotting the diagram Bode E(s) and Q(s) as written (4)
together, as shown in Figure 7, one notes that the seen that
the signals gi’ and &; are in phase when the input frequency is
lower than the resonance frequency of the SOGI (@ < @) and
they are in opposite phases when © > @’.
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Fig. 7. FLL Bode diagram. (a) Gain. (b) Phase.

If the error of a frequency tuning is defined by the product
of gi’ for g, the average value of & will be positive when
o < @, zero when @ = @', and negative when ® < @,
as shown in Figure 7. Thus, as illustrated in Figure 6, an
integrator controller with a gain —y can be used to cancel a
DC component of €f, changing the resonance frequency @’ of
SOGI to the input frequency @ [23]. As shown in Figure 6,
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the rated frequency is added at the output of the FLL with a
feedback variable @, to accelerate the initial synchronization
process. According to [21], [22], FLL stabilization time can
be approximated by

~3 e T wd 1= Jfara ©
tyFLL) = T or = an =\/laTig- ©))
The performance and dynamic response of DSOGI-FLL
depends on the individual performance of each structure, it
can therefore be said that the proper selection of control
parameters k and 7y are of fundamental importance for an
appropriate SOGI-FLL response. For both subsystems to have
sufficient time to react, FLL dynamics needs to be slower than
DSOGI at least two times. In other words, the settle times for
the SOGI and the FLL had to be in range of tr;1) > 2.1y(socr)
to ensure enough different constant time in both subsystems to
be able to apply (7) and (9) satisfactory to calculate settling
times [31].

V. TUNING THREE-PHASE CURRENTS IN THE
FUNDAMENTAL FREQUENCY

The Double SOGI proposed in [22], [24], and shown in
Figure 8 is a composite of two SOGIs and one FFL. The
SOGIs filter the signals iy and ig, and generate the quadrature
signals gig and gig to calculate a symmetrical transformed
positive and negative. FLL uses the signals of SOGI, and
SOGl to calculate of its fundamental frequency, that feed
the two SOGIs. As shown in diagrams of Figure 8, giq, qiﬁ,
&g and &g are used to tune FLL in a correct fundamental
frequency.

VI. GENERATION OF HARMONIC CURRENT
REFERENCES

The structure MSOGI-FLL proposed in [21] is basically
made up of several Dual Second Order Generalized Integrators
(DSOGI) in parallel, and an FLL synchronizing module
[22]. Each DSOGI represents a channel, and is tuned to the
frequency at which one desires to extract the reference current.
Figure 9 shows the arrangement of the mentioned components.

The first channel is tuned to the fundamental frequency
of the input signal. The fundamental frequency of this
signal is used in the calculation of the remaining frequencies
(harmonics) for tuning other channels in parallel. The FLL
module coupled to the first channel will keep the algorithm
synchronized in the fundamental frequency and consequently
its harmonics, even in conditions of unbalanced and distorted
current, with frequency oscillations and phase jumps.

In order to increase the selectivity of the filter a cross-
feedback system between the channels was implemented,
called "Harmonic Decoupling Network” (HDN) [22]. After the
transitional period, the filtered output signal from one channel
is subtracted from the input signal of the other filter channel,
causing the new input signal to have its disturbance attenuated,
as shown in Figure 10.

With the use of HDN, the filter transfer function of a
channel is given by (10) to n channels where D; is the

customized version of the transfer function (3) to k; = ~ and
T

Eletron. Potén., Campo Grande, v. 22, n. 1, p. 19-30, jan./mar. 2017



Eia!

Fig. 8. Double Second-Order Generalized Integrators FLL (DSOGI-
FLL).

®; = j* o, and ® the fundamental frequency detected by the
FLL.

;,=Dj(s) | i—= Y i (10)
I=1
I#]
Developing the equation system, and substituting 7, in (10) by
its respective transfer function, one arrives at:

g (s . LZ(S) i
;= |D;( )E<1Dj(S)DI(5)> . "
J

Bode diagrams of the transfer function (11) for selected
frequencies are shown in Figure 11.

According to Fortescue [32], considering that the sequence
of phases (a,b,c) at the fundamental frequency of the signal
is 02, —120°,4120°, and that the harmonics of order 6.n+1
(7,13,19, ...) follow the same sequence, it is said that these
harmonics are of positive sequence. As for the harmonic
orders 6.n-1 (5,11,17,...) have the opposite sequence and are
considered harmonic of negative sequence. These signals are
provided as input to a positive/negative sequence calculation
block (PNSC) as shown in Figure 9, which computes the
sequence componentes on the of reference frame. Later
the filtered harmonic component can be transformed from
the stationary system igg t0 ige. The PNSC block can be
added or removed when a new harmonic component need to
be detected.
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Fig. 9. Topology of a generic phase current reference generator for
an active power filter.
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Fig. 10. Diagram of Harmonic Decoupling Network (HDN).
Therefore, the multi-channel resonant filter can be

configured to filter a varied number of harmonics, simply by
including or removing channels (HDN, DSOGI and PNSC).

23



5th harmonic (300 Hz)

7th harmonic (420 Hz)

11th harmonic (660 Hz)

10— 10

0
-10
220 RN 1)

-30

40 /\
-50 /
-60 i

Magnitude (dB)
Magnitude (dB)

At 10

Magnitude (dB)
&
o

Frequency (Hz)
13th harmonic (780 Hz)

Frequency (Hz)

17th harmonic (1020 Hz)

2 o 3
Frequency (Hz)
19th harmonic (1140 Hz)

-20

-30 -30

Magnitude (dB)
N
S
‘ ~,
Magnitude (dB)

-40 -40
-50

-60

-20

-30

Magnitude (dB)

-40
-50
-60

70
107 10" 10 10° 107 10"
Frequency (Hz)

1 [ 60 N/
A -70
10

10
Frequency (Hz)

70
10 10° 10°

Frequency (Hz)

Fig. 11. Gain frequency response of the transfer function (11) for 5%, 7t 11", 13" 17*" and 19" harmonics.

VII. SIMULATION AND EXPERIMENTAL RESULTS

The performance of this new reference current detection
application using a multi-resonant filter and presented in this
paper has been evaluated by simulation and experimentally
in the laboratory. For a better understanding, this section is
divided into three parts:

e Performance comparison between two algorithms, one
based on MSOGI and the another on SRF.

e Comparison between simulation and experimental
results.

e Simulation of selective compensation.

The simulations are performed in S domain (continuous).

The experiments are performed using the Texas
Instrument’s TMS320F28335 microcontroller clocked at
150 MHz and floating-point hardware. = A three-phase
sinusoidal voltage generator is assembled from a voltage
converter and a LC filter, to generate frequency changes and
phase jumps on the load circuit. The charts of experimental
results presented were generated from the current values
read by the data acquisition boards and the values calculated
internally in the DSP by the multi-resonant filter. The time
required for selecting each harmonic component is 12.6 us,
which corresponds to 1890 instruction cycles. With this
parameter, the sampling frequency can be adjusted to improve
the performance of the algorithm, which in this case was set
at 20 kHz. The controllers were discretized using the Tustin
method.

A. Simulation - Comparison between MSOGI and SRF

Application

To examine the accuracy and stability of applications, a
block diagram was developed to simulate the two generating
reference currents methods. The first based on MOGI
presented in this article and the second based on SRF
developed in [8]. As shown in Figure 12, a three-phase current
generator is implemented in order to simulate three types of
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grid disorders such as unbalanced phases, shift phases and
frequencies change. The MSOGI-FLL and SRF-PLL block
represent two methods of generating reference currents.

_.im1(abc)
MSOGI-FLL  f— Zm2Gbo)
. L, 2m3(abc)
Za
Current | 7p
Generator | 7¢ ]
|, %s1(ab
Synchronous _»ZSQEsz;
Reference Frame [, 1s3(abc)

Fig. 12. Block diagram implemented in PSIM, in order to simulate
and compare the harmonic components generated with harmonic
component detected by MSOGI and SRE.

Regardless of the type of disorder presented by the
generator, the current have several harmonic components,
such as 10% of 5", 5% of 7", 2.5% of 11"* and 1.25% of
13" harmonic. To facilitate the comparison between relevant
methods only 7" harmonic is analyzed.

First of all, 8 components behavior is presented in Figure
13, and shown three types of grid disorders such as unbalanced
phases, shift phases and frequencies change.

As seen in the three graphs in Figure 14(a) the SRF method
can not make the correct tracking phase when the existence
of harmonic components. This phase error also causes the
amplitude error in the harmonic detected. Figure 14(b)
shows that current unbalanced do not interfere significantly
in the responses of both algorithms. Figures 14(c) and 14(d)
show that after the phase jump and frequency change both
algorithms return to steady state after a fundamental frequency
cycle, but SRF algorithm keeps the phase and amplitude error.

As seen in Figure 14, the application based on the MSOGI
method estimates a 7' harmonic near to the real, even after
application of the disturbances.
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Fig. 13. iyp components detected by MSOGI-FLL. At 110 ms a

disorder is applied. (a) Unbalanced loads. (b) +45° phase jump. (c)
Frequency change (60 Hz ->55 Hz).

B. Simulation/Experimental - Harmonic Components

Detected in Disturbances Situations

The simulations and experimental tests were performed
based on the platform presented in Figure 15. To enable an
accurate comparison between the two situations, the voltage
used in the simulation was sampled during the course of the
experimental test, so the control system input signals are the
same. The voltage generator was implemented in order to
produce various types of disturbances on the mains, such
as frequency changes and phase jumps. The loads circuit
shown enables the application to study three types of three-
phase loads; linear, non-linear and unbalanced load. The
distortion of analyzed curent was generated using the same
load circuit used for both. Variations in the currents were
carried out triggering the switches Sw; and Sw», as required
by the experiment.

The application developed in this work proposes the
estimation of two harmonic components. This can be
expanded to more components simply by adding new MSOGI
structure in parallel to the existing ones, as seen in the section
VI. The selection of the 5% and 7" harmonics is made on
the load current. The 5 harmonic is defined as a negative
sequence, which uses the signal outputs available in i, and iE

of the circuit shown in Figure 9, and 7' harmonic is defined
as a positive sequence, which uses in this case the outputs if;
and ig for the same circuit.

In MSOGI-FLL simulations, the values used for k and I
are respectively /2 and 50. Applying these values in (7) and
(9), can be calculated fysoGr) = 17.5ms and tprp) = 100ms,
according theory when 711y > 2.t4s06r)- The value of y
changes for each value of instantaneous current calculated by

I=,/i%+ i% and applied in (9).

1) Non-linear loads: In order to describe the system
behavior when connecting non-linear loads, the circuit shown
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Fig. 14.  Comparison between the 7" harmonic generated and

detected by methods SOGI and SRF. Pictures show a single phase
current. At 110 ms a disorder is applied. (a) Balanced loads. (b)
Unbalanced loads. (c) Phase jump (+45°). (d) Frequency change (60
Hz ->55 Hz).

Voltage A
Generator|
—P—"9
i(abc) -Sw2
DSP R3

Fig. 15. Circuit used to simulate and experiment harmonic
components detection with a linear, non-linear and unbalanced three-
phase load.

ihlfreﬁa C) +
Vh2-reflabe) +

in Figure 15 is used with the values described on Table I.
During system start up, switches Sw; and Sw, are open. After
100 ms of steady state, the Sw; switch is closed, introducing
a three-phase non-linear load onto the system. As seen in the
graphs of Figures 16(c) and 16(d) following the introduction
of a non-linear load to the circuit, the multi-resonant filter
- in less than half a cycle of the fundamental frequency -
detected the 5" and 7" harmonics of the fundamental current.
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TABLE 1
Circuit Parameters

Phase Voltage | 70.71 Vguys
Grid Frequency 60 Hz
R1 load 150
R2 load 50 Q
R3 load 158
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Fig. 16. Non-Linear loads. At 100 ms a nonlinear load is connected
to the circuit. (a) Phase A current. (b) Fundamental current filtered.
(c) 5" harmonic filtered. (d) 7" harmonic filtered.

In the experimental tests, a non-linear three-phase load is
connected to the loads circuit by operating an electronic switch
(MOSFET) Comparing the experimental results with the
simulation results shown in Figure 16, a substantial similarity
in noted between them. The current harmonics shown in the
graphs of Figures 16(c) and 16(d) before the non-linear load
connection to the circuit is a noise produced by the voltage
generator. In the simulations, these currents also appear, since
the simulations use the voltage values sampled in experimental
tests.

2) Unbalanced loads: To obtain the response of the
proposed method when subjected to unbalanced three-phase
currents, once again the circuit of loads of Figure 15 is
used with the values described on Table I to generate such
currents. The system starts with switch Swy closed, generating
harmonic currents due to the non-linear load connected, and
100 ms after the start of the simulation, switch Swy is closed,
increasing the load on phase A and with a consequent phase
unbalance. Figure 17(a) shows the current waveform (i )
immediately before and after the extra load connection in
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phase A. As the circuit load has the neutral grounded, the
currents of phases B and C i, remain unchanged.
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Fig. 17. Unbalanced loads. At 100 ms an extra load is connected
at phase A. (a) Currents of phases A, B and C. (b) Fundamental
current filtered at phase A. (c) 5'" harmonic filtered at phase A. (d)
7" harmonic filtered at phase A.

At the experimental tests, a extra load is connected to the
circuit by operating an electronic switch (TRIAC). Comparing
the experimental results with the simulation results shown in
Figure 17, a substantial similarity is noted between them. The
MSOGTI uses as input the symmetrical components ig and ig of
igbe- AS iq and ig values are calculated by combining the three
phases, it is concluded that even if the phases are unbalanced,
iq and ig have an average amplitude of them.

3) Frequency change in power grid: The simulation begins
with the load shown in Figure 15 with switches Sw; closed
and Sw; open. In this way the system starts with a non-linear
load. After 100 ms the voltage generator applies a frequency
drop on the power grid, falling from 60 Hz to 55 Hz. Thereby
changing the frequency of the current. Since this method is
composed of an adaptive filter in frequency (DSOGI-FLL),
one notes in Figure 18(b) that in a little more than one
cycle of the fundamental frequency, as designed, the system
has stabilized, continuing to generate the reference harmonic
corrections normally. The graphs of the experimental tests and
the simulation is shown at the same figure, these are virtually
identical.

4) Phase jump on power grid: Using the circuit shown in
Figure 15, starting with the switches Sw; closed and Sw;
open, the system starts with a nonlinear load. After 100 ms,
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Fig. 18. Frequency Change. At 100 ms the grid frequency drops from
60 Hz to 55 Hz. (a) Phase current during the frequency change. (b) @
detected by the MSOGI-FLL. (c) Fundamental current detected. (d)
5" harmonic detected. (e) 7" harmonic detected.

a phase jump is applied to the network voltage of +45°. The
adaptive filter DSOGI-FLL immediately increases the control
frequency until the system reaches synchronism with the grid
again. Noted in Figure 19 that in a little more than one cycle of
the fundamental frequency, as designed, the system stabilizes
and continues to generate the reference harmonic corrections
normally.

Also using the load shown in Figure 15 starting with Swl
contact closed and Sw2 contact open, will leave the system
with a non-linear load. After 100 ms, a +45° phase jump
is applied to a power grid, hence the jump is followed by
the current in the circuit. The adaptive filter DSOGI-FLL
immediately increases the frequency control until the system
becomes synchronized with the grid again. As seen in Figure
19 in a little more than one cycle of the fundamental frequency,
as designed, the system stabilizes and continues to generate the
harmonic reference normally.

The MSOGI-FLL increases or decreases its internal
frequency until it becomes synchronized again with the power
grid. Compared to the simulation shown in the same figure,
these are virtually identical.
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Fig. 19. Phase Jump. At 100 ms the power grid performs a +45°
phase jump. (a) Phase current during the phase jump. (b) FLL detects
the change in the phase and increases/decreases the control frequency
to achieve the correct phase. (c) Fundamental current detected. (d)
5™ harmonic detected. (¢) 7" harmonic detected.

C. Selective Harmonics Compensation

In order to verify the harmonic attenuation of the selected
components, the block diagram is shown in Figure 20, and
the simulation was performed. For this simulation to be as
close to reality as possible, the voltage values (V ;) used in
the simulation were sampled in the experimental test that was
presented in the last section.

A three-phase system is represented by a sinusoidal
stationary components [33], then a proportional resonant
controller (Cpiggs) is used in place of proportional integral
controller (Cpy), since Cpy leads to an oscillatory error which
is not eliminated in steady state when the input is a sinusoidal
signal. Cprgs transfer function is given by (12) [34], [35].

—k +Z 5’” o (12)

Cipi+rES) =

1) Resistive load: Figure 21(a) shows the harmonic
distribution of the current (i;p.) in a three-phase load,
meaning switch Swl is open in Figure 20. The high quantity
of harmonic components in Figure 21(a) is mainly due to non-
linearity of the charge, but also the voltages applied onto the
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Fig. 20. Circuit used to simulate and experiment selective harmonics
compensation with a linear, non-linear and unbalanced three-phase
load.

circuit are extracted from real experimental tests. Figure 21(b)
shows the current supplied by the voltage source (ig(uc)),
with attenuation of harmonic components compensated, as
the selected harmonic components (i) Were almost in
their entirety provided by the voltage converter. Although in
previous simulations the references of harmonic components
were estimated to be very close to the actual harmonic
components, especially in stable situations, the compensation
was not performed in its entirety. This result can be improved
with the use of multilevel topology voltage converters, and
also using a Linear Power Amplifier.

The harmonic compensation in unbalanced loads is
simulated with switch Swl closed in Figure 20. Figure 21 (c)
presents the harmonic components on the load. By increasing
the current on phase A due to input of a new linear load onto
this phase, the value of the harmonic component of the current
on this phase is kept constant, but the percentage of harmonic
components in the graph in this phase decreased since the total
current phase increases. The result shown in Figure 21 (d)
behaved as the simulation with balanced loads.

Figure 21(a) shows the harmonic distribution of load
current before and Figure 21(b) shows after selective
compensation of 5 and 7" harmonics, which shows the high
precision of the method. One observes that after the selective
compensation, the amplitudes of the 5 and 7" harmonics
dropped respectively from 10.8% to 1% and from 5.4% to
0.4%.

Figure 21 shows that even with an unbalanced load, the
system responded satisfactorily. The different levels of current
on the phases did not stop the multi-resonant filter from
detecting and filtering the preselected harmonic currents.

2) Inductive/Capacitive loads: In order to verify the
behavior of MSOGI-FLL algorithm with inductive loads,
simulation was performed using the circuit described in Figure
15.  Switch Swl remains closed and Sw2 remains open.
In series of R1 resistance, it was included an inductance
of 100 mH. No abnormalitie situations are applied in the
voltage converter. Figure 22(a) shows the current of circuit,
and Figures 22(b) and 22(c) the harmonic distortion graph
before and after the harmonic compensation respectively. This
simulation shows that even with an inductive load, the system
responded satisfactorily. The system works the same with
capacitive loads. Inductive and capacitive loads produce
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Fig. 21. Harmonic distortion graph. (a) Balanced load. Before the
harmonic compensation. (b) Balanced load. After the 5" and 7"
harmonic compensation. (c) Unbalanced load. Before the harmonic
compensation. (d) Unbalanced load. After the 5/ and 7'k harmonic
compensation.

different phases between the voltage and current. However,
as the synchronization (detection of the frequency and the
phase of the fundamental component) is performed on the
current signal, the algorithm detects the current component
harmonics independent of it being leading or lagging the grid
voltage. However, further studies need to be performed on the
transitory current of these loads.

VIII. CONCLUSION

This paper presented a new application for generating
reference currents used in the selective compensation of three-
phase harmonic currents, based on the MSOGI-FLL method.
The presented application does not use any trigonometric
function, and these characteristics enable the use of little
computational effort, allowing the microcontroller to operate
in a high frequency sampling/switching. It is effective even
when the system has unbalanced loads and fluctuations on the
mains frequency. At steady state, the algorithm performance
is not affected by inductive and capacitive loads. Simulations
and experimental tests are presented in this article in order
to validate this new application. In order to demonstrate
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Fig. 22. Inductive load. (a) 3 phase current before compensation. (b)
Before the 5 and 7" harmonic compensation. (c) After the 5 and
7'" harmonic compensation.

the stability and speed of the control system response, phase
jumps (shift +45°) and frequency changes (drop of 5 Hz) were
applied. As expected, the graphs resulting from simulations
and experiments are similar, since the loads used in both
cases are equal. After the stabilization time of the proposed
method, the harmonic component current detected is very
close to the real component. The phase jumps and frequency
changes applied in this paper were much greater than those
that normally occur on the power grid, this consideration
indicates that on the grid instability, settling time can be much
smaller than presented here. The main contribution compared
to previous works is to employ MSOGI-FLL to estimate
harmonic components, and so far this method was used only
for synchronizing voltage converters with three-phase systems
in abnormalities situations.
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