AGH

AGH University of Science and Technology

DEPARTAMENT OF POWER ELECTRONICS AND ENERGY
CONTROL SYSTEMS

FACULTY OF ELECTRYCAL ENGINEERING, AUTOMATICS,
COMPUTER SCIENCE AND BIOMEDICAL

Autoreferat doctoral dissertation

M. Sc. Chamberlin Stéphane Azebaze Mboving

Methods for Reducing Voltage and Current Distortion Caused by Power
Electronic Converters in Power Systems

Metody redukcji odksztalcenia napie¢ 1 pradow powodowanych przez
przeksztattniki energoelektroniczne w sieciach elektroenergetycznych

Supervisor:
prof. dr hab. inz. Zbigniew Hanzelka

Co-supervisor:
dr inz. Ryszard Klempka

CRACOW 2020



1. Wstep

The electrical power is as a commodity and taking care of its quality is essential. The
disturbances in the quality of electricity supply are numerous and varied (voltage drops and
swells, flickers, deformation, etc.), which means that many methods are used to reduce their
level in the electrical power system. This work focuses on mitigating disturbances such as
asymmetry, harmonics and reactive power of fundamental harmonics, using methods such as
passive harmonic filter (PHF), active power filter (APF) and hybrid active power filter (HAPF).

The purpose of the work is to design a HAPF, which is the combination of PHF and APF.
In order to effectively design such a filter, this work presents a detailed analysis (simulation
and laboratory tests) of various PHF and APF structures. Other methods used to reduce voltage
and current distortion are also discussed.

The following PHF structures are considered: single-tuned filter, the series PHF, the
double-tuned filter, the broad-band filters (first-order, second-order, third-order and C-type
filter) and hybrid passive harmonic filter (HPHF). Each of them is individually analyzed
focusing on the impedance versus frequency characteristics and influence of detuning
phenomenon and damping resistance on their efficiency. Some PHF structures (group of two
single-filters & double-tune filter, series PHF & hybrid PHF) are compared as well as the
methods of sharing the total reactive power in the filter group. The simulation studies are
confirmed after the investigation in the laboratory of the following PHF structures: single-tune
filter, group of two single-tuned filters, first and second-order filters.

In this work, the SAPF (three legs three wire) is analyzed. The goal of its design is to
compensate the load fundamental harmonic reactive power, harmonics, and asymmetry using
the original control algorithm - based on p-g theory - proposed by author. The studies of the
influence of the line reactor: connected between the PCC and the grid, rectifier input and SAPF
input as well as the SAPF DC capacitor on the filter efficiency is considered in this work. The
laboratory experiments of SAPF confirming the simulation results is carried out using the four
wires three legs structure.

After detailed studies of PHF and SAPF structures, the HAPF structures: model of SAPF
(three legs three wires) connected in series with the single-branch filter (simulation studies) and
model of SAPF (three legs four wires) connected in parallel with the group of two single-branch
filters (laboratory studies) were next analyzed. The author proposed an original control
algorithm based on p-q theory for this structure.



2. Thesis, objective and scope of work

The growing number and unit power of non-linear load and electrical energy sources has forced
the development and use of different technical solutions intended to reduce current and voltage
distortion. Except for the passive methods, the active filtration and reactive power
compensation systems are gaining more and more popularity. In their case, one of the
highlighted disadvantages stills high price, especially in the systems with high power intended
for use in medium or high voltage networks. However, it is possible to use the advantages of
both solutions - passive and active. Such of systems are hybrid structures allowing to obtain the
desired filtration effect and compensation of reactive power at moderate costs.

To build an effective hybrid filtration system, thorough knowledge of the LC filters
frequency characteristics as well as active filters control algorithms are needed. The aim of the
work was to acquire and present such knowledge by analyzing a very large number of different
cases. Thanks to this, it was possible to formulate generalizing conclusions as a set of rules
useful in the practice of designing such systems. Demonstrating that having such knowledge
gives the opportunity to use the advantages of both components - passive and active, and allows
to avoid the design errors is the main thesis that the author tried to prove in this work.

The performance of passive harmonic filtration and reactive power compensation systems
was analyzed in great detail. The sensitivity of the effectiveness of their work in response to the
change in the value of their elements was examined as well as the impact of the power supply
network and the parameters of the filtered/compensated load were analyzed. Theoretical and
simulation considerations were confirmed by laboratory tests.

In the next parts of the work, the designed model of the active power filter electronic
converter and its control system were checked in simulation tests. As in the case of passive
filters, the impact of various factors on the active filter work efficiency was analyzed. The
selected aspects of theoretical considerations were supplemented by studies on the physical
model in the laboratory conditions.

In the final part of the thesis, the passive and active systems were combined into a very rarely
considered hybrid structure and the advantages of such of solution were confirmed by
simulation.



3. Simulation analyzis

The simulation studies were performed in MATLAB/SIMULINK environment [14].

3.1 Passive harmonic filters
The considered passive harmonic filter (PHF) topologies were investigated in the simulated
power system presented in in Figure 3.1(a).

The filters are tuned to the frequency a bit smaller than the frequency of the first high
harmonic characteristic (after the fundamental harmonic) for 6-pulse thyristor rectifier, which
is the 5 harmonic (4.85™). For each considered filter topologies, the capacitors resistance is
neglected, the reactors resistance is computed basing on the quality factor, the compensating
reactive power (fundamental harmonic) is constant: Qf = -2172.5 Var (except in the case of
single-tuned topology) as well as the rectifier firing angle. The voltage and current data and
characteristics at the thyristor bridge AC side are considered at the steady state.
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3.1.1 Example of investigatigation performed on the PHF topologies

In this chapter, the single-tuned filter (see Figure 3.1(b)) is studied by presenting the influence
of detuning phenomenon on its work efficiency. The formulas used to compute its parameters
are presented in Table 3.1.

The single-tuned filter (as other filter topologies) is investigated in frequency domain
through its impedance versus frequency versus and in time domain after its connection in the
power system in Figure 3.1(a).
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Figure 3.2 Impedance frequency characteristics of single-tuned filter for different values of tuning frequency

order. The filter is tuned to the harmonic frequencies lower (a) and higher (b) than the frequency
of 5™ harmonic (R¢ = 0)

Because of the aging (it concerns more the capacitor [5]) or work conditions etc., the single
filter must be tuned to the frequency a bit smaller than the frequency of lowest generated
harmonic (wr); in the considered example, the 5™ order. There are different opinions on how
much it should be detuned [4]. According to [10] the detuning frequency should be in the range
of 3 to 15% below the frequency of harmonic to be eliminated. In this chapter, the detuning
frequencies are chosen between 1% to 20% below the frequency of 5" harmonic.



For the tuning frequencies lower (Figure 3.2(a)) or higher (Figure 3.2(b)) than wre(s), the filter
impedance of the 5™ harmnic is high which reduces the filter filtration efficiency. In the case
when the filter is detuned to the frequencies higher than wre(), the amplification of the filtered
harmonic (5™ can occur because of the parallel resosnamce phenomenon between the filter and
the grid inductance.

The equivalent impedance of the filter is capacitive for all harmonics frequencies (also
fundamental) lower than the resonance frequency and inductive for the harmonics higher than
the resonance component (5™ order in Figure 3.2(a) and (b)).

The waveforms of current and voltage at the PCC (Figure 3.1(a)) and their spectrums are
presented in Figure 3.3. After the filter connection, it can be observed a little decrease of
commutation notches depth (Figure 3.3(a)). The grid current waveforms before and after the
filter connection is shown in Figure 3.3(c).

With the decrease of tuning frequency (5™ to 4.1%), the amplitude of 5" harmonic of PCC
voltage and current (Figure 3.3(b) and (d)) has increased as well as the amplitude of higher
harmonics (11" to 29™). The THD of PCC current and voltage has also increased.

The grid voltage and current fundamental harmonic amplitudes are almost constant during
the change of the tuning frequency (Figure 3.3(b) and (d)). Nevertheless, after the filter
connection, the current has considerably decreased (from 15.86 A to 8.43 A) because of the
reactive component compensation.

The filter current spectrum is presented in Figure 3.4(b) and the waveform in Figure 3.4(a).
The quantity of filtered harmonic (5") flowing through the filter depends upon the tuning
frequency. Its value is high for the tuning frequency near to the frequency of the 5" harmonic
(250 Hz). The single-tuned filter is much loaded by the filtered harmonic than the other
harmonics (Figure 3.4(b)).

The single-tuned filter effectiveness is presented in Figure 3.4(c) and (d). The filter is more
effective when it is tuned to the frequency smaller but near to the frequency of the filtered
harmonic.
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The waveforms of voltage and current at the input of thyristor bridge and their spectrums
are presented in Figure 3.5.

The power system impedance versus frequency measured from the input terminals of
thyristor bridge is presented in Figure 3.6. On the zoom of that figure, the top of the
characteristics represents higher impedance value (parallel resonance), and the bottom
represents lower impedance value (series resonance). With the decrease of tuning frequency,
the displacement of parallel and series resonances from the higher to lower frequency can be
observed. The amplitude of power system impedance at the parallel resonance has decreased.
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3.1.2 Comparison between the PHF structures
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Table 3.2 comparison assumptions
Qf=-2172.5Var, 6 =57°, n.. = 4.85, =85
First-order | Single-tuned | Second-order third-order C-type
- - 0.08 0.08 0.08
- - 1.25 1.25 1.25
R - - 8 8 8
- - 25 25 25
Ris [Q] - 0.0127 0.0127 0.0043 0.0127

After a detail study of PHF topologies, some of them (see Figure 3.7) are compared basing on
certain set of criteria: the filter power losses (APs), the PCC voltage and current 5" harmonic
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amplitude (Use), Is@)) and the PCC voltage and current THD (THDus, THD;s). The compared
filters are assumed to have the same reactive power (Qf = 2172.5 Var), reactor quality factor
(q’= 85) and tuning frequency (nre = 4.85) (see Table 3.2).

The first-order filter resistance is neglected and the second-order, third-order and C-type
filter are assumed to have the same damping resistances (e.g. 0.08 Q, 1.25 Q and 25 Q, see
Table 3.2). The single-tuned filter and the first-order filter are compared to the second-order,
third-order and C-type filter when the damping resistance of these latest are increasing (from
0.08 Q to 25 Q).

All the broad-band filters present the problem of harmonics amplification. But depending on
their damping resistance, this problem can be mitigated. From the point of view of individual
harmonic mitigation, the single-tuned filter is more recommendable than other topologies
because it has the lowest amplitude of grid voltage and current 5" harmonic (Figure 3.8(a)(b)).

With small values of damping resistance (e.g. 0.08 Q, 1.25 Q), the third-order filter is more
recommendable for the reduction of individual harmonic than the second-order and C-type filter
and then come the second-order filter (Figure 3.8(a)(b)).
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With high values of damping resistance (e.g. 8 Q, 25 Q), the C-type filter is more
recommendable for the reduction of individual harmonic than the second-order and third-order
filter. The second-order filter is more recommendable than third-order the filter (Figure
3.8(a)(b)).

From the point of view of the 5" harmonic non-amplification (Figure 3.8(a)(b)), the single-
tuned filter is more recommendable, then com the C-type filer with high damping resistance
value (e.g. 25 Q). The third-order filter with high damping resistance value has more probability
to amplify the 5" harmonic than other filter.

From the grid voltage distortion point of view, it can be seen in Figure 3.8(c) that the third-
order filter is more recommendable than other filters when its damping resistance is small (e.g.
0.08 Q, 1.25 Q), and the C-type filter is more recommendable than other filters for high
damping resistance (e.g. 8 Q, 25 Q) (Figure 3.8(c)).

The single-tuned filter has the lowest PCC current THD than the broad-band filters (Figure
3.8(d)). For small values of R (e.g. 0.08 Q, 1.25 Q), the third-order filter is more
recommendable than the second-order and C-type filter. For high values of R (e.g. 8 Q, 25 Q)
it is better to apply the C-type filter than the second-order and third-order filter to improve the
grid current THD. The first-order filter has the highest grid current and voltage THD and is not
recommendable for harmonics mitigation.

The third-order filter generates less power losses than the single-tuned, second-order and C-
type filter (Figure 3.8(e)) and then comes the single-tuned filter and at the end the C-type filter.
The second-order filter is the one with the highest power losses.

Comparing the second-order filter to the C-type filter, it can be noticed in (Figure
3.8(a)(b)(c)(d) that, they have almost the same characteristics but from the power losses point
of view, the C-type filter is more recommendable.

In the filter group where the basic harmonics such as the 5%, the 7 etc. (from e.g. the
adjustable speed drive load) are reduced by the single-tuned filters, the damping filters such as
the second-order, third-order or C-type filter can be added for better mitigation of high
harmonics in wide band.

The knowledge of PHFs exists for many decades. Although it appears to be very rich, as
indicates the experience of the authors. Still in the design process, often too little attention is
paid on the analysis of changes filtration properties of these systems [8]. They vary due to many
factors, including e.g. aging or manufacturing tolerances of the reactors and capacitors during
the manufacturing process etc. [6, 12, 13]. The aim of this chapter was to present the various
topologies properties of PHFs using the impedance frequency characteristics [1, 3, 9, 11].

3.1.3 Investigation on the methods of sharing the total reactive power in the
filter group

In the PHF domain, there are other problems that needed to investigated. For instance, the
parallel connected PHF structures working in-group with a given total reactive power. The
question that the engeneer shoul solved is how to share the total reactive power in the filter
group? there are different method but in this chapter, six of them are investigated (Table 3.3).

To determine which method (A-F) is the best, a set of criteria has been established in Table
3.4. Observing that table, it can be noticed different filtration efficiency and in general sense it
is difficult to indicate which method is the most effective because there is not big difference
between the compared parameters.
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Table 3.3 Expressions used to compute the reactive power of each filter in the group for each method

Method A - equal reactive power for filters Qn =0 = %

nre_fz

Method B - the reactive power of filters is Q 29
< =——= 290y = 4850, > 0 =
. f1 . f2 f1

inversely proportional to the ~ Qr
harmonic order Q2 Mrest 7.75
; - | Qn nge_fz
Method C - the reactive power of filters is | — = —== = 8.41Q = 23.52Qp, = Qg
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square of harmonic order 8.41
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filters are identical
1.02p
EN
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y=1-(1-¢)1- @) 098
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Table 3.4 Comparison of the methods basing on the selected criterions

Comparison
criteria
Us@ [V]
Usg) [V]

Method A Method B Method C Method D Method E Method F

0.41

0.43

0.47

(Ir@/1re) [%] 13.33
(el [%6] 18.51 22.22 18,51 25.92

THDus[%] 0.51 0.51 051 0.51
0.660 0.6418 0.6687 0.5897

The blue area indicates which method is the best in comparison to other methods.




3.2  Shunt active power filter

The investigated shunt active power filter (SAPF) structure is presented in Figure 3.9. During
the inveatigations, the author has proposed its own control system alfgorithm based on
instantaneous p-q theory (see Figure 3.10). The investigations were foccussed on the influence
of the electrical grid inductance (grid short-circuit power), the inverter input reactor, DC
capacitor and the load input reactor parameters on the SAPF work efficiency.
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Figure 3.9 Power system together with the SAPF
3.2.1 Example of investigation performed on the SAPF

The investigation on the influence of the thyristor bridge input reactor (Lt) on the SAPF
performances is presented in this chapter. The PCC voltage and current waveforms together
with spectrums before the SAPF connetion are presented in Figure 3.11.

The grid voltage and current waveforms of Figure 3.12(a)(b)(c) shows that with the thyristor
bridge input reactor inductance equal or higher than the inductance at the SAPF input reactor,
the ripples (at the points of commutation notches) are reduced (see Figure 3.12(b)(c)).

The fundamental harmonic parameters of grid voltage and current are presented in Table
3.5. With the input rectifier reactor inductance increase, the grid current has little decreased.
The waveform of the reference current compared to the one of the compensating current is
presented in Figure 3.13(a)(b)(c). Increasing the rectifier input reactor inductance (L) to the
value equal or higher than L inv_min has reduced the rectifier input current rate of change at the
points of commutation notches making possible the compensating current to track the reference
current (Figure 3.13(b)(c)). The error at the PI controller input are presented in Figure
3.14(a)(b)(c) and the waveforms of inverter DC capacitor voltage are considered Figure 3.14(d).
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Control loop (1)

Control loop (2)
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Figure 3.11 Waveforms of PCC voltage (a) and current (b) with their spectrums before the SAPF connection
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Figure 3.12 Waveforms of PCC voltage and current for different value of input rectifier reactor inductance: (a)
L_inv_min > Ly, (b) L_inv_min =L, (C) L_inv_min <Lt
Table 3.6 shows that the best results in term of grid current and voltage THD (as well as
TTHD - see Table 3.7); fundamental harmonic reactive power compensation and asymmetry
compensation are when the L inv_min is equal or smaller than L.
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Table 3.5 Grid voltage and current fundamental harmonic before and after the SAPF connection (for different
input rectifier reactor value)

(Before the SAPF connection) (After the SAPF connection)
Lr=1nH L iw> Lt
Usq [V] Isay [A] Usw [V] Isa) [A]
RMS | Phase | RMS | Phase || RMS | Phase | RMS | Phase
L1 | 230.8 | 30° | 1243 | 21.7° | 230.8 | 30° | 10.41 | 29.4°
L2 | 230.7 | 270° | 14.92 | 235.4° | 230.7 | 270° | 10.4 | 269.2°
L3 | 230.7 | 150° | 8.29 | 111.90° | 230.7 | 150° | 10.37 | 149.3°

(After the SAPF connection) (After the SAPF connection)
L_inv_min = Lt L_inv_min < Ly
Usw [V] Isq [A] Usw [V] Ise [A

RMS | Phase | RMS | Phase || RMS | Phase | RMS | Phase
L1 | 230.8 30° | 10.29 | 29.4° | 230.8 30° 10.14 | 29.5°
L2 | 230.7 | 270° | 10.3 | 269.3° || 230.8 | 270° | 10.14 | 269.3°
L3 | 230.7 | 150° | 10.28 | 149.3° || 230.8 | 150° | 10.11 | 149.4°

Table 3.6 Grid voltage and current THD as well as reactive and active power before and after the SAPF
connection (for different input rectifier reactor inductance value)

(Before the SAPF connection) (After the SAPF connection)
Ly=1nH Linvmin > Lt
THDys | THDis | Qs Psq) 0 THDuys | THDis | Qs Psq) 0
o] | (6 | var] | Wl | FomPOL | e | poe) | pvan | wy | Meml]
L1 | 0.25 28.07 | 414.08 | 2838.4 0.15 8.77 | 25.15 | 2402.5
L2 | 0.25 23.41 | 19545 | 2833.1 33.25 0.15 8.75 | 33.51 | 2400.1 0.30
L3 | 0.25 42.07 | 1181.8 | 1507.2 0.15 8.77 | 29.24 | 2393.2
(After the SAPF connection) (After the SAPF connection)
L inv. mn = Lt L inv min < Ly
THDus | THDis | Qsq Psq) 0 THDys | THDis | Qs Ps 0
Pl | (6] | [var | (wy | Mo ] poe | o) | [ver | wp | KemDS
L1 | 0.04 247 | 24.86 | 2374.8 0.02 1.22 | 20.42 | 2340.2
L2 | 0.05 291 | 29.04 | 2377.1 0.30 0.02 1.49 | 28.59 | 2340.1 0.20
L3 | 0.05 2.79 | 28.98 | 2372.4 0.02 1.22 | 24.43 | 2333.3
% L inv min> [T Eﬂ L inv min= Lt gn L inv_min < L1
S 10F .50 % 10 ~ E — [a_(ref)
= - o~
sl g ERNE
E or ;,\m" 1 E 0 ‘f\_mv 1 g 0 .Rinv 1
b R AR Sl A
] b ]
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Figure 3.13 Waveforms comparison between the reference and compensating current of control loop (3) (Figure

424). (a) fOf L_in\/_min > LT, (b) fOI‘ fOI‘ L_in\/_min = LT, (C) fOf L_in\/_min = LT
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Figure 3.14  (a)(b)(c) error at the input of PI current control loop (3); (d) inverter DC capacitor voltage
Table 3.7 Grid voltage and current TTHD for different value of input rectifier reactor inductance
(After the SAPF connection) || (After the SAPF connection) | (After the SAPF connection)
L_inv_min > Ly L_inv min = Lt L_inv_min <Lt
TTHDuys [%] | TTHDs [%] || TTHDus [%] | TTHDs [%] || TTHDus [%] | TTHDs [%]
L1 3.12 12.60 3.18 7.16 3.30 6.59
L2 2.77 13.77 2.85 8.08 2.92 6.82
L3 3.12 13.40 3.23 7.20 3.29 6.11

The performed studies in this chapter allow the author to conclude that the SAPF efficiency
did not depend only on its control system and parameters of the elements that constitute it, but
also on the electrical grid and load parameters. In the power system with non-sinusoidal voltage
and current, the voltage filtration before its use in the algorithm based on instantaneous p-q
theory is important (from the grid current distortion mitigation point of view).

3.3 Hybrid active power filter

The knowleghes from the investigation on PHF structures and on the SAPF have allowed the
author to analyse the hybrid active power filter (HAPF2), structure in which the passive part is
connected in series with the passive part as presented in Figure 3.15. The control sytem
algorithm presented in Figure 3.18 have been proposed by the author to performed the analysis.

3.3.1 Example of investigation performed on the HAPF2

After connecting the two parts (passive and active), the following question was investigated: to
which frequency should be tuend the passive part? Because the thyristor bridge generates
characteristic harmonics that are the 5™, 7%, 11, 13" etc.

To solve that question, three simulation cases studies were investigated and compared: in
the first one, the PHF of HAPF2 is tuned to the frequency a little bit lower (e.g. 243.5Hz, 4.87)
than the frequency of the first load characteristic harmonic (the 5™). In the second one, it is
tuned to the frequency a little bit lower (e.g. 343.5Hz, 6.87) than the frequency of the second
load characteristic harmonic (the 7'") and in the third one, it is tuned to the frequency a little bit
Iovzer (e.g. 543.5Hz, 10.87) than the frequency of the third load characteristic harmonic (the
11").

The impedance versus frequency characteristics of the passive part are presented in Figure
3.16 and its parameters are presented in Table 3.8.
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Figure 3.15 HAPF2 functionality principle
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Table 3.8 HAPF2 passive harmonic filter parameters
Nre Lt [mH] Ct [uF] | Ry[mQ] | Qs[Var] | ¢ Lt [mH]
4.87 6.1 69.74 12.8
6.87 3.0 71.27 6.3 1210 150 35
10.87 1.2 72.19 2.5

@ = 4.87 (243.5 [Hz])
nre = 6.87 (343.5 [Hz])
@B o= 10.87 (543.5 [Hz])

[T N
T T

(S
T

S =
T

60r

40

Zr [Q]

20F

0 S

4.87 6.87 10.87

L
15 20

Harmonic order

Figure 3.16 PHF impedance versus frequency characteristics. The PHF is tuned to the resonance frequencies of
243.3 Hz, 343.5 Hz and 543 Hz
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Figure 3.17 Grid voltage (Us) and current (Is) waveforms with their spectrums before the HAPF2 connection

The grid voltage and current waveforms with the spectrums before the HAPF2 connection
are presented in Figure 3.17. Because of the symmetrical power system, some results are
presented only for one-phase. Because of the electrical grid rigidity in the laboratory model
(very small inductance in comparison to the rectifier and HAPF2 input inductance), the PCC
voltage is very less distorted.
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Figure 3.19 Waveforms of grid voltage (Us) and current (Is) and HAPF2 current (lf) for the PHF tuned to the
harmonic component frequency of: 4.87, 6.87 and 10.87
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Figure 3.20 (a) grid current waveforms and (b) HAPF2 inverter DC side voltage during the reduction of Rpc
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In Figure 3.19, the waveforms of grid voltage and current and HAPF2 current after the
HAPF2 connection are presented. It can be noticed that the HAPF with PHF tuned to the
frequency a little bit lower (e.g. 543.5Hz, 10.87) than the frequency of the 11" harmonic
presents the best reduction of the PCC current ripples at the waveforms commutation points.
Nevertheless, it presents the highest PCC voltage THD (Figure 3.19).

The simulated power system transient ability during the load parameters change (e.g.
decrease of the rectifier DC resistance Rpc from 36.5 Q to 18.25 Q) is presented in Figure 3.20.
It can be seen that after the power system current increase (see Figure 3.20(a) after the rectifier
DC side resistance decrease), the HAPF has mitigated the grid current harmonics, but did not
totally compensate the fundamental harmonic reactive power because of its PHF reactive power
which is sized to around 1210 Var. The invert DC side voltage is shown in Figure 3.20(b).

Figure 3.21(a)(b) presents respectively the waveforms of rectifier input (I1) and grid side (Is)
current during the asymmetry. The asymmetry was obtained by connecting the resistance
beween phases as presented in Figure 3.9 (Rasym). The HAPF2 with the proposed control system,
does not have ability to compensate the asymmetry component.

The impedance versus frequency observed at the rectifier terminals (Figure 3.22) shows that
the power system is purely inductive. The parallel resonance between the PHF (when operating
alone) and the electrical gird is completely eliminated as well the dependency of the PHF
performances (when operating alone) on the grid impedance.

m [T1, /s1 = [T2, [s2 == [T3, 1S3
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Figure 3.21 Waveforms of (a) input rectifier current and (b) grid current during the load side asymmetry
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Figure 3.23  Grid current waveforms before and after the HAPF2 connection.

The HAPF2s with passive harmonic filter tuned to the resonance frequency (nr = 6.87
(243.5Hz)) near the frequency of the 7" harmonic and to the resonance frequency (nre = 10.87
(543.5Hz)) near the frequency of the 11" harmonic have the best result in term of grid current
THD reduction because the inductances of their reactors which are 3 mH and 1.2 mH
respectively are smaller than the input thysristor bridge reactor inductance which is 3.5 mH
(see Figure 3.23). Therefore as it has been experimentally demonstrated in chapter 5 that the
SAPF input reactor inductance (first-order filter) should be chosen with the value equal or little
bit lower than the input rectifier reactor inductance value for a better mitigation of grid current
ripple at the waveforms commutation points, that principle should also be applied during the
design of HAPF2 passive harmonic filter.

The choose of the HAPF2 passive harmonic filter resonance frequency should not be focused
only on the rectifier (load to be compensated) characteristic harmonics but also on the value of
the rectifier input reactor inductance. The PHF of HAPF2 can be tuned to any frequency
provided that, its reactor inductance has a value equal or smaller than the one of the rectifier
input reactor so called commutation reactor.

The performed experiments have also shown that when the PHF is tuned to the resonance
frequency higher than the frequencies of the 5™ and 7" harmonic: the HAPF reduces (at the grid
side) better the higher current harmonics (e.g. from the 13™) because the PHF presents smaller
impedance for that harmonics (Figure 3.16.), the 5" and 7" current harmonics are worse reduced
and the PHF reactor value is smaller in comparison to the case when it was tuned to the
frequency near the 5" or 7" harmonics, therefore low cost. If the PHF reactor value is too small,
the HAPF can face the problem of switching ripple mitigation

There are many topologies of PHF that can be connected in series with the SAPF as in the
structure of HAPF2 [2].

From this case study of the presented HAPF2 topology, the recommendations can be as
following:

— from the grid current perspective, to obtain a lower THD, the passive part tuning frequency
should be chosen in the range of higher harmonics, provided that the HAPF input inductance
is smaller or equal to the thyristor bridge input inductance,

— from the grid voltage perspective, to obtain a lower THD, the passive part tuning frequency
should be chosen in the range of lower harmonics, provided that the HAPF2 input inductance
presents better mitigation of the switching ripples harmonics.
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4. Laboratory experiments

The electrical grid feeding the laboratory in which the experimental studies were performed, is
presented by the equivalent circuit of Figure 4.1(a). The presented examples of laboratory
experiments are just to confirm the simulation studies. The electrical network equivalent
parameters (impedance, short circuit current and power) are presented in Figure 4.1(b).

The electrical grid voltage (without the considered load) feeding the laboratory is
symmetrical (the negative sequence represents 0.12% of the positive sequence) but not pure
sinusoidal (Figure 4.2(a)) because of other connected non-linear loads. Its spectrum, limited on
one phase as example (Figure 4.2(b)), shows that the dominated harmonics are the 5" (around
2%) and then comes the 3™ (more than 1%) and at the end the 7" (almost 1 %).

: Medium voltage Primary (Pri) Secondary (Sec) :
I 15.750 [kV] Tr 0.4 [kV] |
r-———-—-—-=-= 1
| ! | Rmv Lmv | | L~ | Y 4 |
h 55— PCC
LT ____ HEEER I |
| Swv=250 [MVA] Str= 1000 [kVA] |
|  Lmv=35 [mH] Rrr_pi=22492 [mQ]  Rrrsee=15 [m]
| Rvv=109.1[m] L1t pri= 453 [mH] Lir see=0.0292 [mH] |
+ [ S5¢ Sec =159.94 [KVA]
(yr-———----- 1 ISC Sec =23.08 [kA]
| I ‘ =
! R Ls | PCC Rs 1.5 [mQ]
I |||_@_|:|_r‘(ﬂrg'\_+. { Ls =31.46 [ULH]
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Figure 4.1 (a) laboratory electrical network, (b) electrical grid equivalent circuit
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Figure 4.2 (a) PCC voltage waveforms without the considered load connected) and (b) its spectrum (p.u.)

4.1 Passive harmonic filters

The laboratory set up in which the PHFs were investigated is presented in Figure 4.3. The
studied PHF topologies are presented in Figure 4.4.

The spectrums in Figure 4.5 present the grid voltage and current harmonics for different
values of rectifier firing angle and DC voltage. Owing to the fact that the power system of the
designed laboratory model is symmetrical, the results are focussed one one-phase only (see
waveforms of Figure 4.5).
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Concerning the grid voltage fundamental harmonic, its amplitude has slightly decreased with
Upc increase (e.g. from 226.97 V (Upc = 50 V) t0 226.13 V (Upc = 525 V)). The 5" harmonic
has the highest amplitude for Upc equal to 250 V and the 7™ harmonic for Upc to 350V (Figure
4.5).

Apart the 3 and 9™, there are other non-characteristic harmonics present in the PCC
voltage and current spectrums (see Figure 4.6). Looking at the spectrum of Figure 4.6 it is
noticed that with the harmonic order increase, some of the non-characteristic harmonics have
higher amplitude than the amplitude of characteristic harmonics.
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Figure 4.3 Laboratory model
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Figure 4.4 Investigated PHF topologies in the laboratory
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Figure 4.5 Grid voltage and current parameters measured from the laboratory model. The example of
waveforms are for the Upc equal to 250 V
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4.1.1 Example of investigation performed on the PHF topologies: the detuning

phenomenon
Electrical grid i ac % P
I v LT L
I I 1 |
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| | | 1
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nre =5.16 nre =4.99
Figure 4.7 Power system equivalent circuit with filter reactor parameters

The PHF detuning phenomenon is investigated through the single-tune filter. It is performed
by increasing or decreasing the filter resonance frequency in the goal to observe its behaviour
regarding the harmonic to be eliminated and higher order harmonics as well.

It has been theoretically demonstrated during the simulation studies that the single filter
efficiency is reduced on the mitigation of harmonic to be eliminated (e.g. 5™) when its resonance
frequency is lower and fare from the frequency of that harmonic and that the amplification of
5% harmonic amplitude can occur when the filter is tuned to the frequency higher than the 5%
harmonic frequency because of the parallel resonance. These laboratory investigations are just
to confime the simulation studies.

The single-tuned filter presented in Figure 4.7 (laboratory model) is tuned for the
investigation on the frequencies lower than the frequency of the 5" harmonic (measured
paramters - Figure 4.8(b)).

Figure 4.8 presents the filter impedance versus frequency characteristics obtained from the
simulation (Figure 4.8(a) - expected characteristics based on the manufacture parameters) and
measured in the laboratory (Figure 4.8(b)). The different observed between data and
characteristics in the both figures is due to the filter parameters tolerance.

The following laboratory data are recorded by taking as example the rectifier DC voltage
(Upc) equal to 250 V (0 = 62.54°). For each tuning frequency the power system data were
registered. The fundamental harmonic active and reactive power measured in the laboratory
model at the grid side, filter terminals and rectifier input are presented in Table 4.1.

The grid voltage and current waveforms and spectrums are presented in Figure 4.9 and the
filter current and rectifier input current waveforms and spectrums are presented in Figure 4.10.
The grid voltage and current THD and the filter effectiveness are respectively presented in
Figure 4.11 and Figure 4.12

Observing Figure 4.9, it can be seen that the lowest value of the 5" harmonic amplitude
(the lowest THD as well - Figure 4.11(a)) in the grid voltage spectrum is obtained when the
filter is tuned to the frequency of harmonic order 4.99, whereas in the case of grid current
spectrum, the filter tuned to the frequency of 4.66 has the lowest 5" harmonics amplitude as
well as the lowest THD (Figure 4.11(b)). By increasing the filter tuning frequency from nre
equal to 4.57 to nr equal to 4.99, the grid current 5! harmonic amplitude should be decreasing
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as the 5™ harmonic amplitude observed in the grid voltage spectrum. This difference is due to
the 5" harmonic current flowing from the grid side to the laboratory model.

The single-tuned filter efficiency presented in Figure 4.12 shows that the filter is more
efficient on the 5™ harmonic mitigation when its resonance frequency is on the harmonic order
of 4.66, which is contrary to what can be observed in the characteristics of Figure 4.8(b).

According to the filter impedance versus frequency characteristics of Figure 4.8(b), the
filter tuned to the frequency of 4.57 should present the highest 5 harmonic amplitude for both
grid current and voltage and the filter tuned to the frequency of 4.99 should presents the lowest
5™ harmonic amplitude for both grid current and voltage. But the reduction of the 5™ harmonic
amplitude in the grid current as presented in Figure 4.9 does not follow that principle because
of the harmonics current flowing from the grid side.

Simulation Laboratory
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Figure 4.8 Filter impedance versus frequency characteristics: (a) expected characteristics from simulation
and (b) characteristics measured in the laboratory
Table 4.1 Fundamental harmonic active and reactive power measured in the laboratory model
Nre Psioy [W] | Qsawy [Var] | Paw [W] | Qnq[Var] | Qmnq [Var]
No filter connected 806.29 1065.6 - - -
4.57 821.66 83.81 16.99 -981.84 1067.4
4.66 826.15 83.53 16.10 -991.20 1076.4
4.76 815.84 83.21 16.90 -971.23 1056.1
4.86 807.39 94.73 16.10 -943.33 1039.5
4.99 819.69 78.11 17.46 -965.52 1045.1
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Figure 4.9 Point of common coupling voltage and current waveforms and spectrums

The reactor and capacitor parameters tolerance has an influence on the PHF tuning frequency
as well as on its work efficiency, therefor it is important to verifier the reactor and capacitor
parameters after their reception from the producer. This varication should be based on the
search of the filter parameters, which are close to the expected parameters. The investigations
have also shown that the harmonics contains in the electrical grid flows through the filter,
mostly those with frequencies close to the filter resonance frequency. The filter efficieny
depends upon the electrical grid impedance and that dependency can be reduced be additing the
line reactor between the filter and the PCC. The line reactor presence does not only mitigates
the current harmonics amplitude flowing from the electrical grid, but it increases also the grid
voltage distortion.

28



Bl Without filter

= {Lf(+8.56%) =8.34 [mH] {Lf‘
Hre =4.57

Hre

Hre =4.86

- {Lf(+4_16%)= 8.00 [mH] - {Lf(-4_3%) —7.35 [mH]
ire =4.66

=7.68 [mH] g {Lt‘(-‘).ll%} =6.98 [mH]

=4.76

Hre =4.99

[unc=250(v]] | o —62.54°

6.04
6
5.96

(]

—— e e e e e e

5 7 9 11 13 17 19

: M#MMMMM

10
6
— 5
< — T
= 0 S 4
= _
-5 [
=2
-10 I
1.52 1.525 1.53 1.535 1.54 1.545 e e e e e e e e
Time [s] 1 3 5 7 9 11 13 17 19 23
Harmonic order
S5
10
4
> 3
< 0 < '
- = 2
= -5 =
1
-10
1.52 1.525 1.53 1.535 1.54  1.545 T e e e e T e e e e
1 3 5 7 9 11 13 17 19 23
Time [s] Harmonic order
Figure 4.10 Input rectifier and filter current waveforms and spectrums
— |44
8.3f 0=62.54
42
82
8.1H 40 I
8. !
79 ‘ I . X 3810 = \
a
(@) 5 ® ' ‘ A
=, ' o
— 10 | S, 40f | 5 | | |
5 | | B B =
T 3 a ol ‘ ]
[_.

0

Withoutl4.57 466 476 4.86 499

filter

~
Hre

0
Withoutl 457 4.66 476 486 499,
filter

Hire

Figure 4.11 Grid voltage and current THD for different resonance frequency

29




- {Lt‘{+4.16%)=8.00 [mH] = {Lr(-4,3%) —7.35 [mH]

Are =4.66 Hre =4.86
- Li+8.56%) = 8.34 [mH]
nire =457 Lt =7.68 [mH] g [ Li0.11%) =6.98 [mH]
rire -4.76 sire =499

100

Istmy/Ir1n [%]
2

——— e e e e e

1 3 5 7 9 11 13 17 19 23
Harmonic order

Figure 4.12 5% harmonic reduction efficiency

4.2 Shunt active power filters
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Figure 4.13 Equivalent circuit of the laboratory model with components

The laboratory model equivalent circuit in which the SAPF was investigated is presented in
Figure 4.13. The load is composed of three-phase thyristor bridge with resistance R and reactor
L at its DC side and reactor Lt at its AC side. The one-phase diode bridge with 24 Ohm
resistance at the DC side is used to obtain the current asymmetry. The investigated SAPF
presented in Figure 4.14 is connected at the PCC.

The laboratory experiments are not focused on the design of the SAPF with its control
system, but on the influence of the rectifier commutator reactor (Lt) and line reactor (Lss) (see
Figure 4.13) on the SAPF performances.

4.2.1  Example of studies performed on the SAPF

The Studies are about the influence of thyristor bridge input reactor influence on the SAPF
performance.

The measured grid voltage and current spectrums and waveforms before the SAPF
connection (Lss and Lt are not connected) is presented in Figure 4.15. It can be seen in that
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figure the PCC voltage and current distortion, the current asymmetry and the high level of
fundamental harmonic reactive power.

Three cases of study based on the rectifier input reactor change (L) were considered after
the SAPF connection: Lt —is not connected, Lt =L inn=2mH and Lt =2.5 mH > L jnv =2 mH.
During the experiments, the grid side line reactor (Lss) was not considered.

Figure 4.16(b)(c) in comparison to Figure 4.16(a) shows that when the inverter input reactor
inductance is equal or lower than the rectifier input reactor inductance, the PCC voltage and
current waveforms ripples at the commutation are better reduced by the SAPF.
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Figure 4.15 Measured grid voltage and current waveforms with spectrums before the SAPF connection (Lss =
LT = 0)
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Figure 4.17 Comparison of: (a) PCC voltage spectrums, (b) PCC current spectrums and (c) PCC voltage and
current THDs, active (P1) and reactive powers (Q1)

Figure 4.17 represents (for the three case studies) a comparison of PCC voltage and current
spectrums and THD as well as the PCC active and reactive power. Only one-phase of each case
is considered because of the PCC current balance after the SAPF connection. For L inv equal or
smaller than L, the PCC voltage and current 5™ harmonic as well as THD are better mitigated
(Figure 4.17(a) to (c)). It is important to notice that the PCC voltage contains harmonics, which
can affect the results at the PCC.

The laboratory experiments have shown that:
— for a better reduction of grid voltage and current ripples at the commutation points of
waveforms, the inductance of reactor (first-order filter) connected at the SAPF input for
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switching ripples mitigation, should be smaller or equal to the inductance of the input
rectifier reactor so called commutation reactor,

— when the SAPF with reactor at its input is connected at the PCC, the additional line reactor
connection between the PCC and the grid is not recommendable, because the PCC voltage
will be more distorted with inverter switching ripple.

4.3 Hybrid active power filter
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Figure 4.19 PCC voltage and current waveforms and spectrums measured when the HAPF is not connected
(with Ly)
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The model of HAPF presented in Figure 4.18 is an additional model of HAPF investigated in
the laboratory. It consists of SAPF connected in parallel with the group of two single-tuned
PHFs as presented in Figure 4.18. The PCC voltage and current waveforms and spectrums
measured when the HAPF was connected, are shown in Figure 4.19.

4.3.1  Example of analysis performed on the HAPF

The analysis is about the connection and disconnection of the additional line reactor (Lss2 and
Lss2) in the power system. The HAPF is connected to the grid through the line reactor Lss2 (Lss1
disconnected) and the results are compared with those obtained when Lss1 (Lss2 not connected)
was connected between the SAPF and the PHF group (Figure 4.18).

In the case where the HAPF has Lss1 connected between the SAPF and the PHF group
(without Lss2), the PCC current and voltage waveforms are less distorted (see Figure 4.20(a)).

The connection of the HAPF (without Lss1) to the grid through the line reactor Lss2 presents
the worst results in term of harmonics mitigation (Figure 4.21(a)-(c)) and fundamental
harmonic reactive power compensation (Figure 4.21(d). The PCC voltage and current are more
distorted because of the additional voltage drops on the line reactor Lss2 (Figure 4.20(b)) (The
connection of Lssy at the grid side has decreased the grid short-circuit power, increasing its
impedance).

Connected between the filters (SAPF and the PHF group), the line reactor Lss1 helps on
one hand, the group of PHF to mitigate the 5™ and 7*" current harmonics and on other hand, it
helps the SAPF to mitigate the ripples at the commutation notches of grid voltage and current
waveforms.

(a) (b)
Lss1 is connected between the SAPF and PHF The HAPF is connected to the grid through Lss2

(Lss2 disconnected) (Lss1 disconnected)
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Figure 4.20 PCC voltage and current waveforms: (a) the line reactor Lss: is connected between the SAPF and
PHF (Lss2 disconnected) and (b) the HAPF is connected to the grid throught Lss» (Lss: disconnected)
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™8 The HAPF is connected to the grid through Lss2 Lss1 is connected between the SAPF and PHF

(Lss1 disconnected) (Lss2 disconnected)
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Figure 4.21 (a), (b) PCC voltage and current spectrums, (¢) THD and (d) fundamental harmonic active and
reactive powers

The laboratory experiments have shown that:

— the SAPF is better than the PHF in term of grid current harmonics mitigation,

— combined with the PHF (HAPF), the SAPF demants less power than when it is operating
alone,

— the connection of the SAPF or HAPF to the PCC through a line reactor is not
recommendable,

— in the configuration of HAPF where the SAPF and PHF are connected in parallel, if the PHF
presents higher impedance of harmonic(s) to be mitigated than in the grid side, the line
reactor between the SAPF and PHF is needed.
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5. Conclusion

The thesis objective focused on the hybrid active power filter (HAPF) which is the combination
of active power filter (APF) and passive harmonic filter (PHF). To achieve the thesis objective,
the author performed different studies (simulation and laboratory) on the selected PHF and
SAPF structures.

The acquired knowledge from the studies of the PHF and SAPF structures allowed the
author to design and analyzed the hybrid active power filter (HAPF) structures: model of SAPF
(three legs three wires) connected in series with the single-branch filter (simulation) and model
of SAPF (three legs four wires) connected in parallel with the group of two single-branch filters
(laboratory).

5.1  Simulation study results

The following PHF structures were considered: the single-tuned filter, the series PHF, the
double-tuned filter, the broad-band filters (first, second, third-order and C-type filter) and
Hybrid passive harmonic filter (HPHF). The author analyzed the PHF topologies basing on
their impedance versus frequency characteristics, detuning phenomenon (due to the filter
elements parameters (LC) change over the time or due to fault or atmospheric conditions), and
damping resistance. All the quoted elements have an influence on PHF filtration efficiency. The
comparison of some PHF structures (group of two single-filters & double-tune filter, series PHF
& HPHF) as well as the methods of sharing the total reactive power in the filter group were also
considered. The structures were tested as a stand-alone device as well as a part of the entire
system including non-linear load and supply network with its internal equivalent impedance.

Basing on the impedance versus frequency characteristics, the author showed that the
variation of the series PHF parameters decreases its efficiency on the harmonic to be blocked.
Connected between the PCC and the rectifier load, it can be the source of harmonics
amplification at the grid side. The disadvantages (e.g. harmonics amplification etc.) of the series
PHF can be overcome by the shunt PHF (HPHF).

The author demonstrated that:

- the shunt PHFs (single-tuned, double-tuned and broad-band filters) should by tuned to the
frequency a bit lower than the frequency of harmonic to be eliminated because of the aging
of their elements (LC) which can caused the filter detuned. The harmonic to be eliminated
should be the load (e.g. rectifier) characteristic harmonic after the fundamental harmonic.
The bad choice of the shunt PHF resonance frequency can cause the amplification of
harmonics at the electrical grid side and filter terminals,

- the increase of single-tuned filter resistance reduces its efficiency on the mitigation of
harmonic to be eliminated at the grid side and increases its power losses,

- the filter group (two single-tuned filters) in comparison to the double-tuned filter (the same
fundamental harmonic reactive power, reactor quality factor and voltage at their terminals)
presentes higher value of inductances (more expensive in practice) and lower impedance for
harmonics higher than the harmonics to which it is tuned,

- the first-order filter designed for the fundamental harmonic reactive power compensation, in
the electrical power system with distorted voltage and current, can be a source of harmonics
amplification (at the grid side),

- the second-order, third-order and C-type filter efficiency depends upon the choice of the
damping resistance value. They can be the source of harmonics amplification (mostly the

R —————————
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characteristic harmonics near the fundamental) at the grid side if the damping resistance is
not well chosen. Depending on their damping resistance value, they are better on the
reduction of harmonics in wide band than the single-tune filter (grid side),

- the single-tuned filter compared to the broad-band filters (equal fundamental reactive power,
equal reactor quality factor, and equal resonance frequency) and regardless of damping
resistance value, is better on the mitigation (grid side) of harmonic which the frequency is
near its resonance frequency,

- the second-order filter in comparison to the single-tuned filter and other the broad-band
filters (equal fundamental reactive power, equal reactor quality factor, and equal tuning
frequency) and regardless of damping resistance value, present higher power losses,

Six methods (Method A to F) of sharing the total fundamental reactive power in the filter
group were presented and compared in this work. Despite the fact that the efficiency of filters
whose individual components have been selected by different methods is very similar, method
A (equal reactive for filters in the group) remains more attractive than other method because it
demands less caculation and presents better resuls in term of filter group power losses.

The goal of designing the SAPF (three wires three legs structure) was to compensate the
load fundamental harmonic reactive power, harmonics, and asymmetry and it was achieved
using the original control algorithm — based on p-q theory - prosed by author. The influence of
the line reactor (connected between the PCC and the grid side), rectifier input reactor and SAPF
input reactor and DC capacitor on its efficiency, was also considered.

In the description of the p-q theory algorithm used in the SAPF control system, the author
demonstrated that the distortion contained in the PCC voltage, if not filtred, affects the reference
current and can be found in the grid current after compensation (the grid current waveform is
then the replica of the PCC voltage waveform).

In the electrical system with rectifier load, the choice of the SAPF input reactor (L-filter )
inductance value should be also based on the input rectifier reactor inductance value. It should
be lower or equal to the input rectifier reactor inductance value for better mitigation of the grid
current ripples at the commutation notches points. The connection of the line reactor between
the PCC and the grid is not recommendable because of the PCC voltage distortion increased.

The analyzed HAPF was the topology of SAPF connected in series with the PHF (single-
tuned filter). The goal of studying such of topology was to show that it is possible to reduce the
power of SAPF (active part). The HAPF was applied to compensate the load fundamental
harmonic reactive power and harmonics. The author demonstrated that the choice of the single-
branch filter tuning frequency of that topology should not only depend on the rectifier (load to
be compensated) characteristic harmonics but also on rectifier input reactor size. The author
also proposed a control system algorithm based on p-q theory for that topology.

5.2  Laboratory study results

Basing on the investigations in the laboratory, the author demonstrated that the shunt PHFs

efficiency depends upon the electrical grid impedance (the filter impedance of the harmonic to

be eliminated should be smaller than the grid impedance of that harmonic), the supply voltage

quality (with the distorted electrical grid voltage, after the filter connection, the harmonics flow

from the grid to the filter (amplification of harmonics at the grid and filter side)) and the

tolerance of the filter elements (LC). Before the shunt PHF design, the following infromations

are needed:

- the load current characteristic harmonics and fundamental harmonic reactive power,

- the electrical grid estimeted impedance,

- the supply voltage spectrum at the PCC when the load to be compensated is not connected.
In the case of the distorted supply voltage (when the load to be compensated is not

connected) and filter impedance of the harmonic to be eliminated not enaugh lower than the

grid impedance of that harmonic, the author has demonstrated that the connection of the line

37




reactor between the grid and the PCC can be the solution with the disadvantage that the PCC
voltage will be more distorted.

The author also demonstrated that after receiving the filter elements from the producer, it
is important to verify (by measuring) if their parameters (reactor inductance and resistance,
capacitor capacitance and resistance as well as filter resonance frequency) are within the
tolerance or are the expected ones. The measured filter parameters can be a bit different from
the nominal parameters because of the elements (LC) tolerance.

The investigation of the single-tune filter, group of two single-tuned filters, first and
second-order filters in the laboratory confirmed the simulation studies.

The laboratory experiments of the SAPF were performed on the structure of four wires
three legs with input reactors L. Based on that structure, the author presented the influence of
the rectifier input reactor as well as the grid side line reactor on the SAPF efficiency (confirming
the simulation).

The laboratory experiments of the HAPF were performed on the structure of SAPF (four
wires three legs with L filter at the input connected in parallel with the group of two single-
tuned filters. The author presented the advantages (the SAPF used less power) of that structure
as well as the interest (improvement of the PHF efficiency) of connecting the line reactor
between the SAPF and the group of PHF.
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