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Abstract: Harmonics is the most important dynamic component of power quality, which affects the operation of electrical devices while reducing the power
factor. Switched mode power sources in energy systems are generally associated with nonlinear loads. In this paper was analyzed a nonlinear single—phase
consumer consisting of a manual welding machine of the XENTA 90 type, without passive filters and equipped with LC passive filters. In order to analyze the
operation of LC passive filters, seven experiments were conducted. For consumers, attenuation of current waveform distortion depends on the values of L, C
and, especially depends on the ability to improve the power factor to increase the efficiency of passive filters. With appropriate choice of passive L( filters, the
deformation rate decreases and the electrical losses of the network are reduced by increasing the power factor.
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1. INTRODUCTION

Energy consumption and power quality are closely related both in industrial and non-industrial
applications. Power factor and total harmonic distortion are two crucial indicators of power quality
that correlate with the efficiency of electricity for both electricity suppliers and consumers [1-3].
Because of their low cost and efficiency, passive power filters (PPFs) are, usually, used to suppress
harmonics and improve the power factor by tuned LC and/or low-pass filters [4-11]. However, PPFs
have the following disadvantages: the source impedance and their operation in transitory regimes
have a significant impact on filter quality; the parallel resonance between the source and the PPF
increases the harmonic current at a given frequency on the source side [12,13].

If power quality indices differ from the compatibility standard, this results in significant implications
for producers, system operators, and energy consumers. Poor power quality is associated with
reduced productivity, equipment breakdown, significant financial losses, and shorter life
expectancy of electrical system components and final applications. Electromagnetic disturbances
that occur during the operation of energy systems affect almost all characteristics of voltage and
current waves: frequency, shape, amplitude and symmetry (in the case of three-phase systems)
[14,15].

Harmonics are the most important and dynamic component of electromagnetic disturbances.
Harmonic sources in energy systems are typically associated with nonlinear and switching loads
(e.g. rectifiers, inverters, voltage controllers, frequency converters, welding, AC or DC motor drives,
switching power supply, fluorescent lamps and LED lamps, static VAR compensators, etc.). In recent
years, power networks have been exposed to various harmonic sources, which have a direct impact
on the sustainability of power plants such as wind and solar power stations, direct current
conversion and high voltage transmission, etc. [2]

2. INVERTER TYPE WELDING DEVICES

Figure 1 shows a block diagram of a power source with an inverter. The main rectifier is an
uncontrolled bridge-type rectifier of single or three phases (depending on the power installed and
the range of power output current). The rectifier's power supply circuit is connected by a varistor
to protect against accidental overvoltages from the power supply. In the modern version of the
reversible power source, the input rectifier is equipped with an active filter to improve the power
factor (PFC - Power Factor Correction).
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Figure 1. Inverter welding power source.

The intermediate DC filter is a capacitance type that has the role of reducing the reversal voltage
vibration applied to the inverter. The capacitor is an electrolytic type with appropriate nominal
voltage and low dielectric losses. For the first charge of the capacitor on the connection, in general
an additional resistor circuit is provided, which is then short-circuited by a contact of an auxiliary
relay [16].

The primary inverter block is the primary switch block (high frequency electronic switch)
implemented with different types of power semiconductor devices, in different topological
configurations (forward, half bridge, and bridge). According to the type of power semiconductor
device, circuit topology, and specific output power control requirements, inverter block control is
performed through various pulse width modulation strategies (PWM - pulse width modulation).
The high frequency adjustment transformer is a magnetic component that connects the circuit
(welding with the supply power) and ensures the operator's electrical safety and voltage adaptation.
The construction of the transformer is dictated by considerations aimed at minimizing power l0ss
and dispersion inductance, and is composed of ferrite cores of different shapes, or windings of wire
or copper foil type, respectively, to reduce additional losses due to eddy currents [16].

The high frequency secondary rectifier has the role of rectifying the high frequency alternating
voltage to supply the direct current welding arc. It is made of super—fast rectifier diodes, in different
configurations (with median point or single-phase bridge). The output filter is inductive type and
has the role of reducing changes in continuous welding current and, respectively, ensuring a rapid
reaction. Because of the high working frequency, the input value is low (uH), and the input of
connecting conductors associated with welding circuits also contributes to smoothing current.

3. EXPERIMENTAL RESULTS OBTAINED WITH THE CA8334B POWER QUALITY ANALYZER

The circuit from Fig.2.a was used to carry out the experimental measurements (Fig.2.b), in order to
determine the impact of welding machine on power network.

Al
PASSIVE
FILTER

x

WELDING
SOURCE

90A (max)

] POWER
ANALYZER

CARB334B

Figure 2. a) Block diagram of the studied circuit; b) experimental setup.
i Measurement results when the welding machine (which has a resistive load) is not equipped
with a passive filter
The measurements with power quality analyzer CA8334B on the welding machine with a resistive
load of 18 /2 kW, show that a very high-value of current harmonic distortion factor THD;is reduced
once with the increase in welding current (I is the input AC current; Is is the output DC current) and
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implicitly with the current absorbed from the network (Fig.3.a). A relatively low value for the power
factor (PF) is found, slightly above 0.66; PF remains approximately constant when welding current
have significant changes (Fig.3.c). At the same time, displacement power factor (DPF) has a small
variation when welding current changes; DPF has an inverse variation in relation to the PF with
increased output current (Table 1). In all situations, higher values of reactive power than active

power values can be observed (Table 1).
Table 1 — Experimental measurements of resistive load welding device (R = 1.5 Q) without passive filters

I(A) THD:(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) Is(A)
24 105.2 364 410.5 550.3 0.662 0.988 9
3.8 104.5 573.2 655.4 8724 0.659 0.98 16
56 103 827 940 1249 0.66 0.972 23
7.1 98.9 1056 1174 1578 0.67 0.965 30
8.7 95.2 1297 1413 1920 0.676 0.959 37
93 93.2 1403 1501 2056 0.683 0.957 4
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Figure 3. Measurement results: a) THD=f(l;); b) S=f{(l,); ¢) PF=f(l,); d) I=f(l,)
Figure 4.a presents the waveforms of voltage and current over a period; it can be observed that
voltage have a shape close to sinusoidal (RMS value was 225 V), but the waveform of current is very
deformed (RMS value was 2.4 A (Fig.4.a). This can also be seen from the spectrum of current
harmonics, that have the most important values for lower orders, and total harmonic distortion
factor THD, has more than 100%. Figure 4.c shows a relatively low phase shift of 9° between voltage
and current (for the fundamental).
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Figure 4. Measurements with CA 8334B: a) voltage and current waveforms over a period;

b) harmonic spectrum and total harmonic distortion factor (THD) for current; ¢) Fresnel diagram for the fundamental at k=9 A
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The measurement results obtained at a current of 30 A (Fig.5) show the same behavior of the
welding machine as with a current of 9 A; an increase in the phase shift of 15° it observed.
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Figure 5. Measurements with CA 8334B: a) harmonic spectrum and total harmonic distortion factor (THD)) for current; b) Fresnel diagram for the
fundamental at k=30 A

Results of measurements made when the welding machine (having resistive load) was

connected with L filter (Fig.6)
— First L filter (L=9.86 mH)

L

In this situation, total harmonic distortion factor for current THD, have
much lower values compared to the previously situation, but still high,
over 50%. A significant increase in the power factor (PF), over 0.8, and the

i

~230%

displacement power factor (DPF) of over 0.95 is also observed (Table 2).
Table 2 — Experimental measurements made with the resistive load welding device (R = 1.5 Q) and the first inductive filter (L = 9.86 mH)

Figure 6. L filter
connected in circuit.

I(A) THD/(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) I5(A)
1.9 76 3353 278 4356 0.769 0.967 9

3.2 6/.1 559.5 4257 701.9 0.796 0.961 16
4.4 60.8 798.5 565.9 977.8 0.816 0.957 23
57 557 1053 708 1268 0.829 0.953 30
6.7 523 1230 805 1477 0.837 0.95 37
6.9 519 1264 823 1508 0.838 0.949 4

In this case, the active power is significantly higher than the reactive power. The variation of the
current is closer to a sinusoidal shape than in previously case, and the values of higher-order
harmonics are reduced while those of lower-order harmonics remain high. The phase shift
between voltage and current (for the fundamental) is relatively small and has the opposite value
compared to the previous case (Table 2, Figs.7-9).
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Figure 7. Measurement results: a) THD=A{(l;); b) S=f(l;); ¢) PF=f(l5); d) I=f{().
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Figure 8. Measurements with CA 8334B: a) voltage and current waveforms over a period;
b) harmonic spectrum and total harmonic distortion factor (THD)) for current; ¢) Fresnel diagram for the fundamental at =9 A
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Figure 9. Measurements with CA 83348: a) harmonic spectrum and total harmonic distortion factor (THD)) for current; b) Fresnel diagram for the
fundamental at =30 A

— Second L filter (L=23.7 mH)
The increase in the value of the filtering inductance further reduces the THD, factor, with lower
values at higher output currents; an increase in the share of active power at the expense of reactive
power it is observed. At the same time, a higher power factor (PF) is achieved, with higher values at
higher currents, while the displacement power factor (DPF) varies inversely, meaning that at higher
currents, a lower value is obtained.
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Figure 10. Measurement results: a) THD=f(l); b) S=f{(l,); ¢) PF=f(L); d) I=f(l,).
Table 3 — Experimental measurements made with the resistive load welding device (R, = 1.5 Q) and the second inductive filter (L = 23.7 mH)

I(A) THD/(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) IS(A)
1.7 63 299.1 2285 3755 0.795 0.937 9

29 511 5263 3786 649.5 0.812 0.913 16
39 443 710 502.2 8974 0.816 0.8%4 23
49 38.4 885 629 1087 0.815 0.877 30
55 352 986 710 1211 0.812 0.865 37
6.7 30.1 1182 873 1470 0.805 0.844 4
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The analysis of Figs. 11 and 12 reveals a waveform of current closer to the sine wave; the harmonic
values are reduced except for those of lower order. The phase shift remains at relatively low values,

lower at lower currents (Table 3, Figs.10-12).
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Figure 11. Measurements with CA 8334B: a) voltage and current waveforms over a period;

b) harmonic spectrum and total harmonic distortion factor (THD) for current; ¢) Fresnel diagram for the fundamental atl.=9 A
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Figure 12. Measurements with CA 8334B: a) voltage and current waveforms over a period;
b) harmonic spectrum and total harmonic distortion factor (THD)) for current; ) Fresnel diagram for the fundamental at I:=30 A

Results of measurements made when the welding machine (having resistive load) was
connected with LC filter (first layout, Fig.13)

A variable inductance coil was used, L =9.1+ 296 mH.
Measurements were taken for two values of LC filter from
Fig.13. ~230V C
—First LC filter (Fig.13, L= 9.86 mH, C = 10 pF) . 1
Experimental measurements made with the resistive load
welding device (R. = 1.5 Q) and the first LC filter (Fig.13, L =
9.86 mH, C= 10 pF) are present in Table 4 and Figs.14-16. It is observed that total harmonic
distortion factor of current (THD)) is over 50%, and decrease with the increase in welding current.
The share of active power far exceeds that of reactive power, the power factor (PF) exceeds the
value of 0.8, and the displacement power factor (DPF) tends towards unity. The values of the current
harmonics are again significantly increased, the shape of the current has deviated from the sinusoid
(Fig.15, 16), and the phase shift changes sign, meaning that at low current it is negative and at higher
current it is positive.

Table 4 — Experimental measurements made with the resistive load welding device (R, = 1.5 Q) and the first LCfilter (Fig.13, L = 9.86 mH, (=10 yF)
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Figure 13. LCfilter — first layout

IA) | THDO) | PW) QVAR) | S(VA) | PF) | DPF(H) Is(A)
19 78.4 3302 2732 429 0771 0982 9

3 69.7 5598 3953 . 6812 0817 1 16
43 63 7916 519.5 976 08% | 0993 3
55 58 1014 635 1195 0847 0986 30
6.5 54 1209 734 1417 0.856 0979 37
7 50 1430 844 1667 0863 0972 4
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Figure 14. Measurement results: a) THD=f{Is) b) S=f(Is) ¢) PF=f{ls) d) I=f(Is)
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Figure 15. Measurements with CA 8334B: a) voltage and current waveforms over a period;
b) harmonic spectrum and total harmonic distortion factor (THD)) for current; ¢) Fresnel diagram for the fundamental at =9 A
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Figure 16. Measurements with CA 8334B: a) harmonic spectrum and total harmonic distortion factor (THD)) for current; b) Fresnel diagram for the
fundamental at =30 A
— Second LC filter (Fig.13, L=23.7 mH, C= 10 uF)
Table 5 — Experimental measurements made with the resistive load welding device (R = 1.5 Q) and the second LC filter (Fig.13, L = 23.7 mH, (=10uF)

I(A) THD/(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) Is(A)
1.7 66.8 3211 2174 388.1 0.828 0.995 9

27 57 5133 306 59.7 0.859 0.99 16
39 478 739 430 851.2 0.864 0.961 23
48 4.1 907 536 1052 0.861 0.937 30
57 37 1069 649 1250 0.854 0.914 37
6.5 33 1210 752 1425 0.849 0.898 4

In the case of second LC filter (Fig.13, L=23.7 mH, C= 10 pF) it is found that by increasing the
inductance value of the filter, a lower THD, factor up to 33% is achieved at a welding current of 42
A. The active power increased at the expense of the reactive power, and power factor (PF) exceeded
0.85, while displacement power factor (DPF) remained high, above 0.95.
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Figure 17. Measurement results: a) THD=A{l,); b) S=f(l;); ¢) PF=f(l5); d) I=f{(;).
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Figure 18. Measurements with CA 8334B: a) voltage and current waveforms over a period;
b) harmonic spectrum and total harmonic distortion factor (THD)) for current; ¢) Fresnel diagram for the fundamental at =9 A
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Figure 19. Measurements with CA 8334B: a) harmonic spectrum and total harmonic distortion factor (THD) for current; b) Fresnel diagram for the
fundamental at k=30 A

The values from Table 5 are reflected in Figs. 17-19. In this case the current waveform is closer to
the sine wave, the high orders harmonics are reduced, and the phase shift remains negative at low
current values and becomes positive with the increase in output current.
Results of measurements made when the welding

machine (having resistive load) was connected with LC L

filter (second layout, Fig.20) ”—%T"
The second layout of LC filter is presented in Fig. 20. In this  ~230V C
case, the variable inductance coil (L=9.1+296 mH) was placed P T -

towards the supply network. Measurements were taken for Figure 20. L filter — second layout
two values of this type of LC filter.
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D1. Third LC filter (Fig.20, L=9.86 mH, C= 10 pF)

Table 6 and Figs.21-23 present the experimental measurements in the case of resistive load (R, =
1.5 Q) welding device and the third LC filter (Fig.20, L=9.86 mH, C= 10 pF). THD, values continued to
be higher, over 60%, depending on the output current; power factor (PF) varied around 0.8, and
displacement power factor (DPF) was close to 1. The current distortion and its harmonic values are
presented in Figs. 21-23; it is found a negative phase shift at low currents and a positive phase shift

at higher currents (Fig.22.c, Fig.23.c).
Table 6 — Experimental measurements made with the resistive load welding device (R = 1.5 Q) and the third LCfilter (L = 9.86 mH, (=10 pF)

[(A) THD\(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) Is(A)
2.1 90 336.6 325.7 468.1 0.719 0.972 9
3.1 76.6 540.8 420.9 685.8 0.789 0.998 16
43 68.8 780.1 546.5 953 0.82 0.999 23
5.6 64.1 1002 674 1210 0.83 0.992 30
6.7 60.7 1242 832 1494 0.831 0.981 37
7.7 579 1422 947 1700 0.832 0.972 42
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Figure 21. Measurement results: a) THD=f(l,); b) S=f{(l,); ¢) PF=f(l,)
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Figure 22. Measurements with CA 8334B: a) voltage and current waveforms over a period;

b) harmonic spectrum and total harmonic distortion factor (THD)) for current; ¢) Fresnel diagram for the fundamental at =9 A
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Figure 23. Measurements with CA 8334B: a) harmonic spectrum and total harmonic distortion factor (THD) for ¢
fundamental at k=30 A
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Fourth LC filter (Fig.21, L=23.7 mH, C= 10 uF)
Table 7 and Figs.24-26 present the experimental measurements in the case of resistive load (R, =
1.5 Q) welding device and the fourth LC filter (Fig.21, L=23.7 mH, C= 10 uF).
With the increase of filter inductance to the value L=23.7 mH, a reduction in the total harmonic
distortion factor of current (THD)) is observed, down to almost 40% for an output current of 42 A.
Additionally, it can be observed that the active power increases at the expense of reactive power,
the power factor (PF) rises above 0.85 and the displacement factor (DPF) is maintained at values
close to 1 (Figs.24-26).

Table 7 — Experimental measurements made with the resistive load—welding device (R, = 1.5 Q) and the fourth LCfilter (L= 23.7 mH, (=10 pF)

I(A) THD(%) P(W) Q(VAR) S(VA) PF(-) DPF(-) Is(A)
2 771 3327 2793 434.3 0.766 0.966 9
31 659 557 367.8 667.8 0.834 1 16
4.2 60.2 7735 500.1 922 0.840 0.983 23
5.2 56.8 920 645 1123 0.818 0.949 30
6 445 1155 690 1346 0.859 0.946 37
6.5 3 1223 696 1408 0.869 0.946 42

The data presented in Table 7 are consistent with the data from Fig.25, where the current waveform
is more sinusoidal, and harmonic values are reduced with the exception of those of lower order. It
is found a negative phase shift at low currents and a positive phase shift at higher currents (Fig.25.c,
Fig.26.b).
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Figure 24. Measurement results: a) THD=A{(l,); b) S=f(l;); ¢) PF=f(l5); d) I=f{(;).
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Figure 25. Measurements with CA 8334B: a) voltage and current waveforms over a period;

b) harmonic spectrum and total harmonic distortion factor (THD) for current; ) Fresnel diagram for the fundamental at k=9 A
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Figure 26. Measurements with CA 8334B: a) harmonic spectrum and total harmonic distortion factor (THDI) for current; b) Fresnel diagram for the

fundamental at =30 A

4. CONCLUSIONS

In the experimental analysis of passive LC filters, a nonlinear consumer, commonly found in

practice, a single-phase manual welding machine type XENTA 90 was used.

In the case of inductive filters, the best situation regarding harmonic distortion of current was

obtained for the second L filter, where the coil inductance was higher. In this situation, total

harmonic distortion factor of current varied between 30.1% and 63%. An increase in power factor

values (over 0.8) and displacement power factor values (over 0.95) is also observed compared to

the situation when the welding machine was not equipped with passive filters.

Experiments have shown that LC filters are more efficient in the first arrangement (layout). The best

results in terms of harmonic filtering, but also in terms of power factor improvement, were obtained

with the second LC filter. In this situation, total harmonic distortion factor of current varied between

33% and 66.8%. A significant increase in the power factor values (between 0.828 and 0.849) is

achieved, compared to inductive filters.

Compared to the situation in which no filter is used, active power increases slightly by using LC

passive filters, but displacement power factor decreases considerably, especially when using large

filter capacities.

It is difficult to calibrate the LC passive filters to a certain harmonic, and it is almost impossible to

adjust them.

At the same time, source impedance influences filter performance. When using LC passive filters,

the network's AC current can increase by 5 percent compared to the situation without passive

filters.

For this type of consumer the level of harmonic currents decreases as the order of the harmonics

increases. The best filtering is performed with adjusted filters near the harmonic of order 3 to 5,

but filters over this value are no longer as effective.
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