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Abstract—This paper analyses Fourier-based and some non-
Fourier approaches for the mitigation of current and voltage
waveform distortions. Classical Fourier transform (FT)
approach is compared with widely used dq method and
instantaneous power pq method, as well as with two newly
proposed methods: half-cycle decomposition and equivalent
energy content methods. The paper demonstrates that
mitigation of waveform distortions when target sinusoidal
reference is specified as a fundamental component extracted by
different methods will generally provide different results. The
alternatives to the FT-based mitigation of waveform distortions
(i.e. mitigation based on the FT-specified fundamental
component) are of interest due to the high computational
requirements of the FT method. The analysis is illustrated using
a simple half-wave diode rectifier circuit as an example.

Index terms— Equivalent energy, Fourier transform, harmonic,
mitigation, waveform distortion.

I. INTRODUCTION

The ac power supply systems are designed to provide users
with a sinusoidal instantaneous ac voltage of the constant
magnitude and frequency, which are both allowed to have only
small variations around the nominal/rated values during the
normal operating conditions. Some electrical devices,
however, for their operation require dc voltage, which is
usually obtained by converting the ac mains supply voltage
into the dc voltage, e.g. by utilising power electronic (PE)
circuits known as “rectifiers” [1].

Operation of PE devices inherently results in current
waveform distortion, i.e. in a nonsinusoidal current drawn by
the PE device from the ac mains supply. Flow of this
nonsinusoidal currents through the source impedance will
then result in the voltage waveform distortion, which will
further impact both the disturbing PE device itself and other
nearby connected equipment. In order to ensure normal
operation of supplying network and all connected equipment,
current and voltage waveform distortions should be kept
below the specified limits. When these distortion limits are
exceeded, mitigation of waveform distortion is required.

This paper analyses performance of Fourier transform
based and some non-Fourier approaches for the mitigation of
current and voltage waveform distortions, assuming that an
active power filter (APF) is used for the mitigation. The
Fourier transform (FT) based approach is compared with two
commonly used methods, as well as with two new methods.
The paper demonstrates that APF-based mitigation with
target sinusoidal reference specified as a fundamental
component extracted by different methods will generally
provide different results. The alternatives to the FT based
mitigation of waveform distortions are of interest due to the
high computational requirements of the FT method.
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II. ANALYTICAL FRAMEWORK

Harmonic analysis by the FT is the most common
approach for analysing waveform distortions, i.e. supply-load
interactions that manifest in the nonsinusoidal instantaneous
voltages and/or currents. The FT effectively decomposes
distorted periodic instantaneous current or voltage into the
frequency-domain components known as harmonics. The FT
is widely used in standards that define basic quantities for the
analysis of current and voltage waveform distortion (e.g. [2])
and in standards, grid codes and other legislative documents
that specify their limits. Accordingly, it is very common to
express electric quantities for distorted/nonsinusoidal supply
conditions in terms of the individual harmonics and total
harmonic distortion/content (THD/THC). However, some
electric quantities are defined and can be measured or
calculated for both sinusoidal and nonsinusoidal conditions
without relying on the FT-based harmonic decomposition.

A. Quantities for Evaluating Nonsinusoidal Conditions
without Relying on Harmonic Decomposition

Small low voltage (LV) customers are billed based on their
active power consumption, regardless of their demands for
reactive power and non-fundamental (i.e. distortion) power
[3]. This is because it is assumed that waveform distortion
from LV customers is low, as they are restricted to using low-
power PE devices and as the manufacturers of these devices
are required to keep their distortion levels below the stipulated
limits. In terms of these limits, supplying network (“utility”)
is assumed to have enough “disturbance absorption capacity”
to cover for additional losses in the network due to both
reactive and distortion power demands of the LV loads [4].

Past few decades have witnessed substantial increase of
numbers of PE devices in LV networks, which now require re-
evaluation of their aggregate distortion effects. For example,
it is reported in [5] that some PE devices might significantly
increase distortion in low-power operating mode, although
they satisfy distortion limits when operating at rated and
higher powers. In cases when specified distortion limits are
violated, mitigation is required in order to prevent possible
negative impact on the grid and other connected devices. For
the mitigation based on an APF, a purely sinusoidal reference
waveform with frequency equal to the mains supply system
frequency (“fundamental component”) should be specified.

Standard [2] defines a number of electric power quantities
that should be used to assess operational performance of
supplying system and connected loads, as well as for energy
billing purposes. While calculation of most of the quantities
under nonsinusoidal conditions rely on the use of FT-based
concept of harmonics, this is not required for the calculation
of some quantities. For example, the root-mean-square (rms)
values are calculated from the instantaneous voltage or current
values by (1), or by (2) when they are discretely sampled.
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The rms values of voltage and current determine
corresponding apparent power, (3). Active power can be also
calculated from the instantaneous current and voltage values
under nonsinusoidal conditions, without need for harmonic
decomposition, (4). Finally, the ratio of active and apparent
power is known as a “true power factor”, (5).

IS| = (3)
P= ff’” v()i(t)dt 4)
PF =P/S (5)

where: v(t), i(t) are instantaneous voltage and current with
period 7; V and [ are rms voltage and current; S and P are
apparent and active powers; and PF is “true” power factor.

B. Fourier Series Expansion and Fourier Transform

The FT relies on a Fourier series decomposition of a
periodic time-domain function into the frequency-domain
function, where each frequency component (harmonic) has
the magnitude and phase angle [6], [7]. Besides significant
computational requirements, FT-based analysis is difficult to
implement when processed quantities are not stationary (in
terms of both magnitude and phase angle), or when there are
changes of the periodicity. Another important issue is that the
information in frequency domain cannot be easily interpreted
in the time domain, as the corresponding time-domain
quantity can be accurately reconstructed only if all frequency
components are simultaneously summed up [8].

The FT is commonly used to analyse (possible) adverse
effects of current/voltage waveform distortions in terms of
harmonic interactions between the disturbing loads and
supplying network, as well as other nearby connected
equipment [9]-[12]. These negative effects include additional
thermal losses, malfunction of equipment, interference with
power line communication and, arguably, occurrence of
harmonic resonances [13]. To allow for the analysis and
quantification of the effects of waveform distortions, [2]
proposes FT-based decomposition of (3)-(5) into fundamental
and harmonic components, e.g. for the calculation of apparent
and active power demands under non-sinusoidal conditions.

SZ_SI +SI_21:(VI)2 (V1+VH) (11+1H)
= Vlll + VllH + VHll + VHIH (6)

S1 =Wl =V(P12+Q12) (7
P =P, + Py = Py + Py + Prarmonics (8)
PF =P/S = PF,PF;; PF, =P,/S,; PF;=PF/PF, (9)

where: P-total active power, consisting of fundamental active
power, P;, and harmonic active power, Py (from all harmonic
orders 4, including dc or “zero” component); S-total apparent
power, consisting of fundamental apparent power, S;, and
harmonic apparent power, Sy, calculated from the pairs of
fundamental and harmonic rms values of voltage and current,
V, and I;, and V and I, respectively; true PF is product of
displacement and distortion power factors, PF; and
PF; . There are further non-active and/or non-fundamental
power components defined in [2], e.g. fundamental non-
active power, commonly termed as reactive power, Q.

C. DQ Transformation

A three-phase p-g theory, [14], can be extended to single-
phase system, i.e. single-phase p-g theory, which converts
single-phase system into a pseudo two-phase system. By
taking original source voltage and current as quantities on the
a-axis, f-axis quantities can be calculated by making source
quantities to lag or lead by /2 angle [15].

D. Instantaneous PQ Theory

Fundamental active and reactive powers, and harmonic
(distortion) powers, can be obtained from the instantaneous
powers, p(wt) and q(wt), ie. combination of two dc
components, p(wt) and g(wt), and two ac components,
P(wt) and §(wt). Fundamental active and reactive powers
are represented with dc component, while ac component
represents non-fundamental/distortion powers [19].

E. Half-Cycle Decomposition

This paper proposes evaluation of waveform distortion by
separately analyzing positive and negative half-cycle
waveforms, where each half-cycle is completed by its
inversion to form a symmetrical full-cycle waveform. This is
denoted as “half-cycle decomposition” (HCD) method, which
has two main advantages, particularly in case of waveform
distortions manifested by a difference between positive and
negative half-cycles of a periodic (full-cycle) waveform:
a) faster analysis/updating of output values (after each half-
cycle, instead after each full cycle), and b) elimination of even
harmonics and dc component in the decomposed waveforms.

If the quantities with superscript “+” denote rms values in
the positive half-cycle, while superscript “-” denotes rms
value in the negative half-cycle of the distorted voltage or
current waveform, the corresponding rms values in the full
cycle can be calculated as:

+)2 -)2 +)2 —)2
V:\/(V)+(V);1=J(1)+U); (10)
2 2
+4p— + 4 e
P=P+P; S:S +S; (11)
2 2

F. Equivalent Energy Content Method

An alternative way for representing distorted waveform is
by “equivalent fundamental frequency waveform”, which
delivers the same active power. This allows to compare power
exchange of distorted waveforms against “purely sinusoidal”
linear reference device, which is not causing any distortion.
Let i¢qp be a sinusoidal current at fundamental frequency:

legp = \/EleqPSin(anlt) (12)

If icqp is formulated as the current that will flow if non-
linear load is replaced with equivalent linear load, drawing
purely sinusoidal current at fundamental frequency and
consuming the same energy over the same period of time:

E= [ v(t)iegpr(t)dt
P = =1y vV®ieqp(D)dt = Viegp (13)

where: E-energy consumed by load over a time-period T, P-
active power, V -rms value of v(t) =V2Vsin(2rfit) .
Resolving (13) will give reference current for mitigation:

ieqp = V2 sSIn(27f;t) (14)
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III. TEST CIRCUIT AND INITIAL NUMERICAL RESULTS

A half-wave diode rectifier (HWDR) circuit, previously
analysed in [4], is used as an example PE circuit for the
analysis of different options for mitigation of waveform
distortions, Fig. 1. It consists of an ideally sinusoidal 120 V,
60 Hz ac voltage source, with a purely resistive source
impedance of Rs= 0.2 Q. Load is represented by a diode, D,
and load resistance Rp=1Q. A switch SW; is added in
parallel to the diode, in order to compare HWDR circuit with
a linear resistive circuit, formed when switch SW; is closed.

The circuit presented in Fig. 1 is simulated with voltage
and current “measurements” taken at the point of connection
(PoC). As Fig. 2 shows, in HWDR circuit energy is
exchanged only in the positive half cycle, during which an
rms input ac current, | = 100 A, flows under an rms input ac
voltage, V = 100 V, as the voltage drop over the source
impedance is 20 V. In negative half-cycle, diode is reverse
biased, no current flows, there is no voltage drop and the input
ac voltage is 120 V. It is intuitive to compare HWDR circuit
with corresponding linear circuit, formed by closing
switch SW;: it is obvious that HWDR circuit consumes half
of the active power consumed by the linear circuit. Table I
lists FT results, showing that the total HWDR active power,
Pyaa » 18 lower than its fundamental active power, P; , as
HWDR injects dc and even harmonic power, Py , into supply.
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Figure 2. Voltage and current waveforms of HWDR at PoC.
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Figure 3. Equivalent energy content, load and fundamental currents.

TABLEI RESULTS OF HARMONIC DECOMPOSITION FOR HWDR CIRCUIT
FT Harmonic Decomposition
h |Iy(A) | Bu() |Va(V) ap () Sh Py
0 |45.0100 /(-9.0023 /]1405.190 -405.1900
1 |50.0080 -0.0049 110 0| 5501 5501
2 [21.2210 89.9190]| 4.2443 90.1890]90.0670 -90.0670
3 (0.00190( 180.1700| 0.0041 180.1800 0 0
4 | 42440 -89.7480| 0.8488 90.4680| 3.6025 -3.6025
5 | 0.0010| 180.3400| 0.0023 180.3600 0 0
6 | 1.8189] -89.5770| 0.3638 90.7470| 0.6617 -0.6617
7 | 0.0007| 180.5100| 0.0016 180.5400 0 0
8 | 1.0105| -89.4060| 0.2021 91.0260| 0.2042 -0.2042
9 | 0.0006] 180.6800| 0.0012 180.7200 0 0
10 | 0.6431| -89.2350| 0.1286 91.3050| 0.0827 -0.0827
>10 / / / /]-2.9814 -0.3459
Electrical Characteristics
Par Val Par Val Par Val
1 70.7092 A|Pioaa 5000.7992 W| Q4 0.3926 var
I 50.0077 A| Py 5500.9074 W| D, [5498.8872 var
Iy 49.9893 A| Py -500.1081 W| Dy 499.9868 var
|4 1104502 V| § [7809.8476 VA| Dy 17.4620 var
Vy 110.0012 V| §, |5500.9074 VA| N, |6016.7286 var
Vy 9.9982V| Sy [5543.8017 VA| PF 0.6403
THD, 99.9633 %| Sy 496.8249 VA| PF, 1
THDy 9.0891 %| P, -450 W| PF, 0.6403
h - Harmonic order; Par — Parameter, Val — Value
b. HW +ve -
a. Original gn .nz;
g s ﬁ o
B °§ SO e e (1
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Figure 4. Half-Cycle decomposition for HWDR circuit.

Using (10) and (11) from HCD method (Section II.E), the
rms values for “+” and “-“ half cycles, completed to two
corresponding full cycles, can be used to calculate quantities
for the original asymmetrical full cycle waveform (Figs 3-4),
which presents discontinuity in the negative half-cycle.

Vt=100V; V- =120V; V = 11045V;
It =1004; I"=04; [ =70.714;
P* =10kW; P~ =0W; P =5kW;
S*=10kVA;S™ =0VA; S=5kV4;

(15)
Based on Pj,,q and V=V,,,4 values, equivalent energy

content current (Section ILF), I¢4p, is lower than fundamental
current, I;:

leqp = V2 X 45.03sin(2m60t) , ILgp <L (16)

IV. MITIGATION OF WAVEFORM DISTORTION

Fig. 5 shows the HWDR circuit with added controllable
current source acting as the APF. The current injected by this
APF will depend on the used waveform mitigation technique.
The convention of current flow dictates that supply current is:

(17

Lioad = Us T+ Leomp
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Figure 5. HWDR circuit with a current source acting as the APF.

A. FT-Based Based Mitigation of Harmonics

FT-Based mitigation of distortions in considered HWDR
circuit requires to inject harmonic currents of the same orders
and with same magnitudes, but opposite (180 °-shifted) phase
angles to these listed in Table I. Injection of these harmonic
currents will remove (cancel) all distortion components:

icomp (t) =1l + Z?:Z in = lioaa (t) — i (t) (18)
Table II gives results of FT-based mitigation, while Fig. 6

illustrates iterative process required due to presence of source
resistance (Section V), where Pj,qq is demand as seen at PoC.

TABLE II RESULTS OF FT-BASED HARMONIC MITIGATION

Electrical Characteristics
Par Val Par Val Par Val
1 54.5501 A|Psource| 6546.0960 W| Sy | 0.0003 VA
I 54.5524 A| Pipss 595.1517 W| @4 [-26.8933 var
Iy 0.0309 A| Pioaa | 5950.9444 W| D, | 3.3760 var
|4 109.0879 V| Peomp -0.6724 W| Dy | 0.4996 var
vV, 109.0924 V| P, | 5951.1876 W| Dy | 0.2432 var
Vy 0.0091 V| Py -0.2432 W| N, |-22.7745 var
THD, 0.0567 %| S |5950.7583 VA| PF 1
THDy 0.0084 %| S, [5951.2483 VA|PF, 1
Sy 763717 VA|PF, 1
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Figure 6. Iterative process of FT-based harmonic mitigation.

B. DQ-Based Mitigation of Waveform Distortions

DQ-Based mitigation is presented in [16]-[18], expressed
with (21), where i}, and i}, are dg-component currents:

a7 _ [iga )

s =[45° 19
isc(O] [ sinwt cos wt][ig;(t)

[i;B (t)] a [— coswt sinwt [ LdO ] (20)
icomp (t) = ljpad (t) - i;a (t) (21)

Table III RESULTS OF DQ-BASED MITIGATION OF WAVEFORM DISTORTION

Electrical Characteristics

Par Val Par Val Par Val
1 54.5431 A|Psource| 6545.0404 W| Sy | 0.0003 var
I 54.5454 A| Ploss 594.9745 W| Q4 [-0.0002 var
Iy 0.0293 A| Pioaa | 5950.1899 W| D, | 3.1992 var
V. [109.0892 V| Peomp 0.1519 W| Dy | 0.5525 var
V; [109.0937 V| Py | 5950.5571 W| Dy | 0.3672 var
Vy 0.0101 V| Py -0.3672 W| N, | 4.1191 var
THD,;| 0.0537%| § 5950.067 VA| PF 1
THDy| 0.00092 %| S, [5950.5571 VA|PF, 1
Sy 76.3707 VA|PF4 1

C. PQ Theory-Based Mitigation of Waveform Distortions

Two sets of equations can be used for PQ theory-based
mitigation of distortions: a) by calculating reference current
(22)-(25), and b) by directly setting APF compensator curent
(26)-(28), with results presented in Table I and V.

p(wt)] _ [p(wt) + p(wt)
o) 1000+ 1000 22
lrefa ;B [ﬁ((ut)] _
lrefB _175,8 Vs 0

1 sa (wt)

= X [55 " ][p 0] (23)
Lref(t) = Lrefa = — X [vgep(wt)] (24)
icomp )= lload(t) - lref(t) (25)
U;Ol — V;ﬂmsSin(wt)
[U;B] B Vrmscos(wt)] (26)
[icomp,oc] _ [ Vsa v;ﬁ]_l ﬁ(wt)] _
Leomp.p —V§5 Vse| lq(wt)

_ V;B plwt)

Lcomp(t) = lcompa = _x Usap(wt) - vsﬁq(wt)] (28)
where: A, = [v5,]* + [vsg]?.

Table IV RESULTS OF PQ THEORY: REFERENCE CURRENT MITIGATION

Electrical Characteristics

Par Val Par Val Par Val
1 50.1812 A|Psource] 6021.432 W[ Sy | 0.0300 var
I, 50.1818 A| Puss | 503.6149 W| Q4 | 8.7236 var
Iy 0.3854 A| Proaa | 5517.932 W| D, |42.3781 var
V. [109.9619 V| Peomp | 520.1567 W| Dy | 3.9051 var
VvV, [109.9664 V| P, | 5518.302 W| Dy | 0.3692 var
Vy 0.0778 V| Py | -0.37043 W| N4 |55.3759 var
THD,;| 0.7680%| S |5518.018 VA| PF 1
THDy| 0.0708 %| S§; [5518.309 VA|PF, 1
Sy |56.68893 VA|PF, 1

Table V. RESULTS OF PQ THEORY: DIRECT COMPENSATION CURRENT

Electrical Characteristics

Par Val Par Val Par Val
1 54.5489 A|Psource| 6545.7313 W| Sy | 0.0003 var
I, 545511 A| Puss | 595.1002 W| Q4 |-0.4812 var
Iy 0.0357 A| Proaa | 5950.755 W| D, | 3.9021 var
|4 109.088 V| Peomp -0.2188 W| Dy | 0.4963 var
VvV, [109.0925 V| P, | 5951.1225 W| Dy | 0.3675 var
Vy 0.0091 V| Py -0.3675 W| N, | 5.2471 var
THD,;| 0.0655%| S [5950.6329 VA| PF 1
THDy| 0.0083 %| S, [5951.1225 VA|PF, 1
Sy 76.3400 VA |PF, 1

D. HCD-Based Mitigation of Waveform Distortions
For HCD-based mitigation of waveform distortion by

HWDR circuit, the current is asymmetrical in two half cycles:
+ = _R RsRL 7+ .
VT = Re+R, S ' Rs+Ry Leomp;
+ = _VYs RL 4+

I - Rs+R], Rs+Ry, comp’ (29)

Vo = Vs + Rliomps I = —Iomp (30)

where: I* and I”rms current in positive and negative half
cycles and I rms value of the sinusoidal source current. The
rms values of I, in positive and negative half cycles are:

I" + Loy =

lltmd ;and [™ + Ic_omp = lipaa

€2))
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The presence of source impedance requires to perform
mitigation as either an iterative approach, or to recalculate
APF current, so mitigation can be done in a single-step. The
latter option results in different positive and negative half
cycle currents, (32), which is termed as “asymmetrical HCD
mitigation”, with results shown in Table VI.

1+ — M Ili-)ad‘*'ll_oad
comp RL 2

+ -
1= — lipadtioad
comp — 2

(32)

Table VI RESULTS OF ASYMMETRICAL HCD-BASED MITIGATION

Electrical Characteristics

Par Val Par Val Par Val
1 50.0050 A|Psource| 6000.7327 W| Sy 0.0 VA
I 50.0071 A| Puss | 500.1069 W| Q4 0.0 var

Iy 0.0037 A| Pioad | 5500.6258 W| D, [0.4118 var
v 109.9968 V| Peomp 500 W| Dy, [0.4078 var
v, 110.0013 V[ P, | 5500.8505 W| D}, [0.2247 var
Vy 0.0081 V| P, -0.2247 W| N, [1.0443 var
THD, 0.0075 %] S [5500.3966 VA| PF 1
THD, 0.0074 %| S, [5500.8505 VA|PF, 1

Sy | 70.6604 VA|PF, 1

If HCD-based mitigation is performed with icomp
symmetrical in both half cycles and equal to the average of
positive and negative half cycle rms values; this will ensure
that net active power consumed or generated by APF remains
zero; this is denoted as “symmetrical HCD mitigation™:

+ —
I _ livad*ioad
comp — 2

(33)

where I}} 4 and I}, are tms load currents in positive and
negative half cycles. The results are given in Table VII.

TABLE VII RESULTS OF SYMMETRICAL HCD-BASED MITIGATION

Electrical Characteristics

Par Val Par Val Par Val
1 54.5472 A|Psource| 6545.7994 W| Sy 10.0003 VA
I, 54.5494 A| Puss | 595.0877 W| @4 |0.0002 var
Iy 0.0292 A| Pioaa | 5950.7117 W| D, | 3.1878 var
|4 109.0884 V| Peomp -0.3320 W| Dy, | 0.5518 var
Vy 109.0929 V| P, 5950.95 W| Dy | 0.2432 var
Vy 0.0101 V| Py -0.2432 W| N, | 3.9831 var
THD, 0.0536 %| S |5950.4648 VA| PF 1
THDy 0.0093 %| S§; [5950.9549 VA|PF, 1
Sy 76.3763 VA|PF, 1

E. EEC-Based Mitigation of Waveform Distortions

Reference current for equivalent energy content (EEC)
mitigation method is obtained from i,qp in (14) as:

icomp () = l1paa(®) — ieqP ®)

Again, iom, has different values in two half cycles and is
asymmetrical. Results of mitigation are given in Table VIII.

(34)

TABLE VIII  RESULTS OF EEC-BASED MITIGATION OF DISTORTIONS
Electrical Characteristics

Par Val Par Val Par| Val
1 50.2089 A|Psource| 6024.9462 W| S | 0.0003
I 50.211 A| Puss | 504.1722 W| Q4 |-0.0994
Iy 0.0323 A| Piwaa | 5520.889 W| D, | 3.5495
|4 109.956 V| Peomp|  524.3235 W| Dy, | 0.5242
Vy 109.9606 V| P, | 5521.2297 W| Dy | 0.3407
Vy 0.0104 V| Py -0.3407 W| N, | 45139
THD, 0.0643 %| S |5520.7753 VA| PF 1
THDy 0.0094 %| S, |5521.2297 VA|PF, 1
Sy 70.8337 VA|PF4 1

F. Asymmetrical FT-Based Harmonic Mitigation

Similarly to the EEC method, asymmetrical FT-based
compensation of HWDR load and source impedance can be
formulated by making positive half cycle current higher than
in negative half cycle, Table IX:

14.142 14.142

+ Tsin(ant) +
sin(2rnft—90°)
n2-1

icomp =({—i)+
28.284 <10
+ T n=2,4,6

U

(35)

Table IX RESULTS OF ASYMMETRICAL FT-BASED HARMONIC MITIGATION

Electrical Characteristics

Par Val Par Val Par Val
1 50.0054 A|Psource| 6000.7899 W| Q4 |-8.2047 var
I, 50.0078 A| Puss | 500.1182 W| D, | 1.1436 var
Iy 0.00104 A| Proaa | 5500.6717 W| Dy, | 0.4337 var
|4 109.9962 V| P, 5500.943 W| Dy | 0.2713 var
Vy 110.0017 V| Py -0.27132 W| N, |-6.3561 var
Vy 0.0086 V| S |5500.4084 VA| PF 1
THD, 0.0208 %| S, [5500.9492 VA|PF, 1
THDy 0.0079 %| Sy 77.1273 VA|PF4 1

Sy 1.8486 VA

G. Mitigation with Voltage-Dependent HWDR Demand

After any injection of the APF current, active power of
HWDR load will change, as the injected current changes the
voltage at PoC. Using the analogy with the linear circuit in
Fig. 1 (for switch SW; closed), the voltage-dependent power
of HWDR load can be calculated as:

12
Pioga = (VRL) /2

Distortion mitigation methods can use power as reference,
where voltage-dependent demand of the HWDR load in (36)
is combined with (29)-(30) to calculate reference current as
given in (37). For this case, Fig. 7 illustrates that reference
power consumed by the load of 5950 W, when current settles
at 54.36 A. Table X shows the result of mitigation taking into

account voltage-dependency of the HWDR power demand.

(36)

I+ _ Pload_ 1— — I+ _ Pload (37)
comp = 4+ icomp T load v+
6000 4 r 60 - 130
<
5800 L4 an Ann =
VWV c|
5600 g1
5400 AvAvAv"A'A'A'A'A 3
. ft L a0k 110
<5200 4 '
@ 5000 4 + 100
5
0 4800 7 — PLoad
4600 — s | 2>9 e
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Figure 7. Reference current and power for voltage-dependent HWDR load.

Table X  RESULTS OF HCD METHOD FOR VOLTAGE-DEPENDENT DEMAND.

Electrical Characteristics

Par Val Par Val Par Val
1 56.2954 A|Psource| 6738.3498 W| Sy 3.1792 var
I, 56.1564 A| Piss |  633.8185 W| Q4 | -0.0313 var
Iy 3.9861 A| P | 6104.6584 W| D, |433.5733 var
V. [108.7699 V| Peomp | -275.1674 W| D, | 44.7883 var
V, [108.7715V| P, | 6108.2146 W| Dy 1.5935 var
Vy 0.7976 V| Py -3.5561 W| N, [479.9864 var
THD,| 7.0982%| S [6123.2456 VA| PF 0.9970
THDy| 0.7332%| S, |6108.2146 VA|PF, 1
Sy | 428.7798 VA|PF, 0.9970
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V. COMPARISON AND IMPACT OF SOURCE IMPEDANCE

Table XI compares results of FT and non-FT mitigation
methods. There are two general groups of results of different
mitigation methods: one is clustering around Pqs = 5950 W
(FT, HCD, DQ and PQf methods), while another is around
Pioaa=5520 W (EEC and PQgir methods). HCD with voltage-
dependent power demand results in Pjoss = 6105 W.

Table XII shows when source impedance is very small, all
mitigation methods provide the same result; as it increases,
fundamental component is decreasing, while harmonic
(distortion) components are increasing, requiring more
iterations for a complete mitigation of waveform distortions.

Table XI COMPARISON OF RESULTS BY DIFFERENT MITIGATION METHODS

HCD P P

FT FT | HCD P=V) EEC | DO Rej%r Dirgct
I1(A) [54.55] 54.55 56.3 50.21 | 54.54 | 54.54 | 50.18
I, (A) [54.55[54.5494| 56.16 | 50.211 |54.5454| 54.5511 | 50.18
Iz (A) | 0.03 10.0292| 3.986 |0.0323 |0.0293 | 0.0357 | 0.385

V (V) [109.09]109.088] 108.77 [109.956{109.089| 109.088 | 109.96

V; (V) [109.09]109.093| 108.77 [109.961{109.094| 109.092 | 109.97
Vi (V) [0.009[0.0101 | 0.797 [0.0104 | 0.0101 | 0.0091 | 0.078
THD; |0.057]0.0536| 7.09 |0.0643 | 0.0537 | 0.0655 | 0.768

THD, | 0.008 [ 0.0093| 0.73_|0.0094 [0.00092] 0.0083 | 0.071
Poour(W) | 6546 | 6546 | 6738 | 6025 | 6545 | 6546 | 6021
Pioss (W) [595.15] 595.09 | 633.82 | 504.17 | 594.97 | 595.10 | 503.62
Piaa(W) | 5951 | 5951 | 6105 | 5521 | 5950 | 5951 | 5518
[Peomp(W)| 0.67 | -033 | _-275 | 52432 0.15 | -0.219 |520.16
Sima(VA)| 5951 | 5951 | 6123 | 5521 | 5950 | 5951 | 5518

Table XII IMPACT OF SOURCE IMPEDANCE ON THE APF (1°" ITERATION)

Rg (@) 102 [0.1 0.2 0.3 0.5 1.0

Original|84.8507| 77.137 |70.7089|65.2698|56.5671|42.4254

FT 60.0066/57.0725|54.3319(51.7634(47.1401|38.2566

I HCD [60.0052|57.0711|54.3309|51.7624|47.1393|38.2583
® EEC [60.0067|54.5447|50.0435|46.2666|40.3048(31.0020
DQ 60.0029|57.0693|54.3292|51.7615|47.1381(38.2671
PQ4:  |60.0055|57.1213]54.4666|51.9750|47.4386/38.5237
PQ.; |60.0066|54.5447|50.0435|46.2673|40.3048/31.0225
Original| 60.008 | 54.53 | 49.985 | 46.166 |40.0010| 30.03

FT 60.096 |57.0214|54.1747(51.4913|46.6686|37.5161

I HCD [60.0081|57.0195|54.1735|51.4902|46.6668|37.5212
( X) EEC 60.096 |54.4874/49.8377(45.8705(39.4838]29.2601
DQ 60.0054/57.0177|54.1714(51.4889]46.6662[37.5265
PQ4: |60.0079|56.9558|53.9642|51.0984(45.8856/35.9847
PQ.; |60.0091|54.4848|49.8371|45.8707|39.4833|29.2832
Original{59.9889|54.5580|50.0129(46.1398|39.9970(29.9685

FT 0.5976 | 2.4133 | 4.1314 | 5.3004 | 6.6501 | 7.4903

I HCD |0.5976 | 2.4264 | 4.1315 | 5.3012 | 6.6503 | 7.4735
(1;') EEC 0.5976 | 2.5427 | 4.5336 | 6.0409 | 8.0937 [10.2456
DQ 0.0044 | 2.4792 | 4.1665 | 5.3252 | 6.6664 | 7.4997
PQqg: | 0.0955 | 4.3757 | 7.3973 | 9.5174 |12.0465|13.7583
PQ.; | 0.0048 |2.6019 | 4.5622 | 6.0592 | 8.1039 |10.2445
Original{99.9679| 100.05 | 100.06 | 99.94 [99.9901(99.7949

FT 0.9958 | 4.2323 | 7.6261 [10.2939(14.2497|19.9656
THD. HCD | 0.9958 | 4.2554 | 7.6264 [10.2955]|14.2503[19.9181
(%)' EEC 0.9958 | 4.6668 | 9.0967 [13.1694(20.4988|35.0156
DQ 0.0074 | 4.3482 | 7.6913 [10.3425(14.2853| 19.985
PQg: | 0.1592 | 7.6826 |13.7078|18.6255|26.2534|38.2338
PQ.; | 0.0081 | 4.7755 | 9.1541 |13.2094|20.5249|34.9841
Original| 7200 | 5951 | 5001 | 4262 | 3200 | 1804

FT 7201 | 6517 | 5910 | 5375 | 4489 | 3038

P HCD 7201 | 6516 | 5910 | 5375 | 4489 | 3039
load |EEC 7201 | 6234 | 5459 | 4828 | 3869 | 2477
W) DQ 7200 | 6516 | 5910 | 5374 | 4489 | 3038
PQuir 7201 | 6508 | 5882 | 5321 | 4380 | 2830
PQuer 7201 | 6240 | 5479 | 4862 | 3925 | 2551

VI. CONCLUSIONS

This paper presents analysis of Fourier and non-Fourier
methods for the mitigation of current and voltage waveform
distortions. Classical FT-based approach is compared with
widely used dq method and instantaneous power pq method,
as well as with two new methods: half-cycle decomposition
and equivalent energy content methods. Using a simple half-
wave diode rectifier circuit as an example, the paper
demonstrates that mitigation with target sinusoidal references
specified as a fundamental component extracted by different
methods will provide two distinctive groups of results, where
additional differences are obtained when voltage-dependency
of power demands is taken into account. This opens an
important question of selecting the optimal mitigation
method, which is subject of the further work by the authors.
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