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Abstract

This paper presents a theoretical analysis and comparisons of active power filter (APF) and hybrid power filter (HPF) systems,
given terminal constraints of harmonic compensations in nonlinear loads. Despite numerous publications for the two types of
filters, the features and differences between them have not been clearly explained. This paper presents a detailed analysis of the
operations of a HPF inverter along with those of passive power filters (PPFs). It also includes their effects on the power factor at
the grid. In addition, a theoretical analysis and a systematic comparison between the APF and HPF systems are addressed based
on system parameters such as the source voltage, output power, reactive component size, and power factor at the grid terminals.
The converter KVA ratings and dc-link voltage requirements for both topologies are considered in the presented comparisons.
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I.  INTRODUCTION

Diode rectifiers, which are the most common nonlinear
loads, create harmonic problems in power distribution
systems, leading to restricted norms such as the IEEE-519
standards for power quality. Initially, passive power filters
(PPFs) composed of several three-phase LC circuits tuned at
the most relevant harmonics were implemented to reduce
harmonic components. However, PPFs have drawbacks such
as resonances, tuning problems, fixed compensation
capability and bulky size [1]. On the other hand, active power
filters (APFs) have become an attractive solution to improve
the power quality and enhance the performance of PPFs
[2]-[8]. However, APFs suffer from the disadvantage of
expensive large-scale implementation mostly due to the high
dc-link voltage of the inverter [9], [10]. Recently, hybrid
power filters (HPFs), made of an APF inverter in series with
a single frequency tuned PPF, have been introduced to reduce
the dc-link voltage of the inverter, which in turn lowers the
cost of large-scale applications [11], [12]. Applications of
HPF systems and diverse control strategies of HPFs have
been investigated [13]-[19]. However, despite numerous
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studies on HPFs, a detailed analysis of the HPF inverter
rating and its relationship to the PPF design is an important
omission in the literature. In addition, a comprehensive
comparative analysis between APF and the HPF systems has
not been done.

The objective of this paper is to clearly address and
compare the features and requirements of APF and HPF
systems. A comprehensive and detail rating analysis is
presented for APF and the HPF inverters with a typical diode
rectifier load. This is done based on mathematical derivations.
The effects of non-instantaneous commutations of the input
current in the diode rectifier are considered, because
non-instantaneous commutations with the input inductance
are more feasible in practice. The HPF inverter and power
factor of the grid terminals are analysed in terms of practical
system parameters such as the source voltage, the output
power, the reactive components of the PPF, and the ac
inductance of the diode rectifier. Based on the analysis of
APF and HPF systems, the kVA ratings and dc-link voltage
levels of APF and HPF inverters are compared according to
the system parameters.

Il. APF AND HPF SYSTEMS AND NONLINEAR
LOADS

Fig. 1 shows APF and HPF systems with a nonlinear load
represented by a three-phase six-pulse diode rectifier with an
ac inductance (L, and a dc-side current (Z,.), respectively. In
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the APF system, the APF inverter supplies both the reactive
power and the harmonic power, which leads to a unity power
factor at the grid terminals. On the other hand, the HPF
inverter compensates for harmonic power by only providing
harmonic currents, while the PPF is responsible for the
uncontrolled reactive power compensation. Therefore, the
unity power factor operation at the grid with the HPF system
is not guaranteed with varying load conditions once the PPF
is tuned.

For an analytical and fair comparison, both systems are
analysed under the same grid and load conditions considering
no semiconductor losses in the inverters and no resistive
losses in the reactive components. The source phase voltage
is given by the line-to-line rms voltage (¥;;) and the angular
frequency w (w = 27 x 50) by:

v, (o) = \/% V.. cos(wt) . 1)

In addition, the nonlinear load current is described because
the behaviour of the APF and the HPF inverters is
considerably influenced by load conditions. Fig. 2 shows the
source voltage (v,), the load current (i;), and the source
current (is) flowing in the APF and HPF systems. Fig. 2 (a)
shows v, with 7, and its fundamental component i, along
with the load displacement power factor (DPF) angle (¢) and
the commutation interval (A).

Fig. 2(b) shows is after compensation operating at unity
power factor since the APF compensates the harmonic and
reactive power. Fig. 2(c) shows is after the compensation with
the HPF having a power factor angle of @ since the HPF
compensates only the reactive power. The commutations of
the load current, as shown in Fig. 2(a), are not instantaneous
as in the ideal cases owing to the presence of L,. In a
commutation interval, the load current is [20]:

Vi {co{f—atJ—l} Zca<Zin, @
V20l 3 3 3

From (2) and Fig. 2 (a), the commutation interval is

calculated by:
V2oL, 1, j
VLL .

Then, the load current drawn can be found employing the
Fourier series analysis:
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Fig. 1. Filtering systems of nonlinear loads with (a) APF and (b)
HPF.
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Fig. 2. (8) Source voltage and load current from diode rectifier
with input inductance L,.. (b) Source voltage and source current
in APF system. (c) Source voltage and source current in HPF
system. (d) Load DPF angle versus L. and P, (V;; = 3000 V).
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- sinfa(k-1))  sin(4(k+1) k571113,
2k(k-1)(L—cos(4)) 2k(k+1)(L—cos(A))

Assuming that the switching devices and the reactive

components in both APF and the HPF systems have no losses,

I, can be related to P,,, as:

_ ”])(mt 5
3V2v, M, cos(p) ®)
In addition, the load DPF angle, ¢, shown in Fig. 2 (a) is

derived from (4) as:

[dc

p="_ tan{s_in2 C) J . (6)
2 A-sin(4) cos(4)

From (3), (5), and (6), it is obvious that the angle ¢ depends
on L, and P,,, which are directly associated with the load
reactive power. Fig. 2 (d) is a plot of the load DPF angle
versus L,. and P,,. It can be seen that increasing L,. and P,
increases the load reactive power, which in turn leads to a
higher load DPF angle.

I1l. ANALYSIS OF THE KVA RATINGS OF APF
AND HPF INVERTERS

In this section, analytical derivations for the kVA ratings
of the inverters are presented by considering the
characteristics of the nonlinear load and grid shown in the
previous section.

A. kVA Rating Analysis of APF Inverter

Because the APF inverter delivers both reactive power
and harmonic power to the diode rectifier, the source current
is in phase with the source voltage. Therefore, the source
current operating with the APF system shown in Fig. 2 (b) is
given by:

i (ot) =[2/3(P,, [V, )cos(er) - "

The kVA rating of the APF inverter can be expressed with
the rms value of the current through the inverter and the rms
value of the ac-side voltage of the inverter as:

APF = 3VCAPF1 fPF . (8)

I and V"™ represent the rms value of the

where
compensating current through the APF inverter and the rms
value of the ac-side voltage of the inverter, respectively.
From (4) and (7), the rms value of the compensating current
generated by the inverter is derived as:

P, K,
out 2 1 (9)
N Jtan @)+ (M, cos(p))

APF
I =

where:
nl2

K, =Y (al+b})  k=6m71.
m=1

The rms value of the ac-side voltage of the APF inverter can
be calculated from Fig. 1 (a), (1), (4), and (7) as:
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Fig. 3. Rms voltage and rms current of APF inverter versus L
(V;,=13000V, P,,=300 kW, L, =10 mH, and n = 16).
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where:

nl2
K, = k*(al+b2)  k=6mF1,

m=1
where X, is the reactance of the filter inductor (X;, = «l).
The APF rating Sypr, obtained from (8), (9), and (10),
depends on the source voltage V7;;, the output power P,,, the
filtering inductance L, the load input inductance L., and the
number of harmonics » in the distorted load current to be
compensated by the APF.

Fig. 3 plots the rms current through the APF inverter (Z.*")
and the rms voltage its ac-side (V") versus L. It is observed
that 7,"”" is kept constant since this current contains the
compensating reactive and harmonic currents present in the
nonlinear load, which remains constant regardless of the
value of L. Nevertheless, V""" increments with an increasing
L due to the rise of the reactance X;. This results in a higher
ac-side voltage of the APF inverter in order to keep constant
the compensating reactive and harmonic currents flowing
through L. Consequently, the APF inverter rating S;pr is

directly proportional to the value of V,**.

B. kVA Rating Analysis of HPF Inverters

A HPF system in practical cases operates its inverter as a
harmonic compensator. However, an approach to provide
reactive power compensation by the HPF inverter has been
presented in a recent study [13]. The ac-side voltage of the
HPF inverter (v.”") operating only as the harmonic
compensator, contains no fundamental component, resulting
in a lower ac-side voltage and accordingly in a lower dc-link
voltage than the APF inverter. However, unlike APF systems,
because the phase angle between the source voltage and the
source current is determined by the reactive compensation of
the tuned PPF, unity power factor operation at the grid is not
guaranteed. The sinusoidal source current in Fig. 2 (c) with
the power factor angle 4 is given by:

2__ P cos(wt —06) . (12)

i (o) = |5
3V, cos(9)
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The compensating current in the HPF system (i.””") in Fig. 1

(b) can be obtained with (4) and (11). The rms values of the
HPF inverter current and the ac-side voltage of the HPF
inverter are derived as (12) and (13), respectively. Where X¢;
is the reactance of the PPF capacitor (X¢,=1/(wC)) and:
nl2
Ko=S L (az+b?), k=bme1,
m=1

Note that in the case with a unity power factor at the grid (0
=0) and no PPF capacitance (X¢; = 0), the rms values of the
HPF inverter, (12) and (13), are equal to those of the APF
inverter, (9) and (10), respectively. From (12) and (13), the
rating of the inverter of the HPF (Sy;») is given by:

S oy = VLI (14)
Because the rms values of (12) and (13) are derived without
the constraint of the HPF inverter serving as only a harmonic
compensator, the rating of the HPF inverter given by (14)
with (12) and (13) is valid for the case where both the HPF
inverter and the PPF provide arbitrary reactive power
compensation. However, in practice, the HPF inverter only
compensates for the harmonic currents. Therefore, the kVA
rating of the HPF inverter serving as the harmonic
compensator should be derived.

Fig. 4 shows equivalent single-phase circuit of the HPF
system at both the harmonic and the fundamental frequencies
when the inverter operates as a harmonic compensator. In the
equivalent circuit at the harmonic frequencies, as shown in
Fig. 4(a), the harmonic currents generated by the HPF
inverter (i.,,”™") have to track the same harmonic currents in
the load (i,,) with opposite direction of flow. Because i.,”"" is
constant and the load condition is fixed, varying the values of
the PPF components results in changes in v.””". From the
equivalent circuit at the fundamental frequency in Fig. 4(b),
the fundamental current through the HPF system (i)
changes if the PPF values vary. v, drops completely across
the PPF, and the current through the PPF is:

2 V
,-L{;{PF (wf) = |2 —T1L
) 3 (XL]. - Xc1)
where X;; - X¢; is the PPF reactance at the fundamental

frequency. The magnitude of i,/ in (15) is inversely

sin(ot) . (15)

proportional to the magnitude of the PPF reactance, |X;;- Xc/|.

On the other hand, the reactive component of i,;, which is
quantified by the load DPF angle ¢ from (4), is given by:
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Fig. 4. Equivalent single-phase circuit of HPF system (a) at the
harmonic frequencies and (b) at the fundamental frequency.

Vector diagrams of the HPF system working at the
fundamental frequency in different operating regions are
shown in Fig. 5, where 1., and 1., denote the active and
reactive load current components of an inductive nonlinear
load, respectively. These vector diagrams intend to show the
reactive compensation at the fundamental frequency caused
by the PPF components. As shown in Figs. 5(a)-(c), the
compensating current 1,/ should be in the opposite
direction to the load reactive current component 1,4, which
requires X¢; to be higher than X7, in (15). Otherwise, the PPF
is unable to compensate for the load reactive power, as shown
in Fig. 5(d). Fig. 5(a) represents the condition of
undercompensation (UC), where 1.,/ is smaller than 1.,
resulting in a lagging @ at the grid terminals. Fig.5 (b) shows
a HPF system operating at full compensation (FC), leading to
unity power factor at the grid terminals. The vector diagram
in Fig. 5(c) illustrates overcompensation (OC) by the PPF,
where 1.,/ is higher than 1, in magnitude, resulting in a
leading @ at the grid terminals. However, if X, is smaller than
X.;, in theory the PPF generates a lagging reactive power as
seen in Fig. 5(d), which is undesirable.

The fundamental component of the compensating current
i,;’" when the HPF system can compensate both the
harmonic and reactive power can be obtained from (4) and

(11) as follows:

i a)t)z\/gi”“‘(tan(e)—tan(go))sin(wt) @

i (cot)—\FP”“’tan( )sin(awt)
L 3V, ? ' (16) Then by equating (15) and (17), the power factor angle 6
P. 1 1 K,
== + —-2(1+tan(p)tan(@) )+ ———— .
T, \/ w05’ () Foowi () AL EN@ENO N (12
e VA 2Pu(Xe—Xu) Pu(Xu-x)\[ 1 1 Ko XE —2K X1 X+ Ko X
Vi = |—+———=(tan@) —tanp) )+ + —2{1+tan(p) tan@) )+
J 3 s (an@)-tane)) [ T |cose s OO s |
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Fig. 5. Vector diagrams of HPF system at the fundamental
frequency for inductive nonlinear loads: (a) undercompensation,
(b) full-compensation, (c) overcompensation, and (d) undesired
operation (X¢; < Xp)).

generated only by means of the PPF components is calculated

as:
y2
G — (18)
P (X —Xei)

The PPF capacitance capable of producing the FC operation
is obtained, with 8 = 0 in (18), as:

Puut tan(¢))
a)VLZL + a)zL})out tan((”)

The expression for the PPF capacitance for the FC in (19)

can be also achieved by equating (15) and (16). After
deriving the expressions related to the reactive compensation
of the PPF components, it is possible to derive the rms
current and voltage of the HPF inverter operating as a
harmonic compensator by replacing 6 derived in (18) into the
more general equations (12) and (13). As a result, it is
possible to obtain:

0= tanl[tan(gp) +

CF = (19)

2
]{1[’1-' — Rmt VVLZL + K1 . (20)
\/5%14 B. (X a—X 1‘1) cos’ (@)
But
v \/KZXLZl 2K XuXa+ KX (21)

" 3V cos(p)

With (20) and (21), the rating of the HPF inverter that
compensates the harmonic currents is given with (14). This
new rating is a function of the source voltage V;;, the output
power P,,, the PPF inductance L, the PPF capacitance C, the
input load inductance L., and the number of harmonics to be
compensated 7.

Fig. 6 (a) plots the rms current through the HPF inverter
(2" and the rms voltage at its ac-side (¥.”"") versus C. It is
seen that 7" rises with the increase of C because the
magnitude of the PPF reactance at the fundamental frequency,
as shown in (15) decreases, leading to a higher fundamental
reactive current flowing through the inverter. On the other
hand, since the ac-side voltage of the HPF inverter only
generates harmonic voltages, ¥.””* depends on the changes in
the PPF reactance at the harmonic frequencies (| X - Xal)

VEPFIKV] THPFA]
4 = o 160
{UC FC: ocC
3l 2 2 e 120
24 c 7 80
K
18 40
03¢0 80 130 160 200 °
CluF]
(@)
Supr|KVA] Supr[MVA]
150 600
UC FC ocC
100 400
50 1200
SHPI—'(C\HN'W 0
02 c _40({ 80 120 160 200-1950 2025 2100
-FC - Smin C [ﬂF]

(b)

Fig. 6. (a) Rms voltage and rms current and (b) rating of HPF
inverter versus C (V;,= 3000 V, P,,=300 kW, L=5mH, L, =
10 mH, and n = 16).

shown in Fig. 4(a). At low values of C, X is very high. This
leads to a very high PPF reactance at the harmonic
frequencies. Therefore, 1,/ is quite high, as shown in Fig. 6
(a). This allows the compensating current to flow through the
PPF reactance at harmonic frequencies. Increasing C reduces
V" because a lower voltage at the ac-side of the inverter is
sufficient to generate the required compensating current.
Based on 1" and V™", the HPF inverter rating Sypr
obtained by (14), (20), and (21) is plotted in Fig. 6(b) as a
function of C. It should be noted that the HPF system changes
its operating conditions from the UC though the FC to the OC
region, with the rise of C. From Fig. 6(b), Sypr With a very
small C is unacceptably high owing to its considerably high
V"PFas shown in Fig. 6(a). The increasing C, in the low
range of the UC region, rapidly decreases S;pr due to the
rapid reduction of V""", S, continuously decreases with
an increasing C until it reaches the minimum inverter rating
Suprcsmin at the capacitance Cs,;,. When C increases beyond
Csmin Sypr gradually increases owing to the increase of 1,”*”,
as shown in Fig. 6(a). At C=2025 uF, the PPF reactance at
the fundamental frequency becomes zero, which leads to
resonance causing the highest S At the resonance and its
vicinity, shown in the right side of Fig. 6(b), 7" — and
accordingly, Sypr —is unacceptably high. Beyond the
resonance, in the region represented by the shaded area in the
right side of Fig. 6(b), the HPF system goes into the
undesirable region shown in Fig. 5(d). This result suggests
that the PPF capacitance selected must be as small as possible
to reduce the current rating. However, it should be large
enough to reduce the voltage rating of the HPF inverter.
Consequently, a very large C is not used in practice, yet the
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Fig. 7. Rms voltage and rms current of HPF inverter versus L
(V,=3000V, P,, =300 kW, C =30 uF, L,, =10 mH, and n =
16).

analysis of this case is presented.

Fig. 7 shows ™ and ¥, as a function of the PPF
inductance L. The system parameters used for Fig. 7 result in
the HPF system operating in the OC region, as shown in Fig.
5 (c). The /" increases very slightly with an increasing L
because variations in L have a negligible effect on the
decrease of the PPF reactance at the fundamental frequency
in comparison to the change in C shown in Fig. 6. On the
other hand, a plot of ¥, versus L has a parabolic shape
because of the changes in the PPF reactance at the harmonic
frequencies in Fig. 4(a). At low values of L, X, is smaller
than X¢;. This yields a negative PPF reactance at harmonic
frequencies. When L increases, X;, increases while X
remains constant, which results in lowering the magnitude of
the PPF reactance at the harmonic frequencies. Thus, ¥,/*
drops owing to the reduction in the PPF magnitude at the
harmonic frequencies until it reaches its minimum point.
Increasing L beyond this point increases the PPF reactance at
the harmonic frequencies. This leads to the need for a higher
rms voltage in the ac-side of the HPF inverter. In
consequence, the HPF inverter rating Sy;pr is proportional to

¥, "PF with the varying of L.

IVV. COMPARISON OF THE APF AND HPF
INVERTER RATINGS

In the previous section, the analytical derivations of the
ratings for APF and HPF systems and the effects of the
reactive components L and C on the inverter rantings were
analyzed. In this section, APF and HPF inverter rating
comparisons are carried out in terms of the harmonics to
eliminate », the load input inductance L., the output power
P,,, and the filtering inductance L. Because a practical HPF
system should operate with a fixed PPF capacitance, unity
power factor operation cannot be achieved in the whole range
of the comparisons. It should be noted, for this comparison,
that the APF always operates at unity power factor.

Fig. 8(a) and (b) shows the inverter ratings of the APF and
the HPF systems plotted against the number of harmonics to
eliminate, n. Accordingly to the number of harmonics
eliminated by the filters, the THD in the current at the grid

S [kVA]
264
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260 |
2581
2 4 6 8 100 12 14 16 I8 22
(@)
STkVA]
20
16 Shpg
12
8
4
2 4 6 8 10 12 14 16 18 22
(b)
THD[%]
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8
6
4
2
0y 2 4 6 8 1012 14 16 18 2,01
(©

Fig. 8. (a), (b) Inverter ratings and (c) associated THD versus n
(Vz,=3000 V, P,,,=500 kW, L =7 mH, C=76.8 uF, and L,. =
10 mH).

terminals is displayed in Fig. 8(c). It can be seen that
improving the current quality at the grid causes both S, and
Sypr 10 increase with an increasing » since the currents and
voltages of the inverters contain harmonic components n. As
a result, more harmonic power is provided by the inverters.
Nevertheless, S,pr has a much larger rating than Sy,» due to
the continuous reactive compensation that the APF inverter
has to provide. For instance, when n=1, S,»» is already close
to the value of the rating when n=20 because the reactive
compensation takes a large part of the power in the APF
inverter. The IEEE 519 harmonic current constraints are met
up to the 49th harmonic in the source current, which leads
to n =16, which is used in the further comparisons.

Fig. 9(a) and (b) shows the inverter ratings and power
factors of the APF and the HPF systems plotted against the ac
inductance of the diode rectifier L,.. Increasing L,.reduces
di;/dt owing to the load current commutations, which results
in smoother harmonic currents that decrease the voltage
spikes on the inverter ac-side. Therefore, both the APF and
HPF inverter ratings decrease with an increasing L,. in the
low-inductance region. However, the load reactive power
also increases with an increasing L,.as seen in Fig. 2 (d).
Because the APF inverter has to compensate for the load
reactive power, S,y first decreases due to a di,/dt reduction
and then increases with a larger L,.due to the increased load
reactive power to be compensated. In the meantime, Supr
continues to decrease with an increasing of L., owing to the
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Fig. 9. (a) Inverter ratings and (b) power factor versus L. (V;; =
3000V, P,,,=500 kW, L =7 mH, C =52 uF, and n = 16).

10
L. [mH]

absence of reactive power compensation by the inverter. The
HPF system works in the OC region with L,. = 0, as shown in
Fig. 9 (b). This is because the reactive component of the load
current 1,4, is zero with L,.= 0 and the fundamental current
I,/”" generated by the PPF drives the HPF system into the
OC region, as shown in Fig. 5(c). When L, is increased, the
reactive power in the load increases. Thus, the HPF goes
through the FC to the UC region.

Fig. 10 depicts the inverter ratings and power factor of the
APF and the HPF systems as a function of P,,. Both of the
inverter ratings increase with an increasing P,, due to an
increase of the harmonic power to compensate. However, the
APF inverter has to compensate for the reactive power as
well, which results in larger increments of S, compared to
the increment of Sypr. The increasing P,, moves the
operating region of the HPF system from the OC region to
the UC region, as shown in Fig. 10(b). It is shown that the
power factor of the grid terminals with the HPF system is
significantly affected by changes in P,,,.

This is due to the fact that the increase of P, in Fig. 2(d)
results in a higher load reactive power while the PPF reactive
compensation remains constant resulting in a wide variation
of the power factor at the grid.

Fig. 11 illustrates the inverter ratings and the power factor
of the APF and HPF systems as a function of L. Note that
S,pr increases with an increasing L due to the increase of the
voltage rating V.*”" as shown in Fig. 3. On the other hand,
Sypr first decreases and then increases with an increasing L
owing to the reactance change of the PPF at the harmonic
frequencies shown in Fig. 7. An increasing L moves the
operating condition of the HPF system from the UC region to
the OC region, as shown in Fig. 11(b). Notice that the power
factor of the grid terminals with the HPF system is
insignificantly affected by L. However, L should not be very
large in practice to allow the controller of the system to work
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Fig. 10. (a) Inverter ratings and (b) power factor versus P, (V.
=3000V, L,=5mH, L=7mH, C=15 uF, and n = 16).
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Fig. 11. (a) Inverter ratings and (b) power factor versus L (V7
=3000V, P,,=500 kW, L,.=2 mH, C =32 uF, and n = 16).

properly. A large L may cause a reduction of the switching
frequency and the requirement of an increased dc-link voltage
as well as THD deterioration.

V. ANALYSIS AND COMPARISON OF THE
DC-LINK VOLTAGE LEVELS

In this section, the requirements for the dc-link voltage of
the APF and HPF inverters are presented and discussed. The
required inverter dc-link voltage is typically set to a value
that is 5 % higher than its peak line-to-line ac-side voltage.
Thus, the peak values of the ac-side voltages can be used to
select an appropriate dc-link voltage level. With v, and the
voltage drop across the PPF, the ac-side voltages of both the
inverters, v** and v.”™, are derived as (22) and (23),
respectively.
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Fig. 12 shows the ac-side voltage waveforms of v.*”" and

v.™ for a unity power factor under two different values of
L,. for the sake of observing the effect of a variation of C on
the ac side voltage of the inverters. This is done because
different PPF capacitances are used in Figs. 12(a) and (b) in
order to make the HPF system operate at unity power factor.
From Fig. 12, it is clear that v.""" does not contain a
fundamental component, while v."* has both fundamental
and harmonic components. It can be seen that the voltage
spikes in v,*" with a large L., shown in Fig. 12(b), are lower
than those in v.”* with a small L,., shown in Fig, 12 (a), due
to the reduction of di,/dt during the commutation times of the
diode rectifier as can be seen in Fig. 2(a). This results in
smoother compensating currents and, as a result, a smoother
waveform of the ac side voltage of the APF inverter. The
voltage v.””" with a large L, and a large C in Fig. 12(b) is
almost 10 times lower than that of Fig. 12(a) with a small L,
and a small C because of the reduction of the PPF impedance
due to the increased value of C. This is consistent with Fig. 6
(a) where the rms voltage value of the HPF inverter decreases
with an increasing C.

Additionally, the voltage spikes in v.*"* and v.”* move
towards the right side with a larger L, as observed in Fig. 10.
This is due to the fact that the current commutation interval 4
increases with L, and shifts the spikes to the right by the time
of 4. It should be noted that the peak value v.””" is generally
lower than that of v,*"* resulting in a low dc-link voltage of
the HPF inverter when compared to the dc-link voltage of the
APF inverter. However, with the very small C used in the
HPF system, the peak value of the HPF ac-side voltage can
be higher than that of the APF ac-side voltage, as shown in
Fig. 10 (a). This tells us that it is not desirable to employ a
very small C in the design of HPF systems. In fact, in practice,
implementing such a small C will equate or overpass the cost
of implementation of the HPF to the APF system without a
controllable reactive power, which is undesirable. In order to
verify the derived equations, (22) and (23), simulations were
carried in the PSIM platform. The controllers used for the
simulations are found in [17]. The simulation of the ac
voltages of the APF and HPF is displayed in Fig. 13, by
means of a low pass filter that filters out the switching
frequency components. It can be seen that Fig. 13 shows a
good relation with Fig 12(b). Since the simulations are
operated with controllers that, in practice, cannot suppress
entirely the harmonics due to controller’s performance,
efficiency, and other factors related to the low pass filter used,
the simulated waveforms are not totally similar to the

wrgoa_ |2 2 2
Ve (wt)—‘g VLLcos(ax)+\/; cos(a;r)+‘f3

2 P Z/:
3VuM, cos(p)

m=1

APF

P.Xitan ((D) B.

LL

V" () =

V..M, coS(p)

nl2

2

m=1

[X“ kX“](amn(ka)t) bkcos(ka)t))\/_cos(k6 ]s n[k;) k=6m¥1 |

Journal of Power Electronics, Vol. 16, No. 4, July 2016

[kV]
g | voltage spike peak voltage
0 WV vif(wt)
2
Evp w3 23 m 43 s3 ow
‘.} ey eak voltage VP ot
0 A a};% ike
4 n/3 2n/3 b3 4n/3 Sn/3 2n wl
(a)
[ky] peak voltage.
2 1
0
2 [2
[\',4(1 /3 2a/3 T 4773 sn/3 21wl
380 voltage spike :
0
-200

-400,

a3 3 T 473 5773 2T o

(b)
Fig. 12. Ac-side voltages of the APF and the HPF inverters at
unity power factor operation (¥, = 3000 V, P,,,= 300 kW, L =5
mH, and »=16,) with (a) L,.= 0.2 mH (Crc = 4.5 uF) and (b) L.
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Fig. 13. Circuit simulation of ac-side voltages of the APF and the
HPF inverters at unity power factor operation (7, = 3000 V, P,
=300 kW, L =5 mH, and n=16,) with (a) L,.= 0.2 mH (Cgc =
4.5 uF) and (b) L= 10 mH (Crc = 35 uF).

calculated waveforms from Fig. 12. However, the waveform
pattern is in concordance between these figures.

Fig. 14(a) shows the dc-link voltage of the APF (v,
and the HPF (v, inverters as functions of P,, and L,.in

( qu)(aksin(kat)—bkcos(kat) —co{k”jsm( )k 6m¥l, (22)

(23)
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Fig. 14. (a) Dc-link voltages of the APF and HPF inverters
versus L,. and P,,, (V;;,=3300V, C =40 uF, L =3.5mH, and n
= 16). (b) Dc-link voltages of the APF and HPF inverters versus
Land C (V;,=3300V, P,,= 600 kW, L,. =10 mH, and »n = 16).

order to filter up to n=16. The voltages v,*" and v,
increase with an increasing P,,. This is due to the fact that
the HPF inverter should generate a higher harmonic voltage
with a higher P, and the APF inverter should generate a
higher harmonic voltage with a higher voltage for reactive
compensation since the reactive power increases with P,,,.
The increase of L,. reduces the voltage spikes in v.””*. Thus,
the dc-link voltage v,/ is lowered. On the other hand, the
initial increase of L, decreases the voltage spikes in v,
causing a reduction of v, . However, v, gradually
increases with an increasing L,. because, as seen in Fig. 2 (d),
the reactive power in the load increases. Thus, the
fundamental component of v.”* needs to be higher to
compensate for that reactive power. It is observed that the
de-link voltage v, is considerably lower than v,/ in all
of the areas of Fig. 14 (a). Fig. 14 (b) shows the dc-link
voltages as a function of L and C. The voltage v, rises
with an increasing of L as seen in Fig. 3, where the ac side
rms current increases with L. The voltage v,/ also
increases with L when C is large enough. This relates to the
right side of ¥, in Fig.7. Nevertheless, an increasing L
reduces the required v, when C is very small, which
relates to the left side of Fig.7. However, as previously
mentioned a very small C is impractical for implementation.
In terms of C, as previously analyzed in Fig. 6, the required
ve ¥ is reduced with an increase of C. Yet, when L is very
large, an increasing C causes a notorious increase in v,
due to an increase of the PPF reactance at the harmonic

frequency, which increases the ac side voltage of the inverter.

However, again, very large values of L are impractical.

VI. CONCLUSIONS

This paper has presented a theoretical analysis and
comparisons of APF and the HPF systems in terms of the
inverter ratings and design features. The ratings of the HPF
inverter and the power factor at the grid the terminals in HPF
systems are analyzed in detail in terms of the circuit
parameters such as the source voltage, output power, and
reactive components. The rating of the HPF inverter is
sensitive to a variation in the PPF capacitance, whereas the
PPF inductance has a reduced effect on it. In addition, the
operating regions related to the power factor at the grid
terminals of HPF systems move from the UC region through
the FC to the OC region, with an increasing PPF capacitance,
increasing PPF inductance, decreasing input load inductance,
and decreasing load output power. Due to the fixed reactive
power compensation by the PPF in HPF systems, the power
factor at the grid terminals of the HPF varies considerably
when the load output power changes. Thus, in order to
maintain power factors close to unity, HPF systems might not
be appropriate in areas with a wide variation of the load
output power. However, the HPF inverter shows, in general,
lower kVA ratings than the APF inverters at the outlined
range values of the PPF components. Thus, the HPF inverter,
with an appropriate selection of reactive components for
reactive power compensation, gives performance that is
similar to that of the APF inverter but with a less costly
topology. The dc-link voltage requirement is shown to be
much lower in the HPF inverter when the capacitance in the
PPF is large enough to reduce the reactance of the PPF. This
results in savings due to the reduced semiconductor ratings in
the HPF inverter and the dc-link capacitor rating.
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