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THE PHASE REACTOR INDUCTANCE SELECTION TECHNIQUE FOR POWER
ACTIVE FILTER

Purpose. The goal is to develop technique of the phase inductance power reactors selection for parallel active filter based on the
account both low-frequency and high-frequency components of the electromagnetic processes in a power circuit. Methodology.
We have applied concepts of the electrical circuits theory, vector analysis, mathematical simulation in Matlab package. Results.
We have developed a new technique of the phase reactors inductance selection for parallel power active filter. It allows us to ob-
tain the smallest possible value of THD network current. Originality. We have increased accuracy of methods of the phase reactor
inductance selection for power active filter. Practical value. The proposed technique can be used in the design and manufacture
of the active power filter for real objects of energy supply. References 12, figures 11.

Key words: power active filter, coefficient of harmonic distortion, phase reactors inductance, frequency modulation, Matlab-
model of a three-phase energy supply system.

Llens. Llenvio cmamou aA61aemMcA papadoomKa MemoOuKy 66160pa UHOYKMUGHOCIU (PA3HBIX PeaKMOPO8 NAPAIIenbHO20 CUNO-
6020 AKMUBHO20 (PuNbMPaA, OCHOBAHHOU HA yueme KAK HUZKOUACMOMHOU MAK U 6bICOKOUACMONMHOU COCMAGNAIOUUX I1EKMPO-
MAZHUMHBIX Npoyeccos 6 cunogoil cxeme. Memoouka. /Ina npoeedenus uccied06anuit UCRONB306AIUCE NOTIONCEHUA MEOPUL
INIEKMPUYECKUX Yeneil, 6eKMOPHbLIL AHAIU3, MameMamuyieckoe mooenuposanue 6 nakeme Matlab. Pezynomamot. Pazpabomana
HO6as MemoouKa evloopa UHOYKMUEGHOCIMU (PA3HBIX PEAKMOPOE NAPATIIENbHO20 CUN06020 AKMUEHO20 PUILMPA, NO360AAIOWAS
ROlyuUMb MUHUMATILHO 603MOJCHOEC 3HAUCHUE KOIPPuyuenma HenuneitHvIx uckaxycenuit cemeeozo moxa. Hayunasa nogusna.
Ilosviuena mounocms Memooog 6b160pa UHOYKMUGHOCMU (PASHBIX PEAKNOPOE CUN08020 AaKmuenozo gunvmpa. Ipakmuueckoe
3nauenue. Ilpeonoycennana memoouxKa modxcem UCnOIL306AMbLCA NPU NPOEKIMUPOSAHUN U U3ZOMOGIEHUU CUN0GHIX AKMUBHBIX
Gunvmpos ona peanvhvix 06veKmog 3nekmpocradrcenun. budn. 12, puc. 11.

Knrouesvie cnosa: cui10BOM AKTHBHBIA (pUILTP, KO3G(HUIHEHT HEJUHEHHBIX HCKAXKEHUH, HHIYKTHBHOCTh (DAa3HBIX peaKTo-
POB, yactoTa Mmoay sinun, Matlab-monens Tpexga3Hoii cucTeMBbl 3JIEKTPOCHA(KEHUSI.

Introduction. Electromagnetic compatibility of
electrical consumers with the supply of industrial network
is one of the key factors considered in the selection and
installation of electrical equipment designed for a large
installed capacity. Stringent standards for power quality
[1, 2] impose obligations both producers and customers of
electrical equipment to take additional measures to com-
ply with them, which affects the characteristics of the end
product, its cost, and certification opportunities.

In the industrial and municipal power systems, elec-

I

tric transport the main segment of powerful consumers of :

electricity consumers up with non-linear characteristics ; ~ lgepd
[1-3]. Joint connection to industrial consumers such net- P 2 B e
work causes an increase in emission level of higher har- _E oy ,,..‘Q:t? R
monic components of the current network, the distortion _L;“?—Lﬂ }

of the supply voltage circulating in conductors linear reac-
tive currents and, as a consequence, leads to increased

energy losses in the power supply system [1-3]. Exclude
or partially reduce the listed effects it is possible with the
help of modern filter-devices, one of which is power ac-
tive filter (PAF). PAF of parallel type the simplest dia-
gram of power circuits is shown in Fig. 1 have the great-
est popularity.

The power part of the PAF identical scheme of
autonomous voltage inverter and executed on the power
transistor, diode modules, forming a three-phase bridge
shoulders. DC converter unit included a storage capacitor
C, the voltage at which the automatic control system is
supported by PAF above the line supply voltage ampli-
tude

UOZk'\/g'Usm’ (1)
where U, is the network phase voltage amplitude;
k=1.2-1.6.

In the input circuit of the PAF a three-phase reactor
is connected with the parameters of the inductance L. and
resistance R.. To reduce high-frequency noise in the
supply voltage at the input of the converter is connected
in parallel with a three-phase filter of small capacity C.,..
Despite the simplicity of the power circuit and its power
relative small element active filter is a complex dynamic
device in which electromagnetic processes and parameters
of circuit elements, depending on the mode and
parameters of the load and the mains. Along with others,
these factors complicate the calculation and selection of
parameters of elements of power PAF scheme. The
greatest difficulties arise when selecting the input
inductance of L, reactors, simplified method of
calculation which is mainly linked to the taking into
account the current growth rate through the reactor

© D.V. Tugay

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6 31



winding commutations with transistor-diode keys, i.e.
only the high-frequency component of the
electromagnetic processes in a power scheme PAF [5-11].
As was shown in [12], this approach does not allow one
to choose the parameters of the input reactor, so you need
a new technique based on the specific operating
conditions of the power compensator.

The goal of the paper is the development of a
method of selecting values of phase power inductance of
reactors of parallel power active filter based on the ac-
count as low-frequency and high-frequency components
of the electromagnetic processes in the power circuit.

Features of the PAF operation. To analyze the
characteristics of the PAF operation we will use a con-
crete example it is connected in parallel non-linear load,
shown in Fig. 1. For the three-phase system with symmet-
rical sinusoidal voltage source u,,, uy, t;,, Whose parame-
ters Ly and R are uniquely defined, connected six-pulse
uncontrolled rectifier DR working on R-L load. To restrict
network rectifier ripple current last networked via an in-
ductive reactor L;, R, parameters. PAF is connected to
terminals ABC, where there are voltages u,, u, u,.

The principle of parallel PAF operation is based on
generating compensation currents, which subtracts from
the load current allows to obtain the desired shape of net-
work currents. In this example, after connecting the PAF
form of line current to be sinusoidal and instant network
current should be in phase with the corresponding phase
voltage.

Load current vector can be represented by a three-
component vector, each component of which is a vector
that stores information about the three current values of
the respective phase currents

i =l @ inl. )

where i, is the vector of the fundamental harmonic

active current three-phase system, which coincides with
the direction of voltage vector i, (see Fig. 1); i, is the
vector of the fundamental wave reactive power three-
phase system orthogonal to vector i, ; is; is the vector of

total current harmonic load three-phase system.
PAF current vector can also be represented by a
three-component vector

ie=lai, iy inl 3)
where iy, is the vector total current harmonics whose

frequencies are multiples of side-frequency PWM;
cl is the level of compensation of the primary harmonic
of the reactive current (0<cl<l); ¢2 is the the level of
compensation of the total load current of higher
harmonics (0<c2<l). The first two components of the

vector i describing the low-frequency component of the

electromagnetic processes in PAF related to the
characteristics of the load, and the third component - the
high-frequency component, the appearance of which is
associated with a feature of the compensator when
switching of power semiconductor modules.

According to Fig. 1 and relations (2), (3) the line
current vector at the working PAF may comprise four
components

l?Sz[l?la (l_cl)'l?lr (1_02)';27 ;ﬂ't]T (4)

Quality compensation will depend on the values of

the coefficients c1, ¢2 vector is;, . Under ideal conditions
=1, =1, and |f2h| =~0. To achieve full compensation is

virtually impossible in real installations. The quality of
the PAF can be estimated value of the distortion factor
THD; line current. In accordance with (4) THD; can be
expressed as the sum of two components - a low-
frequency (THD;;) and high-frequency (THD;;)

\/(1—c2)2~1§7+1§h
Vi +(-aP i

where / ;7 is the the sum of the squares of the rms values

THD; = THD;, + THD;;, = (5)

of higher harmonic components of the load current; [ %h

is the sum of the squares of the rms values of higher
harmonic components whose frequencies are multiples of
side-frequency PWM.

With an increase in the inductance of the input reac-
tor PAF THD,, low-frequency component is increased,
and high-frequency component THD,, decreases. Thus,
there is an optimal value of inductance L, corresponding
to the minimum possible value THD;. To find the value
L, necessary to examine separately the electromagnetic
processes in the PAF on the low and high frequency.

Consider the work of one phase of the PAF in the
circuit according to Fig. 1. In the circuit in the open state
are alternately transistor diode and one group of the same
group opposite phase. For example, with a negative refer-
ence current compensator i+ in working condition will be
the transistor V71 and diode VD4 circuit as shown in Fig.
2. The term repeatability mains voltage in accordance
with the nature of the non-linear load are three possibili-
ties of joint work with the transistor V71 transistor other
two phases: 1 — VTL, VT3, V12; 2 — VTL, VT6, VTS; 3 —
VTL, VT6, VT2. Fig. 1 illustrates the first option. Depend-
ing on the duration of the conduction intervals of transis-
tors employed and the current values of the phase volt-
ages on the PAF input for the described embodiment are
possible 8 states of the circuit shown in Fig. 3. At the time
interval when the transistor V71, the energy stored in the
capacitor C is transmitted through the reactor L. in the
network (Fig. 3,a,b) or stored in a capacitor through the
reactors of the other two phases (Fig. 3,c). When transis-
tor V'T1 is closed in the open state is VD4 diode, and the
energy stored in the reactor is transferred to the con-
denser, together with additional energy network
(Fig. 3,e,2) is either returned to the network (Fig. 3.f). The
time intervals in a conducting state when there are three
groups of one semiconductor device (Fig. 3,d and
Fig. 3,h) the reactor is charged by the network.

32 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6



0 T i : 2

I Tl I VTh | T VT4 | Tl ] VTS l VTl l VTa i [Ea
VD4 vDl VD4 VDL VD4 vl vp4 | vl VD4 VDI
73 ¥T6 V73 L] T TG ¥T3 ¥T6 ¥T3 ¥Te
Ve yo3 Vi Ly k) VD6 m Ve k) VD Vo3
(] TS V2 TS T2 ¥T35 V12 ¥T35 m ¥T5
Vs Yoz Y5 v Vs Vi Vs v VDS L

Fig. 2. Phase A operation of the circuit with PAF

Account of the low-frequency component of the
electromagnetic processes in the selection phase induc-
tance reactors. In accordance with Fig. 1, 2, and by (3) a
low-frequency component of the PAF current can be rep-
resented as the sum of the reactive component of the first
harmonic current, and harmonics of the order 6n+1 due to
the spectral composition of the input current six-pulse
uncontrolled rectifier.

Let us evaluate the effectiveness of the PAF at the
frequency of the mains voltage. Fig. 4 shows an equiva-
lent circuit of one phase of the PAF for the fundamental
harmonic voltage and current.

The first harmonic voltage, the current at the input
rectifier bridge PAF is shown in the equivalent circuit
source u., and the load impedance phase - equivalent
resistance Z; .

Fig. 5,a and shows a vector diagram of the voltages
and currents corresponding to the equivalent circuit of
Fig. 4. The diagram shows that the instantaneous value of
the first harmonic voltage at the input rectifier bridge u.,;
practically in phase with the instantaneous mains voltage
uy,. The amplitude of the fundamental harmonic voltage at
the input rectifier bridge (U,..,1) PAF will always be lar-
ger than the amplitude-phase mains voltage (U,,.,1) on the
value of the voltage drop across the phase reactorU,, ;41

Umcal ~ Uma + UmcLal : (6)
If we taking into account the orthogonal of vectors
of current fundamental harmonic of the network I sq1and

fundamental harmonic PAF fcal, the parameters of the

source and the load to take the same, it is possible to
prove the existence of the optimal value of inductance
phase reactor L, ensuring the fulfillment of the above
conditions.

In the vector diagram in Fig. 5,b shows that by in-
creasing the inductance of the phase of the reactor there is
a shift of the fundamental harmonic line current with re-
spect to the supply voltage on the light angle ¢ thereby
deteriorating the quality of the PAF compensation.
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Fig. 3. Possible states of the PAF circuit at transistor V71
and diode VD4 operation

Using a superposition method according to the
equivalent circuit of Fig. 4 write ratio to calculate an inte-
grated value of the fundamental harmonic load current.
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Fig. 4. Equivalent circuit of the PAF one the phase
on the network voltage frequency

Zc R
Z -iZ +Z ’ Z Z
!Lal _ Uma =11 L =C =11 =22 , (7)
1_;5
Zy

where Zc = RAjwl.l;, Z; = Ritjol,tZ1; Z11 =
= ZstZrZZitic); 222 = ZctZyZs(ZitZs); Zs
=RtjwL;.

Isal opt

a

Fig. 5. Vector diagrams of voltages and currents
of the equivalent circuit on the network voltage frequency

The real part of the complex values of the funda-
mental harmonic load current Re(Z;,;) corresponds to the
optimum value of the fundamental harmonic current net-
work Iy,1 op, and the imaginary part Im(Z;,;) — optimal
value of the fundamental harmonic current PAF 7,1 .

Complex value of the fundamental harmonic voltage
at the input of the rectifier bridge PAF

Qcal =U, +j'ImQLa1)'ZC' ()
From the equivalent circuit (Fig. 4) we express the

imaginary part of the complex values of the fundamental
harmonic current PAF

U U, Z

~cal =L
lcal = Il\'{ an - 7. aZ i )J . ©)
Z22  Z#11 (—L =C

Fig. 6,a and shows the dependence of the
fundamental harmonic current PAF on the relative values

(in the total inductance of the load shares L;X =
= L;+Im(Z;1)/w) phase inductance PAF reactor at
different values of relative total inductance of the load
and a fixed value of the network relative inductance
L/L;% = 0.065. Dependencies are constructed with the
following parameters of the equivalent circuit elements:
U, =311.13 V, R, = R; =0.002 Q, R, =0.00036 Q, L; =
=75 uH, Z;1 =0.438+70.358 Q.
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Fig. 6,b shows the dependence of the fundamental
harmonic current SAF on the relative values of the induc-
tance of the phase reactors SAF for different values of the
network inductance and fixed value relative total induc-
tance load L;s= = 1.
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At the intersection built in Fig. 6 curves with curves
corresponding optimal value of current fundamental har-
monic PAF 1., ., are point abscissa are equal to the opti-
mum values of the phase inductance reactors L.

From a comparison of Fig. 6,a and Fig. 6,b it can be
concluded that the optimum value of the phase inductance
reactors PAF largely depends on the inductance of the
network than the load inductance. If the total inductance
of the load changes from 0.2L;5+ to 3L;s+ optimum value
of the phase inductance reactors PAF decreased from
0.275L;s+ to 0.261L;5«. If you change the network induc-
tance of 0.02L;s+ to 0.65L;z+ range of the optimum load
inductance is much wider from 0.083L;s+ to 0.273L;5x.
Moreover, by increasing the inductance of first optimum
network inductance increases, and after a certain Ly« value
decreases.

From the vector diagram in Fig. 6 we obtain the
ratio to calculate the angle of the shift of the funda-
mental harmonic phase current with respect to the ap-
propriate voltage

. arctar{ (1)~ Tm(Z g1 )J '
Re(l Lal)

Fig. 7 shows the dependence of the angle ¢ of the
relative phase inductance reactors L.« for various values
of a combination of the relative inductance of the network
and relative total inductance of the load.
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Fig. 7. Dependence ¢ = f{L.1+)

The optimal values of the inductance of the phase
reactors correspond to points of intersection of plotting
with the horizontal axis (¢ = 0). If the inductance of the
network is unknown or tends to zero, the point of inter-
section of the graph with the x-axis will be absent (see.
Fig. 7at L+ =0, L;s« = 1). In such a case it is necessary to
limit the range of variation of inductance values PAF
phase reactors, in which the angle ¢ will not vary by more
than 1°. In this example, the corner ¢ = 1° value corre-
sponds to the inductance of the relative phase reactors
L.+=0.15.

Account of the high-frequency component of the
electromagnetic processes in the selection phase induc-
tance reactors. We consider the work of one PAF when
alternately switched transistor V71 and diode VD4. Ac-
cording to Fig. 2 and Fig. 3 in the first working interval
VT1 and VD4 alternate conductivity four options PAF
circuit state (Fig. 3,a, Fig. 3,d, Fig. 3./, Fig. 3,h). Fig. 8
shows SAF current shape in the first valve V71 and VD4
working conduction interval corresponding to one period
of modulation 7,,,,.

Tmod

R R R A R

Fig. 8. Current shape of the PAF in the conduction interval VTl
and VD4 corresponding to one period of modulation 7,4

The short time intervals t1 and t3 (see. Fig. 3,a)
when in the open condition of the transistors V71, VT3,
VT2 the energy stored in the capacitor is transmitted into
the network. The time intervals #, and #5 when in a con-
ducting state at the same time the valves are three phases
of one group (see. Fig. 3,d and Fig. 3,h) L. reactor stores
energy from the network. At time intervals #; and #; along
with transistors V73, VT2 involved diode VD4 (Fig. 3, f)
the energy stored in the reactor is returned to the network.

From Fig. 8 it can be seen that in the period of
modulation 7,,,, greatest slope of the curve corresponds to
the current instant network time intervals #; and #, when
open transistors VT1, VT3, VT2. For Fig. 3,a the follow-
ing relation is correct

di U
ca chum+TC, (11)
and for Fig. 3,d
di
ch =g, . (12)

Using auxiliary constructions shown in Fig. 8, it is eas-
ily to determine the maximum angle of PAF current [6]

Al 2-Al
l — 4'A1c'fmod=

ca

A Tpog/2

where Al. is the maximum deviation of the instantaneous
current of the current PAF set, f,,,4 is the frequency pulse
width modulation. Let us consider the case when
fmoa = const.

Substituting the relation (1), (13) in (11) we obtain
the equation for determining the minimum inductance
phase reactor PAF

(13)
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of-3)

Lcmin2 - 4'fm0d 'AIC* 'Re(!Lal) ’ (14

where
A= e - e 15
Tl Rell,,) (15)

With a high degree of accuracy (14) can be replaced
by a simplified relationship

k
Rivelle—o
LY ( «/5]
LcminZ = . (16)
4'fm0d'AIc*
where R;X = R, + Re(Z;1) is the total resistance of the

load phase.

From Fig. 3,d in a similar manner to obtain the ratio
of the maximum value of PAF inductance phase reactor,
substituting (1), (13) in (12) and bearing in mind that the
maximum voltage at the time of switching transistor
reaches half the phase voltage amplitude u,,~0.5U,, (see
Fig. 2)

Ry
L == 17
cmax2 8'fmod'A[c”‘ 4

The relative value of the average inductance of the

reactor phase

k
1.5-—
L % = Lcmin2+Lcmax2 — \/5 (18)
c
2-Lpy 8 fmod " Alex -7y >

where t; = L;%/R;¥ is the time constant of the load phase.

Fig. 9 shows the dependence of the relative values of
the inductance of the phase reactors by PAF parameter
Al for various values of the modulation frequency f,,,4
for these parameters earlier scheme.

Method of choosing PAF inductance. On the basis
of the material presented above describe the steps to
select inductance phase reactors PAF. Consider a specific
example of the application of the scheme PAF with the
previous settings of its elements.

1. We determine total load inductance
L;s = L;+Im(Z;1)/ o). In the example L;z = 0.433 mH.

2. From the known parameters of the scheme, using the
relation (7) expect to complete the value of the first har-
monic of the load current. In the example I, =
=645.4199.5 A.

3. Using (8) we obtain the relation for the calculation
of the first harmonic current SAF in the form (9).

4. By (10) we build dependence ¢ = f{L.1+) (see Fig. 7).

5. At the intersection of the curve ¢ = f{L.+) with the x-
axis determines the point coordinate which corresponds to
the optimum value of the relative phase of the reactor
inductance PAF. In the example L. op+ = 0.249 (L) opt =
=0.108 mH).

6. The obtained value of inductance is substituted in
equation (18) and determines the relative value of the
maximum deviation of the instantaneous current of the
given current PAF Al +. In the example Al.« = 0.059.

7. If the value Al more than 5 % from the first har-
monic amplitude of the current network, we make ad-
justments of parameters. In the example, you can slightly
increase the modulation frequency to the value
fmoa = 7045 Hz, and Al = 0.05.
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Fig. 9. Dependencies L.« = f{ALx)
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Experimental verification of the theoretical re-
sults. To test the proposed methodology has been devel-
oped Matlab-model of a three-phase power supply system
with a non-linear load and parallel active filter shown in
Fig. 10.

Matlab-model consists of 5 groups of blocks:

1. Power circuit (Us — three-phase voltage source with
definable parameters; DR — three-phase uncontrolled rec-
tifier; Load — rectifier load; PAF — inverter bridge of PAF;
C — DC link capacitor of PAF; Rc — charging resistor; LL
— load current smoothing reactor; Lpafl, Lpaf2 — PAF
phase reactor divided into two sections; Cpaf — PAF input
capacitor filter; SA PAF, SA C — three-phase contactors
of PAF and capacitor filter, respectively).

2. Currents and voltages sensors (blocks Is, IL, Ipaf, U,
UL, Upaf, UC).

3. Control system (Control System — PAF control sys-
tem; Gate Paf, Gate G, Gate C, Gate R — power circuit
control blocks).

4. Measuring subsystem (Measurements — subsystem
for calculating total harmonic distortion and operating
currents).

5. Virtual instrumentation (Multimeters — multimeters;
Us Is, Upaf Ipaf, Uc — oscilloscopes).

For computer simulation the same parameters ele-
ments of the power circuit, as for the calculation of the
phase inductance reactors PAF were chosen. In the ex-
periment, the input capacitor filter PAF has been discon-
nected.

36 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6



Discrete, Al
Ts = 26-006 s. Load [usp—+uabe o <[ )
powergui @_, L
AP —ieln o ;ﬁ A ale A | et Us_Is
a—o 2 : Ic . b "‘—QIB -_L-| @ s ﬂ:: I:I
hed - - B
c | < Gate_PAF TC' I‘L m el Lo
Us y (' DR Upaf_lpaf
b 8 o b o < m Control System E_L.'_ICTQ 3 =
<o o E};}U UL Gate R 1
u SA_PAF K e
T "I ] Gate_G ‘J Re U
0.34 |A A AL A A am=T"A G 1 +
THD_I [~ = -la%- o = 8 ple—alB - cT | v
THD_U ™ 0.03946 Gate C —aC ¢jm aC cle l Y ™ PR A I e
- Lpafi Lpaf2
THD_Load [~ 0.3458 P p 8 & 6 Ipaf PAF
I U a'i
THD_SAF—"‘ Ahﬂ'ﬁ 2': al® P
B B4 Bl=—=, b|®
to_rms [~ = cl=™ [ ._rHIC cle
Isaf_rms [ 0.0002167 Cpaf SA_C ICpaf
Measurements Multimeters

Fig. 10. Matlab-model of the three-phase power supply system with PAF

Fig. 11 shows the current waveform of phase A for
three values of the relative phase inductance reactors
PAF: L = Loy = 0.249 - Fig. 11,a; L« = 0.577 - Fig.
11,b; L = 0.093 - Fig. 11,c. In the figures also indicate
the values of the line current THD. The experiment con-
firmed that the minimum possible value of the line current
THD for given circuit parameters corresponding to the
selected value of the inductance of the phase reactors
PAF. Further studies have shown that when the input PAF
C-filter (see Fig. 1) THD line current can be reduced by 1
% (i.e.,upto 5%

~—

Fig. 11. Waveforms of the network current of the phase A
at three values of the PAF phase reactors inductance

Conclusions.
1. The correct choice of inductance of PAF should be
based on the account of the two components of the elec-
tromagnetic processes in the power circuit - the low-

frequency one related with compensation of reactive
power and harmonic load current and high frequency one
associated with the processes of «pumping» of energy in
phase reactor of PAF.

2.1t is proved that the optimal value of inductance of
phase reactors corresponds to the smallest possible THD
of the line current.

3. The method of selecting inductance of PAF phase
reactors taking into account the parameters of elements of
the supply network and the load, i.e., the specific operat-
ing conditions of the PAF in the power supply system is
developed. The proposed method can be used in the de-
sign and manufacture of PAF for installation on concrete
objects.
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