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Modelling of a Filter-Compensating Device with a Controlled
Reactor Compensator

Oleksandr Zhuk?, Serhii Trybulkevich, Dmytro Zhuk, and Volodymyr Ryabenkij'

! National University of Shipbuilding n.a. Admiral Makarov, Mykolaiv, Ukraine

Abstract

Improvement directions of the adjustable power line conditioners (APLC) intended for an autonomous
electric power system (EPS) with semiconductor converters (SC), which contains a resonant LC filter (RF) and
a reactor compensator (RC) with pulse width regulation (PWR) are considered. The conditions for alignment the
frequency characteristics of electric power systems with the spectra of harmonics generated in the power network
by both semiconductor converters and reactor compensators are defined. The possibility and expediency of using
the proposed improved structure of the controllable filter-compensating device, in which the main reactor filter
is also interference-proof in relation to the reactor compensator with pulse-width regulation, have been proven.
Theoretical conclusions are confirmed by a model experiment.

Keywords
Controlled filter compensating device, reactor compensator with pulse-width control, non-sinusoidal
coefficient, model experiment.

1. Introduction
1.1. The problem of electric power quality in the autonomous electric power
systems

The problem of electric power quality assurance and electromagnetic compatibility in autonomous
electric power systems (EPS) in modern marine vessels and platforms is very relevant in connection with
use of powerful semiconductor converters (SC) on them as part of electric propulsion systems, propulsion
devices and various technological electric drives. In such power systems the decrease of electric power
quality is due to two reasons: presence of higher harmonics in consumption current and main harmonic of
this current phase shift relative to the mains voltage.

The development of effective adjustable power line conditioners (APLC) for autonomous (ship) electric
power systems with SC is associated with specific, often contradictory requirements, fulfillment: reactive
power compensation accuracy in statics and dynamics, high speed, higher harmonics effective reduction in
a wide frequency range to limit non-sinusoidal coefficients of network voltage and consumption current,
minimum number of adjustable circuits.

The task is complicated by the fact that modern active or hybrid adjustable power line conditioners
themselves are sources of higher harmonics, due to the presence of semiconductor switches in their
composition [1,2,3,4,5,6].

Ensuring power quality and conditions of electromagnetic compatibility by improving adjustable power
line conditioners structure and control principles, by using a high-speed reactor compensator (RC) and also
by matching electric power systems frequency characteristics with harmonics spectra generated by both SC
and RC.

1.2. Research tasks and objectives
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1. Power unit improved structures construction principles development and high-speed adjustable
power line conditioners control methods substantiation.

2. Electric power systems equivalent resistances frequency characteristics analysis and current
harmonics, which are generated by SC and RC, reduction coefficient analysis, with adjustable power line
conditioners different versions. Harmonics resonant increase exclusion conditions determination.

3. Analysis results and practical recommendations verification by means of a model experiment.

2. The autonomous electric power system structure with SC and APLC

An autonomous electric power system with SC and adjustable power line conditioner generalized
scheme is shown in Fig. 1, a. The generator (supply network) is represented by a sinusoidal EMF with an
amplitude and short-circuit resistance, a transformer or an input reactor SC — by resistance. The adjustable
power line conditioners include a resonant series LC filter (RF) consisting of resistances X ,, X, and a
reactor compensator conditionally indicated by an adjustable equivalent resistance at the fundamental
harmonic X g .

€Cs 7

is

1l
1
3

d)

Figure 1: The autonomous electric power system structure with SC and APLC:
a) generalized scheme; b) APLC1 — with RC phase control; c) APLC2 — with RC pulse-width regulation and
its own anti-interference filter; d) APLC3 — with RC pulse-width regulation and RF use as an anti-
interference filter
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RF tuning frequency order corresponds to zero of the system frequency characteristics and is selected
from the condition vgeo= a)RFO/a)z JXco/X o = P—1, where ag, — the filter resonance frequency,
— the network frequency, and p — SC pulsation.

Reducing higher harmonics, RF is simultaneously a reactive power generator at fundamental harmonic
Qre =3U2% /(Xco = Xpp), Where U, — effective value of the phase voltage of the network (

U = En/v2).
RC consumes reactive power Qg. =3U §h/x rce - The RC scheme with phase regulation on the basis of

counter-parallel connected single-operation thyristors (APCL in Fig. 1, b) was widely used [4]. The main
disadvantages of this scheme are low-frequency harmonics generation in the input network, as well as a
significant regulation delay time, which is half of the network period T/2=7/w.

The listed shortcomings are limited to the high-speed reactor compensator with pulse-width regulation
(PWR) at high frequency (Fig. 1, c, d).

The three-phase reactor compensator with a semiconductor pulse-width regulator based on alternating
current keys main structures are shown in Fig. 2.a,b. Thanks to connectedness properties of three-phase
circuits without a neutral wire, simplification is achieved in these schemes compared to the direct
combination of single-phase regulators. For example, four and five keys are used instead of six in the
diagrams in Fig. 2a, b, respectively. Semiconductor alternating current switches made on the basis of
transistors and diodes are presented in Fig. 2, ¢, d. Two-operation thyristors can be used instead of
transistors. The key version in Fig. 2, c is preferable, as it contains a smaller number of controllable
elements.

- VT1
" \_/
A Sl Al XLC I\;Il)] \IJIM
™ " "
VD3 VD6
_/
— 1 1
B S2 B’ Xic ™~ ™
e | e VD5 VD2
I o
S5 < L <
C C' XiLc g &
# — A B C
a) b) e)
VI'B]I ‘B{” VT1 VDI
L _X_Z_[>|_
VT
2 =
,—3—Z 2
Kl e 1 g —
<t < ;
VD4 VD2 vI2 Vb2
c) d)

Figure 2: Three-phase RC with a semiconductor PWR: a, b — RC basic structures, ¢, d — alternating current
semiconductor switches, e — short circuit on one direct current semiconductor switch

Switches S1 and S2, periodically switched at the same time, connect the reactor X, . to the three-phase
voltage during the time interval t;. Switches S3, S4, and S5 are switch on only when S1 and S2 are switch
off and serve to short the reactor phases for a time t, . Thus, the PWR commutation period T, =t, +t,. RC
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inductance control is carried out by changing the conductive state relative time of the keys S1, S2 (duty
cycle) y = (t1 +t, )/TC . During the pulse-width regulator operation, there is a periodic alternation the reactor
connecting modes to three-phase voltage the and the modes of its three-phase short circuit. VVariable RC

phase equivalent resistance Xpee =X o /7°.

In contrast to Fig. 2a, in the diagram in Fig. 2b, instead of shorting the reactor phases with three parallel
switches, interphase shorting with two switches S3 and S4 is used.

In the diagram in Fig. 2, b, instead of two AC switches S3 and S4, a short-circuit breaker with one DC
switch, shown in Fig. 2, d, can be used.

Fig. 3 shows a modified three-phase RC circuit with PWR. Here, the serial switches made on transistors
and diodes connected in opposite parallel. The current and voltage forms in phases of the regulators made
according to the schemes of Fig. 2, a, b and Fig. 3 are the same and are presented in Fig. 4.

VD9
<
P w : ~
& — vV
\z
VD8
Blvis| | vt |
\
VD7
s
VD1 VD4
1A [
N N
VD3 VD6
1A 1A
N N
VD5 VD2
1 11
N N
VT1

==

Figure 3: Modified scheme three-phase RC with PWR

So that the phase currents and voltages of system with RC and PWR do not contain constant components,
it is necessary to ensure the switching frequency f, =1/T =n @27, where n, =6k, k =123.... Under
these conditions, in steady states, the voltage and current curves will be periodic, and their spectra have a
discrete character. For modern power modules based on IGBT keys, the switching frequency can reach 20
kHz.

Each branch of the RC with a serial switch in relation to the external circuit is a source of pulsed quasi-
sinusoidal current. These current higher harmonics (interference) have orders of v =kn, +1, where

k =1,2,3.... RMS values of these harmonics.

2421 oh SiN vy

ccw ~ X
LC

(1)

v

To protect supply network from HF interference created by the PWR, it is possible to include an L-
shaped low-frequency anti-interference filter (LFF) formed by elements X, ., X (Fig. 1c) at the input of

the RC.
It is recommended to choose X, << X, (for example X r=0,05X,c). The value X is selected

from the ensuring the necessary filtration coefficient condition, which shows how many times the final
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interference amplitude in the composition of the compensator phase current i, at the switching frequency
is less than the initial one in the current composition i .
Filtration coefficient

Ke z(27Zf1<)2/5"|2|=0' )
where o, =+/1/(L-C) —own resonant frequency of anti-interference filter. Therefore,
XCF <n5X|_|: . (3)

It follows from (3) that, for example, when K =100, @, = 01w, =012 ).

1Lt

Figure 4: RC with PWR phase voltages and currents time diagrams : a) voltage on the reactor uc; b) reactor
current iic; ¢) series switch branch current icc and the input phase current of the RC igc

When choosing a sufficiently high switching frequency ( fo ~20kHz), in contrast to the power

resonance filter included in the PKU, the RC anti-interference filter is "light" [7].
Due to the anti-interference filter presence, the RC input current izc has an almost sinusoidal shape. Its

RMS value
Ire = lecq) =y ph/XLC . (4)

RC reactive power consumption
Qre =M pnlre =305 /X ¢ - (5)

RF parameters are selected based on two conditions: limiting the supply voltage non-sinusoidal nature
and SC reactive power compensation. The condition for full reactive power compensation for any SC-
APLC system mode is the ratio

Qre _QRC _Qsc =0. (6)
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Here and further, we will assume that a thyristor converter (TC) is considered as a SC. Reactive power

consumed by SC
Qsc zIdVU§O —Uj, (7)

where U 4, is the maximum rectified voltage corresponding to the control angle  =0"; U, 14 — current
values of rectified voltage and current.
If the rectified current is equal to the nominal (14 = I,,,,) in the entire regulation range of the SC, then

Qg takes the maximum value at the minimum value U, =U .., corresponding to the maximum control

angle o, :
Qscmax = Idnom\fugo _Ugmin ) (8)

In this case, the necessary RF and RC reactive powers are determined from the ratio

QRFmax = QRCmax = QSCmaX' (9)

In accordance with [8,9,10], it is necessary to determine the system voltage non-sinusoidal coefficient
value Kg with the APLC parameters found in (9). It may turn out that condition (9), necessary for reactive

power compensation, will be insufficient to limit K , i.e. to compensate for the distortion power. In this
case, at the next stage of the calculation, the initial values will assumed

Q&Fmax = Q&Cmax = QSCmax +AQ, (10)

where AQ is the step of iteration.

The final RF and RC parameters selected values must ensure the limitation of the non-sinusoidal system
voltage coefficient in the most intense mode at the permissible level, i.e. the condition must be met

KUSmax SR.USIim' (11)

In order to develop recommendations for the APLC schematic solution as part of autonomous electric
power systems with SC, it is necessary to consider the system's resistances frequency characteristics
[11,12,13,14,15].

Proceeding from the superimposition principle, it is advisable to perform an equivalent circuits analysis
of system with APLC2 for higher harmonics brought to the inputs of SC and RC, which are shown as higher
harmonics currents sources /¢, and /gc, (Fig. 5, a, c). The corresponding equivalent reactive resistances

frequency characteristics are determined from the expressions

Xescy = ((sz)_l + (X — "Xco/‘/)_1 + (X e+ (X RCE)_l - V/XCF)_l)_l)_ll (12)
Xercy = ((((sz)il + (X — VXCO/V)il)il +vX LF)71 - V/XCF)il‘ (13)

The frequency characteristics have zeros and poles corresponding to voltage and current resonance
modes. It is of interest to determine poles frequencies order at which an undesirable higher harmonic
generated by the source’s resonance increase is possible.
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b) d)
Figure 5: System SG-SC-APLC equivalent replacing schemes, given respectively to the SC and RC inputs: a,
¢ — for the system with ALCC2; b, d — for system with APLC3

I'Il(‘, v

The analysis shows that frequencies order of two poles p; and p,, which each of the characteristics has
Xese, and Xgge, , turn out to be the same and weakly depend on the RC equivalent resistance value. When
Xrce = they are defined as positive real roots of biquadratic equation

Av* +Bv? +C =0, (14)
Where
A= X oX g+ XX g+ X5 X,
B =X oXcr + XcoX g + XsXcp + X5 Xeo,
C=XcoXcr-
Consequently
2
ny = ((B—(B2-4AC)Y2/2A) ", (15)
2
y = ((B+ (B2 —4AC)Y22m)2. (16)

On the basis of (15) and (16) it is possible to establish that
M <Vgro; VrRro < H2 <VRgro, (27)

Where V":O = a)":() /a) .
The smallest higher harmonics generated by SC and RC orders are respectively equal

VsCmin = P -1mn VRCmin = Pk -1. (18)

In order to exclude the resonant harmonics, increase in the system the following matching the frequency
characteristics of the equivalent resistors with the spectra of SC and RC harmonic condition must be
fulfilled.
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(M1 &12) < (v rzmin &V gmin) - (19)

It is not difficult to make sure that for the system with APLC2 (Fig. 1, ), this condition is almost always
not observed in relation to SC harmonics. For example, at p=6 and », =396 (f, =19800 Hz) in

accordance with (20) veemin =5 and veemin =395. The orders of RF and IF tuning frequencies are made
Vereo =5 and v £01v, i, =39 in accordance with the above.

At the same time, according to (19), u; <5 and 5<u, <39. Thus, the separate "light" anti-interference
filter for RC use creates an additional system frequency characteristic pole, the order of which is u, > vecnmin

. Therefore, in the APLC2 scheme, presented in Fig. 1, ¢ and providing effective reduction of high-
frequency harmonics generated by RC, conditions arise for resonant increase of relatively low-frequency
harmonics generated by SC. The specified shortcoming can be eliminated using an improved the APLC3
scheme (Fig. 1, d), in which the RC is connected directly to the RF at the connection point X o and X¢gq.

With such a schematic solution, the RF with the tuning frequency order vreq =vscmin the simultaneously

performs two functions: a power resonant system filter in relation to the SC and an L-shaped low-pass filter
in relation to the RF.

Thus, the additional second pole of system resistance frequency characteristics and the resonant
harmonics increase are excluded, as well as the simplification of the APLC is achieved. The frequency
characteristics of the system equivalent reactive resistances with the improved APLC3 relative to the SC
and RC are determined in accordance with the substitution schemes (Fig. 5, b, d) from the expressions

Xese = (VX )_l + (X g = (Xgee )_1 - V/ Xco)_l)_l)_l' (20)
Xerpy = (V(Xs + X 10)) " =v/Xco) (21)

Additional analysis shows that when switching from APLC2 to APLC3 and unchanged RF parameters,
based on the full reactive power compensation condition, the value X,. should be reduced by

vaeol (vieo —1) times (by 4%). At the same time, the order of the zero frequency of the system resistance

characteristic increases compared to vge, by 1+1/v3-, times (by 2%), which practically does not affect

the higher harmonics reduction efficiency. Therefore, the APLC2 main parameters determining method
described above is also applicable for APLC3.
Using the obtained frequency characteristics expressions Xgsc, , Xgrew — (12), (13) and (20), (21), it

is possible to determine the SC and RC currents harmonic reduction coefficients frequency dependences of
the systems with the investigated APLC:

Kiscy, =lscy/lsy :|VXS/XESCV|' (22)
Kigey = lrey /s,y :|VXS/XERFV| . (23)

3. The results of calculation and modeling of the autonomous electric power
system (taking into account APLC)

Autonomous electric power system with SC harmonic distorted voltages and currents frequency
characteristics comparative analysis was performed based on the corresponding analytical calculations and
modeling for various variants of the APLC results. The following circuit and mode parameters U ,, =220
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V, X5 =0020hm, Xs. =0,010hm, p=6, a3 =30°, ap =60°, Igyom =1400 4 =const with « =0..90" are
accepted as initial parameters.

The APLC with the PWR calculated parameters are determined in accordance with the above
methodology. Xcg =0.2270hm, X, =9,07-10° Ohm, X, .=0,2180hm, f, =19800 Hz, X =157
Ohm, X g =0,0110hm.

Calculated equivalent reactive resistances frequency characteristics for systems with APLC2 and
APLC3 are presented in Fig. 6, a, b and Fig. 6, c, d, respectively. SC currents harmonics reduction
coefficients frequency dependences graphs are shown in Fig. 7. The characteristics (curves 1, 2) limiting
positions of the corresponding to the values Xgce; = X ¢ and Xgeg, = are shown.

For the system with APLC2, the characteristic has 2 poles: p; =28 and 30,65<pu, <3175, and the
harmonics reduction coefficient in the range 279 < v <333. Consequently, when using APLC2, a the 29th
and 31st harmonics orders resonant increase generated by SC is possible. In the system with APLC3, the
only characteristic pole Xgqse, g =28 ison the left vs.i, =5. Therefore, for this variant, the resonant
harmonics increase is impossible.

Follows from Fig. 7b that at v=5 K, — o, and in the range 5<v<o Kgc, =333, i.e. APLCS,
completely eliminating the 5th harmonic, provides effective reduction of all other higher harmonics
generated by SC. The calculation Kgc, according to (23) shows that APLC3 also provides a RC generated
high-frequency harmonics reduction by more than 20,000 times. To compare the APLC efficiency, the
summary MATLAB package (Simulink) modeling results of the specified options and modes are presented
by the generator (network) voltage and current non-sinusoidal coefficients values in the table. 1, as well as
the corresponding time graphs and spectra in Fig. 8. The model experiment corresponds to the theoretical
analysis results.

4 4
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Figure 6: System equivalent reactive resistances frequency characteristics Xgge, and Xggg, : @, b — for the
system with APLC2; c, d — for the system with APLC3
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Figure 7: Current harmonics reduction coefficients frequency characteristics &, : a) for APLC2; b) for
APLC3

Table 2
Voltage and current non-sinusoidal coefficients in an autonomous electric power system with SC
Thyristor Without APLC APLC1 APLC2 APLC3
control
Kus , % Kis, % Kus, % Kis, % Kus, % Kis, % Kus, % Kis, %
angle
ay =30° 17,84 24,32 6,29 4,99 27,74 11,39 5,97 4,79
a, =60° 23,47 26,55 8,96 9,95 34,28 24,06 8,61 9,54
Us(tplsin) Without APLC @=30"  Kus=17.84%  Kis=24.32% Usv Fundamental (50Hz) = 291.1 , THD= 17.84%
Bo o 10 '
300 - ﬁ:u g 5%
1000 €8
200 ydl K % 2
100 5% £6
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=100 500 % 3 ‘
200 22
—300"““”;/ \JE; : Ly ||” ||I| .||
400 1500 o 0.945 095 0,955 0.96 0.965 087 0975 w I
Lt s WILAPCLL 0-30° Kus—629%  Kis—4.99% i
noUA s Fundamental (50Hz) = 311.1. THD= 6.29%
400 1500, : ‘
e o
300 1000 :: :
200 - /y £
10 9004 £1s
o o o / b) £,
400 oo / £
200 o 208 ‘ J |
300 ~1000" % Ml kb \..|.J|. A
S =0 10 20 0 50 60
400 -15007 0945 095 7955 (03 0965 ag7 0975 ic Harmonic order
Us(tpls(t) With APT.C2  o=30°  Kus=27.74%  Kis=1135% Usy E (50Hz) = 307.7, THD= 27.74%
A
400 1500
LU Im\ %25
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Harmonic order
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Figure8: Electric power system with SC modeling results: a) without APLC; b) APLC1 (RC phase regulation);
c) APLC2 (PWR with a separate low-pass filter for RC); d) APLC3 (PWR using RF as low-pass filter for RC)

4. Conclusions

1. Theuse of all considered variants of APLC provides almost complete reactive power compensation,
that is, the mains voltage and current consumption main harmonics phase shift elimination (cosgy) =1).

2. The APLC1 and APLC3 use provides a significant generator (mains) voltage non-sinusoidal
coefficients reduction in the compared to the option without compensation (by 2.84 and 2.98 times,
respectively). However, APLC3 has an undoubted advantage — a 200-fold reduction in the regulation delay
time.

3. The RC with the PWR and a separate anti-interference filter use in the composition of the APLC2
leads to a significant increase in the non-sinusoidal voltage coefficients (by 1.55 times) compared to the
case without compensation due to the resonant increase of the 31st order harmonic. This phenomenon is
explained by the fact that a separate low-frequency interference filter, effectively reducing the generated
by the PWR RC harmonics, simultaneously causes the system resistance frequency characteristic pole occur
at the frequency of the 31st order, that is, the resonance mode of corresponding current harmonics generated
by the SC. Thus, the use of the APLC2 schematic version is inappropriate.

4. The modeling results confirm the correctness of the obtained conditions for matching the SC and
RC system frequency characteristics harmonic spectra, according to which the most effective version of the
improved APLC3, in which the RC with PWR is connected to the reactor and RF capacitor connection
point, is the most effective. In this case, there is no need to use a separate anti-interference filter, since the
branch with resistance X o and X¢o simultaneously performs the functions of both a resonant filter for

harmonics generated by SC and an L-shaped low-pass filter for harmonics generated by RC with PWR.

5. This scheme, being approximately the same in configuration complexity as APLC1 (with RC phase
regulation), is 4% superior to the latter in terms of the reducing non-sinusoidal voltage and current of SG
(distortion power compensation) efficiency.
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