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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 0LX , 0CX  and a 

reactor compensator conditionally indicated by an adjustable equivalent resistance at the fundamental 

harmonic RCEX . 

 

  
a) b) 

  
c) 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 RС 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 1ν 0000 −=== pXX LCRFRF  , where 0RF  – the filter resonance frequency,   

– the network frequency, and p  – SC pulsation. 

Reducing higher harmonics, RF is simultaneously a reactive power generator at fundamental harmonic 

( )00
23 РCphRF XXUQ −= , where phU  – effective value of the phase voltage of the network (

2mph EU  ). 

RC consumes reactive power RCEphRC XUQ 23= . 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 ωπT =2 . 

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, c, 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. 

 

 
 

 

a) b) e) 

 
 

 

c) d)  
Figure 2: Three-phase RC with a semiconductor PWR: a, b – RC basic structures, c, 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 
LCХ  to the three-phase 

voltage during the time interval 1t . 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 2t . Thus, the PWR commutation period 21 ttTC += . RC 
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inductance control is carried out by changing the conductive state relative time of the keys S1, S2 (duty 

cycle) ( ) CTtt 21 += . 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. Variable RC 

phase equivalent resistance 
2/LCRCE ХХ = . 

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. 

 

 
Figure 3: Modified scheme three-phase RC with PWR 
 

So that the phase currents and voltages of system with RС and PWR do not contain constant components, 

it is necessary to ensure the switching frequency /2/1 ккк пТf == , where kпк 6= , ...3,2,1=k . 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 1= кkп , where 

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

 






sin22

LC

ph

)CC(
X

U
I =  (1) 

 

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 СFLF ХХ ,  (Fig. 1c) at the input of 

the RC. 

It is recommended to choose LCLF ХХ   (for example LCLF ХХ 05,0= ). The value CFХ  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 РCi  at the switching frequency 

is less than the initial one in the current composition CCi . 

Filtration coefficient 

( )
2

0

2
2≈

IFКF fK  , (2) 

 

where ( )FFIF CL10 =  – own resonant frequency of anti-interference filter. Therefore, 

 

LFкCF ХпХ 2 . (3) 

 

It follows from (3) that, for example, when 100=FK , ( )CКIF f 21,01,0≈0 = . 

 

 
 

a) b) 

 
c) 

Figure 4: RC with PWR phase voltages and currents time diagrams : a) voltage on the reactor uLC; b) reactor 
current iLC; c) series switch branch current iCC and the input phase current of the RC iRC 
 

When choosing a sufficiently high switching frequency ( 20Cf kHz), 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 RCi  has an almost sinusoidal shape. Its 

RMS value 

( ) LCphCCRC XUγII 2
1 == . (4) 

 

RC reactive power consumption 

LCФRCphRC XUIU 2233Q == . (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 

0=−− SCRCRF QQQ . (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 

22
0 dddSC UUIQ − , (7) 

where 0dU  is the maximum rectified voltage corresponding to the control angle 
0= ; dd IU ,  – current 

values of rectified voltage and current. 

If the rectified current is equal to the nominal ( dnomd II = ) in the entire regulation range of the SC, then 

SCQ  takes the maximum value at the minimum value mindd UU =  corresponding to the maximum control 

angle max : 

2
min

2
0maxQ dddnomSC UUI −

. 
(8) 

 

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

 

maxmaxmax SCRCRF QQQ == . (9) 

 

In accordance with [8,9,10], it is necessary to determine the system voltage non-sinusoidal coefficient 

value USК  with the APLC parameters found in (9). It may turn out that condition (9), necessary for reactive 

power compensation, will be insufficient to limit USК , i.e. to compensate for the distortion power. In this 

case, at the next stage of the calculation, the initial values will assumed 

 

QQQQ SCRCRF +==
maxmaxmax , (10) 

 

where Q  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 

 

limmax ≤ USUS КК , (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 SCІ  and RCІ  (Fig. 5, a, c). The corresponding equivalent reactive resistances 

frequency characteristics are determined from the expressions 

 
111

СF
1

RCELF
1

C0L0
1

S ))))((()()(( −−−−−− −++−+= XXXXXXXESC  , (12) 
1

СF
1

LF
11

C0L0
1

S ))))()(((( −−−−− −+−+= XXXXXXERC  . (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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a) c) 

  
b) d) 

Figure 5: System SG-SC-APLC equivalent replacing schemes, given respectively to the SC and RC inputs: a, 
c – for the system with ALCC2; b, d – for system with APLC3 
 

The analysis shows that frequencies order of two poles 1  and 2 , which each of the characteristics has 

ESCX  and ERCX , turn out to be the same and weakly depend on the RC equivalent resistance value. When 

=RCEX  they are defined as positive real roots of biquadratic equation 

 

024 =++ CBA , (14) 

 

Where 

 

00 LSLFSLFL XXXXXXA ++= ,  

000 CSCFSLFCCFL XXXXXXXXB +++= ,  

CFC XXС 0= .  
 

Consequently 

 
21212

1 )2)4((( AACBB −−= , (15) 

21212
2 )2)4((( AACBB −+= . (16) 

 

On the basis of (15) and (16) it is possible to establish that 

 

01 RF  ; 020 RFRF   , (17) 
 

where  /00 IFIF = . 

The smallest higher harmonics generated by SC and RC orders are respectively equal 

 
1min −= рνSC  и 1min −= кRC пν . (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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)&()&( minmin21 КП  . (19) 

 

It is not difficult to make sure that for the system with APLC2 (Fig. 1, c), this condition is almost always 

not observed in relation to SC harmonics. For example, at 6p =  and 396=кп  ( 19800=кf  Hz) in 

accordance with (20) 5min =SC  and 395min =RC . The orders of RF and IF tuning frequencies are made 

50 =RF  and 391,0≤ min0 =кIF   in accordance with the above. 

At the same time, according to (19), 51   and 395 2  . Thus, the separate "light" anti-interference 

filter for RC use creates an additional system frequency characteristic pole, the order of which is min2 SC 

. Therefore, in the APLC2 scheme, presented in Fig. 1, c 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 0LX  and 0CX . 

With such a schematic solution, the RF with the tuning frequency order min0 SCRF  =  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 

 
111

0
1

0
1 ))))((()(( −−−−− −−+= СRFELSESC XXXXX  , (20) 

1
0

1
0 )))((( −− −+= CLSERF XXXX  . (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 LCХ  should be reduced by 

)(2
0 1ν/ 2

RF0RF −  times (by 4%). At the same time, the order of the zero frequency of the system resistance 

characteristic increases compared to 0RF  by 2
0/11 RF+  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 ESCX , ERCX  – (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: 

 

  ESCSSSCISC XXIIК == , (22) 

  ERFSRFIRC XXIIК S== . (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 220=phU
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V, 020,X S = Ohm, 01,0=SCX Ohm, 6=р , 301 = , 602 = , 1400I =dnom А const=  with 90..0=  are 

accepted as initial parameters. 

The APLC with the PWR calculated parameters are determined in accordance with the above 

methodology. 22700 ,X C = Ohm, 3
0 1007,9 −=PX  Ohm, 218,0=LCX Ohm, 19800=кf Hz, 7,15=CFX

Ohm, 011,0L =FX Ohm. 

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 LCRCE XX =1  and =2RCEX  are shown. 

For the system with APLC2, the characteristic has 2 poles: 821 ,=  and 75316530 2 ,,  , and the 

harmonics reduction coefficient in the range 333927 ,,  . 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 ESCX  821 ,  is on the left 5min =SC . Therefore, for this variant, the resonant 

harmonics increase is impossible. 

Follows from Fig. 7b that at 5=  →ISCK , and in the range 5  33,3K ISC  , i.e. APLC3, 

completely eliminating the 5th harmonic, provides effective reduction of all other higher harmonics 

generated by SC. The calculation IRCK  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. 

 

  
a) c) 

  
b) d) 

Figure 6: System equivalent reactive resistances frequency characteristics ESCX  and ERKX : a, b – for the 

system with APLC2; c, d – for the system with APLC3 
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а)  b) 

Figure 7: Current harmonics reduction coefficients frequency characteristics IПК : a) for APLC2; b) for 

APLC3 
 

Table 2 
Voltage and current non-sinusoidal coefficients in an autonomous electric power system with SC 

Thyristor 
control 
angle 

Without APLC APLC1 APLC2 APLC3 

USK , % ISK , % USK , % ISK , % USK , % ISK , % USK , % ISK , % 

301 =  17,84 24,32 6,29 4,99 27,74 11,39 5,97 4,79 
602 =  23,47 26,55 8,96 9,95 34,28 24,06 8,61 9,54 

 

 

a) 

 

 

b) 

 

 

c) 
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d) 

 

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. The use 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 ( ( ) 1cos 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 0LX  and 0CX  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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