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Voltage Harmonic Distortion in Autonomous Electric
Power System with an Adjustable Power Line
Conditioner

Oleksandr Zhuk', Dmytm Zhuk?, Dmytro Kryvoruchke?
' Department of Theoretical Electrical Engincering and Electronic Systems, *Department of Marine Electric Power Systems
Admiral Makarov National University of Shipbuilding
Mykolaiv, Ukraine
vicedirector201 2@ gmail com

Absfraci— An improved analytical method For estimating of
voltage harmonic distortions in awtonomous  electric power
syatem (AEPS) with powerful semiconductor converter (SC) and
hybrid adjustable power line conditioner [APLS) had been
proposed. APLC consists an uncontrolled resomant lilter and
WA controlled reactor compensator. An analysis of piecewise
Tunction ol voltage in steady state regime of the system is Tullilled.
The analyiis i taking into account the inNuence of its elements
and their parameters. Analytical expressions for the vollage
harmanic distortion factor were abtained taking into accouwnt the
entire voltage harmonics apectrum in a closed linite forme T he
amparison o analytical ealeulations and computer simulation
results had been executed.

Keywordi— adjustable power ling conditioner (APLC), inactive
wumponent of the fofl power, reactive power (BPp, power guality
P, voltuge and corent rarmonic difortion facers, pefseswidih
muddiwlafion (PWM ), confroifed reacfor compensawr (CRCp

I. INTRODUCTION

A, General Terms and Definitions

The resulting distorted form of grid voltage from higher
harmaonic emissions and the consumption of reactive power
{RP) on the main harmonic is accompanied by the operation of
powerful installations with semiconductor converters {SC). To
reduce these negative effects and to ensure the conditions of
clactromagnetic compatibility active and hybrid adjustable
power line conditioners { APLC) are used [1,2,3,4]. The safety
of the operation of modem seagoing vessels and structures
with powerful SC depends on the successful solution of the
actual tasks of APLC improvement and methods of assessing
their effectivenecss. Some awtonomous clectric power systems
{AEPS) of these objects contain frequency converters
according to the scheme “"controlled rectifier — load-driven
current inverter”. Rowing and technological synchronous
maotors with a total capacity oftens of MW are such load.

Tatal harmonic distortion { THD) factor of voltage is one of
the main conditions of the electricity gquality deterioration.
Sometimes it results in an AEPS accident. [ts integral index is
determined by the distortion coefficient of sinusoidality,
which is nomalized by temritorial and intemational standards
[41,

P78 1-5286.25 56853100 E20 18 EEE i3

h

where Ligyy, Lgpq is RMS primary and w-th harmonic
woltage respectively, ¥ag i the highest harmonic order that is
wken into account. The values of vy, adopted in different
normative documents differ significantly. For example, [5]
and [6]take into account 40 and 200 in respectively.

To prevent unacceptable ermoms in determining &, the
following factors should be taken into account [7]:

— muteal influence of power sources, SC, APLC on ncal
clectromagnetic processes in AEPS at  finite {mon-zero)
switching angles;

— commensurability voltage harmonics in a wery wide
range of frequencies and therefore need to consider the whole
range of harmonics.

B Regsgrch Tasks and (hhjectives
The purpose of this work is to obtain analytical expressions
of determination of &j; in a finite closed form by analysis of

clectromagnetic proccsses in AEPS with SC and APLC,
comparison of analytical calculations with the results of
computer simulation.

II. DEFNITION OF TOTAL HARMONIC DISTORTION FACTOR

The single-line equivalent scheme of AEPS with SC and
hybrid APLC for phase A is depicted in Fig. 1. The gencrator
{power grid) is mepresented by a  sinusoidal EMF
gy =E_s5in® and a shon-circuit resistance Xp, 5C is the
source of the periodic nomsinusoidal cumremt [g., of the
primary winding and the shor-circuit resistance X of
transformer. The hybrid APLC includes a resonant LT filter
{RF) {Xep, Xpp) and a2 controlled meactor compensator
{CRLC), which contains a reactor with impedance X, and a
dual-operational semiconductor switch keys with pulse-width
modulation {PWM). CRC is an adjustsble eguivalent



2018 IEEE 3rd Inicrnational Conference on Intelligent Energy and Power Systems (IEPS)

Xpe =X, /5 at high switching frequency

impedance y
{(f=10...20kHz), where 5 is duty mtio of PWM.

Simultancously RF is an impedance filter for CRC with PWM
by connecting the CRC to the point of connection of the
inductance and capacitance of RF [§].

—IE.

Fig. 1.
and APLC

The singleline squivalem scheme of amonomoss AEPS with 3C

The setting  of

Vi =1|I|ch I Xppam—1
response characteristic of the system relative to the nodes o
and ] has a ZETO of order

frequency order of RF
{m iz pulse of 8C). The frequency

é:JXCE{XI_,: + X VX - Xo-) and a pole of arder

b= X o g + X g+ X X + X X )

If SC is made on a three-phase bridge circuit with single
type transformer windings the cument shape fg-y can be
considered as blocks of egual trapezoid (Fig. 2). The hases
2m/3+y and height of trapezoid {[,is
rectified cwrrent, kp is transformation ratio, o and Yis
control angle and switching angle).

lgp =141k

ad
€4 £ £
-.\\
FE/E\GE e
. - B
iTE:
: \
oy
Fig. 2. Diagram of immmansos valoes of the generator phase valages

and load currem i,

The assumption of the linear nature of switching current
does not cause significant errors and allows to apply the
operator method of scparaie components to determine the
instantaneous value of the grid veltage w;, considering

cument jo-, as the known perturbation [7]. Based on the
principle of imposing g, is defined as the difference between
two components, The first (sinusoidal) is the source of EMF
&4 and the second { distorting) is the source of current Auwg-y

tgy =KpE, sin 80— Aug, | )
where Kp = Xofg +1 X + X5 Ju?+1)).

In steady state the valee Aw,, on each N continuwous
interval of cument fg., is determined by the method of
separate components [9]

) = ¥ Reslz,o (V&L (ple” |-
[
=Y Reslz.a(plr (o™ ], @)
=
where !}Eliﬂl.rp]. I}H_,.l.rp] is operator image of the current
lgry in this interval as an analytic and as a periodic function,
mapectively; Z,.(p) is operator resistance of the system

defined through the inductance and capacity of its elements
relative to the nodes g and 0!

PLelp?lyCol g + 1L+ L]
P CoLgr b+ Ly )+ { Ly +Lg +Lop)

Zq(p)= )

The fist component of {3) is the sum of residues at all
paoles of hoth functions I_;.é; (p) ard Z_.(p). Only the poles
of finction Z,.(p) take into account the residuals of the
second component. The operator images of current i, is

given in Table 1. There ae the beginning of the count
coincides with the beginning of each interval. Expressions for
the instantancous wvalwes of  Ayg, on the intervals of
continuity in accordance with {3) are presented in Table 2.
Following designations is accepted:
a={¥ o+ Xl Xe+ Ko+ Kae )t M=1-p" /2%
Ny =sin{py/2)-sn{un/3) feos{pms 2);
N, =sinfuy/ 2] cos{un/ 6)/ cosfum /2.

At the switching interval n/6+osB8 sa/6+om+7 the
ratio for the phases A and C is executed

gy —Ngg = 21X g dige, /40 3]

The cguation for deicrmining the switching angle y is
obtined by inegration {5):

AT 1T
Sk E, sin] 1:»:+?r |sir.?r+ %.’h‘sir‘.#'{=
L 2] 2

=X +ak, Ve &)
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TABLEl. THEQFERATOR BLAGES OF CURRENT J._.iu_-._I

Interval a el |
T T I om0
I —+osEE —+m+y ——
6 6 m
0 in Tasc |
I —4O+yERE —+ - |
6 [ P |
in in Igr g
m Llasoeligey | SE o
[ [ P e
3 T
v — 4o+ L —+n o
3 ]
TABLE Il THE MSTANTANEOUS VALUES OF Alc,
Interval a Aligy
% K Tmr Xy | [ T, . +.1]
| =T B = === g =M cmu @ - == =2IN e u B —n—-=] |
ik ikt - 1 | s = peos 2|
s Sx 2 g X p o ¥ ;|
i} R T o = | g TS N siny @—p-L_ T
] & ¥ - \ 2 2/
Sn Sn Lo X | [ S . | + =
i inEsfEs T saey — S ) - M| cos B -0 - =)= 2N, siny B - —-s—=||}
3 ] T L ! 2 |
Lh Tr 2 e X ]
v —T—i:r:—',rﬁE'lﬁ—T—u: —L S M, -:-:Li_l.{El—i:c—-r—ﬁ'l
] 1 b 2
The angle 7y cant be found explicitly directly from the . .
gy |- 100%, (&)

transcendental equation ().
Taking into account the smallness of angle 7 in neal
modes {7 < 207 ) and replacing the sinus and cosine functions

by the first definition terms of the corresponding power series
the equation {(§) is reduced to square equation. The salution of

(6] is
v=| =B+ B —44C |24, )
where A =':£.4:IF.'£E_,, coso;  B=i3 E:L‘.'L-E_,, sinm;

C

g+ akou /1 Nase

Expression (1) can be depicted in a finite form based on
the Pameval's eguality. It allows to determine the THD of
woltage taking into account the entire harmonic spectrum:

fad
L

where AL is full RMS value of the fundamental harmonic

and AL, is the RMS value of the fundamental harmanic of
the phase voltage distorting compaonent A, .

As a piccewise-continwous function in half of the period of
component Au,, is defined for phase A (Table 2), then
TE! G

J':ue_;,,m .
T

@)

~

Taking into account Table 2 expression {9) is reduced to

Xilier o .
—EdEE 52 1'(—4£5-in.”'|"-“"
o' h

-_".u'_'é' - "r*Lsinl_uT—
’ | 2u
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N2+ N2 |4

i I. h! .r,
=2IN,| ¥==—sinpuy |sinp—+2
ot TR Ir_. R

Lt . L

1 {4 T : I
+=coE Uy Ny sinp=——N7 sin— | . {1m
i \ 3 £

The RMS values of the grid voltage main harmonics and
its distorting component are determined as follows

U

i
=Kp| | E=Xelgqy sin w+t
L

T
2)

_ PR
| Xl oos| as L |] , (i
AU gy = KeXeleon), 12

where !_T::|=':‘J'E.-'ﬁ:lra75 sinfy/ 2) 4y /2] is the RMS wvalue

of the main karmonic of SC consumed cument;, E = E_ 1"1_
is the RMS valwe of the main harmonic of source EMF,

Expressions (2-12) are also valid for AEPS without APLC.
In this case follow parameters is: Xpp —v =) Xpp— o)
Xpgr —e=and in the above expressions a=1, Kg=I,
Wi=l, M=0.

OI. ANALITYCAL CALCULATION AND SDULATION
MODELLING. SELECTING THE SYSTEM PARAMETERS
The values of Ry are found by described analytical
calculations method and by simulation in MATLAB
{Simulink). s are companed in Table. 3. AEPS and APLC
parameters is: S, =IMWVA, U, =220V, X =0,02 Ohm,
KNer =001 Ohm, [, =14004A U, . =4IV, k=1,

Ko =0,227 Ohm, X, =9,07-107 hm,
X =0, 218 0hm, §, =19800Hz.
Two maodes of SC were investigated:
Mode 1 =30, [~ =400 A;
Mode 2: =60, .- =14004
TARLE I1l. THDFACTOR Ky ¥ APS
Ao, %
Mode APS without APLC APS with APLC
Analytical Analytical
calculation Modeling calculation Mindeling
1 16,393 17,54 597 593
) 12,56 23,47 8,61 EGE

36

The graphs of voltage y, and current j; are obtained by
mode 2 in the system with the absence and with the presence
of APLC. The comparison of the mesults of calculation the
gaph of u; that is built by simulation modelling and
analytical caleulations in fig. 3 are given.

[Ty ]

winl

i

e 1 1 L "
T el [ L [T
)

Fig.3. The diagram of volage ug and cumem igin AEPS withom {2} and
wizh {hy APLC
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The caleulation of &p by commonly used simplified
technigue hased on the assumption of instant switching [10]
leads to almost iwice the overestimation of the result
compared to the meal walue. The ermor is caused by the
assumption that the wvoltage harmonics are determined by
CHpression

i) =y~ I':vxj ™+ |""Xr.|:- - I':'-'X!: -

—u-.-'x:c.]"r]-: N Y 13

and it form a divergent series.

The above mesults shows that the proposed analytical
method is sufficiently accuraie and genemal. It is wvery
convenient for solving the problems of estimating the power
quality indicators (voltage distortions) depending on the
circuit and mode parameters of the AEPS with SC and APLC.

The choice of APLC parameters is performed under two
conditions. The first is the compensation of RP (g~ and the

second is the necessary limitation of THD voltage factor £ .

The condition of full RF compensation for any mode of the
system is

Forwm = Paran =Uorag

where gy is the maximum RP of 5C;, (arew, and
(ar mge is Teguined maximum capacities of the RF and CRC;
Nzl is the reguired multiplicity of the compensation
TESETVE.

Full RPF compensation is already possible at N =1.
Sometimes an increase in this value is needed to achieve the
requined limit of THD K .

If in the whole range of regulation DC current is egqual to
nominal { g =1 }, then

e

(14)

sy 15 the maximum and minimum valuee

wheme U, and U
of the rectified voltage at the control angles o, =0 and
., Tespectively.

Thus, the paameters of the clements of the BF can he
found in the expression

Xy =303 E =1 VO ). (15)
Keo = XLI:"‘% ) (15

The reguired inductance of CRC
X =30 N {17

if duty ratio of PWM 5=1.

The results of voltage distortion studies in Table. 3 and
Fig. 3 comesponds to the APLC parameters according to the
multiplicity of the compensation reserve NV =1.

Fig. 4 constructed dependences K|, from N for regimes |

and 2. Dependences indicate an effective neduction of 1 with
increasing &V .

Ky (%)
a
a\
.
—
P [l Mudle 2
T
o Mode 1 —
4 — =] --“--'
'!-__-_-
3
1
0 N ()

1 LY L4 L& LB T LI E4 L6 LB 3

Fig.4. The dependences volage THD Ky from N in the AEPS with
APLC

The graphs show that if the APLC has a 3-fold
compensation neserve of reactive power, then Ku is neduced
maore than twice.

The proposed anmalytical method allows estimating the
effect of the technological spread of the RF parameters on the
woltage THD.

The surfaces that illustrates the dependence of &, on the

mameers of the resonant branch (O, Li,), when the
deviation of these parameters from exactly calculated values
in the range of £10%% is shown in Fig. 5 and Fig. & The
surfaces comespond to the considered example of the system
with APLC in mode | and mode 2 in respectively.

Fig. 5. The dependmce of Ky
ms amamt fiker in mads 1

an the ppamees Ly and O af e
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Fig. &.

The dependence af K,
resanant fiker in made 2

o0 the paramerers L and € af de

The form of the surfaces is explained as follows.
Deviations in the parameters of RF elements (L, and C)
cause changes in the frequency response characteristic of the
system’s resistance. [ts is the zero position and the angle of
asymptote of this chamacteristic, which in tum affect the grid
volage distortions,

At constant values of C and change the values of L, the
main influence is exered by the position of the asymptote. I
L, decreases the angular coefficient decreases  also.

Therefore, all harmonics and the total harmonic distortion
factor decrcases. The opposite deviation of L, causes an

increase in K.

If L, and the position of the asymptote is unchanged, the
shift in the zero of the frequency response characteristic of the
system’s resistance has a determining effect on the harmonic
distortion. If C increases the order of the 2ero frequency
shifis to the left with respect to the order v, =m—lof the
lowest-frequency of the higher harmonics {in our case
v, =5). With the opposite deviation of C, the zero shift
oocurs to the right. In hoth cases, a non-zero harmonic of the
order of v, appears in the spectrum. Howewer, in the first
case, the value of this harmonic s somewhat less than in the
second. Correspondingly, &, decreases with increasing C)
and increases with decreasing C .

ComCLUSIONS

This paper explores the features of the change in total
harmonic  distortion {THD) factor of woltage in the
autonomous clectric power system (AEPS) with powerful
semiconductor converters {5C) and hybrid adjustable power
line conditioner (APLC). The work allows drawing the
following conclusions:

l. Based on the Laplace transform the analysis of
clectromagnetic processes in AEPS with 5C and APLC is
performed. The analysis tskes into account the mutual
influence of the system clements. Expressions for the
harmaonic distortion coefficient of voltage in the final form are
ohbtained taking into account the entire spectrum of harmonics.

L

2. The proposed method is sufficiently general and
acceptable for AEPS with APLC and without APLC. The use
of the method also allows further theoretical analysis of the
woiltage guality when the parameters of the scheme and
operating conditions of the system is changed.

3. Testing on the MATLAB model confirms the reliability
of the obtained analytical expressions and the efficiency of
APLC. Ky is meduced by almost three times with full
compensation of the reactive component of the current K.

4. A zignificant decrease in K. can be achieved by
increasing the meactive power of the APLC relative to its
sufficient value.

3. The changes in K|, due to the permissible technological
dispersion of the RF parameters in the APLC structure is well
comelated with this spread and does not exceed +10% . The
smallest value of K, maches at simultancous maximum

deviations L, in the decreasing direction and O, in the
increasing direction. The largest value of K maches in
opposite deviations of these parameters.

REFERENCES
B, Sabmii, OV, Kyrylenka, 5.P. Demysiai, “Smarn elactrical grids of
power sysiems and dher  dechmological smpart”,  Tekhmichma
elek rodymamiia, 201 0, no. & = pod 50
AF. Frarkin, DUO. Nowskiy, D0, Mabiheds, “Hybrd fikers
ooy paTEating cameerars far the dres.phace sysems with nonlinear and
wriahls loads”, Tekimichna eledcradynamike, 2015, na. 4, pp.. 4852,
EL Sakal, G.G. Zhemeay, DUV, Tugay, "Power electronics and energy
dvelopment concep? “Smant Grid®, Special o= Fregy saving. Power
Engimzeting. Energy Amdit, 30 13, val. 1, no 8 {114} pp. T=14.
WL Mikhalskiy, V.M. Sabalew, V.V, Chopyic, 1A Shapoval, "The
minimizetion sRegy of mdesimble immamEneos powe components
with differem topologies of shum  active  fiher”  Tekimichma
sk madyramiia, 201 4, na. 1, po. 41500
GOST 1310997 Electic energy. Elctomagnetic compatibility af
wechmical equipment. Power quality limits in poblic electrical sysems,
00z,

i

14

4]

&

6] The Shipping Regimer of Uimeine. Rules for Clusification and
Comsmaction of Sea«(ing Ships. Part X Elcrical Equipmen:.

7] AK. Fwmk, "Analx vivenhve saevyih filrov me mesimosoidabnos
mpnazheniya v avionammyih  ekitromergaticheskih  shemah s
tiristornyimi | precbmezovatehami”  Tekimichra  Elekodvramiia,
Sylova eleioroniia @ enerhosfiek tvnis”, val. Z, 2004, pp 9324,

AKX, Fok, DA Tk, DV, Krivorachka, "Contralled hybrid fikers
compemmating gear” Pasem of Uloeine Ma 120790, 2017, Bal. 22,

Y. Ambekov, Osnovy teorii wcepej: Handbook, 3 ed. 357, S4Pb.:
silans, 2009, 432 m

B.Y. Abramav, BM. Parfenav, la.W Shevyinew, “Methods for selecting
e ppamees aof e sep-type fiker compensating devices for dnyrisar
dectric drives in sysems of commemsrae power”, Elekmmechmyia,

%]
19

(10



