https://doi.org/10.26552/com.C.1999.1.5-12

KOMNIKCCe

C O MMUNICATION:S

Branislav Dobrucky - Alena Ot¢enasova - Michal Pokorny - Rastislav Tabacek *

NOVE TRENDY V DYNAMICKEJ KOMPENZACII
A REKUPERACII ENERGIE V ELEKTRICKE] TRAKCII

THE NEW POSSIBILITIES OF DYNAMIC COMPENSATION
AND REGENERATION OF ENERGY IN ELECTRIC TRACTION

Cldnok uvidza dynamickii kompenzdciu, filtrdciu harmonic-
kych zloZiek a rekuperdciu symetrickych neharmonickych/nelinedr-
nych zataZi elektrizacnej siistavy. Je tu prezentovand novd origindlna
myslienka pouZitia Clarkeovej ortogondlnej transformdcie na vytvo-
renie stavového vektora skumanych velicin a ich rozkladu na redlnu
a imagindrnu cast. Vdaka Seststranovej symetrii stavového vektora
v komplexnej oblasti vzorkovacie a riadiace obvody filtra zvlddnu aj
rychle dynamické zmeny zdtaze. Analyza a vypocet cinného
whkonu/pridu zdataze méZu byt dokoncené v priebehu jednej stvrtiny
periody pre jednofizovi sustavu, alebo jednej Sestiny periody pre troj-
Sfazovi sustavu (z dat ziskanych v predchddzajicej Stvrtine alebo
Sestine). Odozva kompenzdtora na aktudlny stav zdtazZe je tak zabez-
pecend v najkratsom moznom case.

1. Uvod

Prud zatazi, ktoré (ak uvazujeme ich nelinearny charakter)
odoberaju jalovy a deformacny vykon, je zloZeny zo zakladnej
zlozky s jednotkovym ucinnikom vocCi napdtiu siete a harmonic-
kych zloziek, ktoré tvoria jalovy a deformacny kompenzacny

The paper presents dynamic compensation, harmonics filtration
and regeneration of symmetrical non-harmonic / non-linear loads in
energetic systems. The new original thought uses Clarke’s orthogonal
transform for creation of state-space vector of investigated quantities
and its decomposition into real- and imaginary components. The
acquisition and control circuitry of the filter can then handle fast
dynamic changes of the load, due to six-side symmetry of state-space
vector in the complex domain. The analysis and computation of the
load’s active power / current should be completed within one fourth of
the period for single-phase system and one sixth of the period for three-
phase system (from acquired data of previous fourth or sixth periods).
The compensator response to the actual state of the load then can be
as fast as possible.

1. Introduction

The current of the load, which needs (considering its non-linear
nature) to be supplied by reactive and distortion powers will be
composed of a fundamental component with a unity power factor
against the network supply voltage and harmonic components,

prud. constituted by reactive and distorted compensating currents.

Na elimindciu tychto javov je i source 1 joad i To eliminate this phenomena,
potrebné kompenzovat ucinnik —>p it is necessary to compensate the
a filtrovat harmonické zlozky, naj- @ yé power factor and filter higher
lepsSie v mieste ich vzniku - obr. 1. harmonic better than just in the

AC Source

To moze robit kompenzator
a aktivny filter, dokonca aj v pri-

T L futrer

point of their origin, Fig. 1.
Compensator and active filters

(non-linear)

padoch, kedy sa zafaZenie rychlo
meni.

Compensator and
Active Filter

can do this, even in the case of
rapidly changing loads.

Hlavnou tulohou kompenza-
tora alebo aktivneho iy, obr. 2,
je generovanie takého doplnko-
vého kompenzacného pradu i, ,
ktory po séitani s neharmonickym a fazovo posunutym prudom
zataZe i,,, zabezpeci, Ze z napdjacej siete bude odoberany iba
¢inny vykon (€inny a sinusovy prud i,,,,..):

Obr. 1. Blokovd schéma paralelnej kompenzdcie a filtrdcie
Fig. 1 Block scheme of parallel compensation and filtering

The main task of such a com-
pensator or active iy, Fig. 2, is
the generation of complementary
compensating current iy, such
that after its addition with non-harmonic and phase shifted load
current #,,,,, the only active power (active and sinusoidal current
) will be taken off the supplying network:

Lsource
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iload (t) = l_./ilter (Z) + isource(t) (1)
Vypocet tohto kompenzacného pridu je najdolezitejSou Cin-
nostou riadiacich obvodov kompenzatora. Vypocty sa moézu usku-
to¢nit dvoma roznymi sposobmi:
e UrCenim (meranim, alebo inym spdsobom) ¢inného vykonu
zataze:

1
PAV = 7[ ([load . vxourz‘e)dt (2)
kde v, je napitie zdroja. Amplitida zakladnej zloZky ¢inného
prudu:
2P
[lsource = v = (3)

soure

e UrCenim zakladnej harmonickej zlozky prudu zataze harmo-
nickou analyzou:

fioad = % + Z:l(a” cos(w, 1)) + Zzl(bn sin(w, * 1)) (4)

kde a, a b, su koeficienty

Fourierovho rozvoja a a, je Liteer

YY)

iload (t) = l,.filter (t) + isource(z) (1)
The calculation of this compensating current is the most
important activity of the compensator’s control circuit. The
calculations can be carried out in two different ways:
e By determination (by measurement or in another way) of the
load’s active power:

1
PAV = ?J‘ (iload . vsour(‘e)dt (2)

where v,,,,.. i the source voltage. Amplitude of the active current

fundamental component:

I Isource — ﬁ
V.

source

(3)

e By determination of the load current’s fundamental component
by harmonic analysis:

> (a, cos(w, )+ > (b, sin(w, ) (4

. a(}
lioaa = 7 +
n=1 n=1

where a, and b, are the coeffi-
cients of Fourier series and a, is

hodnota jednosmernej zlozky
analyzovaného priebehu. Ampli-

the value of DC component of
ana-lysed waveform. Amplitude

tuda a faza zakladnej zlozky pradu

and phase angle of the current’s

O,

potom su:
Lijad =V azl +b7;
b,
¢, = arctg(—) 5
a |
Amplitida pradu zdroja, =

(

ktory ma rovnaku fazu ako napétie
zdroja potom je:

( ¢ Chier | v
- 'r' e —7 | Y%  fundamental component are then:

¢ _\/ 2 2,
. Lijpaa = Vaj +b7;

b,

¢ = arctg(—)
4

The amplitude of source

current, which has the same phase
angle as the source voltage is then:

(%)

Obr. 2. Zdkladné zapojenie 1(3)-fazového kompenzatora

(6)

Il.source = [lload : COS(pl

2. Kompenzacia a filtracia
v ortogonalnej transformacii

V Clarkeovej transformacii bude mat urcita veli¢ina tvar:
. 2
x*(1) =73 X (1) tax, ()

kde x*(1) je stavovy vektor danej veliiny, x, , . su fazové hod-
noty a

1
—(2x

a:3 a_xb_xc);

X5 = g (= ) ®)

V trojvodiCovom symetrickom systéme: x, = x,, .

Fig. 2 Basic connection of 1(3)-phase compensator

(6)

Ilsource = Ilload ' COS(PI

2. Compensation and Filtering
under Orthogonal Transform

Any quantity under Clarke transform will have the following form:

ta'x, (z)] = X +)%g )

where x*(#) is the state-space vector of any quantity, x, , . are
phase values and

2 1
Py j=V—-1; x,=—(2x

a=e (123 a_xb_x();

X5 = g (= ) @®)

In 3-wire symmetrical system: x, = x,, .
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Pri vypocte P, zaloZenom na Seststranovej symetrii trajekto-
rie x*(¢) [3], [8] v Gaussovej rovine pre neharmonické veliciny, sa
moze integrovat v [ubovolnom &asovom intervale dizky 776 s rov-
nakym vysledkom ako v ¢asovej oblasti.

V pripade neharmonickych veli¢in v a i, m6Zeme dostat nasle-
dovné hodnoty ur¢ené pre Casovy interval od - 77/6 do 7/6:
3 3 76

P, =— —
AV 2 T

(Ve " i T vg " ig)det )

— /6

Uvedeny integral bol vypocitany podla predpokladov uvede-
nych v autorovom ¢lanku [10] a podrobny vypocet je uvedeny
v prilohe 1 v [11].

Podobnym sposobom sa ur¢i komplexny Fourierov koeficient
pre prud zataze:

3 76

C, = 3 jﬂ%{[ia cos(wt) + ig sin(wt)] +J [iﬁ cos(wt) — i, sin(wt)]} dowt

Podrobny vypocet tohto vztahu je uvedeny v prilohe dalSieho
autorovho Clanku [8].

V jednofazovom systéme mdZe byt pouzity nasledovny postup:

Jeho zakladom je vyjadrenie symbolického vektora a substit-
cia sinusovej funkcie:

cos(wt) — exp(jwt) = cos(wt) + j.sin(wt) (11)

Takto bude prud odporovo-induktivnej zataze v ustalenom
stave:

i*(1) = VeexpGan! | Z| explig) =

kde Z=R + jwL a ¢ = arctg(wL/R) a vysledok je redlna Cast
z i*(1).

Ak mame jednofazovy systém urceny
v(t) = Vcos(wt); i(t) = I cos(wt — @), (13)

po doplneni fiktivnej imaginarnej fazy, ktora je definovana

V(1) = V,sin(on); i(1) = I;sin(et — ¢) (14)
dostaneme ortogonalny suradnicovy systém, kde
Ve = v (1) avg = () (15)

Vo vseobecnosti sa fiktivna imaginarna faza moze vytvorit
posunutim povodnej jednofazovej veliciny doprava s fazovym
posunom rovnym —7r/2. To vyplyva zo Stvor-stranovej symetrie
trajektorie vektorovej veli¢iny v Gaussovej rovine [5]. Pozri obr. 3.
Pre veli¢inu so Stvor-stranovou symetriou musi platit nasledujiica
rovnica:
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Based on the 6-side symmetry of trajectory of x*(7) [3], [8] in
the Gauss plane for non-harmonic quantities, computing P, one
can integrate in an arbitrary time interval the length of 7/6 with
the same result as in the time domain.

In the case of non-harmonic quantities v and i, the following
values can be derived for time interval from - /6 to 7/6:

3 3 6
2w — /6

P, (Ve " i T Vg ig)dwt )
The above integral was calculated in accordance with the con-
siderations mentioned in the author’s paper [10] and the detailed

computation is in Appendix 1 of [11].
We obtain in a similar way the complex Fourier coefficient of
the load’s current:
(10)
The detailed derivation of the above equation is in the
Appendix of another author’s paper [8].
In the single phase system the following approach can be used:

The basis for this approach can be a symbolic vector expres-
sion and substitution of harmonic function as

cos(wt) — exp(jwt) = cos(wt) + j.sin(wt) (11)
thus for resistant-inductive load current in steady-state
I [cos(wt — @) + jsin(wt — @)] (12)

where Z =R + jwL and ¢ = arctg(wL/R) and the result is the
real part of i*(¢).

So, let’s define a single-phase system as
v(1) = Vcos(wt); i(t) = I cos(wt — @), (13)

After complementing by fictitious imaginary phase defined as

v(t) = V;sin(wr); i(t) = I;sin(wt — @) (14)
we obtain an orthogonal co-ordinate system whereas
Ve = v (1) and vg = (1) (15)

Generally, the fictitious imaginary phase can be created by
shifting ordinary single-phase quantity to the right with the phase
shift equal to — /2. It follows out from the 4-side symmetry of
vector quantity trajectory in Gauss plane [5], see Fig. 3. The
following equation must be valid for quantity with 4-side
symmetry

KOMUNIKACIE / COMMUNICATIONS 1/99 o 7
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X*(1) = x*(t — T/4) .

Lexp(j - m/2) (16)
a tieZ

x() = —x(t — T/2)

a x(1) = x(t — T/4) (162)

x*(t) = x*(t — T/4) .

cexp(j - m2) (16)
and also

x(t) = — x(t — T)2)

and x,(t) = x(t — T/4) (16a)

A zaverom mozZe byt uvedena
vSeobecna transformacna rovnica
pre jednofazovy systém:

x*(t) = K [x(1)

+ exp(j - 7/2) x(1) (17)
kde K je multiplikativna konstanta
(pre jednofazovy systém je rov-
nal)a

Obr. 3. Trajektoria vystupného napdtia jednofdzového
priidového menica v komplexnej Gaussovej rovine [5]

Finally, the general transform
equation can be introduced for
single-phase system

x*(t) = K [x(2) +

+ exp(j - m/2) x(1) (7

where K is multiplicative constant
(equal to 1 for single-phase
system) and

Fig. 3 Trajectory of output voltage of single-phase

Xo = X(t) a xg = x(1) (18a,b)
Fourierova analyza vySetrovanej veliCiny sa potom moze
vykonat v 1/4 Casovej periody, ako je ukazané na obr. 3. Komplexné
Fourierove koefeicienty su definované
4 114
Cr = —f xX*(1) - exp(—jot)dt (19)
T
Predpokladajme subor numerickych dat pre v(z) a v(¢) z [5],
pozri obr. 4. Vysledok dostaneme aplikaciou numerického riese-
nia integralov (9) substiticiou

T/4

[ x*(0) - exp(—jodn/2 =5 3[Rk - 0] + (R0) +AN)/2
0 Nk=1

kde N je pocet vzoriek, k je poradie vzorky. Vysledna trajektoria
zakladnej zlozky, dana C|, ¢, z (19), je na obr. 3 (bodkovana
Ciara).

Urcenie cinného a jalového
vykonu. Uvazujme teraz pre jedno-
duchost sinusové priebehy fazo-
vého napétia a pradu

v(t) = Vcos(wt) %

current inverter in complex Gauss plane [5]

X, = X(t) and xg = x(f) (18a,b)

Fourier analysis of investigated quantity is then possible to do
in 1/4 of time period as seen in Fig. 3. The complex Fourier
coefficients are defined as

4 T4
Ct = —j x*(1) - exp(—jwt)dt (19)
T
Let’s assume a set of numerical data for v(¢) and v/(¢) from

[5], see Fig. 4. The result can be gained by application of the
numerical solution of the integrals (9) by substitution

=
(20)

where N is the number of samples, k is the order of the sample.
The resulting trajectory of fundamental harmonic given by
C,, ¢, from (19), can be seen in Fig. 3 (dotted line).

Active and Reactive Power

i(t) = I cos(wt — @) (21a,b)

u(t) ui (¥ ive
/—\ Determination. Assume now, for
simplicity, harmonic waveforms
of phase-voltage and phase-current
/4 0 T4
% w(t) = Vcos(wt)
— i(t) = I cos(wt — @) (21a,b)

Pouzitim Casovo sub-optimal-
nej analyzy v transformovanych
ortogonalnych suradniciach pre
Stvorstranovl symetriu sa stredna
hodnota €inného vykonu P, v ori-
ginalnej (skutocnej) faze urci:

2 T4

PaBAV:_
T/)o

Py=—"2 [va i g iﬁ]dt (22)

Obr. 4. Casové priebehy v(t) a vi(t)
Fig. 4 Time waveforms of v(t) and vi(t)

Using the time-sub-optimal
analysis in transformed orthogonal
coordinates for 4-side symmetry an
average value of active power P,
of an original (real) phase

2 T4

PaBAV
- 7l

Py=—" [va i g iﬁ]dt (22)
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Stredné hodnoty €inného vykonu v imaginirnej faze P,
a jalovych vykonov oboch faz, originalnej Q,, a imaginarnej Q,,,
sa urcia podobnym spdsobom.

Metoda okamzitého jalového vykonu je aplikovana v [6] na
trojfazovy systém, ale vysSie uvedena tedria ju dovoluje pouzit aj
na jednofazovy systém:

Pag = Varlo T vgig

Gop = Vo ig = Vg - g (23a,b)

kde Pap @ 4op SU okamzité ¢inné a jalové vykony oboch faz
v ortogonalnych suradniciach. Pre sinusové priebehy su
konStantné a ucinnik sa moze vypocitat z fazového posunu,
obr. 5:

Q= arctg(M)
D af

(24)

Dolezité je, ze p,, q,, @ ¢ su v tomto sinusovom pripade
uréené okamzite, ¢o je zdsadnym prinosom uvadzanej metody.

V pripade neharmonickych zatazi hodnoty okamzitych
¢innych a jalovych vykonov nie st kon§tantné vplyvom existencie
deformacného vykonu, zapriineného harmonickymi zlozkami.
Potom okamZité ¢inné a jalové vykony su:

(25a,b)

Pap = PaBAV t Papac @ dupg= QaBAV + dupac

P aB=P apav
/

T/4 0 P

q op=¢ apar

a)
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Average values of active power of imaginary phase P, and
reactive powers of both original Q,, and imaginary Q,,, phases
can be determined similarly.

Utilisation of the instantaneous reactive power method is
used in [6] for three-phase systems, and the above theory allows

its use for single-phase systems as well
Pag = Vorla T Vg

Gop = Vo - ig = Vg - g (23a,b)

where p,g and ¢, are the instantaneous active and reactive
powers of both phases in orthogonal coordinates. For sinu-
soidal waveforms they are equal to constants and the
power factor can be determined by phase shift, Fig. 5

¢ = arctg<M>
V4 af

(24)

It is important that p,,, q,, and @ are in this sinusoidal case
determined instantaneously what is the essential contribution of
the introduced method.

In case of non-harmonic loads the values of instantaneous
active and reactive powers are not constant, due to the existence
of deformation power caused by harmonic components. Then the
instantaneous active and reactive powers are

Pap = PaBAV + Dapac and dap = QaBAV + dupac (25a,b)

Pa[MV Pop

-T/4 0 T/4
qop

b)

Obr. 5. Casové zdvislosti Dap ap ZloZiek vykonu pre sinusovii (a) a neharmonickii (b) zdtaz

Fig. 5 Time-dependence of instantaneous p g, q.g components of the power for sinusoidal (a) and non-harmonic (b) loads

V aktivnych filtroch st referenéné hodnoty kompenzaénych
prudov zalozené na znalosti vyssie odvodenych vztahov pre ¢inné
a jalové vykony, pricom stredna hodnota ¢inného vykonu musi byt
eliminovana. V trojfazovych aktivnych filtroch sa striedavé zlozky
vykonov obvykle ziskaju pomocou dolnopriepustnych filtrov,
niekedy vypoctom za ur€ity casovy interval (jedna perioda). V jed-
nofazovych aktivnych filtroch tieto metdédy neboli pouzité,
nakol'ko nebola k dispozicii teoria ortogonalnej transformacie pre
jednofazovy systém, popisana v tomto ¢lanku. Vdaka tejto teorii je

In active filters the reference values of compensating currents
are based on the knowledge of the above derived formulae for active
and reactive powers, where the average value of active power must
be eliminated. In three-phase active filters the AC components of
powers are gained usually by low-pass filtering, sometimes by
calculation through some time interval (one period). In single-
phase active filters those methods were not used because of the lack
of the orthogonal transform theory for the single-phase system
described in this paper. Thanks to that theory it is possible to

KOMUNIKACIE / COMMUNICATIONS 1/99 o 9
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mozné pocitat stredné hodnoty ¢inného a jalového vykonu za
1/4 casovej periody. Tieto stredné hodnoty sa mozu pocitat
spojito, pre kazdy Casovy okamih ¢, s pouzitim dat uloZenych za
predchadzajucu 1/4 periody.

3. Moznosti rekuperacie kinetickej a potencialnej
energie vozidiel

Podobne ako pri kompenzacii a aktivnom filtrovani je mozné
Setrit elektricki energiu rekuperaciou kinetickej a potencialnej
energie trakéného vozidla pri rekuperacnom brzdeni alebo udrzia-
vani rychlosti pri jazde po spade [7]. Zakladna schéma silovych
obvodov pre rekuperaciu energie je podobna ako na obr. 2. Kvoli
namahaniu vysokym napétim po-uzivaju sa dvoj alebo viacurov-
nové zapojenia, obr. 6.

compute the average values of active and reactive powers for 1/4 of
the time period. These average values can be calculated
continuously for each time instant ¢, using data stored for the
previous 1/4 of period.

3. Possibilities of kinetic- and potential vehicle’s
energy regeneration

Similarly to the compensation and active filtering, it is also
possible to save electric energy by the regeneration of kinetic- and
potential energy of the tractive vehicle at regenerative braking and
overrunning at down hill runs [7]. The basic scheme of power cir-
cuits for energy regeneration is similar to that as in Fig. 2. For
high voltage stresses, two- (or more) level connections have to be
used, Fig. 6.

Zdroj energie - brzdiaci trakény Y11 Ko b Ko L The source of energy - braking
motor (motory) musi byt pripo- A K § K c tractive motor(s) has to be con-
jeny na jednosmerny vstup me- ¥ Ao Y133 Kby T nected to the DC input of the con-
ni¢a. V pripade jednosmernej p verter. In case of DC electric
trakcie rekuperacny meni¢ moze “ traction, the regenerating convert-
byt umiestneny v trakénej me- Y122 Apo Wraa Kpua er should be situated in traction
niarni, navySe moze byt v trojfazo- VT2 ngMv D W T4 ZSDjD TC substation. It can also be used in
vom zapojeni. - > three-phase connection.

Pouzivané polovodicové suciast- The power semiconductor

ky. Obvykle, pre vykony do 1 MW,
moézu byt pouzité IGBT tranzis-
tory so spatnymi diédami. Pre
véacsie vykony (> 5 MW) a vyssie
napatia (3 kV js) musia byt
pouzité GTO tyristory alebo IGBT v dvojuroviiovom zapojeni.
Nakol'ko spinace musia byt oboj-smerné, je pouzitie unipolarnych
vykonovych tranzistorov (MOSFET, SIT) v inverznom reZime
vel'mi zaujimavou moznostou.

Podrobnejsi rozbor kvality rekuperacie elektrickej energie je
urobeny v pripravovanom ¢lanku.

4. Zaver

V ¢lanku boli uvedené nové metody dynamickej kompenzacie
a rekuperacie. Navrhované rieSenie ma vyznamné prinosy:

e Generuje kompenzacny prud,

Obr. 6. Dvojiiroviiové zapojenie rekuperacného menica
(jednofdzové zapojenie)
Fig. 6 Two-level connection of regenerative converter
(single-phase connection)

— 100%

devices being used at present.
Usually, for power up to 1 MW,
IGBT transistors with reverse
diodes can be used. For high per-
formances (> 5 MW) and high
voltage (3 kVdc) GTO thyristors or IGBTSs in two level connection
must be used. As the switches must be bi-directional, the use of
unipolar power transistors (MOSFETs, SITs) in reverse mode of
operation is a very interesting possibility.

The detailed analysis of regeneration’s quality will be accom-
plished in the paper that is being prepared.

4. Conclusions

The new methods of dynamic compensation and regeneration
are presented in the paper. The proposed solution has the follow-
ing important features:

e [t generates compensation

. </ ~ . S.00v S.00Y
ktory zabezpedi, ze priud zo & v +2 :

siete bude sinusovy a to aj
v pripade, Ze siefové napitie je
nesinusove.

e Pocita amplitudu zakladnej
zlozky sietového prudu vypoc-
tom ¢inného vykonu zafaze na
jednu Stvrtinu/Sestinu Casovej

5.00%/ Ay #1 STOP

current providing the main
current to be sinewave even at
non-sinusoidal main voltage.

E»

e [t computes the magnitude of
the fundamental component of
net current by computing the
load’s active power in one
fourth/sixth of time period

periody s pouzitim Clarkeovej/ 4
Parkovej ortogonalnej transfor-
macie.

Obr. 7. Casové priebehy zdtazového, sietového a kompenzacného priidu

using two-axis Clarke/Park or-
thogonal transform.

Fig. 7 Time waveforms of load-, source and compensation currents
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Vyhodnym rieSenim by mohla byt kombinacia tu uvedeného
LStvrtinového/sSestinového“ vypoctu a technicka implementacia
vypoctu zakladnej zlozky pouzitim analogovych integratorov na
rieSenie rovnic (9) alebo (10) v [8] (iba pre jednofazové systémy).
V sucasnosti sa uskuto¢nuje vyskum jednofazovych a trojfazovych
aktivnych filtrov riadenych v otvorenej slucke pre malé vykony
a vysledky uvadzané [11], obr. 7, treba chapat ako predbezné.
Vysledné experimenty s riadenim aktivnych filtrov v uzavretej
slucke budu pripravené pre publikaciu v najblizSom case.
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An advantageous solution should be the combination of “one
fourth/sixth“ calculations and the technical implementation of the
first harmonic calculation by the use of analogue integrators for
solution of equations (9) or (10) in [8] (for single-phase only).
The research in single- and three-phase versions of active filter
control in open-loop mode is now in progress in the low-power
scale, so the presented results [11], Fig. 7, can be understood as
preliminary. We would like to publish the final results of active
filter control in closed-loop mode in the near future.
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