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ABSTRACT

The source reactive-current compensation is crucial in energy transmission efficiency. The compensator design in fre-
quency-domain was already widely discussed and examined. This paper presents results of a study on how to design
reactive compensators in time-domain. It’s the first time the reactive compensator has been designed in time domain.

The example of compensator design was presented.
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1. Introduction

This article is a discussion on issue raised in the article of
L. S. Czarnecki [1] where the author consider if it is pos-
sible to make current decomposition into active, reactive
and unbalanced current in time domain and basing on it
build reactive compensators. The current decomposition
in time domain was presented in the previous articles [2,
3] and in this article is presented the reactive compensa-
tors design in time-domain.

2. Reactive Current Compensation in
Time-Domain

In the article [3] was shown that source-receiver current
can be decomposed into active and reactive current in “s”
domain i.e. for Laplace transform of signals. Reactive
current can be compensated with the reactive compensa-
tor. The source-receiver current decomposition is given
below:

I(s)=G"(s)E(s)+B°(s)E(s)=15(s)+15(s) (1)

where:

G° () =%(Y"(s)+Y"(—s)) )
B (s) :%(Y” (5)-7° (~s)) 3)

stand for the active and reactive parts of receiver admit-
tance operator Y°(s).

The I(s) transform for T-periodic signals is derived
using the following relation between non-periodic and
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periodic signals transform [3].
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where ¢ € [0, T), Re(g) > 0, T-time period.
It can be also calculated directly in time-domain as the
T-periodic convolution:

i(£)=(g" 1)+ (1)) ®e(t) Q)
where g°(¢), b°(¢) stands for T-periodic impulse response
of admittance active and reactive part.

Connecting in parallel the compensator (Figure 1) the
reactive current balance in time-domain states that:

b (t)+b°(1)=0 (6)
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3. T-Periodic Impulse Response of
Compensator and Receiver

Admittance of the elementary RLC compensator branch
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Figure 1. The zero impedance source with receiver and almost
lossless compensator connected in parallel.
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is:
1 s 1 R
Yk S)=———"""—, O, =—F——=, €E=—
(5) Lol +2es+s”  ° 4JLC 2L

(We assume later that the compensator is composed of
almost lossless elementary branches). And its reactive
part is then (3)

1 s s
B (s)=— +
(5) 2L(a)3+2€s+s2 a)f—2es+s2j

_ 1 s N N
_ZL[(a+s)(a*+s) (a—s)(a*—s)J

which leads to general form

B(S)zd(_a)+ (—a) d( )

a+s a +s a—s a -8

where L(s), M(s)—odd and even polynomials.
The residues meet the relations: if

_L(=e) _L(a) _
[B a+s ]‘ » _M'(—a)_M'(a)Zd
then:
d(a)=-d; d(—a) d*: d(a*):—d*
where:

M'(s) is the derivative of M(s) with respect to s, d—
real number.
Thus (7) reduces to

B(S)=d( S j+d*( Ll j ®)
at+s a—s a+s a —s

and under (4) and trigonometric identity
sh(a+ jf)=sh(a)cos(B)+ jch(a)sin(p)

where aT = a + jf.
We get

A<l ol i)

oo 2o 2)

)l 2)
o 2o 2 o[ )

®

In the case of almost lossless compensator i.e. for a —
0.

bt (t) =-2dRe
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wac)

b* (t)=-2d e(0,7) (10)
sin (’BJ
2
where:

B=0,T=2n Xe

XL
X - , X, _2nk —capacitive and inductive

2nC T

reactance for the main frequency f =1/T .
Residue for B'(s) in a =€ +jw, ~ jo, can be calcu-
lated as
1
(=) 2L

d= [Bk (s)(a + s)}

Thus the T-periodic impulse response of reactive part
of the elementary RLC branch (without R) has form

Lefoa] an

where:

tive resonance frequency of m-th branch, and is depicted
in Figure 2.

Later, in the article, it assumes that the reactive part of
receiver Y°(s) has only real poles, so the receiver is non-
oscillatory circuit not as the compensator.

For the single pole receiver e.g. R; or R¢ type the op-
erational admittance is

—angular and rela-

BO(S)Zb( L1 ) a>0
a+s a-s

thus its impulse response is

)

—

w =32

N s =

Figure 2. T-periodic impulse response of the compensator
elementary branch.
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t 1
h| Al ———
—at _ _a(t-T) s [ ( jj
bg(ij pe e _ T 2

= —aTl
T 1-e sh[A]
2

where 4 = aT, /T € [0, 1).

The coefficient » can be both positive and negative
what is shown below for the RRLC receiver (see Figure
3).

Its operator admittance is

1 1 1 1 1
Y°(s)= + =25, ~2b,. +—
RisL p. 1 a, +s a.+s R
sC
R 1 1 a 1
where ¢, =—, b.=—, b, =—, b.=—S=
UL YT RCT M 2L Y 2R 2RC

Then the reactive part of Y°(s) is

Ba(s)sz[ 1 ]_bc( 1 J
a,+s a,—s ac+s a.-—s
and its T-periodic impulse response is
i), (3
of t T 2 T 2
b (Fj:_bL y +b. y
sh(L sh| =<
2 2

where A; = a;T, Ac = acT.
For the receiver shown in Figure 4, the operational
admittance is

Y"(s):

1 1 s

= 2 2
L+R+SL L w, +2as+s

sC
1

Jic

R .
where o, = , a=z and for the positive poles

Figure 3. Example of the RRLC load.

_ =9

Figure 4. Example of the RRLC load.
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a’—w® >0, Y(s) takes form

1 s b b
Yl) — — 1 2
(S) L(a1+s)(a2+s) (a1+s+a2+sJ
where @, =a+a’-®; , a,=a—\Ja’ -—a; and the

coefficients b;, b, are then

b= [V () +9)]| =5

Y 2L ay-a,

The reactive function b’ (%J (12) is shown in Fig-

ure 5. It is necessary to distinguish the two cases when b
>0and b < 0. When A4/2 — 0 the curve become straight

line.
o) t_l t
b (—j— Zb(— —ZJ —e[O,l] (13)

because sa(x) — 0 for x— 0.
Thus we arrive to the compensatory balance Equation
(6) in a new form

. t 1
v o s1n(2nwm [T—?_D ,
> . =b”(—j (14)
=L, in(mw,, ) T
bn[ij (13)
T
(12)
T !
2
(2) U
T

b (L) (13)
T

(12)

(b)

>~]|~ N | —

Figure 5. T-periodic single pole reactive operator impulse
response of the load (a) RL (b > 0); (b) RC (b <0).
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where M—total number of compensator branches. B +B°=0
The solution of (14) (see Figures 6 and 7) for the un-
knowns L,, and C,,, can by find with optimization method. Wherke: )
The (14) can be rewritten in respect to D,, and w,, B,, B, —frequency response of compensator and re-
y celver susceptances,
S D, sin| 21w, (L_lj b (ij (15) n=1,2,3--- —harmonic number. ' '
el T 2 T For the elementary compensator branch (L¢ in series)
the branch elementary susceptance is
where
n 1
B=—r———
Dm = . 1 > Wm = [ﬁJ I’lz _ﬁ XL
L, sin (nwm) X, " X,
The relative frequencies of Lo compensator branches Thus the formula of reactances balance (19) (see Fig-
have to meet the condition ures 6 and 7) takes form
M. n 1 2=n
———=—08 20
; w-wL T " (20)

sin (7w, ) # 0
The Equation (20) is the counterpart of (11) trans-

Thus we must choose relative resonance frequency w,,
of compensator branches as not the even numbers
formed to optimization task (18).

Then in the particular case of the R, in series receiver

w,, # p ; p—even number.
The set of Equations (14) can be then solved for D,, by
we get the set of M linear equations for all L,, of compen-

minimizing &°.
5% —> min (16) sator branches
T ¥ 1 n X, n
where — =- L =B’ 21
2nas L, (n2 —Wi) R +Xn* " @)
2
, & ) t 1 ot t
) =JO > D, min| 2aw, | ——— | |-b°| = || d| = where
m=1 r 2 T T n—harmonic number,
m—Dbranch number.
Comparing (18) with (21) we can see that both formu-

After equate to zero appropriate partial derivatives
las are the system of linear equations, but in (18) we have

f

f

|

00
220
oD,
) 804 (a)
and assuming that 60
w,=m+a, m=123,; 0<a<l (17) PO 404 )
20 ™.
we get necessary minimum condition in form of the set 0 T
of M linear equations for D,, 2 0.005 .010 0.015 .| 0/020
= A ¢ T,
u.(=1)""sin(2ne) —40
Dm - an —60 4
l b ( m+n+ 2a)
| (18) 80
1 t t t
=2| b°| = |sin| 2w, | ——— — o |
J (TJ ( ”’(T 2D [Tj ‘ © / | ,' || ( | |
. B°+B"\}}r"|}}/
Then we use relation D, = - as to calcu- | I | |
L, sin(mw,,) | | | | N | |
| | |
late L,, of compensator branches. OF el 1] #] ] fs i8] | ||1'o
The offset o in (17) must be less then 0.5 as to assure T ] e (] ]
L, positive. ,'l I" ] l' | ||' ||| (|
. , [
. . ! | | | | |
4. Frequency-Domain Compensator Design oL Il
Figure 6. T-periodic time-domain response: (a) Receiver
b°(?); (b) Compensator (—b"(t)) and frequency response; (c¢)

The frequency-domain approach is a well known method
B”(w/wl) +B"(w/wl), fora= 1/4.

(see M. Pasko [4-6]).
The counterpart of (6) in frequency-domain is
cSs
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Figure 7. T-periodic time-domain response: (a) Receiver
b°(®); (b) Compensator b*@®) and frequency response; (c)
B”(w/wl) +Bk(a)/wl),fora= 1/10.

the impulse response instead of the frequency response
of the receiver.

5. Calculation Example

Let consider the RL load in series for which: P =500 [W],
T=0.02 [s], w, = 314 [rad/s], AL = T/t =10, L, = 25.7
[mH] and M = 10, =——time-constant of the load.

Effective compensation is up to 5-th harmonic (see Fig-
ures 6 and 7).

The integral in the right side of (18) was calculated
numerically using 21 samples and time samples was shifted
by 7/21/2 due to singularity problem.

6. Conclusion

The frequency response method used until now to syn-
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thesis Lc compensators and considered the only one [1],
has its counterpart in time-domain. In both approaches
the L¢ parameters can be found with simple optimization
techniques for linear system. The only difference is that
in (18) we can use directly the impulse response of the
load (differentiated step response) instead of harmonic
analysis. Moreover it is the first time in literature that the
time-domain reactive compensator design is presented.
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