Chapter 4

Reactive Power Compensation in Energy
Transmission Systems with Sinusoidal
and Nonsinusoidal Currents

Milan Stork and Daniel Mayer

Abstract A standout amongst the most noteworthy current talks in electrical
designing is the meaning of the responsive power under nonsinusoidal conditions in
nonlinear electric frameworks. New meanings of responsive power have been
talked about in the most recent years. Despite the fact that the component of electric
energy stream for nonsinusoidal conditions is all around depicted today, so toll is
not yet accessible a summed up power hypothesis, and hypothetical figuring for the
configuration of such gadgets as dynamic channels or element compensators.
Thusly the undertaking of planning compensators for advance energy transmission
with nonlinear time-fluctuating loads in nonsinusoidal administrations is, a long
way from clear. Voltage and current harmonics created by nonlinear loads incre-
ment power losses in transmission frameworks and, in this manner, negatively
affect effectivity of appropriation frameworks and parts. While a few harmonics are
brought on by framework nonlinearities, for example, transformer immersion, most
harmonic are delivered by power electronic loads, for example, flexible velocity
drives and diode span rectifiers. In this chapter the reactive power compensation for
sinusoidal and nonsinusoidal circumstances, where nonlinear circuit voltages and
streams contain harmonic are explained and reenacted. The results can be used for
control algorithms of automatic compensators which are also described. The main
aim of this chapter is based on the dissipative systems theory and therefore theory
of cyclodissipativity which can be used for calculation of compensation elements
(capacitors, inductors) for reactive power compensation. The compensation ele-
ments are determined by minimizing line losses. It will show that approach base on
dissipative systems theory provides an important mathematical framework for
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analyzing and designing of compensators for reactive power compensation even for
general nonlinear loads. The presented theory is supplemented by a series of
examples and simulations.

4.1 Introduction

A standout amongst the hugest current examinations in electrical designing is the
meaning of the reactive power (RP) under nonsinusoidal conditions in nonlinear
electric frameworks. New meanings of RP have been talked about in the most
recent years. Despite the fact that the component of electric energy stream for
nonsinusoidal conditions is all around portrayed today, so admission is not yet
accessible a summed up power hypothesis, and hypothetical computations for the
configuration of such gadgets as dynamic channels or element compensators. In this
manner, the undertaking of planning compensators for improve energy transmission
with nonlinear time-changing loads in nonsinusoidal administrations is, a long way
from clear. Voltage and current harmonics created by nonlinear loads increment
power loss in transmission frameworks and, in this manner, negatively affect
effectivity of conveyance frameworks and parts. While a few harmonics are created
by framework nonlinearities, for example, transformer immersion, most harmonic
are delivered by power electronic loads, for example, notice adjustable speed drives
and diode span rectifiers. In this chapter the reactive power compensation for
sinusoidal and nonsinusoidal circumstances, where voltages and streams contain
harmonic are contemplated and mimicked. The outcomes can be utilized for control
calculations of programmed compensators. The fundamental point of this section
depends on the dissipative frameworks hypothesis and along these lines hypothesis
of cyclodissipativity which can be utilized for estimation of compensation com-
ponents (capacitors, inductors) for RP pay. It will demonstrate that approach base
on dissipative frameworks hypothesis gives a numerical structure to breaking down
and planning of compensators.

Reactive power investigation and compensation are significant for conveyed era
and deregulation, which are the two primary procedures reshaping electric energy
frameworks today. Conveyed era requires a portrayal of complex loads with bidi-
rectional power streams, both in enduring state and in incessant homeless people.
Deregulation requires exact evaluation of power streams, as well as of pay
endeavors and different administrations that incorporates numerous members and
chiefs.

Our inspiration is to think about inert power and probability of pay for energy
frameworks. Today, the exchanging power converters can working at time interims
much shorter than the key (50 or 60 Hz) period. Numerous broadly utilized outline
instruments (e.g., those taking into account the idea of “quick reactive power”) are
described solely in the time space. Their application once in a while results in
presentation of harmonic that were not present in the first waveforms. This, thusly,
might energize unmodeled progress, and bring about unsatisfactory drifters. The
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specialized means for online pay of polyphase frameworks are simply getting to be
accessible. This is valid for power electronic converters (e.g., voltage-sourced
inverters with quick exchanging and short reaction times) furthermore for control
equipment (e.g., reasonable miniaturized scale controllers with sign preparing
ability).

Improving energy exchange from an air conditioner source to a load is an
established issue in electrical designing. The outline of power frameworks is such
that the exchange happens at the key frequency of the source. Practically speaking,
the proficiency of this exchange is typically diminished because of the phase shift in
the middle of voltage and current at the major frequency. The phase shift emerges
to a great extent because of energy streams portraying electric engines. The power
variable (PF), characterized as the proportion between the genuine or dynamic
power (normal of the immediate power) and the clear power (the result of rms root
mean square estimations of the voltage and current), then communicates the energy
transmission proficiency for a given load. The standard way to deal with dimin-
ishing the responsive power is to utilize a compensator between the source and the
load. Theoretical configurations of the compensator regularly expect that the
identical source comprises of a perfect generator having zero output impedance and
delivering an altered, simply sinusoidal voltage. On the off chance that the load is
straight time invariant (LTI), the subsequent enduring state mutt rent is a stage
moved sinusoid, and the PF is the cosine of the phase shift point. Accessible
compensation innovations incorporate e.g. the pivoting hardware as well as
exchanged capacitors and inductors and power electronic converters, for example,
dynamic channels and adaptable air conditioning transmission frameworks.

4.2 Reactive Power Review

Energy handling frameworks have experienced significant changes as of late. This
procedure is principally determined by a longing to build proficiency, with
diminishment in energy costs, energy losses (and cooling necessities), and part
measure. For productivity changes have been created the new advancements, (for
example, power electronics), and use of quicker actuators and controllers.

It is imperative that there exist useful impediments applicable for displaying and
control of dormant power. For instance, because of limited exchanging frequency
there exists a scope of frequencies where a dynamic channel (regularly a voltage
sourced inverter) can work viably. The execution criteria are themselves innovation
subordinate—numerous instruments accessible in the field can just gauge amounts
in the scope of roughly 1.5 kHz, however the most astounding harmonic utilized for
metering reasons for existing is frequently the 23rd. Another for all intents and
purposes essential class of requirements is powered by material science of voltage
sourced inverters, for example, limited energy storage, with constrained permitted
voltage variety of the primary capacitor and conceivably lacking voltage extent for
following of higher current harmonics.
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(a) Harmonic Standards: Standards and suggestions that recommend execution
criteria for electrical hardware are advanced by various associations around the
world (more than 50 national guidelines are said in [1]). The most powerful
ones originate from the International Electrotechnical Commission (IEC) and
by the IEEE, [1-3]. While the IEEE-519 prescribed practice concentrates on the
client/framework interface (the purported purpose of regular coupling) and on
higher power levels, the IEC-1000 standard (additionally embraced as the
European standard) incorporates limits for individual bits of gear, and
approaches to gauge the harmonic. These archives commonly list the extent of
particular (low) current harmonics (both in relative and in outright terms), and
an aggregate amount known as the total harmonic distortion (THD), that con-
fines a potentially weighted total of squares of consonant sizes. Watch that all
significant global measures are indicated in the frequency area. While these
benchmarks can be deciphered as outside imperatives powered on the specialist
outlining an energy handling framework, it is critical to recall the real frame-
work indications of expanded harmonics. These incorporate hardware impacts,
(for example, disappointments of wires, power component redress capacitors,
transformer and engine overheating, breaker stumbling) and framework wide
issues (squinting of glowing lights and glint of glaring lights, impedance on
correspondence frameworks) [3]. A late study of North American utilities [4]
recommended that while the quantity of loads that create current harmonic
when supplied with a (near) sinusoidal voltage is expanding powerfully, there
exists an essential absence of comprehension of energy streams including
nonsinusoidal waveforms and of approaches to decipher benchmarks.

A word about classification while everybody concurs that dynamic (or genuine)
power is the dc part of the prompt power (every one of these amounts will be
characterized right away), a few creators save the name responsive power for the
supplement of dynamic power (the dormant power) at major frequency, or for the
component that can be repaid with direct latent circuit component; we utilize the
assignments reactive and idle reciprocally (for additional on a proposed brought
together phrasing see [5]).

(b) Power Systems: A spearheading chip away at this subject was attempted in
Europe in the seventies, and brought about the Fryze-Buchholz-Depenbrock
(FBD) strategy, compressed by the originator in [6]. This reference brings up
the likelihood of figuring ideas in the frequency space. Late down to earth uses
of this time-area approach are exhibited in [7, 8].

Different references by Czarnecki, e.g. [9—13] together with here and there
warmed running with trade [14], tended to the issue from a power structure per-
spective, and portrayed diverse miracles of utilitarian energy for circuit-based
compensation in unbalanced three-stage systems. A repeat space presentation of
Czarnecki breaking down of three-stage systems is presented in [9]; we later give a
complete explanation in the general case. Note that other orthogonal weakenings
are doable for the sections of the inactive present, for instance, the one showed in
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[15] that disconnects the part compensable by direct shunt components. A related
responsibility by an IEEE Power-Engineering Society Working Group is shown in
[16]. An instructive and sensible power system test is given in [17].

The unmistakable power is one of the key thoughts while describing diverse
sums in polyphase structures, and a material science based comprehension is given
in [18]; a former study on the subject is depicted in [19]. A novel power system
organized presentation of the thought responsive power with respect to vector
spaces and repeat parts is given in [20]. From the theoretical perspective, our
investigation heading contrasts from the strategy depicted in [20] in our emphasis
on projections in vector spaces where a polyphase sign is identified with by a
singular part (point) of a suitable Hilbert space. This new vector space licenses us to
decide a united treatment of each and every genuine class of responsive power
compensators as projections to suitable sub-spaces, and structures a reason for
fruitful numerical procedure.

(c) Power Electronics: The exploration on polyphase frameworks in nonsinusoidal
operation has been reinvigorated by [21] that drew closer the issue from a down
to earth stance, and proposed a helpful definition for the “quick” reactive
power. (An undifferentiated from idea was presented before by Depenbrock as
pointed out in [6], yet remained basically obscure outside Germany.) The idea
was introduced in the time space, and in the exceptional instance of three-stage
frameworks, so that the thought of vector (external) results of vectors could be
utilized. An augmentation to four-conductor frameworks that can represent the
zero-sequence components was presented in [22, 23]. Note that the momentary
responsive power relates to the part of the inert power that can be repaid
without energy stockpiling. A compensator construct only with respect to this
idea won’t just neglect to totally dispose of the idle power, yet might likewise
bring extra harmonic [24] into the present waveform, as we show later. This is
recognized by one of the originators of the quick responsive power idea in [25].
Hypothetical ideas proposed by Depenbrock and Akagi-Nabae have been
broadly tried tentatively, for the most part in dynamic channel applications.
Some illustrative studies are [26-31]. On account of three-stage
three-conductor frameworks, it is some of the time gainful to express appli-
cable amounts regarding space vectors. The change is clear, and a trial con-
firmation is introduced in [32].

4.3 Theoretical Background—Properties of Homogenous
Operators

In this part the properties of homogenous operators are presented [33, 34]. They are
important for next parts of this chapter.
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For any given periodic signal x(f) of period T the homogenous integral operator
is defined as

~ — 2n —
x(1) = o (b(1) = ) == (v(r) ~ ) (@.1)
where integral of voltage x(¢) is
t
() = /x(r)dr (4.2)
0
and the average value over period T is
T
V= [ (@3)
0
Similarly, the homogenous differential operator is
- 1 dx(z)
1) =——-—= 4.4
%) = == (44)

Note that x and x are dimensionally homogenous to basic quantity x [33]. The
internal product of two periodic variables x(f) and y(¢) is defined as

(oy) == [ x(@)y(t)dr (4.5)
[

and norm of variable x(7) (X is rms—root mean square) is

Ix] = v {x,x) = %/xz(t)dt =X (4.6)

0

The homogenous operators have following properties [from (4.7) to (4.17)]

<x, ;z> - <xx> - (4.7)

(%,%) = =P (4.8)
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X=y & x=y (4.9)
<3c, y> - —<x,§> (4.10)
<x,y> - —<x,y> (4.11)

(%7) = (%3) = ~{x3) (4.12)

Moreover, if x and y are sinusoidal quantities with rms values respectively equal
to X and Y and phase difference equal to ¢, the following properties hold:

1o = 1 = Il = x (413
x+x=0 (4.14)

PAx =A% =2 —xx = 2||x|P= 2x? (4.15)
xy —xy =xy — xy = 2XY cos ¢ (4.16)

Xy —xy =xy — xy = 2XY sin ¢ (4.17)

Moreover, expressing variable x(f) by its Fourier series:

x() =D x(t) =Y V2X sin(kort + ¢;) (4.18)
k=1 k=1
For homogenous variables
_ 00 R 00 Xk
x(t) = xi(t) = — V22 cos(kat + 4.19
(0 =330l = =3 VAT costhor+ ) (4.19)

x(t) = i}k(t) = ZOO: V2kXy, cos(kawt + @) (4.20)
k=1
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4.4 Cyclodissipativity Approach

It will be reflected the typical energy transmission from an AC generator to a load.
The voltage and current of the supplier are functions of time and are stand for the
column vectors vg, is € R?. The load is defined by a (conceivably nonlinear and
time-varying) g—port system X [35, 36].

There are will the two following assumptions:

(A1) All the signs in the system are periodic with fundamental period T and fit
into the space

L[0,7) : dx:[0,7) — 2| |x|> /|x Jdr <o (421)

where ||.|| is named the RMS value of b and || is the Euclidean standard.
(A2) The supplier is ideal, in the sense that vg stays unaffected for all loads.

Assumption (Al) captures the essentially rational method that the organism func-
tions in a periodic, though not unavoidably sinusoidal, steady-state system. This is
the case of the vast majority of applications of attention for the problem at hand
[36].

Assumption (A2) is the similar to saying that the supplier has zero impedance and is
defensible by the fact that most AC device function at a specified voltage, with the
actual drained current being stated by the load [36].

The active power supplied by the source is defined as

T

1
Pi=(vs,is) = = | vI(1)is(t)dt (4.22)
O/ :

Pﬂ

and (.) means the internal creation in L,[0, 7). From (4.22) and the
Cauchy-Schwarz inequality [36] is

P<vs|l - lis|| == § (4.23)

where is defined the apparent power S. From the inequality above we achieve that,
under Assumption (2), S is the uppermost average power supplied to the load for all
loads that have the identical rms current ||is||. The characteristics holds if and only if
vs and ig are collinear. If this is not the case P < § and compensation schemes are
presented to decrease this incongruity [36]. That is, to maximize the proportion P/S
- that is called the PF. A typical compensation formation (which can be easily
prolonged to n-phase system) is shown in Fig. 4.1 where, to preserve the rated
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Fig. 4.1 Principle of typical
reactive power compensation

Load

voltage at the load stations the compensator Y is located in parallel. Similarly, to
evade power indulgence, Y is restricted to be lossless, that is

(v,ico) =0 (4.24)

where ico is the compensator current and notification that vg = v (Fig. 4.1). From
the former can be result that the PF compensation problem is accurately equivalent
to the problem of minimization of ||is]| subject to the restriction (4.24). From

lis|*= Nll1* + lic|I* +2(ic, ) (4.25)
it is clear that an obligatory situation to decrease the rms value of ig is
(ic,i) <0 (4.26)

It turns out that the latter circumstance and the limitation of compensator loss-
lessness can be recognized using the perception of cyclo-dissipativity and its
connected abstract energy [36—41].

Definition 1 Assume a dynamical system, with input u € L,[0,7) and output y €
L,[0,T), acknowledges a state—space picture with state vector x € X [42]. The
system is cyclo-dissipative with respect to the supply rate w(u, y), where w: L,[O0,
T) x L,[0,T) — R, if and only if

/ w(u(t), y(1))dt > 0 (4.27)
0

For all u: [0, T)— L,[0,T) such that x(T) = xy where x(0) = xo. It is said to be
cyclo-lossless if the inequality holds with identity. In other words, a system is
cyclo-dissipative when it cannot create (abstract) energy over closed paths in the
state-space. It might, though, produce energy alongside some preliminary share of
such a trajectory; if so, it would not be dissipative. On the other hand, every
dissipative system is cyclo-dissipative. For instance, (possibly nonlinear) RLC
circuits with input and output their terminal currents and voltages, respectively, are
cyclo-dissipative with supply rate w(u, y) = u'y provided that all resistances are
passive (This can be easily proven using Tellegen’s Theorem [42—-44]). Note that it
is not presumed that inductors and capacitors are passive-that is, that their stored
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energy is non—negative-if so, the circuit is in addition passive. It has been shown in
[42—44] that, correspondingly to dissipative systems, one can use storage functions
and dissipation differences to characterize cyclo-dissipativity.

Theorem 1 A system with state depiction is cyclo-dissipative if, for all x € X which
are both controllable and reachable, there exists a virtual storage function ¢:
X—R [42]. That is, a function that satisfies

$(x0) + / w(ut),y(0))dt > (o) (4.28)
0

for u € L,[0,7T) such that x(0) = xy and x(7) = x;. In following part, the instances of
reactive power compensation based on cyclo-dissipativity method are presented.

4.5 Reactive Power Compensation

In this part on the first, the simple example concerning linear circuit and nonhar-
monic power source is presented. The second example is devoted to nonlinear
circuit. Booth examples are simply extended to g-phase version.

Example 4.1 [36]: Suppose linear system, power source, compensator and serial
connection of RLC and nonharmonic power source (Fig. 4.2) [36]. Supply voltage
Vs is
v(r) = V2(A; sin(wot) + Az sin(3wot) + As sin(5wot)) (4.29)
where A; = 360, Ay = 144, A5 = 42, wy = 1007 [rad/s] and R = 15 [Q], L = 0.08
[H], C = 0.0212 [mF]. Load impedances Z, (for n = 1, 3, 5) are given
) 1
Z,=R+joonL+ —— n=1,3,5 (4.30)
JjoonC

For calculated values Z, = 15 — 125.14j; Z; = 15 + 24.97j; and Zs = 15 + 95/,
the effective currents are

in=An/Z, n=135 (4.31)

Fig. 4.2 Example of RP
compensation for linear RLC
load and nonharmonic source
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Numerical values of currents are i; = 0.34 + 2.8361j; i3 = 2.54 — 4.24j;
is = 0.0681 — 0.4313;.
Total effective current through the load is

i=liall =[S 1P = P+ 1P +lisPs n=1,3,5 (4.32)

therefore i = 5.7257 [A]. For uncompensated circuit (Yc—0) is = i and apparent
power is

= sl sl = (il + st lasf ) - (VP el +1sF) - @33)
Result is S = 2233 [VA] and active power (average power) is

1

P = (vs,is) = - / vE(t)is(t)dt = Ris (4.34)
0

P =491.8 [W]. PF for uncompensated circuit (Yc—0) is

PF =—= =022 (4.33)
For circuit compensated by capacitor

lisl|*= lli +icoll*= lIil]* + llicoll” +2¢i,ico) (4.36)

and current i, for compensation capacitor

. dvg(t
ico(t) = Cco 7;( ) (4.37)
therefore
ico = Ccovs (4.38)

and substitution of Eq. (4.18) into (4.16)

lisl|*= lli+ icoll*= lill* + [|Ccovs||* + 2(i, Ccovs)t (4.39)
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after some manipulations
lisll*= lli +icoll*= llil]* + C2oll¥sl|* +2Ccoli, vs) (4.40)
For compensated circuit ||is||* <||i +ico||* Eq. is
lisl|* < i +icoll*= [lil1* + Collvs* +2Cco i, vs) (4.41)
Using the property (4.42)
in Eq. (4.41) results
Jisll? < Ili+icoll*= [P + C2ollvsl*~2Cco i, vs) (4.43)

Minimal value of ig (or minimum of apparent power S) can be found for

d (. . :
S (I + CollisIP = 2Cco(ivs ) ) =0 (4.44)
therefore

2Ccolvs|* — 2<?, Vs> =0 (4.45)

Optimal value of compensation capacitor is

<l VS> (4.46)

Cco=-—""7
Vsl

where
<§, Vs> = Re{jwoiiA; } +Re{j3woizAs } + Re{jSwoisAs} = 282800 (4.47)
and
[vs]1*= (Ar@0)* + (A33@0)” + (As5wp)” = 3.5563- 100 (4.48)
The optimal capacitor for compensation of reactive power [according (4.46)] is

Cco = 282800/ (3.5563 - 10'°) = 7.9521[uF]
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Fig. 4.3 Current iy versus value of compensation capacitor Cco (Example 4.1)

This result was confirmed by simulation (searching for optimal value) as
Fig. 4.3. Currents through the compensation capacitor

iCOn :jnwOCCOAn; n= 17 37 5 (449)

icor =0+ 0.899; icos =0+ 1.079j; icos =0+ 0.525j and currents from
source after compensation ig; = 0.34 + 3.735j; is3 = 2.545 — 3.158j; iss = 0.0681 +
0.0933j, and total effective current from source for circuit with compensation
capacitor is ig = 5.5259 (without compensation was 5.72 A) and apparent power is
S = 2155. PF for compensated circuit is PF = P/S = 491.8/2155 = 0.228.

The circuit can be compensated also by inductor where compensation current is
given as

1
ip = L_C vsdt (450)

For compensation by means of inductor, Eq. (4.43) is changed

2+2<Lic/vs,i> (4.51)

. - . 1
s <li+ P P+ | - [ v
C

For compensated circuit
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/vs 2+ L2C<i,/vs> (4.52)

After some manipulation, optimal value of compensation inductor is

s

(i fvs)
2 2 2
(1A Az As
”/VS _<w0> +<3w0) Jr(5600
and
A A A
i,/vs =Redj=ti; b +Redj—i3 b +Redj—risp =—259 (4.55)
o 30)0 50)0

Therefore optimal compensation inductor [according Eq. (4.53)] is

1

.2 . -2 112

lis]|™<lli+icl™= Nill” +
¢

(4.53)

where

)2: 1.34 (4.54)

Le = —1.337/ — 2.5909 = 0.516 [H] (4.56)

This result was confirmed by simulation (Fig. 4.4). Current through the com-
pensation inductor

551

o
E=y
o

Current i  [A]

Y R S PO — — b p— {oraed

525 | 5 ' ' i i
03 0.4 05 0.6 0.7 0.8 0.9

Le [H]

Fig. 4.4 Current iz versus value of compensation inductor L (Example 4.1)
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Fig. 4.5 Example of RP
compensation for linear RL
load and nonharmonic source

iLn = An/jnwOLc; n— 1, 3, 5... (457)

Calculated values are i;; = 0 —2.22j; iz5 = 0 —0.296j; i;5s = 0 — 0.052j. Currents
from source after compensation are ig; = 0.34 + 0.616j; is3 = 2.545 — 4.534j;
iss = 0.068 — 0.483; and total effective current from source for circuit with com-
pensation inductor is is = 5.27, and apparent power is S = 2055, and PF for
compensated circuit is PF = P/S = 491.8/2055 = 0.24.

This result was confirmed by simulation (searching for optimal value) as
Fig. 4.4.

Example 4.2 [36]: Suppose linear system, power source, compensator and serial
connection of RL and nonharmonic power source shown in Fig. 4.5 [36], instead of
nonlinear inductor the nonharmonic power source is used. Supply voltage vg is

v(t) = V2(A; sin(wot) + Az sin(3wor)) (4.58)

where A; =220, A3 =70, wg= 100 [rad/s] and R=10 [Q], L=0.2 [H].
Similarly as in Example 4.1, the load impedances Z, (for n = 1, 3) are given

Z,=R+joonL n=1,3 (4.59)

For calculated values Z; = 10 + 62.8j, Z, = 10 + 188.5j, the effective currents
are i = 0.54 — 3.45; i3 = 0.02 — 0.37;;

For uncompensated circuit (Yo — 0), total effective current through the load
according Eq. (4.22) is ig = i = 3.48 [A] and apparent power (4.23) is S = 802.9
[VA] and active power (4.24) is P = 121 [W]. For uncompensated circuit is
PF = 0.15. By the same way as in previous Example 4.1, using (4.40), (4.45) and
(4.46) calculated values are

i, vs ) = 260450 (4.60)
(ivs)
and

[9s]|*= 9.13 - 107 (4.61)
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.s [‘:]
)

Currenti
8]
[
(53]

22

21 i i i

28 30 32 34 36 38 40
C. [uF]

Fig. 4.6 Current iy versus value of compensation capacitor Cco (Example 4.2)

Optimal value of compensation capacitor is

(i,vs) 260450 Py
Ceo =1 ~o.3.109 ~ 2310 (4.62)

This result was confirmed by simulation (searching for optimal value) as
Fig. 4.6.

For circuit compensated by capacitor i = 2.16 [A] and apparent power is
S = 498.6 [VA], active power is P = 121 [W] and. PF = 0.22. The compensation
by means of inductor is not possible because result according Eq. (4.53) has neg-
ative sign. Simulation results are shown in Fig. 4.7, where compensation capacitor
is connected in time >0.44 s.

Example 4.3 [36]: Suppose nonlinear circuit with triac (Fig. 4.8) and
non-sinusoidal power source vg(r) = 220sin(10077) + 30sin(3007f), R = 10 Q and
o = /2. By the same way as in previous Example 4.1, using (4.60), (4.61) and
(4.62) calculated values are

<§, vs> = —{i,i5) = —3.6 - 10° (4.63)
and

[vs]|*=5.58 - 10° (4.64)



4 Reactive Power Compensation in Energy Transmission Systems ... 153

Example 2 RL circuit vith compensation

N o
i e . woy . o i ey s

0.4

| N3

NCZN TR TRA: | Rr I Ba b e | e - INA
W NI/ NNV VIV VIV MV VIV VIV

W s FMS

0.40 04z 044 0.46 0.48 0.50 052 0.54 056
time [s]

Fig. 4.7 Time evolution of voltage (top), current from source (middle) and effective current from
source for uncompensated (time <0.44) and compensated circuit (time > 0.44)

Fig. 4.8 Nonlinear circuit
with triac

Optimal value of compensation capacitor can be calculated from

—(i,s)  —(=3.6-10°) S
Cco = = =64.7-10 4.65
TP T 558 10° (4.65)

Optimal value of compensation capacitor (Cco = 65 [UF]) was confirmed by
simulation as Fig. 4.9. For uncompensated circuit effective current is

is = 15.7[A], P =2462[W], S = 3484 [VA], PF =0.71
After compensation effective current from source is
is = 14.92 [A], P =2462[W], S =3315[VA], PF =0.743

The time evolutions of signals in nonlinear circuit are shown in Fig. 4.10. It is
important to note that inductor is not possible for compensation because result
according Eq. (4.53) has negative sign.
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70 80 90 100

50 60
Ce [uF]

Fig. 4.9 Current is versus value of compensation capacitor Cco for nonlinear circuit
(Example 4.3)

Previous results can be used for automatic compensation of RP. The time
evolution of signals (for circuit in Fig. 4.8) is shown in Fig. 4.11. In time of
t; = 0.2 [s] start automatic compensation [repeated evaluation of Eq. (4.64)] and
changing value of compensation capacitor according condition in circuit (Cco = f
(is(0),vs(1))).

From the beginning, until 7, the power source voltage is vs(?) =
220 sin(1007t) 4 30 sin(3007r) after t voltage is sinusoidal
vs(?) = 220 sin (1007).

The effective value of supply current i; is repeatedly calculated and smoothed by
low-pass filter. From the Fig. 4.11 can be seen decreasing supply current value after
start of compensation and once more decreasing after changing supply voltage to
pure sinusoidal. In Fig. 4.12, the Value of compensation capacitor versus triac fire
angle alpha is displayed.

4.6 Extension to Three-Phase Networks

The recently proposed networks were devoted to the analysis of single phase
systems. In this chapter it is extended to three-phase networks.

The extension of the above theory to poly-phase systems is straightforward for 4
wire Y connection, but for 3 wire network with unbalanced terms, delta connection
and compensation of reactive power opens several questions [45-47]. In this part
the compensation of reactive power and unbalanced currents of three-phase network
will described [48-52].



4 Reactive Power Compensation in Energy Transmission Systems ... 155

} 1 i I i i
1] 0002 0004 0008 0008 001 0012 0014 0016 0018 002
time [s]

Fig. 4.10 Voltage and currents in nonlinear circuit. From top to bottom: Power source voltage,
current through the load, current through compensation capacitor and current from source after
compensation (Example 4.3)

Considerations in this part are devoted to three-phase, three-wire circuits, shown
in Fig. 4.13 with linear, time-invariant loads supplied with a sinusoidal symmetrical
voltage [53-55]. For any such loads there exist equivalent resistive and balanced
loads shown in Fig. 4.14 that at the same voltage has the same active power P, as
the original load. The Three-phase source with line resistance, transformer 7R (A to
Y connection) and load Zg, Zs, Zr is shown in Figs. 4.15 (without compensation)
and 4.16 (with compensation).

Suppose three-phase, sinusoidal line-to-ground voltages ug, ug and uz and line
currents i, is and i7. The active and reactive powers is defined as

T
1
/ ugir + usis + urir)dt = Z Urly cos((pf) (4.66)
0 f=RS.T
> Usly sin(oy) (4.67)
f=RS.T

There are several definitions of apparent power S. The definition according
(4.68) is used
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Monlinear system with TRIAC compensation
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Fig. 411 Time diagram of voltage and currents in nonlinear circuit during the automatic
compensation. From fop to bottom: Voltage of power source, supply current is, effective value of
supply current, current through the load. Compensation start in time ¢ = 0.2. Source voltage is
changed in ¢ = 0.4 to pure sinusoidal. The time slice is (0.20 < 0.50) (Example 4.3)
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Fig. 4.12 Value of compensation capacitor versus alpha (Example 4.3)
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Fig. 4.13 Three-phase star
(Y) network with line
resistances Rg, Rg, Ry, loads
Zg, Zs, Z7 and neutral wire

Fig. 4.14 Three-phase

resistive load R; g, R;s, Ry 7 —
and its equivalent R,

Fig. 4.15 Three-phase
source with line resistance,
transformer 7R (A to Y) and
load ZR’ Zs, ZT

Fig. 4.16 Three-phase
network with transformer TR
(A to Y connection), load and
compensation
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S=\JU+ U3+ U} \JB 4+ 4+ B = |u] - ] (4.68)
The active power in three-phase system in frequency domain is

P=(ui)=Red UI (4.69)

n'n
neN

where asterisk denotes a conjugate number. The RMS value of a three-phase vector
is defined as:

Xin
H)C” = Z Xl{ ’ X;; = Z [XRila XSnv XT"] X;n (470)
neN neN X;n

For serial connection of R, and L, between phase R-S admittance is

Yrs = R +1],sz = R Jerz (4.71)
The equivalent admittance Y, for three admittances is
Y, = Yrs + Ys7 + Yrr (4.72)
The equivalent admittance G, and susceptance B, are given by
G.=Re(Y.); B.=Im(Y,) (4.73)
Unbalanced admittance A is
A = —(Ysr 4 Yrre®™ 4 Yse*™/3) (4.74)
Voltage v across phase is
v =3 (4.75)

Active current i,, reactive current i, unbalanced current i,, and total current i are
i, =Gy = Ge\/gvf; i = |Be|v; iy = |A - V|

. .2 .2 .2
||l||=\/\|la|| {1217 4l

(4.76)
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Active power P

P=Gn? =G| (4.77)
Reactive power O
- T 2 2 2\ 2
0 = vl - ir| = —1m{ s luns >+ Ysrllues |” + Yrellurs|l” } = ~Bellv]
(4.78)
Unbalanced power D
. 2
D = |[v] - [[iul| = [A[[v]] (4.79)

Apparent power S is calculated by

S=|pll- il = vP*+ 0%+ D? (4.80)

Power Eq. (4.80) shows that reactive power and unbalanced power (reactive
current and unbalanced current) increase apparent power and decrease power factor
[Eq. (4.35)]. Thus reduction of booth currents leads to PF improvement. These
currents can be reduced by shunt compensator. Compensator is composed from
reactive passive parts e.g. inductors and capacitors, or three-phase inverter with
control systems. The structure of reactive compensator is shown in Fig. 4.18
(Comp), susceptances Wrg, Wer and Wry, connected in delta configuration (it is
supposed that Wgs, Wer and Wry are ideal loss-less parts).

From unbalanced admittance A and equivalent susceptance B, is possible cal-
culate the compensation susceptances Wy, from following equations. The reactive
current is compensated if:

B, + Wgs + Wsr + Wrg =0 (4.81)

The unbalanced current is compensated if

A j(WST + 2 W + 674”/2WRS> =040

4.82)
1 3 1 3 (
A —j<W3T+ (—2 +j\2f>wm+ <—2— '{)WRS> =040

The Eq. (4.82) is split on real and imaginary parts. Real part:

Re{A —j(WST - <—% +j?> Wi + (—%—j?> WRS) } =0  (4.83)
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Imaginary part:

Im{A j<WST + (% +j?> Wik + <% ]?) WRS) } =0 (4.84)

Therefore real part

3 3
Re{A} — % Wis — g Wi (4.85)
Imaginary part
1 1
Im{A} = —2 Wes — 5 Wrg + Wsr (4.86)

Add Egs. (4.86) and (4.81) multiplied by —1

Im{A} = — L Wgs — A Wrg + Wer }
+ 4.87
B, = —Wgs — Wrg — Wsr ( )
Result is
3 3
Im{A} +B. = — 5 Wrs =5 Wrr (4.88)

Now add Eqs. (4.88) and (4.85) multiplied by v/3

AW 3
ety — W _dw }+ (4.89)
Result is
V3Re{A} +Im{A} + B, = —3W (4.90)
After manipulation
Wi = [—\/§ -Re(A) — Im(A) — Be} /3 (4.91)
and also
Wis = [V3Re(4) — Im(4) — B) /3 (4.92)

Wsr = [2-Im(A) — B,]/3 (4.93)
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Values of compensation capacitors Cxy or inductors Ly are calculated by

o (4.94)

if Wxy >0 then Cyxy = Wy
! Wyxy <0 then Lyy = —

U)WXY

The previous derivation and results will used in next two examples for
three-phase network compensation.

Example 4.4 [50, 51]: Suppose three-phase network with loss-less transformer 7R
(1:1) in A=Y connection and non-symmetrical resistive load Z; = R; =3 Q,
Vg = 27740°, Vs = 2774120°, V= 2774240° V, w =2nf= 314,
Rr = R¢ = Ry = 0.01 Q (Figs. 4.17, 4.18, 4.19 and 4.20).

1 1 1
Yrs = - = = - (4.93)
RZ +](DLZ RZ + XZ 3 +]0
The equivalent admittance Y, is
1
Yo=Yps+Ysr+Yrg ==—— +0+0=0.33 (4.96)

3450
The equivalent admittance G, and susceptance B, are given by
G, = Re(Y,) = Re(Ygs) = 0.33; B, =Im(Y,) = Im(Ygs) =0 (4.97)
Unbalanced admittance A is

A = —(Ys + Yrpe™™3 + Yrge*™3) = —(0.33¢*/%) = 0.167 4 0.289j  (4.98)

Fig. 4.17 Three-phase
network with transformer TR
(A to Y connection) with
unbalanced load

........................
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Fig. 4.18 Three-phase
network with transformer 7R
(A to Y connection) with
unbalanced load and
compensation circuit

Fig. 4.19 Three-phase
equivalent network with
unbalanced load and
compensation circuit. Avoid
of transformer (Figs. 4.17 and
4.18) was possible by means
of Y-load to A-load
transformation

Fig. 4.20 Three-phase
network with load Z; and
compensation parts C;, C;
and L

M. Stork and D. Mayer

1

Rl Wy N 4 T1 w-y b e H
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Voltage across phase v is

v =3 =V3.277 = 480 (4.99)

Active current i,, reactive current i, unbalanced current i,, and total current i are

is = G =G,V3v = 160; i, = |B,Jv=0; i, = |A - v| = 160

: ; ; (4.100)
Jill = /il + AP + )P = /1602 + 0+ 160° = 226
Active power
P = G2 = G,|v||’= 76729 (4.101)

Reactive power O

0= —Im{YRSHuRSHZ + Yor|Jugs||* + YTRHMRSHZ} — —By? = —B,|v[’=0
(4.102)

Unbalanced power D
D= || - |lill = |A|Hv||2: 479.7 - 160 = 76.7 - 10° (4.103)

Phase currents for uncompensated circuit i = is = 160 A, iy = 0. Apparent
power S and power factor PF for uncompensated circuit

P 76729
= il = 479.7-226 =1.1-10°; PF =~ = =
S= 1wl -l 9 ; S = 110000

07  (4.104)

From unbalanced admittance A and equivalent susceptance B, is possible cal-
culate the compensation susceptances W,, according following equations

0.289 —0.289

Wis = [\@Re(A) ~Im(A) — BL,} /3= 5 -0 (4.105)
Wsr = [2-Tm(A) — B.]/3 = w ~0.192 (4.106)
Wi = [V Red) () B] /3 ~0.289 730.289 “0_ 4 10n

(4.107)



164 M. Stork and D. Mayer

Values of compensation capacitors and inductors are calculated according
Eq. (4.84)

_WRS_ 0 —
G = T3
_ Wer 0192 .
Cy=—>r=""=613-10 (4.108)
1 1
L= — = 0.016

oW 314-(—0.192)

Phase currents for compensated circuit ||ig| = ||is| = ||lir] = 92.4 A. Apparent
power S and power factor PF for compensated circuit is

P 76700

= . || = . . 2: . 3. —_ = —

S = |lvll - lil =479.7- V39242 = 7.9 - 10% PF = 5 = Z5000 = 0.97
(4.109)

The circuit diagram for network with compensation is shown in Fig. 4.20.
Solving the Eqgs. (4.85)—(4.89) gives the same results (phase currents) as previous

calculation.

Rely +Zu(I — I) + Rs(I; — ) = UgZ0 — Us/ — 120

Rs(L — 1)) ———— (I, — ) + Ry, = UsZ — 120 — Uy Z£120
wC,
Zi(l —1 ] (1) =0 (4.110)
Ll = 1) = (= L) =
oLl — (L — ) =~ (1, — 1) = 0
CUCZ a)C1
Matrix M derived from (4.110) is
Rr+Rs+ 7, -Rs —Zr 0
—Rg Rs+Rr+ & 0 -
M= e - S (4.111)
-7 0 Zr + e oC
0 chz chl JjoL + w;cjl + w;cjz
Matrix equation is
I UrZ0 — UsZ — 120
M. 52 _ | Us£— 1200— Ur /120 (4.112)
3

Iy 0



4 Reactive Power Compensation in Energy Transmission Systems ... 165

Currents I; to I, can are calculated from

Il UR40—U54—120
I ! UsZ — 120 — U £120 (4.113)
LI 0
n 0
Phase currents are
IR:IHIS:Iz*Il;Iriflz (4114)

The theoretical derivations were supported by simulation. The network was
simulated without compensation part and with compensation part, connected by
switch SW (Fig. 4.21). The time evolution of Vg, Ig, Vs, Is and Vg, Iy before
compensation is shown in Fig. 4.22. The same time evolution of phase’s voltages
and currents after compensation is shown in Fig. 4.23. The Fig. 4.24 presents time
evolution of effective values of phase currents before and after connection of
compensation circuit (compensation circuit was connected in time = 0.44 s)

Example 4.5 [50, 51]: Suppose three-phase network with loss-less transformer 7R
(1:1) in A=Y connection and non-symmetrical RL load Z; = R; + jwL, = 30 + j10,
Vg = 6000 £ 0°, Vg=6000 £ 120°, Vy=6000 £ 240° V, w=2xnf=314
[rad/sec], Rg = Rg = Ry = 0.1 Q (Fig. 4.17).

1 1 1
Yrs = = = =0.03 - 0.0l 4.115
RS =Ry +jol; Rz+X; 30410 / (4.115)
The equivalent admittance Y, is
Y, = Ygrs+ Ysr + Y7r = 0.03 — 0.015 (4.116)

The equivalent admittance G, and susceptance B, are given by
G. = Re(Y.) = Re(Ygs) = 0.03; B, = Im(Y,) = Im(Ygs) = —0.01  (4.117)
Unbalanced admittance A is

A = —(Ysr + Ype>™? + Yrge*™?) = 0.0237 + 0.021; (4.118)

Fig. 4.21 Three-phase I, R, sw Comp
network with load Z;, —1
compensation parts C;, C; R
and L and switch SW which is
R

used for connection
compensation parts

,,,,,,,,,,,,,,,,,,,,
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Fig. 4.22 Time evolution of voltages and currents in circuit according Example 4.4, before
compensation. From fop to bottom: Voltage Vg, current i, voltage Vs, current ig, voltage Vg,

current iy
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100 Wit 3 phase - R-5 resistive load
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Fig. 4.24 Time evolution of RMS currents in circuit according Example 4.4, before and after
compensation. Compensation parts are connected in time >0.44. From top to bottom: RMS
currents i, is, it

Active current i, reactive current i, unbalanced current i,, and total current i are

ia = Gov = G,\V/3vy = 311.8; i, = [B,Jv = 104; i, = |A - v| = 328.6

(4.119)
llill = \/IliaH2+ lir|1* + 1 ||* = 464.7
Active power
P = G2 = G,||v|’=3.24-10° (4.120)
Reactive power Q
Q= —B? = —B,||v||’= 1.08 - 10° (4.121)
Unbalanced power D
D= |y - |li]| = |A||]v||*= 10392 - 328.6 = 3.4 - 10° (4.122)

Phase currents for uncompensated circuit i = ig = 328.6 A, i = 0. Apparent
power S and power factor PF for uncompensated circuit
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P 3.24-10°
S = il = 10392 -464.7 =4.83-10% PF=— =" = 0.67
Il - T

From unbalanced admittance A and equivalent susceptance B, is possible cal-
culate the compensation susceptances W,, according following equations:

Wis = [\/§Re(A) — Im(A) — Be} /3 =0.01 (4.124)
Wsr = [2- Im(A) — B,]/3 = 0.0173 (4.125)
Wrg = [—\/5 “Re(A) — Im(A) — Be} /3 = —0.0173 (4.126)

Values of compensation capacitors and inductors are calculated according
Eq. (4.84)

Wgs  0.01 s

—ORS _ T 3181
Cr=- =315 >18-10

Wsr  0.0173 .

ST _ P 550, .

Cr=—" g = 5:52-10 (4.127)
1 1

L= — —0.184

oW 314-(=0.0173)

Phase currents for compensated circuit i = is = iz = 180.4 A. Apparent power
S and power factor PF for compensated circuit is

S=|v| - |lill = 10392 - V3 - 180.42 = 3.25 - 10°
P 3.24.10° (4.128)

PF=—=2""_" 0.
s 325 100

The theoretical results were confirmed by simulation. The time evolution of Vg,
Iz, Vs, Is and Vyp, Iy before compensation is shown in Fig. 4.25. The same time
evolution of phase’s voltages and currents after compensation is shown in
Fig. 4.26. The Fig. 4.27 presents time evolution of effective values of phase cur-
rents before and after connection of compensation circuit (compensation circuit was
connected in time = 0.44 s)

It past hypothesis and samples was demonstrated, that direct loads with low
power component, (for example, prompting engines) and unbalance can be
amended with a detached system of capacitors or inductors. Nonlinear loads, for
example, rectifiers, contort the current drawn from the framework. In such cases,
dynamic or aloof power variable remedy might be utilized to check the twisting and
raise the power element. The gadgets for redress of the power variable might be at a
focal substation, spread out over a circulation framework, or incorporated with
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Fig. 4.25 Time evolution of voltages and currents in circuit according Example 4.5, before
compensation. From fop to bottom: Voltage Vg, current i, voltage Vg, current ig, voltage Vg,
current iy

power devouring gear. For nonlinear load the higher harmonic are produced. These
harmonics can be e.g. stifled by serial reverberation circuits.

Rather than utilizing an arrangement of exchanged capacitors for pay, an
emptied synchronous engine can supply reactive power. The reactive power drawn
by the synchronous engine is an element of its field excitation. This is alluded to as
a synchronous condenser. It is begun and joined with the electrical system. It works
at a main power variable and puts VARS (reactive energy) onto the system as
required to bolster a framework’s voltage or to keep up the framework power factor
at a predefined level. The condenser’s establishment and operation are indistin-
guishable to substantial electric engines. Its essential leverage is the simplicity with
which the measure of remedy can be balanced; it acts like an electrically variable
capacitor. Not at all like capacitors, the measure of reactive power supplied is
relative to voltage (not the square of voltage), this enhances voltage security on
extensive systems. Synchronous condensers are regularly utilized as a part of
association with high-voltage direct-current transmission ventures or in expansive
mechanical plants, for example, steel factories.

For power variable remedy of high-voltage power frameworks or huge, fluctu-
ating modern loads, power electronic gadgets, for example, the Static VAR com-
pensator [56, 57] or STATCOM [58, 59] are progressively utilized. These
frameworks can remunerate sudden changes of power element a great deal more
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Fig. 426 Time evolution of voltages and currents in circuit according Example 4.5, after
compensation. From fop to bottom: Voltage Vg, current i, voltage Vs, current ig, voltage Vg,
current iy
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quickly than contactor exchanged capacitor banks, and being strong state require
less upkeep than synchronous condensers.

4.7 Quantifying of Reactive Power in Energy Meters

The sum and unpredictability of family unit electrical gear has expanded immensely
in the course of the most recent couple of years. Electronic counterbalance lighting,
PC screens and ventilation systems are welcome options to our homes however
accompanied extra weights. One of these is on the power matrix, as these machines
produce more signal harmonic.

This adjustment at last buyer profile is a hindrance for energy wholesalers which
charge energy construct just with respect to dynamic power. With the use of
nonlinear loads to electrical cables the dynamic energy no more speaks to the
aggregate energy conveyed. As a reaction to enhance charging, the estimation of
reactive energy is increasing interest.

Electromechanical meters have set a point of reference in responsive energy
charging. Despite the fact that they are data transfer capacity restricted and can’t
consider harmonic of the line frequency, they are upheld by the worldwide standard
for rotating current static VAR-hour meters for responsive energy (IEC-1268) [60].
The standard characterizes reactive energy estimations at the crucial line frequency,
which suggests that it is not compulsory to incorporate harmonics. It likewise
indicates extra testing conditions to check the vigor of the estimations against the
third consonant, the dc counterbalance in the present data, and the line frequency
variety. The different responsive power estimation routines exhibited in this chapter
are assessed against these basic tests of the IEC-1268 (Table 4.1) [61].

4.7.1 Reactive Power IEEE Definition

The reactive power is well-defined in the IEEE Standard Dictionary 100-1996
under the energy “magner” as:

o0
RP =" V,I, sin(p,) (4.129)

n=1

where V,, and I, are respectively the voltage and current RMS values of the nth
harmonics of the line frequency, and ¢, is the phase difference between the voltage
and the current nth harmonics. An agreement is also adopted stating that the
reactive energy should be positive for inductive load.

In an electrical framework containing absolutely sinusoidal voltage and current
waveforms at a settled frequency, the estimation of reactive power is simple and can
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Table 4.1 Error benchmark of different reactive energy calculation methods

Test Power Time Low pass
triangle delay filter

IEC 1268-reference Voltage and current Negligible | Negligible | Negligible
test Input f: PF =0
IEC 1268-frequency Reference test f £+ 2% Negligible 5.4% Negligible
variation test and PF = 0.87
IEC 1268-harmonic Reference test +10% of 0.5% Negligible | Negligible
test the third harmonics on the

current signal
IEC 1268-DC Reference test with half Negligible | Negligible | Negligible
component test way rectified sin wave on

the current input
Reference test +10% of the third harmonics on 1.9% 4% 1%
voltage input and 20% of the third harmonics on
current input (¢ = ¢, = 30°)

be expert utilizing a few systems without blunders. In any case, in the vicinity of
nonsinusoidal waveforms, the energy contained in the harmonic causes estimation
blunders.

By Fourier hypothesis any occasional waveform can be composed as an
aggregate of sin and cosine waves. As energy meters manage occasional signs at the
line frequency both current and voltage inputs of a solitary stage meter can be
portrayed by:

o0

v(t) =Y V2V, sin(nwot) (4.130)

n=1
i(t) =Y _ V2, sin(noot + ¢,) (4.131)
n=1

where V,,, I, are and ¢,, are defined as in Eq. (4.129) and wy, is frequency in rad.s™.

4.7.2 Reactive Power Calculation

Method 1—Power Triangle

The Power triangle method is based on the assumption that the three energies,
apparent, active and reactive, form a right-angle triangle. The reactive power can
then be processed by estimating the active and apparent energies and applying:
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RP = +/Apparent_power® — Active_power? (4.132)

Despite the fact that this strategy gives amazing results with immaculate sinu-
soidal waveforms, perceptible mistakes show up in vicinity of harmonic
(Table 4.1).

Method 2—Time Delay
A period deferral is acquainted with movement one of the waveforms by 90° at the
crucial frequency and duplicate the two waveforms:

RP = ;/Tv(t) . i(t+ Z)dt (4.133)
0

where T is the period of the fundamental frequency. In an electronic DSP system,
this technique can be applied by delaying the samples of one input by the quantity
of samples representing a quarter-cycle of the fundamental line frequency fi;,.
(Fig. 4.28).

This technique presents disadvantages if the line frequency changes and the
quantity of tests no more speaks to a quarter-cycle of the crucial frequency. Huge
mistakes are then acquainted with the outcomes (Table 4.1).

Method 3—Low-Pass Filter

A steady 90° phase shift over frequency with a lessening of 20 dB/decade is
presented. This arrangement, which has been executed by Analog Devices, can be
acknowledged with a solitary pole low-pass channel on one channel information
(Fig. 4.29). On the off chance that the cut-off frequency of the low-pass channel is
much lower than the central frequency, this arrangement gives a 90° phase shift at
any frequency higher than the principal frequency. It likewise constricts these
frequencies by 20 dB/decade. The square chart of the framework utilizing first
request low-pass channel technique is appeared in Fig. 4.30.

Also to technique 2, this arrangement is defenseless to varieties of the line fre-
quency. Be that as it may, a dynamic compensation of the addition constriction with
the line frequency can be accomplished by assessing the line time of the sign
(Table 4.1). As clarified above, various techniques can be utilized to figure the
reactive power. The hypothetical meaning of the responsive power is hard to actu-
alize in an electronic framework at a sensible expense. It requires a committed DSP
to prepare the Hilbert change important to get a consistent stage movement of 90° at
every frequency. A few arrangements have been created to beat this constraint.
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4.7.3 Example of Integrated Circuits for Reactive Power
Measuring

The ADE7753 [62] is single-phase and ADE7854A/ADE7858A/
ADE7868A/ADE7878A [63-67] are high accuracy, 3-phase electrical energy
measurement ICs with serial interfaces and three flexible pulse outputs. The devices
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incorporate second-order Z—A analog-to-digital converters (ADCs), a digital inte-
grator, reference circuitry, and all signal processing required to perform total (fun-
damental and harmonic) active, reactive (ADE7858A, ADE7868A, and
ADE7878A), and apparent energy measurement and rms calculations. The
ADE7878A can also perform fundamental-only active and reactive energy mea-
surement and rms calculations.

A fixed function digital signal processor (DSP) executes the signal processing.
The DSP program is stored in the internal ROM memory. The
ADE7854A/ADE7858A/ADE7868A/ADE7878A can measure active, reactive, and
apparent energy in various 3-phase configurations, such as wye or delta services,
with both three and four wires. Aside from regular rms measurements, which are
updated every 8 kHz, these devices measure low ripple rms values, which are
averaged internally and updated every 1.024 s. The devices provide system cali-
bration features for each phase, that is, rms offset correction, phase calibration, and
gain calibration.

Harmonic Power Measurement with Electronic Energy Meters
Measuring Harmonic power is an important performance measure of new energy
meters. Electro-mechanical meters typically measure only up to the 5th harmonic.
IEC specification does not require measurement above 5th harmonic. Harmonic
power has been measured in the field at up to 9.3% of the total active power up to
the 50th harmonic. Accurate measurement of harmonics can be limited by the
characteristics of the ADCs.
Minimum requirements for electronic meters:
Analog input bandwidth >4 kHz
ADC Sampling frequency > 8ksps
With an analog input bandwidth of >4 kHz, Signals up to the 63rd harmonic will be
processed correctly (in 50 and 60 Hz systems)

Tests Description and Test Results

Harmonic components in the voltage and current

Test Conditions

Channel 1 input: Sine wave at 50 Hz (140 mV) + Sine wave at 250 Hz (56 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV) + Sine wave at 250 Hz (25 mV)

Reference Conditions
Channel 1 input: Sine wave at 50 Hz (140 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)

Measurement

Energy Accumulated over 4095 half line cycles (40.95 s)

Result

0.09% Error in Active Energy Measurement (IEC Limit is 0.8%)
0.46% Error in Reactive Energy Measurement
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DC and even harmonics in the AC current
Half-Wave rectified waveform test (Fig. 4.31)
Test Conditions
Channel 1 input: Half wave rectified waveform at 50 Hz (300 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Reference Conditions
Channel 1 input: Sine wave at 50 Hz (150 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Measurement
Energy Accumulated over 4095 half line cycles (40.95 s)
Result
0.28% Error in Active Energy Measurement (IEC Limit is 3%)
0.27% Error in Reactive Energy Measurement (IEC Limit is 3%)

Odd harmonics in the AC current
Phase-Fired waveform test (Fig. 4.32)
Test Conditions
Channel 1 input: Phase fired rectified waveform at 50 Hz (80 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Reference Conditions
Channel 1 input: Sine wave at 50 Hz (40 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Measurement
Energy Accumulated over 4095 half line cycles (40.95 s)
Result
0.34% Error in Active Energy Measurement (IEC Limit is 3%)
0.62% Error in Reactive Energy Measurement
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Fig. 4.31 Half-Wave rectified waveform test. Solid line—test waveform, dash line—reference
waveform
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Fig. 4.32 Phase-Fired waveform test. Solid line—test waveform, dash line—reference waveform

Sub-harmonics in the AC current circuit
Burst-Fired waveform test (Fig. 4.33)
Test Conditions
Channel 1 input: Phase fired rectified waveform at 50 Hz (80 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Reference Conditions
Channel 1 input: Sine wave at 50 Hz (40 mV)
Channel 2 input: Sine wave at 50 Hz (250 mV)
Measurement
Energy Accumulated over 4095 half line cycles (40.95 s)
Result
0.28% Error in Active Energy Measurement (IEC Limit is 3%)
0.29% Error in Reactive Energy Measurement

4.7.4 Summary

With more nonlinear loads in family unit machines, measuring reactive energy
precisely turns into a key issue for energy wholesalers. Conventional estimation
techniques like the Power triangle and the Time delay com-employ with universal
gauges yet indicate restrictions in the vicinity of harmonics or line frequency
variety. With the most recent headways in incorporated circuit advancement, as
proposed e.g. by Analog Devices, energy meter planners can now effectively
actualize more exact responsive energy estimations and consequently, fulfill
developing necessities from energy suppliers. The ADCs of Electronic Energy
Meters should have wide enough bandwidth (>4 kHz) to measure harmonic power.
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Current amplitude [A]

Time [ms]

Fig. 4.33 Burst-Fired waveform test. Solid line—test waveform, dash line—reference waveform.
Test waveform is on for 2 cycles and off for 2 cycles

The ADC sampling frequency should be high enough (>8 ksps) to prevent
distortion of the sampled waveform. ADE products exceed the Watt-hour and
VAR-hour IEC specifications for harmonic influence. The rms measurement of the
ADE7753 and ADE7854A/ADE7858A/ADE7868A/ADE7878A has been proven
accurate over a wide range of harmonics.

4.8 Active Power Factor Correction

An ideal Power Factor Corrector (PFC) takes from the supply V; a current I; which
is proportional to the supply voltage as pure resistance load R; [67-69]

Vi
I, =— 4.134
L= R (4.134)
Power factor definition—for sinusoidal input voltage
Vil 1
pPF=-" cos(¢1) =1 cos(q,) (4.135)

Vilirms Lirus

Where 1,/I;zys is distortion factor (DF) and cos(¢;) is displacement factor and
THD is total harmonic distortion.
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Dorys — 17
THD = Y -RMS "1 (4.136)
1

The ideal PF = 1 implies:

(a) Zero phase shift between voltage and current fundamental component (¢, = 0)
(b) Zero current harmonic content (Fig. 4.34).

Reasons for power factor correction
(a) Increased source efficiency

— lower losses on source impedance
— lower voltage distortion (cross-coupling)
— higher power available from a given source

(b) Reduced low-frequency harmonic pollution
(¢) Compliance with limiting standards (IEC 555-2, IEEE 519 etc.)

Power factor correction techniques
Passive methods: LC filters

— power factor not very high

— bulky components

— high reliability

— suitable for very small or high power levels

The easiest approach to control the harmonic current is to utilize a channel that
passes current just at line frequency (50 or 60 Hz), as Fig. 4.35 [70-72]. The
channel comprises of capacitors or inductors, and makes a non-direct gadget look
more like a straight load. A sample of aloof PFC is a valley-fill circuit.

A detriment of latent PFC is that it requires bigger inductors or capacitors than
an identical power dynamic PFC circuit [73-75]. Likewise, by and by, detached
PFC is frequently less viable at enhancing the power variable [76].

Dynamic techniques: High-frequency converters

— high power factor (drawing nearer solidarity)

— probability to present a high-frequency insulating transformer
— design subordinate high-frequency harmonics era (EMI issues)
— suitable for little and medium power levels

Active PFC is the use of power electronics to adjust the waveform of current
drawn by a load to progress the power factor [76]. Some kinds of the active PFC are
buck, boost, buck-boost and synchronous condenser. Active power factor adjust-
ment can be single-stage or multi-stage. In the case of a switched-mode power
supply, a boost converter is placed in between the connection rectifier and the core
input capacitors. The boost converter endeavors to preserve a constant DC bus
voltage on its output while drawing a current that is continuously in phase with and
at the same frequency as the line voltage. Another switched-mode converter inside
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Fig. 4.34 Example of non-ideal PF. Zero displacement between voltage and current fundamental
component (top), but higher harmonic in current (cos(¢;) = 0, DF#0). Zero current harmonic
content (bottom), but nonzero phase shift (cos(¢)#0, DF = 0)
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Fig. 4.35 Example of passive PFC [70, 71]
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the power source produces the anticipated output voltage from the DC bus. This
method necessitates extra semiconductor switches and control electronics, but
permits inexpensive and minor passive components. It is regularly used in practice.
Switched-mode power sources (SMPS) with passive PFC can accomplish power
factor of approximately 0.7-0.75, SMPSs with active PFC, up to 0.99 power factor,
while a SMPSs without any power factor rectification have a power factor of only
about 0.55-0.65 [77].

Due to their very extensive input voltage range, many power supplies with active
PFC can spontaneously regulate to function on AC power from about 100 V
(Japan) to 230 V (Europe). That feature is principally welcome in power supplies
for laptops [78-83].

Active power factor correction (DPFC), occasionally mentioned to as “real-time
power factor correction,” is used for electrical steadying in cases of fast load
changes (e.g. at large manufacturing sites). DPFC is suitable when normal power
factor correction would affect over or under correction [83] DPFC uses semicon-
ductor switches, normally thyristors, to rapidly connect and disconnect capacitors or
inductors from the grid in order to progress power factor.

Active power factor corrector

Standard conformation—Two stage PFC, Cascade connection, shown in
Fig. 4.36 [68]. More detailed of block diagram of the classic PFC circuit is dis-
played in Fig. 4.37.

There are two ways of PFC operation; intermittent and continuous mode.
Intermittent way is when the boost converter’s MOSFET is turned on when the
inductor current touches zero, and turned off when the inductor current encounters
the anticipated input reference voltage as shown in Fig. 4.38. In this mode, the
input current waveform tracks that of the input voltage, consequently reaching a
power factor of near to 1 [84, 85].

Intermittent mode can be used for SMPS that have power levels of 300 W or
less. Compared to continuous type equipment, discontinuous ones use greater cores
and have upper RIF* and skin effect losses due to the greater inductor current
fluctuates. With the amplified swing a bigger input filter is also obligatory. On the
positive cross, since discontinuous type equipment change the boost MOSFET on
when the inductor current is at zero, there is no opposite retrieval current (Izz)
specification required on the boost diode. This means that fewer expensive diodes
can be used.

Fig. 4.36 The block diagram A s It . i

of two stage PFC cascade y T _LE
connection ! preregulator | ! E DC-DC v

converter

energy
storage
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Fig. 4.38 Discontinuous mode of PFC operation

Continuous mode naturally suits SMPS power levels bigger than 300 W. This is
where the boost converter’s MOSFET does not switch on when the boost inductor
is at zero current, in its place the current in the energy transmission inductor at no
time grasps zero during the switching sequence (Fig. 4.39).

Leading Edge Modulation/Trailing Edge Modulation (LEM/TEM) versus
Trailing Edge Modulation/Trailing Edge Modulation (TEM/TEM)

Leading edge/trailing edge modulation is a patented Fairchild technique to
synchronize the PFC controller to the pulse-width modulation (PWM) controller
[85]. Naturally TEM/TEM is used in PFC/PWM controllers which outcomes in an
extra stage as well as a larger PFC bulk capacitor (as shown below).
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Fig. 4.40 Energizing the PFC Inductor [85]

Figure 4.40 illustrates the PFC inductor being energized. Figure 4.41 shows the
energy from the inductor being transferred into the PFC bulk capacitor. When the
PWM switch is shut, as shown in Fig. 4.42, the energy kept within the PFC bulk
capacitor is used to drive the load. Every time this cycle is recurred, the PFC bulk
capacitor has to be completely charged since it is fully discharged when the PWM
switch is shut.

Fairchild Patented Leading Edge Modulation/Trailing Edge Modulation
(LEM/TEM) Technique

In LET/TEM the PFC and PWM switches are tied together, but opening and
closing 180° out of phase, so when the PFC switch is open the PWM switch is shut
and vice versa [85]. Originally while the PFC switch is shut, the PFC inductor is
energized, once the PWM switch is shut, both the output and the PFC bulk
capacitor are energized. Figures 4.43 and 4.44 show that upon frequency of this
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Fig. 4.43 Energizing the PFC Inductor [85]

cycle, the PFC bulk capacitor does not have to be that huge because it is not driving
the output all by itself, the PFC inductor is serving out as well.

There are numerous standards in place to drive power consumption to a power
factor of 1 and preserve total harmonic alteration to a minimum. Depending on the
output power and the designer’s requirements, a SMPS can be designed with either
a discontinuous or continuous method standalone PFC controller, or a continuous



4 Reactive Power Compensation in Energy Transmission Systems ... 185

PFC Section PWM Section
— 1 _Curet N
| VY ” l | YL s | > Vout
} { : Closed I :
I
| L |
I [ Output |
@ ' Open o\ — >~ T
I o PFCBuk_| | | |
[ Cap T L |
| Lo [
1 -t ——>GND
s ey | Lo A S S P e ) S el e L -

Fig. 4.44 Charging the PFC Bulk Capacitor and Powering the Output [85]

PFC/PWM mode device can be used. PFC controllers are predicted to quickly grow
in near future, and standards are dropping the smallest power restrictions on sys-
tems that necessitate PFC, more and more PFC controllers will be used.

4.9 Conclusion

In this chapter the theory and principle reactive power compensation for one-phase
and three-phase networks were described. On the beginning the cyclodissipativity
used for reactive power compensation was presented. Results of this theory were
used in several examples. It was demonstrated that the results can be used for
control algorithms of automatic compensator. In the first parts of chapter the
reactive power decreasing (or power factor increasing) was based on passive
compensation (capacitor, inductor). The one subchapter was also devoted to digital
power and energy meter description. In the last subchapter the active power filters
were also described.

The main aim of this chapter was to show different principles of reactive power
compensation, theory and examples which can be used for effective calculation of
compensation elements.
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