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4.1 INTRODUCTION

This chapter presents a novel and online méthod, which is also a novel
contribution of this research work for detecting negative & zero sequence
voltages and its compensation. It is based on Instantaneous Active Reactive
Power (IARP) ‘theory. Using this concept, _nega';ive sequence and zero
‘SequenCe componenté are compdted online. The a-B transformation is r‘eél_
~unlike the complex transformation matrix i'n.cas‘e"of symmetriéal components.
' So implementation of oc¥B ana.lysis on line is simple. This theory is verified

through simulation and experimentation results.

-This chapter describes the effect of negative sequence & zero sequence on
~-electric distribution systems rﬁainly. induction motor & ehergy saved due to

compensation.

- Modern power systefns »are'three—phése ﬁystems that can .be balanced or |
unbalanced and will have mutual coupling between the phases. In many
‘instances, the analysis of these systems is berformed using what is known as
.. “per-phase analysis.” In this chapter, more gene'rally épplicable approach to
system analysis known as “symmetrical components” willlbe described. The
concept of symmetrical components was" first proposed for power system
analysis by C.L. Fortescue in a classic bpa'per devoted to_consideration of the
general N-phase case (1918). The effect of negative & zero Sequence
: corﬁponents ca'nhé reduced usingvhegative & zero seduence compensator.’
New method was introduced to détect nnegative sequence along with zero
sequencer components. Tﬁis method: detects the negative 5eduence
~ components instantaneously and on line. After detecting thé negative & zero
sequence these signal are cdnverted into three reference signals which are
given to voltage source inQerter to_hullify the effect of negative and zero

- -sequence voltage components in the distribution network.
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4.2 GENERATION OF NEGATIVE SEQUENCE & ZERO

SEQUENCE
4.2.1 VOLTAGE IMBALANCE

Voltage imbalance (also called voltage unbalance) is sometimes defined as fhe
maximum deviation from the average of the three-phase voltages or currents,
divided by the average of the threé-phase voltages or currents, expressed in
| pércent. Imbalance is more rigorously defined in the standards [A17]-[A20]
using symmetrical components. The ratio of either the negative- or zero
sequence components to the positive-sequence component can be used to
specify the percent unbalance. The most recent standards11 specify that the
negative-sequencé method be used. Figure 4.2.1-1 shows an example of‘
negative sequence compbnent to the positive-sequence component in current

for a 24 hours trend of imbalance on an industrial feeder.

The primary source of voltage unbalances is single-phase loads on a three-
phase circuit. Voltage unbalance can also be the result of blown fuses in one
phase of a three-phase capacitor bank. Severe voltage unbalance (greater

than 5 percent) can result from single-phasing conditions.

2%Neg Seq Current Vs Time (CSEB Supply - PCC)

]
|

Yeneg seq
Current

Jiieg Seg Current

"

Figure 4.2.1-1: % Negative Sequence Current for an industrial feeder



42.2  HARMONIC PHASE SEQUENCES

Power engineers have traditionally used symmetrical components to help
describe three-phase system behavior. The three-phase system is transformed
into three single-phase systems that are much simpler to analyze. The method
of symmetrical components can be employed for analysis of the system’s
response to harmonic currents provided care is taken not to violate the
fuﬁdamentél assumptio-ns of the method. The method allows any unbalanced
set of phase currents (or voltages) to be transformed into three balanced sets.
The positive-sequence ‘set contains three siﬁusoids displaced 120° from eéch
other, with the normal A-B-C phase rotation (e.g., 0°, -120°, 120°). The
sinusoids of the negative-sequence set are also displaced 120°, but have
opposite phase rotaﬁon (A-C-B,e.g., 0°, 120°, -120°). The sinusoids of the zero

sequence are in phase with each other (e.g., 0°, 0°,-0°).

In a perfect balanced three-phase system, the harmonic phase sequence can
be -determined by multiplying the harmonic number h with the normal
positive-sequence phase rotation. For example, for the second harmonic, h=2,
hence 2 is m'ultiplied with normal phase rotation i.e. 2 x (0, -120°, 120°) or (0°,
120°, -120°), which is the negative sequence. For the third harmonic, h = 3,
hence 3 is multiplied with normal phase rotation i.e. 3 x (0", -120°, 120°) or
(0°, 0°, 0°), which is the zero sequence. Phase sequences for all other
harmonic orders can be determined in the same fashion. Since a symmetrical
distorted waveform. | in power systems contains only odd-harmonic
components, only odd-harmonic phase sequence rotations are summarized

here:
m Harmonics of order h =1, 7, 13, are generally positive sequence.

m Harmonics of order h =5, 11, 17, are generally negétive sequence.
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-m Triplens (h = 3,‘ 9, 15,...) are generally zero sequence. Impacts bf sequence

harmonics on va‘rious power system components aré detailed in séction 1.9
4.2.3  TRIPLEN HARMONICS

As previously mentioned, triplen harmonics are the odd multiples of the third
- ’har;monic (h=3, .9,’ 15, 21,..,). They deserve special consideration because ’éhga
| system response is often cohsiderabfy different for trip»lens than for the fest of
the harmonics. Triplens become an importani issue for grdunded-wye systems .
with current flowing on fhe neutral. Two typical problems are overloading the
~ neutral and telephone int'erference. One also hears occasionally of devices
that mis-operate because the line-to-neutral voltage is badly distorfed by the
triplen harmonic vbltage dr()p’in the neutral conductor. For the éystem with
perfectly bala_néed ” singlé—phése loads iHustrated" in Figure 4.2.3-1, an |
assumption is made t.hat fundamental and 'thifd-harfnonic components are
present. Summing the currents at node N, .the fundamental current
components in the neutral are found to be zero,vbut the third-harmonic
éomponents are 3 times those .of the phase currenfs because they natufally
coincide in phase and time. Transformer winding ‘connections have a
significant impact on the flow of triplen harmonic cufrents from s.ingle’—phase.
'nonline'ar loads. Two casés ’are shown in Figure 4.2.3-2. in the wye-delta
transformer (top), the triplen harmonic currents are shown entering the wye
side. Since théy are in phase, they add in the neutral. The delta v’vinding:
provides ampere-turn bélance so that they can flow, but they remain trapped
in the delta and do not show dp in fhe line currents on the delta side. When
the currents are balanced, the triplen. harmonic currents behave exactly as
zero-sequence currents, which s precisely whai they ‘are. This type of
* transformer connection is. the‘most common employed in utility distribution
substations with the delta winding connected to the transmissibn feed. Using
grounded-wye windings on both sides of the transformer (bottom) aII_oWs

- ‘balanced tr'iplens to fiow’ from the low-voltage 'syst‘em to the high-voltage
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system unimpeded. They will be present in equal proportion on both sides.
Many loads in the United States are served in this fashion. Some important

implications of this related to power quality analysis are

1. Transformers, particularly the neutral connections, are susceptible .to
overheating when serving single-phase loads on the wye side that have high

third-harmonic content.

2. Measuring the current on the delta side of a transformer will not show the
triplens and, therefore, not give a true idea of the héating the transformer is

~ being subjected to.

3. The flow of triplen harmonic currents can be interrupted by the appropriate
isolation transformer connection. Removing the neutral connection in one or

both wye windings blocks the flow of triplen harmonic current.

batanced fundamental currents sum 19 0,
but balanced third-harmonic currents coincide

£

A\
oo WU
k _(/\y/(\v C Q neutral current contains no

fundarmental, but is 300% of
third-harmonic phase current

Figure 4.2.3-1: High neutral currents in circuits serving single-phase nonlinear

loads.
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There is no place for ampere-turn balance. Likewise, a delta winding blocks ‘
the ﬂbw from the line. One should note that three-legged coré transformers
behave as if they have a “phantom” delta tertiary winding. Therefore, a wye;
wye connection with only one neutral point grounded will still be able to
conduct the triplen harmonics from that side. These rules about triplen
harmonic current flow in transformers apply ‘dnly to balanced loading
conditions. When the phaseé are not balanced, currents of normal triplen
harmonic frequencies may very well show up where‘tﬁ‘ey are not expected.
~The normal mode for triplen harmonics is to be zero sequen'ce. During
imbalances, triplen - harmonics rﬁay have positive or negative sequence
compenents, too. One notable case of this is a thi’ee-phase arc furnace. The
furnace is nearly always fed by a delta-delta connected transfo_‘rmer to block
the flow of the zero sequence currents as shown in Figure 4.2.3-3. Thinking'
that third harmonics are synonymous with zero sequence, many engineers are
surprised to find substantial third-harmonic curren‘t present in large.

magnitudes in the line current.

Figure 4.2.3-2: Flow of third-harmonic current in three-phase transformers.
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However, during scrap meltdown, the furnace will frequently operate in an
unbalanced mode with only two electrodes carrying current. Large third-
harmonic éurrents can then freely circulate in these two phases just as in a
single-phase circuit. However, they are not zero-sequence currents. The third-
harmonic currents have equal amounts of positive- and negative-sequence
'currents; But to the extent that the system is mostly balanced, triplens mostly

' _behave in the manner described.

iy

Figure 4.2.3-3: Arc furnace operation in an unbalanced mode allows triplen

harmonics to reach the power system despite a delta connected transformer.
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4.3 ANALYSIS OF VOLTAGE UNBALANCE PR_OBLEM

Induction motors have been used in the past mainly in applications requiring a
constantbspeed because'conventional methods of their speed control. have
either been expensive or highly inefficient. Variable speed applications have
been  dominated by DC drives. Availability of thyristors, power transistors,
IGBT and GTO has allowed-the'development of variable speed induction
* motor drives. The main drawback of de motors is the preserllce'of commutator
and brushes, which require frequent maintenance and Vmake them unsuitable
for explosive and dirty environments. On the other hand; indllttio‘n nlotors,
particularly squirrel-cage are rugged, cheaper, lighter,‘ smaller, more efficie-nt,
' requlre - léwer maintenance and can operate; in dirty and - explosive
envirclnrhents. Although variable speécl induction mdtor drives are generally
expensive than dc drives, they aré used in a number of applicaﬁons such‘as
. fans, blowérs, mill run-out tables, cranes, conveyerg, traction etc.’bécause ol
‘the advantages of induction . motors. Other dominant applicat_ions are-
underground and ‘underwater installations, and explosive and dirty

environments.

Use of 3-4) induction motor (IM) in l/arious indu'strives is ‘almost. 80% of their
total dfive reduirements. Performance of thesle inductiorl motgl’s is affected
by the unbalance in buS voltage caused_by negative sequence currents, which
- heat up the rotor and generate Braking Torque. Due to the very low value of
negative sequence impedance offered by the induction motor aS cbmbared to
its positive sequence impedance, a very small negative sequenc’é’voltage
component in the inputrmay give rise to corislde’rableznegati.v'e,sequence
“current causing significance deterioration in the performance of induction

motor.

Therefore even low unbalance factor (ratio of negative sequence to positive

sequence) in input voltage has to be carefully looked into. Voltage unbalances '
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occur quite often in distribution systems. Figure 4.3-1 shows the schematic of
this conventional induction motor drive and the effect of input voltage

unbalance.

BUS

Figure 4.3-1(a): Schematic of conventional induction motor drive

______ -balanced cond - unbalanced cond

Figure 4.3-1(b): Torque v/s speed characteristic with balanced and unbalanced

condition
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4.4 SYMMETRICAL COMPONENTS FOR POWER SYSTEMS
ANALYSIS ‘

~ The case for per-phase analysis can be made by conéidering the simple three-
phase system illustrated in Figure 4.4-1. The steady-state circuit response can
be obtained by solution of the three loop equations presented in Equation
- {4.4-1a) through (4.4-1c). By solving these loop equations for the three line
currents, Equation {4.4-2a) through (4.4-2c) are obtained. Now, if Eompletely

balahced sburce operation (tHe impedances are defined to be balanced) is
| assumed, then the line currents will also form a balanced three-phase set.
Hence, their sum, and the neutral current, will be zero. As a result, the line ,

current solutions are as presehted in Equation (4.4-3a) throUgh (4.4-3c).

-V, o+ i

(\} V A+ X A+ X
v -

- ﬁb + ?b

‘___(A\)_ Ag+ s Ao+ g
N
- i}:c + ?c
-m\ -

A+ g _ o+ G

-k

Ao+ X —

Figure 4.4-1: A simple three-phase system"
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f’iz - Ta (R.S‘ + ]XS) - ia (RL + jXL) - Tn (Rn +, an) =0 (4.4-1a)

Vp— Iy Rs+ jXs)— I, Ry + jX,) = L, Ry + jX) =0 (4.4-1b)
V.— L (Rs+ jXs)— I (R, + jX,) = I, R, + jX,) =0 (4.4-1c)
I_'a = Vo= Tn (Rp+ jXn) - ’ ' l ' » (4.4*28)

(Rs+ R+ j(Xs+ X1)

7 Vp=I (Rpt+ jXn)

Ib - (RS+ RL)+ j(XS+ XL) (4%4"2*))
7 Ve Iy (Rnt+ jXn) i
le= (Rs+ R+ j(Xs+ X)) (4.4-2c)
7 = Va . . )
fa (Re+ Rp)+ j(Xs+ X1) {4.4-3a)
- 7

= 4.4-
b (Rs+ R j(Xs+ X1) (4.4-3b)
- - VC )
le = (Re+ R+ j(Xs+ X1) (4.4-3¢)

The circuit synthesis of Equation (4.4-3a) through (4.4-3c) is illustrated in
Figure 4.4-2. Particular notice should be taken of the fact the response of each
phase is independent of the other two phases. Thus, only oné phase need be '
solved, and three-phase symmetry may be applied to determine the solutions

for the other phases.

This solution techniqué is the per—phaée ana!ysiS method. If one considers the
introduction of an unbalanced source or mutual coupling between the phases
in Figure 4.4-1, then per-ph'ase analysis will not result in three decoupled

networks as shown in Figure 4.4-2. In fact, in the general sense, no immediate
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circuit reduction is available without some form of reference frame
transformation. The symmetrical component transformation represents such
a transformation, which will enable decoupled analysis in the general case and

single-phase analysis in the balanced case.

Ho o+

. i %‘%

A
B+ | R+
}
v

Figure 4.4-2: Decoupled phases of the three phase system
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44.1° FUNDAMENTAL DEFINITIONS

44.1.1 VOLTAGE AND CURRENT TRANSFORMATION

To develop the symmetrical components, [J11]-[J14] let us first consider an
arbitrary {(no assumptions on balance) three-phase set of voltages as defined
in Equation (4.4.1.1-1a} through (4.4.1.1-1c). Note that it could just as easily
be considering current for the purposes at hand, but voltage was selected
arbitrarily. Each voltage is defined by a magnitude‘ and phase angle. H‘ence, six

degrees of freedom is available to fully define this arbitrary voltage set.

= V,26, | | . (4.4.1.1-1a)
7,=V,z.0, | . (a4.1.1-1b)
V.=V.26, e © (4.4.1.1-1¢)

Each of the three given voltages can be represented as the sum of three
components as illustrated in Equation (4.4.1;1-23) through (4.4.1.1-2c). For
now, these components are considered to be completely arbitran} except for
their sum. The 0, 1 and 2 subscripts are used to denote the zero, positive and
negative sequence components of each phase voltage, respectively.
Examination of Equation (4.4.1.1-2a-c) reveals that 6 degrees of freedom exist
on the left-hand side of the equations while 18 degrees 6f freedom exist on
the right-hand side. Thérefore, for the.relationship bet\{veen the voltages in
" the a-b-c frame of reference and the 'voltages in the 0-1-2 frame of reference

to be unique, the right-hand side of Equation (4.4.1.1—2) must be considered.

Vo= Voot Vor + Vg | ' (4.4.1.1-23)
Vy = Voo + Vi + Vi - (4.4.1.1-2b)
Vo= Voot Vo + Vg (4.4.1.1-2c)
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It is begin by forcing the ag, bg, and ¢, voltages to have equal magnitude and
phase. This is defined in Equation (2.6). The zero sequence components of
‘each phase voltage are all defined by a single magnitude and a single phase
angle. Hence, the zero sequence components have been reduced from 6

degrees of freedom to 2.

Vao= Vo= Vg = Ty = Vo8 S (4.4.1.1-3)

Second, the aj, by, and ¢, voltages are forced to form a balanced three-phase
set with positive phase sequence. This is mathematically defined in Equation
(4.4.1.1-4a-c). This action reduces the degrees of freedom provided by the

positive sequence components from 6 to 2.

Var = V1 = V1464 L o (4.4.1.1-4a)
Vo1 = Vi2(6; — 120°) = 11.1£—120° | © (4.4.1.1:4b)
V.= V206, + 120° = V.12 4+ 120° . . (4.4.1.1-4c)

And finally, the a,, b,, and ¢, voltages are forced to form a balanced three-
phase set with negative phase sequence. This is mathematically defined in
Equation (4.4.1.1-5a-c). As in the case of the positive sequence components,

the negative sequence components have been reduced from 6 to 2 degrees of

freedom.

Vo= Vo= Vo2, | - (4.4.1.1-53)
Vo2 = V22(0; + 120°) = V.12 +120° (4.4.1.1-5b)
V., = Vy(8, — 120°) = VZ. 12-1200 ' (4.4.1.1-5¢)
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Now, the right and left hand sides of Equation (4.4.1.1-2a) through (4.4.1.1-2¢)
each have 6 degrees of freedorﬁ. Thus, the relationship between the
‘ symmetrical componeht voltages and the original phase voltages is unique.
" The final relationship is presented in Equation (4.4.1.1-6a) through (4.4.1.1-
6c). Note that the constant "a’; has been defined as indicated in Equation

(4.41.1-7).

V="V+V+7 g (4.4.1.1-6a)
IZ, =V, + a?V, + ab, | | © (4.4.1.1-6b)
V.= V,+ ab, {,&?Vz S -  (a411-60)
a= 1/_’1200 R N (4.4.1.1-7)

Equation (4.4.1.1-6) is more easily written in matrix form, as indicated in
Equation (4.4.1.1-8) in both expanded and compéct form. In Equation (4.4.1.1-
8), the [T] matrix is constant, and the inverse exists. Thus, thé inversé
transformation can be defined as indicated in Equation (4.4.1.1-9). The over

tilde () indicates a vector of complex numbers.

lopto1 17[%
VWl=11 a al|lV
7] boa al|p
Vabe = [T1Vp12 - (4.4.1.1-8)
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w1 17k
V1 —-; 1 ﬁ azjl Vb
7, 1 a2 ally
Vorz = [TT7* Vgpe - | (4.4.1.1-9)

Equations (4.4.1.1-10) and (4.4.1.1-11) define an identical transformation and

- inverse transformation for current.

Ipe = [ThHorz | ' | (4.4.1.1-10)

1_0 1 1 1 1 I:a
11 — '?: 1 ﬁ ﬁz} Ib
L 1 a alll,
I, = [TI7 ], . (4.4.1.111)
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4.4.1.2 IMPEDANCE TRANSFORMATION

In order to assess the impact of the symmetrical component transformation
on systems impedances, Figure 4.4.1.2-1 was considered. Note that the
balanced case has been assumed. Kirchhoff's Voltage Law for the circuit

dictates equations Equation (4.4.1.2-1a -c), which are written in matrix form in

Equation (4.4.1.2-2) and even more simply in Equation (4.4.1.2-3).

s i
(Y —
+ .Y . +
. Koo 7
PHea Pan ‘ ! .
s & . &
V. - Ko 7 v
oo 5
% (YY L — 7,
’ + L] : +
A 7
Figure 4.4.1.2-1: Mutually Coupled Series Impedances
V,— V] = jXpaly + jXaulp + jXcal, ' (4.4.1.2-1a)
Vo — Vi = jXopla + jXpulp + jXpcl,: (4.4.1.2-1b)
Vc - —cf =chaTa + ijcI—b +chcI_c ; (4.4.1.2-1c)
]Za Izal Xaa Xab Xca Za
Vel= Vsl =J | Xab Xob  Xbe| |Ip] v : (4.4.1.2-2)
Vc Vc’ Xca Xbc ch —c
?abc - ~c:bc = A [Zabc] fabc . (4.4-12’3)‘
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Multiplying bdth sides of Equation (4.4.1.2-3) by [T ] vields Equation (4.4.1.2-
4). Then, substituting Equation (4.4.1.1-9) and (4.4.1.1-10) into the result leads
to the sequence equation presented in Equation (4.4.1.2-5). The equation is
written strictly in the 012 frame reference in Equation (4.4.1.2-6) where the

sequence impedance matrix is defined in Equation {4.4.1.2-7).

[T]wlvabc - [T]Flvébc = [T]_l{zaéc} Tabc - ‘ (4.4.1.2-4) v
: '_“17012 — Vg1z = T Zape] [T o1z ‘_ V (4.4.1.2-5)
Vorz = Vo12 = [Zo12] oz o . (4.4.1.2-6)
o _ _ Z:o_o ?01 Z_:oz - ‘
[Zor2] = 17 Zap ] Th = |20 Zoy Ziy ’ (4.4.1.2-7)
Zyo Zz1 Ip
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44.1.3 POWER CALCULATIONS T My, < P
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The impact of the symmetrical components on the computation of complex™
power can be easily derived from the basic definition. Consider the source
illustrated in Figure 4.4.1.3-1. The three-phase complex power supplied by the
source is defined in Equation (4.4.1.3-1). The algebraic manipulation to
Equation (4.4.1.3-1) is presented, and the result in the sequence domain is
presented in Equation (4.4.1.3-2) in matrix form and in Equation (4.4.1.3-3) in

scalar form. - v,

Ssp = Valg + Iy + V.10 = Vi Lope (4.4.1.3-1)

1 1 111 1 1

[TI"[T] = |1 a2 a] [1 a a
1 a all1 a* a

30 0 100

=10 3 0] =3 [0 1 0

0 0 3 0 0 1
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5325 =3 ‘7&2 i312

Sw=3WLG+ WL+ L5}

Bt Wo-
[S— S gm
AR A
—_— P
Zpty
ot %o-
Z
{a)

(4.4.1.3-2)

(4.4.1.3-3)

&
— [z

b
I
Z

I
e
%
)

Figure 4.4.1.3-2: Three-Phase Impedance Load Model

Note that the nature of the symmetrical component transformation is not one

of power invariance, as indicated by the multiplicative factor of 3 in Equation

{(4.4.1.3-3). However, this will prove useful in the analysis of balanced systems,

which will be seen later. Power invariant transformations do exist as minor

variations of the one defined herein. However, they are not typically

employed, although the results are just as mathematically sound.
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4.4.2 SUMMARY OF THE SYMMETRICAL COMPONENTS IN THE
GENERAL THREE-PHASE CASE

The general symmetrical component transformatibn proceéss has been defined
in this section. Table 4.4.2-1 is a short form reference for the utilization of
these procedures in the general case (i.e., no assumption of balanced

conditions).

“Table 4.4.2-1 Summary‘ of the Symmetrical Components in the General Case

Transformation Equations

Quantity ‘ abe = 012 012 = abe

Vo | T Ve Ve 11 1 Vi
Voltage v, .z% 1 a &#||V vi=11 2 al|lv
’ V. 1 @ a ||V, V. 1 @ ®||V
: eyl : P
Vorr = [T|” Vi Ve = [T | Vorz
Ty 111 1, 1, ( 11 ! To
Current Li=%{1 @ @\, Lhl=11 @& @ |11,
Ll 1 o# alll .l 1z 2|5
¥ P -l + rET
Tz = [T} Tape Tpe = [TToz
. v R bt ] 5
Impedance Zoa] = [T]™ [Zawe] [ T]
| S36 = Vol + ViTy-+ VI = V), I
Power

s = 3{VoIg + VaTi + Vili } = 3V, i

- Application of these relationships defined in Table 4.4.2-1 will enable the
power system analyst to draw the zero, positive and negative sequence
networks for the system under study. These networks can then be analyzed in
the 0-1-2 reference frame, and the results can be easily transformed back into

the a-b-c reference frame.
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Table 4.4.2-2 Summary of the Symmetrical Components in the Balanced Case

Transtormadtion Equations

Quantity abe = 012 012 = abe
Voltage Positive Phase Sequence: ~ Positive Phase Sequence:
(V] (V] [e] (V.7 (W] [%]
v |=07"|%| = |V v, =T % | = |7
Vo V.1 [ o] Az 1V Lavy]
Negative Phase Sequence: Negative Phase Sequenae:
(V] [T [e] (V.] (W] [%]
V| =07 = | o0 V| =7 ="
E, “’: . L "(C. L V“ . ”V‘» g _v;_ _7)‘2?2 ;
Current Pasitive Phase Sequence: Positive Phase Sequence:
_ZD T Za _9
th = {7: e =11
T I 0
Negative Phase Sequence:
= L
L=[TI " |L]=]0
A I, T.
o e 4 Zs 4270 +32, 0 &
Impedance 12‘,;25 = ﬁ: {/m i—’fd = 4] Ze—Zum 0
0 0 Zr 2oy
Power

Sigp = Voly + Vg + VIt = 3V, 15

- e 3V T positive ph. sfq-
=P RV eV )l = {1t f
Se = {Valo+ i1 + VoI {3%52:3 negative ph. seq
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44.3 INSTANTANEOUS SYMMETRICAL COMPONENTS THEORY
FOR COMPENSATION

A three-phase, four-wire compensated system is shown in Figure 4.4.3-1,
where the three-phase load may be unbalanced and nonlinear, while the
supply voltage may be unbalanced and distorted. A shunt APF (or
compensator) and the load are connected at the PCC. For the sake of -
illustrating the concept, the compensator is considered to be ideal and it is |

comprised of three ideal current sources as shown in the Figure 4.4.3-1.

o hel e
T
N {r’:‘ N 3.\&‘ {1 K‘\?Cb
N " ) ‘s\i
A ™ i
y— =

ideat J—
compensator’ 1 Q G‘} Q
. ) ‘ i Bl e

Figure 4.4.3-1: Schematic of Three-Phase, Four-Wire Compensated'System

Let the unbalanced and distorted voltages be represented by

Vsa(t) = X1 Ving nSin (M0t + Byn) . (4431a)
vsb(t) = Z;cz=1 Vmb nSin (nwt + va n) (4-4-3‘1b)
Ve (t) = XX Vipp nSin (nwt + 0,c.) v . (4.4.3-1c)

o n ”b” H

The subscript “s” stands for supply, “a ” for the three phases notation,
“m” for maximum or peak value and “n” for the harmonic number. The term

“k” is the order of maximum harmonic considered in the sup’ply voltages.
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Let us denote instantaneous positive, negative, and zero sequence voltages
for phase-a by v} (t), v (t) and'vsoa(t), respectively. These sequence

voltages are expressed using symmetrical transformation as the following:

e (t) 1 17 v
Vsa()| =3 [1 a az} Vsp (t) | (4.4.3-2)
v (t) 1 a? allv(b) .

Similarly, the instantaneous load currents can be resolved into its

instantaneous zero, positive, negative sequence components as

ifa(t) 1 1 17 [i(®
i) =‘51; [1 a az} Lp(E)] . {4.4.3-3)
i () 1 a? al i) :

Here “a” is a complex operator equal to e/2/3, The aforementioned sequence
components are denoted by boldface letters as they are corﬁptex quantities as
a function of time. The zero sequence components are however not complex
quantities, still they are represented by bold faced letters to maintain |
buniformity in equations. In a balanced distorted system with a fundamental
frequency of w and for a non-negative integer n, the harmonics of the order
of 3n+1, 3n+ 2, and 3n+4 3 follow the positive, negative, and zero
~ sequences, respectively [J22]. Thenvg, (t), vy (t) and v, (t) in (4.4.3-2), have
3n+1,3n-+ 2, and 3n + 3 harmonics, respectively. But in the unbalanced
distorted systemvy, (t), v (t) and v, (t) have all of the harmonic orders. The
balanced steady state harmonic components can be determined by using the
following expréssions. In general, for the harmonic order, it is written as
follows:

g ft1+1' v (t)e~J(GnDwt-m/2 o (4.4.3-4)

+ -
: Vsa(3n+ 1) = 1

where n = 0,1,2, ......k. The term is an arbitrary instant and T is the time
period of a cycle. The aforementioned integration is carried out using a

moving average filter to have a fast response of the compensator. From the
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expression just shown V;’a(3n+1) and LVja(?,nﬂ) 'Can be obtained. The

balanced voltage harmonics are given by

- VZ pti+r L - -
Via@niz) = ?ftl Vgq (t)e J(@nt+Dat-n/2 . (4.4.3-5)

From (4.4.3-5), lV;’a(3n+2)] and £V ,3n42) can be obtained. Similarly, the
- 3n + 3 voltage harmonics can be obtained as follows:

‘ VZ t1+T —j - -
I’,ga(3n+3) = ';fm veu (t)e }((3n+3?wt /2 S (4.4.3-6)

Using (4.4.3-6), IV‘S’a(gn +3)] and 4V2a(3,,+3) are computed.

Thus, the balanced quantities in the case of unbalanced and distorted supply
voltages can be given by (4.4.3-7)—(4.4.3-9), shown at the next page, where
n=0,12,....kin (4.4.3-7)~(4.4.3-9). '

‘v;‘a(3n+.1) b(t) = V2|V Gnsn| sin (Bn+Dwt) + £V 3n41) | (4.4.3-7a)
Vapanin () = V2|Vianin| sin ((3n+l)wt —27/3) + £V 3,11)) (8.4.3-70)
Vie@nen) () = \/f[V;”a(gnHﬂ sin ((3n+1)wt + 2 ﬁ/3) + £V i@anen) (44.3-7¢)
Veaaniz) (8) = \/EIV;a(smz)l sin ((3n+‘2)(Ut) + AV;av(zr;n))- (4.4.3-8a)
Vipantzn(®) = V2|Vianin| sin (Bn+2)wt — 27/3) + LV (304 (4.4.3-8b)
vs‘cénﬂ) ®) = ﬁlV;a£3n+2)| sin ((3n+2)wt + 21/3) + £V 35 3n42)) (4.4.3-8¢)
Von(ant3) (?) = V2[Vanenl sin ((én+3)a)t) + LV 3n42)) (4.4.3-9a)
Vpcansn () = V2[Viaaniz] sin ((35+3)wt = 27/3) + LV{a(3ns2) (4-4’-3-95)

Veianen () = V2|Vaanen] sin ((3n+3)wt +27/3) + £V g 3n42) (4:4.3-9¢)
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The three-phase balanced set of voltages in the case of unbalanced and

distorted supply voltages can be written as
Ve (8) = oo (Vinsn (O + Viggamsry (O + Vaanany (®)  (4.4.3-10a)
v () = Yx o (V;};(snﬂ) (@) + v;b(3n+2) ®)+ v?b(3n+3) (t)) (4.4.3-10b)

Ve () = oo (Vianin) (O + Viggmany () + Vsnany () (443-10¢)

Now vy, , Vg, and vg, form balanced quantities for the available distorted and

unbalanced supply voltages.

' Let the source currents after compensation be ig,, iy, and i in phases a, b
~and c¢ respectively, as shown in Figure 4.4.3-1. In order to meet the
requirements of load compensation, the following three conditions are to be
satisfied. The first condition is that the neutral current after compensation

must be zero. Therefore
g + isp + ise =0 o (4.4.3-11)

The second objective of compensation is that the reactive power delivered
from the source is controlled by the phase angle between the positive

sequence voltage and current, hence
(L ®) = £(ifL@®)+ o7 T (44312)
This implies that

L(Veq + avgp + a%v,) = 2£(igq + aig, + aiy) + 0F
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Simplifying the equation that was just shown leads to

(vsb = VUge — 3sza)isa + (vsc = Vsq 3yvsb)isb + (vsa = Vgp — 3yvsc)isc
=0

(4.4.3-13)

Where y =tan@*/v3 and @* is the angle between the instantaneous
phasors v¥, and if,. In order to control the reactive powér from the source
through the negative sequence quantities, the following condition should be

met:
£(v;@®) = 2(im@®)+ 0~ - L (s4319)
This gives

(Wse — Vsp — 3BVsa)isq + (Wsq — Vse — 3BVgp)igy + (Wsp — Vsq — 3B Vsc)ise

(4.4.3-15)

where ﬁ‘= tan@~/v3 and @~ is the angle between the instantaneous
phasors vy, and ig,. By keeping both y =0 and f = 0 means that the
reactive powér supplied from the source through the positive sequence and
negative seduence components of voltages and currents is zero. Alternatively,
the positive sequence currents and negative sequence currents are in. phase
with the positive sequence voltages and negativé sequence voltages,

respectively. It results in the following equation:
(Wsp — Vscdisa + (Wse — Vsadisp + (Vsq — Vspdise =0 (4.4.3-16)

- The third condition is that the source should supply the average load power

Plavg i.e., vsaisa + vsbisb + vSCisc = Plavg (4.4.3-17)
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By solving (4.4.3-11),'(4.4.3—16), and {4.4.3-17), the reference source currents

for compensation are obtained as follows:

" — 0 .

isq = =22 Py, | : (4.4.3-183)

. Vsh — Vg

iy = 2 Bap K (4.4.3-18b)
-0 '

e = =22 Py | (4.4.3-18¢)

Where vl = (1/3) ¥, vgjand A= z b2, — 3 (1%)?
=ab, j=ab.c

For the balanced sinusoidal conditions, is zero. For the supply voltages with
unbalanced fundamental and unbalanced harmonics, it is not zero. Even for
balanced distorted supply voltages, it is nonzero because of the triplen
harmonic‘s. By knowi‘ng the. reference source currents, the APF reference

currents can be obtained as shown

1,0
ifa = G = sa = ilg =522 Playy (4.4.3-19a)
-~ p0 :
ity = Ly — Isp = lp _iSbA—vSE Pravg (4.4.3-19b)
s e __vsc—-vgap _ 4.43-19
lfc = e tse = ¢ A lavg ( L C)

While deriving the reference compensator currents in (4.4.3-19), in general, it
is not assumed that supply voltages should be balanced and sinusoidal.

However, the compensator meets the requirements as follows.
» There is no neutral current after compensation.

* The source supplies average load power and the rest of the load power is

supplied by the compensator.
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4.5 INDUCTION MOTOR ANALYSIS

Three-phase induction motors are of two types: squirrel-case and wound- -

rotor. In squirrel-cage, the rdtor consists of longitudinal conductor-bars
shorted by circular connectors at the two ends while in wound-rotor motor,
the rotor also has a balanced three-phase distributed winding having same
poles as stator winding. However, in both, stator carries a three-phase

balanced distributed winding.
4.5.1 PER PHASE EQUIVALENT CIRCUIT OF MOTOR

- Per-phase equivalent circuit of a three-phase inddction motor is shown in
Figure 4.5.1-1(a). R’ and X’ are the stator referred values of rotor resistance R,

and rotor reactance X. Slip is defined by

§ = —miltm (4.5.1-1)

Wms
where w,, and wms are rotor and synchronous speeds, respectively. Further

Wpps = f—gf rad/sec : (4.5.1-2)

Where f and p are supply frequency and number of poles, respectively.

Since, stator impedance drop is generally negligible compared to terminal
" voltage V, the equivalent circuit can be Simplified to that shown in Figure

4.5.1-1(b).
~ Also from Equation {4.5.1-1)

W = Wps (1= 5) ' | (4.5.1-3)
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?_{r' . Rrifs

()
Rs e R
(b)

.. Figure 4.5.1-1: Per-Phase Stator Referred Equivalent Circuits of An Induction

Motor

From Figure 4.5.1-1(b);

N — o 7 (a5.14)
P (Rt ) ter » -

Power transferl;ed to rotor (or air-gap power)

P,=3L*R] /s | | | o . (4.5,1-5)-'
Rotor copper loss is

Peu =3L*R; | | , {4.5.1—5)
Elec.trical power co.n.verted into mecbanical power’
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Pu=P— pa=312R (£2) (4.5.1-7)
Torque developed by motor

T=P,/w, (4.5.1-8)
Substituting from Equations (4.5.1-3)ahd (4.5.1-7) yields

T=_2 2% | S : - (4.5.1-9)

W s

Substituting from Equation (4.5.1-4) gives

' VZRL,. : y
T = ;—3-— e . (45.1-10)
| ms (RS+ ?T) + (Xs+ X1

A comparison of Equations (4.5.1-5) and (4.5.1-9) suggests that
T=PF/Wns . _ (4.5.1-11)

~Motor output torque at the shaft is obtained by deducting friction windage
and core-loss torques from the developed torque. The developed torque is a
function of slip only (Equation 4.5.1-10). Differentiating T (4.5.1-10) with

respect to s and equating to zero gives the slip for maximum torque

Ry

fR3+ (Xs+ x1)?

~ Substituting from Equation (4.5.1-12) into (4.5.1-10) yields an expression for

-+ (4.5.1-12)

Sm

maximum torque

Ty = — v (4.5.1-13)
20ms |p 4 JR§+ (xs+ x1)? ,

Maximum torque is also known as breakdown torque. While it is independent

of rotor resistance, s, is directly proportional to rotor resistance.
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The natures of speed-torque and speed-rotor current characteristics are
shown in Figure 4.3-1(b). Both rotor-current and to'rQUe are zero at
synchronous speed. With decrease in speed, both increase, While torque
breduces after reaching breakdown value, the rotor-current continues to
increase, reaching a maximum value at zero speed, Drop in speed from no
load to full load depends on the rotor resistance. When rotor resistance is
low, the drop is quite small, and therefore, motor operates essentially at a
constant speed. The breakdown torque is a measure of short-time torque

overload capability of the motor.

Motor runs in the direction of the rotating field. Direction of rotating field and
therefore 'motor speed can be reversed by reversing the phase sequence. |
Phase sequence can be reversed by interchanging any two terminals of the

motor.
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4.5.2 OPERATIONAWITH UNBALANCED SOURCE VOLTAGES AND
SINGLE PHASING

As Supply voltage may sometimes become unbalanced, it is useful to know the
effect of unbalanced voltages on motor performance. Furtﬁer, motor terminal
‘voltage may be unbalanced intentionally for speed control or starting as
described later. A three-phase set of unbalanced voltages (V,, Vi, and V) can
be resolved into three-phase balanced positivé séquence (Vp), negative
sequence (V,) and zero sequence (V,) voltages, using symmetrical component

relations as mentioned in section 4.4:

Motor performance can be calculated for positive and negative sequence
voltages separately. Resultantvperformance is obtained by the principle of
superposition by assuming mofof to be a linear system. Positive sequence
voltages produce an air-gap flux wave which rotates at synchronous speed in
the forward direction. For a forward rotor speed w,,’ slip s is given by Equation
(4.5.1-1). For positive sequence voltages, equivalent circuits are same as
- shown in Figure 4.5.1-1, except that V is replaced by V,. The positive sequence
rotor current and torque are obtained by replacing V by V, in Equations {4.5.1-
4) and (4.5.1-10). Thus

»

[}
(Rs-l- 551'-)4- J (Xst X1

’
Iy

'
3 ) sz RT/S

| 7\ 2
@ms (Rs-fr%’-) + (Xs+ X1)°

i

(4.5.2-1)

Negative sequence voltages produce an air-gap flux wave which rotates at

synchronous speed in the reverse direction. The slip is

. TWpmsT Om
Sy, = —
« ‘wms

Substitution from Equation (4.5.1-3) gives
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: Sp=(2-5) (4.5.2-2)

Again, equivalent circuits of Figure 4.5.1-1 are applicable when s is replaced by
(2 - s) or s, and V are replaced by V,. Proceeding as in Sec. 4.5.1, following

expressions are obtained for rotor current and torque:

— _Vn

’
Irn - R . ’
Rt o4+ j (Xt Xy)

3 VZR.,._ j ’ ,
T, = — ] (4.5.2-3)
n @ RL. z

ms (Rs+ 2—}5) + (Xs+ X7) :

Torque has™a negative sign because for negative sequence voltages the

synchronous speed is (—w,,s). The rms rotor current and torque are given by

L= 12+ 12)" (4.5.2-4)
T=T,+T,
— 3 . Vzi R:‘/S - V?% "'221"‘/(2—5‘) (4 5 2_5)
! ! "~
Dms (R5+ Bs_r.) + (Xs+ X1)° (R$+ —28{;) + (X + x2)?

Poéitiye sequence and negative séquence speed-torque characteristics are
~ shown in Figuré 4.5.2-1(a}. Single phasing {when supply to anyone phase fails)
- is the extreme case of unbalancing, when V, = V,, . At zero speed, s is also
equal to s, consequently starting torque is zero. Speed-torque curves for single
phasing are shown in Figure 4.5.2-1(b). Interaction between positive sequence
air-gap flux wave and positive sequence rotor currents produce positive
sequence torque T, Negative sequence torque T, is produced vdue'to
interaction between negative sequence flux wave and négative-sequence

rotor currents.
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Figure 4.5.2-1(a): Speed-Torque Curves of An Induction Motor With

Unbalance Stator Voltages

Speed v/s Torque

1000.0

800.0

AxisTitle

600.0
400.0
200.0

0.0
0.0 20.0 40.0 60.0 80.0 120.0

Axis Title
-Shaft Torque (Balance voltage) -----Shaft Torque (unbalance voltage)

Figure 4.5.2-1(b): Speed-Torque Curves Of An Induction Motor With

Unbalance Stator Voltages & Balance Stator Voltage For Single Phasing

Interactions between positive sequence flux wave and negative sequence
rotor currents, and negative sequence flux wave and positive sequence rotor

currents, also produce torques. However, these torques are pulsating in
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nature with zero average values. The pulsating torques cause vibrations which

reduce the life of motor and produce hum.

Equations (4.5.2-5) and (4.5.2-4) suggest that while the torque is reduced,
copper losses (and also core losses) are increased. Thus, the unbalanced
operation substantially reduces the motor torque capability and efficiency. To
prevent burnihg of the motor, it is not allowed to run fqr a prolonged period
when the unbalance in voltages is more than 5%. For the same reason, motor
is disconnected from the source whenever single pha‘sing occurs, unless the
’single phasing is aiways accompanied by a light load. '

Re=181 Xg=237 - ¥r'= 948
o—TAAA, g gy gV " IV

\\ Fm =917 62 2 ¥m= 1773 o> Bris=145s

P
”

b /§ n= 11773 | L .
/ Rm=s1762 < 3 Xm=T0 Rrf2-s = 1.4502-5)
. )\M * YL LYY
Rs =191 X =237 Hr'=9.48

Figure 4.5.2-2: Per phase Equivalent circuit of Induction motor for calculation

of speed torque characteristics under unbalance stator voltage condition.

From equivalent circl:uit‘of Figure 4.5.2-2, oné can obtain speed-torque' curve
for the motor. This curve and the load speed-torque curve are plotted on a
graph. Intersection provides the values of steady state speed and torque. As a
v sarﬁple motor current and torque for a slip of 0.035 is calculated in Annexure-

1.

Page No 4.38



4.5.3 ANALYSIS OF INDUCTION MOTOR FED FROM
NON-SINUSOIDAL VOLTAGE SUPPLY

When fed from an inverter or cyclo-converter, the motor terminal voltage is
non-sinusoidal but it has half-wave symmetry. A non-sinusoidal waveform can
be resolved into fundamental and harmonic components using Fouvrier
analysis. Because of half-wave symmetry only odd harmonics will be present.
The harmonics can be divided into positive sequence, negétive sequence and
zero sequence. The harmonics, which have the same phase sequence as that
of fundamental are called positive sequence harmonics. The harmonics having

phase sequence opposite to fundamental are called negaﬁve sequence
| harmonics. The harmonics, which have all three-phase voltages in phase, are

called zero sequence harmonics.

VConsider the fundamental phase voltage components Vyy = VI sin wt, Vgy=V/
sin(wt-2rt/3) and Vgy = VI sin(wt-4n/3) with the phase seduence ABC. The

corresponding 5th and 7™ harmonic phase voltages are
VAN = VS sin 5wt
VBN = VS sin S(O)t - 217/3) = V5 Sln(5a)t - 4’”/3)

Ven = Ve sin5(wt — 411/3) = Vg sin (5wt — 211/3)

Van = V; sin7wt
Ven = V7 sin7(wt — 211/3) = V; sin (7wt — 211/3)
Ven = Vo sin7(wt — 411/3) = V; sin (7wt — 411/3)

The above equations show that 7th harmonic has the phase sequence A-B-C,
which is the same as that of fundamental. Hence it is a positive sequence

harmonic. The 5th harmonic has a phase sequence A-C-B, hence it is a

Page No 4.39



negative sequence harmonic. It can be shown that the hafmonic voltages and
currents of the order m = 6k + 1 (where k is an integer) are of positive
sequence and harmonic voltages of the order m = 6k - | are of negative
sequence. Similarly it can be shown that harmonics of the order m = 3k are of
zero sequence. A positive sequence harmonic m will produce a rotating field,
which moves in the same direction’asrthe fundamental ai a speed m times
that of the fundamental field. Similarly rofating field produced by‘a.negative
sequence harmonic m will move in the direction opposite to the fundamental
at lll times its spéed. Zero seduence components do not produce a rotating

field.

For fundamental com'p'onent the equivalent circuits of Figure 4.5.1-1 will be
applicable, For any m™ harmonic, equivalent circuit will be as shown in Figure
4.5.3-1(a). Each reactance has been increased by a factor lll. Due to the skin
effect resistances will also be increased several times. Slip> sm for the m™"

harmonic is given by

_ MopsFon
Sp = ——
Mmwms

Negative sign is applicable to harmonics which produce forward rotating fields
and the positive sign to those which produce backward rotating fields. Since
Sm is close to unity, resistance (R,,”/s) has a small value. As reactance are very
large compared to resistance, equivalent circuit of Figure 4.5.3-1(a) can be
replaced by the simplified circuit of Figure 4.5.3-1(b). When fed from a
semiconductor converter, it can be shown that the net torque produced by

harmonics is close to zero.

In view of this motor torque can be evaluated from equivalent circuits of
Figdre 4.,5.3-1(b), using Equation (4.5.1-10), where V is the fundamental

component of supply voltage.
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Figure 4.5.3-1: Harmonic Equivalent Circuits of an Induction Motor

Fundamental éomponent of rotor current is obtained from Equation (4.5.1-4)

~ and the m™ harmonic current is calculated from Figure 4.5.3-1(b) as

mX

I,=2 | | | / (4.5.3-1)
where X=X, + X,

Generally, supply will have odd harmonics. When stator is star-connected
triplen harmonics (third harmonic and its multiples) will not flow. The rms

motor current /s will then be
Iins = I¥ + Zme=san,.. I (4.5.3-2)

When motor is delta-connected, triplen harmonics will circulate in deita, -_but
will not flow in the source. The source current therefore can be obtained by
multiplying /... given by Equation {4.5.3-2) by V3. The rms motor phase

current will be obtained by
Iwgms = Isz + Zm=3,57... Irzn' ‘ (4.5.3-3)

For a given motor torque and power, rms current flowing through the motor
has a higher value. Further due to skin effect harmonic rotor resistance has

higher value. Therefore presence of harmonics, increase the copper loss
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substantially. Core losses are also increased by harmonics. Because of increase
in losses, motor has to be derated in the sense that the power output that can
be obtained from machine for the same temperature rise has to be smaller.

The efficiency is also reduced due to increase in losses.

Another important effect of non-sinusoidal supply is the production of
pulsating torques due to interractio'n between the rotating field produced by
one harmonic and rotor current of another harmonic. Harmonic 5, 7, 11 and
13 are major contributors of torque pulsations. 5" harmonic produces
backward rotating field whereas 7" harmonic produces fdrward rotating field.
Therefore, relative speed between the field produced by the fundamental and
5™ and 7_th harmonics is six time the speed of fundamental. Consequently,
torque pulsations produced due to the interaction of 5" and 7" harmonic
currents and the fundamental rotating field has a frequency six times the
fundamental. It can be similarly shown that harmonics 11 and 13 produce
torque pulsations whose frequency is 12 times the fundamental. When motor
supply frequency is not very low, the frequency of torque.pulsations is large
enough to be filtered out by motor inertia. Consequently the torque
pulsations do ndt have signi;‘icant effect on motor speed, although they do
increase noise and reduce motor life due to vibrations. However, when motor
supply frequency is low,‘ these torque pulsations cause pulsations in speed.

'The motor then does not move smoothly but have jerky motion.
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4.6 SOLUTION TO NEGATIVE SEQUENCE & ZERO SEQUENCE
PROBLEM

This section presents a novel and online method, which is also a novel
contribution of this research work for detecting negative & zero sequence
voltages and its compensation. It is based on instantaneous. Active Reactive
power theory. Using this concept, hegative sequence and~zero sequence
components are computed online. fhé a-p transformatidn is real unlike the
complex transformation matrix in case of symmetrical cokmponent‘s. So
implementation of o-f analysis on line is simple. _Thé theory is verified

through simulation and experimentation results.

The section -also analyzes theoretically the effect of negative sequence

voltages on induction motors, ehergy saved due to compensation.
4.6.1 ELECTROMAGNETIC COMPENSATOR:

Figure 4.6.1-1 shows the schematic connection diagram for this system. It
requires another 3¢ squirrel cage motor {(much smaller in capacity) whose
rotor is mounted in the same shaft-and whose stator windings are connected
with reverse phase sequence. Stator windings .of both the rﬁotors are
| electrically connected in series with the systém voltage. The theory behind
this method is that the second motor with negative ;sequencé winding
connection will offer large impedance to the negative sequence currents in
the input lines (caused by the mains voltage unbalance) and low impedance to
the positive sequence currents. Thus this connection will reduce the
magnitude of negative sequence currents in the stator of the main motor for

the same input voltage unbalance factor. Improvement in the berformance of

the main motor by this method has been reported in reference [J1].
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FIGURE 4.6.1-1: Electromagnetic Compensator

The drawback of this method in addition to the cost of another motor is that
the stator winding of the second motor which is conn_ected in series with the
stator of the main motor while reducihg the magnitude of negative sequence
current also reduces the positive sequence voltage applied to the main motor
since the series winding has some i_mpedance offered to the flow of positive
sequence currents. Since ‘the output of induction motor is approximately
proportional to the square of the voltage applied, this method results in
reduced output of the motor while improving its efficiency due to reduction in
negative sequence torque. Further the positive sequencé currents flowing
~through the stator windings of the second motor generate the breaking
torque on the rotor reduces the net torque developed by ;nain motor. It is
very difficult to retrofit this type of compensator. Also this type of

compensator is applicable for motors only.

Page No 4.44



4.6.2  ELECTRONIC COMPENSATOR

The above.problem can be solved by the use of electronic compensator

- connected in series with the stator of main motor, which will compensate only
the negative sequence voltage in the mains, and the positive sequence voltage

remains unaffected. This compensator can be used for other types of loads
also which are sensitive to negative sequence voltages. This chapter describes V

the principle of this electronic compensator.

- Electronic negative sequence compensator is a voltage source inverter [J2]-
[13] whose output is chahged through pulse width modulation (PWM). PWM
method utilizes a reference signal {one for each phase), which is compared
with a high frequency triangular wave, and the points of intersection of both
these signals decide the time of switching on and off the devices connected to
that particular phase. The output of PWM inverter follows the reference signal

used.

if the reference signal is derived from the negati\)e sequence voltage with
opposite polarity then the negative sequence compensator voltages obtained
from the PWM inverter which are connected in series with the main motor
windings, will cancel fhe negative sequence component voltages presents in

“the mains applied voltage.

Page No 4.45



4.7 CONTORLLING OF NEGATIVE SEQUENCE COMPENSATOR -

To control Voltage source inverter, in series with load for negative & zero
sequence compensation, reference signal having information of negative
sequence & zero sequence of the source is required. For extracting negative
' sequence and zero sequence from the bus voltage a novel technique using
instantaneous active reactive power theory were used. After extracting the
signal, the extracted signal was used as reference signal to voltage source
inverter along with Pl controller to control VSC so that it compensate the

negative & zero sequence converter.
4.7.1 GENERATION OF REFERENCE S!GNALS:

It is well known that the’average powef flow due to positive sequence voltage

and negative sequence current is zero

(V,sinQ ot)I, sin( ot)+ (V, sin{ @t —120 )1, sin( o1 + 120 ))
+ (V,sin( ot +120 )I, sin{ ot -120 )) =0
: (4.7.1-1)

Similarly the negative sequence voltage will generate nonzero power with

negative sequence current.

Hence this concept is used for generating the reference signal for negative

sequence compensator using instantaneous Active reactive power theory [J4]--

[8].

To implement this théory, digitally generate reference unit rms amplitude 3-.
phase negative sequence voltages in synchronization with supply voltage v,, v,

and v, as follows.

VUgr = V2 sin(wt)
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Vpr =2 sin (wt + 2”/3)

v, =2 sin (mt - 2”/3) | . (4.7.1-2)

Convert these reference voltages to a-B-O reference frame through the

- transformation matrix as below.

Vor /N2 1/NZ  1/NZ ] [var |
{%] = \E— 11 -1/2 -1/2 [vbr] (4.7.1-3)
Vpr . 0 \/5/2 — \/:9;/2 Ver

Let va, Vp and v, be the phase to neutral unbalanced three phase voltages of
the inpu‘t power supply. It is assumed that these are of fundamental frequency
and free of harmonics. These voltages are sensed through voltage sensor and

converted into a-B-0 component through the transformation matrix as below.

1 =172 =172 | |w
0  V3/2 —+3/2] %%

N2 1/N2 1/N2 ] [Ye
[ ] 47,14

[y
[ D
R ©
| FOOSTURSSSTs——— §
"
S

Now the following calculation is performed using these «-B-0 components.

Po Vor O 07 rver.
,[P] =0 vy U 'va} (4.7.1-5)

q 0 ~Vgr Var Vg

Po is zero because e,, is zero and p & q can have dc and ac components as

function of time.

In the instantaneous p-q theory DC components in p & g are responsible for
the fundamental positive sequence or negative sequence power & this

depends upon the reference voltage signal. If reference voltage vy,, vip, v are
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the positive sequence then DC components in the power p & g reflects the
positive sequence power otherwise if reference voltage v, Vi, V.. are of
negative sequence, then DC components in p & q reflects the fundamental

negative sequence power.

In Equation (4.7.1-5), the DC components are due to negative sequence

voltages in the bus.

So DC components are filtered out using low pass filter to get the py. and Qq..
Negative sequence component is computed using the following

transformation.

[van] _ [ Var ”Br]'l [_pdc]‘ |

Vgn | ~Vgr Var —Yac
I e s 4739

Von and vg, are the o, B components of negative sequence voltage of the
supply, which can be transformed back to three-reference voltages for PWM

voltage source inverter.

(4.7.1-7)

vo:n

Van 12 1 0 —Vg
[vbn} -—-\[—‘ 1/¥2 —-1/2  +3/2 [ ]
Ven 1/\/’2 —1/2 —+3/2

vﬁn

Where v, is the zero sequence voltage component of the three phase bus

voltages.

In the above manner, the instantaneous values of negative sequence voltages
(including zero sequence components) of phase ‘a’ phase ‘b’ and phase ‘c’ are

computed.
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When once these three reference signals are obtained they are fed to the
voltage source inverter as reference signals to generate corresponding
voltages at the output of voltage source inverter which will completely
eliminate the negative sequence and zero sequence component voltages in
the mains supply and will not affect its positive sequence component voltages
which is the problem with the previously proposed electromagnetic
compensator [J1]. Further theré will be no additional braking torque on the
rotor due to the positive sequence currents flowing through negative
sequence compens’a.tor,.as was the case with the other compensator. So, the
mechanical output will not be reduced. Th.e active energy input to negative
sequence compensator is negligible since its negative sequence output
" voltage sees ‘po§itivé sequence currents flowing to the main motor and so the
negative sequence compensator output is only reactive iﬁ nature. Only very
little amount of power loss takes place in the inverter and transformér.
Further more positive sequence voltage applied to the motor can be improved
to its rated voltage by adding a portion of the fundamental posiﬁve sequence
mains voltége to the reference signals of the negative sequence compensator
scheme. Hence further improvement in the effective torque of the motor is

also possible.
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4.7.2 RESULTS:

The simulation studies are carried out to predict the performance of the
proposed new theory using MATLAB-SIMULINK-POWER SYSTEM BLOCK. For
simulation of negative sequence compensator a voltage source inverter
whose output is changed through pulse width modulation (PWM) is used.
PWM method utilizes a reference signal (one for each phase), which is
compared with a high frequency triangular wave, and the points of
intersection of both these signals decide the time of switchi_ng on and off the
devices connected to that particular phase. Block diagram for simulation is
shown in Figure 4.7.2.1-1. Negative sequence condition is simulated using two

methods. -

One method is by adding balance three phase negative sequence voltage to
the balance three-phase positive sequence voltage (here zero sequence
components is absent) and second method is through unba!ancing the supply

voltage itself which can have zero sequence component.

Page No 4.50



4.7.2.1 SIMULATION RESULTS & WAVEFORMS \

The simulation results for both the methods are shown in Figure 4.7.2.1-2(a)
to Figure 4.7.2.1-2(d). In second method, by unbalancing the supply voltage if
the zero sequence components are ignored for calculation of the three phase
compensating signals, then the output remains still unbalance due to the
presence of the zero sequence components in the system. This is also verified

through simulation.

E I G1
va —p{Ma  Mrzero —Peqitzem -
’ vea® °°°Pe'31b- wea®
!
G . A\ talpha —pe]\t-alpha G2
l——b i \f-beta —f{ M-beta N
—{ G2 Ve veb™ b N . 63
_,—} via  whzero —P{vl-2ero v
G4 |
viah
= 53 {vib wi-alpha ] vl-alpha
vlb vee™ 55
n Pl vic  vi-beta [P vl-beta LP e
—{ G4 L
vle [ 3-phto2-ph  p0.p-g/2-ph to 2-ph Gs
PYWM Signal
»
—{ 5 vial L -
L 4
wib1 Scope-3
o6 _l »
a1
vie1 »
povver circuit Scope-h
|
<[
—
Scope-c

Figure 4.7.2.1-1: Block Diagram for Simulation
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Figure 4.7.2.1-2(a): Unbalanced Input Voltages

Figure 4.7.2.1-2(b): Compensating Reference Voltages Without Accounting

Zero Sequence Components.
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Figure 4.7.2.1-2(c): Compensating Reference Voltages With Accounting Zero

Sequence Components

Figure 4.7.2.1-2(d): Load Voltages After Compensation Without Accounting

Zero Sequence Components
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Figure 4.7.2.1-2(e): Load Voltages After Compensation With Accounting Zero

Sequence Components

Page No 4.54



4.7.2.2 EXPERIMENTAL SETUP & WAVEFORMS:

The experimentation set up is prepared for detecting and compensating the
negative sequence voltage in unbalance supply voltage. Schematic of

_experimental set upAis given in Figure 4.7.2.2-1.

‘Wﬁ §3 .
: W e
ST e I
1%:% ES v
S-S X5
xxﬁmm S r
o} A 8ok il r~—-—';
i g%!rg &i PIVERTSR @ iL s
wavt - 0 B2 B
e’ o 3 "!% ; L g}.‘.“
= A
LN a2 EREIE - - '
o e T I3
584 o s - S . 1
Horracs | %ﬁ P8 Q‘ -
o = ]
ep] | @ 3
% » 8
w7 ' A?j;
e ikt PN
o e ,
Mo o . | e e .
P A.ﬁ i ﬁE CONTROLLER ww%g;
e RIS b8
Ea

v

1

E h f_j ETARTATOR
™

Figure 4.7.2.2-1: Schematic Diagram of Experimental Setup

The exberiments set up were design for 12 amp 415 volt input supply voltage.
The power circuit, as shown in figure, mainly consists of Inverter Bridge, high
fréquency tranéformer for injecting the voltage in between supply and load,
LC. filter. Forrbridge inverter, the IGBT used are SE‘MIKRON make SKM50
GB123 (50 Amps, 1200 V, dual m.odule, with anti-parallel diode) for three

phase app|ic'ation three such 1GBT dual module were used. For DC bus
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capacitor C1, C2 = 6900 puF (4700 pF, 450 VDC Capacitor two in series and
such three branch connected in parallel ALCON make with center point of

each branch common) are used.

The high frequency transformer plays important role in the series
compensation. The secondary of this transformer 'is connected in series
between the source and the.linear load. Rating of the transformer is decided
based on the maximum unbalance to be compensated by negative sequence
compensator. Considering this as based the rating of the high frequency

transformer [J10] are fixed as follows:

Voltage ratings :0-110-150//0-110-150volts per phase .

Current rating :15 amps per phase
Configuration | : thre.e phase
VA ratings . ~ :2250 VA per phase
Insulation Level 3kv
Leakage reactance  :10%.
Pri Turns 1120
Sec Turns 1132
- Pri : 8 Sg. mm
Sec . : 8 Sq. ‘mm’
7 Flux dénsity - :1.45T,

Current density :1.87 A/ mm?®

The high frequency isolation fransform_er is designed for high feakage
_ reactance to filter out vthe effect of switching frequency. The frequency of
switching is kept 4.8 kHz. The PWM signals (generated as a result of
comparison of triangular wave with reference compensating voltages) are fed
as gate signals to the IGBTs through the driver circuit. The Driver card is design
to drive the IGBT using Mitsubishi hybrid gate Driver IC = M57962L so‘that it

~ can be placed near the IGBT gate to reduce the parasitic impedance & to '
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minimize the delay. Thus the output of the inverter contains the
compensating fundamental voltage components plus the switching frequency.
As the switching frequency component is not required, it is filtered out using

the tuned LC filter. The value of the capacitor used in LC filter at the output of

the negative sequence compensator as shown in the Figure are 0.47 pF, 2 kV.

Figure 4.7.2.2-2: Experimental Set-Up
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The technique explained in this paper is implemented using an analog circuit.
The multiplication and division of the signal is done using low cost analog
multiplier AD633 which is LASER trimmed 10 V scaling reference. Unbalance
voltage is generated through three single-phase variacs. The unbalance

voltages are sensed through PTs and negative sequence reference voltages
| are derived. The experimentation setup with control using analog IC, power
circuit using l_GBT,vhigh» frequency tranéformer, capacitor and lamp load is
shown in Figuré 4.7.2.2-2 and the experimental wave form are shown in the

Figure 4.7.2.2-3 to Figure 4.7.2.2-10

Page No 4.58



e e o 100kS/s  10n3/ty
CH1 S50.evrdiv

Normal

sué §g§- §3 <« Nﬂi-v?;iﬂk *»>
EHS 250l v : FILE
e en
- Inage
,,,,,, i : AR FOTRat
BMP
2%
.
-
: : : : : : Utitity
Max (Cidsoti.30° T Rms i(CA) ddpl3day i R
Max (CZ¥s§Ld3. 72U i Rms (C2) 88.8233V Freq{C2) :50.05005Hz
-Max.£C3)  175.20 : Bms XC3) 125.173Y Freq(C3) :50.05005HZ 5o, ooms
Stopped 133 Edge CH3 E
L 2064,10,29 14:37:04) futo -0.0u 20041029 14:42:28.
Figure 4.7.2.2-3: Unbalance Input Voltages
50kS/s  20msitiy
CH3 2.00Vdiu Normat
e EXIERH
eHE 10. 00V FILE
File [ten
: H : : : : i H { Inage
......... BT A—
: : cod : : : : : BMP
AN 2NN
Utitity
D 1 ; ; ;
o158 : : : : : i :
-M8%esLtY 1.62U B Freqi(C1) 49.80080Hz! : : ! jo0.00ns
Stopped 313 Edge CH3 £
() 20604-10,26 13:46:55) Auto °.00U 20041026 13:47:24

Figure 4.7.2.2-4: V & Vg for Reference Input Voltages

Page No 4.59



CH3 Z.90U-div

Nornal

100kS/sS  10nsiliv

T
TGN 16K 55

38

B: bov

FILE
e

En
Image
Format

BMP

101 068

| #aegmsCid  2.01U

FreqiC1l)  99.50249Hz:

36, 00ms

Stopped

PP a Edge CH3 F
! 26041926 13:52:54)

AuLo G.08v

Figure 4.7.2.2-5: V, & V;; for Input Voltages to Be Sensed

p=——— = s

-

168 .0nV div

Normai

utility

20604-10-26 13:53:2Z

100KS/s  19n5/div

<< Maing 10k 2>

-

500, O
—25. 6OV - H
500,000} : : H
_a36.5CE)  377.0nU Freq(ciy  96.80542Hz
Stopped 267 Edge CH3 5
J 20041026 13:56:44) fAuto 0.emy

Figure 4.7.2.2-6: Active Power p & Reactive Power g In

59.00ms

CH3
Display

OFF i
yariable
OFF

@ Position
0.50d1iy
Coupling

nc

Probe
10:1

I~ Banduidth |
Fuil
& U Zean |

x 1
& Offset
3.ony

Next
1,2

Z2004-10,26 14:02:46

o-f Reference Frame

Page No 4.60




S0kS/s  20MSiiv

CH3 2.00U.div Normal
CH 1 0. U0y v
i 138 : : YILE
: : : | File 1tem |
Image
........................... Fornat
anp
” —
Utility
T  Lypoew”
1388 : : :
- MaxoiL1d  e.854 Freg(Ci) 49.80080Hz: 100, 00ms
Stopped 407 Edge CH3 3
(- 2004,10.26 13:50:01) Auto 0.00V 20041026 13:50:40

Figure 4.7.2.2-7: p,. & g, in a-p Reference Frame after Filtration

50kS/s  20n54die
Normal

CH1

B

1.9000/div

T

[

Lo

Freq(Cl) 50.20080Hz
Edge ¢i3  §
Auto 0.600U

100. 00ms

Stopped 14
L 2004,10-26 14:04:56)

Figure 4.7.2.2-8: V,, & Vg, in a-p Reference Frame after Filtration

CHY
Lifispiay

P

Uariable
OrF

OFF

G Position
¢.7ediv

[ Coupiing

e

—Probe
19:1
T Bandeidth |
Fuli
U Zoon
1

x
offset
°.0%0 U

9]
i

Next
12

2004-10-26 14:05:21

Page No 4.61



50kS/s  20nsdiv

CH1  1.000U.diuv [=———————————" ]} Normal
I
» CERHE Sg. 0630508 << Hain3 10k >3
cHE B ooov : CH1
: Bisplay
: : ! : : : : : : | oFF PN
......... —variable |
: H : : H i : : : OFF
[@ Position
8.30d v
CaupIing
nc
Probe
‘18:1
T Handwidth
Full
Ei U 2oon ”
x 1
& Offset
0.000 U
Next
................................................................................................... 12
5. 0001 : : : H
ZRIGh ; : : ; :
L MaxcdCi)  ©.686U i Freq(C1) 49.85045Hz! : : ! 100.00ms
Stopped 545 Edge CH3 x
| 20841026 14:21:09) ‘puto ©.000V ) 2004-10.-26 14:21:32
Figure 4.7.2.2-8: Compensating Reference Voltages
200kSss  Snsiife
CH1L  50.8V /div Normat
. .
i - : b H << Mains10k 3> : H b4 H
ci §§§§ : : H : i : : : FILE
: H H ' H ; i : ; € TEEn
Inmage
Fornat
BHP
: Utit ity
“Hak (Chbgp e T s Y 112,860 T F feq(C1) 143 838030z
Max (CZ¥35:H9.2U ; 112.679V FPeq(C2) :49.8753fHz
L HMa00dL3)  150.4U i Ems (C3)  105.815V Freq(C33 :49.78840H=s oooms
Stopped 1 Edge CH1 EX
VL 2004-10/20 19:01:37) AUto 1.8V 2004/10/23 14:48:41
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4.8 CONCLUSION:

Simulation results as well as experimentation results show that this new
technique detect online negative & zero sequence component and
compensate the same using voltage source inverter whoée output changes
thrbugh PWM techniques. Main advantage of detecting the negative & zero
'sequence component using instantaneous o-B-0 theory ;is that this can be
: ea'sily implemented using DSP or analog circuit and ho‘complex algebra is
required which is ’the_ case using symmetrical components even with
instantaneous symmetrical compohents as discussed in section 4.4.3 of this
chapter. Also online instantaneous negative & zero sequence parameter of
the bus vo:Itage can be detected using this method. 'Negative sequence
~ compensation is shown to be desirable for improvedberformance of 3-¢
induction motor. The losses reduces due to compensation of negative
sequence & zero sequence for 10 kW, 3 phase, 415 Vb{ts, 50 Hz induction

- motor are given in following table:

Input | output Total % Effi. | Total % saving
power in | Power in | Losses in | of | Saving in | of - input

Watts Watts Watts motor | Watts power

with balance | 11312 9822 1038 87

voltage ' ' .

with 10986 | 6858 3823 62 ' 2785 28%
Unbalance

voltage
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