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1. Introduction

Power Electronic (PE) is entering in a consolidated age, not
only in the industrial sector but also in many other areas, bring-
ing advantages in the processing of energy (more effective). On
the other hand, due to this wide spread of PE, the level of har-
monics and voltage and/or current asymmetries is increasing
drastically, not only in industrial and commercial activities, but
also for domestic use, causing disturbances in the distribution
and consumption of electrical energy [1,2]. Thus, this subject has
become extremely important especially regarding measurement
issues, revenue metering and power quality (PQ) [3-6].

In this scenery, in recent decades, the use of X-ray machine has
grown, mainly due to the development of portable appliances with
lower cost and easy handling. Usually, no information is given to the
power utility about their existence or utilization regime. Given their
(nonlinear) constructive features, this type of device is considered
as a potentially disturbing load [7,8]. It can bring many problems
to the distribution system and PQ degradation.

This aspect has been reason of studies and discussions by the
utilities and standards [3,6,9,10] that include, among other power
quality indicators, the topic of harmonics distortions, load unbal-
ance and power factor. In accordance to these orientations, and
recognizing that the solutions to the adequacy of the performance
indicators involve financial costs, appears the question of finding
ways to determine the responsibilities for eventual violations of the
pre-established limits for harmonic distortions, load unbalance and
power factor. So, many researchers have been directing their efforts
to propose new definitions and theories, able to be applied to non-
sinusoidal and/or asymmetric conditions [3,5,11-16]. In practice,
such areassessment would produce impact on various applications
such as compensation techniques, revenue metering, instrumenta-
tion, etc.

In this sense, the conservative power theory (CPT), presented
in [5,11] is used to assess potential impacts caused by the X-ray
machine on power systems, with focus on the PQ evaluation. The
CPT proposes the orthogonal current/power decomposition in time
domain, where each current/power component can be related to a
specific load performance factors (PQ index), which allows to iden-
tify and to quantify the amount of resistive, reactive, unbalance and
nonlinear characteristics of a particular load under different supply
voltages condition [19]. In fact, as it will be discussed, this is quite
different from using traditional PQ indexes, such as: displacement
factor, negative and zero sequence factors or total harmonic distor-
tion (THD). The load performance factors follow the same idea to
traditional PQ indexes, however focusing on the identification and
quantification of the load phenomena at the point of common cou-
pling (PCC). Therefore, the CPT factors (load performance factors)
represent the information of how the generic load circuits affect
the current and power terms at the PCC. Besides, their information
is related to the entire three-phase circuit, not to single phase vari-
ables. Furthermore, the developed model and its implementation
in PSCAD™/EMTDC™ software can be employed on power quality
studies for exploring the load characteristic. The X-ray is modeled
based on field measurement data obtained from a Brazilian univer-
sity hospital [17,18]. Thus, this model and CPT PQ indices are used
to discuss and analyze the possible impacts of the X-ray machine
on distribution systems.

2. Description of X-ray current waveforms

The X-ray machine has two operation modes: continuous and
momentary. During the operation in momentary mode at the time
of radiography, the electrical power required is high and it can pro-
duce voltage sags or even damage the operation of other sensitive

equipment connected to the circuit. Fig. 1a shows the load termi-
nals instantaneous currents measured in an X-ray GE Yokogawa
Medical System (Model 2137298) equipment during the execution
of radiographies.

From Fig. 1b it is observed that the instantaneous current
presents four different areas of operation:

e Area A: in this time zone the amplitudes of the instantaneous
currents are minimal, showing that the device is energized, but
there is no voltage being applied to the filament of X-ray tube;

e Area B: it is observed that the amplitude of the current increases,
the equipment operator sends a command to perform an X-ray
radiograph;

e Area C: in this time zone the execution of the radiography occurs,
which causes a considerable increase in the amplitude of the
instantaneous current (reaching maximum values), and thus
originate a voltage sag;

e Area D: after execution of the radiography the device returns to
its initial state, being just energized and waiting for the next exe-
cution command. The machine returns to the initial state (Area
A) as an execution of one cycle.

For a better understanding of each operation area, in the follow-
ing sections it will be presented all the circuits that compose the
model of the X-ray machine.

3. Computational modeling of X-ray machine

As described in [7,18], the model of X-ray device (GE Yoko-
gawa Medical System - Model 2137298) was implemented in
PSCAD™/EMTDC™ software and can be divided into three basic
circuits:

¢ Filament supply circuit;
e Electronic control supply circuit;
¢ High-voltage supply circuit.

This configuration was adopted to enable the complete repre-
sentation of the X-ray machine and shows in Fig. 2. Fig. 2a shows
the supply circuit of the filament of the X-ray tube. This is the sim-
plest circuit of the machine, consists of only an electrical resistance
which is the filament of the X-ray tube.

The electronic control systems (Fig. 2b) generally require a low
voltage DC (direct current) supply between 5 and 12V [18]. There-
fore the supply circuit was modeled by a three-phase 6-pulse
rectifier followed by a LC filter (used to remove the voltage rip-
ple) and a resistance representing the element which consumes
electrical power.

Finally, Fig. 2c shows the circuit responsible for generating the
necessary voltage to create the electric arc inside the tube. It is com-
posed by a three-phase voltage transformer, 220V to 100kV and a
6-pulse bridge rectifier, used for rectifying the voltage. The parallel
branch to the device’s tube is responsible for loading the capacitor
which will maintain a stable level of voltage in the tube during the
electrical discharge. The consideration of this branch is essential
for the correct representation of the device. It is worth highlight-
ing that the electric model of GE Yokogawa Medical System (Model
2137298) is not available in the literature.

4. Impact evaluation of X-ray on electric power
distribution systems

A typical configuration of the electrical network for a Brazil-
ian university hospital was considered to analyze and quantify the
impacts caused by X-ray machine. Fig. 3 shows the topology and its
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Fig. 1. Field measurement X-ray instantaneous currents.
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Fig. 2. Basic electrical circuits to modeling X-ray machine.

components. This is composed by a three-phase supply, a series
RL circuit representing the impedance of the line, a step-down
star-delta transformer responsible for feeding of the device. The
short-circuit capacity (Scc = 100 MVA) was provided by the utility,
as well as the ratio ()F( = 4). In this way is possible to represent the
utility by means the source and the equivalent series impedance.
All parameters of the topology are specified on Table I.

Fig. 4 shows the waveforms at the point of common coupling
(PCC) and on the apparatus terminals, secondary of the transformer
(load), for each operation area. This analysis gives an overview of
the possible impacts of the X-ray machine in the electrical system,
into two different scenarios, for example in a hospital (PCC) and an
office (load).

For analytical purposes will be considered the following time
intervals:

e Between t=0.00s to t=1.00s — Area A;
e Between t=1.00s to t=2.03 s — Area B;

e Between t=2.03stot=2.55s - Area C;
e And t=2.55s and forward - Area D.

4.1. Analysis of Area A

Itisobserved in Fig. 4athat, as expected, the current is minimum,
representing the situation in which the device is only energized,
waiting for the operator command to execute a radiography. But
it is observed that, there is a difference in the current distortion
between the PCC (low harmonic content) and the load terminals
(high harmonic content).

The rms values of the phase currents are shown in Table II. It is
noticed that, depending on the point of measurement, the current
distortions are quite different. For example, if the device is used in
the hospital (PCC), the current distortion gets around 4%. However

Table I
Simulation results (Area A).
Table I
Voltages and impedances. Phase Currents rms value (A) THD (%)
Source (kV) Line Transformer PCC Load PCC Load
Van=7.97 £ 0° Rqa=R,=R:=R 150kVA a 0.074 0.674 3.96 18.69
Vpn =7.97 £ -120° Lo=Ly=L.=L=49mH 13.8kV/220V b 0.070 0.735 3.98 18.69
Ven=7.97 £ +120° R=0.462 Q2;X=j1.847Q2 AlY c 0.079 0.771 3.94 18.70
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Fig. 3. Scheme of electrical network.
if the same device is used in a private office (load), the distortion Table HI
reaches to approximately 19%. Simulation results (Area B).
Fig. 5a shows the harmonic spectrum into the terminal of the Phase Currents rms value (A) THD (%)
dev1.ce (load). It can be observed that the harmonics characteristics pec Load pec Load
are in the 5th, 7th, 11th and 13th order.
a 0.251 11.11 19.86 26.23
b 0.235 11.94 19.84 26.23
c 0.267 12.66 19.94 26.23

4.2. Analysis of Area B

difference in the waveforms in the measurement points is due to
the A/Y transformer, which causes phase shift in the phases of
harmonic currents.

Table Il shows the rms values of the phase currents and THDs.

From Fig. 4b, it is noticeable that, in this time zone of operation,
differently than on Area A, the amplitudes of the currents in both
measurement points (PCC and in the load terminals) increased. It
is more distorted especially in the PCC, compared to Area A. The
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Fig. 4. Line currents waveform at PCC and Load currents waveform for each X-ray operation area.



118 A.C. Moreira et al. / Electric Power Systems Research 129 (2015) 114-125
= = <
1%) (%) (%)
. N e e NN N NN . e ey En ,t o = e
Harmonic order I Harmonic order Harmonic order,
a) Load terminals (Area A). b) PCC (Area B). C) Load terminals (Area B).
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Table IV Table V
Simulation results (Area C). Simulation results (Area D).
Phase Currents rms value (A) THD (%) Phase Currents rms value (A) THD (%)
PCC Load PCC Load PCC Load PCC Load
a 1.898 111.605 20.27 20.96 a 0.011 0.669 3.96 18.70
b 1.795 113.578 20.28 20.95 b 0.011 0.732 3.98 18.61
c 1.975 122.258 20.27 20.95 c 0.012 0.767 3.94 18.51

This area represents the region where the operator of the
machine will send the command for the execution of radiogra-
phy, where the effective current in the PCC increased from 0.074 A
(Table II) to approximately 0.251A (Table III) and at the load
terminals the current increased from approximately 0.73A to
11A. Fig. 5b and ¢ shows the harmonic spectrum into the PCC
and terminal of the device (load) for Area B. It can be observed
that the harmonics characteristics are in the 5th, 7th, 11th and
13th order.

4.3. Analysis of Area C

We must remember that this area represents the moment of
execution of the radiography. Therefore, in this time zone we have a
high level of voltage inside the X-ray tube which causes the creation
of the electric arc, increasing the amplitude of the currents. Fig. 4c
shows the waveform of the current at the PCC and at load terminals.
It is observed that in fact the amplitude of currents in the PCC and
at load terminals increases 10 times higher than in region B, which
is reaching 3 A at PCC and 150 A at load terminals.

Fig. 6 shows the harmonic spectrum of the phase current. We
notice that the harmonics characteristics are the same (on 5th, 7th,
11th and 13th) of the preceding areas (A and B), which means that
the harmonics remain during the operation of the equipment, but
the amplitudes vary by area on which such apparatus operates.

In Table IV the rms values of the phase currents and the total har-
monic distortion are represented for each phase. It is verified that,
in this time zone the THDs are roughly equivalent at the measur-
ing points (PCC and load), representing a total harmonic content
of approximately 21%. Furthermore, it is observed that the rms
value of the current comes to be approximately 112 A at the load
terminals and 1.8 A in the PCC.

RMS [A]

= —

00

il 2| 3| 4] 5|67 |8 ]9 w]|n|[2]13]a]15

4.4. Analysis of Area D

From Fig. 4d, it is noted that in this area the X-ray machine
returns to its initial state representing the same waveforms and
amplitudes as in Area A. On the other hand, from Table V, we
observe that the rms values of current and THDs are practically
the same as in Area A, indicating that the device returns to the ini-
tial operating condition and is ready to execute the next operator
command for another X-ray radiograph.

From the foregoing analysis, it is evident that the impact of X-
ray machine depends on the connection point. For example, if it is
used in a private office (analysis at the load terminals) the machine
shows levels of harmonic distortion that can oscillate between 19%
and 27% over the four areas of operation. In the case of the PCC
analysis (e.g., equipment used in a hospital) the levels of harmonic
distortion is significant just for Areas B and C with distortion levels
of approximately 20%. Therefore, this difference in the operating
characteristic of the X-ray machine can influence in the calculation
of the power factor and on the power quality analysis of the instal-
lation. In the following section, it will be presented the orthogonal
current/power decomposition of the CPT, in order to calculate the
effects of the X-ray machine in the involved quantities, for later
discussion and examinations.

5. CPT power and currents decompositions

The conservative power theory (CPT) developed in the time
domain in [5,11] is based on the orthogonal decomposition of the
current. The CPT provides a physical interpretation of the power
phenomena in single phase and poly-phase (with and without
return conductor) systems under non-ideal conditions, i.e., with
asymmetrical and distorted supply voltages, nonlinear and unbal-
anced loads and, possibly, variable line frequency. Let us assume

1150 —— »
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00 L fey
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Harmonic order

a) pcc
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Fig. 6. FFT of current waveform (phase a) (Area C).
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a multiphase circuit where each phase voltage and current are
denoted by the subscript “m” and the variables in bold indicate the
representation of a multidimensional vector (three-dimensional in
the three-phase case).

The instantaneous power was defined by the scalar product:

ia
p:vOi:[va vp Uc]o ip |, (1)
iC
while the instantaneous reactive energy was defined as:
ia
w=Poi= [0 Dy Bc]o|iy|, (2)
ic
where V is defined as the vector containing the unbiased integrals
of the phase voltages. In other words, this quantity ¥ is calculated

by the difference between the time integral and its average value,
as shown below:

Pm(t) = Vineom — Vineem M€ {a, b, ¢}

Vint_m :/Vm(t)dt

t (3)
_ 1
Vintm = f/yint,m(t)dt

0

where vy ., is the integral of the voltage and vy ,, is the mean
value of Vit .

Considering the mean values of (1) and (2) following quantities
were defined:

e Active power:

P=p(t)=

==

T
/ [va vp vc]. ip, dt (4)
0

This definition is identical to the one of the conventional
active power [3,12,13,15,16] and represents the average power
consumption. Note that, in sinusoidal conditions, the term P coin-
cides, at any moment, with classical active power P= VI cos¢.

e Reactive energy:

T ia

B} 1 S )
Wr:wr(t):f/ [0a Dy Dc|.|ip | |dt (5)
0 ic

The reactive energy, in turn, is a new quantity, which relates the
average energy stored in the multiphase circuit in generic condi-
tions, and only sinusoidal with constant frequency condition can be
associated with the conventional reactive power (W, = W, = % =
%VI sin @), where @ is the angle difference between voltage and cur-
rent, and o the grid frequency. Thus, conventional reactive power
is associated with the frequency of the electrical grid, whereas the
reactive energy proposed by the CPT is independent of frequency,
making it interesting for systems with possible frequency varia-
tions, such as microgrids. From a practical perspective, it suffices
for the average value of Egs. (2) and (3) to be calculated by means
of frequency adaptive algorithms or simply low-pass filters, so that
both the active power and the reactive energy are immune to vari-
ations in mains frequency. In addition, the variables (voltages and
currents, as well as their integrals and derivatives) defined by the

authors of the CPT satisfy Kirchhoff’s Voltage and Current Laws.
Thus, according to Tellegen’s Theorem, it can be stated that each dot
product of these variables is a conservative quantity, which allows
for the introduction of the concept of active power and reactive
energy conservation in any grid regardless of voltages and current
waveforms (unbalance and/or harmonic distortion) [5,11].

Based on the definitions of active power and reactive energy, the
instantaneous current at PCC can be decomposed into the following
orthogonal components:

Active phase currents is defined as the minimum current (i.e.,
with minimum rms value) needed to convey active power Pr;, mea-
sured at PCC. It given by:

. P

fam = = Vm = Gmvm m € {a, b, c} (6)
Vm

where G, = Pm/V,% is the equivalent phase conductance and Vy, is

the rms voltage value per phase respectively.

Reactive phase currents is defined as the minimum current (i.e.,
with minimum rms value) needed to convey reactive energy Wp,
measured at PCC. It given by:

Wi “
—%0m = Bmdm me{a,b,c} (7)
Vi

irm =

where By, = W/ V2 is the equivalent phase reactivity and Vyy, is the
rms value of the unbiased integral of the voltage per phase.
Void phase currents are the terms of remaining currents:

iym = im — lam —irm M€ {a, b, c} (8)

where ip is the phase total current at PCC. The meaning of void
currents was explained in [21]. These current terms do not trans-
mit active power neither reactive energy and represent harmonic
currents generated by the load (harmonic terms that only exist in
current spectrum) and the scattered harmonic currents (caused by
voltage harmonics), that are due to different values of conductance
and reactivity in different harmonics.

In general, the active and reactive currents can be still decom-
posed into balanced and unbalanced terms. The balanced terms
refer to a balanced equivalent circuit that transmits all active power
and all reactive energy and are expressed by:

Balanced active currents are the minimum currents (with mini-
mal collective rms value), necessary to transfer total active power
(P) to the load, and are defined:

P P
b b
ig, = Um = vm =G’V 9

where V = /VZ + V2 + VZ is the collective rms value of the volt-
age and parameter G is the equivalent balanced conductance. Note
that the balanced active currents (i,,) are proportional to vp, this
means that the balanced active currents have the same waveform
and always will be in phase with the voltages.

Balanced reactive currents are the minimum currents (with min-
imal collective rms value) necessary transfer total reactive energy,
and are given by:

bW W,
— o vm— =5 A5  ~5
Y V2 + V2 4+ 02

) 7 (10)
1%4

where V = /V2 + V2 + V2 is the collective rms value of unbiased

integral of the voltage and parameter B? is the equivalent balanced
reactivity. In this case, the balanced reactive currents are propor-
tional to the integrals without mean value of voltage. Thus, i,
contain all the information about the phase shift between the vol-
tages and currents, not only caused by storage elements (inductors
and capacitors), but also caused by nonlinear loads.
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Unbalanced currents: are composed by active and reactive terms
that represent the different values of load conductance and reac-
tivity by phase and it is given by:

it =il +i% = (Gm — G )um + (Bm — B®)om (11)

it is observed that those currents only exist if the equivalent con-
ductances and reactivities of phases differ from each other, in other
words when the load is unbalanced.

So, as all the current components are orthogonal [5,11], the
instantaneous current and the collective rms value of current, can
be decomposed as:

im = iam + frm + fym = iy + 10y + 1% + fym (12)
P=R+B+P=124+1"241"2 41 (13)

Multiplying (13) by the square of the collective rms value of the
voltage, the apparent power can be decomposed into:

A2 = V22 = V2152 L v21R2 L A2 L v (14)
A2 = P2 4 Q2 4 N2 4 D2 (15)
where:

P=VL = \/(vg +Vp? + Ve?) (182 + 15,2 +152) (16)

is the active power. This power portion is equivalent to the def-
inition given in (1) and represents the average power consumption
(constant energy flow per unit time supplied to the circuit (load)
through a PCC).

Q=vIl = \/(v§+v§+v3) (152 +15,2 + 15.2) (17)

is the reactive power. It is also easy to show that Q can be
expressed by:

v 1+ THD,
Q=gWr=Wr\/ 1, (18)

where o is the angular line frequency, THD, is total harmonic
distortion of the voltages and similarly THD; is total harmonic dis-
tortion of the unbiased voltage integrals. Eq. (18) shows that, unlike
reactive energy Wy, reactive power Q is not conservative. In fact,
it depends on line frequency and (local) voltage distortion. This
remark is important for modern microgrids, where voltage distor-
tion and frequency variations can be non negligible. Reactive power
is conservative only for sinusoidal conditions and constant line fre-
quency. Only in sinusoidal condition (17) has the same value as the
reactive power defined by the standard STD 1459 [3].

N:w“:\/(v3+v3+v3) (1424182 4 182) (19)

is the unbalanced power, and is uniquely associated with unbal-
anced load behavior (different values of conductance and reactivity
of phase). In single-phase circuits, this component disappears.

D=VI, = \/(vg + V24 V2) (I3 + 12 + 12 (20)

is the void (distortion) power, which is related with the non-
linearity between voltage and current (existence of non-linear
behavior).

Finally from (4) and (15) the power factor results:

- p 1)

/P2+Q2+N2+D2
From (21) it is observed that the power factor relates the
active power with all the other power terms through the appar-
ent power, and results unity only in the case of load (circuit) purely
resistive and balanced. Otherwise, the presence of energy storage

elements, unbalanced loads and nonlinearities of load will influ-
ence (reduce) the power factor. Complementary analyses of the
portions of currents and the related power components can be
found in [5,11].

6. Applying CPT for analyzing three-phase X-ray machine

The decomposition method of the current/power discussed in
the previous section was implemented in PSCAD™/EMTDC™ soft-
ware and applied to the computational model of X-ray machine.
Figs. 7 and 8, and Tables VI and VII show the results obtained at the
measuring points PCC and the load terminals.

Observing the Figs. 7 and 8, and Table VI, it is possible to note
that for all operation regions, there is not an unbalanced component
(current and power), this is due to the symmetrical construction
of the X-ray machine, that means the machine has a balanced
characteristic. However, due to its non-linear characteristic void
currents/power are present. Moreover, due to the different oper-
ation conditions, the amplitudes of the current terms (balanced
active and reactive current, and the void current), and values of
the power terms (active, reactive and distortion) increase on the
area in which the machine operates. Area C (execution of X-ray
radiography) presents maximum values and amplitudes.

The first column of Table VII shows the power factor (P/A=X),
computed be using the values reported in Table VI. The quantities
Q/A, N/A and D/A, indicate how much power apparently is associ-
ated with reactive, unbalanced and distortion powers, respectively.
It is observed that the distortion power in the Areas A and B has a
higher value compared to reactive power, unlike C area, where the
reactive power is higher. However, it is observed from the results
that the distortion power is the most representative in all areas of
operation, and it has almost the same value if the device is analyzed
at the load terminals (office). Depending of the country this portion
of power might not be billed.

On the other hand, the distortion power (void current) has a
directrelationship with the total harmonic distortion in Tables [I-V.
As the void current contains all harmonic frequencies that do not
generate active power neither reactive energy, these currents could
be the time domain representation of the total harmonic distortion.
Therefore, the collective rms value of the void current could be used
to calculate the distortion index, which would be equivalent to THD
for non-sinusoidal conditions. Thus, the distortion index based on
the CPT is given by:

D I, I,
)\D === - =
AL\ /prip2ip2yp?

Note that, Ap is obtained by collective rms values, and not by
phase as shown in Tables [I-V, which is usually done in most cases.

Just in case of balanced load supplied by sinusoidal voltages, Ap
can be associated with traditional current THD, by the ratio:

ap— —HDI (23)

\/1+THD?

For levels of total harmonic current distortion, up to 30%, the
distortion factor is practically equal to the THD, in other words,
Ap =THD;.

Similarly the traditional current unbalance factors (K;” and K,O),
could be represented by the unbalance factor, defined as

N I*
N = =
VP2+Q2+N2 /1521127 2
Note that, the unbalanced factor defined by the CPT current
decomposition results in zero only if the load is balanced regardless

of the voltages being balanced or distorted. Furthermore, the unbal-
ance factor is a generic factor that considers both negative sequence

(22)

A (24)
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Fig. 8. Decomposition of the currents at load terminals for each X-ray operation area.
Table VI
Power terms and collective quantities.
Area A Area B Area C Area D
PCC Load PCC Load PCC Load PCC Load
V (V) 13,802.70 220.00 13,802.40 219.92 13,799.10 218.49 13,802.40 220.00
1(A) 0.128 1.26 0.434 20.61 3.29 199.94 0.128 1.26
A (VA) 1772.67 276.56 5993.56 4531.82 45,363.84 43,685.60 1772.60 276.49
P (W) 1771.71 271.46 5.870.05 4368.40 41,919.30 40,286.40 1771.65 271.46
Q(VA) 4.20 3.96 376.09 368.57 14,675.10 14,148.30 3.98 3.75
N (VA) 0.00 0.00 0.05 0.04 0.02 0.01 0.00 0.00
D (VA) 58.24 52.71 1150.64 1148.36 9235.38 9233.83 57.95 52.40
A 0.9994 0.9816 0.9794 0.9639 0.9241 0.9222 0.9995 0.9817
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Table VII Table VIII

Power terms indicators. Performance indicators.
(pu) Area A Area B Area C Area A Area B Area C

PCC Load PCC Load PCC Load PCC Load PCC Load PCC Load

P|A 0.9994 0.9816 0.9794 0.9639 0.9241 0.9222 Ao 1.000 1.000 0.998 0.996 0.944 0.943
Q/A 0.0024 0.0143 0.0627 0.0813 0.3235 0.3239 An (%) 0.000 0.000 0.000 0.000 0.000 0.000
N/A 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 Ap (%) 3.20 19.10 19.20 25.30 20.30 21.10
DA 0.0328 0.1906 0.1920 0.2534 0.2036 02114

components as the components of zero sequence, regardless of
current’s waveform (sinusoidal asymmetric and/or nonsinusoidal
asymmetric) [22]. Of course, in the case of single-phase circuits this
factor is irrelevant resulting in zero.

Only in case of unbalanced load, being supplied by symmetrical
sinusoidal voltages (balanced), Ay may be associated with tradi-
tional factors of unbalanced conditions, by the relation:

(25)

Itis observed that in the case of unbalanced three-phase circuits
without a return conductor (three wire), Eq. (25) results:

K-
AN = ——— (26)

V1+K?

Thus, Ay considers only the negative sequence components.

The traditional displacement factor, cos ¢, used in the analysis
of sinusoidal signals, also could be generalized to analyze electrical
circuits under non-sinusoidal conditions by the reactivity factor,
defined in (27):

P 12

Q= T 52 b2 (27)
VPP Q2 VP an

It is observed that, regardless of the signals waveforms of
the voltages and currents, A indicates the phase displacement
between the voltages and currents caused by energy-storage ele-
ments (inductors and capacitors) or even by non-linear loads.
Moreover, the reactivity factor is an equivalent factor, which rep-
resents the phase shift of voltage and current collectively.

The reactivity factor has a direct relationship with the displace-
ment factor only when the signals of voltage and the current are
perfectly sinusoidal:

Ag =cCOs ¢ (28)

A

It is important to note that, depending on the application and
the necessary analysis, all the conformity factors (performance
indexes) of the load, based on CPT, i.e., Ap, Ay and Agq, can also be
calculated for each phase by phase values.

Finally, from Egs. (22), (24) and (27) can easily be shown that:

Ib
(1-3%) (1-13) = ¢ 29)

Itis observed that, (29) results in unitary only if the load is purely
resistive and balanced, regardless of the supply voltages. In addi-
tion, a pure balanced resistive load can have a unit power factor,
even in the presence of nonsinusoidal and/or asymmetrical volta-
ges. Thus, the presence of any other type of disturbances (phase
shift, unbalances and/or harmonics) affects the power factor.

Finally, to the condition of sinusoidal voltage the power factor,
results:

1 1
A = cos 30
¢ (1+THD12) (1+1<,—2+1<,02> G0

A=k

In case of three-phase circuits three-wire (without return con-
ductor), the previous Eq. (30) can still be reduced to:

1 1
A = cos 31
¢ <1+THD,2) <1+1<,—2> GV

All the indexes, (22), (24) and (27) obtained by the power and
currents decomposition of the CPT to the X-ray machine are listed
in Table VIII. Under ideal operation, the distortion factor (Ap)is zero,
similarly to the total harmonic distortion (THD), since it expresses
the absence of nonlinearities, Ay is also zero, similarly to the unbal-
anced factors (negative and zero sequence), since it expresses the
effects of unbalanced loads and whereas the reactivity factor (Aq)
and power factor (1) result unitary, similarly to the traditional dis-
placement factor, since it express the circuit efficiency. Note that,
the distortion factor (Ap) information in Table VIII is related to the
entire three-phase circuit (equivalent circuit), not to single phase
variables, that is the case of the Tables II-V.

7. Impact of X-ray on electric power distribution systems

As noted in the previous section, the X-ray machine when trig-
gered, depending upon operating mode and the electric power
supply condition, can cause voltages sags, current distortions or
even fast voltage fluctuations, and it may cause “flicker” [7,8|. More-
over, it turns out that during the radiography’s execution the levels
of current are high, requiring a large amount of power absorbed
from the grid in a non-continuous operation. The Brazilian standard
technical guidance proposedin [8] defines three basic types of oper-
ating modes for X-ray machines:

e Consecutive exhibitions regime, slow pace: it is the case of radio-
graphy in general, where several plates are taken with an interval
between one position and another around 50 s. This time depends
on the type of the device and its minimum value must be provided
by the user;

Consecutive exhibitions regime, fast pace: it is a technique called
fast serioscopy, using a heat exchanger film or a quick photo-
graphic camera, it can obtain a series from 5 to 30 exposures in a
time of 10-30s;

Cine regime, pulse: it consists of using the X-ray generator syn-
chronized to a video camera, doing a little exposure for each
image of the film. Depending on the device, one can have records
of 10 at a speed of 60 images per second.

The operation mode of the machine must be specified on the
forms required by the utility supply for the connection of this type
of load to the electrical system. However, it should be highlighted
that in the case of operating on the consecutive exhibitions regime,
the device will consume active power, reactive power and distor-
tion power in a non-continuous mode, several times during the
day.

Therefore, to provide active power, P at a given load, any
deviation of power from a balanced purely resistive load (equal
resistance to all three phases) increases transmission losses. To take
account the increase in transmission losses, we can define the line
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Fig. 9. Single line diagram of IEEE 13 bus distribution system [20].

utilization factor, Kj;,. (losses) as the ratio between the total losses
(Ptotqr) and minimum transmission losses (Ppyip ):

Kline = I;tot'al (32)
min

Note that, the above equation is generic, applicable to any oper-
ating condition. Furthermore, Kj;;. = 1 only when the circuit (load)
is balanced purely resistive (voltages and currents are in phase).

For a generic three-phase circuit (linear or not), the definition
of power factor given in (29) can be used to calculate the increase
in transmission loss, since it is proportional to the square of the
collective rms values of currents and voltages. Thus, considering
(16), the minimum transmission losses results:

P 2
Piin = Rlinelzmin = Riine (V) = Rlinelg 2 (33)
and considering (13), the total loss is given by:
Ptatal:RlineI2 :Rline (122+I?2+1u2+15) (34)

Substituting (34) and (33) into (32) we have:

D2+R? 402412 1

b2 a2 (35)

Kline =

or, considering the load performance index defined in (22), (24)
and (27) we have:

1

33 (1-32) (1-73)

The above equation clearly shows how the reactivity, unbal-
anced and distortion factors increase the line utilization factor,
enlarging line losses. For most applications, Eqgs. (35) and (36)
give acceptable results, but one should be aware of its limitations.
The line resistance was assumed to be independent of frequency.
However, for sharp harmonics or high frequency distortions that
assumption may not be sufficiently precise. Similarly, to the shunt
components losses it was assumed constant conductance, when
neither hysteresis nor parasitic losses are proportional to the square
of the rms voltage (or flux density). Thus, the effects of field pene-
tration or minor loops were not considered in Egs. (35) and (36).

Table IX shows the values of the line utilization factor for differ-
ent areas of operation of the X-ray device.

It is interesting to observe that, the effect of the X-ray machine
in the line losses varies according to the operation area, getting to

(36)

Kline =

Table IX
Line utilization factor by X-ray machine.
Area A Area B Area C
PCC Load PCC Load PCC Load
Kiine 1.001 1.038 1.042 1.077 1.170 1.177

be 18% higher for the region where it is performed the radiogra-
phy (Area C). This clearly shows that depending on the exhibitions
regime: slow, fast or pulse exposure, regardless of point of connec-
tion, the X-ray machine will increase the losses instantaneously,
intermittently throughout the day (month). Thus, stands out the
necessity of specifying the operating regimes of the X-ray machine,
enabling the utilities to have a control of the impacts of this device
on the grid. Moreover, due to the operating regime of exhibitions,
the device will consume reactive and distortion power several
times during the day.

7.1. Case study for IEEE 13 bus system

In order to analyze the voltage quality the IEEE industrial test
system was considered. This test system was proposed by the IEEE
Task Force on Harmonic modeling and simulation in [20]. This sys-
tem has been specially modified in order to take into account the
X-ray apparatus and four conditions is taken: Areas A, B, C and D
according to the different areas of X-ray operation (Fig. 9).

Fig. 10 shows the effect of X-ray machine on voltage THD. As can
be seen, for the case studied the voltage distortion levels are low,
below 5%. However, different results are obtained depending on the
choice of bus and the area of X-ray operation. Note that, during the
radiography (Area C) it is observed the highest values of distortions
at 7 bus, as well as the others bus. The total harmonic distortion in
all bus can be considered low (below 5%).

Fig. 11 summarizes the voltage profile of the buses. It can be
seen that all the bus voltages are within the acceptable level (+5%),
some standards consider (+10%). The lowest voltage compared to
the other buses can be noticed in bus number 7. Note that, the
rms voltage drops by almost 5% with respect to the reference value
(1pu) during Areas A and D. The X-ray has little impact on rms
voltages as can be seen in bus 7. It is clearly that depending on the
exhibitions regime the voltage profile will be changed.

Fig. 12 shows the effect of X-ray machine on current THD. It can
be seen clearly that bus 7 is the most critical bus compared to the
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other buses. It is well evidenced that bus 7 which have the X-ray
machine is the origin of distortion.

Note that, from Fig. 12 the current THD values oscillated
between 18% and 27% at bus 7 in the same way as presented
in electrical network of Fig. 3. These harmonic currents will
cause additional line losses and stray losses in transformer and
possible equipment loss-of-life, as well as, overcurrent or overvolt-
age resulting from resonances due to the capacitor connected at
bus 3.

8. Conclusions

Itis verified that the X-ray equipment works as a disturbing load
for the power supply. By applying the conservative power theory
and using field measurements and simulation results it was possi-
ble to identify the load characteristics and the potential impacts on
power quality and line loss due to this type of disturbing load. The
developed model implemented in PSCAD™/EMTDC™ software
can be used to power quality studies, load connection evaluation,
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power factor correction, for selecting the point of common cou-
pling, for resonance analysis, for evaluating the time-varying
characteristics of harmonics and cost of solutions (cost/benefit
analysis).

Through the currents analysis, it is found that the disturbing
load can be tariffed and accountable for the amount of harmonics
generated in the executions of radiographs. Each operation requires
a large amount of power, which causes voltage sags in the PCC,
while damaging other consumers connected at this point, besides
the issue of harmonics.

In this way, a study including diagnosis and conditions for con-
necting disturbing loads to the electrical system [6] was performed,
as well as the means to tariff and punish the disturbing load which
deteriorates the electrical power quality and power system.

Finally, the performance factors based on the CPT current/power
describe particular load phenomena or characteristics. Thus these
factors can be used as an alternative for evaluating the power
quality of particular noisy loads or installations, instead of the
traditional total harmonic distortion, negative and zero sequence
indexes. Such conventional quantities are related to the currents
waveforms and not specifically to the load characteristics.
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