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Abstract: An off-line simulator based on Excel used to evaluate the operation of four-wire
delta (4WD) services as well as the effects of reactive and imbalance compensators in
sinusoidal steady-state conditions is described in this paper. Voltages, currents and powers
in the primary and secondary windings of the transformer as well as in the high voltage
(HV) and low voltage (LV) lines and in the loads are calculated through that simulator. The
apparent powers in the mains, transformer and loads are determined applying Buchholz’s
and unified power measurement (UPM) formulations in both scalar and vector notations.
The effects of the neutral current are especially examined, in order to minimize them, and
the optimal wye load distribution is determined by the simulator. The simulator provides the
necessary elements of passive reactive and unbalanced compensators that optimize the 4WD
transformer operation too. Those compensators are determined for each load, and they can
be separately selected and included in the simulation process or not. An application example
is finally used to step by step explain how the simulator runs.
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apparent power; reactive compensators; unbalance compensators




Energies 2015, 8 11277

1. Introduction

Four wire delta services are still used in North America for electric power distribution in
manufacturing industries and residential and commercial facilities. This service generally is built by
three single-phase transformers [1], whose primary and secondary windings are connected in delta, but
one of these transformers has three secondary terminals (a, b, n), since the secondary winding has a
mid-tap terminal where a neutral conductor can be connected. The fourth secondary terminal of the
transformer (c) is known as the wild leg or high leg terminal. The primary windings of the transformer
could be connected in wye [1], but this configuration is less used in practice than delta; thus, in this
paper, only the primary delta connection has been considered. The four-wire delta (4WD) transformer
supplies single-phase loads, such as residential, commercial and lighting loads, which are connected to
a and b phases and the neutral wire, n (unbalanced wye load). The high leg terminal (c) is not
generally used because of its voltage is V3 times higher than V,,,, and Vj,,,. The line to neutral voltages,
V,n and V,,,, are opposite ones and their nominal RMS values are half of the nominal RMS line to line
voltages (Vp, Vper Veq)- The line to line voltages are almost balanced and they are usually applied to
supply three-phase loads, as electrical motors. The most usual RMS voltages for 4WD services are 120 V
(a, b phases to neutral) and 240 Vac (line to line voltages) [2]; then, the high leg RMS voltage is 208 V.
Other nominal RMS voltages used in USA for 4WD services [2] are 240 V/480 V/415 V (high leg).

The 4WD service operation and optimization off-line simulator described in this paper runs in
Excel, but another version in LABVIEW is available. The Excel version of the simulator is suitable to
for use by engineers and technicians in simulating and verifying the operation of 4WD services.
LABVIEW version is applied to implement measuring instruments, as power analyzers. Both
simulator versions, Excel and LABVIEW, manage the same formulations. Kirchhoff’s Laws are used
to calculate voltages, currents and voltage drops in the secondary windings of the 4WD transformer,
as well as in the loads and lines. The magnetic equations of the transformer are applied to determine the
primary winding currents. The nominal specifications of the transformer, loads and lines are previously
inserted in particular boxes in both simulator versions, which are data to solve Kirchhoff’s equations.

Transformer cooper losses and LV line losses are obtained according to the winding currents,
obtained from Kirchhoff’s Laws. The transformer primary and secondary power losses can have
different values due to the secondary neutral current, and the same occurs with the apparent powers
measured either from the primary or the secondary, because of the different primary and secondary
imbalances caused by the neutral current. The primary apparent powers have been obtained using the
voltages and currents calculated in the primary windings, according to Buchholz’s [3] or unified power
measurement (UPM) formulation [4]. Those powers would have the same values applying either
Emanuel’s [5,6] or IEEE Standard 1459 [7] or Czarnecki and Haley’s [8] formulations to the HV line
voltages and currents. The secondary apparent power has been obtained using an original power
formulation derived from Buchholz’s that uses the LV line and neutral currents instead of the
secondary winding currents, which is advantageous, in our opinion, since it is generally difficult to
measure the secondary winding currents in practice. The total apparent power of both loads, wye and
delta, is determined as the vector sum of the UPM apparent power vectors of each load [9,10];
the utilization of the apparent powers in vector notation is a technical innovation included in this paper
and 1s necessary since this service applies very different voltage imbalances to each load.
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The optimization of the 4WD service operation is achieved in this simulator in two complementary
ways: (1) distributing the wye loads between a and b phases, and (2) connecting passive reactive and
unbalanced compensators. The first procedure allows to cancel (or, at least, to minimize) the neutral
current originated by the wye loads. The reactive and unbalanced compensators must minimize the
positive-sequence reactive currents and the negative-sequence currents supplied to the wye and delta
loads. Those passive compensators are built by three-phase delta connections of coils and capacitors,
whose values are determined in the same manner as it was explained in references [11-13].
Our compensators are connected in delta for two reasons, mainly: (1) to simplify the topology;
and (2) to apply quasi-balanced line to line voltages to the elements of those devices.

The simulator is able to determine the elements of the optimal equivalent wye load as well as the
necessary passive compensators to optimize the operation of the 4WD service. The resulting elements
of both optimization techniques and compensation devices are presented in the simulator in separate
boxes and they can be incorporated to the system in order to evaluate their effects. Three passive
compensators for each load (wye and delta) may be independently selected by the simulator users:
reactive compensator only, unbalanced compensator only and combined reactive and unbalanced
compensator; thus, a wide range of possibilities are at the disposal of the user for analyzing the 4WD
service in sinusoidal steady-state operation.

The specifications (rated powers, voltages, impedances, efc.) of the transformer, lines and loads as
well as the responses (voltages, currents, powers and losses) in those parts of the 4WD service are
presented in different distinctive colored boxes in the simulator (Figure 1), in order to easily
manage the simulator.

The different parts of the simulator and the analysis equations are described in Sections 2-6.
The operation of the 4WD service before and after the compensation is analyzed through an
application example in Section 7. The conclusions are finally presented in Section 8.

2. Structure of Simulator

The block diagram of the simulator is represented in Figure 2. The introduction of the transformer,
line and load specifications is the first step in the simulation process. Those data are included on the
circuit loop equations, in the “Calculation” block, in which the voltages, currents and powers in all
parts of the 4WD service are calculated. Also, the elements of the reactive and unbalanced passive
compensators as well as the optimal distribution of the wye load are determined in the “Calculation”
block according to the load specifications. If the compensation is not required, the voltages, currents
and powers in each part of the 4WD service are displayed in specific boxes. Whether the compensation
effects have to be analyzed, the elements of a selected compensator (reactive, unbalanced or integral)
for each load can be included in the loop equations and, thus, the new values of the voltages, currents
and powers in the 4WD service are calculated and displayed.
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4WD SERVICE OPERATION SIMULATOR

()

¥-LOAD IMPEDANCES
RMS |ANGLE VAIUE  ANGLE
AN-PHASE 120 0| A-PHASE 0288 2534,
BN-PHASE 120| 180 B-PHASE 0.288 2584
4B-PHASE 220 0 C-PHASE 1E+10 0
BC-PHASE 240 -120)
CA-PHASE 240 120| D-LOAD IMPEDANCES
VALUE ANGLE
AB-PHASE 1728 36.87.
Power KVA loule loss W|Empty loss W BC-PHASE 1728 36,87,
200 3600 800 CAPHASE 1728 3687
High voltag eshort-circt £% Empty cunent %
12470 450 23 Y-LOAD LINE IMPEDANCES
VALUE | ANGLE
[Fansiormationration 519585 UNE 1 0.000 o
UINE 2 0000 0
UNE3 0.000 o
Rec(Q) | Xcc(0) | NEUTRAL 1E-10 o
002592| 0006912 00249814
D-LOAD LINE IMPEDANCES
VALUE | ANGLE
VALUE(A) | ANGLE | UINE 1 1E10 o
0184]  -833s UINE 2 0,000 [}
UNE3 0.000 o

11279

Y-LOAD COMPENSATOR _ SECONDARY VOLTAGES
VAUE |ANGLE PRIMARY |SECONDARY| RMS ANGLE
xab 1322) -s000 | [s(va) | 1esso2.s| 16761204| [ | an 119156 -140
Xbc 1108 -80.00 S+(VA) | 16880243 167612.04| BN 118154 17860
xea 1108 5000 | [suivA) s248]  a19||| on 206380 8860
losses | 1139.7705| 1139.7705| | | AB-PHasE 238307  -140
D-LOAD COMPENSATOR BCPHASE | 238309 -121.40
VALUE ANGLE CA-PHASE 238306 11860
xab 2.880 -50.00 s (VA 289605.63|
Xbe 2880 -90.00 | [s+fvA 167612.04| | | SECONDARY CURRENTS
xca 2830 000 | [p(w) 167612.04 AMs ANGLE
Q lvar) 1639 | | An-winding 236392 141
prams 5u (vA) 23617294 | | Bh-winding 236352 -141
h UNIVERSITAT BCPHASE 234458 -12139
CAPHASE 238493 11859
-lines 0.00]
D-lines 0.00 | | v uNE cuRRENTS
Neutral 0.00 VS ANGLE
VALUE ANGLE TOTAL 0.00 A-PHASE 406058  -31.42
Zan=zbr 0288 2584 B-PHASE 405997 -151.39
CPHASE 406172 BB.D
Y-LOAD PASSIVE COMPENSATORS.  D-LOAD PASSIVE COMPENSATORS | NEUTAAL 0000 000
UNBALANCE + REACTIVE UNBALANCE [PRIMARY CURRENTS
VAUE  ANGLE VALE  ANGLE RMS ANGLE
Xab 1322 -50.00 Xab 2880 -80.00 AB-PHASE 45112 -1.41
xbe 1108 9000  xbe 2880 -5000 | BCPHASE 45128 -12139
Xea 1108) 9000  Xca 2880 -5000| | capHase 45131 11859
UNBALANCE COMPENSATOR UNBALANCE COMPENSATOR
VAUE | ANGLE VAE  ANGLE RMS ANGLE
Xab 1982) -9000  Mab  wwsesss -9000 | A-PHASE 78151 -3142
xbe 1538 9000  xXbc  imssss 5000 | B-PHASE 78130 15139
xea 0866| 9000  Mca  memmmmemem 5000 | CPHAsE 78173 8860
REACTIVE COMPENSATOR REACTIVE COMPENSATOR | PRIMARY CURRENTS (with xcitation
VAWE  |ANGLE VAWE  ANGLE ams ANGLE
xab 3965 -9000  xab 2880 -5000 | AB-PHASE asa07 871
xbe 3965 9000  Xbe 2880 -80.00 | BC-PHASE 45410 12360
xea 3965|9000 X 2880 -5000 | CAPHASE 45427 11628

©)

TRANSFORMER QUANTITIES
SECONDARY VOLTAGE COMP

RMS ANGLE
POSITIVE 238308  -L40
NEGATIVE 0002 9297
2ERD 0000  -87.80
SECONDARY CURRENT COMP.

AMS ANGLE
POSITIVE 234448 140
NEGATIVE 0059 -16156
ZEROD 0000 -178.39
LV LINE CURRENT COMPONENTS.

RMS ANGLE
POSITIVE 406076  -31.40
NEGATIVE 0102 -13156
ZEROD 0.000 0.00

RMS ANGLE
POSITIVE 45122 -1.40
NEGATIVE 00011 -16156
2ERD 00000 15863

RMS ANGLE
POSITIVE 7.8154  -3L40
NEGATIVE 00020 -13156
ZERO 00000 158.63

RMS ANGLE

APHASE 7.8663 -33.72
B-PHASE 7.8650 -153.70
C-PHASE 7.8684  B6.3D

Y-LOAD VOLTAGES @

RMS ANGLE
A-PHASE 119.154 -1.40
B-PHASE 119154 17860
C-PHASE 206.380 88.60
ZERO 68.793 88.60
Y-LOAD CURRENTS

RMS ANGLE
A-PHASE 413728 -27.24
B-PHASE 413728 15276
C-PHASE 0.000 0.00
NEUTRAL 0.000 0.00
D-LOAD VOLTAGES.

RMS ANGLE
AB-PHASE 238307 -1.40
BC-PHASE 238309  -121.40
CA-PHASE 238.306 118.60
D-LOAD CURRENTS

RMS ANGLE
AB-PHASE 211345 57.13
BC-PHASE 241727, -58.55.
CA-PHASE 241724 55.76
ZERO 137.949 24.42
D-LOAD LINE CURRENTS

RMS ANGLE
A-PHASE 30860  -133.71
B-PHASE 583.915 8.30
C-PHASE 406172 88.60
¥-LOAD LINE VOLTAGE DROPS

RMS ANGLE
A-PHASE 0.000 -27.24)
B-PHASE 0.000 15276
C-PHASE 0.000 0.00
NEUTRAL 0.000 0.00
D-LOAD LINE VOLTAGE DROPS.

RMS ANGLE
A-PHASE 0000  -13371)
B-PHASE 0.000 -88.30
C-PHASE 0.000 8860

Figure 1. Four-wire delta (4WD) service simulator main page: (1) transformer, line and

load specifications; (2) scheme; (3) compensation area; (4) transformer, line and load powers;

(5) transformer voltages and currents; (6) line and load voltages and currents. “####” is

infinite value.
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Figure 2. Block diagram of the 4WD service simulator.

3. Transformer, Load and Line Specifications

Transformer, lines and load specifications provided by the manufacturers can be manually inserted

in specific boxes of the simulator (Figure 1). Those quantities are necessary to solve the loop equations

of the 4WD service circuit, as it will be described in Section 4.
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The main transformer quantities that should be included in the simulator in order to solve the circuit
equations are the following:

- The transformer rated power (Sy),

- The primary (E;) and empty secondary (E,) line to line RMS voltages,
- The short-circuit voltage (€%, in percent of the nominal voltages), and
- The nominal cooper losses (Py).

The transformer secondary e.m.fs. are defined in the simulator introducing only the empty
secondary line to line RMS voltages in the transformer specification box (Figure 1), since:

o Il I _ Il I 1=
Eqp = E320 Epc = a’- Eup Eq=0a"Eg Eon = —Epn = EEab (D
being a = e/12%°. According to the primary and empty secondary line to line RMS voltages the
transformation ratio (r;) is determined:

1 = E1/E, (2

The transformer combined impedance seen from the secondary (Z..) and its components (R.c, X¢)
are respectively obtained as:

€% E?Z E;\2
2 2) Xee = ch - Rgc (3)

Z., =—-= R..=3P -(—
7100 Sy ce IN sy

The empty power losses (P,) and the excitation (empty) current (I,) as percentages of the nominal
primary current are additional quantities that can be inserted in the transformer specification boxes.
Those quantities allow calculating the RMS value and angle of the primary excitation currents:

I_ABe =l -0, I_BCe = aZI_ABe I_CAe = aI_ABe 4
a, = arccos(P,/3E,1,) @
The load impedances can be introduced in the load specification boxes of the calculator (Figure 1)
in two ways: (1) directly, inserting their values and angles, and (2) according to the nominal voltages (Vy),
active powers (Py) and power factors (PF) of those impedances; such as the complex impedance of a
load placed in the z-phase is:

—_ 2 .
Z, = Vi PF/Pk zarc cos(PF) (5)

The load impedance corresponding to the c-phase in the wye connection is always considered infinite
(i.e., empty circuit).

The complex impedances of the LV lines (Z,y,Z;p) and neutral (Z,) conductor are manually
inserted in their specific boxes (Figure 1). The lines corresponding to the wye (Y) and delta (D) circuits
are independent ones; thus, their impedances (Z,y, Z,p) could have different values. The three phases of
each line have the same impedances; however, the neutral impedance of the wye circuit could be
different to the line impedances.

Although most loads create distorted currents in power systems, such as those supplied through
electronic drives, their equivalent impedances, calculated from the fundamental-frequency voltages
and currents, could be used for those loads too, in our opinion, since the non-fundamental phenomena
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are not analyzed in this paper. We agree with the IEEE Standard 1459 [7] that the active, reactive and
unbalanced power phenomena should be defined and measured for the fundamental-frequency.

4. Four-Wire Delta (4WD) Service Analysis Equations

The currents in the transformer windings, in the lines and loads are the basic quantities that allow
determine the voltages, powers and power loses in the 4WD service. Those currents can be calculated
from the following six equations corresponding to the loops of the circuit formed by the secondary side of
the transformer, the LV lines and loads (Figure 3), which are derived from the second Kirchhoff’s Laws:

_Ean + Ebn - Ebc - Eca = 3chIo - EchlAl - EZCCIBl - chICZ

15 1 15 > > >\ .7 3 > 5N T
Ean = =3 Zeclo + (Moc + Ziy + Zn + Zo) - Ty = Zulpy — Ziy + Zo) * Iz

15 3 15 > > >\ .7 > 5N T
~Eyn = =2 Zecly = Znlns + (e + Ziy + Zn+ Zy) I — Gy + Z) - Iz ©

0=—Cw+Z) Ipn—Cy+Zy) Ips + RZy +2Z1p + Zg + Zpy + Zgp) * Iaz — Zipley — Zgply;
Ebc = _Z_ccl_o - Z_LDI_AZ + (Z_cc + 2Z_LD + Z_bc) ’ I_CZ - Z_bcl_oz
0= _Z_abI_AZ - Z_bcI_CZ + (Z_ab + Z_bc + Z_ca) ’ 1_02

There is no loop equation corresponding to the third phase of the wye load that would be connected
to the high leg terminal (c), by simplicity, because of any impedance of the wye load is generally
supplied by that terminal. The unknown quantities in the above equations are the Complex RMS
CRMS values of the loop currents: I,, I, Is1, Ig1, Lz, I .

The CRMS values of the secondary e.m.fs. of the transformer, E,,, Epp, Epc, Ecq, as well as the
complex combined impedance of the transformer, Z,., the complex wye load impedances (Z,, Z,),
the complex delta load impedances (Zgp, Zpc, Zcq) and the complex line and neutral impedances
(Z.y,Z.p, Zy,) expressed in Equation (6) are known quantities, obtained from the transformer load and
line specifications, respectively, such as it was indicated in Section 3.

Figure 3. 4WD service: secondary circuit scheme and loop currents.
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5. Determination of Four-Wire Delta (4WD) Service Voltages, Currents and Powers

In this section, the equations used by the simulator for obtaining voltages, currents and powers in
each part of the 4WD service are described. The resulting quantities are displayed in Equations (4)—(6)
areas of the simulator main page (Figure 1).

5.1. High Voltage (HV) Line and Transformer Voltages, Currents and Powers

The transformer secondary currents are calculated from the loop currents of Equation (6), according to:

I_an = I_Al -1, I_bn = I_Bl - I_o I_bc = I_CZ -1, leq = —1, (7)

According to the transformer magnetic equations, the primary currents are expressed as:

_ _ _ _ _ 1 _ _
1
NIy, + ENS ’ (Ian - Ibn) = NpIAB = Iyp = ? (Ian + Ibn)
t

_ _ _ 1 _
Nglpe = NpIBC - Igc = T'_ Ipc (8)
t
_ _ _ 1 _
Ngl.q = NpICA = Igq = T_ leq
t

where N, and Ny are the spires of primary and secondary, respectively, and r, = N,,/N is the

transformation ratio. Also, the HV line currents are, according to the First Kirchhoff’s Law:
Iy = Ing — Ica Iy = Ipc — Isp Ic = Ica = Ic )
The transformer secondary voltages are obtained as:

Van = Eqn — EchIan Von = Epn + EchIbn
(10)

I7'ab = _an - I7'bn I7bc = Ebc - Z_ccl_bc 17ca = Eca - Z_cclca

The primary line to line voltages (V4g, V¢, Vc4) are considered balanced, of positive-sequence, and
with approximately the same RMS value than the primary e.m.fs., E;, included in the transformer
specifications. This approximation can usually be accepted in practice, because of the small primary
voltage drops.

The 4WD transformer primary and secondary apparent powers are not generally the same, because
of the neutral current, which creates different primary and secondary imbalances. The 4WD
transformer apparent power calculated from the primary quantities is expressed as:

1= Wl + Ve + V2D Uy + e + 1) (1

The 4WD transformer apparent power calculated from the secondary is obtained in the simulator in
function of the LV line and neutral currents (I, Ip, I, I,,) instead of the secondary winding currents

(I_an' I_bnr I_bcr I_ca):

S, = J%(Vazb + V2 +V32)- [lg + 12+ 12+ (9K% ) 1%] (12)

being:
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1 /Py,
K2:_<L_IZ _12_)
312 \r,, ar " fa (13)

and I, I,_ are the positive and negative-sequence components of the LV line currents (I, I, I,.).
The set of currents in Equation (12) causes the same transformer cooper power losses (Pj;) as the

secondary winding currents, i.e.:
1 1 1
PIZ =T Z (Iczln + Il%n) + Igc + Ic?a] = § Tee® [Ic% + Ig + Icz + (9K2 _§) ) Irzl (14)

The above equality is verified because of the following relationships between the secondary
winding currents and the LV line and neutral currents:

I_
* £30°+-% £ —30°+

V3

I
+ a— n

£30°+-2= £ —30°0— L
\3 2
_ I,_ I
Iye =2 £ —-90°+ = £90° - =

V3 V3 6

a

I_an

=
[\)lﬁ‘"

&
~

a

I_bn

'

(15)

~~

I I, I,
log =—= £—-210°+— £210° + —
ca \/g \/§ 6

The cooper power losses calculated according to the primary winding currents are:
Py =1'cc " (Uig + I5c + 182) (16)

where 7', =7, 1# is the transformer combined resistance seen from the primary.
Equations (13) and (15) provide the same values of transformer cooper power losses when the LV
neutral current (I,,) is zero.

The positive, negative and zero-sequence components of the primary winding currents
(Iug+> Lap—, Lypo) are obtained from Fortescue’s theorem [14]. There are no zero-sequence components
in the primary winding currents (I;50 = 0), and the same occurs with the set of secondary currents
G Ign + 3 Iyn, Ipe, Icq), whose symmetrical components (Igp+, Igp—, Igpno) are the primary symmetrical
components multiplied by the transformation ratio (), according to Equation (8); thus, I, = 0.

The primary and secondary positive-sequence apparent powers (S,;,5;,) are respectively
calculated from:

S+1 =3 Vap+ " lap+ S+2 = 3 Vap+ " lap+ (17)
Differences observed between the values of the above powers are due to the different primary and

secondary positive-sequence voltages (V,5., Vap+), caused by the transformer voltage drops.
The primary and secondary unbalanced powers (Sy4, Sy») are obtained as:

Sy1 = ’512 -S4 Syz = ’522 -S4 (18)
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5.2. Low Voltage (LV) Line and Load Voltages, Currents and Powers

The LV line and neutral currents are, according to the loop currents in Equation (6):

Wye load circuit:

I_al = Iy — I_AZ I_bl = I_AZ - 1_31 I_n = Z41 - 1_31 (19)

Delta load circuit:

Ly = Iy I_bz = I_CZ - Z42 I, = —1_c2 (20)

Notice there is no line current corresponding to the c-phase of the wye load, because of any
impedance is connected to that wye load phase (Figure 1).
The LV line voltage drops are calculated according to Ohm’s Law:

Wye load circuit:

Vaarr = Ziy " laa I7bb’1 = Z_LY ’ I_bl Vnnll =4n’ I_n (21)

Delta load circuit:

Vaarz = Z_LD 'I_aZ Vbb’z = Z_LD 'I_bz Vccrz = Z_LD 'I_cz (22)

being Z,y and Z , the complex LV line impedances corresponding to the wye and delta load circuits,
respectively, and Z,, is the complex neutral impedance.
The LV line and neutral power losses are:

Wye load circuit:

Ppy =11y - (151 + 1571) (23)
Delta load circuit:
Pop = 1ip - (I3 + Iz + 1) (24)
Neutral wire:
B =1 12 (25)

where 17y, 1;p and 7, are the real part of the LV line (Z,y, Z,p) and neutral (Z,) complex
impedances, respectively.

The currents in the wye load phases (I,;,I;) are those calculated from Equation (19) and the
currents in the delta load phases are expressed as a function of the loop currents in Equation (6) as:

Tapz = a2 — Iz Ipcz = Icz — 1o Ieaz = =10z (26)
The voltages applied to the loads are determined by the simulator as:

Wye load:

Van1 = IZzn - I7aall + Vnnrl Vbnl = 17'bn - I7'bbrl + I7nnrl (27)
Delta load:
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ab — Vaa’z + Vbb’z Vbcz = Vbc - Vbb’z + Vcc’z

<

I7ab2 =
_ _ _ (28)

Veaz = Vea = Veerz + Vaarz
Because of there are two topologies for the three-phase loads (wye and delta) in the 4WD service,
an apparent power could be separately expressed for each of them and their values could be calculated
using Buchholz or UPM formulations [3,4]; however, the total impact of those loads cannot be
obtained as the arithmetic sum of the apparent powers of each load. On the other hand, since each load
(wye and delta) is subjected to different voltages (very unbalanced for the wye loads and
quasi-balanced for the delta loads), a combined apparent power formulation using either the line to
neutral voltages or the line to line voltages or a combined set of both voltages would lead to wrong
apparent power values. Last one could be the case, in our opinion, of the apparent power
formulations presented in references [5—7], because of the effective voltages run with estimated load
parameters (§). Also, reference [8] could not be used. The above problem can be avoided, in our
opinion, using a vector apparent power formulation; because of the total load impact in the 4WD
service could be determined as the vector sum of the vector apparent powers of each load. Fortunately,
an unbalanced power vector (S,,) was formulated in references [9,10] and, thus, the apparent power (S)

could be expressed in vector notation as:

S=S5,+485, (29)

where:

Sy = \/2 (L + 8% +67) [Py + a?Pyy + aPsi|l - 5 + 1014 + a2Qzy + aQs. |l - ]
(30)
+ 6l21+6/% ||§+|| 'Z_=Suip'ﬁ+5uiq"7+suv'z_

is the UPM unbalanced power vector [10].
The unbalanced power components fuip and .S_'ul-q represented in the plane described by the p, g axes

in the above expression (Figure 4) express the amount of the unbalance power due to the combined
effects of voltage and load imbalances; while the term defined on the Z axe measures the exclusive
effects of the voltage imbalances (S,,). P,4, Q.+ (z = 1,2,3) are the positive-sequence active and
reactive powers corresponding to each phase (z), i.e.:

P,. =Rel[S,,] =Re[3V, I}] Qe =Im (S, ] =Im[3V, L;;] (31)

being V, the CRMS positive-sequence voltage and I}, the conjugate of the CRMS positive-sequence
current corresponding to the z-phase, i.e.:

Ly =5 a1 1, (32)

and a = e/12%° The parameters 8, and 8, are the voltage unbalance and asymmetrical degrees,

respectively:

SU:— 8A:_ (33)
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which are respectively obtained as the relationship between the RMS negative- (V_) and the

zero-sequence (V) voltages and the RMS positive-sequence voltage (V). Between double bars in

Equation (30) is expressed the norm of a vector o complex quantity.

S, is the positive-sequence complex apparent power:
3 3
§+:Z§Z+ZZ(PZ++QZ+):P++Q+ (34)
z=1 z=1

The norm of the UPM apparent power vector (S) defined by Equation (29) holds the same value as

Buchholz’s apparent power [3].

The apparent power of the combined wye (Y) and delta (D) loads is obtained in the simulator,
according to Equation (29), as the vector sum of the apparent power vectors corresponding to the wye
(SY) and delta (SP) loads:

S=8"+SP =L+ + S +5)) =
5 = (P-I}—, + P—II-)) + (Q-{ + Q-iD—) + (Szlzip +S£ip) 'ﬁ+ (Sziq +S1lz)iq) ’ C_l + (S‘l{v +SDv) "z = (35)
5_‘=P+-|_0+_*'Suip'ﬁ‘*'suiq'C_I-I'Suv'Z_ZP+-I'Q+ +'§u
The norm of that vector (S) is the apparent power of the combined load:
S=Jﬁ+Qi+ﬁm+ﬁm+%f=k£+% (36)
The norm of the unbalanced power vector (S,,) is the unbalanced power of the combined load:
(37)

Su = \/Siip + Siiq + S&v

and the positive-sequence apparent power of the combined load (S, ):
(38)

s, = [P2+0d

UNBALANCED
VOLTAGES DOMAIN

UNBALANCED LOAD /
VOLTAGES DOMAIN

Figure 4. Representation of the unified power measurement (UPM) unbalanced power

vector and its components.
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6. Reactive and Imbalance Load Compensation Devices and Methods

In this section, the simplest reactive and unbalance power compensation devices and methods are
described and their elements formulated in order to minimize the currents in the transformer and
mains and, then, to optimize the 4WD service operation.

The simplest reactive and imbalance compensators for each load (wye and delta) are formed by
three-phase connections of coils and capacitors. The elements of those devices are connected in delta
to the secondary of the transformer; thus, they are subjected to quasi-balanced line to line voltages and
they supply either the reactive positive-sequence or the negative-sequence or both currents
absorbed by those loads.

The line currents of the delta loads do not have zero-sequence components, but the currents
supplied to the wye loads have zero-sequence components when the loads connected to the a and
b-phases are different ones. Those zero-sequence currents could be compensated by passive elements
such as are described in reference [11], but the simplest compensation method is to equitably distribute
the wye loads. The simulator presented in this paper provides the impedance values of the optimal wye
load that minimizes the zero-sequence line currents.

The elements of the compensation devices and methods described in this section are displayed in
specific boxes in the simulator and they can be selected and manually introduced in order to evaluate
the compensation effects on the transformer and mains. The inclusion of those reactive and unbalance
passive compensators in real-time environments would cause similar impacts as those created by the
capacitor banks used for reactive power compensation.

6.1. Wye Load Compensation

The negative-sequence line currents supplied to the impedances Z, and Z,, of the wye load are the

same as those absorbed by a single-phase load (Z',;):

., 4

Z ab — _i N _i (39)
Za Zb
which is connected between a and b transformer secondary terminals.

Assuming R = V2, /P and X = V2 /Q* (P =P, +P,,Q = Q, + Q,) are the equivalent parallel
resistance and reactance of Z'y,, the elements (X$,,,Xf.1, XS1) of the wye load reactive and
unbalance (negative current) compensators have the formulations expressed in Table 1, according
to references [12,13].

The zero-sequence line currents are supplied to the wye loads only and they are caused by the
different values of wye load impedances. To minimize those currents, it is necessary to distribute the
wye impedances up to an optimal value:

Z—opt — Z—opt — 2
a b 1.1 (40)
Za Zb
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Table 1. Reactive, unbalance (negative-sequence) and integral (reactive + unbalance)
compensators for the wye loads.

Elements  Reactive compensator Unbalance compensator  Integral compensator
Xip -3X —; X -X
. 1
Xbcl -3X j 1 _ i_ —j\/§R
V3R 3X
X cal —3X j 1 + i_ j\/§R
V3R __3X

The connection of the above impedances cancel (or minimize, at least) the zero-sequence line currents
absorbed by the wye load, but they do not modify the value of the reactive and negative-sequence
currents, whose compensation must be fulfilled by the devices shown in Table 1.

6.2. Delta Load Compensation

The line currents absorbed by the delta loads only have positive (active and reactive) and negative
components, but there are no zero-sequence components in those currents. The reactive and negative
line currents can be minimized by three-phase delta compensators, connected to the secondary
terminals and whose element formulations are expressed in Table 2 in function of the conductance (G)
and the susceptance (B) of each load phase [12,13], i.e.:

1

_ 1 _
=— = Ggp + Bgp = = Gpc + By

1
— =G, +B
Zab Zbc an «“ «“ (41)

Table 2. Reactive, unbalance (negative-sequence) and integral (reactive + unbalance)

compensators for the delta loads.

Elements Reactive compensator Unbalance compensator Integral compensator

=c -3 -3 -1
Xab2 =5 5 - = = = = ;

Bab + Bbc + Bca ]‘/§(Gbc - Gca) + 2Bab - Bbc - Bca Bab +J (Gbc - Gca)/‘/§
=C -3 -3 -1
Xpe2 =5 5 5 = = = = ;

Bab + Bbc + Bca ]‘/§(Gca - Gab) - Bab + ZBbc - Bca Bbc +J (Gca - Ga.b)/\/§
=c -3 -3 -1
Xcaz

Eab + Ebc + Eca

j‘/g(Gab — Gbc) — Eab — Ebc + ZEca

Eca +j (Gab — Gbc)/\/§

The formulations of passive reactive and unbalance compensators expressed in Tables 1 and 2 for
non-variable loads could be extended to variable loads such as it is indicated in reference [15].

7. Application Example

The operation of a 300kVA 4WD service is analyzed in this section as an application of the
simulator utilization, when it supplies two 120 V, 60 kVA (PF = 0.9) and 40 kVA (PF = 0.9) single-phase
loads (lighting and residential installations), respectively connected between a and b phases and the
neutral (n), and a 240 V, 100 kVA (PF = 0.8), three-phase balanced delta load. The specifications of
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transformer and load impedances are shown in Figure 5a, obtained from the simulator. The line
impedances are considered negligible in this application example.

Voltages and currents in the secondary side (windings and lines) of the 4WD transformer can be
seen in Figure 6a, and the currents in the primary side (windings and lines) are included in Figure 6b.
Great current imbalances are observed in the primary and secondary sides of the transformer when it
supplies those loads, but the primary currents are less unbalanced than in the secondary, because the
zero-sequence currents have been filtered in the primary; then, the impact of the secondary neutral
currents on the HV mains are cancelled out with this service. This fact is noticed from the apparent and
unbalanced powers, whose values are less in the primary than in the secondary (Figure 7a). It is noted
that the load is more unbalanced than the source (transformer) due to the high voltage imbalance in the

wye load (Figure 7b).
. rr—
RMS ANGLE VALUE ANGLE
AN-PHASE 120 0 A-PHASE 0.24 25.84
BN-PHASE 120 180 B-PHASE 0.36 25.84
AB-PHASE 240 0 C-PHASE 1E410 0 Y-LOAD COMPENSATOR
BC-PHASE 240 -120
CA-PHASE 240 120 D-LOAD IMPEDANCES Lol L2
VALUE ANGLE Xab sibhhiihis -50.00
"TRANSFORMER SPECIFICATIONS AB-PHASE 1.728 26.87
Power KVA | Joule loss W |Empty loss W BC-PHASE 1.728 36.87 xbc -50.00
300, 3600/ 200 CA-PHASE 1.728 36.87 Xca Ee e S 90.00
High voltage |short-circt £%|empty current 58
12470 .50 2.3 Y-LOAD LINE IMPEDANCES
VALUE ANGLE D-LOAD COMPENSATOR
Tiih oo = VALUE AMNGLE
ﬁ LINE 3 0.000 0 Xab s -90.00
Zcc () Rec(Q) | Xeo(n) NEUTRAL 1E-10 0
0.02592]  0.006912| 0.02498141 ¥bc HitHHHHHE -50.00
D-LOAD LINE IMPEDANCES ¥ca T -90.00
ﬁ VALUE ANGLE
VALUE([A) | ANGLE LINE L 1E-10 0
0.184| -83.34| LINE 2 0.000 o
LINE 3 0.000 0

() (b)

Figure 5. (a) Transformer, line and load specifications; (b) compensator insertion data area.

SECONDARY VOLTAGES TRANSFORMER QUANTITIES
RMS ANGLE
AN 115.568 -2.12 SECONDARY VOLTAGE COMP
BN 116.958 173.61 RMS ANGLE
CN 204.675 89.68 POSITIVE 234.834 -1.13
gl g I ppost gl PRIMARYCURRENTS  PRIMARY CURRENT COMPONENTS
BC-PHASE 233.823  -120.33 ZERO 0.000 90.00
CA-PHASE 238.195 113.69 RMS ANGLE RMS ANGLE
- : ’ AB-PHASE 7.7316 -31.32 POSITIVE 5.1811 -32.86
BC-PHASE 4.6955 177.66 NEGATIVE 2.5562 -28.19
SECONDARY CURRENTS SECONDARY CURRENT COMP
CA-PHASE 4.2788 116.56 ZERO 0.0000 141.65
RMS ANGLE RMS ANGLE
g LTS | i e HVUNECURRENTS  HVLINECURRENTCOMPONENTS
BN-winding 323.407 -31.77 NEGATIVE 132.817 -28.19
RMS ANGLE RMS ANGLE
BC-PHASE 243.971 177.66 ZERO 0.000 125.54
A-PHASE 11.5812 -42.65 POSITIVE 8.9739 -62.86
CA-PHASE 222.319 116.56
B-PHASE 12.0558 159.56 NEGATIVE 44275 1.81
C-PHASE 4.5754 52.61 ZERO 0.0000 141.65
LV LINE CURRENTS LV LINE CURRENT COMPONENTS
RMS ANGLE RMS ANGLE
A-PHASE 678.278 -41.14 POSITIVE 465.457 -59.65
B-PHASE 545.147 160.84 NEGATIVE 230.940 -4.68
C-PHASE 237.730 52.61 ZERO 52.243 -29.48
NEUTRAL 156.730 -29.48

()

(b)

Figure 6. 4WD transformer voltages and currents: (a) secondary side; (b) primary side.
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TRAMNSFORMER POWERS LOAD POWERS
PRIMARY |SECOMDARY S{VA) 224491.38
5{VA) 216131.36] 213890.29 5+ (VA) 189321.72
5+ (WA) 193824.64| 189652.18 F (W) 160892.73
Su (Va) 95628.32 98899.49 2 (var) 98273.96
Losses 1868.5100| 1910.9578 Su (VA) 120638.58
(a) (b)

Figure 7. (a) Transformer powers and losses; (b) load powers.

Once the load specifications are inserted in their respective boxes, the simulator determines the

values of the necessary compensation devices (reactive, unbalanced or integral) for each load (Figure 8a),

as well as the optimized wye load that cancels the neutral current (Figure 8b).

Y-LOAD PASSIVE COMPENSATORS

UNBALANCE + REACTIVE COMPENSATOR
VALUE ANGLE

Xab 1.322 -90.00

Xbc 1.108 -90.00

Xca 1.108 90.00

UNBALANCE COMPENSATOR
VALUE ANGLE

D-LOAD PASSIVE COMPENSATORS

UNBALANCE + REACTIVE COMPENSATOR
VALUE AMNGLE

Xab 2.880 -90.00

Xbc 2.880 -90.00

Xca 2.880 -90.00

UNBALANCE COMPENSATOR
VALUE ANGLE

Xab 1.982 -90.00 Xab FHHHHEHEHE -90.00
Xbc 1.539 -50.00 Xbc FHHHEHEHE -50.00
Xca 0.866 90.00 Xca T -90.00
REACTIVE COMPENSATOR REACTIVE COMPENSATOR
VALUE ANGLE VALUE ANGLE
Xab 3.965 -90.00 Xab 2.880 -90.00
Xbc 3.965 -90.00 Xbc 2.880 -90.00
Xca 3.965 -90.00 Xca 2.880 -90.00
()

EQUIVALENT OPTIMIZED Y-LOAD
VALUE ANGLE
Zan =Zbn 0.288 25.84

(b)

Figure 8. Compensation devices and techniques: (a) passive compensators; (b) optimized

wye load.

Those passive compensator elements for each load can be inserted in the compensator boxes

(Figure 5b) or not. In the first case, the effects of the compensation could be evaluated. The second

case is to analyze the actual 4WD service operation without compensating. In the same way, the

impedances of the equivalent optimized wye load (Figure 8b) could be inserted in the wye impedances

box of Figure 5a instead of the actual wye load impedances, in order to evaluate the effects of the

single-phase load distribution.

By selecting the compensation devices from the Figure 8a, e.g., the integral compensator (reactive +

unbalanced) for compensating the wye load and the reactive compensator for the delta load, and

inserting those values in the boxes of Figure 5b, a set of elements as is indicated in Figure 9a could be

obtained. The new voltages and currents in the transformer when those compensators were connected

are those presented in Figure 10a and b. Comparing Figures 6 and 10, it is noted the negative-sequence

voltages and currents in the transformer are strongly decreased after the compensation; the currents in

the primary and in the HV mains are practically balanced, with positive-sequence (Figure 10b).
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¥-LOAD COMPENSATOR ¥-LOAD IMPEDAMNCES
VALUE ANGLE VALUE ANGLE
Xah 1.322 -90.00 A-PHASE 0.288 25.84
Xbc 1.108 -90.00 B-PHASE 0.288 25.84
xca 1.108 90.00 C-PHASE 1E+10 1]
D-LOAD COMPENSATOR D-LOAD IMPEDAMNCES
VALUE ANGLE VALUE ANGLE
Xah 2.880 -90.00 AB-PHASE 1.728 36.87
Xbc 2.880 -90.00 BC-PHASE 1.728 30.87
Xca 2.880 -90.00 CA-PHASE 1.728 30.87
(a) (b)
Figure 9. Selection of: (a) the compensation devices, (b) the optimal distributed wye load.
SECONDARY VOLTAGES TRANSFORMER QUANTITIES
RMS ANGLE
AN 118.443 -1.76 SECONDARY VOLTAGE COMP
BN 119.868  178.97 RMS ANGLE [PRIMARYCURRENTS  [PRIMARY CURRENT COMPONENTS |
CN 205623  88.80 POSITIVE 238.307 -1.40 RMS ANGLE RMS ANGLE
AB-PHASE 4.5025 -1.45 POSITIVE 4.5079 -1.42
AB-PHASE 238.307 -1.39 NEGATIVE 0.008 92.77 BC-PHASE 4.5089 -121.35 NEGATIVE 0.0057 -161.77
BC-PHASE 238.314 -121.40 ZERO 0.000 -175.17 CA-PHASE 45123 118.53 ZERO 0.0000 _60.33
CA-PHASE 238301  118.60
[WWUNECURRENTS | |HVLINECURRENT COMPONENTS |
RMS ANGLE RMS ANGLE
SECONDARY CURRENTS SECONDARY CURRENT COMP —— 1 s B rosE s o
RMS ANGLE RMS ANGLE B-PHASE 7.8003 -151.37 NEGATIVE 0.0099 -131.77
AN-winding 307.343 -8.42 POSITIVE 234,232 -1.42 C-PHASE 7.8172 28.60 ZERO 0.0000 -60.33
BN-winding  167.028 11.46 NEGATIVE 0.298  -161.77
BC-PHASE 234.276  -121.35 ZERO 0.000  -63.75
CA-PHASE 234450 11853
(a) (b)

Figure 10. 4WD transformer voltages and currents after compensation: (a) secondary side;

(b) primary side.

It is observed from Figures 10b and 11b that the currents in the primary side (windings and lines)

are almost unaffected by the wye load distribution, since they practically remain balanced after the

load compensation; thus, if our main interest is to look after the HV mains, it is not necessary to apply

wye load distribution tasks. However, the transformer operation could be affected by the wye load
distribution. Indeed, the currents in the secondary windings and in the LV lines are not fully rectified
after compensation (Figure 10a), but they remain minimized and balanced after the wye load

distribution (Figure 11a).

This fact could be noted comparing the transformer powers after the load compensation in two

situations: first, the wye loads are not equitably distributed (Figure 12a) and, second, optimal

distribution of the wye load (Figure 12b). The primary apparent power is minimized in both situations, but
the secondary apparent power is minimized only in the second case, where the unbalanced power is fully

compensated. In the last situation, the power losses measured from the primary and secondary have the

same values.
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SECONDARY VOLTAGES TRANSFORMER QUANTITIES

RMS ANGLE
AN 119.154 -1.40 SECONDARY VOLTAGE COMP
BN 119.154  178.60 RMS ANGLE
CN 206.380 28.60 POSITIVE 238.308 -1.40
AB-PHASE 238.307 -1.40 NEGATIVE 0.002 92.97
BC-PHASE 238.309 -121.40 ZERD 0.000 -87.80 PRIMARYCURRENTS | PRIMARY CURRENT COMPONENTS |
CA-PHASE 232.306  118.60 RMS ANGLE RMS ANGLE

AB-PHASE 4.5112 -1.41 POSITIVE 45122 -1.40

SECONDARY CURRENTS SECONDARY CURRENT COMP AL SR CELER) GIEEE i

aMS ANGLE aMS ANGLE CA-PHASE 45131 118.59 ZERO 0.0000  158.63
AN-winding ~ 234.392 1.4 POSITIVE 234.448 -1.40 MVUNECURRENTS  HVLINECURRENT COMPONENTS
BMN-winding 234,392 -1.41 NEGATIVE 0.059 -161.56 RMS ANGLE RMS ANGLE
BC-PHASE 234.458  -121.39 ZERD 0.000 -178.39 A-PHASE 7.8151  -31.42 POSITIVE 7.8154  -31.40
CA-PHASE 234.493  118.59 B-PHASE 78139 -151.39 NEGATIVE 0.0020 -131.56

C-PHASE 7.8173  88.60 ZERO 0.0000  158.63

LV LINE CURRENTS LV LINE CURRENT COMPONENTS

RMS ANGLE RMS ANGLE
A-PHASE 406.058  -31.42 POSITIVE 406.076  -31.40
B-PHASE 405.997  -151.39 NEGATIVE 0.102 -131.56
C-PHASE 406.172 28.60 ZERD 0.000 0.00
NEUTRAL 0.000 0.00

(a) (b)

Figure 11. 4WD transformer voltages and currents after compensating and distributing the
loads: (a) secondary side; (b) primary side.

TRANSFORMER POWERS TRANSFORMER POWERS

PRIMARY |SECONDARY PRIMARY |SECONDARY

S (VA) 168640.06| 170700.59| (S (VA) 168802.43| 167612.04

s+(vA) | 168639.93| 167450.48| [S+(VA) | 168802.43| 167612.04

Su (VA) 214.74| 3315160 [Su(VA) 42.48 42.19

Losses 1137.5788| 1182.1649| |Losses 1139.7705| 1139.7705
(a) (b)

Figure 12. Transformer powers: (a) not distributed the wye load; (b) optimal wye load distribution.
8. Conclusions

An off-line simulator based on Excel used for the evaluation and compensation of 4WD services in
sinusoidal steady-state conditions has been described in the above sections. The simulator provides the
values of voltages and currents in all aspects of that service after the specifications of the transformer,
lines and loads are inserted. These voltages and currents are obtained according to equations derived
from the first and second Kirchhoff’s Laws. Apparent powers and powers losses are determined by the
simulator too. The transformer apparent powers and power losses are separately measured from the
primary and secondary sides. Transformer apparent powers have been formulated at the primary and
secondary windings according to Buchholz’s or UPM approaches and, then, transformer apparent
powers and power losses maintain a certain proportionality. However, the secondary apparent powers
are calculated from an original formulation that uses the LV line currents instead of the secondary
winding currents; this constitutes a remarkable contribution of this paper, because the measurement of
the LV line currents is easier than the transformer internal currents in practice. Primary and secondary
power differences are caused by the secondary neutral current effects.
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Another original formulation has been used to determine the load apparent power. Because the
voltages applied to the wye and delta loads have very different degrees of imbalance (line to neutral
voltages are strongly unbalanced, but the line to line voltages are shortly unbalanced), the load
apparent power has been formulated in vector notation as the sum of the UPM vector apparent powers
of the wye and delta loads, such as it was described in Section 5.2. This formulation of the apparent
power in vector notation had not been described in the technical literature until now.

The simulator provides the elements of the delta passive reactive and imbalance compensation
devices, as well as the optimal wye load that minimizes the neutral current. The values of those passive
elements can be included in specific boxes of the simulator in order to evaluate each of the compensation
effects. The compensation devices minimize the reactive and the negative-sequence currents in the
4WD service, while the wye load distribution cancels out the zero-sequence currents. The wye load
compensator could be built considering the reactive and negative line currents as those loads are the
same as those created by a single-phase load of Y the parallel impedance of the wye loads and
connected to a, b phases.

Because the secondary neutral currents do not affect the transformer primary currents, the connection
of only the delta compensators to compensate the load negative-sequence line currents is enough to
optimize the HV mains.

The Excel-based off-line simulator, such as it has been described in the paper, is limited to
evaluating the sinusoidal steady-state operation of 4WD services, as well as the reactive and
unbalanced power compensation. Whether the non-sinusoidal steady-state and transitory operations
were necessary, e.g., either to determine the non-fundamental power or to analyze the impact on the
connection and disconnection of the compensators, the FFT should be used in the analysis.
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