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Abstract—The research objective was to carry out a study to
compare the performance of open delta transformer and delta
transformer on load. The research method used was an
experimental method in the laboratory, which included testing
on the three-phase transformer of open delta and delta
connection on load. The measurement showed that there was a
comparison of performance (output) between the average
current with loses and efficiency in the open delta transformer
connection which had smaller value compared to the delta
transformer connection. It was due to the load power capacity
supplied in the open delta transformer which was smaller than
the delta transformer, with a ratio of V = 0.577 and A = 1, the
actual power capacity needed or used was 2100 VA.
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l. INTRODUCTION

Transformer is a device that can transmit (distribute) and
change the amount of electric power from one circuit to
another electrical circuit with the same frequency based on the
principle of electromagnetic induction. The voltage received
can be increased or decreased in accordance with the current
in the circuit [1]. The electric power transferred and changed
is the voltage and alternating current (AC) [2].

Delta-delta connection is the most effective connection
used for low voltages with large load current. This winding
connection is also the most widely used winding connection
when compared to a variety of other winding connection.

If only two single-phase transformers are available, it is
still possible to make a three-phase system using two one-
phase transformers or the remaining two windings which can
be used to deliver electrical power by using open-delta
winding connection [3] [4].

A three-phase open delta connection transformer is a
three-phase transformer with two coils or a three-phase
transformer consisting of two single phase transformers. The
open delta winding connection is closely related to the delta
winding connection because the open delta winding
connection is a modification of the delta winding connection
[4]. Furthermore, the three-phase open delta transformer can
be a specific winding connection in the three-phase
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transformer. If this winding connection is carried out on a
delta-connected transformer where one of windings is
damaged (broken), then by using the remaining two windings,
the three-phase power can continue to be distributed to the
load even with a smaller power capacity [5]. Even though the
amount of power that can be served must be reduced by a few
percent from the kVA branch of the three-phase transformer
of open delta connection. This winding connection has a very
important role in sending power to the load so that the
continuity of electrical power is obtained temporarily, so the
system works continuously until the transformer is replaced
[5].

In general, the load served by a transformer is balanced. In
reality, often the load served by a transformer is not balanced.
The unbalance of the load causes the current in each phase to
be unbalanced, so that the resultant load current is not equal
to zero. As a result, for the same output power (the same load),
the unbalanced transformer will have a greater loss and will
absorb more power so that the efficiency will be smaller.
Unbalance current in each phase can occur because the
impedance of the load is not balanced. If the open delta and
delta transformers are given unbalanced load, the phase
currents will be unbalanced which results in the secondary
voltage on the transformer being unbalanced so that reduce the
input power (P;;,) that is supplied to the load. Thus, before it
is operated, it needs to be tested. The test is intended to
examine the performance of the open delta transformer and
delta transformer under load conditions [6] [7] [8].

Based on the background above, therefore, this study has
problem definitions as follow:

1. How to show the ratio of power capacity needed to
obtain performance in the open delta and delta
transformers on load.

2. How to obtain the performance in the open delta and
delta transformers on load. Besides, the open delta
transformer does not have the same performance as the
delta transformer when it is loaded with a balanced
load and an equally unequal load.

3. How to implement balanced and unbalanced loads to
determine the current and power for each phase in the

open delta and delta transformers.
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As the study must possess definite scope, the discussion
included only on the comparison of the performance between
open delta and delta transformers on load, using a set
unbalanced load which is connected to three-phase
transformer of open delta and delta connections. The main
objective of this study is to discuss the comparative study of
open delta and delta transformers performance in the average
loaded phase current in the given power capacity (VA) when
given similar amount of balanced and unbalanced load.

The research is projected to has at least two benefits:

1. Overcoming a long outage of a three-phase delta
transformer (A), if one of the 3-phase windings is
damaged, then using the remaining two windings,
connected by open-delta (V) can transfer 3-phase
electrical power to the load in time as soon as possible.

2. This open delta connection transformer is very useful
for temporary in transferring electrical power to wood
processing machines in the company, while waiting for
the process of procuring or replacing a new
transformer.

Il.  THEORETICAL BASIS

A. Definition of Performance Comparison

Studying the previous studies, there has been no
explanation approaching the research on comparative studies
of open delta and delta transformer performance on load, so
that the definition of performance comparison can be
explained as follows:

Performance is the visible work, response, characteristic
or output of a system. Whereas, the comparison of
performance is similar to the output of a system that needs to
be compared between systems in the three-phase open delta
connection transformer and the three-phase delta connection
transformer on load. The output of the open delta connection
transformer and delta connection transformer namely; in the
form of average load phase current, active power loss and
efficiency. Comparison of performance (comparison of
outputs) in the average load phase current of the power
capacity (VA) given in the open delta transformer and delta
transformer on load with balanced or unbalanced loads with
equal loads. The ratio of power capacity between the three-
phase open delta connection and delta connection transformer
relations obtained by Equation (1).

_1_ . Ae
V=5=0577; A=1 (1)

The relation in Equation (1) is similar to Equation (2).
V =10.66; A=1 ®)

B. Working Principle of Transformer under the Load

Transformer is considered to be under the load if the
secondary coil is connected to load Z;, as shown in Figure 1
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Figure 1 Transformer under the load.

If secondary coil is connected to load Z, , there will be an
I, current secondary coil, where I, = VZ/ 7, with work factor

of cos ¢ which is work factor of the load [6].

The load current I, will cause the magnetic motion force
N, - I, which tends to oppose the flux (®) that already exists
due to magnetic currents [2]. Thus, the joint flux does not
change in value and the primary coil must have current I,
which counters the flux generated by the load current I, until
the overall current flowing in the primary coil becomes
Equation (3).

I=I+1] 3)

If the core loss component of current (I..) is ignored, then
I, = I, therefore the Equation (4) takes effect.

I=1I,+1 3)

C. Three Phase Delta Connection Transformer

This delta has three windings and each of them has the
same rating as shown in Figure 2.

A
E1 Zor
E1
® B
E1 Zn
le c

Figure 2 Delta connection transformer.

The relation between currents in Figure 2 is explained in
Equation (4) and Equation (5), given the condition as in
Equation (6) and Equation (7) [1].

IA = IL * Iph (4)
I =31, (5)
Vag = Ve =Vea =V, (6)
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Vit =Von =Vr = E; (7

By taking a reference voltage and zero phase angle,
another phase angle can be determined in the three-phase
system. The voltage of the three-phase transformer with the
coil is delta connected, while V,g5, Vg, and V., are 120°
different, so that it is zero a balanced state.

In a delta-connected transformer, the grid voltage is the
same as the phase voltage.

V="V O]

The connection of grid current and phase current can be
seen in Figure 2, that current in each line is the difference
vector of two phase currents that flow through the line.

Current in line A can be obtained by calculating vector I,
and I, which are the opposite of vector I, (or —I¢4), and
diagonal from the parallelogram showed the amount of
current of line I,. The angle between I,; and the opposite of
ICA is 600.

Li=Lp—la=2l-cos=v3-I,  (7)
60°
IB=IBC—1AB=2-1f-c057:«/§-1f 8)
Ie=lca—Igc =21 cos= =3I,  (9)
L=ly=Ig=1=v3"1I (10)
Equation (7), Equation (8), and Equation (9) show that
current in line A equals to current in line B and line C. It leads
to the conclusion as shown in Equation (10).
P=1IV;-cosg (11)
Pror =31+ Vg cosg (12)

Power of each phase can be determined as in Equation
(11), while the total power in three phases is shown as
Equation (12).

Given Equation (10) into Equation (12), then the three-
phase power for delta connection is shown in Equation (13).

Peot = V31V, - cos (13)

D. Three-Phase Open Delta Connection Transformer

The open delta transformer as a resource is the same as the
star transformer (). The three-phase star connection (Y)
excludes neutral, as shown in Figure 3 [9].
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Figure 3 Three-phase star connection transformer.

For clarity, the grid notation (V,,I,) and phase (V, 1) is
only shown for one phase. where I, = I, that is, in this star
connection the net current is the same as the phase current. So,
the power from the open delta transformer is obtained as in
Equation (14), Equation (15), and Equation (16).

1

2L _ cos 30° (14)
Vp

=V, =V,-2V3 (15)
v, = V3- Vp (16)

The net current is v/3 times of phase current. On balanced
load, the common formula for the three-phase is shown in
Equation (17).

P=+3-V:I-cosq (17)
Generally, the power in open delta transformer is shown

in Figure 4 [10].
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Figure 4 Open delta transformer on load..

The phase angle of voltage in such open delta transformer
is determined in Equation (18).

Vea = —Vag — Ve = —V2120° — V20° = V2120° (18)

The relation between phase current and line current is
determined in Equation (19).

Iy =Ip; Ic = Igc; Ig = —lup — I (19)
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Therefore, the amount of power in open delta transformer
is shown in Equation (20), Equation (21), and Equation (22).

P=V,-Ip-cose (20)
Py =Vp-lp-cos(—30°) =2-V3 -V, [, (21)
Py=Vplp-cos(30°) =23 -Vp-lp  (22)

As the result, the capacity of three-phase open delta
connection is shown in Equation (23).

P=P,+P,=3Vplp (23)

E. Balanced and Unbalanced Three Phase Load Circuit of
Delta Connection

It is considered in balance condition if:

1. Three current or voltage vector has the same amount.

2. Each of the three vectors create 120°.

It is considered unbalance of there is a condition where
one or two of the requirements of the balanced condition is not
fulfilled. The possibility of the unbalanced condition are:

1. Three current or voltage vector do not have the same

amount.

2. Each of the three vectors does not create 120°.

The circuit of three-phase delta connection (A) can be seen
in Figure 5.

-—
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Figure 5 Load of three phase connection A and the phasor diagram.

The statement for balanced load current for connection
(A), line current is not the same as phase current and can be
defined into Equation (24).

Vv 14 Vea

Iab_T::; bc=Z_Z;Ica=a 24
Current of line I,,, is obtained by implementing the

current of Kirchhoff formula as of Equation (25), Equation

(26), and Equation (27).

lyg = Iap + loc = Igp — Icq (25)
Iyp = Ipa + Ipc = Ipc — lap (26)
leye = Ieq + 1oy = Ieq — Ipc (27)
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In unbalanced condition (A), the impedance load of each
phase does not have the same amount, so that it is explained
as of Equation (28), Equation (29), and Equation (30).

Va

lya =1y = Z_ab (28)
v

Iy =1p = ZL; (29)
V,

Iee =1 = ZL: (30)

Line current in unbalanced load I, I,,, and I, are the same
to balanced load current (A), but there is a shifting in the
current phase angle, and the voltage is not as bus and does not
create 120° to one another.

lya =1g = lap + e = lop — la (1)
Iy = 1p = Ipa +Ipe = Ipe — lap (32)
lye =1 =leq + Loy = leg — Ipc (33)

F. Average Unbalanced Load Phase Current

If the load is in balanced, the amount of the delta
connected load power in this experiment is shown in Equation
(17). For the same power but with an unbalanced state, the
amount of the load phase currents can be expressed by the
coefficients as in Equation (34).

[Lag] = alll; [Izc] = bIIL; [cal = clll ~ (34)

If the power factors in all three phases are the same even
though the amount of current is different, the magnitude of the
power can be expressed as in Equation (35), so that Equation
(36) applies, and Equation (37) takes into effect as the average
current.

P=(a+b+c)-V-I-cosg (35)
a+b+c=3 (36)
[ = lam1l+b=1l+e—1] 37)

3

As a result, where in a balanced condition, Equation (38)
takes effect.

a=b=c=1 (38)

I1l.  RESEARCH METHODS

A. Framework of the Research

The diagram of this research framework can be seen in
Figure 6. This research scope is limited to the performance of
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open delta transformer and delta transformer on load, which
focuses on average current, losses, and efficiency of both
unbalanced 3-phase load. The analysis can be done by
investigating the current and power parameters.

Open Delta Transformer and Delta Transformer

Open Delta Transformer Delta Transformer
Balanced 3- Unbal. d Bal. d 3- Unbalanced
phase Load 3-phase Load phase Load 3-phase Load

Current Power Current Power
Average Losses Efficiency Average Losses Efficiency
Current Current
Performance Performance Performance Performance

Figure 6 Diagram of research framework.

B. Methods of the Research

The research methodology used in this study was the
method of measurement and analysis, namely testing in the
laboratory to obtain test data. The steps of the research
methodology carried out in this study are shown in the
flowchart as in Figure 7.
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Data Acquirement

3-phase Transformer, Relation
between Open Delta and Delta

Implementation

| Relation between Open Delta and Delta |

Measurement or Testing

Unbalanced Load Testing |

| Unbalanced Load Testing

Current and Power
Data Analysis

.

| Result and Discussion |

.

| Conclusions |

Figure 7 Flowchart of research methodology.

IV. RESULTS AND DISCUSSIONS

The three-phase delta connection transformer (A—A) is the
most effective connection used for low voltages with large
load currents. This delta transformer is very closely related to
the open delta transformer (V—V). If in a delta transformer one
of the windings is damaged, then this transformer can be
transformed into an open delta transformer.

The three-phase open delta connection transformer is a
special winding relationship, with lower power capacity
compared to the delta transformer, using two windings of the
three-phase power which can be transferred to the load.

This research was intended to obtain a comparative study
of the performance of open delta and delta transformers under
the load.

A. The Equations Used in the Testing of Three-Phase
Transformer under the Load

The equation used in analyzing the performance
(characteristics or output) of the three-phase open delta and
delta transformers was the same as analyzing the
characteristics of a single-phase transformer, only the amount
was replaced by a three-phase magnitude.

This experiment aimed to get the performance
(characteristic or output) of the three-phase open delta and
delta transformers. The equation used to obtain the
characteristics of the three-phase transformer in load, to obtain
power on the primary and secondary sides and the power
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factor on each phase as in Equation (39), while Equation (40)
for the three-phase delta connection.

P=V-I-cosgp (39) FC)'[:::Z‘;{ Ilg\ll)vl:etr Voltage SeCcL?rnrci?]:y Output Power
Nol " a) w | M @ W)
P = \/§ " VL " IL " COS(p (40) |1 |2 |3 P1 Pz P3 Vz |4 |5 |s P4 P5 Ps
1 |9.6|9.8(11.1|343|350(391| 190.75 3 | 0 [490.5/4905| 0
The efficiency of the transformer is given by Equation 2 111.2| 9.6 | 9.8 1391|343|350| 19035 | 3 | 0 | 3 4895| 0 |4895
(41), and the average current is determined in Equation (42). 3 1981113 96 1345(396/343] 19055 | 0 | 3 0 1490 4%

Table |

MEASUREMENT DATA OF UNBALANCED LOAD WITH TWO

BALANCED PHASES WHILE ANOTHER PHASE UNLOADED IN OPEN
DELTA CONNECTION TRANSFORMER

n= %- 100% (41) After the measurement conducted, the input power, output
n power, losses, and efficiency of each measurement item can
T |a_1|+|b;1|+|c_1| ) be determined, as shown in Table |1 .
Table 11 DATA RESULT OF UNBALANCED LOAD WITH TWO BALANCED
The comparison between the power capacity of open delta PHASES WHILE é%%L:iﬁ%*&Aigk’N'“s';ggaEE%'N OPEN DELTA
transformer and delta transformer is 0.577: 1.
B. Name Plate Data of Three-Phase Open Delta and Delta No ;2\?\,[; Opgwet:’t Loses Efficoiency
Connection Transformer (watt) | (war) | Wam (%)
The name plate data mentioned in transformer body was 1 1084 981 103 90,49
as follows: 2 1084 979 105 90,31
Transformer Capacity : 2100 VA 3 1084 980 104 90,40
Frequency : 50 Hz
Voltage of Primary Side 50V to64V The data result from table can be summarized as described
Current of Primary Side D 22A in Table 111,
Voltage of Secondary Side : 110V to 220V
Current Of Secondary S|de 10 A Table Ill SUMMARY OF UNBALANCED LOAD WITH TWO BALANCED

The transformer was made into a three-phase transformer

PHASES WHILE ANOTHER PHASE UNLOADED IN OPEN DELTA
CONNECTION TRANSFORMER

of open delta and delta connection with step-up settings, Averagg Loses (watt) Efficoiency
therefore obtained parameters of open delta connection are: current (%) (%)
Transformer Capacity 1212 VA 66,66 103 90,49
Frequency : 50 Hz 50 94,83 91,25
Voltage of Primary Side 55V 33,33 85,33 92,02
Current of Primary Side D127 A 0 64 93,87
Voltage of Secondary Side 1220V ] ) o
Current of Secondary Side “32A Finally, from the summary in Table Ill, the characteristics

On the other side, for the delta connection, the obtained
parameters are:

Transformer Capacity : 2100 VA
Frequency : 50 Hz
Voltage of Primary Side : 55V
Current of Primary Side D 22A
Voltage of Secondary Side 1220V
Current of Secondary Side : 53A

C. The Calculation and Analysis of Three-Phase Open
Delta Connection Transformer under the Load
With the regulation of V; = 55V, measurement data of
unbalanced load with two balanced phases, while another
phase unloaded, in open delta connection transformer, is
described in Error! Reference source not found..
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of connection between average load current and loses can be

seen in Figure 8.
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—— Table IV MEASUREMENT DATA OF UNBALANCED LOAD WITH TWO
Regresi Linier BALANCED PHASES WHILE ANOTHER PHASE UNLOADED IN DELTA
120 CONNECTION TRANSFORMER
Primary Input Voltage | Secondary Output
100 + No Current Power ) Current (A) Power
(A (W) W)
80 1 I | I | I3 |P1|Py|Ps V, Iy [ Is | lg | Pa|Ps|Ps
. v 1 117,2{19,1|17,3|665|738|669| 190,75 | 8 | 8 | O |983|983| 0
§ 60 ¥ 2 (19,2|17,2(17,3|741|664|667| 190,35 | 8 | O | 8 (981| O (981
o .
- = Predicted Y 3 (17,3|19,3(17,2|667|743|662| 190,55 | 0 | 8 | 8 | O [982(982
40 4 _ )
- '-F')”eg_f § After the measurement conducted, the input power, output
20 4 (Predicted Y) power, losses, and efficiency of each measurement item can
be determined, as shown in Table V.
0 : Table V' DATA RESULT OF UNBALANCED LOAD WITH TWO BALANCED
0 50 100 PHASES WHILE ANOTHER PHASE UNLOADED IN DELTA CONNECTION
Rata- Rata Arus TRANSFORMER
Figure 8 Characteristics of connection between average load current and Input Output Loses Efficiency
losses of unbalanced load with two balanced phases while another No | power |ORELT (watt) (%)
phase unloaded in open delta connection transformer. (watt) (watt)
1 2072 1966 106 94,88
In addition, from the results of the unbalanced 2 2072 1962 110 94,69
measurement data analysis results table, the performance 3 2072 1964 108 94,78

(characteristic) of connection between average load current
and efficiency of the three-phase open delta connection

The data result from table can be summarized as described

transformer was obtained in the Figure 9. in Table VI.
Regresi Linier
945 Table VI SUMMARY OF UNBALANCED LOAD WITH TWO BALANCED
' PHASES WHILE ANOTHER PHASE UNLOADED IN DELTA CONNECTION
TRANSFORMER
% 1
Average Efficiency
93.5
current (%) Loses (watt) (%)
93 100 106 94,88
2 o 50 98,83 95,20
§ 9251 Y
D 33,33 97,33 95,66
£ 924 0 73 96,41
= Predicted Y
915 ) ) o
— Linear Finally, from the summary in Table Ill, the characteristics
911 (Predicted ) of connection between average load current and loses can be
90.5 - seen in Figure 10.
90 t t t
0 20 40 60 80
Rata- Rata Arus

Figure 9 Characteristics of connection between average load current and
efficiency of unbalanced load with two balanced phases while another
phase unloaded in open delta connection transformer.

D. The Calculation and Analysis of Three-Phase Delta
Connection Transformer under the Load
With the regulation of V; = 55V, measurement data of
unbalanced load with two balanced phases, while another
phase unloaded, in delta connection transformer, is described
in Table IV.
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Regresi Linier
120
100 t
80 *
g ——Y
2 607
-
= Predicted Y
40 +
— Linear
20 + (Predicted Y)
0 t t
0 50 100 150
Rata- Rata Arus

Figure 10 Characteristics of connection between average load current and
losses of unbalanced load with two balanced phases while another
phase unloaded in delta connection transformer.

In addition, from the results of the unbalanced
measurement data analysis results table, the performance
(characteristic) of connection between average load current
and efficiency of the three-phase delta connection transformer
was obtained in the Figure 11.

Regresi Linier

——Y

Efisiensi

= Predicted Y

— Linear
(Predicted Y)

94.6 t t
0 50 100 150

Rata- Rata Arus

Figure 11 Characteristics of connection between average load current and
efficiency of unbalanced load with two balanced phases while another
phase unloaded in delta connection transformer.

V. CONCLUSION

The conclusions that can be taken from this research are:

1. From the description, it is obtained that the open delta
transformer was unable to take the same load as the
load taken by the delta transformer, because the power
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capacity ratio between the open delta transformer (V)
and the delta transformer (A) is V=0.577: A = 1, from
power capacity used.

2. Comparison of performance (output) based on data
analysis obtained from the open delta transformer and
delta transformer experiments shows that the average
load current for each phase on the open delta
transformer was 66.6%, with the power capacity for
the open delta transformer 0.577 of capacity active
power used. Whereas, in the delta transformer an
average load current of 100% was obtained, with the
power capacity for the open delta 1 transformer of the
active power capacity used.

3. Open delta transformer did not have the same
performance as delta transformer on load with
balanced and unbalanced load. It was caused by the
increased current in each unbalanced phase, resulting
in an increase in input power absorbed by unbalanced
loads which caused greater power loses with reduced
efficiency.

VI. FUTURE SCOPE

The propositions of the future research are:

1. To avoid the increase in the power loss, it is necessary
to balance the load on each phase, for the open delta
and delta connection.

2. Although the open delta connection can be operated,
the delta connection transformer must be repaired
immediately so that the system can operate normally.
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