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Abstract: The daily consumption profile of electric power is different for each electrical customer, which is random and
unpredictable, especially in residential, commercial, and educational areas, which are dominated by single-phase electrical loads.
The abundance of this one phase load can enhance the current unbalance of the three-phase four-wire system, and will cause
several other power quality problems e.g., Increasing Neutral current, displacement of neutral point, Increasing heating in one
phase and losses in distribution network. However, the PIUR (Phase current unbalance rate) value as one of indicators of power
quality must not exceed the threshold recommended by the NEMA standard, which is a maximum of 30%. For this reason, this
paper proposes a current unbalance monitoring based on Fuzzy Logic to produce an unbalance quality (excellent, good, moderate,
bad, and poor) that can be monitored by electric customers globally. The unbalance quality is very useful for electric customers to
rearrange their single-phase load installation so that the power quality indicator value is expected to be within the allowable range.
In addition, this prototype (proposed system) is also able to provide great convenience for electric customers to monitor the
changes of profile uses of loads, and at the same time can detect the emergence of disturbances early that may occur in each
phase.
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system [3, 4]. Unbalance load also has a major influence on
increasing power losses in the distribution network [4-6].

An imbalance of electric currents in a three-phase electrical
system will also cause a voltage imbalance that must be
detected as soon as possible so as not to cause several
unwanted conditions, namely: shifting of the neutral point,
excessive heating in one phase, increased losses (load losses)
[6], and the disruption of the work of the LV transformer on
the supply side. This unbalance condition will cause several
conditions, namely: reducing lifetime, disrupting load
operations, reducing torque and overheating on induction
motor loads, torque (speed) on induction motor loads can
become vibrating [6, 7], low power factor, flicker, and can

1. Introduction

The use of electrical energy in residential, educational, and
commercial areas always increases in accordance with the
growth in the number of electrical loads that must be served.
Installation of electrical loads carried out by consumers often
ignores the current balance in each of its phases. In a
Three-phase System, a system is said to be unbalanced if
either the currents or voltages or both of any phase in a
three-phase system are not the same in magnitude or phase
difference or both (the system is also said to be asymmetrical
or imbalanced) [2]. Current unbalance in a Three-phase,
four-wire distribution system is a well-known quality issue

that can be caused by an asymmetric of loads, and this can
contribute to an increase in current in the neutral conductor
(neutral current) [2, 3]. The excessive neutral current will
also cause several other power quality problems in the

even cause fatal damage to electrical loads. Thus, the condition
of the voltage and current unbalance will affect the quality of
the distribution of electrical power. Therefore, the electrical
customer must be able to monitor the current unbalance
condition so that it does not exceed the threshold that has been
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determined by the NEMA MG-1 standard. To monitor current
unbalance can be done by estimating and diagnosing the CUF
(Current Unbalance Factor) parameters with the CPS (circular
phase shift) algorithm, and estimating the three-phase
parameters are estimated by a circular cross-correlation (CCC)
algorithm for unbalance diagnosis [8].

In another study, it was stated that the educational and
residential sectors are dominated by single-phase electrical
loads that vary with dynamic characteristics [9], which are
non-linear, have a resistive-inductive and capacitive in
character. Of course, in practice, it is impossible to achieve a
perfect balance of single-phase consumers in a three-phase
system [10]. Therefore, researchers continue to make efforts
so that the load imbalance can be reduced in such a way as to
improve the quality of electrical power distribution so that
the power indicator values such as VUF, IUF, PVUR, PIUR,
VR, and voltage drop do not exceed the threshold according
to the standards that have been set by IEC, IEEE, and
NEMA.

To reduce the effect of unbalance, this quality problem
must be managed and mitigated by both the utilities and the
customer (consumer). And it can be done in two ways:
technical and economically (tariff base method). A Technical
method is a technical solution, it is to arrange or distribute
the loads in such a way that the system becomes more
balanced. Meanwhile, the tariff base method, the customers
will be forced to do this duty by applying the unbalanced
base tariff and penalty [11]. Other researchers limit
unbalance current on the distribution network side (network
distribution) with the insertion of capacitors based on the
iterated local search (ILS) method [12]. This method can
identify how many capacitors are required, which BUS
(trunk line) they should be connected to, and the power of
each capacitor.

Researchers have made many efforts to overcome the
imbalance problem. In Reference [13], the unbalance current
of a three-phase load is monitored by using an Arduino Uno
microcontroller by displaying the imbalance value on an
LCD. If the imbalance value exceeds the threshold value of
25%, the system will sound a buzzer as an alarm to the
customer. In reference [14], a model is proposed to move
customers and PVs between the three phases in the best way
possible using static transfer switches (STSs) to reduce the
amount of energy lost due to current imbalance.

A new wiring method and three-phase load adjustment
policy were proposed to balance the three-phase load
distribution network with an abundant single-phase load.
When the load of the trunk was unbalanced, the controller
will switch the connected single-phase loads from one phase
to another to balance it using the minimum count of loads
adjustment and the most balanced adjustment algorithm [15].
Other researchers use the current flowing in the neutral
conductor as a threshold. If it exceeds a certain value, the
controller will carry out a balancing process, namely by
moving the current biggest load toward a phase that has the
smallest load current [16]. Reference [17] conducted research
on the detection and assessment scheme of voltage and

current unbalance on the generator side. Other practical
efforts are carried out by monitoring energy usage data on
measuring instruments located in distribution transformers
for 24 hours. This data is used to predict the current
unbalance, and with the help of LabView Software, a
balancing process is carried out [18]. Another practical
approach is to use the characteristics of the low voltage
distribution grid in the three-phase four-wire system as input
to the intelligent phase change controller and phase
communication switch to reduce load imbalance and improve
power system performance [19]. Another smart approach is to
use the new commutation switch and an improved quantum
genetic algorithm (IQGA). The commutation switch uses
zero-crossing commutation technology, which can eliminate
"inrush current" at the moment of load switching. And in this
commutation, it uses a two-phase THYRISTOR parallel
contactor structure to avoid the heating problem [20]. Another
commutation method is using the SHO (Spotted Hyena
Optimizer) Algorithm that has the advantages of fewer
operations, faster search speed, and saving operation time and
re-source space. This method controls the commutation switch
better, makes the optimal commutation strategy for unbalanced
three-phase current, and effectively reduces the three-phase
current unbalance to less than 15% [21]. Related researchers
have proposed The Particle Swarm Optimization (PSO)
algorithm-based controller is used for generating the control
signal of an electric spring. The simulations carried out show
that the electric spring is effective in reducing neutral current
under unbalanced loads [22].

The power quality indicator related to voltage imbalance is
PVUR (Phase voltage unbalance rate), while the one related
to unbalance current is PIUR (Phase current unbalance rate).
PVUR or another equivalent indicator should not exceed 2-3%
in the LV distribution network, according to standards such
as EN50160 and ANSI C84.1. The Phase Current Unbalance
Rate (PTUR) [23, 24] is defined as in (1):

Maximum(Current Deviation) 100 (

PIUR =

Avarage Phase Current %) (1)

It was found that Japan is the only country that has a
standard for phase balancing in three-phase installations. This
standard JEAC8001-2011 of having phase unbalance up to
30% is expected to be satisfied in three-phase installations
[24]. Unfortunately, there is no standard for current
unbalance. But by attention to the NEMA MG-1 standard:
The maximum limit of Current unbalance due to 3% of
voltage unbalance can be advised as 30% [11, 25].

Power quality indicators should be monitored and
evaluated to avoid unwanted economic losses. In reference
[26], this monitoring activity begins by taking current and
voltage signals from the load, identifying the unbalance
phase, calculating the three-phase unbalance degree, and
ending with the calculation of line loss.

Previous research [1-25] found that the current unbalance
value in a four-wire system distribution can only be
understood by users with engineering knowledge. Meanwhile,
efforts to reduce the value of unbalanced current are carried
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out with complicated algorithms and do not involve electrical
customers who generally do not have good electrical
engineering skills. Therefore, it is necessary to involve
electrical customers to improve power quality, especially in
an effort to reduce the value of unbalanced current in each
area with an easier access and uncomplicated methods. The
use of Fuzzy Logic Controller in helping consumers in
several fields has been carried out by many researchers. For
example, in the field of management minimum consumption
energy offers valuable insights in an attempt to adjust
consumer behavior optimally [27, 28]. With the development
of telecommunications technology, the use of Android-based
smartphones has also been extended to three-phase voltage
and current monitoring activities with low cost and greater
effectiveness [29].

In this paper, a fuzzy logic scheme is proposed to produce
a quality value for the unbalance of electric current or load
with the consideration that fuzzy logic is commonly applied
to issues relating to elements of uncertainty and imprecision
[30, 31], as well as daily consumption profiles of electric
power that are different for each customer, which is random
and unpredictable. Unbalance quality in this proposed system
can be accessed by electronic consumers globally via the

Telegram application, while the prototype (proposed system)
uses a low-cost microcontroller (esp8266) and a
multifunction sensor (PZEMO004) which can be placed on an
electrical panel, easily and practically. Besides unbalanced
quality, electrical customers can monitor power usage and
energy consumption from time to time.

2. Method

Current Unbalance Monitoring in Three-phase Four-wire
System will focus on testing sensor performance and data
connectivity, hardware design, fuzzy inference system (FIS),
programming procedure, and testing.

2.1. Current Sensor Performance Evaluation

The current sensor is an important component in the
proposed design, which functions to measure the electric
current parameters in each phase. This test was carried out
using 3 PZEMO004 sensors connected to an ESP8266
Microcontroller, Three Fluke 17B type of Digital Multi meters,
and a laptop as shown in Figure 1.
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T T CT-A
R — - Tx Rx/D0
PZEMO004
N — ]
Rx TD7 Fluke 178 Type
R
CT-8 Microcontroller CT-8B
t T ESP8266
s 1 Phase
N —1 pzemoos T Rx/DS5 s o 0 Elecric loads
Rx TwD6
CT-C
CT-C
it —®—
T PZEMOO4 TX POl
—_ Rx Tx/D4 . |

Figure 1. Current sensor performance test.
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Figure 2. Testing the connectivity of data transmission.

2.2. Checking for Connectivity

This connectivity test is carried out to find out if the data
sent by the esp8266 microcontroller to a smartphone and vice
versa runs well. In this connectivity test, a DHT22 sensor is
used to measure ambient temperature and humidity, which is
sent to a smartphone (customer) via the Telegram application
(multi-platform messaging service), as shown in Figure 2.
Besides being accessible via telegram, data stream should be
monitored directly through the cloud server.
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2.3. Hardware Development

The proposed hardware design has several elements,
namely: a three phase MCB (Mini circuit breaker), three
Multifunction Sensor PZEMO004 which has a maximum
current detection capability of 100A, a Microcontroller

ESP8266, a DC relay (5V), a three phase magnetic contactor,
and 1 phase electrical loads (linear and non-linear), and a
DHT22 sensor to measure the temperature around the
electrical panel. The schematic diagram of hardware design is
shown in figure 3.

3 Phase
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3¢ MCB Contactor
a cT (o= -
s o 0 ——anis — 1 Phase
S & >—o s S22 —— Loads
T a ° el s with 1¢
N — MCB
I
oc | 5=
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/1 V1 vl ; ﬂ (
D) : (t
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MicroControler Esp8266 Customer
A
DHT22
Figure 3. Schematic Diagram of proposed system.
The PZEMO04 sensor is connected to the Three-phase+N
voltage terminal and to the CT (current transformer) terminal, ! ! ' ' ' ! ' ' '
Small Medium Large

which is analog signal. Then it is converted into a digital
signal, which is then sent serially via the TX/RX terminal to
the ESP8266 microcontroller. Three-phase currents (I, Is, I)
will be processed by FLC (fuzzy logic controller) to produce
unbalance output and unbalance quality. The electric
customers can use the Telegram App on their smartphones to
directly access Unbalance quality as the main parameters, and
the other three phase secondary parameters, such as voltage
(V), power factor (pf), power (P), and energy (E). Meanwhile,
the DHT?22 sensor can be used to determine the temperature
around the electrical panel. The connection and disconnection
of electrical loads is carried out by a three-phase magnetic
contactor through a DC relay, which is connected to one of the
output ports of microcontroller.

2.4. Fuzzy Inference System (FIS)

FIS is a method of mapping the input fuzzy to the output
fuzzy using a set of fuzzy rules. In this proposed system, the
MAMDANI FIS method is used with fuzzy input in the form
of 3 phase currents Iy, Is, and It (mA) flowing in electrical
loads, while the fuzzy output is a current Unbalance value (%).
The membership function (MF) for input and output variables
uses a trapezoidal shape, as shown in Figure 4. The
establishment of fuzzy rule of the FIS method consists of
collection of Fuzzy IF-THEN rules with 27 rules as shown in
table 1.

S
500 600

(@

P I
700 800 900

1000

Normal Medium Abnormal

Y I f I 1 I 1 I 1 T
) 5 10 15 20 25 30 35 40 45 50

(b)

Figure 4. (a) MF of Three-Phase Current (I, I, and Ir). (b) MF of Unbalance
Output.

Table 1. Fuzzy Rule of Current Unbalance System.

No. If I And Ig And Iy Then Output Is
1 Small Small Small Normal

2 Small Small Medium Enough

3 Small Small Large Abnormal

4 Small Medium Small Enough

5 Small Medium Medium Enough

6 Small Medium Large Abnormal
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No. If I And Ig And Iy Then Output Is
7 Small Large Small Abnormal
8 Small Large Medium Abnormal
9 Small Large Large Abnormal
10 Medium Small Small Enough

11 Medium Small Medium Enough
12 Medium Small Large Abnormal
13 Medium Medium Small Enough
14 Medium Medium Medium Normal
15 Medium Medium Large Enough
16 Medium Large Small Abnormal
17 Medium Large Medium Enough
18 Medium Large Large Enough
19 Large Small Small Abnormal
20 Large IS Small Medium Abnormal
21 Large Small Large Abnormal
22 Large Medium Small Abnormal
23 Large Medium Medium Enough
24 Large Medium Large Enough
25 Large Large Small Abnormal
26 Large Large Medium Enough
27 Large Large Large Normal

2.5. Programming Procedure

After going through the test, all components are complete
and have been well integrated, then a comprehensive
programme (sketch) is written using the ARDUINO IDE
1.8.19 software version. The programming algorithm is
structured according to the following steps:

Initialization which includes: Wi-Fi connection to the
access point (SSID and password), Determine the Telegram
token that has been obtained from the Telegram Bot,
Determine the MF of 3 phase current (I, I, It) and Unbalance
Output, and Building the fuzzy rules.

Reading the three-phase current Input (I, Is, It) and other
parameters from the PZMEMO004 and DHT22 sensor outputs,

IR(Current_on_Phase_R) = 200 IS(Current_On_Phase_S) = 300

| — |
| — ]

® N s W N -

N

[ ]
[ S = ]
[ = - ]
[ — ]
[ 1

such as voltage, factor,
temperature.

Calculating FIS output and quality unbalance: if it exceeds
the threshold, it will be sent automatically to the customer.

Read the Incoming messages sent by the different
customers via the smartphone, and the results are sent back to
the customer via the Telegram application.

Steps 2, 3, and 4 will loop during the dc power is still

supplied.

power power, energy, and

2.6. Performance Analysis

This performance analysis is intended to determine the
performance of all components after being integrated as a
whole (sensors, relays, microcontrollers, and magnetic
contactors). So that the prototype hardware can be used in
actual conditions without a decrease in performance for a long
time. Then, move on to the analysis of the results based on the
FIS simulations output of the imbalance.

3. Result and Discussion
3.1. Simulation Result

After FUZZIFICATION and fuzzy rule formation, the
implementation is carried out by using MATLAB software to
determine the unbalance output for changes in Iy, Is, and It
flows. Figure 5 is the result of experiment 1 on the Rule
Viewer. Column 1 describes changes to Iz flows, Column 2
changes to Ig flows, and Column 3 changes to It flows.
Column 4 describes the state of unbalanced output. In Figure 5,
if the currents Iy, I, and Iy are 200, 300, and 500 mA,
respectively, the Unbalance output is 25%.

M(Current_On_Phase_T) = 500 UMBALANCE_OUTPUT = 25

] [

Figure 5. Experiment 1 with Iy, Is, and Iy (200,300,500 mA).

Figure 6 is the result of experiment 2 on the Rule Viewer. If the Iy, Is, and I currents are 450,300,500 mA respectively then the

Unbalance Output is 18.7%.
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Figure 6. Experiment 2 with I, Is, and Ir (450,300,600 mA).

The relationship between the input of I, Is, and It and
unbalance output value in 3-dimensional form through the
Surface Viewer is shown in Figure 7. The X-axis represents
the value of the current variable in R phase (I), the Y axis

UMBALANCE(%)

IS(mA)

represents the value of the current variable in S phase (Ig), and
the Z axis represents the value of the Unbalance Output (%).
In the surface viewer image, the current value in phase T (I) is
made constant at 500 mA.

IR(mA)

Figure 7. MATLAB Surface Viewer with I, Is, and Unbalance output.

3.2. Rule Weight

Table 2. The Rule Weight of Unbalance Current.

No. Quality of Unbalance Rule Weight
1. Excellent 0-<=19

2. Good >19-<=23
2. Moderate >23 - <=27
3 Bad >27 -<=30
4. Poor > 30

The unbalance output value (%) is obtained after the fuzzy
inference and defuzzification process, the next step is the
weighting process with the rules weight as shown in table 2.

This weighting is intended so that the output value becomes
five Unbalance quality values namely Excellent, Good,
Moderate, Bad, and Poor, which is easily understood by
electrical customers.

3.3. Experiment

The monitoring of current unbalance (developed system)
has been placed on a Three phase, 380/220V, 50 HZ electrical
panel (figure 8 a). In the fuzzification process of three phase
currents input, only three MF in trapezoidal form (small,
medium, and large) are selected with a maximum current of
1000 mA, as shown in Figure 4 a. The next step is the
formation of MF of the imbalance output, with the maximum
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value of the imbalance being 50% in the form of a trapezoid,

namely normal, enough, and abnormal, as shown in Figure 4 b.

The rule base used is the "fuzzy IF-THEN rule" with 27 rules
(Table 1) have the input operator AND, while the FIS uses the
MAMDANI method. To obtain the value of output crisp in the
defuzzification process, the COA (Centre of Area) method is
used. The experiment was carried out by providing some
electrical loads in each phase to produce changes in electric
current, while the load used was a combination of linear and
non-linear loads (figure 8 b), namely: LED lamp, incandescent
lamp, electric soldering, water pump motor, LCD projector,
and humidifier. By changing the load in each phase, the
Unbalance quality and other parameters sent to the
smartphone's consumer are shown in table 3.

(b)
Figure 8. Developed system (a) Prototype of controller, (b) I phase loads.

Based on the trials that have been carried out on the
prototype system, several different Unbalance qualities are
produced, as shown in table 3. The Three-phase current
changes are carried out by varying the loading, resulting in
different Unbalance output and unbalance quality values. The
output and quality value of the imbalance are very dependent
on the "fuzzy rule" that has been made previously based on the
PIUR threshold value, practical experience, and the
magnitude of changes in the maximum load current that may
occur. The unbalance quality produced by this prototype is
highly dependent on changes in the electrical loads in each
phase. For example, if current [z=0 mA, [s=880.5 mA, and
[1=742.5 mA, the resulting unbalance output is 41.65 which

exceeds the NEMA MG-1 standard limit (30%). Based on
table 3, this value is in the Unbalance quality is Poor category.

Table 3. The Unbalance Quality of Three-phase system with the load changes.

No. Ix(mA) Is(mA) Iy (mA) g‘;:’gli“ce g’;‘;;g“ce
1. 0 0 0 7.8 Excellent
2. 114.8 0 0 7.78 Excellent
3. 780 118.5 432 25 Moderate
4, 76.5 457.5 432 25 Moderate
5. 3375 459.0 432 15.53 Excellent
6. 468.0 117.0 432 25 Moderate
7. 4665 118.5 787.5 40 Poor

8. 7650 118.5 787.5 416 Poor

9. 7650 118.5 388.5 2412 Moderate
10. 4200 118.5 209.5 25.0 Moderate
1. 4095 460.5 715.5 19.94 Good

12. 8265 459.0 715.5 25 Enough
3. 7215 459.0 714.0 202 Good

4. 7215 462.0 742.5 21.43 Good

15. 7215 879.0 745.5 16.99 Excellent
16. 0 880.5 742.5 41.65 Poor

17 8265 350.0 715.5 28.27 Bad

Parameters accessed by electric customers via telegram
application on different smartphones are Unbalance quality as
the main parameter, and three phase electrical parameter (I, V,
P, P f, and E) as a secondary parameter, as shown in figure 9.
These parameters can help electrical consumers in making the
right decisions, especially those related to the Rearrange of
load installation in each phase in order to achieve current
balance. Another additional parameter is the temperature (T),
which can be used to determine the condition around the
electrical panel related to early detection of fires. Although
this system can be accessed globally, it is equipped with
security access that can prevent illegal access, so that only
registered users can access legally.

A

Figure 9. Data display in Telegram.

Another feature of this prototype, electric customers can
monitor the characteristics of three-phase currents (I, Is, It)
via an external cloud server www.thingkSpeak.com (IoT
analytics platform service) as shown in figure 10. The live 3
phase current streams can provide information on changes of
profile usage of loads over a certain period of time. Thus, an
electric customer can detect as early as possible the emergence
of disturbances that may occur in each phase.
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Figure 10. Three-phase current stream at certain period of time (a) Iy, (b) Is, (c) Ir.

4. Conclusion

The objective of this research is to develop a prototype
(proposed system) for current unbalance monitoring based on
fuzzy logic that can be accessed by electrical consumers
globally. The result shows that the quality of the unbalance
(Excellent, Good, Moderate, Bad, Poor) with these low-cost
microcontroller and multifunction sensor can provide an
overview of the state or condition of a three-phase four-wire
electrical system, especially in commercial, residential, and
educational areas that are dominated by single-phase loads.
With the unbalance quality information that can be accessed
globally, electrical consumers can quickly re-arrange the
installation of electrical loads in each phase, by switching the
connected single-phase loads from one phase to another to
achieve load balance. This proposed system can not only
provide unbalance quality, but it can also provide other
parameters for each phase, namely voltage (V), current (I),
power (P), power factor (P f), energy consumption, electric
panel temperature, and also profile usage of loads. The
Unbalance quality information combined with other electrical
parameters can be used as a reference or guideline for
maintenance, repair, disconnection, and connection of loads,
or other necessary emergency actions. We think this prototype
is a great way for people who use electricity to keep an eye on
things, especially when it comes to keeping the Power Quality
of electricity in an area.
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