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ABSTRACT

The aim of this paper is to design and construction a wireless
control system for three phase loads balancing in a regional
transformer. This system is designed to solve the problems of
the loads imbalance to avoid the losses of the electricity in the
distribution networks and also to protect the elements of the
network like transformers from damages. The important parts
of the wireless control system are the three phase smart
energy meters which equipped at each house within this
system. These meters send their electrical measurement
quantities wirelessly to the main control system (base station).
The base station uses the received electrical measurement
quantities of the smart meters to investigate the equilibrium
among the three phase lines of the transformer by swapping
some phases of the houses. The swap phases are chosen
according to the heuristic search algorithm and the
equilibrium is achieved when the maximum acceptable rate of
PUI (phasing unbalance index) is 10 %. Each smart meter in
each house is equipped by six contactors used for the phases
swapping. The designed wireless control system is tested in
several experiment results to indicate it is performance.

General Terms
Distribution network, Loads balancing system.

Keywords
Smart energy meter, wireless control system, heuristic search
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1. INTRODUCTION

The unbalanced electric distribution network adversely affects
the process of power production in terms of increasing the
losses of network. As well as increases the operation and
maintenance costs of network equipment like transformers,
circuit breakers and others. Many ways can be used to solve
the problem of unbalance, but some are expensive, such as
redistribution and transfer of electrical transformers, using
Scott transformer and Steinmetz, connect circuit breakers and
capacitors, using static-VAR-compensators (SVC), feeder
reconfiguration, and phase swapping [1].

The switching power supplies can be used as a practical
method for load balancing which enable to add the active
power in each phase. The current of neutral conductor in
substation transformer can be reduced by this method but the
cost of the used device is another problem [2]. Another
method for balancing the current in the substation transformer
is by always measuring the output currents and exchanging
the connection of largest and smallest load phases [3].
Another research compounded this method with intelligent
Neural Network [4]. In a simulation method that related to the
last one, the instant current of each load was measured at the
transformer via Power Line Carrier. The total balancing in this
transformer was performed by applying an optimization
process [5].
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Two ways can be used for solving the problem of load
balancing: feeder reconfiguration, and phase swapping. These
ways are the processes through which the network order is
changed once at the system level and once at the feeder level
respectively by open/close switches [6, 7]. The feeder
reconfiguration method is done by opening and closing the
keys tied at the beginning and end of each feeder which is
designed to balance the feeders in the electrical grid, and thus
transfer several houses linked to the feeder present in each
balancing process. This method is less efficient if compared to
the way of phase swapping [8, 9]. In South Africa, the
unbalance current in certain feeder is suppressed by changing
the connection phases of some feeders manually. However,
this method is time consuming and unreasonable.
Furthermore, the obtained result is sometimes not precise
since it depends on the load characteristics and the day time.
Due to the presence of the unplanned relay elegant that is
resulted from the large neutral line current, trial and error
technique is utilized to insure the balance of the feeder current
[10, 11]. This method is inappropriate to achieve an optimal
phase distribution for balancing the load and the current of
each feeder. Many researchers [12, 13] have produced
acceptable results either with large execution time or with
practically inapplicable structures. The feeder reconfiguration
process is implemented by altering the open/closed status of
switches of the distribution system. The high number of
feasible states for the switching combinations makes the
reconfiguration process more difficult. The artificial
intelligence techniques are now usually used for the solution
of feeder reconfiguration problem, such as: artificial neural
networks [14], genetic algorithm [15, 16] and refined GA
[17], fuzzy logic [18] and ant colony optimization (ACO)
[19].

The phase swapping method is a high-efficiency way to
achieve balance in terms of its three phases by re-linking
loads and distributing them to the three phases of the feeder.
The efficient employment of the electric power is achieved by
balancing the loads of all three phases. The unbalance in the
power network is created when one of the three phases is
overloaded, while the other are relieved. This leads to the
extreme flow of current through the neutral wire [20, 21]. This
problem adds to other problems which affects the efficient
transfer of the electric power. Typically the load balance can
be achieved by manually shifted from one phase to another.
The automatic balancing of loads among different phases can
be used to solve the last problems. There are different
methods suggested to increase the current and voltage
balancing in the distribution network. The use of the Scott
transformers can improve the imbalance problem, but these
solutions very expensive [22]. Many methods are suggested to
solving this problem [23, 24] with large execution time and
impractical implementation.
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In this paper, a new method was introduced to restore balance
in electric distribution network by phase swapping. This
method is designed to operate within a region consisting of a
re-distribution and balancing device (at the transformer) and
intelligent devices (smart meters) in each house that switches
between the three phases by using number of contactors. The
balancing is achieved by swapping the phases on one or more
specific houses according to a suitable algorithm.

2. UNBALANCEED VOLTAGE AND
CURRENT IN DISTRIBUTION
NETWRK

Each change occurs in the value of magnitude or phase shift
in each phase for the ideal values of current or voltage (Fig 1)
termed as unbalance.

Voltage Voltage

me AAAC,
M

Fig 1: Three Phase supply voltage (a) Balanced System,
(b) Unbalanced System

@

As the operating time of the network increases, the percentage
of consumption of electricity will increase and in the same
time the imbalance between the three phases will increase [2].
The tendency to increase in unbalance load is due to [1]:

o Loads increase only on one of the phases.

e The manual switching in the single phase houses from
one phase to another.

e The distribution of single phase loads is unequal among
the three phase lines.

e The impedances of the power transmission or
distribution are unequal.

It is possible to calculate the unbalance ratio (Voltage
unbalance index (VUI)) for distribution networks by
calculating the ratio between the negative and the positive
sequence component of the voltage in each house. This ratio
can be approximated as the ratio between the maximum
deviation values of one phase from the mean of the three
phases using the following equation [3]:

Voltage unbalance ratio (%)
_ Max. dev. fromthe average of the 3 ph.voltages

average of the three phase voltages
x 100%

Max (|VR _Vavg | v|VS_Vavg | v|VT_Vavg |)

Vavg

VUl =

x 100% (1)

The unbalance ratio (phasing unbalance index (PUI)) of
current can be calculated in the same way as voltage
unbalance ratio using the following equation [4, 5]:

PUI = Max (|IR_Iavg | :llS_Iavg | :|IT_Iavg |) x 100% (2)
Iavg
Where Ig, Isand I+ represent the currents of the three phases
and l,,q represents the average of the three phase currents.

The maximum acceptable rate of imbalance current is 10%.
The exceeding of this ratio leads to increase temperature of
the transformer windings and this will affect the life span of
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the transformer. Also exceeds the maximum value of PUI,
leads to increase the windings losses and active power, and
thus reducing the efficiency.

3. THE HEURISTIC SEARCH
ALGORITHM

The heuristic search algorithm is a strategy that can be used to
search, discover and solve the problems [5]. Also, this
algorithm is used to find the best and closest solution among a
number of possible solutions. Unlike many search algorithms
which need a re-sorting of all the elements, thus losing the
original order of the houses, which is the most important
requirement of balance. The heuristic algorithm is therefore
used to search for the best balance options. In this paper, the
heuristic algorithm is used to search for homes that swapping
from one phase to another.

4. THE LOAD BALANCING SYSTEM
This section describes the control panel for the load balancing
system and also, describes the software used for achievement
this balancing. This system is provided by smart meter [25] as
well as six relays and six contactors used for swapping the
loads among phases in ordered to achieve the balancing.

4.1 The smart energy meter

The architecture of the designed smart energy meter (Fig 2)
consists of the voltage and current sensing units, automatic
changeover switch, AC / DC adapter module, LCD module,
transceiver module, the SD storage unit and microcontroller
unit [25]. The voltage and current sensor readings are fed to
the microcontrollers to compute the consumed power. The
computed values are sent wirelessly, to the base station
through the NRF24L01 RF Transceiver unit. Also, the
computed values are displayed on a digital screen (TFT LCD).
Fig 3 shows the front face of the smart energy meter.

U Designot by : Fadheie K. Wandhal | MSc / Cuntral & Syviems

Fig 2: The smart energy meter

4.2 Prototype Design for Three Phase loads

balancing panel

The control panel is used for the three-phase loads balancing.
This panel is designed by combing six relays and six
contactors with smart energy meter in one plastic panel with
dimensions equal to 38* 48 * 15 centimeters as shown in Fig.
3. The reasons for choosing a plastic panel are firstly, to
prevent exposure to electric shocks, by providing a safe
isolation from electric, and secondly, to prevent the radio
waves received by the receiver from being hit by the
intelligent meter with metal barriers for the panel.
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Fig 3: The control Panel for the three phase load
balancing system.

The contactors are electrical devices that used in this panel for
swapping the high voltage and current loads among the three
supply phases. The internal structure of the contactor is
composed of three sections: the iron heart, the main contact
points and the auxiliary points. The iron heart consists of two
parts: a fixed part contains an electrical coil and a moving
part. When the current passes through the coil, the two parts
are contact together else they return to their normal place. The
two sides of the coil are symbolized by: A1, A2 or A, B. The
coil of a single conductor can work with a 24 or 380 volts.
The main contact points are the three power supply points that
the loads are connected to them so they must withstand the
high load current. The main points usually consist of three
points in normally open position abbreviated as (NO). (L1,
L2, L3) or (R, S, T) are entered as inputs (where the inputs of
the contactors are the output of the cutter), (2, 4, 6) or (T1, T2,
T3) or (U, V, W). The auxiliary points are several points,
some of them are opened (called normally opened (NO)), and
the others are closed points (called normally close (NC)).
After identifying the main points and the auxiliary points, six
connectors were connected as shown in the Fig. 4. Relays
were used as a driver to control the work of contractors.

The previous link provides the probability of switching among
the three supply phases into six possibilities. These
possibilities can be classified into three groups: No changing
group as shown in Fig. 5 (f) (all the phases are balanced). Two
changing group as shown in Fig. 5 (a), (b) and (c) (one phase
is balance and the others are exchanged). Three changing
group as shown in Fig. 5 (d) and (e) (all the phases are not
balanced).

The three phase control panel is found in each house and
connects wirelessly to the base station to gives the orders for
the three phases balancing. The principle of balancing is
dependent on the load balancing algorithm [26]. According to
this algorithm, the base station at first, search for the first
phase balancing by swapping the first phase R with either
phase S or phase T in some houses. This swapping is
indicated in first column in Fig. 6 which represents by the
cases in Fig. 5 (a) and (c). After that, the base station search
for balancing between phases S and T in some houses. Second
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column in Fig. 6 shows this cases which represent the case in
Fig. 5 (b). Third column in Fig. 6 shows the swapping occur
in some houses to achieve the balancing among the three
phases. This column represents the cases in Fig. 5 (d) and (e).
The schematic diagram for the 3-phase load balancing panel is
shown in Fig. 7.

Contactor | Contactor 2
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Relay 3 Realy 4
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Relay 5 Realy 6

Fig 4: The connection of the six contactors in the control

panel.
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Fig 5: The possibilities of the switching among the three
phases system.
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Fig 6: The implementation of the load balancing algorithm
on the control panel.
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Fig 7: The schematic diagram for the 3-phase load balancing panel.
4.3 Software for The loads balancing pane| achievement the equilibrium on the main supply currents [26].
This software is used to investigate the three phase loads This process is done by give orders to some houses in the
balancing on all the system by swapping some phases in some system to swap some phases.
houses. The swapping is achievement by controlling the P
operation of the contactors found in the control panels. Each :—)
contactor is drive by on relay found inside the smart meter. At [ T s i e s Snsn e o GETE L o
first, the control panel sends all the measuring parameters to v

the base station [25]. In this case this panel waits to receive I (radio available)
the orders from the base station to swap the phases by
controlling the operation of the contactors found inside the
control panel. Fig. 8 shows the flowchart to the program that :

added to the smart meter program to swap the contactors. i -
If (sequensel = 32 ——

5. THE BASE STATION SYSTEM TT—— |

This section describes the base station unit for the load TFT print (Sequence after balance=T S R)

R . Turns OFF Relays 1, 3, 4, 5 :Turns ON Relays 2,6
balancing system and also, describes the software used for
achievement this balancing. This system is provided by ¥

radio read(&sequensel (Balance phase 1))
radio read(&sequense2 (Balance phase 2 and 37)

No

voltage and current sensors for measuring the three phase total —— Flequensel=213)
currents and voltages. W

TFT print(Sequence after balance = SR T)

5.1 Prototype design of the base station iR e Gt L
The base station unit represents the main control unit that B
fixed at the main electrical transformer in the residential T Gequense2 — 313

square. The architecture of the designed base station consists \T'\'e:/—/

of the voltage sensing unit, the current sensing unit, TFT LCD TFT print(Sequence after balance = T R S)

touch screen module, the NRF24L01 RF transceiver module Turns OFF Relays 1.4.6 Tums ON Relays 23 5
and microcontroller unit as shown in Fig. 9. The photos to the ;
inner structure and front face of this station shown in Fig. 10. —-f-""'[{(—s;—cl;;s_e}_ ;';3'5——-7..,_,_ No

The sensor readings represent the main three phase supply v
currents that spent by all the houses that connect to the Yes

*

electrical transformer. The three phase currents spent by each Tun{fgg;nl;(:fa?f;? ?f ?Liilagf\? ;Effa;Rl);:s

house in the system are sent wirelessly through the |

NRF24L01 RF Transceiver unit at each house to the base ( —E:d—

station. The base station collects these currents with the local

currents and applies the load balancing algorithm to Fig 8: The flowchart for the contactors swapping.
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Fig 9: The schematic diagram for the base station unit.
AS = IR'IS (3)
AT = Ig-ly 4)

(@) (b)

Fig 10: The base station unit: (a) The front face (b) The
inner structure.

5.2 Software for the loads balancing in the

base station

This software is used by the base station to investigate the
three phase loads balancing on all the system by swapping
some phases in some houses. The procedure used to
investigate this process is according to the following steps:

Step 1: Use the three current sensors and three voltage sensors
in base station to compute the three phase total currents and
voltage supplied by the base station.

Step 2: Display the three phase total currents and voltage
before balancing on the local TFT touch screen module.

Step 3: Use the local NRF24L01 RF Transceiver unit to
receive all the three phase currents that sent by all the houses
in the system.

Step 4: Use the load balancing algorithm to compute I, Is, I+,
lavg: X, Y, Z [26].

Step 5: Compute

And use the Heuristic search algorithm to search for the case:
AS+AT=X (5)

Which lead to satisfy the balancing of phase R.

Step 6: Compute

AST = Is- IT (6)
And use the Heuristic search algorithm to search for the case:
AST =Y (7

Which lead to satisfy the balancing of phase S and phase T.

Step 7: Repeat the load balancing algorithm until the PUI has
a value less than 10%.

Step 8: Use the local NRF24L01 RF Transceiver unit to send
orders to sum houses for swapping Ir with Is or I+ (balance
phase R (X = 0)).

Step 9: Use the local NRF24L01 RF Transceiver unit to send
orders to sum houses for swapping Is with I (balance phase S
(Y = 0)). Fig. 11 shows the flow chart for the base station
program.
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Start

Use: the Arduino mega as a microcontroller
The NRF24L01 as a RF Module
Three of the ACS712 as Current Sensors
Three of the ZMPT101B as voltage Sensors
The 2 4inch TFT touch Screen as a display unit

¥

Compute the three phase total currents and voltages

Display the total currents and voltages on the TEFT touch screen module

Ifiradio available) H

Yes
Radio read(&msgi (3 phase currents of house i)
Repeat for all houses
T
e
Compute: Is, Is, I7. [or. X. Y. Z
As=Ir-ls: Ar=Ip-I7
+
‘ Heuristic algorithm: Az + Ar=X ‘

v

‘ Compute: Agr=13-I7 ‘

i

Heuristic algotithm: Agr=Y

i

‘ Compute PUI ‘

No
If PUI<=10% —
v

Yes
Swap I5 with Iz and It .To balance R (X=0)
Swap Iz with [T To balance S (Y=0)
)
End

Fig 11: Flowchart for the base station program.
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6. EXPERIMENTAL RESULTS

In the experimental results the environment is assumed with
one electrical transformer loaded by 20 houses, a quarter of
them are single phase and the others are three phases. For the
case of six contactors, the currents of all phases are randomly
chosen. It is very difficult to represent such system in
practical because it needs to build 20 control panels with their
loads. So that, in this experiment only two control panels are
built each has six contactors loaded by actual loads as shown
in Fig. 12 and the currents of the other houses are theoretically
represented by random numbers.

This experiment is repeated for two attempts with different
values of loads and currents for all houses as shown in tables
1 and 2. Each table has two cases before and after the
balancing and has different value of PUI before balancing and
PUI equal to 0 % after balancing. By repeating these attempts
for thirty times to achieve the balancing for different values of
PUI string from 2 % to 20 % we can obtain a relationship
between the percentage of PUI and the percentage of the
changed houses as shown in Fig. 13.

7. CONCLUSIONS

In this paper a new load balancing system is designed and
constructed to solve the problem of imbalance by using the
phases swapping process. This system has many advantages,
like restoring the state of balance among bound loads,
reducing the losses in the network and protects the electrical
transformers from damages. The system is remodeled
wirelessly through the use of modern technology and the use
of smart devices to control and monitor loads.

From the experiment results, it founds that as the percentage
of the PUI increases the percentage of the number of the
changed houses decreases. But at the acceptable value of the
PUI (10 %), the percentage of the number of the changed
houses is about 23 % when the total number of houses is 20.
In actual systems each electrical transformer supplies more
than 20 houses and this lead to increases the loads balancing
because in this case the value of the PUI is decreases.

Fig 12: Experiment for the load balancing system with two control panels and one base station unit.
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Table 1. First attempt for load balancing system with 20
houses each has six contactors.
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Table 2. Second attempt for load balancing system with
20 houses each has six contactors.

Before Balance

After Balance

Before Balance

After Balance
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The percentage of the changed houses to achieve a balance

system

30

27

Percentage of the changed houses %

6 8 14

m Percentage of the changed

245|245 |245| 24 23 23 22 20 19 19
houses

Percentage of the PUI %

Fig 13: The relationship between the percentage of PUI
and the percentage of the changed houses.
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