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Abstract— In this paper, the design and 
implementation of the hardware device for smart 
household energy management applications is 
presented. The design was broken down into the 
following subsections; the design of the power supply, 
the input sensors design, the design of the control unit 
and the control program, the output transducer design, 
the liquid crystal display design and the printed circuit 
board (PCB). The description of the design and the 
requisite mathematical expression for the determination 
of some of the components values are presented. 
Specifically, the design is achieved by the use of ACS712 
current sensor, ZMPT101B voltage sensor, DS1307 real 
time clock and buttons connected to the ATMEGA328P-
PU and ESP32 microcontrollers respectively. The power 
supply is a 5V DC regulated source which was designed 
using  a 220V to 12 V step down transformer, a bridge 
rectifier, a 3300uFsmoothing capacitor  and a three pin 
5V DC voltage regulator.  The resistive voltage sensor is 
adopted and it was designed with maximum output 
RMS voltage of 3.53V, the input current-limiting 
resistor (R1) of 200 𝑘𝑘Ω and the sampling resistor (R2) of 
1.765𝑘𝑘Ω. The system design used 20x4 LCD display 
screen for displaying 224 different characters and 
symbols, where each character is displayed in 5x7 pixel 
matrix. Specifically, the 20x4 LCD used in this work 
displays 20 characters per line in 4 lines of the screen. 
The complete design was implemented using printed 
circuit boards and packaging frames for holding the 
system components and providing for output displays 
and user interface buttons and light indicators. 

Keywords— ATMEGA328P-PU microcontroller, 
Household Electric Energy Consumption, Voltage Sensor  
DS1307, Internet of Things, Smart System, Current 
Sensor ZMPT101B, Energy Management System   

 
 
 
 

1.0 Introduction 

Over the years, the need for green and sustainable energy and the 
depletion of the popular fossil fuel energy resources have 
prompted the need for energy management studies [1,2]. 
Although renewable energy sources such as wind and solar  can 
provide sustainable green energy, they require other resources 
that deplete by their usage and also the higher their energy output 
is, the higher the space the power systems occupy 
[3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. In all, energy 
management mechanism is essential to minimize energy 
wastage, cut down energy cost and improve on gainful energy 
utilization [20,21].  

Furthermore energy management is particularly essential in 
Nigeria where the national grid power is grossly inadequate to 
satisfy the teeming energy consuming population 
[22,23,24,25,26,27,28]. Moreover, in most case, the heavy losses 
on the transmission line, the poor voltage profile on the 
distribution lines, energy theft and other factors make it difficult 
for those that have access to the national grid to have regular 
power supply [29,30,31,32,33]. In all these, load management 
becomes a necessity, as it helps the energy consumers to make 
best use of the energy when the power supply is available. 

Accordingly, in this research, the design and implementation of 
the hardware device for smart household energy management 
applications is presented. The household energy management 
hardware device is a microcontroller-based Internet of Things 
system that uses some sensors to capture relevant household 
energy consumption data records and then utilizes embedded 
firmware program stored in the microcontroller to take 
appropriate decision on the operation of the system to manage 
the energy consumption in the housed 
[34,35,36,37,38,39,40,41,42,43,44,45,46]. Specifically, detailed 
description of the system operation, the system design, key 
design diagrams and the requisite mathematical expression for 
the determination of some of the system components sizes are 
presented. Also, the snapshots of some notable aspects of the 
implement system are presented. 
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2.0 Methodology 

2.1 Description of the hardware device for smart 
household energy management applications 

The complete smart household energy management system is 
developed in two parts, first, the hardware design and 
secondly, the design of smartphone application along with 
associated web application [47,48,49, 50,51, 52,53, 54,55, 56, 
57, 58]. This paper focuses on the hardware design and 
implementation. The hardware device describes the physical 
components used in implementing the smart household energy 
management system.  

Specifically, the hardware design includes the design of the 
metering unit which receives the voltage and current signal in 
analog form from ACS712 and ZMPT 101B AC sensors 
[59,60]. The analog signal is converted to a digital signal by 
the analog to digital converter of the microcontroller. The 
digital signal format is used in computing the energy 
expended by the electrical appliance.  The sensors and the 
buttons/keypads formed the input sub-system fitted into the 
microcontroller. The sensors measure the AC voltage, DC 
voltage and current of the system while the buttons and 
keypads are used in calibrating and setting of the system 
parameters. The ESP32 Microcontroller is used in the system 
[61]. Notably, the ESP32 Microcontroller is a feature-rich 
microcontroller integrated with analog to digital converter, 
Wi-Fi and Bluetooth connectivity for a wide range of 
application. It is used for easy prototyping, implementation 
and emulation of embedded system.  

Automatic switching timer with DS1307 real time clock is the 
additional feature of this IoT-based system which is used to 
monitor and control the system output based on time specified 
by the household [62]. The 20 x 4 LCD screen forms the 
output sub system used to display the processed information 
from the system. The relays, which are electromagnetic 
devices are used to control energy usage by connecting and 
disconnecting household electronic appliances.  

In all, in this paper,  the design of the hardware device for 
smart household energy management applications is presented 
in the following subsections; 

i. The design of the power supply 
ii. The input sensors design  

iii. The design of the control unit and the 
control program 

iv. The output transducer design    
v. Liquid crystal display 

vi. The printed circuit board (PCB) 

 

2.2 The Design of the Power Supply 

A typical power supply can be broken down into a series of 
blocks (as shown in Figure 1), each of which performs a 
particular function. The rectifier was used to convert the 
stepped down AC voltage to DC while the smoothing 
capacitor was used to smoothens the varying DC voltage 

output from the rectifier.  Eventually, the regulator was used 
to set the DC output to a fixed voltage.  

 
Figure 1 The schematic diagram of the power supply used 

in the system 

For the transformer, Power out = power in and the turn 
ratio is given as;  

Turn ratio =Vp/Vs =Np/Ns       (1) 

Vs x Is= Vp x Ip (2) 

Where Vp = Primary voltage, Np= Number of turns in 
primary coil, Ip = Primary (input) current, Vs=Secondary 
(output) Voltage and Ns= Number of turns on secondary 
Coil.. The transformer steps the  AC voltage from 220 V   to 
12 V  and the rectifier converts this to DC voltage of 12V. For 
the 12 volts step down transformer needed for this IoT-based 
system, the turn ratio is 220/12.  The 12V DC voltage 
contains some AC harmonics (ripples) which are eliminate 
using a smoothing capacitor. The value of the capacitor is 
determined from the ripple voltage equation given as; 

 Vr =    Vp/2RCF =    Io/2CF                (3) 

Hence 

𝐶𝐶 =  Io
2(V)(𝐹𝐹)

   (4) 

Where C= capacitance of smoothening capacitor,  F= AC 
frequency,  Vp= Peak voltage of rectified DC output,  Vr= 
Ripple voltage and Io = Output current.But ripple factor, r 

r = Vr / Vp,    (5) 

Therefore  

Vr = r x Vp        (6)          

Assume that Vdc = Vp and a ripple factor of 12% (r =0.12),  
F = 50Hz and   Io = 500mA = 0.5A, then   Vr = 0.12 x 12 = 
1.44 V , therefore, 

𝐶𝐶 =  0.5
(2 𝑥𝑥 1.44𝑥𝑥 50)

= 0.00347𝐹𝐹 = 3470uF. 

Since it is difficult to get this value of capacitor in the 
market, we chose a value very close to it, which was 3300uF 
and it can do the smoothening job comfortably. The output 
voltage across the smoothing capacitor is connected to a 5V 
DC voltage regulator. 

2.3  The Input Sensors Design  

The schematic diagram of the input subsystem design is 
shown in Figure 2. The input subsystem design includes 
the design of the current sensor unit, the voltage sensor 
unit, the real time clock and the button or key design.  
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Figure 2 The schematic diagram of the input subsystem design 

Specifically, the input subsystem is a circuitry that enables 
the system to fetch signal (changes in current and voltage) 
from the monitored electrical and electronic devices. Its 
design is achieved by the use of ACS712 current sensor, 
ZMPT101B voltage sensor, DS1307 real time clock and 
buttons connected to the ATMEGA328P-PU and ESP32 
microcontrollers respectively. The VCC pin of the current 
sensor and the voltage sensor are connected to the power 
supply which give a supply voltage of 5volts. The modules 
ground pin (GND pin) is connected to the ground of the 
direct current power source. The analog output pin of 
ZMPT101B and ACS712 sensors are connected to pin A0 
and A1 of ATMEGA328P-PU respectively. A 16MHZ 
crystal oscillator interface pin 9 and 10 of ATMEGA328P-
PU in series with 22pf capacitor. Both pins connected to 

the ground for stability of the clock. The RX (pin2) and 
TX (pin3) of the microcontroller is connected to the RX2 
and TX2 pins of ESP32 microcontroller using voltage 
divider principle to achieve optimum performance of 3.5 
V which is the operational voltage of the ESP32 board.  

 

The ACS712 current sensor (Figure 3 and Figure 4) can 
measure AC or DC current ranging from +5A to -5A, 
+20A to -20A and +30A to -30A. The user will select the 
current range for the IoT-based system. This modules 
outputs analog voltage (0 - 5V) based on the current 
flowing through the appliances. This makes it possible to 
interface this module with any microcontroller.  

 
Figure 3 The image of the ACS712 Current Sensor 
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Figure 4: Pin-out diagram for the ACS712 current sensor 

The voltage sensor used in this work is ZMPT 101B AC 
voltage sensor (Figure 5). It forms part of the input 

subsystem. The sensor monitors the changes in alternating 
current voltage and direct current voltage.  

 
Figure 5  The image of the ZMPT 101B AC Voltage Sensor 

 

The voltage sensor used to monitor the amount of voltage 
in an appliance  determines the AC voltage or DC voltage 

level based on a voltage divider rule which can be 
capacitive voltage sensor and resistive voltage sensor, as 
shown in Figure 6.  

 
Figure 6 The Capacitive voltage sensor and the Resistive voltage sensor  

 

In this paper, the resistive voltage sensor (Figure 6 b) is 
adopted. The steps used to determine the values of R1 and 
R2 are given as follows; 

Step 1: Determine the maximum output RMS voltage 

The Voutmax is determined by the ADC (analog to digital 
converter) used with the microcontroller. 

Hence, if bipolar-based ADC the Voutmax is computed as;  

Voutmax = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
√2

  

For example: if ±5v ADC is the maximum rms voltage of 
the transformer 

Voutmax =  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
√2

 =  5𝑣𝑣
√2

 = 3.53V    (7) 

Hence,  if 0 – 5V ADC is the maximum rms voltage of the 
transformer, then, 

Voutmax =  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
√2

 =  5𝑣𝑣
√2

 = 3.53V 

However, if unipolar-based ADC the Voutmax is 
computed as; 

Voutmax = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
2√2

 (8) 

Hence,  if 0 – 5V ADC is the maximum rms voltage of the 
transformer, then, 

Voutmax = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
2√2

  = 5𝑣𝑣
2√2

  = 1.16v 

Step 2: Determine the value of R1 (the input current-
limiting resistor) 

R1 = Vin
𝐼𝐼

  (9) 

Where Vin denotes the input voltage; I denotes the rated 
operating current which for the ZMPT101B sensor the 
rated current is 1~2mA. Now if rated input voltage ≤ 
100V, the operating current I = 2mA and if the rated input 
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voltage ≥ 22 the operating current is chosen such that 1 
mA ≤ I ≤ 2 mA. Hence, for V = 100V，I = 2 mA，then,  

R1 = Vin
𝐼𝐼

 =  100
0.002

 = 50𝑘𝑘Ω 

Again, if  V = 220V，I = 1.1 mA, then  

R1 = Vin
𝐼𝐼

  =   220
0.0011

= 200𝑘𝑘Ω 

Step 3: Determine the value of R2 ( the sampling 
resistor ) 

R2 = Voutmax
𝐼𝐼

  =   Voutmax
𝑉𝑉𝑉𝑉𝑉𝑉

× 𝑅𝑅1 Ω  (10) 

Hence,  Vout max = 3.53V，Vin = 100V, then,  

R2 = Voutmax
𝐼𝐼

  =   Voutmax
𝑉𝑉𝑉𝑉𝑉𝑉

× 𝑅𝑅1 =  3.53
100

× 50 𝑘𝑘Ω = 1.765𝑘𝑘Ω 

The  DS1307 REAL TIME CLOCK : In this IoT-based 
system the DS1307 serial real-time clock (RTC) is used. The 
DS1307 is a low power, binary-coded decimal (BCD) 
clock/calendar with 56 bytes of non-volatile static random 
access memory (SRAM). The clock is a circuitry of the input 
subsystem. The DS1307 the clock is connected to the ESP32 
microcontroller to provide seconds, minutes, hours, days, 
dates, months, and year information. At the end of the month, 
the date is automatically adjusted for months with fewer than 
31 days, including corrections for leap year.  
The Buttons : The buttons often called keys is an input 
device used to give command to the system. The 4-buttons in 
this IoT-based system provide useful human interface for data 
input into the system. It is used for calibrating and setting of 
the system parameters. The button (Figure 7) is connected to 
the microcontroller.  

 
Figure 7Button 

 

 

2.4 The Design of the Control Unit and the Control 
Program 

Control unit also known as control module does the central 
processing of the energy management system. It regulates, 
communicates, integrates and interprets the operation of 
input system (detection system), output transducer and the 
goggle fire base. It selects and retrieves signals from 
various components in proper sequence and interprets 
them so as to activate the other functional elements of the 
system at the appropriate moment. The control unit in this 
IoT-based system made use of two microcontrollers 
interfaced with other components and the microcontroller 
based control program which interprets the input signal 
qualifies to produce the desired output. 

 

2.5  The Microcontroller Unit 

The IoT-based system made use of two microcontrollers; 
namely, the  ATMEGA328P-PU (Figure 8) and the ESP32 
board (Figure 9). Atmega328p-pu microcontroller is used 
in the IoT-based system  for accuracy of analog to digital 
converter embedded in the microcontroller. The input 
sensors circuitry (ACS712 current sensor and ZMPT101B 
voltage sensor) interfaced with the microcontroller to feed-
in the analog signal through the input/output pins of the 
microcontroller. The microcontroller then transmits the 
signal through the transmitter pin (TX) to the receiver pin 
(RX) of the ESP32 board for signal interpretation. The 
Atmega328 is connected to the ESP32 board using voltage 
divider rules with one kilo ohm, two kilo ohm and ten kilo 
ohm resistors to divide the current transmitted to the 
ESP32 board. The ESP32 board receives a supply voltage 
of 3.5 volts from the power supply unit as the operational 
voltage while Atmega328p operates on 5 volts. 

 
Figure 8 Atmega328p microcontroller 

 
Figure 9 Esp32 microcontroller 

2.6    The Light-emitting-diodes (LED) and the output 
transducer design  : 

In the IoT-based system, four LEDs are used to assist in the 
control of the four socket outlets. The schematic diagram of 
the output subsystem design is shown in Figure 10. The 
output interface which is a transducer circuit (20 X 4 LCD 
screen) receives the processed signal from the control unit. A 
parallel port outputs an active high signal that serves as an 
input to a transistor switch connected to a relay circuit, the 
relay circuit thus, switches the appliances connected to the 
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relay. In this work, the Songle relay (Figure 11) is used while 
ULN2003 (Figure 12) is the Integrated Circuit (IC) that drives 
the arrays of the songle relay modules used in this work.   

Liquid Crystal Display:  The IoT-based system design used 
20x4 LCD display screen (Figure 13) for displaying 224 
different characters and symbols. Each character is displayed 
in 5x7 pixel matrix. The 20x4 LCD used in this work displays 
20 characters per line in 4 lines of the screen. 

 
Figure 10 The schematic diagram of the output subsystem 

 
Figure 11  The diagram of the Songle relay 

 
Figure 12: ULN2003 IC for driving the relay and its Pin-

out 

 
Figure 13 the image of the 20x4 LCD display 

module 
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2.7 PRINTED CIRCUIT BOARD (PCB) 

 

The system was first designed with a breadboard 
to analyze the behavior of the system in real time 
situations when fully completed. On performing the 
desired aim, the design and implementation process began. 

           In the IoT-based system design,  breaded board was 
used to assemble the components and then transferred to 
the Printed Circuit Board (PCB) which mechanically 
support and electrically connect electronic components 
using conductive pathways. Components used in the 
design are connected through the conductive material 
below a non-conductive board, the common conductive 
material used in packaged PCBs are usually copper, since 
copper is cheap and common. 

Customized PCB was used for design compatibility. 
Secondly, it's more convenient to use, since one can decide 
where to put space on the board. Also, the board is 
stronger unlike those ready-made IoT-based system  
boards which are full of holes. (PCB instructions guide) 

3. Result and Discussion 

The circuit components were first assembled and tested on a 
breadboard after which they were transferred and soldered on 
the printed circuit board. The picture of a segment of the 
hardware circuit showing some components soldered on the 
circuit board is shown in Figure 14. A picture of the hardware 
device showing the device front pane with the LED, the 
buttons , the LCD display and four sockets is presented in 
Figure 15. The four 13 ampere socket outlets are the electrical 
outlets where electronic home appliances are connected to, 
enabling smart home automation control as shown in Figure 15 
and Figure 16. The information from the output port of the 
microcontroller is displayed on the 20 x 4 LCD screen (as 
shown in Figure 17).  

 
Figure 14 A picture of a segment of the hardware circuit 
showing some components soldered on the circuit board 

 
Figure 15 A picture of the hardware device showing the 
device front pane with the LED , the buttons , the LCD 

display and four sockets 

 

 

 
Figure 16 Another picture of the hardware device showing 

another view and components of the hardware device. 

 

 
A. Figure 17 Output interface showing the screen display and 

the socket outlets 

 

4. Conclusion 

The design of microcontroller-based hardware device for 
smart household energy management applications is 
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presented. The design was broken down into the following 
subsections; 

i. The design of the power supply 
ii. The input sensors design  

iii. The design of the control unit and the 
control program 

iv. The output transducer design    
v. Liquid crystal display 

vi. The printed circuit board (PCB) 

The description of the design and the requisite mathematical 
expression for the determination of some of the components 
values are presented.  

Specifically, the hardware design includes the design of the 
metering unit which receives the voltage and current signal in 
analog form from ACS712 current sensor and ZMPT 101B 
AC voltage sensor. The analog signal is converted to a digital 
signal by the analog to digital converter in the 
microcontroller. The sensors and the buttons/keypads formed 
the input sub-system fitted into the microcontroller. The 
ESP32 Microcontroller is used, the microcontroller is 
integrated with analog to digital converter, Wi-Fi and 
Bluetooth connectivity for a wide range of application. Also, 
automatic switching timer with DS1307 real time clock is is 
used to monitor and control the system output based on time 
specified by the household. The 20 x 4 LCD screen is used to 
display the processed information from the system. The 
relays, which are electromagnetic devices are used to control 
energy usage by connecting and disconnecting household 
electronic appliances.  
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