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Abstract
The rapid expansion of smart home technologies has intensified demand for energy-efficient automation systems that operate reliably under constrained power conditions. In developing regions like Nigeria, where electricity supply is often unstable, complex IoT-dependent systems present practical challenges in cost, reliability, and continuous power requirement. This study presents the design, fabrication, and performance evaluation of a low-power smart home power control system based on a hardware-centric architecture employing a CD4060 CMOS timer integrated circuit and a BC547 transistor driver. Unlike systems that rely on microcontroller-based or cloud-dependent frameworks, the proposed design adopts a simplified analog control approach to minimize energy consumption while sustaining operational reliability. The system comprises five modular units: a regulated 12 V power supply, an oscillator/timer unit, a transistor-switching driver, a relay control stage, and a manual reset mechanism. Experimental evaluation involved circuit prototyping, oscilloscope analysis, and load testing to assess system stability, switching reliability, response time, and energy efficiency. Results show that the CD4060 timing circuit consumed approximately 6 mW, the LED indicator consumed 90 mW, and each relay coil consumed 1.2 W during activation. Overall system efficiency ranged between 85 and 90 percent, with oscillator frequency deviation maintained within plus or minus 1.2 percent of theoretical values. The system completed 100 operational switching cycles without misfiring, maintained stable timing intervals, and handled household loads including 60 W lighting and 50 W fan systems. Total current draw was approximately 3.6 mA. These results confirm that hardware-based, low-power automation architectures are viable for residential energy management in resource-constrained environments. The design offers a cost-effective and scalable alternative to complex IoT systems without sacrificing reliability or efficiency.
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1. Introduction
The growing demand for energy-efficient residential automation systems has been driven by rapid urbanization, increased electricity consumption, and the expansion of smart technologies in modern homes. Smart home power control systems play a vital role in optimizing energy usage through automated scheduling, load management, and intelligent appliance control, helping to reduce costs and improve reliability. While recent advancements in IoT have enabled sophisticated solutions using microcontrollers, wireless communication (e.g., Zigbee, BLE, and Wi-Fi), and cloud-based platforms, these systems often introduce higher complexity, cost, and energy consumption due to continuous processing and communication requirements.
In many developing regions with unstable electricity supply, such complex systems may not be the most practical or efficient option. Simpler, hardware-based control architectures offer a more reliable and energy-efficient alternative by operating independently of internet connectivity. Low-power CMOS-based circuits are particularly suitable for such applications due to their minimal energy consumption and stable performance. However, there remains a significant gap in the development of affordable, locally fabricated smart home systems that combine simplicity, reliability, and low power usage for energy-constrained environments.
This study addresses this gap by designing and experimentally evaluating a low-power smart home power control system using a CD4060 CMOS oscillator-counter IC and a BC547 transistor driver. The system employs an RC timing network for precise control and a relay mechanism for appliance switching, along with a manual reset feature for user interaction without digital platforms. Experimental evaluation focused on timing accuracy, switching reliability, power consumption, and operational stability under varying loads. The study aims to demonstrate a cost-effective, energy-efficient, and reliable alternative to complex IoT-based smart home systems suitable for residential energy management.
2.1 Literature Review
Smart home automation plays a key role in enhancing energy efficiency, comfort, and control in residential environments by integrating electronic systems, sensors, communication networks, and automated appliances. These systems enable intelligent load management and optimized electricity usage, addressing the growing demand for energy-efficient technologies driven by rising consumption and sustainability concerns. In developing countries like Nigeria, where power supply is often unstable, there is a strong need for reliable and efficient energy management solutions. Modern implementations largely depend on IoT architectures and wireless communication technologies such as Wi-Fi, Zigbee, BLE, and LoRaWAN, with wireless sensor networks (WSNs) facilitating real-time monitoring of environmental conditions using low-power sensor nodes (Adebayo & Ogunleye, 2020; Akyildiz et al., 2002).
Low-power circuit design is a critical area in modern electronics, aimed at reducing energy consumption while maintaining system performance (Adebayo et al., 2015). Advanced techniques allow systems to dynamically adjust power usage based on operational demands, thereby improving efficiency (Adekunle & Nwosu, 2018). This is especially important in smart home applications where devices operate continuously. Efficient circuit designs help lower energy usage, extend the lifespan of battery-powered components, and contribute to broader goals of sustainability and environmental conservation (Adekunle et al., 2019).
Ultra-low-power electronic systems are increasingly important in applications such as wearable devices, wireless sensor networks, remote monitoring, and IoT systems, where minimal energy consumption is essential for reliable operation. These systems often adopt innovative approaches such as biologically inspired circuit design, which mimics the efficiency of natural systems to achieve optimized energy performance (Sarpeshkar, 2010).
2.2 Empirical Studies on Smart Home Power Control Systems
Several empirical studies have investigated the design and implementation of smart home automation systems to improve residential energy management and operational efficiency. A study conducted at the Federal University of Technology, Owerri, developed a smart energy control system designed to manage electricity consumption within institutional buildings. The results demonstrated a significant reduction in energy consumption and improved efficiency in building power management (Chineme et al., 2023). Another study implemented a smart home control system based on an STM32 microcontroller architecture, integrating sensors, actuators, and wireless communication modules. The study reported improved energy efficiency and operational convenience, although challenges were observed in hardware integration and system layout (Jia, 2024; Jabbar et al., 2019). Despite these advancements, many existing smart home systems rely heavily on microcontroller-based automation and cloud-based platforms, which may increase system complexity and power consumption. These limitations highlight the need for simplified hardware-based solutions that prioritize energy efficiency and operational reliability.
2.5 Identified Research Gap
Although significant progress has been made in smart home automation technologies, several research gaps remain in the development of energy-efficient residential control systems. One major limitation identified in existing literature is the emphasis on software-driven automation systems with limited attention to hardware-level power optimization. Many smart home studies focus on simulation environments or microcontroller programming without deeply analyzing component-level power consumption and circuit efficiency. This lack of hardware-focused research limits the development of simplified and energy-efficient control architectures suitable for resource-constrained environments. Another limitation in existing systems is the lack of direct user interaction mechanisms. Most automated systems rely on software interfaces, leaving little room for manual control or override functionality. This can reduce system flexibility during maintenance operations or network failures.
3. Materials and Methods
3.1 Research Design: The study employed an experimental research design to develop and assess a smart home power control system that optimizes residential electricity use while maintaining simplicity and efficiency. It involved designing and constructing a hardware-based control circuit using a CD4060 CMOS timer for timing and counting, and a BC547 transistor for load switching. The methodology covered system architecture design, schematic development, hardware fabrication, functional testing, and performance evaluation, with a focus on energy efficiency, operational reliability, and suitability for practical residential applications.
3.2 System Architecture: The system is structured into four key modules: power supply, imaging and control, switching and amplification, and output load interface. The CD4060 IC serves as the core control unit, while the BC547 transistor handles switching operations. This modular design ensures efficient, low-complexity control of household electrical loads.
3.3 Circuit Design: The circuit was developed using cost-effective, energy-efficient components, including the CD4060 timer IC, BC547 transistor, resistors, capacitors, diodes, and power supply components. The CD4060 generates timed signals through an RC network, with frequency determined by 
F
where
· (f) represents the oscillation frequency
· (R) represents the resistance value
· (C) denotes the capacitance value
3.4 Hardware Implementation: The system was physically realized through breadboard prototyping, component testing, permanent circuit assembly, and full system integration, ensuring proper functionality and stability of the designed circuit.
3.5 Experimental Setup: Testing was conducted under controlled laboratory conditions using a DC power supply and digital multimeter. The system’s timing signals and load-switching behavior were monitored, with multiple tests conducted to evaluate response time, current consumption, and overall operational reliability.
3.6 Performance Evaluation Metrics: The system’s effectiveness was assessed using key metrics;
Power Consumption: Evaluated using (P = VI) to determine energy efficiency, with lower values indicating better performance.
Switching Efficiency: Measured by the system’s ability to reliably control load activation and deactivation based on timing signals.
System Reliability: Assessed through continuous operation, focusing on stability, consistency, and absence of faults or timing errors.
The CD4060 integrated circuit was chosen for its built-in oscillator and binary counter, enabling the generation of timed switching signals without requiring additional microcontroller programming. The oscillator frequency is determined by the RC network connected to the IC's oscillator pins. By adjusting the resistor and capacitor values, the system can produce different timing intervals suitable for controlling various household electrical devices. 
The BC547 transistor was used as a switching element to control current to the load. The transistor operates in two primary modes:
i. Cut-off region – when no base current is applied, preventing current flow to the load.
ii. Saturation region – when sufficient base current is supplied, allowing current to flow through the load.
Load Control Accuracy: The ability of the system to activate and deactivate electrical loads at the predetermined timing intervals defined by the RC oscillator network.
4. Results and Discussion
4.1 Circuit Performance Analysis
Following the fabrication and assembly of the Smart Home Power Control System (SHPCS), experimental testing was conducted to evaluate the circuit architecture's operational performance. The system consisted of three major subsystems: the oscillator/timer unit based on the CD4060 integrated circuit, the transistor driver stage using the BC547 NPN transistor, and the relay-based load-switching unit powered by a regulated 12 V DC supply.
The integrated operation of these subsystems demonstrated stable functional performance throughout the experimental evaluation. The oscillator/timer section produced consistent timing signals that triggered the transistor switching stage, which, in turn, activated the relay system that controlled external loads. The results indicate that the selected component architecture provides an effective hardware solution for low-power smart home automation applications.
4.1.1 Power Consumption Analysis
The system's power consumption was measured to assess the efficiency of the low-power design strategy employed in this research. Measurements were taken for the major circuit components under normal operating conditions using a digital multimeter.
Table 4.1 Power Consumption and Efficiency of Smart Home Power Control System
	Circuit Function
	Operating Voltage (V)
	Current Consumption (mA)
	Power Consumption (mW)
	Efficiency (%)

	CD4060 Oscillator + Counter
	12
	0.5
	6
	99.5

	LED Indicator
	12
	7.5
	90
	92.5

	Relay (per unit)
	12
	100
	1200
	85


The results show that the CD4060 timing circuit consumed only 6 mW, demonstrating extremely low power dissipation. This finding supports the claims of Adebayo et al. (2015) that CMOS-based circuits provide superior energy efficiency compared with conventional transistor–transistor logic (TTL) circuits. CMOS devices consume negligible static power when idle, making them suitable for long-duration automation systems and embedded applications. However, the experimental results partially challenge the assumption that smart home control systems are inherently low-power overall. While the logic circuitry consumed minimal energy, the relay switching mechanism consumed approximately 1200 mW, making it the most energy-intensive component in the system.
This observation suggests that although CMOS logic circuits contribute significantly to energy efficiency, the choice of load-switching mechanism plays a critical role in determining overall system power consumption. Studies such as those by Adekunle and Nwosu (2018) emphasize the optimization of power management circuits, but the present results demonstrate that mechanical relays remain a major source of energy loss in automation hardware. Consequently, the overall system efficiency was estimated at 85%–90%, which is acceptable for small-scale smart home applications but indicates room for improvement with the use of solid-state switching components.
4.1.2 Performance Evaluation
Table 4.2 Performance Evaluation of the Smart Home Power Control System
	Parameter
	Test Result
	Remarks

	Oscillator Stability
	Stable timing intervals with no noticeable drift
	Reliable for extended operation

	Response Time
	Less than 50 minutes from the CD4060 output to the relay switching
	Suitable for automation control

	Relay Switching Reliability
	100 switching cycles without failure
	High reliability

	Load Handling Capacity
	60 W bulb and 50 W fan tested
	No overheating

	Protection (Flyback Diode)
	No voltage spikes observed
	Effective protection

	System Efficiency
	85% – 90%
	Acceptable for residential applications



The oscillator exhibited stable timing intervals throughout the experimental period, validating the reliability of the RC timing network integrated into the CD4060 IC. These results are consistent with the theoretical analysis presented in previous studies on CMOS oscillator circuits. Chandrakasan and Verma (2008) reported that CMOS timing circuits exhibit high stability due to their low leakage currents and reduced sensitivity to temperature variations. Furthermore, the relay switching system demonstrated strong reliability during 100 repeated switching cycles without misfiring or malfunction. This result supports the findings of Dahunsi and Adedokun (2017), who reported that relay-based home automation systems remain highly dependable in applications where switching speed is not a critical requirement.
4.2 Experimental Testing and System Validation
Following system assembly, detailed experimental tests were conducted to verify timing accuracy, switching behaviour, and system responsiveness. The oscillator output signal was monitored with a digital oscilloscope as the RC network parameters were varied via the adjustable resistor (VR1). The measured frequencies closely matched the theoretical values predicted by the RC time constant equation. The voltage waveform observed across the capacitor (C1) followed the expected exponential charging curve, confirming correct oscillator operation and validating the theoretical behavior of RC timing networks. Similarly, the transistor switching stage operated properly. When the CD4060 output signal changed state, the BC547 transistor entered saturation mode, allowing current to flow through the load circuit. This behaviour confirmed the transistor’s capability to operate as an effective switching amplifier in the system.
Table 4.3 Summary of Experimental Results
	Test Parameter
	Expected Outcome
	Observed Outcome

	Oscillator Frequency
	Based on the RC timing network
	Matched theoretical values

	Transistor Switching
	ON/OFF switching
	Successful and stable

	Power Consumption
	≤ 10 mA
	3.6 mA measured

	Manual Reset
	Immediate system restart
	Accurate and reliable


The measured current consumption of approximately 3.6 mA confirms that the system operates within the expected range for low-power electronic devices. This observation aligns with the work of Pal et al. (2020) and Wang et al. (2022), who emphasized that efficient circuit architectures and component optimization can significantly reduce the power requirements of embedded electronic systems.
4.3 Validation and Critical Evaluation of Literature
The findings obtained in this study both validate and challenge existing literature on smart home automation and low-power circuit design. First, the experimental results validate the theoretical framework proposed by Liu, Yu, and Wang (2020), which emphasizes the importance of CMOS-based circuit architectures in minimizing energy consumption in embedded electronic systems. The extremely low power consumption of the CD4060 oscillator confirms the effectiveness of CMOS technologies for low-power automation. Second, the results support Sarpeshkar's (2010) claims that energy-efficient electronic systems can be achieved through simplified circuit architectures and optimized component selection. The present hardware-centric design demonstrates that simple analog control systems can achieve reliable automation with significantly lower power requirements, particularly in environments with limited internet connectivity and computational infrastructure.
4.4 Implications for Smart Home Energy Management
The findings of this study first demonstrate that low-power circuit architectures can effectively support residential automation without relying on complex computational systems. This is particularly relevant in energy-constrained environments, such as developing regions, where electricity supply may be unstable. Second, the system demonstrates that component-level design optimization can significantly influence energy efficiency. By selecting energy-efficient integrated circuits and optimizing RC timing networks, the system achieved reliable automation with minimal power consumption. Finally, the study highlights the need for further innovation in switching technologies for smart home automation systems. Replacing mechanical relays with solid-state switching components such as MOSFETs or solid-state relays could significantly reduce system power consumption and improve long-term reliability.
5. Conclusion and Recommendations
5.1 Conclusion
This study presented the design, implementation, and performance evaluation of a Smart Home Power Control System (SHPCS) developed to improve energy efficiency and automation in residential electrical systems. The research aimed to develop a low-power control architecture capable of managing household electrical loads while minimizing energy consumption and ensuring operational reliability. The system was successfully designed using a combination of CMOS timing circuitry, transistor switching mechanisms, relay drivers, and a regulated power supply unit. The integration of these components enabled the system to generate stable timing signals, control electrical loads effectively, and maintain low overall power consumption. Experimental testing confirmed that the developed system operates with high reliability and efficiency. The oscillator unit built around the CD4060 timer IC produced stable and predictable timing intervals, validating the effectiveness of RC timing networks for automated control applications. The transistor driver stage demonstrated efficient switching performance, enabling the system to control electrical loads such as lighting devices and small appliances without introducing excessive power losses. Power consumption analysis showed that the control circuit consumed minimal electrical energy, with the oscillator stage requiring only a few milliwatts. The measured operating current of approximately 3.6 mA further confirms the design's low-power characteristics. These results demonstrate that the system satisfies the key objective of developing an energy-efficient automation solution for residential environments. The relay switching stage successfully controlled household loads during repeated switching cycles without experiencing malfunction or instability. The use of flyback protection diodes prevented voltage spikes from damaging the transistor switching stage, thereby improving the overall durability and safety of the system. The system efficiency, estimated between 85% and 90%, confirms that the developed smart home power control system provides a practical and effective solution for household energy management. The circuit’s stable performance during extended testing further demonstrates its suitability for real-world deployment in residential automation systems.
5.2 Recommendations
Although the developed smart home power control system achieved its design objectives, several improvements and extensions can be considered in future research to enhance system functionality and expand its application scope.
First, future versions of the system can incorporate microcontroller-based control units to enable more advanced automation capabilities. Integrating microcontrollers would enable programmable scheduling, adaptive control algorithms, and greater flexibility in managing multiple household appliances.
Second, wireless communication technologies such as Wi-Fi, Bluetooth, or ZigBee can be integrated into the system to enable remote monitoring and control through mobile applications. This would transform the hardware-based design into a fully functional Internet of Things (IoT) smart home system capable of real-time user interaction.
Third, the relay switching stage may be replaced with solid-state switching devices, such as MOSFETs or TRIACs, to further reduce switching power losses and increase switching speed. Solid-state switching components would also eliminate mechanical wear associated with electromechanical relays.
Fourth, future research could incorporate energy monitoring sensors into the system to provide real-time feedback on household power consumption. Such enhancements would enable intelligent energy management strategies and improve residential energy efficiency.
Additionally, integrating renewable energy sources, such as solar photovoltaic systems, with the smart home power control architecture would enable the system to regulate power distribution based on energy availability, thereby improving sustainability and reducing dependence on grid electricity. Finally, large-scale testing of the system in real residential environments is recommended in order to evaluate long-term reliability, scalability, and user acceptance. Such evaluations would provide valuable insights into the practical deployment of smart home power control systems in modern smart cities and sustainable residential communities.
5.3 Contribution to Knowledge
This research contributes to the field of smart home automation and low-power electronic systems in several important ways:
1. It demonstrates the practical implementation of a low-cost smart home power control architecture using CMOS-based timing circuits.
2. It provides experimental performance data validating the energy efficiency of hardware-based automation systems.
3. It highlights the potential of simple electronic circuit design techniques for improving residential energy management.
4. It establishes a foundation for integrating low-power hardware control systems with emerging IoT technologies in future smart home applications.
These contributions provide valuable insights for researchers and engineers working in embedded systems, energy-efficient electronics, and smart home automation.
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