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Abstract: Conservation Voltage Reduction (CVR) is a potential energy management approach for
increasing computer system energy efficiency. This study uniquely contributes to the field by
thoroughly investigating the impact of CVR on computing devices, filling a significant gap in the
existing literature. The research employs a novel experimental approach, considering the temporal
variations in energy use behavior, and presents a comprehensive benchmark analysis of desktop
PCs and laptops. Notable gains in processing efficiency are observed, with specific instances such as
Desktop 1’s 1.53% Single-Core performance improvement and Desktop 3’s 3.19% total performance
boost. Despite variations, the thermal performance of CVR-equipped devices, particularly Desktop
3 and Laptop 3, consistently demonstrates lower temperatures, indicating thermal management
enhanced by 3.19% and 1.35%, respectively. Additionally, the study introduces the CVR Performance
Enhancement Ratio (%), providing a unique metric for evaluating the trade-offs between energy
efficiency and system performance. This research highlights the dual impact of CVR on thermal and
computational elements, emphasizing its broad advantages. Integrating CVR emerges as a viable
strategy for developing more durable, efficient, and sustainable computing devices, setting the stage
for advancements in voltage regulation.

Keywords: Conservation Voltage Reduction (CVR); load parameter estimation; energy management;
computing devices

1. Introduction

The quest of utility operators for energy efficiency and sustainability has greatly
heightened the interest in understanding the load characteristics and power consumption
behavior of electronic devices, making it a critical area of study.Voltage regulation of the
Distribution Network is a control approach used to keep the voltage of the Distribution
Network within a specific range [1] . Because of the world’s current energy crisis, energy
conservation has become critical. The CVR strategy is widely used in the power grid system
to handle such emergencies and minimize peak hour electricity demand [2]. The work
of [3] contributes significantly to the understanding of CVR dynamics in the context of
power systems with PE-based components, paving the way for further research in this
evolving field. Energy conservation is critical to the industrial and economic development
of nations all over the world [4,5]. Energy conservation and planning are becoming
increasingly important as the economic and worldwide environmental implications of
energy consumption rise [6]. In the context of load parameter estimation and energy
management, recent advancements in Energy Internet (EI) systems are exemplified by
the work of [7]. The study introduces a bottom-up EI architecture employing data-driven
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dynamical control and deep reinforcement learning (DRL) techniques, with integrated
curriculum learning (CL) for enhanced efficiency. Through simulations, the approach
showcased a substantial reduction in overall generation costs by 7.1% and 37%, surpassing
traditional methods like proportional integral and optimal power flow [7].

Electronic office equipment accounts for the majority of power consumption from
service and tertiary end users [8]. Understanding the consumption behavior of computing
devices is critical for the development of active load management techniques for such
systems [9]. Consumer energy consumption is expanding at a fast pace, and it is predicted to
quadruple by 2030. As a result, various research on practical strategies for managing energy
supply and demand have been performed [10-12]. Office equipment is now thought to be
the end-use of electrical energy in the commercial sector which is rising at the highest [13].

In the context of the escalating integration of renewable energy sources, it is essential to
consider the implications for power quality and adherence to grid codes. The authors of [14]
underlined the critical significance of power quality in maintaining efficiency, limiting ex-
cessive heating, and protecting assets connected to the electrical grid; they emphasized the
possible consequences associated with poor power quality. The authors of [15] discussed
the challenges and issues related to grid codes, power quality, and stability during contin-
gencies. Power quality concerns may include voltage fluctuations, harmonic distortions,
and frequency variations, all of which can affect the overall performance of the electrical
grid [16]. The authors of [16] explicitly delved into the national grid codes that govern
the operation and integration of power sources into Pakistan’s electrical grid. Grid codes
are regulatory frameworks that set standards and guidelines for the performance, safety,
and reliability of power systems; meanwhile, the primary focus remains on investigating
the impact of CVR on computing system performance and recognition of the broader
significance of power quality and grid codes in the evolving energy landscape is integral.
Specifically, CVR, as a technique optimizing voltage levels, plays a crucial role in enhancing
overall power quality and aligning with evolving grid code requirements.

1.1. Related Works and Research Gaps

Due to their widespread usage in homes and workplaces, personal computing devices
like desktop PCs and laptops considerably contribute to total energy consumption. CVR
implementation can potentially reduce the energy consumption of computational devices
by intelligent reduction in terminal voltage. The authors of [17] provided a probabilis-
tic technique for evaluating capabilities while accounting for uncertainties in renewable
generation and system loads, exposing the impact of non-Gaussian solar PV and wind
penetration on CVR capabilities. Using technology, ref. [18] provided a real-time power
smoothing control technique for distribution systems with significant PV penetration. Its
efficiency is demonstrated by modeling and field findings in China. To reduce substation
demand, the authors of [19] proposed a method that combines distributed generation, var
optimization, and CVR. The best location for the DG and shunt capacitor is determined
using the GWO approach. Despite the clear potential of CVR to significantly reduce energy
consumption, a key unanswered concern is the impact of CVR on the computational per-
formance of personal computing devices. Previous studies have concentrated on energy
management approaches and their possible influence on computer systems [20-22]. It is
critical to reduce energy usage while preserving or even improving system performance.
The thermodynamic approach proposed in [23] provides a comprehensive method for
evaluating energy performance in IT servers and data centers. It is crucial to note that the
authors of [23] did not include an investigation into CVR.This study, on the other hand,
extensively explores the experimental impact of CVR on performance metrics and energy
efficiency in computer systems. Traditional energy performance metrics, such as energy
usage intensity, have been used to assess energy efficiency [24-26]; however, they may not
completely represent the temporal variations in energy use behavior. As a result, more
comprehensive performance measurements that reflect not just overall energy usage but
also the temporal elements of energy use are required. The authors of [27] emphasized the
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innovative approach of load-shape benchmarking, which refers to a method of assessing
and comparing the patterns of energy consumption to enable easy access to low-cost tools
for energy efficiency and understanding energy use behaviors in commercial buildings.
Different performance metrics can be used to analyze the performance of personal com-
puting devices. The authors of [28] discussed measuring average normalized turnaround
time and system throughput for thorough benchmarking when evaluating multi-program
workload performance on multi-threaded hardware. In practice, running benchmarks to
completion, especially in simulation setups, can be time-consuming and impractical. Full
benchmark execution may take weeks, even on the fastest simulators and hardware. To
address this, academics frequently employ sampling simulation, which involves running
just representative units with a limited number of simulation points, or simply a single
simulation point per benchmark [29-32]. The authors of [33] presented a novel approach for
improved power quality disturbance detection by analyzing key factors, including wavelet
analysis and disturbance features, and employing various wavelet transforms to enhance
parameter selection and accuracy. In addition to demonstrating that higher motor efficiency,
particularly in smaller machines, lowers iron-core losses, the authors of [34] validated the
energy-saving potential of CVR for refrigeration loads (RLs) and presented a criterion
for evaluating CVR efficacy. This study aims to fill gaps in earlier research by presenting
a unique approach for benchmarking the performance of computing systems under CVR
deployment. There are some existing studies analyzing the CVR impact on buildings using
performance metrics, but similar studies are lacking for computational devices.

1.2. Contributions

The primary objectives of this research are to investigate the behavior of desktop and
laptop computers under varying voltage conditions. The study employs a Variac to test
devices at different voltage settings, evaluating their energy efficiency, load behavior, power
consumption, performance metrics, and thermal characteristics in response to voltage
variations. Additionally, the research explores the potential benefits of implementing CVR
strategies for improving energy efficiency.

The specific contributions of this study are as follows:

*  Developed a novel experimental approach to benchmark the performance of comput-
ing systems under CVR deployment, considering the temporal variations in energy
use behavior.

e  Presented a comprehensive benchmark analysis of desktop PCs and laptops, assessing
performance metrics like Single-Core and Multi-Core Scores under different voltage
settings with a focus on CVR implementation.

e Investigated the thermal performance of computing systems under various CVR
scenarios, providing novel insights into the impact of CVR on heat dissipation from
the computing devices. This aspect has not been extensively discussed in the existing
literature, marking it as a distinct and valuable contribution.

¢ Introduced and defined the CVR Performance Enhancement Ratio (%), a novel metric
for systematically evaluating and quantifying the impact of CVR on the performance
efficiency of computing systems. This ratio offers a unique perspective on the trade-
offs between energy efficiency and system performance, contributing to the body of
knowledge on sustainable computing practices.

The study’s findings provide vital information for customers, manufacturers, and
legislators to make educated judgments about energy-efficient computing technologies.
The study might pave the way for sustainable and energy-conscious computing practices,
leading to considerable energy savings, by establishing the appropriate voltage levels and
examining the possible advantages of CVR.

2. Conservation Voltage Reduction

Due to the growing concern about environmental sustainability and rising energy
prices, energy-efficient computing has emerged as a crucial component of contemporary
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technology. Optimizing the energy use of personal computing devices, such as desktop PCs
and laptops, is crucial in lowering the overall carbon footprint, since they are now so com-
mon in our everyday lives. The ideas of energy-efficient computing will be covered in this
section, along with power-saving techniques and the importance of reducing energy con-
sumption in computer hardware. CVR strategies are important in modern power systems
because they are an effective way to optimize energy usage and improve overall system
efficiency. CVR entails lowering voltage levels in power Distribution Networks, resulting
in energy savings without sacrificing electrical service performance or quality. Given the
growing emphasis on environmental responsibility, incorporating CVR methodologies into
personal computing activities has the potential to promote not only energy conservation
but also alignment of technology with the broader aims of sustainable development. Our
primary focus centers on how CVR techniques can be applied in personal computer settings
to achieve energy savings without compromising device performance.

2.1. CVR Factor

The CVR factor, CV Ry, is crucial in quantifying the resulting energy savings achieved
by reducing voltage levels in the Distribution Network.

%AE

CVRf = 5av

1)
where %AV is the percentage of the voltage change, and %AE is the percentage energy
saved. CV Ry, represents the CVR in terms of Energy saved [35] . In terms of active power
demand reduction, CVR £ is represented as:

Y%AP

%AV @

CVRy, =
Here, %AP is the percentage variation of the active demand load and CV Ry, represents
active power demand reduction by CVR implementation [36].

2.2. Performance Metric of a Single-Core System

A performance metric, more precisely the “Single-Core Score” of the Geekbench [37]
program, is a numerical depiction of the Central processing unit’s (CPU) competence and
efficiency when carrying out tasks that need a single processing core in a computer system.
This score, which is produced by Geekbench using standard tests, measures how well
the system performs across a variety of workloads that are performed in single threads
and gives an indication of how well it can handle activities that are not optimized for
parallel processing. The Single-Core Score is a performance indicator that helps users
and stakeholders evaluate the computing capacity of each individual core in a system.
It provides useful data for a range of workloads and applications that primarily employ
a single processing core.

2.3. Performance Metric of a Multi-Core System

A performance metrics for Multi-Core systems is a numerical measure that measures
the collective processing efficiency of a computer system’s CPU across several cores, as
represented by the “Multi-Core Score” in the context of tools like Geekbench [37]. This
measure is developed from standardized tests that evaluate the system’s performance
in parallel workloads, demonstrating its ability to execute tasks across several processor
cores at the same time. The Multi-Core Score is a comprehensive performance metric
that provides information about the system’s overall multitasking capabilities as well
as its efficacy in handling workloads that benefit from parallel processing. It provides
a quantifiable benchmark for analyzing the system’s capacity to distribute and manage
computational workloads over several cores at the same time, providing vital information
for optimizing Multi-Core architecture performance.
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2.4. CVR Performance Enhancement Ratio

The CVR Performance Enhancement Ratio (CVR PER) is a new metric proposed in
this study to assess the relative impact of CVR on a system’s performance efficiency. This
ratio is stated as a percentage and is determined by comparing the performance metric
obtained with CVR to the performance metric obtained without CVR, offering vital insight
into CVR’s efficacy in impacting total system performance.

PM_cor — PM_wocor

CVR_PER(%) = BT oo x 100 ®3)

where PM_cur represents the measured performance metric of the system under considera-
tion when CVR is deployed. and PM_wocvr signifies the measured performance metric of
the system without the application of CVR.

The formula proposed in this research, denoted as the CVR PER, serves as a novel
metric aimed at evaluating the influence of CVR on the performance efficiency of a system.
It is computed by scaling the ratio of the performance metric obtained with CVR to the
performance metric obtained without CVR by 100, and it is expressed as a percentage. This
novel formula is highly relevant to the field of energy-efficient systems, especially those that
use CVR techniques. Researchers and practitioners can use the formula to systematically
evaluate and quantify the increase or decrease in performance efficiency that happens
as a result of using CVR. Through an analysis of the performance metric both with and
without CVR, this formula offers important information about how well CVR contributes
to total system performance. The CVR PER (%) holds importance as it provides information
to researchers, engineers, and decision-makers regarding the trade-offs between system
performance and energy conservation measures like CVR. It serves as a powerful tool for
evaluating the holistic impact of CVR on a system, considering both energy consumption
and performance metrics. By balancing energy conservation with preserving or even
improving system performance, these data can help optimize energy-efficient systems.
As a result, the formula advances knowledge about and application of high-performance,
sustainable computing systems across a range of industries.

3. Experimental Setup and Methodology

The experimental setup was meticulously designed to assess the performance of
various desktops and laptops under different voltage conditions as shown in Figure 1.
A Variac with a 1 kVA rating served as the primary component for adjusting the supply
voltage, ranging from 230 V to 200 V in precise 5 V increments. This setup aimed to simulate
varying voltage scenarios to analyze device performance under different power conditions.

N

Lvbacl |
=

N

Variac

Figure 1. Experimental Setup at GIKI Power Distribution Research Lab.
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To capture essential data, including voltage, current, and power, we employed the
Lab Volt Data Acquisition and Control Interface (LVDACI) [38] in conjunction with the
LVDAC EMS Version 3.22 software. This combination facilitated accurate and real-time
data recording throughout the experimental process.

3.1. Validation Procedures

Ensuring the accuracy and reliability of our measurements was paramount. Calibra-
tion checks were regularly performed on the LVDACI to maintain precise measurements.
The instruments used in the experiment were selected for their high accuracy, contributing
to the overall reliability of the data collected.

3.2. Accuracy and Repeatability

The accuracy of our measurements was influenced by the precision of the instruments
used. To address repeatability concerns, each device underwent five individual tests, and
the results from repeated measurements were consistently reproducible. This demonstrated
the stability and reliability of our experimental setup.

3.3. Number of Tests Conducted

In total, six devices—tabulated in Table 1—were subjected to a comprehensive testing
regime. Each device underwent five individual tests of repeating measurements on each
voltage level, and within each test, we conducted 15 performance metric assessments
tabulated in Table 2. These assessments covered scenarios both with and without CVR.
Therefore, the total number of tests for each device equated to 15 x 4 x 5 performance
metric tests per individual test, resulting in 300 tests per device. Considering the fact that
the study involved six devices, the cumulative number of tests conducted for all devices
was 6 x 300, totaling 1800 tests.

Table 1. Description of devices under test.

Category Desktop 1 Desktop 2 Desktop 3

Operating System i\é[igr)ci);oft Windows 10 Enterprise Microsoft Windows 11 Famille (64-bit) %\é[i(_:{’ci)ts)oft Windows 11 Professionnel
Model BRK5DRS Dell Inc. XPS One 2710 IS\%;srtr?én manufacturer System Product
Processor Intel Core i5-2320 @ 2.99 GHz, Intel Core i7-3770S @ 3.10 GHz, AMD Ryzen 5 1600X, 1 Processor,

Processor ID

1 Processor, 4 Cores
Genuine-Intel Family 6 Model 42
Stepping 7

1 Processor, 4 Cores, 8 Threads
Genuinelntel Family 6 Model 58
Stepping 9

6 Cores, 12 Threads
AuthenticAMD Family 23 Model
1 Stepping 1

Processor Code-name  Sandy Bridge Ivy Bridge Summit Ridge

Processor Package Socket 1155 LGA Socket 1155 LGA Socket AM4 (1331)

L1 Instruction Cache 32.0KB x 2 32.0KB x 4 64.0KB x 6

L1 Data Cache 32.0KB x 2 320KB x 4 32.0KB x 6

L2 Cache 6.00 MB x 1 256 KB x 4 512KB x 6

L3 Cache 3.00 MB x 1 8.00 MB x 1 8.00 MB x 2

Motherboard Intel Corporation DH67CL Dell Inc. 02XMCT ASUSTeK COMPUTER INC. PRIME
X370-PRO

Category Laptop 1 Laptop 2 Laptop 3

Operating System Microsoft Windows 10 Pro (64-bit) ?giil;(i)ts)()ft Windows 10 Pro Education Microsoft Windows 10 Home (64-bit)

: ASUSTeK COMPUTER INC. TUF
Model Dell Inc. Latitude E4310 Dell Inc. Vostro 14-3468 7370-PLUS GAMING
Processor Intel Core i5-520M @ 2.40 GHz, Intel Core i7-7500U @ 2.89 GHz, Intel Core i5-8500 @ 3.01 GHz,

Processor ID

Processor Code-name
Processor Package

L1 Instruction Cache
L1 Data Cache

L2 Cache

L3 Cache
Motherboard

1 Processor, 2 Cores, 4 Threads
Genuine-Intel Family 6 Model 37
Stepping 5

Arrandale

Socket 989 rPGA

32.0KB x 2

32.0KB x 2

256 KB x 2

3.00 MB x 1

Dell Inc. 0T6M8G

1 Processor, 2 Cores, 4 Threads
Genuinelntel Family 6 Model 142
Stepping 9

Kaby Lake-R

Socket 1515 FCBGA

32.0KB x 2

32.0KB x 2

256 KB x 2

4.00 MB x 1

Dell Inc. 0VCX0K

1 Processor, 6 Cores
Genuinelntel Family 6 Model 158
Stepping 10

Cotffee Lake

Socket 1151 LGA

320KB x 2

320KB x 3

256 KB x 3

9.00 MB x 1

ASUSTeK
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Table 2. Benchmark tests from Geekbench.

Benchmark Test Description
File Compression This metric measures how rapidly
the system can compress files.
Navigation This function assesses the system’s
performance during web-based operations.
HTMLS Browser The HTMLS5 rendering critical for
the current online applications and multimedia content are evaluated
PDF renderer This metric assesses the system'’s ability
to produce PDF documents effectively
Photo Library The system’s performance in maintaining and processing
picture files inside a photo library is measured.
Clang This function measures the system’s performance
when compiling programs with the Clang compiler.
Asset Comparison The system’s capacity to compress and decompress
digital materials effectively is measured.
Object Detection The performance of the system in
identifying items inside photos/videos.
Background Blur The ability of the system to create
a background blur effect on photographs
Horizon Detection This test evaluates the system’s ability to
recognize the horizon line in photos
Object Remover Evaluates effectiveness to remove items from photos.
HDR Evaluates performance of producing/processing HDR photos.
Photo Filter Evaluates performance in applying
filters and effects to photos
Ray tracer Capacity of the system to conduct
ray tracing is evaluated.
Structure Evaluates performance in building
from Motion 3-D models using structure from motion approaches.

These rigorous validation measures and the extensive testing protocol contribute to
the transparency, rigor, and validity of our experimental study, ensuring the reliability of
the obtained results.

3.4. Power Supply Unit (PSU) Analysis

The Power Supply Unit (PSU) is a critical component in computing devices, respon-
sible for converting electrical energy from the mains input into a stable and regulated
form suitable for powering internal components. In the context of CVR, understanding the
behavior of the PSU becomes paramount, as fluctuations in input voltage may impact the
overall energy efficiency and performance of computing systems.

Simulink Model of PSU Operation

A comprehensive Simulink model was created to examine the effect of CVR on PSU
functioning shown in Figure 2. A full bridge rectifier, buck converter for voltage control,
AC voltage supply, and a load that represents desktop and laptop computers are some
of the components that are included in the model. This simulation sheds light on how
different input voltages affect the PSU and how that affects the output.
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Figure 2. Power Supply unit circuit simulation in MATLAB SIMULINK.

3.5. Description of Desktop PCs and Laptops Specifications

In this study, the effects of CVR on the performance of a different Desktop PCs and
a Laptops were examined. To evaluate the Single-Core and Multi-Core performances of all
devices, tests, and benchmarks were performed. The study provided important insights
into CVR’s performance under various circumstances by examining its impacts at voltage
levels ranging from 230 V to 200 V. Table 1 provides detailed information about all the
systems under examination.

3.6. LVDACI and Variac Integration for Variable Voltage Conditions

A flexible data acquisition and control interface from Festo [38], the LVDACI, offers
accurate measurement of Voltage, current, active and reactive powers, power factor, and
energy up with to 4 loads connected at a time. The output voltage that is delivered to
the devices may be changed using the 1 kVA Variac, a variable auto-transformer. Variac
ranges between 0 and 250 V are well suited here for providing variable voltage to loads
and for the analysis of CVR. A connection board with banana sockets is specially designed
to connect loads and Variac with LVDACI considering safety precautions. A complete
set of modern computer-based instruments for measuring, viewing, analyzing, and ma-
nipulating electrical characteristics is provided through the collaboration of the LVDACI
and LVDAC-EMS. The LVDACI and LVDAC-EMS both provide manual and timed data
recording. The gathered information can be exported into a spreadsheet program and can
be used for analysis purposes. The functionality of LVDACI and LVDAC-EMS is clearly
described in [38].

4. Task Execution and Data Collection for Benchmarking

A series of controlled tests were carried out to study the load characteristics, power
consumption, and performance metrics of the desktop PCs and laptops under varied
voltage settings. Section 3 described the experimental setup, which included the integration
of LVDACI and Variac for voltage control. This section describes the tasks carried out
during the experiments as well as the data-gathering processes.
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4.1. Tasks

A variety of activities were performed to evaluate the performance of the desktop PCs
and laptops, reflecting both computationally intensive and real-world application settings.
The activities were deliberately chosen to test various hardware components such as the
CPU, GPU, and memory under varying voltage settings.

4.1.1. CPU-Intensive Work

Using synthetic benchmarks and computational simulations, a CPU-intensive work
was created. To fully leverage the CPU’s processing power, this activity required completing
complicated mathematical computations and algorithms.

4.1.2. Graphics-Intensive Work

A graphics-intensive work was run to stress the GPU and evaluate graphical perfor-
mance. Running graphics benchmarks and 3D rendering apps was part of this work.

4.1.3. Multitasking Scenario

A multitasking scenario was created to imitate real-world usage in which numerous
apps, such as online surfing, video playing, and document editing, were run concurrently.

4.2. Data Gathering

Data were collected concurrently with job execution to gather important performance
indicators and power consumption values.

4.2.1. Power Consumption

The inbuilt LVDAC and digital power meter were used to measure the power con-
sumption of the desktop PC and laptop at each voltage level. The data were taken at regular
intervals throughout the task execution to provide a detailed power usage profile.

4.2.2. Performance Metrics

Using appropriate benchmarking tools, performance measurements such as CPU load,
GPU utilization, frame rates, reaction times, and data transfer rates were recorded. These
measures were critical in determining the responsiveness and efficiency of the devices
under varied voltage situations. In this work, performance metrics are computed using
Geekbench , a benchmarking tool for performance metrics.

4.2.3. Thermal Behavior

In this experiment, the thermal behavior of the system was analyzed to understand
how the temperature of the CPU varies under different conditions. Temperature measure-
ments were taken using the software named CPUID HWmonitor Version 1.51.0. CPUID
HWmonitor is a well-known piece of software that allows the real-time monitoring of
several hardware metrics, such as CPU temperature, voltage, and fan speed [39]. It has an
intuitive user interface and enables users to monitor temperature changes as the device
runs. Regularly throughout carrying out various duties on both the desktop PC and the
laptop, the temperature data were recorded. The measurements were utilized to examine
each system’s thermal performance under different load scenarios.

4.3. Performance Benchmarking with Geekbench

A popular benchmarking tool for assessing the performance of computers and mobile
devices is Geekbench [37]. It assesses the performance of Single-Core and Multi-Core
processors, providing important information regarding computing capabilities. Geekbench
is used in an experimental setup to assess desktop and laptop performance in various
scenarios. The software, which has a user-friendly interface and thorough reporting, is
developed by Primate Labs. Geekbench supports several different operating systems,
making it possible to benchmark both Windows-based desktop computers and Mac laptops.
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Geekbench was run numerous times on each system to guarantee statistical significance
and dependability. The performance disparities between the each system under various
settings, such as (CVR), were then analyzed using the mean scores. Benchmark tests that
were used for this study using Geekbench are summarized in Table 2.

4.3.1. Single-Core Score

This is an aggregated metric derived from Geekbench overall scores. This score
assesses the system’s capability to execute operations outlined in Table 2 utilizing the
processing power of a Single-Core. The Single-Core Score offers valuable insights into the
system’s efficiency when handling tasks that rely on individual processing units, providing
a detailed perspective on its core-level performance.

4.3.2. Multi-Core Score

This is another crucial metric derived from Geekbench overall scores. Unlike the
Single-Core Score, the Multi-Core Score evaluates the system’s performance when lever-
aging the combined processing power of multiple cores. This metric holds significance in
assessing the system’s efficiency in scenarios demanding parallel processing and multitask-
ing capabilities, offering a comprehensive view of its overall performance.

5. Results and Analysis

This section presents the benchmarking and CVR impact results. First, the power
consumption analysis results are presented, followed by the CVR analysis.

5.1. Power Consumption Analysis

Table 3 investigates the power consumption patterns of Desktop PCs and Laptops at
various voltage levels, providing a look into how these devices respond to CVR scenarios.
As the voltage drops from 230 V to 200 V, both desktop PCs and laptops reduce active
power usage, complying with energy-saving principles. Notably, laptops appear to be
more sensitive to voltage variations than desktop PCs. The differences in power con-
sumption amongst devices at the same voltage level highlight the importance of hardware
configurations and device-specific considerations. These findings emphasize the potential
energy-saving benefits of purposeful voltage reduction, highlighting the importance of
proper voltage levels and device selection in energy-efficient applications. Consistent mea-
surements across numerous devices at each voltage level add to the study’s dependability,
giving useful insights for CVR research and energy-efficient computation.

Table 3. Power consumption of desktop and laptop.

Desktop PC Active Power (W) Laptop Power Consumption (W)
Voltage (V)
Desktop1l  Desktop2 Desktop3 Laptopl Laptop2 Laptop3
230 15.4 22.202 18.55 35.6 40.25 25.52
225 15.8 22.388 17.65 32.52 39.67 25.19
220 15.2 21.586 18.98 33.41 39.67 24.12
215 16.72 20.869 18.52 32.79 38 23.09
210 14.78 18.955 17.25 32.62 37.48 21.89
205 14.9 18.622 17.11 31.66 36.02 20.51
200 14.73 18.241 16.89 3191 35.7 19.74

5.2. CVR Analysis

CVR factors for all desktop PCs and laptops are calculated using the given power
consumption data from Table 3 and utilizing Equation (2). The CVR Factors Table 4 helps in
determining the ideal voltage for energy savings for each device in addition to illuminating
the complex link between voltage changes and power consumption. Interestingly, desktop
PCs show negative CVR factors at 225 V, indicating that power usage increases as voltage
decreases. Nevertheless, each device has a different specific magnitude of these parameters.
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Desktop 2, for example, shows a significant negative CVR factor of —0.37, indicating a
significant rise in power usage at this voltage. Laptops, on the other hand, constantly
display positive CVR factors, highlighting their more energy-efficient reaction. With a
noteworthy CVR factor of 3.97 at 225 V, Laptop 1 stands out remarkably, demonstrating its
effectiveness in striking a balance between performance and energy conservation. Making
the switch to 220 V, for desktop PCs, the complex relationship between voltage decrease
and power usage becomes more evident. In this case, Desktop 1 displays an energy-efficient
behavior with a positive CVR value of 0.29. Nevertheless, Desktop 3 shows a negative
value of —0.53, indicating that power usage at this voltage can rise. Conversely, laptops
continuously maintain good CVR values, demonstrating their energy-efficient nature. For
example, Laptop 3 has a noteworthy CVR factor of 1.26 at 220 V, which indicates optimal
power utilization. This detailed analysis emphasizes that each device’s ideal voltage for
energy savings is shown by the voltage at which the CVR factor is maximum. As a result,
many devices may have unique ideal voltage levels, highlighting the significance of taking
device-specific factors into account in order to achieve energy economy without sacrificing
functionality.

Table 4. CVR factors for desktop and laptop.

Voltage (V) Desktop1 Desktop2 Desktop3 Laptop1l Laptop2 Laptop3
230 - - - - - -

225 -1.19 —0.37 2.23 3.97 0.66 0.59
220 0.29 0.64 —0.53 1.41 0.33 1.26
215 -1.31 0.92 0.02 1.21 0.85 1.46
210 0.46 1.68 0.8 0.96 0.79 1.63
205 0.29 1.48 0.71 1.01 0.96 1.8
200 0.33 1.36 0.68 0.79 0.86 1.73

5.3. Performance Benchmarking of Computing Devices with and without CVR

The performance benchmarking results presented in Table 5 provide a detailed exami-
nation of Laptop 1’s computational capabilities under varying scenarios with and without
CVR. Across a spectrum of tests encompassing diverse computing tasks, including file
compression, navigation, HTML5 browser operations, and more, the table captures the
Single-Core and Multi-Core performance metrics. The term “improvement” in the table
refers to the percentage change in performance metrics under the influence of CVR, as
detailed in the CVR Performance Enhancement Ratio formula (Equation (3))—previously
discussed. Overall, the analysis reveals nuanced performance variations. Notably, there is
a 1.34% improvement in the overall score for Single-Core tasks with CVR, while Multi-Core
tasks show a more substantial 4.27% enhancement. Specific tasks, such as file compres-
sion, text processing, and object removal, demonstrate varied impacts, with some tasks
showcasing improvements and others experiencing slight performance decrements. These
findings underscore the importance of considering specific computing tasks and metrics
when evaluating the impact of CVR on device performance. Figure 3 shows that the overall
positive trend in both Single-Core and Multi-Core performance metrics. These results
suggests that CVR can be strategically employed to achieve energy efficiency without
compromising computational capabilities.

Table 5. Performance of Laptop 1 without CVR vs. with CVR.

- Single-Core Performance Multi-Core Performance
est

W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 637.2 651.8 2.24 810.4 823.6 1.60
Navigation 824.4 763.4 —7.99 1890.4 1887.6 —0.15
HTML5 Browser 692.4 712.8 2.86 1372.4 1376.4 0.29
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Table 5. Cont.

Single-Core Performance Multi-Core Performance

Test
W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
PDF Renderer 655.4 751 12.73 1730.4 1704.2 —1.54
Photo Library 180.2 191.2 5.75 353.8 359.6 1.61
Clang 702.6 715.8 1.84 1493.2 1534.4 2.69
Text Processing 689 714.2 3.53 778.2 840.8 7.45
Asset Compression 660.4 676.6 2.39 1424 1516 6.07
Object Detection 454 434 —4.61 774 87.2 11.24
Background Blur 281.6 254.4 —10.69 493.2 526 6.24
Horizon Detection 549.8 504.8 —8.91 1141.6 1209.8 5.64
Object Remover 410 421 2.61 740.2 819.8 9.71
HDR 410.2 442.8 7.36 891.2 948.2 6.01
Photo Filter 262 269.6 2.82 519.2 566.8 8.40
Ray Tracer 566.4 583 2.85 1357.6 1394.4 2.64
Structure from Motion 221.2 223.2 0.90 468 489 4.29
Overall Score 412.6 418.2 1.34 (%) 789.2 8244 4.27 (%)
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Figure 3. Performance Improvement for Laptop 1.

Tables 5-10 offer more in-depth insights into the performance dynamics of particular
devices. The Single-Core improvements that have been found for laptops vary from 1.09%
to 4.27%, with Laptop 3 demonstrating the greatest improvement as shown in Figure 4.
Performance variations in Multi-Core scenarios are negligible, ranging from —0.14% to
1.29%. Laptop 2 continues to increase its Single-Core performance while experiencing

a minor drop in Multi-Core performance.

Table 6. Performance of Laptop 2 without CVR vs. with CVR.

Single-Core Performance Multi-Core Performance

Test

W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 1118.6 1141.2 1.98 1284.6 1240.8 —3.53
Navigation 1371.4 1387.6 1.17 29422 3098.2 5.04
HTML5 Browser 1241.8 1262.2 1.62 2290.2 2223.8 —2.99
PDF Renderer 1272.4 1296.6 1.87 2915.2 2894.2 —0.73
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Table 6. Cont.

Single-Core Performance

Multi-Core Performance

Test W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
Photo Library 996.8 1010.4 1.35 2160.6 2144.8 —0.74
Clang 1313.4 1330.2 1.26 2854.8 2844.4 —0.37
Text Processing 1156.8 1111.2 —4.10 1399.8 1409.6 0.70
Asset Compression 1339.4 1344 0.34 3285.2 3331.6 1.39
Object Detection 535.6 548 2.26 980.8 995.2 1.45
Background Blur 1626.4 1660.2 2.04 3146.2 3189.6 1.36
Horizon Detection 1774.4 1818.6 2.43 3625.6 3702 2.06
Object Remover 982.2 993 1.09 1938.8 1965.2 1.34
HDR 1229.4 1216.4 -1.07 2358 2365.2 0.30
Photo Filter 1474.6 1575.6 6.41 2482.8 2483 0.01
Ray Tracer 1079.8 1080.6 0.07 2921.2 3002.4 2.70
Structure from Motion 1384.8 1404.4 1.40 2828.2 2711.8 4.29
Overall Score 1189 1202 1.09 (%) 2276.4 2279.6 0.14 (%)

Table 7. Performance of Laptop 3 without CVR vs. with CVR.

Single-Core Performance

Multi-Core Performance

Test W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 1349 1377.4 2.06 2224 .4 2236.8 0.55
Navigation 1417.2 1457.6 2.77 5529.6 5543.4 0.25
HTML5 Browser 1100.8 1132.6 2.81 4724 4 4715.2 —0.20
PDF Renderer 1266.4 1305 2.96 6486.2 6503.6 0.27
Photo Library 1169 1180.8 1.00 4707 4725 0.38
Clang 1463 1488.6 1.72 7285.4 7293.8 0.12
Text Processing 1317.8 1319.2 0.11 1762.8 1761.6 —0.07
Asset Compression 1517.6 1519.2 0.11 8233.6 8234.2 0.01
Object Detection 641.2 639 —0.34 2152.8 2183.8 1.42
Background Blur 1942.8 1942.4 —0.02 7342.8 7344.8 0.03
Horizon Detection 2046.4 2073.6 1.31 6775.8 6802 0.39
Object Remover 1305.4 1312.4 0.53 4832.2 48374 0.11
HDR 1492.6 1504.6 0.80 49244 4903.8 —0.42
Photo Filter 19724 1984.8 0.62 41184 4215 2.29
Ray Tracer 1121.2 1122.4 0.11 7191.8 7210.8 0.26
Structure from Motion 1604 1643.6 2.41 4994.6 5002.2 0.15
Overall Score 1336.4 1393.8 4.12 (%) 4642.4 4680.2 0.81 (%)

Table 8. Performance of Desktop 1 without CVR vs. with CVR.

Single-Core Performance

Multi-Core Performance

Test W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 838 861.6 2.74 1236.8 1299 4.79
Navigation 1109.6 1145 3.09 3104 3290.8 5.68
HTML5 Browser 878.4 898.8 2.27 1960.4 2003.2 2.14
PDF Renderer 918.6 937.4 2.01 2545.2 2844.4 10.52
Photo Library 220.8 225.8 2.21 733.4 799.4 8.26
Clang 909.8 894.6 -1.70 2952 3366.2 12.30
Text Processing 839 859.8 2.42 1020 1095 6.85
Asset Compression 862.2 868 0.67 2928.4 3197.8 8.42
Object Detection 53.6 56.8 5.63 178.4 195 8.51
Background Blur 486.8 491.2 0.90 1578.6 1729 8.70
Horizon Detection 756.4 766.2 1.28 2090 2283.4 8.47
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Table

8. Cont.

Test

Single-Core Performance

Multi-Core Performance

W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
Object Remover 701.6 727 3.49 2021.4 2238.2 9.69
HDR 522.4 532.2 1.84 1454 1562.2 6.93
Photo Filter 337.2 342.8 1.63 894.8 990.4 9.65
Ray Tracer 722 723 0.14 2504.4 2734.2 8.40
Structure from Motion 276.6 277.8 0.43 908.8 998.2 8.96
Overall Score 547.4 555.8 1.51 (%) 1452.8 1580.2 8.06 (%)

Table 9. Performance of Desktop 2 without CVR vs. with CVR.

Single-Core Performance

Multi-Core Performance

Test W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 968.6 981.2 1.28 2219.75 2244 .4 1.10
Navigation 1158.4 1182.2 2.01 4732 4754 0.46
HTML5 Browser 1093 1123 2.67 3184.5 3194.6 0.32
PDF Renderer 1125 1146.6 1.88 3873.5 3903 0.76
Photo Library 260.2 290.6 10.46 1047.5 1083.4 3.31
Clang 1069.2 1150.8 7.09 4365 4364.6 —0.01
Text Processing 1032.8 1044.8 1.15 1304.25 1312.4 0.62
Asset Compression 1076.2 1051.6 —2.34 4545 4563 0.39
Object Detection 66 64.6 —2.17 243.25 260.8 6.73
Background Blur 573.2 590.4 291 1922.75 1935.4 0.65
Horizon Detection 882.4 895.6 1.47 3249.5 3262.2 0.39
Object Remover 911.2 956.8 4.77 3343.25 3368 0.73
HDR 657.2 605 —8.63 2650 2662.2 0.46
Photo Filter 398.6 413 3.49 1089.25 1098.2 0.81
Ray Tracer 868 865 —0.35 4143.5 4187.6 1.05
Structure from Motion 340.6 352.4 3.35 1480.25 1514.8 2.28
Overall Score 652.4 683.8 4.59 (%) 2189.4 2218 1.29 (%)

Table 10. Performance of Desktop 3 without CVR vs. with CVR.

Single-Core Performance

Multi-Core Performance

Test W/O CVR With CVR % Improvement W/O CVR With CVR % Improvement
File Compression 1354 1386.2 2.32 2219.75 22432 1.05
Navigation 1420.75 1428.4 0.54 5529 5553.6 0.44
HTMLS Browser 1103 1129 2.30 4727.75 4789 1.28
PDF Renderer 1273.25 1311.2 2.89 6486.75 6519.6 0.50
Photo Library 1173.5 1198.8 211 4705 4706.4 0.03
Clang 1474.25 1486 0.79 7286 7297.6 0.16
Text Processing 1324 1341 1.27 1767 1791.8 1.38
Asset Compression 1523.75 1502 —1.45 8234.75 8277 0.51
Object Detection 649.5 666 2.48 2154.5 2147.2 —0.34
Background Blur 1946.25 1966.8 1.04 7334.75 7344.6 0.13
Horizon Detection 2058.25 2086.4 1.35 6785.5 6797 .4 0.18
Object Remover 1305.5 1292.2 —1.03 4834.75 4838.4 0.08
HDR 1502.75 1494.6 —0.55 4927 4948 0.42
Photo Filter 1975.25 1995.2 1.00 4123.5 4138 0.35
Ray Tracer 1124.75 1155.8 2.69 7199 7206.6 0.11
Structure from Motion 1608.75 1624 0.94 4997.25 5026.6 0.58
Overall Score 1346.8 1391.2 3.19 (%) 4647.2 4711 1.35 (%)
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Laptop 3 Combined Performance Improvement with CVR
T T T T T T T T T T T T T

4 T T T

[ 1Single Core
3 2.77%2.81%2:96% I Multi-Core ||

Improvement (%)

Tests

Figure 4. Performance improvement for Laptop 3.

With CVR, Laptop 2 shows a little improvement in several Single- and Multi-Core
performance tests. For Single-Core jobs, there is a slight overall improvement of 1.09%;
however, for Multi-Core workloads, there is very little difference, at 0.14%. The performance
improvements are visibly represented in the accompanying Figure 5, which emphasizes
the slight impact of CVR on Laptop 2’s total score.
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Figure 5. Performance improvement for Laptop 2.

Notably, Desktops 1 in Figure 6 and Desktop 3 in Figure 7 exhibit notable Multi-
Core improvements of 8.06% and 1.35%, respectively, whilst Desktop 2 has a more evenly
distributed improvement of 4.59% and 1.29% in both Single and Multi-Core cases as shown
in Figure 8. The results point to the necessity for device-specific energy optimization
techniques since they imply that the effects of CVR differ throughout devices.
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Additionally, the experiments that show negative improvements—like HDR in Desk-
top 2 and Object Remover in Laptop 3—highlight how crucial it is to take into account
a variety of workloads and potential trade-offs when putting CVR solutions into practice.
The study promotes a sophisticated approach to sustainable computing by offering in-
sightful information about how to customize energy-saving strategies for certain devices

and workloads.
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Figure 6. Performance improvement for Desktop 1.

Desktop 3 Combined Performance Improvement with CVR
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Figure 7. Performance improvement for Desktop 3.



Metrology 2024, 4

40

Desktop 2 Combined Performance Improvement with CVR
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Figure 8. Performance improvement for Desktop 2.

The results of CVR on Desktop 1 as shown in Figure 6 are not all the same. For
example, while Clang (—1.70%) shows a fall, file compression (2.74%), and navigation
(3.09%) show improvements. The significant increases observed in Multi-Core activities,
such as object removal and background blur (8.70% and 9.69%, respectively), highlight the
influence of CVR on overall performance.

Table 8 shows Desktop 1’s performance in various tests both with and without CVR.
Tasks like file compression (4.79%) and navigation (5.68%) show notable gains, adding up
to an overall 1.51% rise in Single-Core performance and 8.06% increase in Multi-Core per-
formance score. Figure 6 shows notable improvement of 12.30% in Multi-Core performance
is observed in resource-intensive tasks such as Clang compilation, where the influence of
CVR is especially noticeable. These results imply that CVR enhances Desktop 1’s total
computational power, particularly in situations that call for parallel processing.

The detailed performance metrics for Desktop 2 can be found in Table 9, while
the corresponding performance improvement chart is illustrated in Figure 8. A notable
4.59% improvement in total performance is shown by Desktop 2 with CVR, which is mostly
driven by gains in resource-intensive operations such as Clang compilation. Although there
are some Single-Core performance losses in some activities, CVR improves the device’s
computational power.

Performance Enhancement Ratio Analysis

A more complex view of how CVR affects desktop and laptop performance may be
seen in the Performance Enhancement Ratio (PER) Table 11. Notable differences are seen
between devices and performance indicators. Desktop 1 shows that CVR improves per-
formance by 1.53% for Single-Core and 8.76% for Multi-Core, demonstrating its beneficial
effects on a range of configurations. Comparable patterns are shown for Desktops 2 and 3,
emphasizing the variable but generally advantageous effect of CVR on performance in-
dicators. Additionally, laptops display device-specific reactions. For example, Laptop 1
shows a significant 4.27% boost in Multi-Core performance and a 1.34% rise in Single-Core
performance. Laptop 3 also shows a 4.12% increase in Single-Core and a 0.81% increase
in Multi-Core performance. These results highlight how CVR’s impact on performance
varies depending on the device and configuration, offering insightful advice on how to
maximize energy conservation without sacrificing computational power on a wide variety
of computing systems.
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Table 11. Performance Enhancement Ratio for all systems.

System PM W/O CVR PM with CVR PER (%)
Desktop 1 Single-Core 547.4 555.8 1.53
Desktop 1 Multi-Core 1452.8 1580.2 8.76
Desktop 2 Single-Core 652.4 683.8 4.8
Desktop 2 Multi-Core 2189.4 2218 1.3
Desktop 3 Single-Core 1346.8 1391.2 3.19
Desktop 3 Multi-Core 4647.2 4711 1.35
Laptop 1 Single-Core 412.6 418.2 1.34
Laptop 1 Multi-Core 789.2 8244 4.27
Laptop 2 Single-Core 1189 1202 1.09
Laptop 2 Multi-Core 2276.4 2279.6 0.14
Laptop 3 Single-Core 1336.4 1393.8 412
Laptop 3 Multi-Core 4642.4 4680.2 0.81

The performance evaluation of Desktop 3, detailed in Table 10, demonstrates a 3.19%
improvement in Single-Core performance and a 1.35% enhancement in Multi-Core perfor-
mance with CVR. Figure 7 visually illustrates the performance improvement for Desktop 3,
highlighting the overall positive impact of CVR across various tests.

5.4. Power Supply Unit (PSU) Measurements Analysis

Significant insights into the behavior of the PSU within the context of CVR can be
gained from the examination of the PSU measurements, as shown in Table 12 and Figure 9.
Interestingly, the input current decreases in proportion to the decrease in input voltage,
indicating that the PSU is flexible with different input circumstances. This pattern is
reflected in the dynamics of the inductor and capacitor, demonstrating how sensitive
the PSU is to variations in input voltage. The output voltage and current likewise show
proportionate drops, highlighting the PSU’s ability to stay stable even with fluctuating
input voltages. In Figure 9, the diverse relationships between input voltage and various
parameters reveal intriguing insights into the power supply unit’s behavior. The linear
correlation between input voltage and output voltage signifies a stable operational region,
suggesting a proportional response. Conversely, the wired relationship between input
voltage and input current hints at the intricate interplay of components influenced by
voltage fluctuations. Non-linear trends observed in plots like input voltage vs. output
current underscore the system’s nuanced behavior, possibly involving threshold effects or
transitions between operational modes. The presence of abrupt points in the plots may
indicate critical thresholds or trigger points for specific mechanisms, warranting further
investigation. These characteristics play a pivotal role in understanding the power supply
unit’s performance, stability, and reliability under varying input conditions.

Table 12. Power supply unit results.

Vin (AQ) Iin (A) IL (A) Ve (V) Iout (A) Vout (V)
230 0.037 0.003 6.249 0.624 6.249
225 0.036 0.0029 6.108 0.6108 6.108
220 0.0354 0.0029 5.96 0.5966 5.96
215 0.034 0.0028 5.826 0.0582 5.826
210 0.033 0.0027 5.68 0.5685 5.68
205 0.033 0.0027 5.54 0.554 5.54
200 0.032 0.0026 5.402 0.504 5.402

These results imply that the PSU has qualities that make it suitable for implementing
CVR, providing chances for energy-efficient computing techniques and possible advance-
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ments in thermal management. The PSU’s observed adaptability serves as a basis for
optimization techniques to boost energy efficiency without sacrificing system stability.
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Figure 9. Power supply unit results.

5.5. Thermal Performance Analysis under Variable Voltage Conditions

Table 13 provides comprehensive information regarding the thermal behavior of
Desktops 1, 2, and 3 and Laptops 1, 2, and 3 at different voltage levels. Interestingly,
compared to Desktops 1 and 2, Desktop 3 continuously maintains lower temperatures
throughout a range of voltage levels, suggesting a more effective thermal design. Laptop 3
had the lowest temperatures of all the computers, especially when the voltage is reduced,
demonstrating excellent thermal control. The effect of CVR on thermal performance
is an interesting finding. Data analysis indicates that devices with CVR, including the
Desktop 3 and Laptop 3, have better thermal efficiency. Over a range of voltage settings, the
temperatures measured for Desktop 3 and Laptop 3 are noticeably lower than those of their
counterparts (Desktops 1 and 2, and Laptops 1 and 2, respectively). This demonstrates how
CVR can improve thermal performance, resulting in more ideal operating temperatures
and possibly extending the lifespan of devices. These new results highlight the significance
of CVR in obtaining improved thermal efficiency as well as higher computing performance,
as was previously mentioned. The use of CVR technology is a viable path for optimizing
devices, providing a comprehensive method to enhance both computational efficiency and
thermal properties.

Table 13. Thermal performances of desktop and laptop.

Voltage Desktop Temp (°C) Laptop Temp (°C)
V) Desktop 1 Desktop 2 Desktop 3 Laptop 1 Laptop 2 Laptop 3
230 76 68 62 81 74 56
225 76 64 62 81 74 53
220 76 64 60 80 73 53
215 71 60 56 69 72 50
210 70 60 60 66 70 50
205 75 62 58 66 70 50

200 75 64 58 66 72 50
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6. Conclusions

Our thorough investigation into the effects of (CVR) on computing equipment offers in-
sightful information on the two aspects of computational and thermal performance. Notable
gains with CVR implementation are revealed by the analysis of CVR parameters, including
Single-Core and Multi-Core performances across various devices (Desktops 1, 2, and 3 and
Laptops 1, 2, and 3). Superior computational efficiency is a consistent feature of Desktop
3, and the overall performance enhancement ratio (PER) highlights the beneficial effects
of CVR on Single-Core and Multi-Core processes. All these results highlight the compre-
hensive advantages of CVR, which include increased computing speed and improved
thermal performance. A key component of device optimization is the conservation voltage
reduction strategy, which provides a synergistic solution for increased computing efficiency
and better thermal management. The integration of CVR stands out as a potential path
in the ever-evolving field of computing technology, opening the door to more durable,
effective, and sustainable computing equipment. This study establishes a solid foundation
for further investigation and creativity in the field of computing technology, paving the
way for future developments in voltage regulation techniques.
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the corresponding author for further details.
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