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A B S T R A C T   

The emergence of Internet of Things (IoT) offers numerous functions, such as intelligent sensor integration, 
remote sensing, and high-speed data transmission, which have found widespread applications in the smart in
dustry and commercial applications. The associative nonlinear effects of a variety of undesirable power quality 
concerns were resolved by using harmonic mitigation in nonlinear loads and high-performance converters were 
built on power electronics in conventional systems. Among other performance objectives, total harmonic (THD) 
distortion analysis and higher order harmonics mitigation is given main concern in smart electronics equipment. 
This paper proposes an approach to minimize higher-order harmonics due to nonlinear load disturbances in 
smart IoT devices using the Takagi–Sugeno (TS) Neuro Fuzzy (TS-ANFIS) supervised shunt APF. The proposed 
work elicits the novel adaptive harmonic mitigation technique in hybrid IoT embedded systems to protect from 
malfunctioning and to deal with the uncertainty of harmonic signal stimuli in sensitive sensors-based IoT sys
tems. Hysteresis current control is used for the ignition of reference signal under uncertainty of harmonic stimuli. 
The single phase shunt APF is used to mitigate higher-order harmonics from supply mains, while the imple
mentation of TS-ANFIS supervises the controller action to generate a trigger signal for adequate single phase APF 
gate excitation. The higher order harmonic current data set is used for error deviation for training neural net
works and adaptive control. The estimated adoption of the neuron’s empirical weight reduces the total THD to a 
significant reduction rate of 72.8 % to 0.78 %. The control mechanism is feasible for a range of smart IoT systems 
to adhere to the standard of 519 (IEEE).   

1. Introduction 

The National Institute of Standards and technologies early describe 
current IoT or network of things models (NoT) to realize IoT systems, 
sensors, aggregators, communication channels, e-utilities, and decision 
triggers are described as the essential primitives [1]. The components of 
self-adaptive IoT models include cutting-edge technologies and device 
accessories. For remote sensing and control, the IoT consists of several 
interconnected heterogeneous hybrid models. The power electronics 
elements are the primary components in the embedded system in the 
variety of Internet of Things applications. Fig. 1 shows an architectural 
view of IoT power distribution and conditioning system. Based on the 
study, the effects of power electronics equipment in commercial and 
industrial applications are investigated for nonlinear characteristics. It is 
interesting to note that in a distributed power system, harmonic dis
turbances are more likely to be introduced by power electronics devices. 

Eventually, the distribution systems’ power electronic components lead 
several undesired reflective power quality problems [2]. In the 
long-term evolution of IoT, the nonlinear attributes of the V-I charac
teristics of power electronics devices have serious impacts on func
tioning of devices. Such nonlinear loads cause the distribution of current 
to produce undesired harmonics, which lowers the quality of the dis
tribution supply. The Shunt APF and ANFIS implementation are quite 
popular among researchers due to their versatility for a wide area of 
applications. However, power management units are a newly empha
sized area of integration of soft computing algorithms. Especially, sen
sitive electronic sensor-based IoT systems need more attention towards 
malfunctioning of devices due to harmonic current insertion. 

The sensitive IoT devices need a soft computing technique to deal 
with uncertain harmonic stimuli through an adaptive learning based 
controller to activate shunt APF functioning. The novelty of this work is 
to mitigate harmonic distortions in PMU of highly sensitive IoT devices 
using TS-ANFIS supervised shunt APF. The obtained results are quite 
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interesting and highly feasible for sensor operations, it is unique in its 
class to integrate ANFIS with PMU of IoT and ANFIS performance is 
optimized to minimum level of THD. This paper is organized in five 
major sections which includes introduction to elaborate conceptual 
understanding of the issue with existing state of art techniques based on 
literature review. Second section elicits the modeling of power man
agement units (PMU) in internet of things devices. Third section dem
onstrates the hysteresis current control technique for compensation of 
harmonic current. Fourth section describes the implementation of 
adaptive neural fuzzy interface system (ANFIS). Fifth section explains 
the findings and achievements of the proposed work followed by the 
conclusion.The introduction leads to identification of major challenge 
associated with the IoT devices or nonlinear loads. The next section 
describes the related literature survey for concept deliberation. 

2. Literature review 

A number of parametric issues of power quality (PQ) reduce the 
economic and environmental performance of the system [3]. 
Machine-to-machine communication (MMC) is the recent advancement 

in the industrial or commercial sectors to implement real-time remote 
access for device monitoring and control. 5 G has invited the attention of 
technocrats to facilitate more devices on connected networks. The Na
tional Institute of Standards and Technology (NIST) has released 
guidelines for the use of connected devices and their models under the 
effective integral applications of the Internet of Things (IoT). The models 
are conceptualized with the effective functioning of major entities such 
as application utility, remote sensing & triggering, communication 
network and sensors & aggregators. The complexities of assembling 
multiple hybrid device models on a common network in IoT systems 
generate many associative issues. The power conversion units are the 
essential attributes of each segment of IoT systems. The electronic 
components are the precious entities of the main embedded system in 
smart devices. The power quality issues develop various other para
metric deficiencies and directly affect the performance of the device [3]. 
Especially, in smart devices, the insertion of harmonic distortion de
viates the performance of the device from its absolute estimation and 
failure of the sensitive device over long-term utility. This work identifies 
the multiplayer challenges of PMU in smart IoT devices and networks of 
connected devices with smart controllers. The focus is oriented towards 
the effects generated in the internal circuitry of PMU and power con
verters in small-scale smart machine networks. The conventional state of 
the art of compensation of harmonics is satisfactorily exterminating the 
unwanted current harmonics with existing limitations [4]. The con
ventional active power filters were modified through manipulative as
sociation in series or shunt with the main circuitry. The shunt active 
power filters become more popular due to better harmonic current 
compensation tuning and power factor improvement [5]. The accuracy 
in the estimation of the reference current plays an important role in the 
performance analysis of shunt APF. Conventionally, active-reactive 
power theory, synchronous frame theory and phase-locked loop were 
reported for the generation of the reference current. The continuous 
improvement brought soft computing-based technologies such as sliding 
mode control (SMC), gravitational search algorithm (GSA), fuzzy logic 
control (FLC) and deep learning-based advanced artificial neural 
network (ANN) for optimization of control strategies to produce 
adequate reference current [6–8]. Power quality improvement or har
monic mitigation is an essential action entity, which requires adequate 
frequency sync and minimum response time. While taking significant 
consideration of a complex mesh network of IoT-connected devices, 
immediate control and real-time monitoring are essential. The response 
time is an important entity for fast smart devices to efficiently control 
power quality. This paper contributes to providing an efficient solution 
to reduce harmonics at a significant level along with enhancing system 
adaptability to deal with the uncertainty of stimuli. The deep 
learning-based soft computing techniques are associated to control the 
reference compensation current to the parallel hybrid filtering system. 
The novelty of this paper is the implementation of an Artificial Intelli
gence (AI) based Adaptive Neuro-Fuzzy Inference System (ANFIS) to the 
conventional active power filter system. The ANFIS is a deep learning 
technique which has an integrated ability to extract the utility of arti
ficial neural networks and fuzzy inference. This emphasizes the impli
cations of fuzzy logic to deal with uncertainty in the IO framework and 
ANN creates and refines the fuzzy rules based on training algorithms [9]. 
It elaborates on the structure of the power management unit of the IoT 
devices, advanced active power filter and soft computing-based deep 
learning model to control compensation current to reduce higher order 
harmonics. Shunt Active Power Filters (SAPFs) are used in power sys
tems to mitigate harmonics and improve power quality. Soft computing 
techniques, which encompass a range of methods inspired by human 
intelligence and adaptability, can be applied to enhance the perfor
mance of SAPFs. Some commonly used soft computing techniques for 
SAPFs are illustrated here, Fuzzy logic provides a way to model and 
control systems with uncertainties [10]. Fuzzy logic controllers can be 
applied to SAPFs to handle the complex and nonlinear nature of power 
systems. Fuzzy controllers can adapt and optimize their performance 

Nomenclature 

DSTATCOM distribution static compensator 
FLC fuzzy logic controller 
TshAPF transformer less shunt active power filter 
ANFIS adaptive neural fuzzy interface system 
APF active power filter 
ANN artificial neural network 
THD total harmonic distortion 
VSI voltage source inverter 
RES renewable energy source 
UPQC unified power quality control 
IOT Internet of Things 
PMU power management unit 
SHAPF shunt active power filter 
PID proportional integrator derivation 
PFC power factor correction  

Fig. 1. PMU and internal IoT architecture.  

U.K. Gupta et al.                                                                                                                                                                                                                                



e-Prime - Advances in Electrical Engineering, Electronics and Energy 8 (2024) 100542

3

based on changing operating conditions. Neural networks, especially 
artificial neural networks (ANNs), can be employed for SAPF control. 
They can learn the non-linear relationships within the power system and 
provide adaptive control strategies. Training neural networks on his
torical data can improve the ability of the SAPF to respond to varying 
harmonic conditions [11]. Genetic algorithms are optimization algo
rithms inspired by the process of natural selection. They can be used to 
optimize the control parameters of SAPFs, helping to achieve better 
filtering performance. GAs can search through a large solution space to 
find optimal or near-optimal solutions for the filter parameters. PSO is 
an optimization technique inspired by the social behavior of birds and 
fish. It can be applied to optimize the parameters of SAPFs for harmonic 
mitigation. PSO algorithms are particularly useful when searching for 
optimal solutions in a multidimensional parameter space. ACO is 
inspired by the foraging behavior of ants and is used for optimization 
problems. It can be applied to find optimal configurations for SAPFs by 
simulating the pheromone-based communication and cooperation seen 
in ant colonies. Combining multiple soft computing techniques or inte
grating them with traditional control methods can lead to improved 
performance. Hybrid approaches can exploit the strengths of different 
techniques to address various aspects of SAPF control. Soft computing 
techniques, such as adaptive neuro-fuzzy inference systems (ANFIS), can 
adapt the control parameters of SAPFs in real-time based on the 
changing conditions of the power system. The choice of the soft 
computing technique depends on the specific requirements of the SAPF 
application and the characteristics of the power system it is intended to 
improve. Additionally, the development of intelligent controllers for 
SAPFs is an active research area, and new techniques may emerge over 
time [12–14]. On the basis of state of art, it has been observed that the 
uncertainty and network stimuli in PMU of IoT are not emphasized 
much. However, the nonlinear load and harmonic distortion mitigation 
is dealt in various literature and conventional techniques are much 
popular. The next section elicits the architecture design of PMU model of 
IoT devices and harmonic distortion analysis. The main objective of the 
proposed work is to develop an efficient soft computing supervised 
self-adaptive shunt APF to minimize the harmonic distortions in PMU of 
highly sensitive sensor based IoT devices. 

3. Design and risk analysis of PMU of IoT-based devices 

The power management unit (PMU) has a number of operational 
units to tackle different power management challenges for IoT devices. 
This prompts a large need for controller subsets for the faster conversion 
of converted for Internet of Things devices. Fig. 2 shows the fundamental 
layout of how electricity is distributed in Internet of Things devices, 
which includes a basic power converter unit for both server terminals 
and edge devices that is controlled by the main processing unit (MPU). 
The performance of the gadget and channel RF tuning are directly 
impacted by this power conversion. Hence, any quality problem may 
have a negative impact on network connections and device applications. 

At the initial level, the architecture and the technical issues associ
ated with the PMU are shown through the formal layout of the IoT power 
management unit. A sectional view is shown in Fig. 3, which consists of 
power supply distribution in any IoT-based board chip. The sensor-based 
onboard and off board devices need adequate power conversions & 
signal conditioning. For the same, converters and controllers become an 
essential need of smart devices from the level of the embedded board to 
the network interface. It elicits, such smart device system architecture 
possesses a high risk of harmonic distortions in the main source of 
supply. 

Fig. 4 indicates the actual flow of compensation mechanism to 
compensate higher order harmonic current. The impact of association of 
nonlinear load is depicted in both the condition under compensation or 
without compensation. The converter unit in the power flow mechanism 
of the embedded system in a smart device is associated with main pro
cessing unit (MPU) in soft computing controlled systems. MPU super
vises the distribution of driving power in end terminal edge devices and 
cloud server terminals. The need for this conversion harms device per
formance and radio frequency tuning with the network. The signal 
processing under the entire system undergoes irregular conditioning and 
led back to severe performance degradation attributes. Fig. 5 shows that 
the two major challenges are observed due to insertion of higher order 
harmonics in distribution circuit. The performance impact in the 
transmission module of IoT devices and another in instrumental model 
of the system is significant. While, the overall risk analysis is shown in 
Fig. 6, it shows that all the attributes are at high risk due to the insertion 
of higher order harmonics. 

The two major analytics related to harmonic distortions are seen in 
IoT PMU, one transient response deviation and another steady state 
disturbance. Notches, swells, sags, flickers, impulses, low power factor, 
noise, heating etc. are quite often due to harmonic distortions. IEEE- 
1159 standard defines the category of faults under three major cate
gory such as sustainable, instantaneous and momentary. Especially in 
IoT systems, an equal probability is observed of the above three classes 
of faults at the consumer edge device and in a communication network. 
The main risk attributes are compiled in Table 1, which exhibits the 
mapping of risk analysis caused by the harmonic distortions to physical 
and virtual primitives. Qualitative analysis indicates that for the long- 
term persistence of harmonic distortion, the risk analysis will be 
higher in IoT systems. At various layers of action, the risk of reliability 
exhibits the adequate need for harmonic compensation techniques. This 
indicates the PMU architecture experiences several issues at different 
layered structure and architecture is subjected to current compensation 
technique. The next section elicits the proposed novel methodology and 
ANFIS compensation technique for harmonic current mitigation. 

4. TS-ANFIS supervised harmonic current compensation 
methodology 

The three major compensation controllers are used for the reduction 
of harmonics such as active, passive and the combination of both, hybrid 
filters [15]. The adequate choice of controller depends upon the toler
ance limit of power dissipations and device sensitivity. Especially, IoT 
networks are much more sensitive and connected devices require fast 
response time. The minimum delay and stable performance character
istics are the main attributes of the compensation technique over 

Fig. 2. IoT module AC power converters.  Fig. 3. PMU model of IoT.  
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uncertain harmonic agitation. One such technique is proposed as Takai 
Sugeno (TS) fuzzy rule-based adaptive neuro fuzzy interface system 
(TS-ANFIS) to not only train the system to respond according to training 
protocols but also to deal with fuzzy rule based uncertainty. Combining 
time series analysis with adaptive neuro-fuzzy techniques can be 
powerful for modeling and control, especially in applications like shunt 
Active Power Filters (APF). Before TS-ANFIS implementation, the basic 
modelling of harmonic distortions are described here. The mathematical 
model of this disturbance can be illustrated by the total harmonic 
distortion as a phasor sum of respective harmonic frequency current 
components [16–19]. The mean square is the common mathematical 
modelling of determination of the presence of higher harmonics current 
component and can be presented as D as shown in Eq. (1). 

D =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

i2
2 + i2

3 + i2
4 + … + i2

n

√

i1
(1) 

The phenomenon behind the main control strategy is to filter out 
undesirable harmonic components of the current. Active, passive and 
hybrid filters are the choices to compensate for the harmonic current 
components in IoT nonlinear load devices. Regarding the demand for 
stable transient response of sensitive IoT devices, the SAPF compensa
tion is better among the three. The nonlinear model of IoT devices is 
configured for basic parameters and the feedback control strategy gen
erates hysteresis current control. Error detection, control and minimi
zation are the key attributes of the control strategy as shown in Fig. 7. 

The deviation in the compensation current and significant error is 
dealt with in the closed loop hysteresis current control (CLHCC) scheme. 
Consistent tracking of reference current is executed over the deviation in 
observed hysteresis current. The hysteresis current limits are defined for 
the upper high range and lower range for controlling the variable 

compensation current [20]. The functional and economic trade-offs of 
the power quality are the most significant attributes of the controller 
design. Here, the difference between reference and control entities is the 
respective equivalence of effective error due to the difference between 
positive and negative hysteresis [21–23]. This triggers to control of the 
action to SAPF to shift the controlling attributes over the side of the error 
coefficient (positive or negative). The adequacy of control depends upon 
schemes such as PI, PID, fuzzy, ANN, and advanced soft 
computing-based controllers [24]. The process flow is shown in Fig. 8. 
This will lead to another section for the development of the TS-ANFIS 
controller and its implementation to shunt active power filters for 
mitigation of harmonic current in PMU of IoT devices. The following are 
common steps to implement a TS-ANFIS model in the context of a shunt 
APF used for harmonic current mitigation in IoT devices. 

Step 1: Define the Problem: Clearly define the problem you want to 
Fig. 4. Effect analysis under compensation.  

Fig. 5. Harmonic insertion effect and issues.  

Fig. 6. Risk analysis of poor power quality in IoT devices.  

Table 1 
PMU parameters.  

Particulars Initial attributes 

Input Feed 220 V, 50Hz 
Capacitance DC Cdc = 1200F 
Range of Hysteresis band 0.5 Amp 
Line resistance, inductance Rs = 0.1ohm, Ls = 0.15mH 
PID gain coefficient KP = 0.032, KD = 0.01, KI = 0.00004 
Balancing linear load RL = 3ohm, LL = 70mH 
Filter parameters RF = .0001ohm, LF = 10mH 
RLC components of nonlinear load RN = 95ohm, LN = 1mH, CN = 470µF 
Switching/Sampling Frequency 10 kHz-20 kHz  

U.K. Gupta et al.                                                                                                                                                                                                                                



e-Prime - Advances in Electrical Engineering, Electronics and Energy 8 (2024) 100542

5

solve using the TS-ANFIS model within the shunt APF context. Specify 
the performance metrics and goals you aim to achieve. 

Step 2: Data Collection: Collect time-series data related to the power 
system, including voltage, current, harmonics, and other relevant 

parameters. This dataset will be used for training and testing the TS- 
ANFIS model. 

Step 3: Preprocessing: Preprocess the collected data by cleaning, 
normalizing, and splitting it into training and testing sets. Ensure that 
the data is representative of various operating conditions. 

Step 4: TS-ANFIS Model Architecture: Design the architecture of the 
TS-ANFIS model. It typically involves defining the number of fuzzy 
rules, membership functions, and the structure of the neural network. 
The time series aspect can be incorporated by considering temporal 
dependencies in the data. 

Step 5: Training: Train the TS-ANFIS model using the training 
dataset. The training process involves adjusting the parameters (weights 
and biases) of the fuzzy system and neural network to minimize the error 
between the predicted and actual outputs. 

Step 6 Validation: Validate the trained TS-ANFIS model using a 
separate validation dataset. This helps ensure that the model generalizes 
well to unseen data and is not overfitting. 

Step 7: Testing: Evaluate the performance of the TS-ANFIS model 
using the testing dataset. Measure its ability to predict the desired out
puts accurately for different operating conditions. 

Step 8: Integration with Shunt APF: Once the TS-ANFIS model is 
trained and validated, integrate it with the shunt APF control system. 
The model’s predictions can be used to adjust the parameters of the APF 
in real-time to optimize its performance for harmonic mitigation and 
power factor correction. 

Step 9: Implementation Considerations: Address real-time con
straints: Ensure that the TS-ANFIS model operates within the time 
constraints imposed by the shunt APF control system. 

Hardware and computational efficiency: Consider the hardware 
specifications of the platform where the model will run and optimize the 
model for computational efficiency. 

Step 10: Robustness: Validate the model’s robustness against varia
tions in operating conditions and potential disturbances 

Step 11: Iterative Improvement: Monitor the performance of the in
tegrated TS-ANFIS and shunt APF system in real-world conditions. If 
necessary, fine-tune the model or consider retraining it with updated 
data to improve its accuracy and adaptability. 

The implementation details may vary based on the specific re
quirements of the shunt APF application and the characteristics of the 
power system it is intended to control. Additionally, relevant fields of 
application can provide valuable insights for specific implementation 
and parameter adjustments. The above strategy is integrated with the 
PMU of IoT devices and the implementation process is described in the 
next section. 

Fig. 7. Current compensation through Hysteresis control.  

Fig. 8. process flow of ANFIS scheme.  

U.K. Gupta et al.                                                                                                                                                                                                                                



e-Prime - Advances in Electrical Engineering, Electronics and Energy 8 (2024) 100542

6

5. ANFIS contoller implementation and harmonic mitigation 

The ANFIS Shunt Active Power Filter (AFIS-APF) technique is a 
power quality enhancement method primarily used in power systems to 
mitigate harmonics and improve power factors. While its application in 
the Internet of Things (IoT) domain might not be direct, we can explore 
its adaptability and robustness in various scenarios related to IoT ap
plications. IoT devices often have power supplies that may introduce 
harmonics. AFIS-APF can be adapted to mitigate harmonics in the power 
supply of IoT devices, ensuring clean power for efficient and reliable 
operation. Data centers supporting IoT applications require stable and 
high-quality power. AFIS-APF can enhance power quality by compen
sating for harmonic distortions and reactive power, ensuring the unin
terrupted and reliable operation of IoT data centers. IoT devices are 
deployed in diverse environments with varying power conditions. AFIS- 
APF’s adaptive nature allows it to respond to changes in the power 
system, providing robust performance under different operating condi
tions such as voltage fluctuations and load variations. Many IoT appli
cations incorporate renewable energy sources. AFIS-APF can be 
employed to enhance power quality in systems where renewable sources 
introduce fluctuations, ensuring a stable and reliable power supply for 
IoT devices. IoT plays a crucial role in smart grids, and power quality is 
vital for their reliable operation. AFIS-APF can contribute to maintain
ing a stable grid by mitigating power quality issues arising from non- 
linear loads in smart grid applications. Industrial IoT applications 
often involve dynamic and rapidly changing loads. The adaptability of 
AFIS-APF makes it suitable for compensating harmonic distortions and 
reactive power in real time, ensuring stable power conditions for in
dustrial IoT devices. Some IoT applications operate in harsh environ
mental conditions. The robustness of AFIS-APF can make it suitable for 
maintaining power quality in challenging environments where power 
fluctuations and distortions may occur. The adaptability and scalability 
of AFIS-APF make it suitable for deployment in diverse IoT networks 
with varying power demands, ensuring that the technique can be 
tailored to meet the specific requirements of different IoT applications. 
When investigating the adaptability and robustness of AFIS-APF in 
different IoT applications, it is essential to consider the specific power 
quality challenges associated with each application and tailor the AFIS- 
APF parameters accordingly. Additionally, real-world testing and sim
ulations can help validate the effectiveness of the technique in diverse 
IoT scenarios. Soft computing-based shunt APF can effectively mitigate 
harmonics, improving the power quality for IoT devices. This is partic
ularly crucial for sensitive electronic components in IoT devices that 
may be affected by harmonic distortions. Soft computing techniques, 
such as fuzzy logic or neural networks, can enhance the adaptability of 
the APF to varying load conditions and harmonic profiles, making it 
suitable for dynamic and diverse IoT environments. The APF can 
contribute to power factor correction, leading to better energy efficiency 
in IoT devices and reducing reactive power losses. Soft computing al
gorithms can be integrated into IoT control systems seamlessly, allowing 
for real-time adjustments and optimization based on dynamic opera
tional conditions. Soft computing approaches often exhibit a degree of 
fault tolerance, which can be beneficial in maintaining APF functionality 
even in the presence of uncertainties or disturbances in the power sys
tem. The flexibility of soft computing allows for customization of the 
APF parameters to address the specific power quality requirements of 
different IoT applications [20–22]. Soft computing algorithms, espe
cially neural networks, may have high computational requirements. 
Implementing these algorithms in real-time on resource-constrained IoT 
devices might pose challenges in terms of processing power and energy 
consumption. Training soft computing models requires historical data 
and adaptation to changing conditions. Ensuring accurate and timely 
training in real-world IoT environments can be challenging due to 
evolving load patterns and system dynamics. 

Soft computing techniques might introduce delays in decision- 
making or control actions, which can be critical in real-time 

applications. Ensuring that the APF responds promptly to dynamic 
changes in the power system is a significant challenge. Soft computing 
models may face challenges in generalizing well to diverse operating 
conditions. Robustness against variations in load characteristics and 
system parameters is crucial for reliable APF performance. Soft 
computing algorithms often rely on sensor data for accurate decision- 
making [23–25]. Ensuring the availability and reliability of relevant 
data from sensors in the IoT environment is essential for the effective 
operation of the APF. Implementing soft computing-based control in IoT 
devices raises security concerns, especially in applications where mali
cious attacks on the control algorithms could compromise the stability 
and effectiveness of the APF. 

Integrating advanced soft computing algorithms may increase the 
cost and complexity of IoT devices, and this needs to be justified by the 
benefits gained in terms of improved power quality. In conclusion, while 
soft computing-based shunt APF approaches offer significant advantages 
in enhancing power quality for IoT devices, addressing the associated 
challenges is crucial for successful and practical deployment in real- 
world scenarios. This involves careful consideration of computational 
efficiency, real-time constraints, adaptability, and security. Addition
ally, ongoing research and advancements in soft computing and IoT 
technologies may contribute to overcoming these challenges over time 
[26–30]. The PMU model of IoT devices has been conceptualized in the 
previous section, and integration of an adaptive algorithm will be 
implemented in association with a PID-controlled shunt active power 
filter [31]. The motivation for the deployment of ANFIS is the perfor
mance gap of the traditional compensation control [32]. The electrical 
equivalence of the model is presented in Table 1, the system parameters 
are more generalized and influenced by the conventional IoT PMU 
model. The mathematical model of the linear and nonlinear load can be 
conceived through the resistive, inductive and capacitive load. The gap 
identification is extracted from the voltage-current characteristics of the 
onboard components of the devices. With the help of the above step rules 
of the fuzzy controller are decided, however the following are initially 
declared model parameters. Based on the training and learning capacity 
of the ANN model, if-then fuzzy rules are generated with adequate 
membership functions. 

Adaptive learning elicits high precision efficiency and optimizes the 
performance coefficients of the auxiliary converter. The trained neural 
network helps to generate a triangular membership function to design a 
fuzzy rule. Table 2 shows the effect of prime actions on the model. The 
control model is shown in Fig. 9. The proposed work describes the 
hysteresis control technique as a primary current compensation. Fig. 9 
consist of two major section, ne is the harmonic compensation through 
shunt APF, while the second is ANFIS controller. The controller has 
input feed (as 1, 2, 3 and 4 - go to controller) as an error signal (from, 
from1, from 2 and from3) or the deviation in current compensation, 
while ANFIS controller output is fed to shunt APF for gate triggering (go 
to g). 

The graphics user interface (GUI) expresses the membership function 
and neural network training. The following process produces the desired 
soft-computing ANFIS algorithm; 

Process 1: The collected data of the error signal creates the state 
variable. 

Process 2: The error estimation and deviation signal jointly produce 
control variables of the fuzzy logic controller. 

Table 2 
ANFIS strategic implementation and impact analysis.  

Scheme Prime action Efficacy 

FLC design of fuzzy rule based on 
membership function 

deal with uncertainty 

ANN neural network training trains FLC to create a rule 
ANFIS adaptive learning to interface 

between neural network and FLC 
adaptive learning to minimize error 
and deal with uncertain stimuli  
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Process 3: Based on neural network learning control variables are 
reconfigured for a respective number of epochs. 

Process 4: The error and deviation in error are the two main arbitrary 
inputs provided to ANFIS. 

Process 5: The number of epochs is set to reduce the RMSE. 
Process 6: The trained ANFIS model is deployed to an auxiliary PMU 

converter. 
A five-layered Takai Sugeno (TS) fuzzy rule-based FIS and neural 

network is shown in Fig. 10. The architecture shows layer management 
as the generation of input state variable on layer 1, rule conveys 
assignment on layer 2, defining of parameters on layer 3, strengthening 
of rules on layer 4 and decision refinement and deployment to the output 
signal. The independent and dependent nodes of the layered structure of 
the neural network depend upon the state variables and their de
pendencies on the chosen parameters. Dedicatedly, the dependent nodes 
are prominent to adjust the neuron weights concerning the change in the 
error signal. 

Layer 1: Input feed as an error X1 & deviation in error X2; 

Layer 2: Implementation of if-then Fuzzy Rule; 
Layer 3: Hidden layer strengthens the neuron’s weight; 
Layer 4: Allow input feed to follow square law to minimize MSE; 

Layer 5: Integrates all the incoming neurons from previous layers and 
validates the decision based on the threshold. The steps in the ANFIS 
control protocol were as follows: 

Step 1: A matrix solution using values from a big data set is used to 
produce the state variable. 

Step 2: The information base has been saved based on variances in 
hysteresis current control and error estimation. As a result, combina
tions of such state variables create FLC control variables. 

Step 3: Using neural network adaptive learning, parameter reconfi
guration for huge sets of data is obtained. The data captured on the 
MatLab workspace is fed in accordance with the predetermined values 
for epochs neuron training. 

Step 4: ANFIS configuration is obtained when there are two defined 
arbitrary inputs. 

Step 5: Epochs have been set, and the guidance fault is examined in 
relation to the drop curve. This prototype implements the Interface for 
real-time regression in MatLab and trains the network sufficiently. 

6. Results, discussion & future scope 

The effectiveness of the modeling of the compensation controller 
depends upon the analysis outcomes over three major phases. First, the 
determination of the extent of harmonic distortions under nonlinear 
modelling of IoT-PMU; second, compensation of harmonic current 
through shunt APF and third, the fitness of the ANFIS model to deal with 
error minimization. The modeling, simulation and cross-validation of 
the harmonic disturbance data set are executed on the MatLab 

Fig. 9. Proposed compensation model.  

Fig. 10. Proposed ANFIS layer model.  

U.K. Gupta et al.                                                                                                                                                                                                                                



e-Prime - Advances in Electrical Engineering, Electronics and Energy 8 (2024) 100542

8

workspace platform in association with python 3.0 IDE. The model is 
tested for various parametric values of the nonlinear PMU model of IoT 
devices and SHAPF compensation for hysteresis current control. The 
SHAPF excitation and phase synchronization depend upon the gate 
pulse injection, initialized by the adaptive controller. Fig. 11 shows the 
reference input feed voltage with standard AC parameters at 50 Hz 
fundamental frequency to PMU. However, as discussed and modelled 
power converters and load segments of IoT devices comprise the large 
number of onboard nonlinear components, and the effect of harmonic 
insertion is significant on distribution current as shown in Fig. 12. 

The detailed description of harmonic ripples in the time domain 
distribution of distorted waves is shown in Fig. 13. The phasor sum of 
these flickers is the main cause of disturbances and reduces the overall 
quality of the power. The sensitive sensors receive an immediate impact 
on precision and response time due to these instantaneous flickers in the 
distribution current. The analytics show a very high rise in THD value 
and reaches to 72.8 % of the fundamental current component, this is 
determined through fast Fourier transform (FFT) as shown in Fig. 14. 

The controller training response is shown in Fig. 15 to validate the 
performance of ANFIS control in terms of mean square error and epoch. 
The successive iteration reaches the best fit of the model and the mean 
square error reduces to a significant threshold. The successive iteration 
reaches the best fit of the model and the mean square error reduces to a 
significant threshold of error deviation. The iteration gradient reaches 
high values of epoch and achieves its goal of minimum MSE. This way 
controller performs an efficient task of harmonic filtration and achieves 
a quick switching speed. The prominent feature of the proposed model is 
the adaptive feature against power signal agitation. Based on the sta
tistical analytics of harmonic distortion for a nonlinear load of IoT, 
compensation by SHAPF, controller action, and ANFIS algorithm, the 
model is validated and subjected to the real-time deployment of the 
model. A basic Arduino uno board is considered the main board of IoT 
devices and system SMPS is referred to as PMU for the system. The 
nonlinear load variation on the passive lamp load is recorded on a digital 
storage oscilloscope (DSO). Fig. 16 shows the USB port interfacing of the 
embedded board to the MatLab interface to run the ANFIS algorithm. 
The SHAPF bridge firing and equivalent response are analyzed to 
incorporate the dataset for the training of the neural network. MSE 
minimization is a target entity of the adaptive algorithm with parametric 
sustainability of other decision factors. The successful deployment of the 
proposed model yields the smoothening of the distributed current con
cerning the same input feed voltage. The respective power quality 
components are shown in Fig. 16 as distributed compensated current. 
The FFT analysis of the compensated current shows a significant fall in 
the THD component concerning fundamental frequency components. 
The effectiveness of the proposed model is validated by the 0.78 % THD 
value on the nonlinear IoT load model after the deployment of adaptive 
compensation. Fig. 17 shows the elimination of higher-order harmonics 
and improvement in the quality of power of the distributed current in 
the IoT system. To check the fitness of the trained model towards the 
target goal, a performance test is executed. Additionally, the transient 
response test is executed as shown in Fig. 18 and it shows that the model 
achieves a steady state in marginal delay time. The low settling time 
indicates the efficacy of the model for transient response. The model 
proves validated for adequate switching, error minimization, and 

adaptation to the uncertainty of electrical signal stimuli. Moreover, any 
incorrect deviation causes eventual fluctuation in SAPF performance, 
which is compensated for by these training qualities. The training sets 
and feed inputs are compared during the current compensation pro
cedure to achieve the optimum performance. This results in the 
Analytical analysis of the system’s brief response and training error is 
sufficient. The regression analysis is shown in Fig. 19 of the neural 
network. 

Fig. 20 illustrates how well the trained controller responses’ tran
sient stability and error deviation minimization were validated. It 
demonstrates that the system achieves its objectives in marginal epochs 
and stabilizes the gradients over time. With the IoT-based system, the 
initiator elicits a prompt and effective nonlinear disturbance reaction. 
The PMU (power management unit) of server terminals and IoT-based 
devices uses the soft computing technique to shunt APF excitation to 
compensate for harmonic disturbances. The suggested system’s novel 
feature, self-additivity, significantly improves the power quality. The 
performance results are compared with the existing models and vali
dated for their feasibility for smart IoT PMU. The descriptive analysis is 
shown in Table 3, it consists of the percentage THD concerning transient 
response time and power factor. 

Based on the summary of Table 3, the proposed adaptive controller 
satisfies the mitigation strategies in nonlinear load smart IoT devices as 
per permissible limits of THD declared by the IEEE519 standards. 
Validation table indicates the scalability of the proposed work for real- 
world application. IEEE 519 standards allows device functionality 
under the permissible limits of THD as 5 %. The proposed work has 
novelty in terms of application in nonlinear load-based IoT devices for 
sensitive and sophisticated sensor-based applications. Fuzzy rule-based 
TS-ANFIS deals with signal stimuli under uncertainty of harmonic cur
rent insertion. The adaptive rule-based TS can be utilized for PMU 
integration for real-world systems in IoT devices. 

However, the simulation results on MATLAB are quite acceptable 
and exhibit a good validation for real-world applications. For future 
validation, the model can be realized on real-time simulator OPAL-RT. 
Deploying a Soft Computing-based Shunt Active Power Filter (APF) 
approach in real Internet of Things (IoT) devices comes with several 
practical implications and challenges. Soft computing-based shunt APF 
can effectively mitigate harmonics, improving the power quality for IoT 
devices. This is particularly crucial for sensitive electronic components 
in IoT devices that may be affected by harmonic distortions. ANFIS- 
supervised shunt APF can enhance the adaptability of the APF to vary
ing load conditions and harmonic profiles, making it suitable for dy
namic and diverse IoT environments. The APF can contribute to power 
factor correction, leading to better energy efficiency in IoT devices and Fig. 11. Input supply voltage.  

Fig. 12. Nonlinear effect on supply current.  

Fig. 13. Flickers in IoT devices due to harmonic insertions.  
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reducing reactive power losses. Soft computing algorithms can be inte
grated into IoT control systems seamlessly, allowing for real-time ad
justments and optimization based on dynamic operational conditions. It 
often exhibits a degree of fault tolerance, which can be beneficial in 
maintaining APF functionality even in the presence of uncertainties or 
disturbances in the power system. The flexibility of TS-ANFIS allows for 

customization of the APF parameters to address the specific power 
quality requirements of different IoT applications. Especially neural 
networks may have high computational requirements. Implementing 
these algorithms in real-time on resource-constrained IoT devices might 
pose challenges in terms of processing power and energy consumption. 
Training soft computing models requires historical data and adaptation 
to changing conditions. Ensuring accurate and timely training in real- 
world IoT environments can be challenging due to evolving load pat
terns and system dynamics. It might introduce delays in decision-making 
or control actions, which can be critical in real-time applications. 
Ensuring that the APF responds promptly to dynamic changes in the 
power system is a significant challenge. Soft computing models may face 
challenges in generalizing well to diverse operating conditions. 
Robustness against variations in load characteristics and system pa
rameters is crucial for reliable APF performance. TS-ANFIS algorithms 
often rely on sensor data for accurate decision-making. Ensuring the 
availability and reliability of relevant data from sensors in the IoT 
environment is essential for the effective operation of the APF. Imple
menting soft computing-based control in IoT devices raises security 
concerns, especially in applications where malicious attacks on the 

Fig. 14. FFT analysis of THD.  

Fig. 15. MSE estimation.  

Fig. 16. ANFIS compensated current.  

Fig. 17. FFT analysis of THD on ANFIS deployment.  

Fig. 18. Stability analysis of proposed SHAPF.  
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control algorithms could compromise the stability and effectiveness of 
the APF. Integrating advanced soft computing algorithms may increase 
the cost and complexity of IoT devices, and this needs to be justified by 
the benefits gained in terms of improved power quality. In conclusion, 
while TS-ANFIS shunts APF approaches offer significant advantages in 
enhancing power quality for IoT devices, addressing the associated 
challenges is crucial for successful and practical deployment in real- 
world scenarios. This involves careful consideration of computational 
efficiency, real-time constraints, adaptability, and security. Addition
ally, ongoing research and advancements in soft computing and IoT 

technologies may contribute to overcoming these challenges over time. 

7. Conclusion 

The nonlinearity of load is observed as a prime cause of harmonic 
distortions in IoT devices and the increasing demand for a network of 
devices has raised severe issues of power quality. The onboard nonlinear 
components cause the low sensitivity and malfunctioning of the IoT 
devices due to the insertion of higher-order harmonics of distribution 
current. The adaptive ANFIS supervised PID controlled SHAPF is 
modeled, trained, tested for nonlinear IoT prototypes, and deployed 
successfully. The process involved the development of adequate SHAPF, 
design of the controller, training of the neural network, deployment of 
fuzzy rules, and minimization of mean square error. The proposed model 
mitigates the harmonics on the nonlinear load model for a value of 72.8 
% to 0.78 %. This is a remarkable compensation of THD in PMU of IoT 
devices and comes under the permissible limit of IEEE 519 standard of 5 
% to protect against malfunction of devices. However, sensor-based 
smart devices elicit more attention towards the minimization of THD, 
therefore the proposed scheme is the best fit for controlling harmonic 
distortion in IoT devices. The TS-ANFIS supervised PID controlled 
SHAPF is an auxiliary compensation system and is feasible to deploy 
with the main converter unit of the PMU of IoT devices in real-time 
applications. 

Fig. 19. Regression analysis of NN training.  

Fig. 20. Training evaluation and ANFIS control performance validation.  
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proposed work validation table.  

THD 
(%) 

Switching 
Frequency 

Power Factor consideration Design Scheme Remarks Refs. 

6.52% - More reactive losses Switching Cell (CSC) 
converter-PFC 

High THD is not suitable for IoT devices [19] 

2.5 % 33 MHz The power factor is low APF compensation through PI 
and PID 

Extremely high switching frequency 
affects the sensitivity of sensors. 

[20] 

3.5 % 16kHz Need to be discussed DSTATCOM-DSP Complexed design architecture not 
feasible for IoT 

[21] 

4.5 % 5kHz 0.79 not adequate DSTATCOM-PI Complexed design architecture not 
feasible for IoT 

[22] 

2.1 % 8kHz Approaching to unity TSh-APF Unable to deal with uncertainty and 
bulky 

[23] 

0.97 % 20 kHz 0.97 ANFIS-APF Low portability [24] 
3.47 % 12kHz Need to elaborated Sh-APF with solar hybrid Switching frequency is a constraint [25] 
0.9 % 12 kHz Adequacy is sustainable SHAPF with P-SSI MSE = 0.15 

RMSE = 3.17 significant reduction in 
error. 

[26] 

3.59 % – UPQC UPQC-PAC High THD not feasible for IoT devices. [27] 
1.83 % – Need to be highlighted for reactive power SCIG -PMSG Massive and not compatible for 

sophisticated PMU 
[28] 

0.81% 10MHz Expression is not expressed Adaptive converters for 
conventional devices 

IoT requires soft computing sensitive 
controllers 

[30] 

0.78% 10KHz Least THD with Improved Transient response and power 
factor improvement from 0.653 to 0.999. 

TS-ANFIS Feasible for sensitive devices and 
uncertainty 

Proposed  
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