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Abstract - The majority of electric power quality problems have been effectively mitigated by the use of unified power quality 

conditioners, or UPQCs. Transformation techniques are used in conventional control schemes like P-Q theory-based control 

and Synchronous Reference Fame (SRF). Thus, they necessitate expensive DSPs and FPGAs and involve intricate computations. 
Reducing the size and operational difficulty of the control system is facilitated by the use of artificial intelligence control systems. 

For efficient operation and control, an ANN and ANFIS controller for UPQC is proposed in this article. The ANN controller 

decreases the system’s cost and complexity. The analysis is done on the controller performance under different scenarios, such 

as load imbalances, voltage sag and swell, and harmonics in the supply voltage and load current. The ANFIS controller 

outperforms traditional controllers, according to the results. 

Keywords - UPQC, Power Quality, ANFIS, Power Distribution System, Series APF, Shunt APF, MATLAB/Simulink.

1. Introduction  
The power system in the modern world is heavily 

integrated with electronic and non-linear equipment. 

Harmonics and numerous other power quality problems are 

increasing with the number of these devices and loads, 

necessitating the development of innovative mitigating 

devices with quicker control systems. Although passive filters 

may resolve harmonics, their size and cost make them 

cumbersome. Furthermore, poor design raises the harmonics 

and causes resonance [1].  

In addition to eliminating resonance, active power filters 

resolved harmonic-related problems without being 
cumbersome or costly. Most PQ problems were resolved by 

the more sophisticated Unified Power Quality Conditioner 

(UPQC), which had a shunt and series APF connected back-

to-back via a DC link capacitor [2, 3]. UPQC can achieve 

significantly higher performance by utilizing multi-level 

inverters as APFs.  

This is because MLIs’ lower switching frequency device 

operating compatibility and lower power electronic switch 

rating allow them to produce more sinusoidal output at rising 

levels, resulting in lower error, low dv/dt, and reduced losses 

during switching. Diode-clamped converter-type MLIs are 
commonly utilized in utility power systems because they may 

be associated back-to-back. However, in UPQC applications, 

the DC link capacitor voltage imbalance in this design results 

in suboptimal lower performance [4].  

Either an additional hardware circuit for voltage 

balancing [5] or appropriate switching control [6, 7] must be 
utilized to prevent this imbalance. This raises the system’s cost 

and complexity. Controllers such as PI, PID, fuzzy logic, etc., 

were employed to maintain a constant DC link voltage, but 

they all required precise linear mathematical models. 

Underload parameter modifications lead to unsatisfactory 

outcomes when the hard-to-design models are not developed 

[8].  

PQ theory was applied to generate estimated reference 

signals for compensation, and its performance with a 

sinusoidal source was found to be satisfactory. Any system’s 

performance will suffer if the source contains harmonics. 

Better performance could be obtained with or without source 
harmonics using an SRF-based control approach.  

When the source had harmonics, later pq-theory 

combined with the harmonic extraction approach might also 

provide better performance than SRF did. These methods are 

also simple to use. However, these two approaches required 

extensive and intricate mathematical computations. The 
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performance was unsatisfactory when there were extreme 

harmonic circumstances. Artificial Intelligence (AI) is the 

control strategy of the new generation that aims to imbue 

robots and devices with human-like intelligence. Artificial 

Neural Networks (ANN) are one of the AI techniques that 

have gained the most traction in power electronics systems 
because of their ability to respond quickly to changes in the 

system’s dynamics without compromising stability 

throughout a broad range of operations [9-12]. In order to 

enhance the reliability of the power distribution network with 

non-linear load amid corrupted source voltage, sag/swell, a 3-

level converter fed UPQC is proposed in this work. Multi-

layered feed-forward Artificial Neural Network (ANN) is 

used for controlling the current in the shunt APF by the three-

level converters dependent UPQC, which also produces 

approximated signal references of current and voltage. 

Utilizing the Levenberg-Marquardt algorithm, the ANN 
model is trained. The purpose of the MATLAB/Simulink 

simulations is to assess the Controller’s performance. Voltage 

sag and swell, harmonic abatement, DC-link voltage 

balancing, and %THD will all be analysed in this paper.  

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
Fig. 1 The block diagram of UPQC with ANN and ANFIS 
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Figure 1 illustrates that Shunt APFs come in a variety of 

designs and categories according to their operating principle, 

supply, and connections (left, right, and shunt). The shunt APF 

adjusts for power factor, PQ problems, and current harmonics. 

The work examines the right shunt and applies it to the 

development of a unique control algorithm. Two voltage-
sourced pulse width modulated inverters coupled by a DC 

connection comprise the PV-Shunt APF and Series APF. The 

photovoltaic array provides power for this DC connector. 

Shunt connections are made between the PWM inverter and 

the appropriate system device [13].  

All three phases and all three wires are used to wire a 

nonlinear load into the system. The high switching frequency 

operation is what causes the ripples, and the RC filter is added 

to the circuit to bring the ripples down to a reasonable level. 

Figure 2 shows the PV Shunt APF and Series APF System 

[14]. 

2. Solar PV System 
Figure 2 depicts the equivalent circuit architecture of a 

photovoltaic array constructed from parallel series links of PV 

cells. The voltage produced by a photovoltaic cell 

corresponding to photocurrent is primarily influenced by the 

charge current strength of solar radiation. A PV cell circuit 

comprises of diode,  resistor network, and ILGC. 

 

 

 

 

 

 

 

 

 
 
 

Fig. 2 Basic equivalent circuit of PV cell 

The analysis technique was used to ascertain the tension 

and voltage produced by the group of illustrated photovoltaic 

cells.: 

Vseries = ∑ 𝑉𝑗
𝑛
𝑗=1 = V1 + V2 +⋯………+ Vn (1) 

𝑉𝑠𝑒𝑟𝑖𝑒𝑠𝑜𝑐 = ∑ 𝑉𝑗
𝑛
𝑗=1 = 𝑉𝑜𝑐1 +𝑉𝑜𝑐2 +⋯+𝑉𝑜𝑐𝑛 for I = 0    (2)  

 𝐼𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙=∑ 𝐼𝑗
𝑛
𝑗=1 =𝐼1+𝐼2+………. +𝐼𝑛        (3) 

𝑉𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙=𝑉1=𝑉2=……. =𝑉𝑛    (4) 

Solar panels typically incorporate bypass diodes in order 

to reduce the quantity of surplus voltage. However, this does 

increase the cost of the system. 

3. Mathematical Modeling 
3.1. Shunt APF  

The d-q approach is used to create the control strategy 

indicated below. Shunt-APF aids in 

a) Lowering the IL reactive component, and 

b) To regulate the voltage of the capacitor in the common 

DC-link, hence improving the dynamic performance and 

lower THD. 

The load current (il_abc) was translated into a d-q reference 

frame by using. 

𝑖𝑙𝑑𝑞0 = Т𝑟𝑦𝑏
𝑑𝑞0

∗ 𝑖𝑙𝑟𝑦𝑏      (5) 

In Equation (5), the transformation values are given. 

Т𝑟𝑦𝑏
𝑑𝑞0

= 2/3 [
𝑐𝑜𝑠𝑤𝑡 cos (𝑤𝑡 − 120°) cos (𝑤𝑡 + 120°)
𝑠𝑖𝑛𝑤𝑡 sin (𝑤𝑡 − 120°) sin (𝑤𝑡 + 120°)
1/2 1/2 1/2

]

 (6) 

LPFs can be obtained by transforming the +ve sequence 

component into dc values in the d-q axis. 

𝑖𝑙_𝑑 = 𝑖�̅�_𝑑 + 𝑖̂𝑙_𝑑      (7) 

𝑖𝑙_𝑞 = 𝑖�̅�_𝑞 + 𝑖�̂�_𝑞    (8)  

Where il_d  and  il_q are currents at the load’s d-q element, 

the ac dc quantities of the d-q elements are expressed as 

values. 

The feeder current can be computed using the values of il 

and ipf, i.e. =il. ipf. 

The shunt VSC’s d-q elements are then obtained as 

follows: 

𝑖𝑝𝑓_𝑑
𝑟𝑒𝑓

= 𝑖̂𝑙_𝑑       (9)

 

𝑖𝑝𝑓_𝑞
𝑟𝑒𝑓

= 𝑖�̂�_𝑞     (10) 

As a result, the d-q component of the feeder current is, 

𝑖𝑠_𝑑 = 𝑖̂𝑙_𝑑     (11) 

𝑖𝑝_𝑑
𝑟𝑒𝑓

= 𝑖�̂�_𝑑 + ∆𝑖𝑑𝑐    (12) 

PWM is then used to turn Iref in (12) back into the ABC 
reference frame. The three-phase compensatory output 

current is, 

𝑖𝑝_𝑞
𝑟𝑒𝑓

= 𝑖�̂�_𝑞 (13) 
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Fig. 3 Control diagram of shunt-APF

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
Fig. 4 Control diagram of series-APF 

3.2. Series-APF 

In order to lessen voltage dips and surges at the load end, 

series APF adds voltage in line with supply. Control activity 

is approximately 2 msec under oscillation conditions, 

ensuring a steady voltage. The feature of a series-APF is to 

protect sensitive loads from voltage sags or surges originating 
from the system-the Series-APF manages delicate loads. 

Series voltage is inserted to restore the load to its pre-fault 

value in the event that a fault arises on another line. The three 

inserted phases’ brief magnitudes The manner in which 

voltages are limited reduces the negative impact of bus failure 

on load voltage. The Single Vector Model (SVM) serves 

foundation for the creation of the APF series. The warped 

supply is used to develop the SVM further. The series APF is 
depicted in Figure 4. The following parameters are controlled 

in each feeder using series VSC. 
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 Eliminate voltage quality issues like Sag and swells. 

 Decrease voltage distortion and harmonics. 

Figure 3 depicts the Series-APF block diagram. The bus 

voltage (vt_ryb) is sensed and converted to the synchronous d-

q reference frame. 

𝑖𝑝𝑓_𝑟𝑦𝑏
𝑟𝑒𝑓

= 𝑇𝑑𝑞0
𝑟𝑒𝑓

∗ 𝑖𝑝𝑓𝑑𝑞0
𝑟𝑒𝑓

 ∵  (𝑇𝑑𝑞0
𝑟𝑒𝑓

= 𝑇𝑟𝑦𝑏
𝑑𝑞0−1

)    (14) 

𝑉𝑡𝑑𝑞0 = 𝑇𝑟𝑦𝑏
𝑟𝑒𝑓

∗ 𝑉𝑡𝑟𝑦𝑏 = 𝑉𝑡1𝑝 + 𝑉𝑡1𝑛 + 𝑉𝑡10 +𝑉𝑡ℎ𝑑   (15) 

𝑉𝑡1𝑝, 𝑉𝑡1𝑛 and 𝑉𝑡1𝑜  are elemental frequency +ve, -ve, 

zero-sequence elements, 𝑉𝑡ℎ𝑑  is a harmonic element of bus 

voltage. 

{
 
 

 
 
𝑉𝑡1𝑝 = [𝑉𝑡1𝑝_𝑑   𝑉𝑡1𝑝_𝑞  0]

𝑇

𝑉𝑡1𝑛 = [𝑉𝑡1𝑛_𝑑   𝑉𝑡1𝑛_𝑞  0]
𝑇

𝑉𝑡10 = [0  0   𝑉𝑡10𝑜  ]
𝑇

𝑉𝑡ℎ = [ 𝑉𝑡ℎ_𝑑   𝑉𝑡ℎ_𝑞  𝑉𝑡ℎ_0]
𝑇

          (16) 

𝑉𝑙𝑑𝑞𝑜
𝑒𝑥𝑝

= 𝑇𝑟𝑦𝑏
𝑟𝑒𝑓

= 𝑇𝑟𝑦𝑏
𝑟𝑒𝑓

∗ 𝑉𝑙𝑟𝑦𝑏
𝑒𝑥𝑝

= [
𝑉𝑚
0
0
]   (17) 

Where load voltage in the ryb reference frame(V l_ryb
exp 

) is, 

𝑉𝑙_𝑟𝑦𝑏
𝑒𝑥𝑝

= {

𝑉𝑚 cos(𝜔𝑡)

𝑉𝑚 cos(𝜔𝑡 − 120°)

𝑉𝑚 cos(𝜔𝑡 + 120°)
    (18) 

In a synchronous d-q reference frame (Vsf_dq0
ref ), 

compensating reference voltage is calculated as 

𝑉𝑠𝑓_𝑑𝑞0
𝑟𝑒𝑓

= 𝑉𝑡_𝑑𝑞0 − 𝑉𝑙𝑑𝑞0
𝑒𝑥𝑝
    (19) 

The Vt1p_d should be substituted in (16), kept at Vm and 

unneeded components are removed before being converted 
back to the ryb frame in (18). 

4. Control Strategy 
4.1. Artificial Neural Network Controller 

Any system that intends to operate steadily and well must 

identify the disruptive forces that are creating unstable or 

unsettling conditions as soon as possible and make up for 
them. As the saying goes, “Practice makes perfect.” The more 

a system has been used in a variety of settings, the better it 

will be able to identify, handle, and protect against 

disruptions, increasing the system’s stability and 

performance. Regretfully, machines and gadgets lack 

intelligence and do not acquire knowledge; instead, they 

execute tasks swiftly and according to a preprogrammed 

sequence [15]. When the system is able to learn from its 

working experience in addition to its rapid consecutive 

functioning, it can significantly boost both performance 

quality and operation speed. Giving the machine this ability is 

the Artificial Intelligence (AI) primary objective. One AI 

technology that finds great use in powering electronic system 

control is Artificial Neural Networks (ANNs).  

According to a recent study, controllers built using 

Artificial Neural Networks (ANNs) offer converter systems 

enhanced stability and faster dynamic response over a broad 

variety of operating situations. The benefits of ANNs include 

huge parallelism, resilience, fast convergence, fault tolerance, 

contextual information processing, learning, generalization, 

adaptivity, and low energy consumption [16]. Figure 5 depicts 

the three-layer basic ANN design  

1. Input layer: this layer receives and stores input data as 

well as inputs to be sent to the system  

2. Hidden layer: this layer processes the inputs from the 

input layer based on the activation function, bias, and 
weights of the connections between the layers. 

3. Output layer: this is where the computed results are kept 

[17]. 

 

 

 

 

 

 

 

 
 
 

Fig. 5 Basic ANN structure 

 

 
 

 

 

 

 

 

 
 

Fig. 6 ANN architecture for voltage balancing of capacitors 

When mean square error is the efficiency function, 

Levenberg-Marquardt Back Propagation (LMBP) is one ANN 

training technique that offers faster convergence [18-20]. It is 

a feedback multidimensional network that changes weights 

using its produced derivatives, which sets it apart from the 

well-known error propagation method. The input layer input 

to hidden layers is provided by weights that are allocated to 

individual links. According to the activation function’s 

confirmation that a node has received the full strength of 
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input, nodes in the concealed layer fire the inputs they provide 

to the output layers. When there is an error, the link weights 

are modified backwards so that the correct outputs are 

acquired for the next input iteration. The outcome verifies the 

result with the targets. It continues in this manner until 

completion. 

1. In the MATLAB workspace, use the command “tool” to 

launch the Neural Network training tool. 

2. To build the NN  to control the APFs, i/p and desired data 

must be supplied to the ANN. The desired data and 

planned input have been imported and stored in the 

network’s construction environment. 

3. Of the data supplied for the targets and inputs, 70%, 15%, 

and 15% are used for the network’s testing, validation, and 

training, respectively. 

4. An ANN network with a given number of hidden layers 

will be developed using the ANN tool. 

5. Using Levenberg-Marquardt backpropagation, the 
network will now be trained for the supplied input and 

target data by the training command (trainlm). Using the 

provided data, it verifies and tests the network. 

6. Upon training completion, the tool generates the Simulink 

network upon command. 

5. ANN-Based Shunt Controller 
A similar process to that covered in Section 3.1 is used in 

the shunt controller to train the network to generate reference 

signals and maintain a constant voltage in the DC link 

capacitor. To keep capacitor voltage balancing, the Artificial 

Neural Network (ANN) predicts the output or loss component 

of current (I∗dc) and feeds this information to the network as 

the desired data.  

The actual voltage Vdc is compared to the reference 

voltage (700 V), and the error that results from this 

comparison is used as the input information. As shown in 

Figure 6, the network that was trained employs the 
Levenberg-Marquardt backpropagation technique to fine-tune 

its size with 100 enclosed layers.  

The projected reference currents provide the system with 

goal information even if the load currents (ILa, ILb, and ILc) and 

the current loss module (I∗dc) are considered input data for 

the purpose of creating the reference currents. The network 

that was trained to employ the Levenberg-Mar 

backpropagation method is displayed in Figure 7; a network 

with 200 hidden layers can have its size changed. The 

balancing DC link voltage and generating Iref using ANN is 

displayed in Figure 8. 

To produce precise switch pulses for a 3-level shunt 

converter, as revealed in Figure 9, the actual shunt 

incorporating currents is compared with the corresponding 

reference shunt introducing currents within limits. 

 

 

 

 

 

 
 

 

 

 
Fig. 7 ANN structure 

 

 
 

 

 

 

 

 

 

 
Fig. 8 Voltage stabilization of capacitors and production of a reference 

current 

 
 

 

 

 

 

 

 

 

 
Fig. 9 Controller for hysteresis current 

5.1. ANN-Based Series Controller 

The projected current references serve as goal data by the 

network, while the voltages supplied (VSa, VSband, and VSc) are 

used as input information to construct the reference voltages. 

The system’s size can be changed thanks to its 200 hidden 

layers.  

 

 
 

 

 

 

 

 

 

 
Fig. 10 Methodology for the creation of reference voltage 
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The model for the Artificial Neural Network (ANN) that 

produces a reference voltage is displayed in Figures 10 and 11 

shows the Levenberg-Marquardt back propagation algorithm-

trained network. There is a comparison between the reference 

voltages produced by the ANN supervisor and the concrete 

supply voltages. Using SPWM, gating pulses for the 
converter’s series input will be produced in response to the 

relevant error signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11 A backpropagation network’s design 

6. Simulation Results 
6.1. Current  Compensation with PI Controller  

As seen in Figure 12, the input current becomes 

sinusoidal when PI-based UPQC is used. Harmonics are 

currently taken good care of. Figure 13 displays the results of 

the simulation for the source, load, and filter currents with 

FLC. 

 
 

 

 

 

 

 

 

 

 
Fig. 12 Is, IL and If with PI 

 

 

 

 

 

 
 

 

 

 
Fig. 13 Is, IL and If with FLC method 

6.2. Voltage and Current of Source after Compensation  

The simulation for source voltage, source current, load 

voltage, and load current with ANN is displayed in Figure 14. 

It was found that the source and load sides’ voltages and 
currents were properly balanced following the implementation 

of ANN. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 
 

 

 

 
Fig. 14 Vs, Is VL and IL with the proposed method 

6.3. Current Harmonics Compensation with ANN & ANFIS 

The result of Current harmonics Compensation with 

ANN and ANFIS Controller after filtering current is shown in 

Figures 15 and 16, respectively. The input current becomes 

sinusoidal after implementation of ANFIS controller-based 

Shunt APF, as shown in Figure 16. The current harmonics are 

well compensated. In this System, IS, IL are balanced, and 

distortion reduction is better compared to the ANN controller. 

6.4. Voltage Swell and  Sag Compensation with ANFIS 
The model is run for a duration of 0.2 to 0.4 seconds, as 

shown in Figure 17. Voltage swells are effectively 

compensated for by ANFIS-based series APF.  
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Fig. 15 Simulation result of Is, I f, IL with ANN 

 

 

 

 

 
 

 

 

 

 
Fig. 16 Simulation result of Is, I f and IL with ANFIS 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 
 

Fig. 17 Voltage swell during 0.2 to 0.4 sec, sag during 0.5 to 0.7 sec with     

ANFIS 

Figure 17 illustrates how the swell scenario affects power 

generation. After employing ANFIS based series APF, Swell 

remains unaffected.  The first waveform of the graph shows a 

source voltage with a swell, and the third waveform shows the 

voltage injection; the waveforms are together, subsequent 

graph shows rectified VL. As seen in Figure 17, A Sag 

develops throughout 0.5 to 0.7 seconds. Adaptive ANFIS-

based series APF reduces the loss of return, as seen in Figure 

17. The APF series based on Adaptive ANFIS does not affect 

Sag. The first shows the tension in the network with Sag, the 

third shows the added tension, and the second shows the 

modified tension of the load. 

6.5. Voltage Swell and Sag Compensation with ANN 

The model is run for a duration of 0.2 to 0.4 seconds, as 
shown in Figure 18. Voltage swells are effectively 

compensated for by ANN-based series APF. Figure 18 

illustrates how the swell scenario affects power generation. 

After employing ANN based series APF, Swell remains 

unaffected. The first waveform of the graph shows a grid 

voltage with the swell, the third waveform appears as the 

injected voltage, and when both waveforms are combined, the 

subsequent waveform shows the rectified VL. As seen in 

Figure 18, A Sag develops throughout 0.5 to 0.7 seconds. 

Adaptive ANN-based series APF reduces the loss of return, 

as seen in Figure 18. The APF series based on Adaptive ANN 

does not affect Sag. The first shows the tension in the network 
with Sag, the third shows the added tension, and the second 

shows the modified tension of the load. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 
Fig. 18 Voltage swell during 0.2 to 0.4 sec, Sag during 0.5 to 0.7 sec with 

ANN 

 
 

 

 

 

 

 

 

 

 
Fig. 19 Simulation result of compensated VL,  IL with ANFIS 
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Fig. 20 Comparison result of THD with different controllers 

Figure 19 shows the simulation results of load voltage 

and load current with the ANFIS controller. Table 1 shows the 

comparative analysis of source current, source voltage, load 

current and load voltage with various controllers, which 

indicates that the total harmonic distortion for all the above 

parameters is the least with the ANFIS controller. In the result 

analysis after examining the system with different controllers. 

The ANFIS controller has given good dynamic performance 

and improved the power quality in terms of THD so that the 
system can achieve the desired output without any 

disturbances. 

Table 1. THD results for IS, Vs, IL and VL 

Controllers 

Parameters 

THD for 

IS 

THD for 

VS 

THD for 

IL 

THD for 

VL 

With PI 16.63% 6.14% 10.30% 15.14% 

With FLC 8.35% 4.21% 8.21% 11.5% 

With ANN 6.24% 3.21% 7.23% 9.86% 

With ANFIS 4.24% 2.91% 6.85% 8.38% 

 

7. Conclusion 
In this chapter, ANN and ANFIS-based UPQC integrated 

with solar DC link voltage is suggested to address PQ issues 

such as the regulation of VDC-Link (performance 

parameters), as well as harmonic compensation, Voltage 
fluctuations and THD for Vs, VL, Is, and IL with ANN and 

ANFIS, as well as the learning part and flowchart of the 

proposed Controller. On a power distribution network with 

nonlinear loads, the performance of Shunt, Series APF is  

demonstrated. In comparison to solar fed UPQC with ANN 

controller, UPQC with ANFIS controller is much better in 

improving dynamic performance and power quality. 
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