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Abstract 

Power quality of the power distribution systems have degraded because of the extensive use of 

power electronic devices. These nonlinear loads cause non-sinusoidal currents & voltages with 

harmonic components. Some of the major power quality issues due to non-sinusoidal 

currents and voltage with harmonic component are impact on power capacitor, Transformer, 

motors, telecommunication, energy and demand metering etc.  Shunt active power filters 

(SAPF) are used to acquire balanced and sinusoidal supply currents via way of means of 

injecting compensation current. There are two major control loop namely outer control loop 

and inner outer loop with one extra loop. The outer control loop measures source current and 

voltage & generates the reference reactive & active power that to be compensated by the 

SAPF. The inner control loop effectively tracks the reference compensating currents in d-q 

coordinate using PI controllers. While extra loop is associated with capacitor of voltage 

source inverter (VSI). The constant voltage across the capacitor is maintained. So, there is 

active power loss which is achieved by comparing reference voltage with the standard 

voltage and send the error to the PI controller. Simulation results are obtained from 

MATLAB/Simulink under various non-linear load conditions.  

The cases considered here are as follows:                                                                                                    

i) 3 phase 3 wire full wave rectifier with varying load: The MATLAB/Simulink was 

developed and tested with load and result was compared with the traditional approach without 

harmonics compensation. The THD level is within limit as per IEEE 516 standard.                                                                                                                       

ii) Different loading conditions: Same process as of case i) was performed and results are 

within limit as per IEEE 516 standard.           

(iv) 



 iii) 3 phase 4 wire full wave rectifier with resistive and inductive load with different loading 

condition: Same process as of case i) was performed and results are within limit as per IEEE 

516 standard.                                                                                                                                   

 iv) 3 phase 3 wire full wave rectifier with VFD load: The three-phase motor is developed in 

MATLAB/Simulink which was tested and investigated the impact of VFD load in SAPF. 

v) The MATLAB/Simulink of SAPF was tested with non-linear load in industries at Balaju 

industrial area of Nepal.  The THD level are within limit as per IEEE 516 standard for all load 

except VFD load. 

In all cases  the improved pf of the system is about unity was obtained with the compensated 

system except with the VFD load. 

Index Terms— shunt active power filter (SAPF), total harmonic distortion (THD), 

voltage source inverter (VSI), , variable frequency drive (VFD), variable speed drive (VSD) 

 

 

 

 

 

 

 

 

 

 

 

(v) 



 

 

 

ACKNOWLEDGEMENT 

I express my profound gratitude towards my thesis supervisors Associate Prof Dr. Basanta Kumar 

Gautam and Associate Prof Dr. Sujan Adhikari for the excellent supervision, invaluable guidance 

and constant encouragement, throughout the progress of this work. My sincere thanks go to both of 

my supervisors, for taking so much interest in my academic and personal aspects. Once again, I am 

heartily thankful to supervisors for their continuous moral support and inspiration.  

I express my sincere appreciation to all teachers and staff of Electrical Engineering Department, 

IOE, Pulchowk for their help.  

I am as well indebted to the Balaju Industrial District Management office and all industries under 

it for providing/helping in data collection. 

Last but not the least; I would like to extend my profound gratitude to my family, especially my 

mother and dear wife, for unconditional love and support.  

 

 

 

 

 

 

 

 

(vi) 



 

TABLE OF CONTENTS 
 

 
 
 

LIST OF FIGURES ..............................................................................................................x 
 

LIST OF TABLES ............................................................................................................... xv 

 

ANNEXES…………………………………………………………………………………xvi 

 

LIST OF ABBREVIATION.............................................................................................. xvii 

 

CHAPTER 1.  INTRODUCTION ...................................................................................... 1 

 

1.1 Background ........................................................................................................... 1 

 

1.2 Problem Statement................................................................................................ 5 

 

1.3 Objectives............................................................................................................... 7 

 
 

1.4 Scope ...................................................................................................................... 7 
 

CHAPTER 2. LITERATURE REVIEW ........................................................................... 9 

 

2.1  Control & modeling of 3 phase voltage source inverters……..……………….…9 

 

2.2 3 phase voltage source inverters…………………………………………….……..8 
 

2.3 3 Phase Representation Frames…………….…………………………..………....14 

 

2.4 dq modeling of 3 phase voltage source inverters (VSI)..…………………….…...17 
.. 

2.5 3 phase voltage source inverters dq-based control of ………………….…….......19 

 

2.6 LC filter design ……………………………………………………………….........21 
(vii) 



2.7 Current controller transfer function design …………………………………..…23 

 

2.8 Effects of Harmonic Distortion………………………….………………..……….25 

 

2.9 Stability analysis of transfer function using bode plots……………………….....32 

 

CHAPTER 3. METHODOLOGY .....................................................................................34 

 

3.1 p-q theory………………….................................................................................. 35 

 

3.2  PI Controller Design………….............................................................................39 

 

 

CHAPTER 4.   SYSTEM UNDER CONSIDERATION, TOOLS & SOFTWARE…..42 

 
 

4.1 System considered ................................................................................................42 

 

 

4.2 Tools and software ...............................................................................................42 

 

4.3 MATLAB ..............................................................................................................42 

 

4.4 MATLAB SIMULATION AND MODELING………………………………..43 

 

 

CHAPTER 5. RESULT AND DISCUSSION………........................................................52 

 

5.1 Case I………………………………………………………………………………..52 

 

5.2 Case II………………………………………………………………………………58 

 

5.3 Case III……………………………………………………………………………...59 

 

5.4 Case IV……………………………………………………………………………...64 

(viii) 



5.5 Case V………………………………………………………………………….…....65 

 

5.6 Stability Analysis of Transfer function……………………………………………71 

 

CHAPTER 6. CONCLUSION AND WORK DIRECTOIN............................................73 

 

REFERENCES…............................................................................................................... .75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ix) 



 

 

 

 

LIST OF FIGURES 

Fig. 1. Grid with nonlinear devices & SAF connected to reduce harmonics................................... ..0.1 

 

Fig. 2. Overall representation figure of a SAF with non-linear device connected to source  for 

harmonics reduction………………………………………………………………..………………………………….………..03 

Fig. 3 (a) Modulated sine wave for single phase (b) Single phase  O/p   inverter voltage   & its basic 

component …………….………..…………………………………………………….................10 

 

Fig.4 1phase PWM inverter…………………………………..………………………….……....11 

. 

Fig. 5. Graph of normalized inverter output voltage with respect to input DC voltage as a function 

of amplitude modulation ratio……………………………………………...................................12 

 

Fig. 6. 3 phase PWM inverter……………………..…….……………………………...…..........12 

 

Fig.7  Three phase inverter waveforms…………………….………………………….………....13 

 

Fig. 8 Different reference frames…………………………………………………….…….….....16  

 

Fig. 9. 3 phase PWM inverter connected to the grid with LC filter and                         devices...….……..…....17 

 

Fig. 10. The grid connection & 3Φ ideal sources inverter replace……………………..……..…17 

 

Fig. 11. 3 phase inverter per phase equivalent model .. ……………..…….……………….…....18 

 

Fig. 12. dq equivalent model of 3 phase inverter……………………………………….….....….18 

 

Fig. 13. Characteristic control system of inverter……………..…………………………..…..…19 

 

Fig. 14. Current controller design with simplified dq equivalent model.. ………………..……..20 

(x) 



Fig.15. Design of current controller with eq. dq-domain for simplicity..……………….…….…21 

 

Fig.16. Current control structure incorporating feedforward of the cross-coupling terms & voltage over 

capacitor ………………………………………………………………………………………....21     

 

Fig. 17. Typical filter circuit of LC ……………………………………………………..……….22 

 

Fig. 18. PI type 2 controller asymptotic frequency response …..……………………………..…24 

 

Fig.19. Power system remaining within inductive pairing current to tele transmission ckt….....29 

 

Fig.20. Voltage differences in ground references at cable ends due to an IR drop in the cable shield 

…………..…………………………………………………………………………………..29 

 

Fig.21.  Similar ground way for flowing pair…………………………………………….…29 

 

Fig.22. Primary way distorted currents in (a) device with non-linearity & (b) device with linearity 

(with distorted voltage).…………………………………………………...……………….....31 

Fig.23.  phase margin  and gain margin………………………………………………..…….......32 

 

Fig. 24. Outer current control loop for the current reference generation ( iαref and iβref )….....34 

 

Fig. 25. overall diagram of the inner loop for current control in the VSI…….…….…..40 

Fig. 26. Flow chart for the proposed method…………………………………………………….41 

 

Fig.27.Overall, MATLAB Simulation & of SAPF in 3phase 3wire system……………………..43  

 

Fig.28. Overall, MATLAB Simulation inside SAPF Block .……………………………………44 

 

Fig.29. Over all outer loop of Shunt APF in MATLAB simulation ……………………...……..45 

(xi) 



 

Fig.30.Over all inner loop of Shunt APF in MATLAB simulation……………………………...46 

 

Fig.31.Over All Extra loop of Shunt APF in MATLAB simulation…………….……………….47 

 

Fig.32. Power Factor Measurement in MATLAB Simulation …………………………………..47 

                                                                          

Fig.33.Components inside Power Factor Measurement block  in MATLAB Simulation…….....48 

 

Fig.34. Non-Linear Three phase device for 3 phase 3 wire system in MATLAB of simulation…48 

 

Fig.35.MATLAB simulation of Gate signal for PWM inverter………….. …………….……….49 

                                                                            

Fig.36. MATLAB simulation of VFD (variable frequency drive) as non-linear device…………49 

                       

Fig.37. Over all MATLAB simulation & modeling of 3phase 4wire system……………………50 

 

 

                   Fig.38. Non-Linear Three phase Load for 3phase 4wire System in MATLAB simulation….….51 

 

Fig.39. MATLAB simulation of extra loop inside Shunt APF block for 3phase 4wire 

System…………………………………………………………………………………………….51 

 

 

Fig.40. Fig: FFT analysis result for the source when no SAPF is connected…………………….53 

Fig 41: Performance of PI control technique for tracking curve in d- domain current dI  ( Current vs 

Time )………………………………………………………………………………………...…..54 

 

 Fig 42: Performance of PI control technique for tracking curve in q-domain current qI  

( Current vs Time ) ……………………………………………………………………………....55  

(xii) 

 



 

Fig.43. FFT analysis result for the source when SAPF is connected…………………..………....56  

Fig 44: Dynamic response of the 3Φ SAPF associated source; displays the load current for abc 

phases ( Device Current vs Time )………………………………………………………………..56 

 

Fig 45: Dynamic  response of the SAPF associated source; displays the compensating current 

produced by SAPF for phase a ( Current vs Time )……………………………………….……...57 

 

 

Fig 46: Dynamic  response of the  3Φ  SAPF associated source after 0.4s; shows the source current  

where the notches are due to tracking errors in Iq reference current ( Current vs Time )………..57 

. 

Fig 47: Development of the pf of the system when SAPF is connected ( pf vs Time)…………...58 

  

Fig.48. Fig: FFT analysis result for the source when no SAPF is connected………………….....59 

 

Fig.49. Fig: FFT analysis result for the source when  SAPF is connected……………………….60 

 

Fig 50: Dynamic response of the 3Φ SAPF associated source; displays the device current                                      

for abc phase ( Current vs Time )…………………………………………..……………...……..60 

 

Fig 51: Dynamic  response of the SAPF associated source; displays the compensating  

current produced by SAPF for phase a ( Current vs Time )……………………..……………..…61 

Fig 52: Dynamic  response of the  3Φ  SAPF connected system after 0.4s; shows the source 

current where the notches are due to tracking errors in Iq reference current ( Current vs 

Time……………………………………………………………………………………….…..….61 

 

Fig 53: Performance of PI control technique for tracking curve for d-domain current 
dI   

( Current vs Time )…………………………………………………………………………..…....62  

 

Fig 54: Performance of PI control technique for tracking curve in q-domain current qI   

( Current vs Time )………………………………………………………………………………..63 

  

Fig 55: Development of the power factor of the system when SAPF is connected ( pf vs Time)..63 

 

Fig 56: THD of VFD as a load without SAPF ……………………………….……………..…….64 

(xiii) 



Fig 57: THD of VFD as a load with SAPF respectively…………………………………………65  

 

Fig 58: THD level of Bolter Nepal for 3φ load…………………………………………………..66 

 

Fig 59: THD level of Bolter Nepal for 1φ load……………………………………………….….66 

 

 Fig 60: THD level of Nebico Biscuits for   1φ load……………………………………………..67 

 

Fig 61: THD level of Nepal Bank Limited for   1φ load…………………………………….…...67 

 

Fig 62: THD level of Shree polythene for   1φ load……………………………………….……..68 

 

 

Fig 63: THD level of Hisi Polythene for   1φ load…………………………………………….…68 

                                                                               

 

Fig 64: THD level of Hitlike Industries for   1φ load………………………………………….…69 

 

 

Fig 65: THD level of Himal Bekary Pvt Ltd for   1φ load……………………………………….69 

 

 

Fig 66: THD level of Nepal Gas Pvt Ltd for 3φ load…………………………………………….70 

 

   

Fig 67: THD level of Nepal Gas Pvt Ltd for 3 1φ load ………………………………………….70 

 

 

Fig 68: Bode plot of Frequency response of the open loop of inner control loop…………….….72 

    

 

 

 

 

 

 

 

(xiv) 
 

 



  LIST OF TABLES 
 
Table I. Benchmark System parameters................................................................................................... 38 

 

Table II. Benchmark System parameters..................................................................................................38 

 

Table III Performance comparison of SAPF under different loading conditions for 3phase 

3wire…………………………………………………………………………………………….58 

 

Table IV Performance comparison of SAPF under different loading conditions for 3phase 4 

wire…………………………………………………………………………………………...…64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(xv) 



Annexes  
 

Annex 1: MATLAB results for Table III : Performance comparison of SAPF under different  

loading condition for 3 phase 3 wire system. 

 

Annex 2 : MATLAB results for Table IV : Performance comparison of SAPF under different  

loading condition for 3 phase 3 wire system. 

 

Annex 3: Approval for getting load information in industries of Balaju Industrial Area 

 

Annex 4: Non-Linear Load information of different industries in Balaju Industrial Area 

 

Annex 5 : Paper Publication 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(xvi) 



List of Abbreviation 
 

SAF- Shunt Active Filter 

 

SAPF- Shunt Active Power Filter 

 

VSI- Voltage Source Inverter 

 

THD- Total Harmonics Distortion 

 

LPF- Low Pass Filter 

 

HPF- High Pass Filter 

 

PI- Proportional Integral  

 

IEEE- Institute Electrical and Electronic Engineers 

 

Std- Standard 

 

VFD- Variable Frequency Drive 

 

VSD- Variable Speed Drive 

 

MATLAB -Matrix Laboratory  

AC -Alternating Current 

DC -Direct Current 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(xvii) 



1 | P a g e  

 

CHAPTER 1. INTRODUCTION 
 

1.1      Background 
 

Electrical power is expected to account for approximately sixty percent of total global 

power usage by 2035. Data centers, industrial, and commercial applications with a non-

linear nature are depicted in Fig. 1, which represents power electronics-based equipment. 

Hence, the power grid supplies harmonic current drawn by them, and power quality issues 

can arise. The main problems associated with current harmonics include generator failure, 

faulty energy and demand meter reading, which concerns the utility, and computer network 

failures, as well as vibrations in motors, which concern the consumers. 

Hence, current harmonics are to be suppressed within the recommended limits to 

prevent the distortion of sinusoidal voltage and current. Shunt active filters (SAFs) are 

particularly popular as harmonic reduction solutions due to recent advances in power 

electronic switches and because they offer optimal results across a broad spectrum of 

versatile operating situations, as opposed to passive 

filters.

 

 

Fig. 1. Grid with nonlinear devices & SAF connected to reduce harmonics  
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For devices with non-linearity, the current is not proportional to the applied voltage. 

Nonlinear devices in power grids lead to non-sinusoidal voltages and currents with harmonic 

distortion. They draw currents with harmonically distorted waveforms from the power grid, 

and the current distortion increases with the applied voltage. Unlike passive filters, a shunt 

active power filter (SAPF) is a well-established solution for harmonic compensation due to 

the advancements in power electronic switches and its performance across a wide range of 

operating conditions. 

In this thesis, an SAPF with a voltage source inverter (VSI) was proposed to achieve stable 

and sinusoidal supply current in a simple power system by injecting compensation currents. 

A simplified diagram of the SAPF arrangement is shown in Fig. 2. The three-phase AC 

source provides power to devices with non-linearity. The specific device with non-linearity 

considered here is the 3-phase diode full-bridge rectifier, followed by a varying device, RL. 

The SAPF is connected in parallel to the system to supply compensating current for this non-

linear device. 

Thus, the distorted current requirement of the device is addressed by the SAPF, and 

consequently, the source supplies only currents that are sinusoidal, maintaining about unity 

power factor. The summation of the supply current (Is) and the compensating current (Ic) 

results in the total current for the devices with non-linearity (I_nl), represented by the 

characteristic "rabbit ear" waveform. SAPF generates compensation currents, and coupling 

inductors are provided to mitigate peak-frequency currents that occur during inverter 

switching. 
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Two key control loops are connected to the SAPF: the outer loop for current control and the 

inner loop. The outer control loop measures the device current ( 
Li ) & supply voltage (

sv ) 

and uses instantaneous p-q theory to generate reference active and reactive powers which are 

remunerated by the SAPF. The inner control loop contains of a proportional-integral control 

(PI) & is intended to be followed competently the reference current in the dq-domain range. 

The system is simulated in Simulink/MATLAB under various nonlinear (3-phase rectifier) 

devising situations. The presentation of this method is associated to simulation results 

without a conventional inverter connected to a PI control. Additionally, the performance of 

the system is evaluated against inductive or capacitive devices. This ensures that SAPF also 

compensates for the system power factor. 

Fig. 2. Overall representation figure of a SAF with non-linear device connected to source 

for harmonics reduction 
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SAPF systems compensate for individual harmonic components and average overall 

harmonic distortion with acceptable transients. The Total Harmonic Distortion (THD) of a 

current signal is the summation of the current waveform, containing all harmonic elements 

associated with the fundamental element of the current waveform, and it measures the 

distorted harmonic content. IEEE Standard Recommendation No. 519 on power systems 

harmonic control states that the total harmonic distortion current of the power source 

should be within five percent. This standard is based on strict requirements for discrete 

harmonic elements.The basic idea of SAPF is to compensate for the required upper-order 

harmonic active power and current needs of the device using a power electronics-based 

Voltage Source Inverter (VSI). Hence, the fundamental element of the device current only 

needs to be provided by the source. Due to the limited bandwidth for control, the dynamics 

of the Proportional-Integral (PI) control are poor. As a consequence, SAPF might not be 

able to provide the required performance if the device is highly nonlinear. However, SAPF 

gives satisfactory performance under these conditions based on the simulation results. 

Furthermore, a hysteresis band current control approach should be implemented to 

improve the dynamics of the inner current loop. Although there are complications to be 

dealt with, dynamic performance can be improved with the hysteresis-based approach. The 

higher switching frequency operation increases switching losses, electromagnetic 

interference issues, and creates difficulties in filter design compared to SAPF with PI 

control. 

The outline of this thesis can be listed as follows. 

Goals for implementing SAPF: 

•  Compensation of upper-order hormonal active power & currents requirements of the 

device with PI control-based VSI. 

• Hence The supply just needs to provide the essential portion of the device current. 

 

For the simulation, system configuration and benchmark used: 
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• Design of 3 phase power system consisting of a 3-phase   source supplying a non-

linear device. 

• Design of 3 phase Power Inverter supplying compensating currents for the power 

system. 

• Design of Outer & Inner current control loop for the   power inverter. 

• Design of VSD/VFD 

• Design of 3 Φ 4W power scheme consisting of a 3-Φ  source supplying a device with 

non-linearity. 

 

Classification of Scenarios considered to appraise the presentation   of SAPF: 

• Comparison with the system without connecting the inverter. 

• Presentation of the system under varying device conditions (varying RL). 

• Power factor improvement with the SAPF system (for   inductive or capacitive 

device). 

 

1.2      Problem Statement 

 

Shunt Active Power Filters (SAPFs) and Passive Power Filters are two different 

technologies used to mitigate power quality issues. Each has its advantages and 

disadvantages, and the choice between them depends on specific requirements and 

application characteristics. Here are some advantages of Shunt Active Power Filters 

over Passive Filters: 

i) Dynamic Compensation: 

SAPFs: Shunt Active Power Filters can provide dynamic compensation. They 

continuously monitor the device and inject compensating currents in active-time, 

adapting to changes in the device conditions. 

Passive Filters: Passive filters have fixed parameters and are not capable of adjusting 

to changes in the system. 
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ii) Flexibility and Adaptability: 

SAPFs: Active filters can be programmed to compensate for a extensive array of 

harmonic frequency and power factor variations. They offer more flexibility in 

addressing different power quality issues. 

Passive Filters: Passive filters are designed for specific frequency and may not be as 

adaptable to changes in the power system or devices. 

iii) Performance Under Variable Devices: 

SAPFs: Active filters perform well under variable and dynamic devices, providing 

consistent compensation regardless of device changes. 

Passive Filters: The performance of passive filters may degrade under variable devices 

or changes in the system. 

Size and Weight: 

SAPFs: Active filters are generally smaller and lighter compared to passive filters with 

equivalent compensation capabilities. 

Passive Filters: Passive filters can be bulky and heavy, especially for higher power 

applications. 

Wide Range of Applications: 

SAPFs: Shunt Active Power Filters can address a variety of power quality issues, 

including active power reimbursement, pf improvement & harmonic moderation. 

Passive Filters: Passive filters are typically designed for specific purposes, and a 

combination of different filters may be needed to address various power quality issues. 
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Efficiency: 

SAPFs: Active filters can be more efficient as they generate compensating currents 

only when needed, reducing energy consumption compared to passive filters that 

continuously dissipate power. 

Passive Filters: Passive filters can have inherent losses due to the resistive elements, 

which may reduce overall system efficiency. 

Maintenance and Reliability: 

SAPFs: Active filters may have fewer wear-and-tear components compared to some 

passive filter elements, leading to potentially lower maintenance requirements. 

Passive Filters: Some passive filter components, such as capacitors and inductors, 

may have a limited lifespan and could require periodic maintenance or replacement. 

 

1.3      Objectives 

 

The main objectives of the study is to design 3 phase shunt active power filter (SAPF) 

with a voltage source inverter (VSI) which obtain balanced and sinusoidal source 

current   in a simple power system by injecting compensation currents and it is applied in 

the industries of Nepal e.g. industries of Balaju Industrial Area. 

 

1.4      Scope 

 

❖ Improvement of the THD of the source current under   conditions mentioned 

before. 

❖ Improvement of the power factor under inductive or capacitive loading 
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conditions. 

❖ Individual harmonic magnitude meets the IEEE Std. 519 requirement. 

❖ Further investigation of VSD/VFD as a device.  

❖ Stability of transfer function of SAPF.  

❖ Application of SAPF in industries of Nepal. 
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CHAPTER 2. LITERATURE REVIEW 

 

2.1 3 phase Control & modeling of VSIs 

 

The 3-phase modeling voltage source inverters (VSIs) entails expressing the active 

inverter models through equation statistically or, more precisely, transfer functions. The 

transfer functions are valuable for designing controls tailored to 3-phase VSIs. Frequently, 

transform theories of dq (direct & quadrature domain) are applied in the inverter systems 

control design. 

 

2.2 3 phase VSIs 

 

3 phase VSI transform direct current (dc) voltages into alternating current (AC) voltages 

with required frequency & amplitude. Pulse width module (PMW) techniques control the 

voltage amplitude and frequency, earning these inverters the design of PWM inverters. 

PWM methods are employed to generate a waveform in alternating o/p from the inverter 

that closely resembles a sinusoidal type. Frequently, filters with low-pass are incorporated 

at the o/p of pulse PMW inverters to facilitate the attainment with minimal harmonic 

content of sinusoidal waveforms. Inverters serve various applies, like renewable sources 

grid integer, quality power improvement, standby/uninterruptible power supplies, electric 

drives in industries and electric vehicles, among others. The design of inverters involves the 

utilize of electronic switches such as MOSFETs, BJTs and IGBTs. Gener of PWM signals 

manipulate these switches through various module techniques. Inverters, also known as 

conversion of DC to AC in bidirectional nature, meaning they can function as rectifiers 

(converting AC signals to DC) or inverters (DC signals to AC conversion) according with 

providing of the converter switches to the switching signals. 
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t 

 

 

 

 

 

 

 

 

t 

 

 

 
(b) 

Fig. 3 (a). Modulated sine wave for single phase (b). single phase O/p inverter voltage   & its 

basic component. 

 

For general of the switching signals, sinusoidal PWM is one among techniques of 

module for the inverter. With a frequency f , sinusoidal modulating                      signal (
mod nV  )is 

compared with a frequency (
swif  ) with a triangular carrier wave (

carriV ) as given by Fig. 

3 (a)[22]. The 
swif  of s/w signal is determined by frequency. of the 

carriV wave & 

frequency. of mod nV is determined by the frequency. of the basic ( 0AV  ) comp. of  the 

inverter o/p voltage. The ratio of amplitude module 
am  defined as the r of magnitude of 

mod nV  and magnitude of carriV , thus am is given by

                                                       

 

modn   

 

| |

| | 
a

carri

V
m

V
=                                               (2.1) 

Here, modnV and carriV  denote the magnitudes of the modulating and magnitude of carrier 

signals, respectively. Typically the magnitude. of the carrier wave is maintained at a constant 

v vmodn ,f 

f1 

vcarrier, fswi 

(a) 

vA0 
Basic Component (vA0)1 

- 
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level, making the magnitude of the modulation signal the determinant of the 
am . Likewise, the 

frequency. module ratio is defined as the ratio of frequency between the modulating signal & 

carrier signal and the, 
fm , as  

/f swim f f=     (2.2) 

 

     

Fig.4. 1-phase PWM inverter. 

 

The inverter with 1Φ depicted in Fig. 4, switching signals generated govern the switches 
AS - 

& AS +   through the comparison of the carrier signal & the modulating signal. The resulting o/p 

voltage 0AV  is determined by the below equation, 

   ;   ;  0 1/ 2

 ;   ;  0  1/ 2

If Vmod Vcarrier SA is ON VA Vdc

If Vmod Vcarrier SA is ON VA Vdc

 
 
 

 + =

 + = −
    (2.3) 

Fig. 5 illustrates for am  = 0.8 and fm  = 15, the  basic component & its o/p voltage 0AV  of the 

1Φ inverter . The basic component amplitude of the o/p voltage, denoted as | 0AV  |1, is  given 

by:       |VA0|1= am  / ( Vdc/2)                                                  (2.4) 

where, 
am  is the amplitude module ratio & Vdc is the DC  voltage.
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0 1.0 3.24 

Fig. 5. Graph of normalized inverter output voltage with respect to input DC voltage 

as a function of amplitude module ratio 

 

The existence of a linear relationship among the o/p ac voltage the & input dc voltage   

that is given by am  represented by  Fig. 5[22]. When am is higher than 1.0, over-module 

occurs & the amplitude of the basic frequency component does not vary linearly with 

the am . Moreover, the inverter  o/p voltage results at very large module indexes in 

square wave o/p instead of multiple pulses. 

 

A B C 

Fig. 6. 3 phase PWM inverter. 
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vdc 

3Φ PWM comprise 3 leg switches, each corresponding to a phase, is shown in Fig. 6 [22]. The 

every phase is  phased with the others by 120° generates the switching signals to ensure that the 

o/p voltage produced. 
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    (d) 

Fig.7.  Three phase inverter waveforms. 
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Comparison of triangular wave with the out of phase signals with each other, are compared , as 

illustrated in Figure 7(a) [22]. The o/p voltage of each leg of the inverter is rely on 
am & the dc 

voltage (Vdc) . W.r.t the neutral point N,  the waveforms of the o/p voltage for phases A, B & 

C are depicted in Fig. 7(b) [22] and (c) [22], respectively. Likewise, the L-L voltage ABV  and 

its Basic component are depicted in Fig. 7(d) [22]. The highest value of the basic component of 

the o/p voltage for phase A wrt the neutral, denoted as | 
ANV  |1, is given by: 

 

| 
ANV  |1 = 

am  / ( Vdc/2)                                                 (2.5)                                                                                             

Thus, the amplitude module ratio plays a crucial role in control the o/p voltage of the 3Φ 

inverter. 

 

2.3 3 Phase Represent Frames 

The three phase represent frames are, 

i. abc-reference frame 

ii. -reference frame 

iii. Synchronous reference frame (dq) 

 The 3Φ current & voltage are represented along the three axes in the abc-reference frame, 

where the axes are spaced 120 degrees apart. Each phase current and voltage are sinusoidal, 

and the abc-reference frame is stary. 

In the αβ-frame, the same balanced current and voltage are represented by two axes, α and β. 

The α-domain aligns with the a-domain of the abc-domain, and the β-domain is perpendicular 

to the α-domain. By reducing the number of axes from three to two, control in the αβ-frame 

requires fewer control loops. However, the voltage or current along the αβ-axes remains 

sinusoidal functions of time. For balanced devices, the α and β axes are also balanced, and the 
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0 domain of the αβ0 reference frame is zero. In the case of unbalanced devices with -ve & zero 

sequence elements, the αβ axes become unequal, and the 0 domain of the αβ0 reference frame 

is non-zero. Clarke transform can transfer quantities in the abc-frame into the αβ-frame. 

Synchronous reference. domain control, also known as dq-control, involves converting grid 

current & voltage into a edge rotating synchronously with the grid voltage vector through Park 

Transform. This transform turns 3Φ period changing indicators into dc indicators. 

Though the facility of dropping the quantity of obligatory control loops belongs to control in 

the αβ-frame, going from 3 to 2, the reference., response, and feedforward signals generally 

remain sinusoidal purposes of period. Achieving acceptable present & minor steady-state faults 

may require reimburse of up instructions, and closed-loop bandwidths must be adequately 

greater than the frequency. of the reference. instructions. Addressing this challenge, dq-frame-

based control proposals explain. 

The 3Φ voltage reference. signal obtained is transformed to the dq-frame using Clarke’s 

transform and then transformed back to the abc-reference frame by inverse Clarke’s transform 

as shown in below 

, 
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Fig. 8. Different reference frames  
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The axes of αβ0-frame are orthogonal. The α-domain is parallel to a-domain of abc-frame and 

the direction of β-domain is determined according to the rot sequence of abc. 
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2.4 dq modeling of 3 phase VSI  
 

 

 

 
 

DC 

Source 

 

 

 

 

Fig. 9.  3 phase PWM inverter connected to the grid with LC filter and                         devices. 

Fig. 9 [22] illustrates a grid-connected 3-phase PWM inverter, along with local devices & LC 

filter. The LC filter functions as a 2nd order low pass filter, mitigating the unnecessary 

harmonics generated by the electronic system within the 3Φ inverter. 3Φ inverter with grid 

connected develops a model, the system depicted in Fig. 9 [22] can be simplified by 

representing it with ideal 3Φ maintained voltage sources, while neglecting the effects of 

switching, as depicted in Fig.9 [22]. In this simplified represent, the grid is symbolized by a 3Φ 

voltage source with its eq. impedance values, and current sources represents the local devices.  

. 

 

 

Fig. 10. the grid Connection &  3Φ  ideal sources inverter replace. 

 
To enhance the simplicity of the model, the 3Φ inverter system present in Fig. 10 [22] can be 

condensed into a per-phase model, as depicted in Fig. 11 [22]. The impact of source & the grid 
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Iq 

C _ vq ωCvd 
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+
 

can be encapsulated in a single source current equivalent to the net current. However, this 

model operates in the abc frame, where the variables are time-variant, making it challenging to 

use linear control design principles for the inverter system's controls. Therefore, the design of 

suitable controls for the system necessitates a d-q eq. system 

 

R L 

 

 

Vinv i0 

 

 

 

Fig. 11. 3 phase inverter per phase equivalent model . 
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Vinv,d i0 

 

 

 

 

 

 

 

Vinv,q i0 

 

 
 

Fig. 12. 3 phase inverter dq equivalent model . 

 

Fig. 12 [22] illustrates the eq. dq system of the grid-connected 3Φ inverter. This dq similar 

system comprises 2 circuits for the dq-system . The model resembles the 3Φ model depicted in 

Fig. 11 [22], with the addition of cross-coupling terms. The cross coupling terms IqωL helps 

the inverter voltage ,d indV , & a feed forward term VqωC is introduced. Notably, these 

additional terms in the d-system circuit are influenced by the q-system voltage & current  parts 

+
 _ 

+
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in place of  the d-system parts, resulting in them being referred to as cross-coupling 

components due to this cross-coupling effect. Likewise, in the q-system circuit, cross coupling 

term IdωL rejects the inverter voltage & 2 extra source current , ,d indV and VdωC, are defined.  

 

2.5 3 phase voltage source inverters dq-based control 

 

 

Fig. 13. Characteristic control System of inverter. 

 
Fig. 13 [22] depicts a standard control system for a 3-Φ PWM inverter, including its current & 

voltage loops. The closed-loop control employs a 2-loop structure. The inward loop of control 

manages the current, encircling the inductor of filter & the VSI, thereby creating a CCS. 

Likewise, the outside loop oversees the control of the inverter's o/p voltage. The voltage loop is 

designed to monitor gradual conversion in the reference. voltage 0V *& decrease errors 

resulting from varis in the output current i0A current feedforward mechanism is employed to 

enhance disturbance rejection from other sources. 
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Fig. 14. Current controller design with simplified dq equivalent model . 

 

If the current vary across the inductor remains consistently proportional to the applied voltage, 

the dq equation. system presented in Fig. 12[22] can undergo further simplify, as illustrated in 

Fig. 14 [22]. In this streamlined system, the inductor current is influenced by the voltage 

disparity among voltage capacity & the voltage inserted by the VSI & the capacitor voltage. 

The cross-coupling terms & the voltage over the capacitor are regarded as disturbances to the 

control model. Now, by utilizing the Kirchhoff's voltage law (KVL) equation, the plant transfer 

function , denoted as G(s), is given by 

 

,

1

( )
dq

inv dq

I LG s
RV

s
L

= =

+

     (2.8) 

Here, s represents the Laplace transform variable, & internal resistance R of the inductor filter. 

This configuration results in a current commander environment, as depicted in Fig. 15[22]: 
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Idq* 

 

 

 

 

 

Fig.15. Design of current controller with eq. dq-domain for simplicity . 

 
In case of  previously omitted voltage over the capacitor & cross-coupling participates, the 

result is a current commander structure, as illustrated in Fig.16[22], 

 

 

 

 

Fig.16. Current control structure incorporating feedforward of the cross-coupling parts &  

voltage over capacitor  

 

 

2.6  LC filter design 

 

A simple circuit, illustrated in Fig. 17 [22], shows the LC filter for the 3-phase VSI. In this 

represent, Vinv denotes the without filter inverter o/p voltage, while C & L represent CL filter 

capacitor & inductor values. Additionally, R signifies the eq resistor at the inverter o/p of full 

power during when operation. 
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Fig. 17. Typical filter circuit of LC . 

 

The eq resistance, 
eqR , was determined by 

 
2

3

eq

V
R

P
=       (2.9)

 
 

Here, P is the  power rating  of the same & V represents the rating of  unit phase inverter 

voltage . By formulating the Kirchhoff's voltage law (KVL) equations illustrated in Fig. 17 

[22], the LC filter was characterized through transfer function of 2nd order, denoted as 

Gfilter(s), employing 

2

1

( )
( )

1 1( )
Filter

Vc s LCG s
Vinv s

s s
CR LC

= =

+ +

                                            (2.10) 

By using Eq. (2.10)  the standard form of a 2nd order transfer function is given by, 

 

2

sec _ 2 2
( )

2

n
ond order

n n

G s
s



 
=

+ +
                (2.11)

 

Here, ζ represents the 2nd order damping ratio  & n  is the natural frequationency of the same 

system. 

. 
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2.7  Outline of transfer function for control in current system 

For the Outline of transfer function for control in current system of the plant, ( )plantG s ,  

was formulated by considering  Equation (2.8) as  

 

1
( )

( )
( )

L

inv

I s LG s
RV s

s
L

= =

+

    (2.14)     

                          

A nominal resistance of 0.1 Ω was assumed for the inductor. Subsequently, the frequency 

reply of the plant was derived. The 3Φ inverter was maintained with a switching 

frequency ωsw of 10 kHz. The current control cross over frequency ωx was set to 1 kHz (or 

6283 rad/s) value a ten times below the s/w frequency. This choice ensures a sufficiently fast 

response speed for the maintained current commander. likewise, the loop transfer phase 

margin function (combined  current & plant commander) was chosen to be forty five degree 

at ωx, providing an non rejectable overshoot system . Subsequently, the mag ∣ ( )plant xG  ∣) 

and phase ∠G plant(ωx) for the plant were extracted from the frequency response plot at the 

desired crossover frequency. To minimize error on steady state  & enhance amplitude at 

peak frequency, achieving a high gain at low frequency was desirable to decrease inverter 

s/w noises. Considering these factors, a updated  PI type 2 control  deemed suitable for 

current model. The specific transfer function PI type 2 used for the control was 
2PIC (s) 

2

1 1
( )

1
PI PI

p

s
C s K

s sT





+
=

+
    (2.15) 

                                                                                        

 

Here, Kp represents the gain on proportional, τ is the constant of time for the system, & Tp 

is also the time constant but for the extra pole at peak frequency, employed to amplitude 
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high-frequency disturbances. These arbitrates are identified in the literature frequency 

response of a PI type 2 control, as depicted in Fig. 18 

 

 

 

                                                                  

 
 

Fig. 18. PI type 2 controller asymptotic frequency response . 

 

To determine the constants τ & Tp in Fig. 18 [22], the angle of boost θboost & the K factor 

were computed to ensure that the system achieves the required phase angle at the specified 

crossover frequency—45° at a cross over frequency of 1 kHz in this instance. The angle of 

boost angle (θboost ) was determined 

 

θboost = ∅ + 90°                                (2.16) 

where, ∅ =  —(180° +  ∠Gplant(ωx) — Phase Margin)             (2.17)  

Calcul the K factor was done with the use of the boost angle by using 

K = tan( 
θboost 

+ 45°)                                 (2.18) 

2 

Calculation of  fix values τ & Tp  were done with  

                           r =k / ωx                                                                         (2.19) 



 

 

25 | P a g e  

 

Finally, calcul of the  gain on proportional, 
PIK , was done as 

 
             

PIK  =1/ |Gplant(ωx)|                                        

(2.20) 

 

 

 

2.8 Effect of Harmonics Distortion 

Harmonic distortion effects arise when nonlinear devices generate harmonic currents that are 

then came out  into the power sources. Power eq. can be   adversely reacted by these current 

, particularly power transformer, automobiles & power capacitors, leading to extra losses, 

over devising & rise of temperature. The presence of currents distortion can also lead noises 

on communication system & introduce power measuring faulty. 

2.8.1) Effect on Power Capacitors 

Issues related to distortion usually manifest initially on power bank of capacitor. A power 

bank of capacitor may experience resonance during peak voltage harmonics , along flow of 

the current through the power bank of capacitor being precisely huge & enough in 

monotonic harmonics. During resonance on power bank of capacitor has major impact of 

eleventh harmonics which is superimposed on the basic frequency. Thus power capacitor 

bank is implicated. In such resonance conditions, the root mean square (rms) current is often 

higher than the rated rms current for the capacitor. The IEEE Standard for Shunt Power 

Capacitors (IEEE Standard 18-1992) specifies the following continuous capacitor ratings 

■ one hundred thirty five percentage of nameplate kvar  

■ a hundred and ten percentage of rated rms voltage (which includes harmonics however 

with the exception of transients)  
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■ a hundred and eighty percentage of rated rms modern-day (which includes essential and 

harmonic modern-day) 

■ one hundred twenty percentage of height voltage (which includes harmonics) 

 The capacitor is predominantly exposed to 2 harmonics: the fifth and the seventh. The 

distorted voltage comprises four percentage fifth and three percentage seventh. This leads to 

a 20% 5th harmonic current and a 21% 7th harmonic current. All resulting values remain 

well below standard limits in this scenario. 

.  

2.8.2) Effect on Transformers 

The necessary power to concerned devices engineer Transformers to supply with minimal 

losses at the basic frequency. In both voltage & current harmonics distortion significantly 

contributes to additional heating. To neutralize upper frequency, transformer 

manufacturers make specific makes choices, like implementing transposed continuously 

cables in place of solid conductors & incorporating additional chilling tubes. With 

simplified guideline, a transformer where distorted current overs five percentage is 

considered a system for  not rating due to harmonics. There are 3 impacts leading to rise 

transformer temperature when the current device contains harmonic comp: 

a) RMS Current: The increase in current harmonics distortion in the transformer increases 

the rms peak value which leads the rise of heating inside the transformers. 

b) Eddy Current Losses: They are brought in transformer of currents due to flux induced 

by magnetically. They brought on current glide withinside the winding, withinside center 

& in different engaging in our parts according with magnetic subject wrt transformer & 

purpose extra hot. The aspect of it losses will increase on rectangular of frequency for 
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inflicting eddy current. Hence , it will become completely essential aspect for rise of 

temperature in it. 

c) Core Losses: The growth in core losses in the presence of harmonics can depend on the 

impact of harmonics on the applied voltage and the design of the transformer core. Increased 

distorted voltage may raise the eddy current within the core coating. The net effect depends 

on the thickness of core coatings and the quality of the core alloy of iron. The increase in 

these losses due to harmonics is typically not as significant as the previous ones. 

2.8.3) Influence on Automobiles: Harmonic voltage distortion can significantly impact 

motors, manifesting as harmonic fluxes within the motor at the automobile ends. Although 

these harmonic fluxes don't notably contribute to automobile drive, they operate at a 

frequency dissimilar from the rotating part sync frequency, creating peak-frequency currents 

in the rotating part. This effect is similar to the consequences of negative sequence current at 

the basic frequency, causing additional losses. 

Signs of harmonic voltage distortion in automobiles include reduced efficiency, 

accompanied by issues such as high-pitched noises, heating, and vibration. When 

representing motors at harmonic frequencies, the control rotating part reactance linked 

across the line is generally employed. Below-order harmonic voltage components, with 

larger magnitude and decreased apparent impedance motor, are typically more critical for 

automobiles. 

As long as the voltage distortion adheres to the limits outlined in IEEE Standard 519-1992 

(5% THD and 3% for any individual harmonic), there is usually no need to derate 

automobiles. However, problems like excessive heating arise when voltage distortion 

surpasses 8 to 10%. Correcting such distortion is crucial for the prolonged life of motors. 

Motors, in their interaction with the power system impedance concerning harmonic issues, 
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current flow, tend to elevate the system resonance by decreasing the net inductance. The 

impact on the model relies on the initial loc of the model harmonic before motor energize. 

Motors may also contribute to damping some harmonics comp based on the 
X

R
 ratio of the 

fixed rotating part circuit. While this may aid in attenuating harmonic resonance in systems 

with numerous motors which is not large sized one and a low 
X

R
 ratio, it cannot be relied 

upon for larger motors. 

2.8.4) Effect on tele-transmissions 

Consonant currents present in the distribution business system or in utility facilities can 

interfere with tele-transmission circuits that share a similar path. The produced voltage along 

similar lines with these harmonic currents typically falls within the bandwidth of typical 

audio transmissions. Harmonics between five hundred forty (9th) and twelve hundred hertz 

are especially distorted. The produced voltage per unit amp of current rises along the 

frequency, and triple harmonics (third, ninth, fifteenth) pose challenges in 4-wire models due 

to their phase alignment lines in a 3-phase circuit. 

This direct conduction results in the straight produced pairing being equational for all the 

same lines, leading to a zero-equivalent voltage in the circle made with lines. In the past, 

pairing through the grounding point of an over-the-consumer conductor via produced posed 

a significant issue, especially along not closed tele-transmission circuits. However, with the 

widespread use of covered, circled-couple lines for tele-transmission circuits, such pairing 

has become less prominent. 

Produced pairing may pose an issue when high currents induce an IR drop along the covered 

surroundings of the tele-transmission lines. The flow of current within the covered leads to 

this drop (refer to Fig. 20[15]), resulting in a voltage similar to the neutral point references at 
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the terminals of the tele-transmission conductor. Covered currents can also result from 

straight lines.As shown in Fig. 20[15], the covered runs in same neutral path with power 

lines. If existing neutral ground situs allow a substantial quantity of current to flow through 

covered, the resulting peak cover current & resistant fall will once more create a in similar 

volt-age through neutral references in the terminals of tele-transmission line.  

 

 

 

 

 

 

 

 

Fig.19. Power system remaining within inductive pairing current to tele-

transmission circuit  

 

 

                   VLoop                                                                                      Vc=Communication Signal 

 

 

Fig.20 Voltage differences in ground references at cable ends due to an IR drop in the 
cable shield 

. 

 

Fig.21.  Similar ground way for flowing pair. 
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2.8.5) Effect on Electrical Metering & Demand Measurement 

Utilities in the distribution system typically measure power usage in two main aspects: 

the sum of all power used and the maximum energy used during a specific time. 

Consequently, billing for larger commercial customers involves both energy charges and 

demand charges. Residential customers, on the other hand, are usually billed solely for 

their power usage. 

The power price refers to the costs associated with the generation and delivery of 

power, calculated by the time used for kilowatt-hours (kWh). The calculation of the 

second component, the KVA rate, reflects the distributor’s rates in maintaining sufficient 

capacity of energy to meet all users' power usage needs. KVA billing is often calculated 

through the peak fifteen or thirty-minute high KVA requirement for a specific time, 

measured in kilowatts (kW). 

Both KVA and power bills are quantified using devices known as KVA and watthour 

devices. The KVA device is typically combined with a watthour device and incorporates 

periodic mechanisms to confirm high energy usage, resetting the required information to 

0 during each periodic cycle (usually fifteen or thirty minutes). 

Harmonic currents generated by nonlinear devices can adversely affect the accuracy of 

KVA devices and watthour devices. Conventional watthour devices operate based on the 

induction motor theory, where the rotating disk or rotor element within the meter spins at 

a velocity related to energy transfer. However, traditional disc-type magnetic watthour 

devices tend to show negative errors in harmonic frequency. In other words, they may 

record lower energy values in harmonic frequencies compared to the basic frequency, 

with less decrease at higher frequencies. 
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Generally, nonlinear devices reject harmonic energy back into the source model, while 

rectilinear devices contain harmonic energy due to distorted voltage. This relationship is 

illustrated in Fig. 22[15] by depicting the ways of the currents. 

 

 

 

 

 

 

 I1               I3                  I5            I7    etc                                       I1               I3            I5            I7    etc                        

  

Fig.22. Primary way distorted current in (a) device with non-linearity & (b) device with 

linearity (with distorted voltage). 

Hence in case of device with non-linearity in Fig. 22[15], reading of the device could 

be 

 

                Pmeasured = P1 — a31P3 — a51P5 — a71P7 — . . .                     (2.26) 

 

As represented by equation 2.26 for device with non-linearity, the measured power is less 

than that of actually dissipated the power. Here a31, a51 & a71 are constant factors for 

multiplication with less than one value 

Similarly, as represented by equation 2.27 for linear device the measure power will be as per 

the actual.  

                  Pmeasured = P1 + a3P3 + a5P5 + a7P7 + . . .                                 (2.27) 

 

Hence with the presence of harmonic the demand meter measure faulty power. This is the 

sever effect of it on measuring meter for demand and power meter.  
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2.9 Stability analysis of transfer function using bode plots 

 

 

Fig. 23.  Phase margin  and gain margin 

 

A positive gain margin indicates system stability, while a negative gain margin suggests 

instability. For a minimum-phase system to be stable, both the phase margin and gain 

margin must be positive, as illustrated in Fig. 23 [20]. 

The gain crossover frequency is where the magnitude curve intersects the 0 dB line, while 

the phase crossover frequency is the point at which the phase curve intersects the 180° line. 

Gain Margin: Gain margin represents the permissible increase in gain before the system 

approaches the brink of instability. Mathematically, gain margin is expressed as the 

reciprocal of the magnitude of the system's gain G(jw) H(jw) at phase cross-over frequency. 

      G.M= 1/ G(jw) H(jw)w=wc2                                                                              (2.28) 

 

wc2= phase cross-over frequency. 

Generally, G.M is expressed in decibels 
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Therefere, In decibels              G.M.=20log x1/ G(jw) H(jw)w=wc2                                                      (2.29) 

Or,                         G.M.=20log x G(jw) H(jw)w=wc2                                                            (2.30)                      

Phase Margin: In terms of gain, extra phase lag can be introduced without impacting the 

magnitude plot. Consequently, the phase margin is defined as the quantity of additional 

phase lag that can be introduced into the system before it approaches the threshold of 

instability. Mathematically, the phase margin (P.M) can be expressed as: 

 

                                         P.M= [ <G(jw) H(jw)w=wc2 ] –(-180)                                    (2.31) 

                                           P.M.=180+<G(jw) H(jw)w=wc2                                                                         (2.32)                       
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CHAPTER 3. METHODOLOGY 
 

 Fig. 2 depicts a clear illustration of the SAPF arrangement. The nonlinear device is 

connected to the 3Φ AC system, with the specific nonlinear device considered in this thesis 

being a 3Φ full-wave diode bridge rectifier connected to a varying device, RL. The SAPF is 

connected in parallel to the system to provide the harmonic and reactive power consumed by 

the nonlinear device. Subsequently, the SAPF caters to the harmonic current order of the 

device, ensuring that only current having a sinusoidal waveform through nearly unity power 

factor is drawn from the source. 

The SAPF generates the reimbursed compensated current, ic. The nonlinear device current, 

iL, is the summation of the supply current, is, and ic. A coupling inductor is employed to 

mitigate high-frequency currents stemming from the switching of the Voltage Source Inverter 

(VSI). As discussed earlier, the SAPF control algorithm involves two primary control loops: a 

control loop for the inner system and an outer loop. The inner loop utilizes a PI control to 

track the reference current in the dq-domain. Meanwhile, the outer loop computes the device 

voltage supply and current, generating the reference reactive and active power to be 

reimbursed by the SAPF using the principle of a pq-based immediate system, as illustrated in 

Fig.24[18].

Fig. 24. Outer current control loop for the current reference generation ( iαrefer and iβref ) 
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3.1 Instantaneous p-q theory 

   Initially,  3-Φ supply instantaneous voltages (
sav , 

sbv  & 
scv ) & currents of the 3-

phase device  (
Lai , 

Lbi  & 
Lci )  & are observed and using the Clarke’s transform 

transformed to α-β-0 coordinates (i0, iα, iβ, v0, vα and vβ as shown in eq. 3.1 & 3.2) 

as follows: 
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(3.2) 

 

 

Next, the instantaneous active power (q) & active (p) consumed by the device are 

calculated using these currents and voltages in α-β-0 coordinate as follows: 

 

p = vαiα + vβiβ  = p̄  + p̃             (3.3) 

 

q = vαiβ − vβiα = q¯ + q˜             (3.4) 

 

 

here, p˜ & p¯ represent the low-frequency & high-frequency elements of immediate active 

power, while q¯ and q˜ denote the low-frequency & high-frequency elements of immediate 

reactive power. The immediate active power received by the device (p˜+ p¯) undergoes filter 

via a Butterworth-type LPF to eliminate the high-frequency harmonic element (p˜). 
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Afterward, the output of the LPF is subtracted from the primary instantaneous active power, 

isolating only the peak-frequency element (p˜). This combination necessarily forms a HPF, 

selectively extracting the peak-frequency elements of the device active power. In the context 

of SAPF, this represents the reference reimbursing active power (p_reference). All 

determined instantaneous reactive power contributes to the reference reimbursing reactive 

power (q_reference) owing to the SAPF, ensuring components for all reactive power required 

by the device and maintaining a power factor nearly one with the supply current. 

 

An additional control loop, addressing the loss of active power across the capacitor, is 

implemented to uphold a fixed DC voltage over it. This involves comparing the standard 

voltage (700 V) to the capacitor DC voltage. The resulting error is then sent into a PI control, 

generating the reimbursing active power (p_loss). The inverter is treated as a fixed current 

supply for the DC part of the voltage control, guiding the PI control design for this 

supplementary control loop. As a result, for the DC part control, the transfer function of the 

plant is given by: 

 

1

2
DC co

loss

V CV

P
S

RC

=

+

                                                                     (3.5) 

 

 

In this context, p_loss represents the loss across the capacitor, which is the compensating 

active power. V_dc signifies the DC bus voltage over the capacitor, the reference capacitor 

voltage is denoted by , esteemed capacitance is denoted by C, and resistance parallel with 

the capacitor is denoted by R. Following this, the reference active power computed earlier 

from the high-pass filter is combined for the DC voltage control with the reference active 

power loss. Consequently, the reference instantaneous active power and reactive power are 
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determined as follows: 

2 2

1ref loss

ref

i v v p p

v vi v v q

  

   

  − −   
=     

+     

                                    (3.6) 

 

 

Here, in the αβ-domain iαreference and iβreference represent the reference reimbursing 

currents. To enable tracking by the PI control, the reference current in the αβ-domain is 

transferred into dq-domain which is given by below equation: 

 

cos( ) Sin( )

Sin( ) cos( )

dref ref

qref ref

i it t

i t t i





 

 

    
=    

−       

                                   (3.7) 

In this expression, ωt represents the reference frame angle for synchronous, and Id reference 

& Iq reference denote the reference currents in the dq-domain model. Subsequently, the 

reference current in the dq-domain is input into a conventionally adjusted PI control, 

designed with a swapping frequency of twenty kilohertz, a cutoff frequency of four 

kilohertz, and a forty-five-degree margin angle. This control generates the control signal for 

the Pulse Width Modulated alternator for the inverter. In this scenario, the cutoff frequency 

is intentionally set comparatively high to enhance the bandwidth in the PI control. The 

proposed simulation model will be constructed and evaluated using MATLAB/Simulink, 

considering a 3Φ3W balanced system. The device with non-linearity consists of a 3Φ full-

wave bridge diode rectifier with a DC device of 9000 W. The device simulation involves 6 

diodes arranged in a 3Φ bridge arrangement, as depicted in Fig. 2[18]. The resistor RL's 

value will be determined using a straightforward equation. 

2

r

L

V
P

R
=                 (3.8) 

 

 

In this equation, Vr represents the rectifier's output voltage, which, in our case, is 495 V. An 

energy storage capacitor with a 700 V DC rating is utilized. The PWM inverter operates at a s 
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frequency for switching of twenty kilo hertz. The total impedance of Grid part is specified as 

Zsource = (
1

10
 + j 

5

38

10
) Ω, & the impedance of the device part is considered as Zdevice = 

(
1

10
 + j

38

10
) Ω. The simul elements of standard are provided in Table I, and those for the 

Variable Frequency Drive (VFD) device replication of the standard are detailed in Table II. 

 

Table I 

S.N. Parameter Value 

1 Inductance of coupler 10mH 

2 Internal resistance of coupling inductor 

1

10
Ω 

3 Resistance of grid 

1

100
Ω 

4 Inductance of grid 
610−
H 

5  Resistance of device part 

1

100
Ω 

6  Inductance of device part 

1

100
H 

7 Capacitance of DC bus capacitor 

2200 

µF 

 

Source of Table I parameter:[18]  

 

 

 

Table II 

S.N. Parameter Value 

1 DC filter capacitor 4200 µF 

2 DC filter inductor 181 µH 

 

Source of Table II parameter:[14]  

 

In this thesis, The Total Harmonic Distortion (THD) is employed as the present metric to 

assess the effectiveness of the PI control approach. THD is calculated as follows: 

 

( )2 2 2 2

2 3 4

2

1

................. nI I I I
THD

I

+ + +
=                                    (3.9) 
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In this expression, I2, I3, I4, ..., IN represent the root-mean-square (RMS) values of harmonic  

2, 3, 4, … up to N, correspondingly, and I1 is the RMS value of the basic supply current. The 

Nth harmonic order corresponds to the Nyquist frequency, which is 1/2 the modeling 

frequency of the chosen signal. In our scenario, the modeling frequency is one megahertz, and 

the substituting frequency is twenty megahertz. Consequently, the Nyquist condition is met. 

3.2 Design of PI Control 

The comprehensive illustration of the inner loop for current control in the Voltage Source 

Inverter (VSI) is presented in Fig. 25[18]. Faults in the dq-domain response currents (Iq & Id) 

are directed to PI controls, and the output from these controls generates the corresponding 

modifying indicator for the inverter of PWM type. The inverter's gate indicators are produced 

with this modifying indicator, considering cross-coupling parts IqωL & IdωL, and the 

addition of feed-forward parts. Following this, by using the inverse Park’s transform, the 

indicator undergoes a transformation from dq to abc systems. The PI type-2 control includes 

an additional pole in the high-frequency range, aiding in attenuating the substituting rackets in 

the model. 

The voltage source control by current comprises adjustments, the pairing inductor, and the PI 

control. The plant for the PI control's design is: 

( )

1

plant s
LG

r
s

L

=

+

                    (3.40) 

 

Considering the constraints outlined in Table I, the handover function for system is expressed 

as: 
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( )

100

10
plant sG

s
=

+
                     (3.41) 

 

 

Fig. 25. overall diagram of the inner loop for current control in the VSI (fig.2.) 

 

 

Reference Design of LC Filter 2.6, the PI type-2 control is:  

 

( ) 6 2

251.54 2609023

16.521
controller s

s
H

e s s−

+
=

+
                       (3.42) 

 

 

Similarly, to maintain the voltage over the DC link capacitor, an additional PI control loop 

is essential, as explained in Section 3.1. To formulate this control loop, the allocation 

function provided in equation 3.5 is employed. 
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                                       Fig. 26. Flow chart of the proposed method  
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CHAPTER 4.   SYSTEM UNDER CONSIDER, TOOLS AND SOFTWARE 
 

 

 
 
4.1 System Validation 

MATPOWER's MATLAB Simulink system was chosen to assess the model's performance. 

After the system is tested, the model will be validated on distribution feeders in industries 

under the Balaju Industrial area. 

 

4.2 Tools & Software 

Technological advancements in computer architecture, software, and programming tools have 

made the modeling and analysis of power systems easier. In the past, modeling and analysis 

were difficult, time-consuming, and inaccurate. Many software tools use mathematical 

modeling to simulate the performance of a power system and its active components. 

MATLAB has been used in this thesis for simulation, along with the MATPOWER 7.1 

environment. 

 

4.3 MATLAB 

MATLAB, short for Matrix Laboratory, is a user-friendly and highly interactive programming 

tool developed by MathWorks. It can be used to simulate a large number of engineering 

problems. In this thesis, the MATPOWER 7.1 package is integrated with MATLAB for the 

analysis of test bus systems. 
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4.4 MATLAB SIMULation AND MODELING 

 

                    Fig.27.  Overall, MATLAB Simulation of SAPF in 3phase 3wires System  
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                           Fig.28.Overall, MATLAB Simulation inside SAPF Block
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Fig.29. MATLAB simulation  of outer loop inside Shunt APF block  
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Fig.30. MATLAB simulation  of inner loop inside Shunt APF block 
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Fig.31. MATLAB simulation  of extra loop inside Shunt APF block for 3 phase 3 wire system 

 

 

 

 

Fig.32.Power Factor Measurement in MATLAB Simul 
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Fig.33.Components inside Power Factor Measurement block in MATLAB Simulation 

 

 

 

Fig.34.Non-Linear Three phase Device for 3phase 3wire System in MATLAB simulation  
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Fig. 35 MATLAB simulation of Gate signal for PWM inverter  

Fig.36. MATLAB simulation of VFD (variable frequency drive) as non-linear device  
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Fig.37. Over all MATLAB simulation & modeling of 3phase 4wire system 
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Fig.38. Non-Linear Three phase Device for 3phase 4wire System in MATLAB simulation 

 

 

Fig.39. MATLAB simulation of extra loop inside Shunt APF block for 3phase 4wire System 
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CHAPTER 5. Results and Discussion 

Five case studies were performed: 

Case I: In the initial case study, the emphasis was on enhancing current harmonics by 

integrating a SAPF into a 3-phase 3-wire system with conventional PI control in the inner 

current loop. 

Case II: The second case study involved evaluating the performance of the traditional PI 

control approach under varied device conditions for a 3-phase 3-wire system. 

Case III: In the third case study, the focus was on improving current harmonics by 

incorporating a SAPF into a 3-phase 4-wire system with traditional PI control in the inner 

current loop, and this was evaluated under different device conditions. 

Case IV: The fourth case was a performance investigation of SAPF where the three-phase 

device is a VFD. 

Case V: The sixth case was an application of MATLAB simulation of SAPF in the industries 

of Nepal. 

5.1 Case I: 

For Case Study I, a 3-phase full diode bridge rectifier, as described in Chapter 1, was 

employed as the nonlinear device, as depicted in Fig. 1. A 27 Ω device resistance, 

determined from Eq. (39), was utilized to model the 9000 W device. The three-phase AC 

source, operating at a frequency of 50 Hz and a line-to-line root-mean-square (RMS) voltage 

of 400 V, was connected to this device. The Total Harmonic Distortion (THD) was then 

calculated using the fast Fourier transform (FFT) analysis tool in the powergui block within 

Simulink, considering 10 cycles of the source current waveform. For THD calculation, Eq. 

(40) with a sampling time of 1 µs was applied. 

Before connecting the SAPF, the current (iS) supplied by the source exhibited distortion with 

a high THD of 18.19%, as illustrated in Fig. 40. In Fig. 41, a performance comparison  
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 Fig.40. Fig: FFT analysis result for the source when no SAPF is connected 

 

is presented between a traditional PI control and the PI control with a trailing bend for the 

quadrature current (Iq) and direct co-ordinate current (Id), denoted by "Id" in Fig. 16 and 

"Iq" in Fig. 42, respectively. "Idref" and "Iqref" represent the reference currents that need to 

be followed. Upon connecting the SAPF after 0.4s, the early capacitor charging instigated 

temporary performance with limited effects. After a few cycles, with the conventional PI 

control, the THD of the supply current reduced to 2.06%, as depicted in Fig. 43. 

The 2.06% THD observed with the PI control alone resulted from inefficient tracking of the 

reference currents Idref and Iqref, as indicated in Figs. 41 and 42. However, the supply 

current transitioned to a sinusoidal waveform with fewer harmonic components. 

Consequently, as per Eq. (39), the THD was enhanced with the incorporation of SAPF. This 

improvement in total harmonics, reflected in terms of THD, was the rationale behind SAPF's 

inclusion. ability to deliver improved performance during step responses and variations in 

nonlinear devices. 
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Fig 41: Performance of PI control technique with tracking curve in d-domain current dI ( Current Vs Time) 

 

Figures 44, 45, and 46 depict the active response of the SAPF-connected system. In Fig. 44, 

the device current for the abc phase is shown. Fig. 45 displays the compensating current 

produced by the SAPF for the A phase. Fig. 46 illustrates the source current with the SAPF 

connected after 0.4 seconds, where the notches are attributed to tracking errors in Iq 

reference current, as shown in Fig. 18. Additionally, Fig. 17 presents the FFT 

analysis.
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Fig 42: Performance of PI control technique for tracking curve in q- domain current Iq 

(Current Vs Time) 

 

result from Simulink for the current supply when the SAPF is not connected. In Fig. 43, the 

FFT analysis result from Simulink is displayed for the source current when the SAPF is 

connected. The 5th, 7th, and 11th harmonics are dominant and challenging to remove by the 

LPF due to the nature of the 3-phase non-linear device being used. As depicted in Figure 47, 

the power factor of the system improves, approaching unity when the SAPF is connected for 

the 9 kW device. 
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                        Fig.43. FFT analysis result for the source when SAPF is connected     

 

 

 Fig 44: Dynamic response of the 3φ SAPF associated supply; displays the device current for abc 

phases (Device Current Vs Time) 
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 Fig 45: Dynamic response of the SAPF associated source; displays the compensating current produced 

by SAPF for phase a (Current Vs Time) 

 

 

 

Fig 46: Dynamic response of the  3φ  SAPF associated source after 0.4s; displays the source current 

where the notches are due to tracking errors in Iq reference current (Current Vs Time) 
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Fig 47: Development of the pf of the system when SAPF is connected ( p.f. vs Time) 

 

5.2 Case II 

Various device conditions ranging from 1000 W to 20000 W were simulated by adjusting the RL value 

from 12 ohms to 245 ohms. Table III presents a THD comparison of the source current under these 

diverse loading circumstances. Without the SAPF in place, the THD performance was suboptimal 

across all device conditions. This can be attributed to the fact that THD increases as the device load 

decreases. Nevertheless, the control yielded the most favorable THD outcomes for the supply current. 

Table III 

Performance comparison of SAPF under different device conditions for 3phase 3wire 

 

Device THD Without SAPF THD With SAPF 

1000W (245ohm) 27.53% 5.8% 

2000W (122ohm) 25.91% 4.96% 

3000W (81.66ohm) 24.60% 4.17% 

4000W (61.26ohm) 23.41% 4.01% 

5000W (49ohm) 22.22% 3.91% 

6000W (40.8ohm) 21.20% 3.69% 

7000W (35ohm) 20.23% 2.69% 

8000W (30.6ohm) 19.51% 3.63% 

9000W (27.2ohm) 18.9% 2.06% 
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10KW (24.5ohm) 18.40% 2.98% 

12KW (20.4ohm) 17.59% 1.94% 

14KW (17.5ohm) 16.18% 2.75% 

16KW (15.31ohm) 16.53% 2.83% 

18KW (13.61ohm) 16.22% 4.03% 

20KW (12.25ohm) 15.98% 4.85% 

 

5.3 Case III 

This is similar with the case I. only difference is case I for 3phase 3wire system while case III for 

3phase 4wire system. Here also we took device 9KW device. The THD level before connection of 

SAPF was 18.82% while without SAPF was 3.47%. 

 

 

Fig.48. Fig: FFT analysis result for the source when no SAPF is connected 
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Fig.49. Fig: FFT analysis result for the source when  SAPF is connected 

 

 

 

 

Fig 50: Dynamic response of the 3φ SAPF associated source; displays the device current for abc phases 

(Current Vs Time) 
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Fig 51: Dynamic response of the SAPF associated source; displays the compensating current 

produced by SAPF for phase a (Current Vs Time) 

 

 

 

 

Fig 52: Dynamic response of the  3φ  SAPF connected system after 0.4s; shows the source current 

where the notches are due to tracking errors in Iq reference current (Current Vs Time) 
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Fig 53: Performance of PI control technique with following arc for d-domain current Id (Current Vs 

Time) 
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Fig 54: Performance of PI control technique with tracking curve for q-domain current Iq (Current Vs 

Time) 

 

 

Fig 55: Development of the p to system when SAPF is connected (p.f. Vs Time) 
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Table IV 

Performance comparison of SAPF under different loading conditions for 3phase 4wire 

 

Device THD Without SAPF THD With SAPF 

2000W (122ohm) 23.62% 4.52% 

3000W (81.66ohm) 24.73% 4.38% 

4000W (61.26ohm) 23.42% 3.43% 

5000W (49ohm) 22.5% 4.37% 

6000W (40.8ohm) 25.68% 4.33% 

8000W (30.6ohm) 19.42% 4.87% 

10KW (24.5ohm) 17.7% 3.40% 

12KW (20.4ohm) 16.39% 4.63% 

14KW (17.5ohm) 26.94% 6.47% 

  

5.4 Case IV 

The three-phase device, a Variable Frequency Drive (VFD), was integrated into the SAPF, and the 

Total Harmonic Distortion (THD) was studied. The same system was employed, as mentioned in case 

I. The only change is that the Varying RL device was replaced by a three-phase motor with a rating of 

160 kW, as depicted in Fig. 36. The equivalent DC filter inductor and capacitor terms are 4200 

microfarads and 181 microhenries (2 units), respectively 

                                                 
Fig 56: THD of VFD as a device without SAPF  
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Fig 57: THD of VFD as a device with SAPF respectively  

 

When the Variable Frequency Drive (VFD) was introduced as a device in conjunction with the SAPF, 

there was an increase in the THD level. This phenomenon can be attributed to the dynamic filter linked 

with the grid, resulting in a reduction of the short-circuit impedance observed by the rectifier. 

Consequently, this reduction amplifies harmonic current distortion in the input of the rectifier. 

5.5 Case V 

The simulated and tested SAPF was utilized to assess device data obtained from the industries of 

Balaju Industrial Area, and it was validated accordingly. The device data is attached in the annex. The 

blue bar represents the THD level when SAPF is not connected, and the red bar represents the THD 

level when SAPF is connected after 0.4 seconds 
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Fig 58: THD level of Bolter Nepal for 3φ device 

 

 

Fig 59: THD level of Bolter Nepal for 1φ device  
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Fig 60: THD level of Nebico Biscuits for   1φ device 

 

 

 

Fig 61: THD level of Nepal Bank Limited for   1φ device 
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Fig 62: THD level of Shree polythene for   1φ device 
 

 
 

Fig 63: THD level of Hisi Polythene for   1φ device 
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Fig 64: THD level of Hatlike Industries for   1φ device 
 

 

 
 

Fig 65: THD level of Himal Bekary Pvt Ltd for   1φ device 
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Fig 66: THD level of Nepal Gas Pvt Ltd for 3φ device   
 

 

 
 

Fig 67: THD level of Nepal Gas Pvt Ltd for 3 1φ device  
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The THD level for all kind of devices were in limit as per IEEE 516 std except for VFD device which 

was already explained in case VI. 

 

 

 

5.6 Stability Analysis of Transfer function 

 

The transfer function of the inner loop was represented in Bode plots. For the stability 

analysis of the transfer function using Bode plots, the criteria dictate that both the phase margin 

and gain margin must be positive for the system. As depicted in Fig. 58, the Bode plots of the 

inner loop's transfer function exhibit positive values for both phase margin and gain margin at 

the gain crossover frequency. Similarly, as illustrated in Fig. 58, the Bode plots of the extra 

loop's transfer function also show positive values for both phase margin and gain margin at the 

gain crossover frequency. Consequently, the systems are deemed stable. 
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Fig 68: Bode plot of Frequency response of the open loop of inner control loop 

. 
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CHAPTER 6. CONCLUSION AND RECOMMENDATION   

  

Conclusion 

 In this thesis, a PI control designed for the regulation of dq-domain currents is 

suggested, ensuring effective tracking of their corresponding reference currents, Id and Iq. 

The enhanced response rapidity of the PI control contributes to the improved harmonic 

compensation ability of the power inverter, along with an enhancement in the power factor of 

the system. This control effectively addresses power quality issues associated with harmonics, 

especially under dynamic non-linear device conditions. 

 

In this thesis we achieved the followings based on results information: 

i) Control design of shunt active power filter (SAPF) with a voltage source inverter (VSI) 

in MATLAB has been successfully completed. 

ii) Harmonic suppression under different loading conditions for 3-phase 3-wire and 3-

phase 4-wire systems has been successfully achieved, meeting the IEEE 516 standard 

limits. 

iii) The model was tested and verified using non-linear devices available in the Balaju 

industrial area. 

iv) A study of harmonics for the shunt active power filter as a VFD device has been 

successfully conducted, investigating its impact and mitigation. In the case of VFDs, the 

THD level increased when the SAPF was connected. 

v) Power factor is maintained at nearly unity for all kinds of non-linear devices except 

VFDs. 

iv) The stability of the transfer function of the SAPF was assessed using Bode plots. 
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Recommendation 

The improvement in the dynamics of the inner current control loop achieved in this work can 

have numerous applications for other power electronic systems, such as grid-connected inverters 

and STATCOMs. It can also be employed to control harmonics in industries, thereby enhancing 

power factor to unity, among other potential uses. 
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CHAPTER 7. FURURE WORK 

When VFD was used as device in SAPF, the harmonics level was increased. So, to 

maintain the THD level within a limit, a journal paper published In IEEE Transactions 

on Industry Applications, vol. 52, no. 4, pp. 2816-2825, July-Aug. 2016 suggested that 

the harmonic analysis typically treats harmonic devices as constant harmonic current 

sources. However, the introduction of a shunt active power filter (SAPF) alters the 

harmonic current distortion of the device. Consequently, a higher SAPF output 

capacity is necessary to fulfill the anticipated filtering requirements. This aspect can be 

considered as a potential avenue for future research in this thesis. 
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Annex 

Annex 1  

MATLAB results for Table III : Performance comparison of SAPF under different  loading 

condition for 3 phase 3 wire system. 

i) For 1000W Load : 

 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

ii) For 2000W Load : 

 

FFT analysis result for the source when no SAPF was connected 



 

81 | P a g e  

 

 

FFT analysis result for the source when SAPF was connected 

 

iii) For 3000W load : 

   FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when no SAPF was connected 

 

iii) For 4000W load : 

 

FFT analysis result for the source when SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

iv) For 5000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

v) For 6000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

vi) For 7000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

vii) For 8000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

viii) For 9000W load : 

 

FFT analysis result for the source when SAPF was connected 
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FFT analysis result for the source when no SAPF was connected 

 

ix) For 10KW load : 

 

FFT analysis result for the source when SAPF was connected 
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 FFT analysis result for the source when SAPF was connected 

 

x) For 12KW load : 

   FFT analysis result for the source when no SAPF was connected 
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   FFT analysis result for the source when SAPF was connected 

 

xi) For 14KW Load : 

   FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

xii) For 16KW load : 

     FFT analysis result for the source when no SAPF was connected 
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   FFT analysis result for the source when SAPF was connected 

 

xiii) For 18KW load : 

   FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 

 

xiv) For 20KW load : 

    FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when SAPF was connected 
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Annex 2  

MATLAB results for Table IV : Performance comparison of SAPF under different  loading 

condition for 3 phase 4 wire system. 

i) For 2000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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    FFT analysis result for the source when  SAPF was connected 

ii) For 3000W load : 

   FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

iii) For 4000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

iv) For 5000W load : 

 

FFT analysis result for the source when  no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

v) For 6000W load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

vi) For 8000W load : 

   FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

vii) For 10KW load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

viii) For 12KW load : 

 

FFT analysis result for the source when no SAPF was connected 
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FFT analysis result for the source when  SAPF was connected 

ix) For 14KW load : 

 

FFT analysis result for the source when no SAPF was connected  
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FFT analysis result for the source when  SAPF was connected 
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Annex 3: Approval for getting load information in industries of Balaju Industrial Area 
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Annex 4: Non-Linear Load information of different industries in Balaju Industrial Area 
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