
 

 

Distribution System Modeling, Analysis and Design with  

 

High Penetration of Photovoltaic Generation 

 
by 

 

Yingying Tang 

 

 

 

 

 

A Dissertation Presented in Partial Fulfillment  

of the Requirements for the Degree  

Doctor of Philosophy  

 

 

 

 

 

 

 

 

Approved April 2016 by the 

Graduate Supervisory Committee:  

 

Raja Ayyanar, Chair 

George Karady  

Gerald Heydt 

Vijay Vittal 

 

 

 

 

 

 

 

 

 

 

 

 

ARIZONA STATE UNIVERSITY  

 

May 2016



i 

 

ABSTRACT 

Present distribution infrastructure is designed mainly for uni-directional power flow 

with well-controlled generation. An increase in the inverter-interfaced photovoltaic (PV) 

systems requires a thorough re-examination of the design, operation, protection and control 

of distribution systems. In order to understand the impact of high penetration of PV gener-

ation, this work conducts an automated and detailed modeling of a power distribution sys-

tem. The simulation results of the modeled distribution feeder have been verified with the 

field measurements.    

Based on the feeder model, this work studies the impact of the PV systems on voltage 

profiles under various scenarios, including reallocation of the PV systems, reactive power 

support from the PV inverters, and settings of the load-tap changing transformers in coor-

dination with the PV penetration. Design recommendations have been made based on the 

simulation results to improve the voltage profiles in the feeder studied.  

To carry out dynamic studies related to high penetration of PV systems, this work 

proposes a differential algebraic equation (DAE) based dynamic modeling and analysis 

method. Different controllers including inverter current controllers, anti-islanding control-

lers and droop controllers, are designed and tested in large systems. The method extends 

the capability of the distribution system analysis tools, to help conduct dynamic analyses 

in large unbalanced distribution systems.   

Another main contribution of this work is related to the investigation of the PV im-

pacts on the feeder protection coordination. Various protection coordination types, includ-

ing fuse-fuse, recloser-fuse, relay-fuse and relay-recloser have been studied. The analyses 
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provide a better understanding of the relay and recloser settings under different configura-

tions of the PV interconnection transformers, PV penetration levels, and fault types.  

A decision tree and fuzzy logic based fault location identification process has also 

been proposed in this work. The process is composed of the off-line training of the decision 

tree, and the on-line analysis of the fault events. Fault current contribution from the PV 

systems, as well as the variation of the fault resistance have been taken into consideration. 

Two actual fault cases with the event data recorded were used to examine the effectiveness 

of the fault identification process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

TABLE OF CONTENTS 

Page 

LIST OF TABLES ........................................................................................................... viii 

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

LIST OF SYMBOLS ........................................................................................................ xv 

CHAPTER 

1 INTRODUCTION ..................................................................................................... 1 

1.1 Impacts of DG on Distribution Systems .............................................................. 2 

1.2 Analysis of Distribution Feeders with High Penetration of PV Systems ............. 6 

1.3 Literature Review ............................................................................................... 11 

1.3.1 Distribution System Modeling and Verification ......................................... 12 

1.3.2 Steady-state Analysis of the PV Impacts .................................................... 12 

1.3.3 DAE Based Dynamic Modeling and Analysis of the PV Impacts .............. 13 

1.3.4 Protection Analysis Under PV Impacts ...................................................... 15 

1.3.5 Fault Location Identification in the Distribution Systems .......................... 18 

1.4 Thesis Organization............................................................................................ 20 

2 MODELING AND VERIFICATION OF THE DISTRIBUTION FEEDER WITH 

HIGH PHOTOVOLTAIC SYSTEM ....................................................................... 22 

2.1 Introduction ........................................................................................................ 22 

2.2 Modeling Procedure of the Test Feeder ............................................................. 24 



iv 

 

CHAPTER                                                                                                                      Page 

2.2.1 Distribution System Input Data .................................................................. 25 

2.2.2 Building the Equipment Model ................................................................... 25 

2.2.3 Building the Network Model ...................................................................... 27 

2.2.4 Building the Load and PV Models.............................................................. 28 

2.3 Verification of the Feeder Model ....................................................................... 31 

2.4 Steady State Analysis of the Feeder Model ....................................................... 38 

2.5 Analysis of the Impact of PV and Recommendations........................................ 39 

2.5.1 Impacts on Voltage Profile Under Varying Levels of PV Penetration ....... 39 

2.5.2 Impacts on Voltage Profile with Reactive Power Support ......................... 42 

2.5.3 Reduction of the Voltage Violation by Changing LTC Settings ................ 44 

3 DYNAMIC MODELING AND ANALYSIS OF UNBALANCED 

DISTRIBUTION FEEDER WITH PHOTOVOLTAIC SYSTEMS ....................... 47 

3.1 Introduction ........................................................................................................ 47 

3.2 Design of Three-phase Unbalanced PV Inverter................................................ 48 

3.2.1 Single-phase dq Frame Design ................................................................... 51 

3.2.2 Switching of the Reference Frame Between the PV Inverters and the 

Outside Circuit ........................................................................................... 53 

3.2.3 Implementation of the Grid Synchronization ............................................. 54 

3.3 Analytical Model of the PV Inverter .................................................................. 55 



v 

 

CHAPTER                                                                                                                      Page 

3.3.1 State-space Representation of the PV Inverter Filter .................................. 55 

3.3.2 State-space Representation of the PV Inverter Controller .......................... 57 

3.3.3 State-space Function of PLL ....................................................................... 58 

3.4 Interface Between the PV Inverter DLL and the OpenDSS Circuit .................. 59 

3.5 Validation of the PV Inverter DLL .................................................................... 62 

3.5.1 Balanced Case Verification......................................................................... 62 

3.5.2 Unbalanced Case Verification .................................................................... 66 

3.6 DAE Based Dynamic Analysis of the Three-phase and Single-phase PV 

Inverters in Large Power Systems ................................................................................ 67 

3.7 DAE Based Dynamic Analysis of the Anti-islanding Scheme of PV Inverters. 71 

3.7.1 Design of the Anti-islanding Scheme ......................................................... 72 

3.7.2 Implementation of the Anti-islanding Scheme in Small System ................ 74 

3.7.3 Study of the Anti-islanding Scheme in Large Systems .............................. 79 

3.8 DAE Based Dynamic Analysis of the PV Inverters in Microgrid ..................... 82 

3.8.1 Controller Design for Autonomous Microgrid ........................................... 83 

3.8.2 Implementation of the PV Inverters in Small-scale Microgrid System ...... 85 

3.8.3 Implementation of the PV Inverters in 123-bus Microgrid System ............ 88 

4 AUTOMATED PROTECTION ANALYSIS FOR A LARGE DISTRIBUTION 

FEEDER WITH HIGH PENETRATION OF PHOTOVOLTAIC SYSTEM ......... 90 



vi 

 

CHAPTER                                                                                                                      Page 

4.1 Introduction ........................................................................................................ 90 

4.2 System Settings Under Protection Analysis ....................................................... 95 

4.2.1 Modeling of the Fuses ................................................................................. 95 

4.2.2 Modeling of the Relay and Recloser ........................................................... 97 

4.2.3 Modeling of the PV Systems ...................................................................... 97 

4.3 Validation of the Protection Coordination Under Fuse-clearing Scheme .......... 97 

4.4 Design of the Protective Device Under Fuse-saving Scheme .......................... 105 

4.4.1 Relay/recloser Settings without PV Systems ............................................ 107 

4.4.2 Relay/recloser Settings with PV Systems (HV Side Grounded Wye/LV Side 

Delta Interface Transformer Connection) ................................................ 111 

4.4.3 Relay/recloser Settings with PV Systems (HV Side Delta/LV Side Delta 

Interface Transformer Connection) .......................................................... 113 

4.4.4 Summary of the Impacts of PV Ratings and Interconnection Transformer 

Types on Relay/recloser Settings ............................................................. 115 

5 VOLTAGE-SAG-BASED FAULT LOCATION IDENTIFICATION 

METHODOLOGY IN DISTRIBUTION SYSTEM ............................................. 119 

5.1 Introduction ...................................................................................................... 119 

5.2 Off-line Training Procedure ............................................................................. 120 

5.2.1 Decision Tree ............................................................................................ 121 



vii 

 

CHAPTER                                                                                                                      Page 

5.2.2 DT Training in CART ............................................................................... 123 

5.3 On-line Analysis Procedure ............................................................................. 129 

5.3.1 Fault Type Identification........................................................................... 129 

5.3.2 Fault Location Identification with Estimated Fault Resistance ................ 135 

5.4 Study of the Real-world Event Cases ............................................................... 137 

6 CONCLUSIONS.................................................................................................... 146 

REFERENCES ............................................................................................................... 150 

APPENDIX 

 A NUMBER OF BUS VOLTAGE VALUES BEYOND THE ANSI LIMIT ...... 160 

B PUBLICATIONS RELATED TO THIS WORK………………………..…….163 

 

  



viii 

 

LIST OF TABLES 

Table                                                                                                                               Page 

2.1 Details of the Test Bed Distribution Feeder ............................................................... 23 

2.2 RMS Percent Error Between Simulated and Measured Voltage Magnitudes for Each     

Phase at Various DAS Locations Over a Day – October 2, 2012 ............................... 37 

2.3 Operating Parameters in the Highest Load Case ........................................................ 38 

2.4 Operating Parameters in the Highest Penetration Case .............................................. 39 

2.5 Maximum Feeder Voltage (p.u.) Under Different Scenarios and Penetration Levels of 

the Small Residential PVs ........................................................................................... 41 

2.6 Maximum Feeder Voltage (p.u.) Under Different Scenarios and Penetration Levels of 

the Large-scale PVs .................................................................................................... 42 

2.7 Maximum Voltage (p.u.) at Different PV Penetration Levels .................................... 43 

2.8 LTC Tap Settings Proposed in the Base Hosting Capacity Case................................ 46 

3.1 Droop Coefficients Used for the PV Systems............................................................. 86 

4.1 Disadvantage and Advantages of Different Interconnection Transformer Connections

........................................................................................................................................... 92 

4.2 Impacts of PV Interface Transformer Connections on Phase/ground relay/recloser .. 94 

4.3 Fault Case Packages .................................................................................................. 101 

4.4 Values of Parameters A, B and p ............................................................................... 106 

4.5 Settings of the Relay/recloser without PV Systems .................................................. 110 

4.6 Settings of the Ground relay/recloser with PV Systems (grounded wye/delta)........ 112 

4.7 Settings of the Phase relay/recloser with PV Systems (grounded wye/delta) .......... 112 

 



ix 

 

Table                                                                                                                               Page 

4.8 Settings of the Original Ground Relay/recloser and the New Recloser with PV 

Systems Above 3000 kW .......................................................................................... 113 

4.9 Settings of the Ground Relay/recloser with PV Systems (delta /delta) .................... 114 

4.10 Settings of the Phase Relay/recloser with PV Systems (delta /delta) ..................... 115 

5.1 IEEE 1547 Interconnection System Response to Abnormal Voltages ..................... 126 

5.2 Accuracy of the DT Developed ................................................................................ 128 

5.3 Fundamental Relations for Asymmetrical Faults ..................................................... 133 

5.4 Fuzzy Variables Definition ....................................................................................... 134 

5.5 Fault Types Represented by Fuzzy Variables ........................................................... 135 

5.6 Sections for the Fault Candidate Nodes .................................................................... 141 

  



x 

 

LIST OF FIGURES 

Figure                                                                                                                             Page 

1.1 Simulations and Analyses Proposed in This Work for the Impact Study of High 

Penetration of PV Systems............................................................................................ 7 

2.1 Overview of the Modeling Process Proposed in This Work to Study High Penetration 

PV in Distribution Feeders.......................................................................................... 24 

2.2 Network Modeling, Load and PV Modeling Process in MATLAB ........................... 29 

2.3 The GIS View of the Feeder ....................................................................................... 32 

2.4 The One-line Diagram of the Feeder in CYMDIST ................................................... 33 

2.5 The One-line Diagram of the Feeder in OpenDSS ..................................................... 34 

2.6 Measured and Simulated Substation One-minute-interval kW Plot of Phase A Over a 

Day – October 2, 2012 ................................................................................................ 35 

2.7 Measured and Simulated DAS04 One-minute-interval kW Plot of Phase A Over a 

Day – October 2, 2012 ................................................................................................ 35 

2.8 Measured and Simulated Substation One-minute-interval kVAr Plot of Each Phase 

Over a Day – October 2, 2012 .................................................................................... 36 

2.9 Measured and Simulated DAS 5 and DAS 1 One-minute-interval Voltage Plot of 

Phase A Over a Day – October 2, 2012 ...................................................................... 37 

3.1 Average Model of the PV Inverter.............................................................................. 48 

3.2 Original (a) and Improved (b) Interactions Between the DLL and OpenDSS ........... 50 

3.3 Frame Transformation Process for Each Phase of the PV Inverter ............................ 52 

3.4 Reference Frame Changes Between the PV Inverters and the Outside Circuit .......... 54 

3.5 PLL Algorithm ............................................................................................................ 55 



xi 

 

Figure                                                                                                                             Page 

3.6 Algorithm of the Interaction Between PV Inverter DLL and OpenDSS Circuit ........ 61 

3.7 Three-bus System Used for Verification of the PV Inverter DLL.............................. 62 

3.8 PV Inverter Output Current (instantaneous and peak values) Corresponding to 

Reference Changes from the PV Inverter in PLECS, DLL, and Positive Sequence 

DLL ............................................................................................................................. 64 

3.9 Simulated PV Inverter Output Current (instantaneous and peak values) During 

Reference Changes in OpenDSS ................................................................................ 64 

3.10 Output Current (instantaneous and peak values) During Three-phase Fault in 

PLECS, DLL, and Positive Sequence DLL .............................................................. 65 

3.11 PV Terminal Voltage (instantaneous and peak values) During Three-phase Fault in 

PLECS, DLL, and Positive Sequence DLL .............................................................. 66 

3.12 Simulated PV Inverter Output Current During Phase A Fault in PLECS, DLL, and 

Positive Sequence DLL ............................................................................................. 67 

3.13 Simulated PV Inverter Output Currents During Fault 1 in OpenDSS ...................... 69 

3.14 Simulated Current Through Substation During Fault 1 in OpenDSS ....................... 70 

3.15 Simulated PV Inverter Output Current During Fault 2 in OpenDSS ........................ 71 

3.16 Simulated Current Through Substation During Fault 2 in OpenDSS ....................... 71 

3.17 Worst-case Scenario with RLC Load ........................................................................ 73 

3.18 Positive Voltage Feedback in the Anti-islanding Scheme ........................................ 74 

3.19 Average Model of the PV Inverter with Anti-islanding Scheme Added .................. 74 

3.20 PV Current Output Before and After the Breaker Opens (anti-islanding scheme 

disabled) .................................................................................................................... 76 



xii 

 

Figure                                                                                                                             Page 

3.21 Voltage at PCC Before and After the Breaker Opens (anti-islanding scheme 

disabled) .................................................................................................................... 76 

3.22 PV Current Output Before and After the Breaker Opens (anti-islanding scheme 

enabled) ..................................................................................................................... 78 

3.23 Voltage at PCC Before and After the Breaker Opens (anti-islanding scheme 

enabled) ..................................................................................................................... 78 

3.24 All PV (91 PVs) Current Outputs Before and After the Breaker Opens (anti-

islanding scheme disabled) ........................................................................................ 80 

3.25 All PV (91 PVs) Voltages at PCC Before and After the Breaker Opens (anti-

islanding scheme disabled) ........................................................................................ 80 

3.26  All PV (91 PVs) Current Outputs Before and After the Breaker Opens (anti-

islanding scheme enabled) ....................................................................................... 81 

3.27 All PV (91 PVs) Voltages at PCC Before and After the Breaker Opens (anti-

islanding scheme enabled) ......................................................................................... 82 

3.28 Average Model of the PV Inverter for Autonomous Microgrid Mode ..................... 83 

3.29 Droop Control Characteristic Plots of (a) Real Power and (b) Reactive Power ....... 85 

3.30 Small-scale System Used for Droop Controller Verification ................................... 86 

3.31 Real Power Outputs From the Two PVs Before and After Islanding in Small-scale 

Microgrid ................................................................................................................... 87 

3.32 Reactive Power Outputs From the Two PVs Before and After Islanding in Small-

scale Microgrid .......................................................................................................... 87 

 



xiii 

 

Figure                                                                                                                             Page 

3.33 Real Power Outputs From the Three PVs Before and After Islanding in 123-bus 

Microgrid ................................................................................................................... 88 

3.34 Reactive Power Outputs From the Three PVs Before and After Islanding in 123-bus 

Microgrid ................................................................................................................... 89 

4.1 The Example for Protection Zones Under Fuse-clearing Scheme .............................. 99 

4.2 Algorithm Used to Create the Adjacency Matrix ..................................................... 100 

4.3 Procedure of the Protection Coordination Study Through OpenDSS and MATLAB

......................................................................................................................................... 103 

4.4 Fault Locations in the Mis-coordination Fault Cases, and the Upstream and 

Downstream Fuse TCCs in One Mis-coordination Case Found ............................... 104 

4.5 Pickup Current Values of the Ground/phase Reclosers Under Different PV Ratings 

and Interconnection Transformer Types ................................................................... 116 

4.6 Pickup Current Values of the Ground/phase Relays Under Different PV Ratings and 

Interconnection Transformer Types .......................................................................... 117 

5.1 Block Diagram of the Fault Location Identification ................................................. 120 

5.2 Offline-training Procedure Using OpenDSS, MATLAB and CART ....................... 124 

5.3 Feeder Zone Division Based on DAS Available with the Event Data ..................... 125 

5.4 Assumed PV Fault Contribution Curve Based on the PV Terminal Voltage Values 127 

5.5 DT Topology Developed for the Database ............................................................... 128 

5.6 Block Diagram of Fault Type Identification ............................................................. 130 

5.7 The Pre-fault, the During-fault and the FFC Profile ................................................. 132 

5.8 Rf Estimation Procedure ............................................................................................ 136 



xiv 

 

Figure                                                                                                                             Page 

5.9 Recorded Fault Voltages and Currents in the First Fault Case ................................. 138 

5.10 Fault Candidate Nodes in Each Step of the Fault Identification Process ............... 139 

5.11 Voltage Sag Values Obtained for All 153 Fault Candidate Nodes ......................... 139 

5.12 Fault Candidates With Relatively Small Voltage Sag Values ................................ 141 

5.13 Recorded Fault Voltages and Currents in the Second Fault Case .......................... 142 

5.14 Fault Candidate Nodes in Each Step of the Fault Identification Process ............... 142 

5.15 Estimated Fault Location Using Feeder DAS and PV DAS Event Data ................ 143 

5.16 Voltage Sag Values Obtained with Feeder DAS Event Data ................................. 143 

5.17 Voltage Sag Values Obtained with Both Feeder and PV DAS Event Data ............ 144 

  



xv 

 

LIST OF SYMBOLS 

Abbreviations 

AM  Ante meridiem 

AMI  Advanced metering infrastructure 

AMPL  A mathematical programming language 

ANSI  American national standards institute 

BPF  Band-pass filter 

CAIDI  Customer average interruption duration index 

CART  Classification and regression trees 

COM  Component object module 

CTAIDI Customer total average interruption duration index 

dc  Direct current 

DAE  Differential algebraic equations 

DAS  Data acquisition systems 

DFT  Discrete Fourier transform 

DG  Distributed generation 

DLL  Dynamic linked library 

DOE   Department of energy 

DSF  Double synchronous frame 

DT  Decision-tree 

EMTP  Electromagnetic transient program 

FFC  Fundamental fault current 

GIS  Geographic information system 

GMR  Geometric mean radius 

HV  High voltage 

ID  Identifier 



xvi 

 

IEEE  Institute of electrical and electronics engineers 

IGBT  Insulated gate bipolar transistors  

LTC  Load-tap changing 

LV  Low voltage 

ms  Millisecond 

p.u.  per unit 

PCC  Point of common coupling 

PLL  Phase-locked loop 

PM  Post meridian 

PV                   Photovoltaic  

PWM  Pulse width modulation 

RES  Renewable energy standards 

RME   Renewable energy standards 

RMS  Root mean square 

SAIDI  System average interruption duration index 

SEL  Schweitzer engineering laboratories 

TCC  Time current curve 

TD  Time dial 

 

Mathematical symbols 

ang_A Represents the angle difference between the positive sequence and the 

negative sequence of phase A 

ang_B Represents the angle difference between the positive sequence and the 

negative sequence of phase B 

ang_C Represents the angle difference between the positive sequence and the 

negative sequence of phase C 

A Parameters of the state space functions in Chapter 3, constant of the TCC 

expressions for relay and recloser in Chapter 4 



xvii 

 

Aj A function defined on X so that each Xi can be assigned to one of the tar-

get classes 

B Parameters of the state space functions in Chapter 3, constant of the TCC 

expressions for relay and recloser 

C Parameters of the state space functions, or represents the capacitance of 

the PV inverter filter in Chapter 3, a set of target classes containing class 

of 1, 2, ..., J in Chapter 5 

CLoad  Capacitance of the impedance load 

d(Xi)  The target class assigned to the predictor variable Xi 

D Parameters of the state space functions in Chapter 3 

E  PV inverter controller output 

Eα  E under the α frame 

Eβ  E under the β frame 

Ed  E under the d frame 

Eq  E under the q frame 

Errordis Percentage error of the geometric distance to the substation 

Gc  Function of the PV controller 

h Time step used in dynamic simulation in Chapter 3, index of harmonic in 

Chapter 5  

i Represents the ground fault case number under relay-lateral fuse coordina-

tion study 

i(t) Instantaneous current value in Chapter 3, a Gini index defined during 

growing of the decision-tree in Chapter 5 

i1 State variable representing the current flowing through the inductance L1 

in PV inverter model 

i1α i1 under the α frame 

1i 
 Time differential of i1α 

i1β i1 under the β frame 

1i   Time differential of i1β 



xviii 

 

i1d i1 under the d frame 

1di  Time differential of i1d 

i1q i1 under the q frame 

1qi  Time differential of i1q 

i2 State variable representing the current flowing through the inductance L2 

in PV inverter model 

i2α i2 under the α frame 

2i 
 Time differential of i2α 

i2β i2 under the β frame 

2i   Time differential of i2β 

i2d i2 under the d frame 

2di  Time differential of i2d 

i2q i2 under the q frame 

2qi  Time differential of i2q 

ia, ib, ic Current outputs from the PV inverters in OpenDSS circuit in the initializa-

tion step 

ian, ibn, icn Current outputs from the PV inverters in OpenDSS circuit in step n 

if(t)  Expression of the fault current  

iref Current reference for the PV inverter current controller 

|I| The magnitude of the PV inverter output current  

𝐼 Represents the current phasors 

I0 Current in the power flow simulation before the dynamic simulations in 

Chapter 3, magnitude of the decaying dc offset in Chapter 5 

I0maxL  Maximum unbalanced current in the feeder 

I0maxL_BRE Maximum unbalanced current seen by relay 

I0maxL_REC Maximum unbalanced current seen by recloser 

Ifault  Fault current seen by relay or recloser  



xix 

 

Ih  Magnitude of the hth harmonic component 

Ijfault_BRE  Fault current seen by relay in the fault case j applied 

Ijfault_REC  Fault current seen by recloser in the fault case j applied 

ImaxL  Maximum load current in the feeder 

ImaxL_BRE  Maximum phase current seen by the relay 

ImaxL_REC Maximum phase current seen by the recloser 

Imeasured  Measured current at the substation (or the most upstream available DAS) 

Imin_phase  Minimum phase fault current in the feeder 

In Currents in the power flow simulation in step n 

Ipickup  Pickup current of relay or recloser 

Ipickup_ground Pickup current for ground relay or ground recloser 

Ipickup_phase Pickup current for phase relay or phase recloser 

Isimulated  Simulated current at the substation (or the most upstream available DAS) 

IA Recorded fault current at phase A by DAS. Used specifically as axis labels 

in the figures 

IB Recorded fault current at phase B by DAS. Used specifically as axis labels 

in the figures 

IBRE_pickup Pickup current for relay 

IC Recorded fault current at phase C by DAS. Used specifically as axis labels 

in the figures 

IREC_pickup Pickup current for recloser 

j Represents the ground fault case number under recloser-lateral fuse coor-

dination study in Chapter 3, and represents the target class in Chapter 4 

k  Tree index number  

K  Value of R0f under phase faults 

K1  Value of R2f under phase faults 

KR  Parameter in the current controller of the PV inverter 

KP  Parameter in the current controller of the PV inverter 



xx 

 

L  Inductance of the line, used specifically as illustration in the figure 

L1 Inductance of the PV inverter filter, used specifically as illustration in the 

figure 

L2 Inductance of the PV inverter filter, used specifically as illustration in the 

figure 

Lest Distance of the estimated fault location and the true fault location to the 

substation 

LLoad  Inductance of the impedance load 

Ltrue Distance of the true fault location and the true fault location to the substa-

tion 

m  One of the possible classes a given node belonging to  

mp  Active power droop coefficient 

min(Ifault_BRE) Minimum ground fault current seen by the relay in all the fault cases 

min(Ifault_REC)  Minimum ground fault current seen by the recloser in all the fault cases 

M  Bus inside the PV filter  

n  One of the possible classes a given node belonging to 

nDAS  Total feeder DAS number 

np  Reactive power droop coefficient 

p Represents the constant of the TCC expressions for relay and recloser in 

Chapter 3, and represents the maximum harmonic order in Chapter 4 

p(m|t)  Probability of a given sample at node t belonging to the class m 

p(n|t)  Probability of a given sample at node t belonging to the class n 

p(t)  Probability that any case falls into node t 

P Average value of the output real power 

𝑃̃ Real power calculated inside the power controller 

Pr Rated real power 

Preference Real power reference of the anti-islanding scheme 

Poutput Real power output of the PV inverter 

PA  Used specifically as axis labels in the figures. Real power for phase A  



xxi 

 

PLoad Real power consumed by the load 

q  Quality factor 

𝑄̃ Reactive power calculated inside the power controller 

Q Average value of the output reactive power 

Qr Rated reactive power 

QA  Used specifically as axis labels in the figures. Reactive power for phase A 

r(t) Resubstituition estimate of the misclassification error of a case in node t 

R  Resistance of the line, used specifically as illustration in the figure 

R(T)  Misclassification cost 

R(Tk)  Misclassification error for the tree Tk 

R(Tko)  Misclassification error for the optimal tree Tko 

R0f  Represent the ratios of |Ia0f| to |Ia1f| 

R1 Resistance of the PV inverter filter, used specifically as illustration in the 

figure 

R2 Resistance of the PV inverter filter, used specifically as illustration in the 

figure 

R2f  Represent the ratios of |Ia2f| to |Ia1f| 

R3 Resistance of the PV inverter filter, used specifically as illustration in the 

figure 

Rf  Fault resistance 

Rf1  Fault resistance value, used specifically as illustration in the figure 

Rf2  Fault resistance value, used specifically as illustration in the figure 

Rf3  Fault resistance value, used specifically as illustration in the figure 

Rf4  Fault resistance value, used specifically as illustration in the figure 

RLoad  Resistance of the impedance load 

t(Ifault)   Operation time of the relay or recloser under fault current Ifault 

ifuset


 Vector containing the open time of the fuses in the protection zone of the 

relay upstream of the recloser 



xxii 

 

iBREt


 Vector containing the operation time of the relay in the protection zone of 

the relay upstream of the recloser 

jfuset


 Vector containing the open time of the fuses in the protection zone of the 

recloser 

jBREt


 Vector containing the operation time of the relay in the protection zone of 

the recloser 

iRECt


 Vector containing the operation time of the recloser in the protection zone 

of the recloser 

tifuse  Open time of the fuses under fault case i 

tiBRE   Operation time of the relay under fault case i 

tjfuse  Open time of the fuses under fault case j 

tjBRE   Operation time of the relay under fault case j 

tjREC   Operation time of the recloser under fault case j 

T  Binary trees 

Tc  Represents on cycle of the time, equaling to 0.0167 s  

Tk  The kth binary tree 

Tko  Optimal decision-tree model  

TDBRE   Time dial value of the relay 

TDREC   Time dial value of the recloser 

u  Input of the state space functions 

u0  Input of the state space functions in the initialization step 

uPLL  Input of the PLL 

un-1  Input of the state space functions in the step (n-1) 

un  Input of the state space functions in the step n 

v(t) Instantaneous voltage value  

|V| The percentage voltage at the PV terminal during faults in Chapter 5, the 

magnitude of the calculated voltage phasor in OpenDSS in Chapter 3  



xxiii 

 

𝑉⃑⃑ Represents the voltage phasors 

V0 Voltages in the power flow simulation before the dynamic simulations 

Vα PV terminal voltage VT on the α axis 

Vβ PV terminal voltage VT on the β axis 

Va0, Vb0, Vc0 PV terminal voltage VT on the abc axis at the initialization step 

Van, Vbn, Vcn PV terminal voltage VT on the abc axis at step n 

Vang_base Base voltage angle of 180° used as the weights for calculation of εFeederDAS 

Vang_mea_DAS_ph Measured voltage sag angel of the phase ph at the corresponding DAS 

Vang_sim_DAS_ph Simulated voltage sag angel of the phase ph at the corresponding DAS 

Vbase  Base voltage of 7200 V used as the weights for calculation of εFeederDAS 

Vcα Vc under the α frame 

cV 
 Time differential of Vcα 

Vcβ Vc under the β frame 

cV   Time differential of Vcβ 

Vc Recorded fault voltage at phase C by DAS in Chapter 2, used specifically 

as axis labels in the figures. State variable representing the voltage across 

the capacitor in the PV inverter model in Chapter 3, used specifically as 

illustration in the figure.  

Vcd Vc under the d frame 

cdV  Time differential of Vcd 

Vcq Vc under the q frame 

cqV  Time differential of Vcq 

Vd PV terminal voltage VT on the d axis 

Vq PV terminal voltage VT on the q axis 

Vm Voltage at node M inside the PV filter 

Vmea_DAS_ph Measured voltage sag magnitude of the phase ph at the corresponding 

DAS 
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Vmd Vm on the d axis 

Vmq Vm on the q axis 

Vn Voltages in the power flow simulation at step n, or rated voltage  

Vsense Voltage sensed by the anti-islanding controller 

Vsim_DAS_ph Simulated voltage sag magnitude of the phase ph at the corresponding 

DAS 

VA Recorded fault voltage at phase A by DAS. Used specifically as axis la-

bels in the figures 

VAN Used specifically as axis labels in the figures. Phase-neutral voltages for 

phase A 

VB Recorded fault voltage at phase B by DAS. Used specifically as axis labels 

in the figures 

VLoad Voltage across the load 

VT PV inerter terminal voltage at the point of common coupling 

x State variable 

𝑥̇ Time differential of the state variable x 

x0 State variable in the initialization step 

x1 State variable of the current controller in PV inverters 

x1α x1 under the α frame 

1x   Time differential of x1α 

x1β x1 under the β frame 

1x 
 Time differential of x1β 

x1d x1 under the d frame 

1dx  Time differential of x1d 

x1q x1 under the q frame 

1qx  Time differential of x1q 

x2 State variable of the current controller in PV inverters 

x2α x2 under the α frame 
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2x   Time differential of x2α 

x2β x2 under the β frame 

2x 
 Time differential of x2β 

x2d x2 under the d frame 

2dx  Time differential of x2d 

x2q x2 under the q frame 

2qx  Time differential of x2q 

x3 State variable of the PLL in PV inverters 

3x  Time differential of x3 

x4 State variable of the PLL in PV inverters 

4x  Time differential of x4 

xn-1 State variable in the step n-1 

1nx   Time differential of xn-1 

xn State variable in the nth step 

nx  Time differential of xn 

xdi, xqi State variables under the dq frame of the PV inverter model 

xdj, xqj State variables under the dq frame of the OpenDSS circuit 

X   A m-dimensional vector of the predictor variables X1, X2, ... Xm 

X/R  Reactance versus resistance ratio 

Xα, Xβ  Electrical quantities on the αβ axis respectively 

Xa, Xb, Xc Electrical quantities on the abc axis respectively 

Xd, Xq  Electrical quantities on the dq axis respectively 

Xm  Peak value of the electrical quantity 

Xi  Predictor variables in decision tree problems 

y  Output of the state space functions 



xxvi 

 

yPLL  Output of the PLL 

Z(t)  Integral of the fault current in one cycle 

Z0  Zero sequence impedance of the line 

Z2  Negative sequence impedance of the line 

Zf  Fault impedance 

Δi  Output of the anti-islanding controller 

Δv  Output of the BPF inside the anti-islanding controller 

τ   Time constant of the decaying dc offset 

θ  Rotating angle of the reference frame 

𝜃̇  Frequency inside the PV inverter model 

θi  Rotating angle of the reference frame inside the PV inverter model 

θj  Rotating angle of the reference frame inside the OpenDSS circuit 

θk  Phase angle of the hth harmonic component 

θsys  Phase angle of the calculated voltage phasor in OpenDSS  

θPV  Rotating angle of the reference frame in PV inverter model  

θPV1, θPV2, θPVn Rotating angle of the reference frame in PV inverter model 1 to n 

∆t  A small time step 

εcurr Current magnitude mismatch between the simulated and the measured val-

ues 

εcurr1 Current magnitude mismatch between the simulated and the measured val-

ues with fault resistance value of Rf1, used for illustration in the figure 

εcurr2 Current magnitude mismatch between the simulated and the measured val-

ues with fault resistance value of Rf2, used for illustration in the figure 

εcurr3 Current magnitude mismatch between the simulated and the measured val-

ues with fault resistance value of Rf3, used for illustration in the figure 

εcurr4 Current magnitude mismatch between the simulated and the measured val-

ues with fault resistance value of Rf4, used for illustration in the figure 

εFeederDAS Voltage sag error between the simulated case results and the measure-

ments at feeder DAS 
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εPVDAS Voltage sag error between the simulated case results and the measure-

ments at PV DAS 

εtotal Total voltage sag error between the simulated case results and the meas-

urements at feeder DAS and PV DAS 

ω Frequency of the system 

ω0 Reference frequency of the system 

ωc Cut off frequency of the filter inside the power controller 

ωn Rated frequency of the system 
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CHAPTER 1: INTRODUCTION 

Technology advances, environmental concerns and ambitious renewable energy 

standards (RES) have led to an increasing interest in distributed energy resources. Distrib-

uted generation (DG) is of limited size (10MW or less) [1], and can be interconnected at 

different levels (substation, distribution feeder, or customer) in the electric power systems. 

DG technologies can run on fossil fuel, waste heat, and renewable energy resources such 

as PV and wind turbines. Among them, as an inexhaustible and clean energy source, solar 

energy has attracted much interest, and the PV markets are booming in the United States 

due to large demands and investments. 

The positive impacts of high penetration of DG on distribution systems have been 

reported in the literature [1] [2] [3]. The main advantages of high penetration of DG in 

distribution systems are as follows: 

 Emergency backup during outage 

 Energy savings during peak electricity demand 

 Reduced voltage sag and improved power quality 

 Reduction of power loss 

 Increased transmission and distribution system capacity 

 Increased system reliability. 

For a distribution system to benefit from DG, the DG is required to coordinate well 

properly with the existing distribution system elements. Several issues may arise when DG 

of different types and technologies are connected to the distribution systems.  
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1.1 Impacts of DG on distribution systems 

Integrating DG in distribution systems influences both the power quality and the ex-

isting protection systems [1] [4-5]. From a power quality viewpoint, inclusion of DG can 

affect voltage regulation, losses, voltage flicker, voltage dips, harmonics and voltage un-

balance in a distribution system. From a system protection viewpoint, adding DG can affect 

the existing overcurrent protection, coordination of protective devices and islanding. De-

tails of the potential impacts of DG on distribution system are as follows.  

Voltage regulation 

Radial distribution systems have several regulation methods to control steady-state 

voltages, including substation transformers with load-tap-changing (LTC), substation 

feeder regulators, line regulators, and switched capacitors [6-7]. The voltage regulators are 

controlled to compensate for downstream voltage drops due to the line impedance. During 

heavy load conditions, the regulators increase the controlled voltage to alleviate low volt-

age problems in the feeder. During light load conditions, the voltage regulators reduce the 

controlled voltage to prevent overvoltages.  

The introduction of DG affects the voltage profile along a feeder, by changing the 

direction and magnitude of power flows. The impact of DG on voltage regulation can be 

positive or negative, depending on the distribution system, DG characteristics, and DG 

locations [8-9].  

If a DG is located downstream of a regulator with line-drop compensation, the DG 

may cause low voltages in the feeder. Under heavy load conditions, the DG reduces the 

load observed by the regulator, which makes the regulator set a lower voltage at the feeder. 
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The feeder voltage becomes lower with the DG than without the DG installed. Two possi-

ble methods can be adopted to solve this problem [1]. The first method is to move the DG 

upstream of the regulator, and the second method is to add regulator controls to compensate 

for the DG output. 

DG can also cause unacceptably high voltages at the customer premises. In accord-

ance with ANSI standards [60], during normal conditions, utilities in the United States are 

required to maintain customer voltages between 114 and 126 V (± 5%) based on a 120 V 

secondary voltage base. The DG located on the secondary side of the transformers can 

cause reverse power flow, which counteracts the normal voltage drop in the distribution 

transformers. The reverse power flow may cause the service voltage on the secondary side 

to be higher than that on the primary side of the distribution transformer. During light load 

conditions, if the primary side voltage is near or above the upper limit of 126 V, the instal-

lation of DG can cause the service voltage to exceed the ANSI upper limit.  

Losses 

One of the major impacts of DG is on the distribution system losses [1, 10-11]. 

Energy losses have been one of the metrics to assess the performance of the distribution 

systems. Substantial reduction in feeder losses can be achieved with the optimal placement 

of DG. Locating DG to minimize losses is similar to locating capacitor banks to reduce 

losses. The main difference between the two is that the DG may provide both active power 

and reactive power, while the capacitor banks only contribute reactive power. Since most 

DGs are owned by the customers, the DG locations cannot be determined by the utilities. 

Normally, losses are assumed to decrease when DG is placed near the loads. However, if 
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large-scale DGs are installed, the increased reverse power flow may exceed the thermal 

limit of overhead lines and cables.  

Voltage flicker 

Voltage flicker is caused by the fluctuation of energy resulting from intermittent 

generation or load, such as starting of an induction machine, or step changes in the DG 

output [12]. Slower power changes usually do not cause flicker problems. For example, the 

photovoltaic power output varies significantly with cloud movement, and voltage flicker 

problems may occur. In contrast, the change in sunlight intensity is so slow that severe 

voltage flicker problems are unlikely to occur. Identifying and solving the flicker problems 

need good models of the distribution system as well as the DG. Software analyses of the 

dynamic behavior of the systems are quite useful for this type of the study [13-15].  

Harmonics 

High penetration levels of DG may introduce significant harmonics in the distribu-

tion systems. Harmonics produced can be from the generation unit itself (synchronous gen-

erator) [16], or from the power electronics equipment such as inverters [17-19]. The IEEE 

519-1992 standard [20] provides the acceptable levels of harmonics that may be injected 

into the system. PV systems are connected to the distribution systems through power elec-

tronic inverters. The inverters using insulated gate bipolar transistors (IGBT) employ pulse 

width modulation (PWM) techniques at relatively high switching frequencies (several kHz). 

The current injected by the inverters into the grid has low harmonic content at low frequen-

cies. The harmonics at the switching frequency can be attenuated to acceptable levels by 

the use of the relatively small filters. In general, DG interfaced to the grid through a power 
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electronic converter produces lower harmonic distortion than other types of DG such as 

rotating generators. However, the impact of DG needs to be analyzed when a very large 

number of such inverter interfaced generation are installed in close proximity.  

Increased level of fault current 

Fault current level increases with the installation of DGs in the distribution systems 

[21-22]. The increase in fault current level is mainly due to the short circuit current contri-

bution from a large number of inverters. However, the probability of the fault current level 

exceeding the interrupting current ratings of the protection devices due to installation of 

DG is low.  

Impact on protection coordination 

Installing DGs in the distribution systems can decrease the fault current flowing 

from the substation through the relay, thereby de-sensitizing the relay [23-24]. The protec-

tion coordination may be lost due to the increased fault current seen by the fuses and the 

reduced fault current seen by the relay. The effect of DG on protection system coordination 

depends on the amount of DG in the system, and the connections of the interconnection 

transformers. Detailed studies are needed to assess the impact of DG on protection device 

coordination in distribution systems. 

The work presented in this report analyzes the impact of high penetration of PV 

based DG on the distribution system feeder voltages and protection coordination. The study 

has been performed on a realistic distribution feeder with high PV penetration and the re-

sults of the study are presented here.  
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1.2 Analysis of distribution feeders with high penetration of PV systems 

A detailed model development and analysis of the distribution feeders with high pen-

etration of the distributed PV resources is necessary for system design, improvement and 

future planning. Figure 1.1 shows several types of system analyses, including snapshot 

simulation, time-series simulation, dynamic simulation and fault simulation that were per-

formed in this thesis.  

The modeling and analyses performed in this work are based on a test bed distribu-

tion feeder. The complete geographic information system (GIS) database is available for 

the major feeder equipment and the conductor segments. In addition, the load and the PV 

data at a fine resolution can be obtained through the extensive advanced metering infra-

structure (AMI) and other data acquisition systems (DAS).  

The test bed feeder has been modeled in CYMDIST (CYME Distribution System 

Analysis Tool) [34] and OpenDSS (Open Distribution System Simulator) [35]. CYMDIST 

is a commercially available distribution system analysis tool, and OpenDSS is an open 

source tool. Both tools are capable of supporting the snapshot and quasi-static analysis, as 

well as the fault simulations. In addition, with the proposed dynamic modeling and inter-

face method in this work, the dynamic analysis can also be executed in OpenDSS.  
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Figure 1.1 Simulations and analyses proposed in this work for the impact study of high 

penetration of PV systems 
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The snapshot analysis can be used for solving the power flow for the distribution 

systems in certain typical cases, such as the highest load case and the highest PV penetra-

tion case. The voltage profiles along the feeder can be obtained to study the voltage viola-

tions under current and expected penetration levels of PV generation. In addition, the snap-

shot simulation can help investigate the impact of PV on the feeder voltages under different 

feeder scenarios, such as reallocation of the PV systems and PV inverter reactive power 

support with variable power factors.  

The time-series simulation, which involves a series of steady-state solutions, is an 

analysis of the distribution system over a day, month or year. On the basis of the snapshot 

analysis, the time-series analysis further includes the variation of the loads, PV generation 

and substation voltages over time. The study can be done with a time resolution of one-

minute or one-hour interval depending on the data available and the study objectives. The 

time-series analysis helps verify the feeder model by comparing the simulation results to 

the field measurements, in terms of the feeder voltage profiles, active power flow and re-

active power flow. Furthermore, using time-series analysis, the most suitable settings of 

the load tap changers in the transformers can be obtained, which help in system planning. 

The time-series analysis can also assist in the allocation and scheduling of energy storage 

based on the load and PV conditions in different seasons.  

The existing distribution system analysis tools primarily conduct steady state and 

snapshot studies by solving network algebraic equations for different operating scenarios. 

Such steady state analyses typically require shorter simulation time. However, dynamic 

simulations are an integral part of distribution system analysis, and such studies are needed 
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to design, verify and improve the control of the inverter-interfaced DGs. Therefore, effi-

cient techniques to perform dynamic analyses are needed to extend the capabilities of the 

distribution system analysis tools.  

Electromagnetic transient programs (EMTP) [96-97] and positive sequence electro-

mechanical transient programs (PSLF [119], PSSE [120], PowerWorld [121]) use differ-

ential or differential algebraic equations to conduct dynamic analyses in the time domain. 

EMTPs are typically used for detailed analysis of smaller portions of transmission or dis-

tribution system. EMTPs are useful because such tools can be used to develop detailed 

three-phase models of equipment to study systems, which may have unbalanced voltages 

and currents. Positive sequence electromechanical transient programs are primarily used to 

study the dynamic performance of the transmission systems, which are assumed to be bal-

anced. Simulation of the large distribution networks using EMTP-type programs is com-

putationally burdensome due to the large number of network elements (lines, transformers, 

shunt devices, generators and loads) that need to be modeled. The positive sequence elec-

tromechanical transient programs are not adequate here because of the inherent current and 

voltage unbalances that exist in the distribution systems. 

In this work, a DAE based dynamic modeling and analysis of the PV inverters in 

large unbalanced distribution systems is proposed. A single-phase dq frame based method 

is proposed to build the inverter analytical model under unbalanced conditions. The dy-

namics of the PV inverter models are analyzed by solving differential equations written in 

dynamic link libraries (DLLs). The circuits built in OpenDSS are analyzed using algebraic 

equations. DLL is interfaced with OpenDSS circuits by importing and exporting electrical 

quantities in each dynamic step. The DAE based method takes much shorter computation 
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time as compared to the traditional EMTP solvers. Thus, this approach can be used to con-

duct dynamic analyses in large unbalanced systems.  

In the study related to faults, the analysis is performed in the dynamic mode, and all 

generators in the system are converted to their corresponding Norton’s equivalents. After 

a conventional power flow solution, a fault object, which is a multi-phase resistor branch 

with two terminals, is applied to the faulted phases. The solution then proceeds under the 

dynamic mode. Since the PV penetration may affect the protection coordination between 

fuses, reclosers and relays, a thorough analysis of the system protection coordination based 

on fault simulations is required. Distribution systems are primarily protected by fuses, and 

use either a fuse-clearing or a fuse-saving scheme. A detailed protection coordination anal-

ysis helps identify whether the existing protection schemes are sufficient under DG inte-

gration or a different scheme needs to be adopted. 

An additional topic, which derives from the fault analysis of the distribution system, 

is the fault location identification. There are two aspects of the fault location in distribution 

systems: the first is to identify and isolate the faulted sections by protective devices, and 

the second is to locate the fault accurately. The two aspects are affected by the high pene-

tration of PV systems. Under the detailed protection coordination analysis considering PV 

impacts, the protective devices can be re-designed to accomplish the first aspect. The sec-

ond aspect also needs to be re-evaluated in the presence of the PV systems. An accurate 

and efficient fault location identification methodology is highly desirable in distribution 

systems. If the fault locations can be pinpointed quickly and accurately by utilities, the 

isolation of the faults can be done efficiently. In this way, the duration of the fault inter-
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ruptions is reduced and the system reliability is improved. This thesis has proposed a com-

plete approach including both fault type identification and fault location identification with 

PV systems in the distribution feeders. In order to eliminate the impacts of the fault current 

contribution of the PV systems on the identification process, methods based on fuzzy logic 

and decision-tree are adopted. The fault identification process is implemented using 

OpenDSS, MATLAB, Fuzzy Logic Toolbox in the MATLAB environment and CART 

(Classification and Regression Trees) [36]. The proposed identification method was veri-

fied using actual fault data, which were obtained from the measurements made by the util-

ity.  

1.3 Literature review 

The work proposed in this thesis comprises of five major parts: 

1. Distribution system modeling and verification in CYMDIST and OpenDSS  

2. Steady-state analysis of the impacts of PV on the feeder voltages 

3. DAE based dynamic modeling and analysis of the PV inverters  

4. Protection coordination analysis of distribution systems with distributed PV gener-

ation 

5. Fault location identification in the distribution systems with distributed PV genera-

tion. 

The following sub-sections present a detailed review of the relevant work that has 

been done on these topics and published in various literatures. The thesis further proposes 

the improvements that can be made to the existing work.   
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1.3.1 Distribution system modeling and verification 

In previous analyses of the distribution systems [31-33], relatively small feeders were 

built in distribution system analysis tools due to the lack of the GIS data for large feeders. 

In addition, loads were usually defined as constant power loads, constant current loads and 

constant impedance loads. The assumptions made on the load models causes significant 

discrepancies in the analyses results.  

With the complete GIS database and the fine resolution measurements from AMI 

and DAS available, an automated modeling process for the distribution feeder starting from 

the GIS database, equipment standard, and device settings to the final detailed feeder model 

is proposed here. This work has utilized a zone-division methodology, which divides the 

feeder into several segments based on the locations of DAS. By using the zone-division 

method, the load and PV outputs are modeled in a finer resolution. The simulated voltages 

and powers were verified by comparing these quantities to that obtained from different 

measurements. Based on the comparison results the feeder models were found to be accu-

rate. Chapter 2 describes the modeling and verification procedure of the actual distribution 

feeder used in this study in details. 

1.3.2 Steady-state analysis of the PV impacts 

The previous work has investigated the potential voltage violations caused by the 

distributed resources in the electrical distribution systems [37-39]. In order to alleviate the 

overvoltage problems, [40-41] proposed the method of the power curtailment of reactive 

power by using energy storage systems. [42] proposed and verified the advantages of the 

coordinated control of the distributed energy storage system with tap-changing transform-
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ers. [43] demonstrated the benefits of leveraging the reactive power capabilities of the in-

verters in improving the voltage profiles. [44-46] have evaluated the impacts of various PV 

penetration levels at several locations in different feeders. Furthermore, the maximum PV 

penetration levels were obtained for each feeder under study.  

Based on the verified feeder model, this thesis examines the impacts of different lev-

els of PV penetration on the feeder voltages in relation to: 

1. Reallocation of PV systems 

2. Reactive power support from the PV inverters 

3. Settings of the LTC transformers in coordination with the PV penetration and load 

variation. 

Design recommendations are proposed based on the simulation results to improve 

the feeder voltage profiles in the real feeder studied.  

1.3.3 DAE based dynamic modeling and analysis of the PV impacts 

EMTP programs (PLECS [96], PSCAD [97], MATLAB/Simulink [122]) are capable 

of modeling and analyzing the dynamics of converter interfaced generation (CIG) using 

small time-steps in unbalanced conditions. However, analyzing the operations of CIG in 

large distribution systems using such programs is computationally burdensome. A typical 

distribution system contains hundreds or thousands of laterals and sub-laterals. A detailed 

time-domain analysis using differential equations of such extended system requires sub-

stantial computation time. On the other hand, existing distribution system analysis tools 

(OpenDSS [98], CYMDIST [34], GridLab-D [99]) can only be used to perform steady-

state and quasi-static analysis on large unbalanced distribution systems.  
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 Several articles have addressed the dynamic modeling of CIGs in transmission level 

[100-102], and validation in smaller systems. The positive sequence converter models de-

veloped for CIG are suitable for the transmission level analysis, due to the balanced nature 

of the transmission systems. However, the unbalanced nature of the distribution systems, 

which include transposed lines, single-phase laterals and unbalanced loads, present chal-

lenges in the development of CIG models. [103] proposed a method using MATLAB via 

the OpenDSS COM interface for implementation of DER volt-watt controls in distribution 

systems. The method did not implement the dynamic model of CIGs, and the need of mul-

tiple iterations for one actual time-step takes extra computation time. [104] implemented a 

three-phase unbalanced dynamic model of synchronous machine in GridLAB-D. The dy-

namic models were successfully validated and studied in microgrids. However, the focus 

of this work on the CIG modeling, which includes modeling of filters, controls, and phasor 

locked loop (PLL) is different from the synchronous machine modeling proposed in [104]. 

[105] introduced the modeling of induction machines and three-phase PV unit in DLLs. 

[104] also presents a method to interface the PV generator model with OpenDSS for un-

balanced dynamic analysis in distribution systems. This method offers a way to perform 

dynamic studies for large distribution systems based on DAEs. Additionally, the use of 

DLLs helps protect the proprietary information for inverter vendors. However, details of 

the modeling and testing in large systems are not presented in [105].  

Based on [105-107], this thesis proposes the modeling of PV inverters for unbalanced 

dynamic studies in large distribution systems. The key contributions of this thesis com-

pared to the previous work are as follows: 
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1. A single-phase dq frame design is proposed to help the unbalance modeling of the 

PV inverters  

2. A complete modeling of the basic components of the PV inverters, including filters, 

current control loop and PLLs, is implemented and validated  

3. Thorough dynamic analyses of the PV inverters in large unbalanced distribution sys-

tems, including the grid-connected mode of operation, islanding detection, and droop 

controls in microgrids are conducted.  

The focus of this thesis is to develop unbalanced dynamic model of the PV inverters 

that can be interfaced to the distribution system analysis tool OpenDSS. Simple, generic 

controls are used in the modeling process, to illustrate the capability of the proposed 

method to effectively perform large distribution system dynamic analyses.  This thesis 

lays a foundation for the verification of future advanced control designs in large systems, 

and breaks the previous limitations of verification in small systems only by EMTPs.  

1.3.4 Protection analysis under PV impacts 

The analysis of the impact of PV on protection systems can be sub-divided under 

three primary topics: 

 Impact of interconnection transformer configurations 

 Impact of PV on protection coordination 

 Solutions to the protection coordination problems. 

Impact of interconnection transformer connections 

The selection of the interconnection transformer configuration affects how PV inter-

acts with the distribution systems. [47] has investigated thoroughly the problems and ad-

vantages of different connections of the interconnection transformers. Connecting the high 
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voltage (HV) side as delta or ungrounded wye has an advantage of restricting the zero 

sequence current to avoid affecting the utility ground relay coordination. However, over-

voltage issues may occur during a ground fault on the utility side due to the undergrounded 

connection. Connecting the HV side as wye and the low voltage (LV) side as delta estab-

lishes a zero sequence current source during ground faults. This affects the coordination 

between protective devices, although no overvoltage problems are associated with this type 

of connection.  

With different interconnection transformer connections, PV systems will have dif-

ferent impacts on the ground faults and phase faults. The study provides a complete math-

ematical evaluation of how the settings of the protective devices should be changed to avert 

problems arising from different transformer connections. 

Impact of PV on protection coordination 

Topics on the potential loss of the protection coordination due to PV impacts have 

been frequently visited in literature [26, 28-30, 47, 50].  

For the existing coordinated fuses, fault contributions from upstream PV systems 

could increase the minimum and maximum fault currents seen by the fuses. When fault 

current contribution is large enough, the increased fault current could exceed the ratings of 

the fuses, and the fuse coordination may be lost. When the PV system is located down-

stream of a fuse, the fuse may be unnecessarily opened during upstream faults due to the 

PV fault current contribution.  

The recloser-fuse coordination is also affected under the fuse-saving scheme. The 

installation of the PV systems will decrease the sensitivity of the recloser, and may result 

in slower operation of the recloser compared to the existing coordinated fuses.  
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This thesis thoroughly discussed the impact of PV on fuse-fuse coordination, re-

closer-fuse coordination, relay-fuse coordination and relay-recloser coordination under 

both fuse-clearing and fuse-saving schemes. Recommendations based on the study are also 

presented here.  

Solutions to the protection coordination problems 

Several techniques have been introduced in the literature as possible solutions to the 

coordination problems caused by distributed generation.  

[51] has recommended the use of microprocessor-based devices with predefined 

curves instead of the relay and reclosers in the distribution systems. A different solution 

was proposed in [52] by using remotely communicated and controlled breakers. In [52], 

the distribution system is divided into several zones by the breakers, and the fault zone is 

isolated by tripping the corresponding breakers through a remote control. Both solutions 

require high initial equipment costs for replacement and thus may be impractical.  

 [53] investigated the threshold capacity value of the distributed generation, beyond 

which recloser-fuse coordination is lost. This solution puts a limit on the penetration levels 

of the distribution system. In a similar way, [54] proposed a classification technique to find 

the suitable settings for recloser and distributed generation. This approach is based mainly 

on two steps, the first step is to search for the best locations of the distributed generation, 

and the second step is to change the recloser settings. However, the IEEE 37-node test 

feeder selected for the study is relatively small for adequately representing a practical dis-

tribution system. In addition, the settings for the recloser and fuses are derived from equa-

tions rather than the device manufactures, which may significantly affect the findings of 

the study. 
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To alleviate the discrepancies, this thesis proposes an automated methodology to find 

the suitable settings of the reclosers and relays in the large feeder, under different PV pen-

etration levels. Thousands of coordinated cases are considered and the settings are found 

by solving the formulated nonlinear optimization problems.   

1.3.5 Fault location identification in the distribution systems 

 

The fault location identification approaches can be classified into five subcategories 

as follows: 

1. Superimposed components method [55-56]. In this method, the superimposed values 

of voltage and current at any assumed fault point are determined from the differences 

between the total fault and prefault steady-state voltage and current signals. The as-

sumed fault point is varied systematically until the superimposed current in healthy 

lines is found to be a near zero value. This method does not yield unique results for 

the fault location 

2. Intelligent system method. [57-59] have proposed a method based on intelligent sys-

tems such as neural networks, fuzzy logics and decision-trees. This method requires 

a large number of training data, and the re-training process is needed whenever the 

power system structure is changed 

3. Impedance based method. [60-67] have utilized the impedance-based method for 

fault location identification. In this method, the total reactance between the substa-

tion and the fault location is defined as the ratio of the selected voltage to the selected 

current, based on different fault types and faulted phases. In [63], a real-world fault 

location system is described based on the proposed method. [64-67] have investi-

gated the various aspects of the impedance-based method, including heterogeneity 
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of the distribution system lines, load current impacts, and lack of substation voltage 

measurements. Due to the reliance of this method solely on measured voltage and 

current signals at the substation, multiple estimations of the fault location are ob-

tained 

4. Traveling wave methods. The methods based on traveling waves generated by the 

fault have been suggested in [68-70]. The high frequency sampling requirement in 

this method increases the implementation costs. This method is more applicable to 

transmission systems where lines are longer and better monitoring devices are 

equipped 

5. Voltage sag based methods. Based on the gathered data from meters installed along 

the distribution feeders, the voltage-sag based method is proposed in [23, 71-74]. 

The distinctive feature of the voltage sag based fault location is the capability of 

differentiating faults on different laterals with the same accumulated impedance seen 

from the substation. In [71], the fault is applied at each feeder node, and the simu-

lated voltages at the meters are recorded and compared to the measured values. The 

node with the minimum values of the voltage match at all meters is selected as the 

faulted node. [72] has improved the previous method by narrowing down the poten-

tial faulted area using the decision-tree method. In [72-73], fault resistance values 

are estimated by comparing the simulated substation fault current to the measured 

ones with varying fault resistance values. 

With the fault event data available from several DAS installed in the studied feeder, 

the voltage sag based method is utilized in this thesis. Based on the method proposed in 

[71], this work further improves the accuracy of the fault location identification combining 
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the use of fuzzy-logic and decision-tree. [59, 71-72] verified their proposed methods from 

simulation results, while this thesis uses the event data from the real fault cases.  

The fault current contribution from PV systems is also taken into consideration in 

this thesis. Some literature has discussed the algorithm of the fault location identification 

in the presence of DGs. [74] has developed a superposition-based approach to locate the 

faults, while the method proposed cannot locate the fault exactly on the faulted section. 

[75] proposed a fault location identification method by using synchronized voltage and 

current measurements at the interconnection of DG, and the fault location can be pin-

pointed accurately. However, the during-fault measurements of the voltage and current are 

not always available, if the fault occurs far away from DG and the meter at DG is not 

triggered during the fault.  

In this work, PVs are modeled as current injection sources during the faults, and the 

fault currents contributed are calculated based on the during-fault voltages at the PV ter-

minals. Based the validated feeder model, simulations are run with PV fault contribution 

included, and the fault locations are identified by the voltage-sag based method proposed.  

1.4 Thesis organization 

This thesis conducts the steady-state analysis, quasi-static analysis, dynamic analysis 

and protection coordination analysis for distribution feeders with high penetration of PV 

generation. In Chapter 1, the potential impacts of DG on the distribution systems have been 

discussed, and the various simulation types to study the impact of PV have been introduced. 

A thorough review of the published relevant literature is also presented in this chapter. 
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Chapter 2 describes the detailed steps of the distribution feeder modeling. The zone 

division method has been used for load and PV output allocation, as well as the verification 

of the feeder model. In addition, the various aspects of the PV impacts on the voltage pro-

files are studied in this chapter. Recommendations are proposed based on the simulation 

results to improve the feeder voltage profiles in the studied feeder.  

Chapter 3 proposes the modeling and interface of PV inverter for unbalanced dy-

namic analysis. The analytical models of the PV inverters including filters, controllers, and 

PLL are constructed based on the single-phase dq frame. The model is written into DLL 

and interfaced with OpenDSS circuits. Dynamic analyses including faults, reference 

changes, anti-islanding controls and droop control in microgrid are conducted.  

In Chapter 4, a novel methodology is proposed to define the settings of the recloser 

and relay based on different connections of the PV interconnection transformers, PV pen-

etration levels, and fault types.  

Chapter 5 demonstrated a novel fault location identification method, which is ex-

pected to greatly improve the reliability of the system. The event data obtained from the 

real fault cases are used for the verification of the method proposed.  

Chapter 6 concludes the contributions from each type of the simulation conducted in 

this work. In addition, future work is proposed to further study the dynamic behavior of 

the PV inverters in large distribution systems with improved controls.  

Appendix A lists the number of buses violating the ANSI limit in each hour of the 

day with the selected LTC tap settings, for the test feeder studied in this work.  
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CHAPTER 2: MODELING AND VERIFICATION OF THE DISTRIBUTION FEEDER 

WITH HIGH PHOTOVOLTAIC SYSTEM 

2.1 Introduction 

The penetration levels of the distributed renewable resources, especially solar pho-

tovoltaics, in power distribution systems are increasing at a rapid rate. However, distribu-

tion systems were traditionally not designed to accommodate such generation resources. 

The rapid increase in penetration levels of such sources has raised concerns over the po-

tential voltage violations, loss of protection coordination and reduction of the system reli-

ability on the distribution feeders.  

In order to understand the impact of high penetration of the inverter-interfaced PV, 

this work has conducted an extensive study on the subject of modeling and analysis of the 

distribution systems, based on a test bed distribution feeder located in Flagstaff, Arizona. 

This work is part of the five-year project sponsored by Department of Energy (DOE) [95], 

and some of the publications are listed in APPENDIX B. The test feeder was chosen from 

over 20 feeders, since the feeder meets the following criteria [95]: 

 PV penetration level is above 15% of the feeder peak load 

 Sufficiently available land area for 500 kW PV arrays 

 Sufficient area in substation for future energy storage systems 

 Sufficient mix of commercial to residential customers 

 Sufficient residential rooftops with south-facing exposure. 

 The details of the test feeder are listed in Table 2.1. The test feeder has been modeled 

in CYMDIST and OpenDSS. Several other tools including MATLAB, Excel and 
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ArcCatalog were used to process data, develop component models and control the power 

flow engine. In addition, a thorough verification of the feeder modeled has been conducted 

by comparing the simulated results to the field measurements at different DAS locations. 

Based on the verified feeder model, the snapshot and time-series simulations have been 

conducted to study the PV impacts on the system voltages and the protection coordination.  

Table 2.1 Details of the test bed distribution feeder 

Feeder length 10 miles 

Peak load 7 MW 

Feeder capacity 13 MW 

Number of customers 

Residential: 3000 

Commercial: 300 

Number of primary segments 1810 

Number of secondary segments 2738 

Number of transformers 929 

Number of fuses 182 

Number of capacitor banks 3 

Utility scale PV system 1 rating 400 kW 

Utility scale PV system 2 rating 500 kW 

Number of residential PV systems 107 

Residential PV generation 300 kW 
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2.2 Modeling procedure of the test feeder 

Figure 2.1 illustrates the overall, automated modeling process, starting from the re-

quired data to the generation of the complete feeder model in both CYMDIST and 

OpenDSS. The developed model is suitable for the power flow and other analyses under 

different load and PV conditions.  

 

Figure 2.1 Overview of the modeling process proposed in this work to study high pene-

tration PV in distribution feeders 

To generate the complete system model, three distinct parts that can be generated 

and integrated independently are required. The three distinct parts are as follows: 

 Equipment model. The equipment library contains the definitions of all the equip-

ment that are used in the circuit model 
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 Network model. The network model is the physical model of the system, and it con-

tains detailed information about what equipment is present in the system and how 

each device is connected 

 Load and PV models. The load and PV models include the locations and the data to 

be used for the power flow study. 

The input data obtained from the utility are processed by several tools and programs. 

The data are then imported into CYMDIST and OpenDSS to generate the three models. 

The details of the various stages in the modeling process are presented in the following 

sub-sections. 

2.2.1 Distribution system input data 

As indicated from Figure 2.1, GIS data are required for the detailed modeling of the 

feeder. The GIS data provide the locations and information such as equipment type and 

rating for all the line segments and equipment on the feeder. In addition, construction stand-

ards of the electric utility for line conductors including standards on spacing, transformer 

impedance data, protection devices and their settings are used. Finally, the load data (real 

power and measured or estimated power factor) at the required resolution and the PV sys-

tem outputs are needed for the accurate distribution system analysis. 

2.2.2 Building the equipment model  

The first step in the equipment modeling involves identifying all the different types 

and subtypes of various devices used in the distribution system. Then the various devices 

are modeled, and the models are added to the equipment library with unique equipment ID. 

For example, the feeder modeled has 1810 primary feeder segments. These segments fall 

under 39 line types, namely 25 overhead line cables and 14 underground cables. These 39 
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line types in turn make use of different phases, neutral conductors and spacing models 

created in the equipment library.  

The original input data are processed to obtain the parameters and are converted to 

the format required by CYMDIST or OpenDSS. The data are then used to construct the 

equipment library. For the feeder modeled in this work, there are equipment libraries for 

lines, transformers, capacitor banks and feeder equivalent sources at the substation. Details 

of all the equipment libraries are as follows: 

 Equipment library of the feeder lines. Feeder lines are composed of overhead lines 

and underground cables. With the line types given from the utility GIS data, and 

sizes, stranding, GMR, diameters, resistance and spacing values of line conductor 

components found in the utility standards and handbooks [75], the line geometry is 

defined and line impedance is calculated in CYMDIST/OpenDSS 

 Equipment library of the transformers. The impedance values, X/R ratios, and turns-

ratios of transformers (single phase and three phase) are found from relevant stand-

ards based on their kVA ratings. These values are then recorded in the library 

 Equipment library of the capacitor banks. The values of the rated power and rated 

voltage are recorded in the library 

 Equipment library of the feeder equivalent source. The feeder generation, transmis-

sion system and the substation transformer that serve the feeder are represented by 

a Thevenin equivalent source. The impedance of the source is defined by looking 

from the low voltage side of the substation transformer into the system. 
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2.2.3 Building the network model 

The network model is constructed with a set of MATLAB programs, as illustrated in 

Figure 2.2. The main procedure for the network modeling is as follows: 

 Reading shape files. In the GIS data, each equipment (i.e. transformers, fuses, 

switches, reclosers) is a point type feature, meaning that they have the geometry of 

a point when shown on the GIS map. The distribution lines are line type features. 

The GIS data given in personal geodatabase (.mdb) format are converted to shape 

file (.shp) using ArcCatalog, and are read into MATLAB 

 Topology identification. The topology identification process is needed to find the 

electrical connections of the line segments and the equipment devices. By starting 

from one random line end, a tree structure is expanded and created. The tree structure 

contains a set of nodes (buses), a set of sections (branches), and the indices of the 

from node and to node of each section 

 Associating conductors with sections. The sections representing lines known from 

the GIS data are linked to the corresponding line/cable types defined in the equip-

ment libraries 

 Adding equipment. Each transformer in GIS data is represented by one point, but 

usually implemented as a two-terminal element in OpenDSS. Hence, a new node for 

each transformer is created. Since the transformer primary nodes are treated as the 

points provided in GIS data, the secondary line sections are changed to connect with 

the new created nodes representing the transformer secondary points. 
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2.2.4 Building the load and PV models 

The load and PV models are created as the last step of the feeder modeling procedure. 

To obtain a finer resolution for the load kW and kVAr values and the PV outputs, a zone 

division method is used in this work. The zone division method also helps to construct a 

system that closely matches the real system conditions. The zone division is based on the 

feeder DAS locations. The proposed method makes use of the high-resolution feeder DAS 

data and the low-resolution AMI data for the allocation of the loads and PVs. The zone 

division method is implemented in MATLAB, and the resulting load and PV output data 

are written into OpenDSS to run the time-series simulations. 
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Figure 2.2 Network modeling, load and PV modeling process in MATLAB 

In the modeled system, there are 6 feeder DAS systems along the feeder. These DAS 

systems use the Schweitzer Engineering Laboratories’ (SEL) SEL-735 power quality meter 

to collect the parameters. Additionally, there are 17 residential DAS systems at residential 

PV installations using the SEL-734 power quality meter to collect the data. The DAS sys-

tem measurements are of one-minute-interval and one-second-interval. AMI meters are 

installed for all the customer loads and PV systems, and the AMI meter measurements are 

of one-hour-interval or 15-minute-interval for a small number of customers [77-78]. Figure 

2.3 shows the feeder diagram with the locations of the feeder DAS 1 to 5 and the substation 
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DAS marked clearly. Based on the feeder DAS locations, starting from the substation at 

the bottom of the feeder diagram downstream to the feeder end, the feeder has been divided 

into five zones.  

The load kW values at 1-minute-interval resolution are obtained from the zone divi-

sion using mainly the 1-minute-interval data from the feeder DAS measurements. The 15-

minute-interval or 60-minute-interval data from the load and PV AMI are also used for 

scaling. In each zone, the total DAS kW measurements of each phase are scaled by the 

proportion of each load to the total load of the AMI data of the same phase in that zone.  

Similarly, for power factor allocation, the total kVAr and kW values for each phase 

are obtained in each zone. The capacitor bank operation is judged from the DAS kVAr 

values in time sequence. The influence of the capacitor bank operation is then deducted 

from the kVAr values of each phase. The averaged line capacitance values, obtained from 

prior model simulations, are also deducted from the kVAr values of each phase. The power 

factor values for each phase in each zone then can be calculated from the deducted kVAr 

values and the total kW values. 

With the available DAS data, the substation voltages in simulations are adjusted to 

match the measured substation voltages from the substation DAS. Since distribution sys-

tem analysis tools such as OpenDSS do not directly allow dynamically variable circuit 

source voltages, another voltage source with time-series values corresponding to field 

measurements is added to the feeder head. 

Completion of all the above modeling processing steps results in the equipment 

model, network model and PV and load models being fully defined in MATLAB. The 

model data are written in CYMDIST and OpenDSS formats. The written data are imported 
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into the respective tools to create the complete feeder model. The described procedure for 

developing the feeder model in both CYMDIST and OpenDSS is entirely automated. Fig-

ure 2.3 to Figure 2.5 show the one-line diagram of the resulting CYMDIST and OpenDSS 

model, together with the original GIS figure for a comparison. 

2.3 Verification of the feeder model 

For the verification purpose, one-minute interval time-series simulations for one-

month periods have been run for the distribution system model in OpenDSS. Figure 2.6 to 

Figure 2.9 shows the comparison between the simulated results and the measured DAS 

data for the model validation for a one-day period. The active power, reactive power and 

voltages have been compared. The comparisons of the quantities in the figures are only 

displayed for a single phase. All other phases have similar results and hence omitted for 

the sake of brevity. 

Figure 2.6 shows the comparison between the measured and simulated one-minute-

interval kW plot of phase A at the substation DAS for a single day. As seen in Figure 2.6, 

the modeled kW values are following the DAS kW measurements closely, with the zone 

division method adopted. This is true for the other DAS systems as well. 

To illustrate the output kW from the PV systems in the feeder, the simulated kW 

values at DAS 4 with PV systems and without PV systems are plotted together in Figure 

2.7. As seen in Figure 2.7, with the installations of PV systems, the total supplied kW at 

the DAS 4 decreases between 7 AM and 5 PM.  
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Figure 2.3 The GIS view of the feeder  

Zone 1 

Zone 2 

Zone 3 

Zone 4 

Zone 5 
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Figure 2.4 The one-line diagram of the feeder in CYMDIST 
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Figure 2.5 The one-line diagram of the feeder in OpenDSS 
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Figure 2.6 Measured and simulated substation one-minute-interval kW plot of phase A 

over a day – October 2, 2012 

 

Figure 2.7 Measured and simulated DAS04 one-minute-interval kW plot of phase A over 

a day – October 2, 2012 

Figure 2.8 shows that the simulated kVAr values with capacitor bank operations 

matches the real measurements at DAS 5 closely, based upon the DAS kVAr allocation 

procedure. In general, small changes in the voltage profiles make the timing of the actual 

and the simulated capacitor bank operations quite different, and hence lead to mismatching 

errors in the kVAr plot. Figure 2.8 shows the comparison of kVAr for day when the differ-

ences between the kVAr profiles are small. 
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Figure 2.8 Measured and simulated substation one-minute-interval kVAr plot of each 

phase over a day – October 2, 2012 

When the substation voltage is modeled to follow the measured DAS voltage, the 

modeled feeder voltage values are closer to the real conditions. Figure 2.9 shows the com-

parison between the measured and simulated voltage plots of phase A at DAS 5, which is 

at the middle of the feeder, and at DAS 1, which is located near the end of the feeder. As 

seen from Figure 2.9, the simulated voltage values match the measured data closely 

throughout the feeder. To better illustrate the difference between the measured and simu-

lated voltage profiles, Table 2.2 lists the RMS percent error between simulated and meas-

ured voltage magnitudes for each phase at various DAS locations in the same day. As seen 

from Table 2.2, the RMS percent error in the voltage magnitudes is less than 1.5%. This 

indicates that the developed model closely represents the actual system with minimal error.  

QA 

(kVAr) 
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Figure 2.9 Measured and simulated DAS 5 and DAS 1 one-minute-interval voltage plot 

of phase A over a day – October 2, 2012 

 

Table 2.2 RMS percent error between simulated and measured voltage magnitudes for 

each phase at various DAS locations over a day – October 2, 2012 

 Substation (%) DAS05 (%) DAS04 (%) DAS02 (%) DAS01 (%) 

Phase A 0.00 0.38 0.45 0.60 0.85 

Phase B 0.15 0.37 0.40 0.64 0.85 

Phase C 0.28 0.63 0.56 1.16 1.34 
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2.4 Steady state analysis of the feeder model 

To study the impact of PV on the test feeder, the verified feeder model for the year 

2014 has been chosen. The load and PV data for this particular year were provided by the 

utility. Simulations were performed for two operating conditions. The two operating con-

ditions represent the highest load case and the highest PV penetration case in the year 2014.  

By summing up the load data at each hour in the year 2014, the highest load case was 

found to occur at 8 PM on Jan 5, 2014. The substation voltage was measured as 1.028 p.u. 

for this case. The operating parameters for the highest load case simulated in CYMDIST 

are given in Table 2.3. As seen in Table 2.3, the generation from PV is negligible due to 

the low insolation at the late evening hour in the winter. 

Table 2.3 Operating parameters in the highest load case 

Parameters Real power (kW) Reactive power (kVAr) 

Total load 5484.24 2707.20 

Total PV generation 0 0 

Total losses 176.76 359.78 

 

The highest penetration case in the year 2014 was found at 12 PM on March 24, 2014. 

The substation voltage was measured as 1.028 p.u. for this scenario. The PV penetration 

level used in this study is defined in (2.1). Based on (2.1) the PV penetration level in the 

highest penetration case is 41.97%. The operating parameters in the highest penetration 

case are given in Table 2.4.   

 PV power generation
PV penetration = 100%

Feeder head power+ PV power generation
  (2.1) 
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Table 2.4 Operating parameters in the highest penetration case 

Parameters Real power (kW) Reactive power (kVAr) 

Total load 2977.81 1508.89 

Total PV generation 1249.81 0 

Total losses 32.56 49.31 

2.5 Analysis of the impact of PV and recommendations 

The main purpose of the feeder modeling is to perform an in-depth analysis of the 

impact of PV on the distribution system operation. In this section, the developed model is 

simulated under different operating scenarios to find the maximum allowable penetration 

levels of PV, such that the feeder voltages are maintained within ANSI Range A voltage 

limits [79]. The studies have been divided in two categories: 

1. To study the effect of placement of PV at different locations in the feeder 

2. To study the effect of allowing PVs to perform reactive power control. 

In addition, the use of LTC has been studied with the historical load and PV data to 

alleviate the feeder voltage violation problems. The details of the studies are presented in 

the following sub-sections. 

2.5.1 Impacts on voltage profile under varying levels of PV penetration  

To analyze the impacts of the PVs at various locations, 7 different scenarios are stud-

ied. Four scenarios of the small residential PVs and three scenarios of the large-scale PVs 

have been developed. Before generating these scenarios, the electrical distances from each 

transformer load to the substation were calculated and sorted. The accumulated electrical 

distance can be calculated and sorted for every feeder node based on the feeder topology 

and the parameters of all the line sections. The details of each scenario are listed as follows. 

 



40 

 

Small residential PVs 

 PV scenario 1: Small-scale PV clustered near substation source 

 PV scenario 2: Small-scale PV clustered near midpoint of the feeder 

 PV scenario 3: Small-scale PV clustered near the end of the feeder 

 PV scenario 4: Small-scale PV on all load points. 

To produce the scenarios 1-3, residential PV systems are successively added to the 

transformers that are ranked according to the location requirement of the scenarios. This is 

continued until the desired PV penetration level is reached. The PV systems are sized as 

20% of the corresponding transformer rating. For example, to create scenario 3, a residen-

tial PV system is added to the transformer, which is farthest from the substation. Then 

another PV is added to the transformer second-farthest from the substation. The process is 

continued until the desired PV penetration level is reached. To produce the scenario 4, 

residential PV systems are added to all the transformers, and are sized equally with the 

total PV outputs reaching the desired PV penetration levels.  

Scenarios 1-4 are run with the loads under the highest PV penetration case, and the 

PV penetration levels are progressively increased from 10% to 100% of the total feeder 

loads. Under each penetration level for each scenario, the maximum feeder voltages are 

found and listed in Table 2.5. As seen in Table 2.5, the PV penetration levels can be in-

creased to 100% in scenario 1, 40% in scenario 2, 10% in scenario 3, 90% in scenario 4, 

without violating the maximum voltage limit (1.05 p.u.). 

Large-scale PVs 

 PV scenario 5: One large-scale PV located close to the feeder head, with another 

large-scale PV located at original location 
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 PV scenario 6: One large-scale PV located near the feeder midpoint, with another 

large-scale PV located at original location 

 PV scenario 7: One large-scale PV located at the end of the feeder, with another 

large-scale PV located at original location. 

The loads corresponding to the highest penetration case are used to study the PV 

impacts under the three large-scale PV scenarios. Table 2.6 shows the maximum primary 

voltage simulated under different scenarios and PV penetration levels. As seen in Table 

2.6, the PV penetration levels can be increased to 100% in scenario 5, 80% in 6, and 40% 

in scenario 7, without violating the maximum voltage limit (1.05 p.u.).  

As indicated from Table 2.5 and Table 2.6, the maximum achievable  PV penetration 

generally decreases while the average distance from the PV systems to the feeder head 

increases. 

Table 2.5 Maximum feeder voltage (p.u.) under different scenarios and penetration levels 

of the small residential PVs 

PV scenarios 

PV penetration levels 
1 2 3 4 

10%  1.0279  1.0289  1.0458  1.0278  

20%  1.0285  1.0328  1.0534  1.0279  

30%  1.0292  1.0394  1.0527  1.0280  

40%  1.0298  1.0456  1.0566  1.0307  

50%  1.0306  1.0507  1.0515  1.0343  

60%  1.0302  1.0552  1.0551  1.0378  

70%  1.0319  1.0586  1.0592  1.0413  

80%  1.0319 1.0622  1.0596  1.0447  

90%  1.0377  1.0637  1.0598  1.0481  

100%  1.0431  1.0610  1.0519  1.0514  
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Table 2.6 Maximum feeder voltage (p.u.) under different scenarios and penetration levels 

of the large-scale PVs 

                        

 5 6 7 

10%  1.0288  1.0295  1.0315  

20%  1.0298  1.0310  1.0377  

30%  1.0310  1.0327  1.0438  

40%  1.0330 1.0352  1.0497  

50%  1.0359  1.0386  1.0555  

60%  1.0387  1.0418  1.0612  

70%  1.0414  1.0450  1.0668  

80%  1.0441  1.0481  1.0722  

90%  1.0467  1.0511  1.0776  

100%  1.0493  1.0541  1.0828  

2.5.2 Impacts on voltage profile with reactive power support 

The large-scale inverters can be designed to regulate their terminal voltage (or the 

voltage at a remote bus) by closed-loop control. The relevant settings and parameters can 

be changed remotely by the utility operator. These inverters have advanced features includ-

ing volt/VAr control, volt/watt control, frequency based curtailment, full range of power 

factor control (0 to 1 leading and lagging) and sufficient margin for reactive power even 

while injecting rated active power.  

The residential-scale string inverters currently operate only at unity power factor.  

Depending on the topology used, many of the string inverters are also capable of providing 

on-demand reactive power support and variable power factor operation. Based on the 

emerging products from inverter manufacturers, in the near future, the string inverters are 

expected to be capable of autonomously injecting reactive power and/or operate at fixed 

power factor mode.  

Having a large reserve capacity to inject reactive power at the rated kW generation 

is not cost effective. Therefore, the design of the string inverters may restrict a wide range 

PV scenarios 

PV penetration levels 
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of power factor. Emerging products from inverter manufacturers are expected to support 

up to 0.9 lagging and leading power factor. In this section, extensive analyses are carried 

out to determine the effectiveness of the VAr control features in both the residential and 

the commercial grade inverters to mitigate the voltage issues arising from high penetration 

of PV in the distribution system.   

In the highest PV penetration case, the maximum feeder voltage is found under 1.05 

p.u., which is within the prescribed ANSI voltage limit. Therefore, a base hosting capacity 

case with a PV penetration level of 59.64% is defined, where the maximum feeder voltage 

is exactly 1.05 p.u.. To demonstrate the improvements in the PV hosting capacity by al-

lowing reactive power support from both large-scale and residential-scale PVs with differ-

ent power factors, the PV penetration level at the base hosting capacity are increased by 

15%, 25% and 50% and the voltage profiles are studied. Table 2.7 shows the maximum 

voltage at any bus (including the feeder secondary sides) on the feeder under the considered 

high PV penetration scenarios.   

Table 2.7 Maximum voltage (p.u.) at different PV penetration levels 

Power 

factor 

lag-

ging 

PV at 

base 

hosting  

capacity 

PV at 15% above 

base hosting capac-

ity 

PV at 25% above 

base hosting capac-

ity 

PV at 50% above 

base hosting capac-

ity 

0.99 1.0454 1.0467 1.0476 1.0526 

0.98 1.0433 1.0444 1.0451 1.0472 

0.95 1.0393 1.0396 1.0399 1.0406 

0.9 1.0381 1.0381 1.0381 1.0381 
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As seen from Table 2.7, reactive power is absorbed by each of the inverters at a 

power factor of 0.9. The reactive power support from the inverters allows the PV penetra-

tion to be increased by an additional 50% above the base hosting capacity without violating 

the ANSI voltage limits.  

Based on the results from Table 2.7, the residential inverters (typically in the 2 kW 

to 8 kW range) are recommended to have a kVA rating of at least 1.11 times the maximum 

kW rating of the corresponding PV arrays. This corresponds to a reactive power capacity 

of 48.4% of the rated active power, when the inverters are injecting the rated active power.  

The inverters should also have the capability to adjust the PV operating power factor 

from unity to 0.9 lagging and leading. The control settings for the reactive power injection 

will be fixed at the time of installation, and the inverters then operate autonomously based 

on the settings and local measurements such as terminal voltage and frequency. The set-

tings will be determined based on the distribution system characteristics such as the stiff-

ness ratio, X/R ratio, specific location along the feeder, and proximity to voltage control 

devices and larger PV plants. The settings can also be changed as new devices, new PV 

systems and loads are added. 

2.5.3 Reduction of the voltage violation by changing LTC settings 

As indicated from Table 2.7, the reactive power support from the PV inverters results 

in significant improvement of the voltage profiles at high level of PV penetration. A sub-

stantial increase in PV hosting capacity can be also obtained without needing reactive 

power support from PV inverters. This can be achieved by appropriate tap selections of 

LTCs, based on the variation of loads and irradiance. With the measurements of the loads 
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and PV output data available for the year 2014, the one-hour-interval time-series simula-

tion is applied for the whole year. In this way, the proper settings of LTC can be obtained 

with the least number of buses violating the ANSI limits in that year. In addition, consid-

ering the possibility of increase in the PV penetration, the time-series simulation can be 

also re-applied with increased PV penetration levels. This analysis assists in the future 

planning of the distribution system operation.  

In this section, to analyze the effect of proper LTC tap selection at the substation, 8 

LTC tap settings ranging from 0.98 p.u. to 1.05 p.u. in 0.01 p.u. steps are considered. The 

one-hour-interval time-series simulation is run for a whole day (the day with the highest 

PV penetration case is used) with the 8 tap settings respectively. Analyses have been con-

ducted under different high penetration scenarios.  

• The base hosting capacity case 

For each time step in the chosen day (the day with the highest PV penetration), all 

PV generations are scaled up by the same factor to reach a maximum penetration level of 

59.64% (penetration level of the base hosting capacity case). The one-hour-interval time-

series simulation is applied with the scaled up PV generation. Table A.1 and Table A.2 in 

appendix A lists respectively the number of buses where the voltage values were beyond 

the upper limit and below the lower limit respectively, for each hour of the day and with 

the selected tap settings. 

For a tap setting of 1.0 p.u., which represents the original case without LTC at the 

substation, 744 buses violate the ANSI limit in the whole day. If none of the LTC taps are 

changed, the LTC tap setting of 0.99 p.u. is the most suitable one with total 144 buses 

violating the ANSI limit in the whole day. If the LTC taps are allowed to change in the day, 
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the LTC tap settings in the corresponding hour listed in Table 2.8 lead to a reduced total 

number of 95 buses violating the ANSI limit in the whole day.  

Table 2.8 LTC tap settings proposed in the base hosting capacity case 

Hours of the day LTC tap settings 

Hour 1 to hour 7 Tap of 0.99 p.u. 

Hour 8 to hour 23 Tap of 1.01 p.u. 

Hour 23 to hour 24 Tap of 0.99 p.u. 

• 15% and 50% scaled up of the base hosting capacity case 

To study this case, the PV generation is scaled up by a factor of 1.15 and 1.50 of the 

base hosting capacity case respectively. A time-series analysis is applied, and the number 

of buses where the voltage values are beyond the ANSI prescribed limit in each hour with 

the different tap settings are recorded.  

In the case of 15% increase in PV penetration from the base hosting capacity, 743 

buses were found to violate the ANSI limit in the whole day without LTC. The total number 

of buses where voltage violations occur can be reduced to 94 by adopting the LTC settings 

listed in Table 2.8. 

In the case of 50% increase in PV penetration from the base hosting capacity, 745 

buses were found to violate the ANSI limit in the whole day without LTC. The total number 

of buses where voltage violations occur can be reduced to 91 by adopting the LTC settings 

listed in Table 2.8.  

From the results presented in this section, it can be concluded that the requirement 

of reactive power support from a smart inverter can be significantly reduced with the proper 

use of LTC. 
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CHAPTER 3: DYNAMIC MODELING AND ANALYSIS OF UNBALANCED DIS-

TRIBUTION FEEDER WITH PHOTOVOLTAIC SYSTEMS  

3.1 Introduction 

Distribution system analysis tools are capable of performing steady-state and quasi-

static analysis on large unbalanced distribution systems. The impacts of PV systems on the 

feeder, which include voltage changes, LTC transformer operations and capacitor switch-

ing operations, can be analyzed in one-minute or one-hour interval simulations. These sim-

ulations are done by solving the network algebraic equations with updated load and gener-

ation data for each minute or each hour. However, dynamic simulations involving the so-

lution of differential equations cannot be performed using most of the commercial distri-

bution system analysis tools. 

Capturing the dynamic performance of the PV inverters is necessary, especially in 

large distribution systems. The distribution system analysis tools usually assume that the 

controller transients of PV inverters have settled down and the system has reached a steady 

state. However, an improper design of the controller can cause instability and some of the 

distribution system and PV transient changes may be faster in comparison to the relevant 

control bandwidth of inverters.  The assumptions usually made in the existing distribution 

system analysis tools have largely ignored these issues. The EMTP-type solvers are capa-

ble of analyzing the dynamic behavior of the inverters for small systems. However, these 

tools are not practical for dynamic studies in large distribution systems. Additionally, the 

positive sequence electromechanical transient simulators are not adequate for distribution 

system studies as distribution systems have inherent voltage and current unbalances.  
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This work proposes an approach to model the PV inverter for unbalanced dynamic 

analysis. The PV models are stored in DLLs, which are interfaced with the OpenDSS net-

work model. A method to interface the DLLs containing the dynamic model of the PV 

inverters to OpenDSS is also discusses here. At each time-step of the dynamic simulation, 

the time-domain current outputs from the inverter model are calculated based on differen-

tial equations. OpenDSS treats the inverters as Norton equivalents, and calculates the elec-

trical phasors based on algebraic equations. The DAE based method shortens the compu-

tation time required for performing dynamic simulation with the inverter models in large 

distribution systems. 

This chapter illustrates single-phase dq frame based implementation of the PV in-

verter, the creation of the inverter analytical model, and validation and analysis of the in-

verter through dynamic simulations.  

3.2 Design of three-phase unbalanced PV inverter 

The generic average model of the PV inverter including the PV filter, the current 

controller and the PLL is shown in Figure 3.1.  

 

Figure 3.1 Average model of the PV inverter 
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In Figure 3.1, R1, L1, R2, L2, R3 and C are the components of the PV filter. VT is the 

PV inverter terminal voltage at the point of common coupling (PCC), and E is the controller 

output. i1, i2 and Vc are the state variables representing the current flowing through the 

inductor L1 (also the current output of the PV inverter), the current flowing through the 

inductor L2, and the voltage across the capacitor C respectively. iref is the current reference 

for the PV current controller.  

Embarcadero Delphi [108] is used to develop the DLL containing the PV inverter 

model shown in in Figure 3.1. Figure 3.2 (a) shows the interaction between the DLL and 

network model in OpenDSS. Simulations in OpenDSS are based on the phasor values of 

the electrical quantities, while the outputs from the DLLs are instantaneous values.  As 

shown in Figure 3.2 (a), during the dynamic simulation, at each time step, OpenDSS cal-

culates the bus voltages based on the known output of the current sources, by solving the 

network algebraic equations. The calculated voltage phasors in the form |V| ∠θsys are read 

by the PV inverter model in the DLL. Based on the differential equations, the values of the 

PV inverter output current i(t) is calculated and is exported to the network model built in 

OpenDSS. Since i(t) is the instantaneous current, the peak current value as well as the 

current phasor angle cannot be computed until one cycle of the instantaneous current values 

are gathered and calculated.  

The synchronous reference frame (dq frame) is used to solve the discrepancy be-

tween the phasor values obtained from OpenDSS and instantaneous values from the PV 

inverter model. The transformation from the abc frame to the dq frame is given by [123] 

as 
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(3.2) 

where, Xa, Xb and Xc are the electrical quantities under the abc frame, and Xd and Xq are the 

transformed electrical quantities in the dq frame. The balanced electrical quantities Xa, Xb 

and Xc are instantaneous values, calculated as Xmcos(ωt), Xmcos(ωt-
2𝜋

3
) and Xmcos(ωt+

2𝜋

3
), 

where Xm is the peak value of the sinusoidal waveform.  

PV inverter user-defined 
model under abc frame

Rest of the circuit built in 
OpenDSS

( , ) 0f V I 

x Ax Bu

y Cx Du

 

 

i(t)|V| ∠θsys 

  
(a) 

PV inverter user-defined 
model under dq frame

Rest of the circuit built in 
OpenDSS

( , ) 0f V I 

x Ax Bu

y Cx Du

 

 

|V| ∠θsys 

|I|v(t)

|I| ∠θPV 

θPV

 
(b) 

Figure 3.2 Original (a) and improved (b) interactions between the DLL and OpenDSS 

By assuming a rotating dq frame, the state variables in the DLL can be solved as dc 

quantities. The calculated current values in the dq frame can be transformed back to the 

phasor values in the abc frames, based on the angle θPV, measured with respect to the d 



51 

 

frame. By this process, the PV inverter current i(t) is converted to the phasor |I| ∠θPV in 

OpenDSS. This transformation process is shown in Figure 3.2 (b).   

The transformation from the abc frame to the dq frame given by (3.1) and (3.2) can 

only be used for three-phase balanced electrical quantities. Since the distribution system is 

unbalanced, the transformation method has to be modified to account for the unbalanced 

electrical quantities.    

3.2.1 Single-phase dq frame design 

The implementation of the abc frame to dq frame transformation for unbalanced 

electrical quantities requires the intermediate alpha-beta transformation for each phase. Be-

fore transforming the electrical quantities in the abc frame to the dq frame, the transfor-

mation between the abc frame and the αβ frame is executed. For example, for phase a, the 

α axis is assumed to be along the a axis, and the β axis is constructed by assuming a ficti-

tious axis with 90° delay from the a axis. A single-phase electrical quantity Xmcos(ωt) is 

used to illustrate the αβ frame, where Xm is the peak value of the sinusoidal waveform. The 

αβ frame representation of Xmcos(ωt) is given by 

cos( )

sin( )
m

X t
X

X t









   
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(3.3) 

where, Xα and Xβ are the transformed electrical quantities under the αβ frame. The fictitious 

β axis helps in the dq transformation for each phase of the PV inverter. As shown in Figure 

3.3 (a), by using the fictitious β axis, each phase of a plant in the abc frame can be trans-

formed into the dq frame by 
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where, Xd and Xq are the electrical quantities under dq frame, Xα and Xβ are the electrical 

quantities under αβ frame.  

The controller outputs in the dq frame can be transformed to the αβ frame using by  

cos( ) sin( )

sin( ) cos( )

d

q

XX t t

XX t t




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     
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 (3.5) 

 

where, Xα and Xβ can then be transformed further to the abc reference frame. 

 

Figure 3.3 Frame transformation process for each phase of the PV inverter  

By moving the 90° delay from the output of the plant to the input of the plant, as 

shown in Figure 3.3 (b) and Figure 3.3 (c), each phase of the PV inverter can be analyzed 
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as a two-phase system. Following this process, the PV inverter quantities can transformed 

to the dq frame, as shown in Figure 3.3 (d).  

With the assumption of the fictitious β axis, each phase of the PV inverter can be 

implemented in the dq frame. By this method, the PV inverter can be modeled analytically 

under unbalanced operating conditions.  

3.2.2 Switching of the reference frame between the PV inverters and the outside circuit 

Based on the single-phase dq frame transformation, the output current |I| ∠θPV from 

the DLL containing the PV inverter model is injected into the network built in OpenDSS. 

θPV is the output current phasor angle with respect to the reference frame of each PV in-

verter. In this work, each PV inverter is modeled on its individual reference frame, whose 

rotation frequency is set by its own PLL.  

The reference frame of the network model in OpenDSS is assumed to rotate at the 

system nominal frequency. Since the reference frames of the PV inverters and the network 

model are different, appropriate transformation needs to be done to inject the output current 

of the PV inverter model into the network model in OpenDSS. Figure 3.4 shows the trans-

formation in the reference frames between the PV inverters and the network model in 

OpenDSS. The transformation based on the rotating angle difference between the two ref-

erence frames is given by  
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(3.6) 

where, xdj and xqj are the state variables under the dq frame of the outside circuit, xdi and xqi 

are the state variables under the dq frame of the PV inverter. θj and θi are the rotating angle 
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of reference frame inside the PV inverter model and the OpenDSS network model respec-

tively. 

OpenDSS θPV1 
θsys PV inverter 1

DLL

θPV2 
θsys PV inverter 2

DLL

θPVn 
θsys PV inverter n

DLL

.

.

.

.

Circuit 
outside of the 
PV inverters

 

Figure 3.4 Reference frame changes between the PV inverters and the outside circuit 

3.2.3 Implementation of the grid synchronization 

The frequency of the network model in OpenDSS is assumed as constant (60 Hz). In 

steady state, the frequency of the PV inverter is the same as the frequency of the substation 

in the OpenDSS network model. In steady state, the reference frames of both the PV in-

verter and the OpenDSS network model are rotating at the same speed. During faults, for 

example, the frequency of the PV inverter deviates from the system frequency. The failure 

of the correct axis angle estimation will affect the current control loop in the controller, 

resulting in uncontrolled exchange of energy between the inverter and the grid. Therefore, 

the gird synchronization is required. 

The grid synchronization is the estimation of the grid voltage angle at the PCC of 

each inverter. A PLL is typically used in grid-tied inverters to maintain a correct grid syn-

chronization. The PLL is a closed-loop control system that automatically adjusts the output 

phase, so that the angle error between the output phase and the grid voltage at PCC is zero. 

The structure of a typical PLL is shown in Figure 3.5, where xin and xout are respectively 
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the input and rebuilt phases of the PLL.  The PLL includes three main blocks: phase detec-

tor, loop filter and voltage controlled oscillator. The phase detector generates an error sig-

nal ephase proportional to the difference between xin and xout. The loop filter is a low pass 

filter that attenuates the high frequency component in ephase. The voltage controlled oscil-

lator integrates the output from the loop filter, and generates the output phase xout, which is 

fed back to complete the closed loop of the PLL. 

In this work, the PLL is implemented for each PV inverter model. The reference 

frame of each PV inverter rotates at the frequency set by its own PLL.  

 

Figure 3.5 PLL algorithm 

3.3 Analytical model of the PV inverter 

In the following sections, the design and implementation of the filter, controller and 

PLL under the dq frame for each phase of the PV inverter are introduced. Based on the 

proposed single-phase dq frame transformation in Section 3.2, the state-space functions for 

each phase of the PV inverters are derived under the αβ frame, and transformed to the ones 

under the dq frame. 

3.3.1 State-space representation of the PV inverter filter 

The α frame state-space equations of the PV filter shown in Figure 3.1 is given by  
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(3.7) 

where, 1i  , 2i   and cV  represent i1, i2 and Vc in the α frame respectively. V represents Vt in 

the α frame. By assuming a fictitious β axis, (3.7) can be re-written in the β frame as  
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where, 
1i 

, 
2i 

and 
cV 

represent i1, i2 and Vc in the β frame respectively. V
represents Vt in 

the β frame. 

By applying the αβ to dq transformation given by (3.4) to (3.7) and (3.8), the dq 

frame state-space equations are obtained. The state space equations in the dq frame are 

given by 
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where,   is the frequency inside the PV inverter. The appearance of   is due to the cross 

coupling during the αβ to dq transformation. i1d, i1q, i2d, i2q, Vcd, Vcq, Ed and Eq are time-

invariant values of i1, i2, Vc and Ec in the d frame and q frame respectively. Vcd and Vcq. dV

and 
qV represent Vt in the d frame and the q frame respectively. 

3.3.2 State-space representation of the PV inverter controller 

Similarly, the state-space representation of the PV inverter controller shown in Fig-

ure 3.1 can also be derived using the single-phase dq transformation. The frequency domain 

transfer function Gc(s) of the proportional resonant controller for the inverter current con-

trol loop is given by  

2 2
( )

0.6 (2 )

R
c P

K s
G s K

s s f
 

 
 

(3.10) 

where, KR and KP are parameters in the controller.   

The state-space representation of the controller under the αβ frame can be derived 

as 
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where. x1α and x2α are the values of the state variables x1 and x2 in the α frame, and x1β and 

x2β are the values of the state variables x1 and x2 in the β frame. Eα, Eβ are respectively Ec 

in the α frame and β frame.  

The αβ to dq transformation given by (3.4) is applied to (3.11)-(3.14), and the con-

troller outputs Ed and Eq are obtained from (3.14). After replacing the terms Ed and Eq in 

(3.9) by the state-space variables x1d, x1q, x2d and x2q, the state-space function for each phase 

of the circuit under the d frame and q frame is obtained as 
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where, x1d, x1d, x2d, x2q are time-invariant values of x1, x2 under the d frame and q frame 

respectively. 1dx , 
1qx , 2dx and 

2qx  represent respectively the first-order time differential 

of x1d, x1q, x2d, x2q.  

3.3.3 State-space function of PLL 

In this work, the PLL is implemented in the abc frame. The state-space representation 

of the PLL is given by 
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where, x3 and x4 are the state variables in the PLL. uPLL represents the input of PLL, which 

is the PV inverter terminal voltage at the PCC along the q axis. Xa, Xb and Xc represent 

respectively the electrical quantities |Va|cos(ωt), |Vb|cos(ωt) and |Vc|cos(ωt), where |Va|, |Vb| 

and |Vc| are peak values of the sinusoidal voltage waveform Vt of Phase A, B and C respec-

tively, ω is the nominal frequency. The output yPLL of the PLL is the angle of the PV in-

verter reference frame at each time step, denoted as θ.  

 The output θ of the PLL is used to exchange the electrical quantities between the 

PV inverter model and the OpenDSS network model. The rotating angle of the reference 

frame of the OpenDSS circuit can be calculated based on the assumed constant nominal 

frequency (60 Hz). The interfacing of the DLL containing the PV inverter model and the 

network model in OpenDSS is explained in the following section.  

3.4 Interface between the PV inverter DLL and the OpenDSS circuit 

The state-space model of the PV inverter components is programmed in the DLL 

using the Object Pascal (Delphi) programming language [108]. During the dynamic simu-

lation, the dynamic models of PV in the DLL interact with the network model in OpenDSS. 

Figure 3.6 describes the process to exchange data between the DLL containing the PV 

inverter model and the rest of the network model in OpenDSS.  

The dynamic simulation includes the three main steps: 
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1. Initialization: Before executing the dynamic study, a snapshot power flow simulation 

is performed in OpenDSS for the circuit without the PV inverter. The initial voltage 

at the PV inverter PCC is calculated and transferred to the PV inverter model stored 

in the DLL. The algebraic equations of the state variables are then solved, and the 

initial values of the state variables are stored for the dynamic study.  

2. Integration: The state-space equations (3.15)-(3.18) are solved to obtain the time dif-

ferential of all the state variables. Based on the time derivatives of the state variables, 

the state variables are updated using the improved Euler-Cauchy method [109].      

3. Export and update: The calculated current values from the integration procedure are 

injected into the network model in OpenDSS. At the same time, the voltage values at 

the PCC of the PV inverter are also imported from the network model in OpenDSS 

to the PV inverter model. The voltage values are computed based on the current in-

jected by the PV inverter model into the network model in OpenDSS, in the previous 

time step. The reference frame transformation illustrated in Section 3.2 needs to be 

applied during the exchange of the voltage and current values between the network 

model and the inverter model.   

The process is continued until the dynamic simulation reaches the final time step, as 

illustrated in Figure 3.6.  
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Figure 3.6 Algorithm of the interaction between PV inverter DLL and OpenDSS circuit 
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3.5 Validation of the PV inverter DLL  

To verify the accuracy of the unbalanced PV inverter DLL, a three-bus system, as 

shown in Figure 3.8, is built and simulated in both OpenDSS and PLECS. Both balanced 

and unbalanced cases are considered and applied to the PV inverters. In addition, a bal-

anced PV inverter is built in a separate DLL to illustrate the advantage of the single-

phase frame based PV inverter model. 

 

Figure 3.7 Three-bus system used for verification of the PV inverter DLL 

In PLECS, which is an EMTP-type solver, all network elements as well as the PV 

inverters are represented by differential equations. On the other hand, in OpenDSS, only 

the PV inverters are represented by differential equations, and the network model is repre-

sented by algebraic equation. 

3.5.1 Balanced case verification 

Two balanced system disturbances were analyzed. The cases include: 

1. The change of the reference values in the PV inverter  

2. The system response to a three-phase fault. 

Case 1: Reference changes in the PV inverter 

At 0.05 s, a change of the solar irradiation from 1 p.u. to 0.5 p.u. is applied to the PV 

inverter of 300 kW rating. The simulated PV inverter current outputs are shown in Figure 

3.8. PLECS provides the instantaneous values of the output current of the PV inverters, 

R L 

Substation PV 
inverter

Transformer
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and OpenDSS monitors the output current phasors from the PV inverters in both the bal-

anced and unbalanced PV inverter models. As seen from Figure 3.8, the current values 

from the positive-sequence PV inverter model overlap the ones from the inverter model 

proposed in this work. The peak current values from the both models closely match the 

results from PLECS in the balanced case. 

In OpenDSS, values of the electrical quantities are analyzed as phasors. Within the 

DLL containing the PV inverter model, the instantaneous current can be calculated from 

the state variables i1d, i1q, based on the dq to abc transformation given by (3.2). The PLL 

output θ indicates the angle of the PV reference frame and is used in (3.2) for the transfor-

mation. Figure 3.9 shows the calculated instantaneous current from the unbalanced PV 

inverter model, as well as the simulated current phasors from OpenDSS. The ability to 

obtain the instantaneous value of the current from the PV inverter model extends the capa-

bility of OpenDSS to perform dynamic analysis. The results of the proposed method were 

compared to the results obtained by a detailed simulation performed in PLECs. The instan-

taneous current values obtained by the proposed method were found to match the detailed 

simulation output closely.  
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Figure 3.8 PV inverter output current (instantaneous and peak values) corresponding to 

reference changes from the PV inverter in PLECS, DLL, and positive sequence DLL 

 

Figure 3.9 Simulated PV inverter output current (instantaneous and peak values) during 

reference changes in OpenDSS 
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Case 2: Three-phase fault in the system 

At 0.05 s, a three-phase fault with a fault resistance of 0.05 Ω is applied on the trans-

former primary side shown in Figure 3.7. The outputcurrent using a balanced and an un-

balance inverter in OpenDSS and PLECS are plotted in Figure 3.10. During the balanced 

faults, the fault current contributions from both the balanced and the unbalanced PV in-

verter models are same. As shown in Figure 3.10, the output current phasors from the two 

inverter models are overlapping. These results match the output obtained from the detailed 

simulations performed in PLECS. Figure 3.11 shows the PV terminal voltage at PCC from 

the simulation results in OpenDSS and PLECS. The terminal voltages closely match the 

three simulation results.  

 

Figure 3.10 Output current (instantaneous and peak values) during three-phase fault in 

PLECS, DLL, and positive sequence DLL 
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Figure 3.11 PV terminal voltage (instantaneous and peak values) during three-phase fault 

in PLECS, DLL, and positive sequence DLL 

3.5.2 Unbalanced case verification 

Due to the adoption of the single-phase dq frame method, the PV inverter can also 

be used for studying unbalanced conditions. A single phase to ground fault is applied to 

phase A on the primary side of the transformer at 0.05 s. A model of a positive-sequence 

PV inverter is also simulated to compare the results of the study. For a better illustration of 

the results, the instantaneous current obtained by the proposed method as well as those 

obtained from the detailed simulation in PLECS are plotted in Figure 3.12. As shown in 

Figure 3.12, the PV output current obtained by using the unbalanced PV inverter model 

closely matches with those obtained via detailed simulation in PLECS. However, the out-

put current waveforms are markedly different from the PLECS output when the balanced 
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inverter model is used in OpenDSS. Figure 3.12 shows the advantage of the unbalance 

modeling of the PV inverters in this work.  

 

Figure 3.12 Simulated PV inverter output current during Phase A fault in PLECS, DLL, 

and positive sequence DLL 

3.6 DAE based dynamic analysis of the three-phase and single-phase PV inverters in 

large power systems 

In order to show that the proposed modeling method can be applied to large-scale 

systems, simulations are conducted on the IEEE 8500-node distribution test feeder in 

OpenDSS [110]. Due to the complexity of building and simulating such large-scale system 

in PLECS, the simulated results are not validated against the results from PLECS.  

A three-phase 700 kW PV inverter is built and the model is stored in a DLL. This 

inverter model can capture the effect of unbalanced voltages and currents in the system. 

Three PV inverters, PV 1, PV 2, and PV 3 are installed along the feeder, at bus M1142843, 
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bus M1069517 and bus M1047522 respectively. The fault current contribution from the 

inverter is limited to 1.5 times of the rated current capacity of the respective inverter. Tra-

ditionally, the fault current contribution from the PV inverters is obtained by applying a 

fault at the PV inverter terminal, and measuring the output current either through hardware 

testing or by simulation using EMTP solvers. The fault current contribution from PV sys-

tems is highly dependent on the location of the fault and the PV inverter terminal voltage. 

The traditional testing results do not reflect the variation in the fault current contribution 

for different cases due to the limitations of building large-scale systems with dynamic 

model of PV inverters.  

Two separate cases of three-phase fault are studied. The faults are applied at two 

different locations in the feeder. Fault 1 is applied at bus L2973162, which is located in the 

middle of the feeder downstream of PV 3 at 0.05 s. The simulated output current of the 

three PV units are plotted in Figure 3.13. As seen from Figure 3.13, the PV output current 

contains an oscillation of double frequency before the fault is applied. The oscillation in 

current is due to the voltage unbalance in the 8500-bus feeder and the PLL design. As 

describes in Section 3.3, the PLL is implemented based on assumption that the three-phase 

PV inverter terminal voltage is balanced. The voltage unbalance in the feeder produces 

double-frequency oscillations in the PLL output, and thus affects the output of the PV sys-

tem. The double frequency oscillations can be eliminated by other designs of the PLL, such 

as the double synchronous frame PLL (DSF-PLL) [111], [112]. Since this work aims to 

illustrate the applicability of DAE based PV inverter for large distribution systems, the 

improved design of the PLL is not pursued here.  



69 

 

 

Figure 3.13 Simulated PV inverter output currents during Fault 1 in OpenDSS 

As shown in Figure 3.13, the output current of the three PV systems increase to the 

maximum limit after the fault is applied. Since the fault is applied at the middle of the 

feeder, the large drop of the terminal voltages of the PV units result in the output current 

to reach the maximum limit. Since Fault 1 isolates the part of the feeder with significant 

unbalance, less double-frequency oscillation are observed after the fault is cleared, as seen 

from Figure 3.13.  

The fault current measured at the substation is plotted in Figure 3.14, with and with-

out the three-phase PV units connected to the system. The fault current contributions from 

the PV units reduce the current seen by the protective device near the substation, thereby 

reducing its sensitivity. The ratings of the protective devices need to be redesigned based 

on the fault current contribution of the PV units.  
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Figure 3.14 Simulated current through substation during Fault 1 in OpenDSS 

Another three-phase fault, Fault 2 is applied at bus L3066815 at 0.05 s. The simulated 

output current of the three PV units are plotted in Figure 3.15. Since Fault 2 is at the feeder 

end, less voltage drop occurs at the terminals of the three PV units as compared to during 

Fault 1. The fault current contributions from the three PV units differ from each other due 

to different terminal voltages. The double-frequency oscillation exists before and after the 

fault, as the unbalanced portion of the system is not disconnected when the fault is cleared. 

The fault current measured at the substation is plotted in Figure 3.16, with and without the 

three-phase PV units connected to the system. The current measured at the substation for 

Fault 2 differs significantly from the measurement made during Fault 1. The results indi-

cate that the change in the fault location has a significant impact on the fault current con-

tribution by the PV units. Such studies can help planners design distribution systems with 

proper protective device settings, considering different fault scenarios with dynamic PV 

unit models, based on manufacturer data.  
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Figure 3.15 Simulated PV inverter output current during Fault 2 in OpenDSS 

 

Figure 3.16 Simulated current through substation during Fault 2 in OpenDSS 

3.7 DAE based dynamic analysis of the anti-islanding scheme of PV inverters 

According to IEEE standard 1547, the islanding of the PV inverters occurs when a 

portion of an electric power system containing PV inverters is disconnected from the main 

 

  

 

 



72 

 

system, while the independent PV inverters continue energizing the isolated system. Fail-

ure of islanding detection can lead to several negative impacts, including danger to mainte-

nance personnel, poor power quality and damages to the utility equipment.  

The anti-islanding techniques have been proposed and tested through electromag-

netic transient simulations and hardware implementations [113-114]. However, the anti-

islanding schemes have not been tested for large systems due to the limitations of the 

EMTP-type solvers and hardware testing. The proposed DAE based dynamic modeling 

and analysis method of the PV inverters can assist in the design of anti-islanding control 

for PV inverters. 

In this section, the capability of the proposed method to model and test the anti-

islanding controls in large distribution systems is demonstrated. The basic passive anti-

islanding scheme based on over/under voltage detection is adopted in the proposed DAE 

based method. Other anti-islanding schemes including passive and active schemes can be 

implemented in the DAE based dynamic models in a similar manner.  

3.7.1 Design of the anti-islanding scheme 

The design of the anti-islanding control of the PV inverter based on the worst-case 

scenario [114] is shown in Figure 3.17. In Figure 3.17, the load is modeled as a RLC load 

with a high quality factor. The quality factor q [114] is given by 

Load
Load

Load

C
q R

L
  

(3.19) 

where, RLoad, LLoad and CLoad represent respectively the resistance, inductance and capaci-

tance component of the load in Figure 3.17.  
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The RLC load is used as the worst-case scenario, since RLC loads with a high q are 

the most problematic for islanding detection. 

R L

PV 
inverter

CLoad

TransformerUtility breaker

LLoadRLoad
Substation

 

Figure 3.17 Worst-case scenario with RLC load 

In Figure 3.17, the real power of the RLC load is given by 

2

Load
Load

Load

V
P

R
  

(3.20) 

where, VLoad is the voltage at the RLC load in Figure 3.17.  

Based on (3.20), a positive voltage feedback mechanism is established, as shown 

in Figure 3.18. From Figure 3.18, it can be seen that when the PV inverter senses an in-

crease in the voltage at the PCC, the anti-islanding control increases the PV inverter active 

power output. The current controller in the PV inverter follows the command, and increases 

the PV inverter active power output Poutput. Due to the load characteristics given by (3.20), 

the voltage at the RLC load increases to balance the active power. The increase in voltage 

further increases the inverter active power output because of the positive feedback. By this 

mechanism, the voltage at PCC will keeps increasing until the islanding is detected. The 

scheme works in a similar way if there is an initial dip in the PCC voltage due to the is-

landing. The voltage is driven below the lower voltage threshold if an intial dip in the PCC 

voltage is recoded. 
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Figure 3.18 Positive voltage feedback in the anti-islanding scheme 

Figure 3.19 shows the average model of the PV inverter with the anti-islanding 

scheme. The anti-islanding control comprises of three main parts, a band-pass filter (BPF), 

a gain and a limiter. The BPF is used to avoid noise injection and dc offset. The gain is 

designed to be small enough to keep a stable system during the grid-connected mode, and 

large enough to make the system unstable during an islanded condition. The limiter speci-

fies the maximum value of the signal Δi in the anti-islanding controller. Vd is the input of 

the anti-islanding controller, and the output of the controller Δi will be added to iref.  

 

Figure 3.19 Average model of the PV inverter with anti-islanding scheme added 

3.7.2 Implementation of the anti-islanding scheme in small system 

The PV inverter shown in Figure 3.19 is implemented in a DLL, and connected to 

the system shown in Figure 3.17 in OpenDSS. In the OpenDSS network model, the power 
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consumed by the RLC load is set equal to the output of the PV inverter, so that the worst-

case scenario can be studied. To illustrate the benefits of the anti-islanding scheme, the 

DAE based simulations are run without and with the anti-islanding controller enabled.  

 

Anti-islanding scheme disabled 

For this case, the simulations are run after disabling the anti-islanding controls on the 

inverter. At 0.05 s, the circuit breaker shown in Figure 3.17 is opened. The output current 

of the PV inverter and the voltage at PCC is monitored before and after the opening of the 

breaker. Figure 3.20 shows the instantaneous and peak current output monitored from the 

PV inverter DLL. Figure 3.21 shows the voltage at the PCC and the lower and upper volt-

age thresholds set for island detection. The upper threshold of the voltage at PCC is set as 

1.1 times the base voltage, and the lower threshold is set to 0.88 times the base voltage 

[114]. The PV inverter is disconnected if the measured voltage violates the upper or the 

lower threshold.  
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Figure 3.20 PV current output before and after the breaker opens (anti-islanding scheme 

disabled) 

 

Figure 3.21 Voltage at PCC before and after the breaker opens (anti-islanding scheme 

disabled)  
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As shown in Figure 3.20 and Figure 3.21, the PV inverter cannot detect the islanding 

if the anti-islanding controller is disabled. From Figure 3.21, it can be seen that there is a 

small increase in the voltage at PCC after the breaker is opened. The opening of the breaker 

does not have any significant effect on the voltage at the PCC as the power consumed by 

the RLC load is equal to the inverter power supply. The PV inverter will continue supplying 

power to the load in the islanded condition.  

Anti-islanding scheme enabled 

For this case, the simulations are conducted with the anti-islanding controls enabled 

in the PV inverters. At 0.05 s, the circuit breaker shown in Figure 3.17 is opened. The 

output current of the PV inverter and the voltage at the PCC is monitored before and after 

the breaker is opened. Figure 3.22 shows the instantaneous and peak current output moni-

tored at the PV inverter terminals. Figure 3.23 shows the voltage at the PCC and the upper 

and lower voltage thresholds for island detection.  

As shown in Figure 3.22 and Figure 3.23, the PV inverter detects the islanding con-

dition when the anti-islanding control is enabled. After the breaker opens, the initial in-

crease of the voltage is applied at the positive feedback loop of the anti-islanding controller 

causing voltage at PCC to increase gradually. When the voltage exceeds the upper voltage 

threshold (at 0.11394 s), the inverter is disconnected from the grid.  
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Figure 3.22 PV current output before and after the breaker opens (anti-islanding scheme 

enabled) 

 

Figure 3.23 Voltage at PCC before and after the breaker opens (anti-islanding scheme en-

abled) 
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3.7.3 Study of the anti-islanding scheme in large systems 

The implementation of the DAE based dynamic analysis can be used for testing of 

the anti-islanding controls for inverters connected to realistic large systems. The IEEE 123-

node distribution test feeder in OpenDSS [110] is used for studying the anti-islanding con-

trols of the connected PV inverters.  

To study the worst-case scenario, the loads in the 123-node feeder are converted to 

constant impedance loads. In addition, to balance the total power consumed by the loads, 

single-phase and three-phase PV system is installed near each single-phase or three-phase 

load. The real and reactive power of each load is set equal to the power supplied by the PV 

system installed nearby. 91 PV systems are installed in the feeder. The total power supplied 

by the substation is nearly zero at the steady state. To illustrate the benefits of the anti-

islanding controls, the simulations are run without and with the anti-islanding controller 

enabled.  

Anti-islanding scheme disabled 

The simulations are run after disabling the anti-islanding controls on the inverter. At 

0.08 s, the circuit breaker near the substation is opened. The output current of the PV sys-

tems (91 PV units) and the voltages at PCC are monitored before and after the opening of 

the breaker. Figure 3.24 shows that the current outputs from all the PV systems remain 

almost the same after the breaker opens. Figure 3.25 shows that little voltage drops happen 

at PCC when breaker opens.  

From Figure 3.24 and Figure 3.25 it can be seen that the PV inverter cannot detect 

islanding if the anti-islanding scheme is disabled. The PV inverters continue to supply the 

loads in an islanded condition.  
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Figure 3.24 All PV (91 PVs) current outputs before and after the breaker opens (anti-is-

landing scheme disabled) 

 

 

 

Figure 3.25 All PV (91 PVs) voltages at PCC before and after the breaker opens (anti-is-

landing scheme disabled) 
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Anti-islanding scheme enabled 

The simulations are run after enabling the anti-islanding controls in the PV inverters. 

At 0.08 s, the circuit breaker near the substation is opened. The output current and the 

voltages at the PCC of the PV systems are monitored.  

 As shown in Figure 3.26 and Figure 3.27, the anti-islanding controls detect the dis-

connection of the grid. After the circuit breaker opens, the initial dip in the voltage at PCC 

initializes the positive feedback control of the anti-islanding scheme. At 0.08716 s, the 

voltage dips below the lower voltage threshold causing the inverter to disconnect from the 

system. As shown in Figure 3.26, the output currents from all the PV systems become zero 

after 0.08716 s.  

 

Figure 3.26  All PV (91 PVs) current outputs before and after the breaker opens (anti-is-

landing scheme enabled) 
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Figure 3.27 All PV (91 PVs) voltages at PCC before and after the breaker opens (anti-is-

landing scheme enabled) 

3.8 DAE based dynamic analysis of the PV inverters in microgrid 

In recent years, the cost reduction and technology improvements of power electronic 

devices are enabling the concept of microgrid. Microgrid is defined as a subsystem of DGs 

and associated loads that can be operated either in grid-connected mode, or in autonomous 

mode [115]. In the grid-connected mode, the main grid determines the frequency and volt-

ages of the system, while the DGs are controlled to inject the desired level of power into 

the system. In the autonomous mode, the frequency and voltages of the system are con-

trolled by the DGs. In addition, a droop control is used to share the loads among the DGs 

installed in the system. The benefits of the autonomous operation of the microgrid include 

the convenience of maintenance by preplanned islanding and the consistent power supply 
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during the unplanned islanding. To maintain the power balance between the load and the 

DG output, the DGs are required to operate under the well-established controls.  

Several control strategies have been proposed for the DGs during the autonomous 

operation of the microgrid [115-118]. Such controls are designed and verified through 

EMTP simulations and hardware testing in small-scale microgrid systems. In this section, 

the proposed DAE based dynamic modeling and analysis method is used to design and 

verify the PV inverter controllers, for the autonomous operation of larger-scale microgrid.  

3.8.1 Controller design for autonomous microgrid 

As shown in Figure 3.28, the average model of the PV inverter for the autonomous 

microgrid includes a PV filter, a power controller and a voltage controller. For each phase, 

state space models are derived for each PV inverter components in dq frame.  

R1 L1 R2 L2 
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C

E  

Vc 

i1 i2

VT  

PV filter
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αβ 
dq
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i1d 

i1q 
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Power calculation Filter Droop

ω
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Figure 3.28 Average model of the PV inverter for autonomous microgrid mode 

The instantaneous active and reactive power components 𝑃̃ and 𝑄̃ are given by  
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~

1 1md d mq qP V i V i   (3.21) 

~

1 1mq d md qQ V i V i   
(3.22) 

where, Vmd and Vmq are the voltage Vm on the d frame and q frame respectively.  

The calculated 𝑃̃ and 𝑄̃ are passed through low-pass filters to remove the fluctua-

tions of the 120 Hz components, and produce average values of the output powers P and 

Q. The average values of P and Q are given by  

~
c

c

P P
s







 

(3.23) 

~
c

c

Q Q
s







 

(3.24) 

where, ωc is chosen to be one-tenth of the fundamental frequency.  

In the power controller, the droop control block is designed based on the method 

used in the conventional synchronous generators. In the droop controller, the active power 

output of the inverter is a function of the frequency. In addition, the reactive power output 

is controlled by controlling voltage magnitude of Vm. The relation between active power 

and frequency, and reactive power and voltage is given by 

( )n p rm P P     (3.25) 

( )m n q rV V n Q Q    (3.26) 

where, ωn, Vn, Pr and Qr are the rated frequency, rated voltage, rated active power and rated 

reactive power of the system respectively. mp, nq are the active power droop coefficients 

and reactive power droop coefficient of the inverter respectively.  

Droop control characteristic plots based on (3.25) and (3.26) are shown in Figure 

3.29. 
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Figure 3.29 Droop control characteristic plots of (a) real power and (b) reactive power 

The outputs of the power controller are the voltage magnitude and angular frequency. 

The voltage magnitude and angular frequency serve as input to the voltage controller. The 

output of the voltage controller determines the terminal voltage E, as shown in Figure 3.28.  

The complete state space models are written into a DLL based on (3.9) and (3.21)-

(3.26). Separate DLLs are created for PV inverters with different ratings. Each PV inverter 

DLL has its own reference frame rotating at a speed of ω, calculated from (3.25). To inter-

face the PV inverters with the OpenDSS network model, a common reference frame is 

defined with a nominal frequency. The output current from each PV inverter is converted 

to the common reference frame, using the transformation given by (3.6). Similarly, the 

input voltage at each PV inverter PCC is transformed to the reference frame by (3.6).  

3.8.2 Implementation of the PV inverters in small-scale microgrid system 

A small-scale microgrid system is built in OpenDSS to verify the control capabilities 

illustrated in Figure 3.28. The system is a four-bus system with two PV units and one un-

balanced load illustrated in Figure 3.30. The two PV units, PV1 and PV2 are rated at 75 
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kW each. The droop coefficients mp and nq of the two PV units are same, as shown in Table 

3.1.  

Table 3.1 Droop coefficients used for the PV systems 

mp  0.000041867 

nq 0.0001 

Initially, the substation is providing power to the circuit. At 1 s, the utility breaker is 

opened and the total loads are shared equally by the two PV units. Figure 3.31and Figure 

3.32 show the real and reactive power supplied by the PV units before and after the breaker 

opens.  

R L

PV1
CLoad

TransformerUtility breaker

LLoadRLoad

Substation

PV2

 

Figure 3.30 Small-scale system used for droop controller verification 

Before the breaker opens, the PV units are operating at the rated power. After the 

breaker opens, the real and reactive power of the PV units are controlled based on the 

inverter frequency and terminal voltages. After the transients, the PV units settle at the 

same frequency. In addition, in the small system, the terminal voltages of the PV units are 

close to each other. Therefore, with the same droop coefficients and power ratings defined 

for the two PVs, the real and reactive power is shared by the two PV units, equally for each 

phase. This is shown in Figure 3.31and Figure 3.32  
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Figure 3.31 Real power outputs from the two PVs before and after islanding in small-

scale microgrid 

 

Figure 3.32 Reactive power outputs from the two PVs before and after islanding in small-

scale microgrid 
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3.8.3 Implementation of the PV inverters in 123-bus microgrid system 

To illustrate the advantages of the DAE based dynamic analysis method proposed in 

this work, the microgrid operations are tested on the IEEE 123-bus system. Three large-

scale PV systems are installed respectively at bus 1, bus 7 and bus 47. The ratings of the 

three PV systems are 525 kW each. The power controller of the three PV units has the same 

droop settings, as shown in Table 3.1.  

At 1 s, the breaker near the substation is opened. The power supplied by the three PV 

systems is plotted in Figure 3.33 and Figure 3.34. Before the breaker opens, the three PV 

systems are supplying power based on their ratings. After the breaker opens, the lost gen-

eration is picked up by the PV units based on the droop characteristics. With the selected 

droop coefficients and power ratings, the PV units share the lost generation equally. With 

the selected droop coefficients and power ratings, the PV units share the total loads equally, 

as shown in Figure 3.33. The reactive power outputs of the three CIGs are different as 

shown in Figure 3.34, due to different impedance seen by each PV unit.  

 

Figure 3.33 Real power outputs from the three PVs before and after islanding in 123-bus 

microgrid 
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Figure 3.34 Reactive power outputs from the three PVs before and after islanding in 123-

bus microgrid 
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CHAPTER 4: AUTOMATED PROTECTION ANALYSIS FOR A LARGE DISTRIBU-

TION FEEDER WITH HIGH PENETRATION OF PHOTOVOLTAIC SYSTEM 

4.1 Introduction 

A conventional distribution feeder is usually designed as a radial system with a single 

source feeding the downstream system. Protective devices including circuit breakers, re-

closers and fuses are installed in the system under proper protection coordination [80]. The 

circuit breakers and the reclosers are located on the main line system, while the fuses are 

placed on the laterals, the sub-laterals and the customer locations. A typical distribution 

feeder is composed of thousands of overhead lines and secondary lines, with hundreds of 

fuses installed in the system. An accurate system model is therefore required to examine 

whether the system is under proper protection coordination for all possible types and loca-

tions of the faults. Protection coordination includes relay-fuse coordination, relay-recloser 

coordination, recloser-fuse coordination and fuse-fuse coordination in both primary and 

secondary sides.  

Based on the accurate feeder model built and verified in Chapter 2, a protection anal-

ysis approach is proposed here. This approach helps in a thorough verification and design 

of a proper system protection under all types of protection coordination. 

The penetration levels of distributed renewable resources especially PV in power 

distribution systems are increasing at a rapid rate. Present distribution infrastructure that is 

designed mainly for unidirectional power flow with well-controlled generation, poses chal-

lenges to integration of large scale PV in terms of the protection.  
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Possible loss of protection coordination caused by DG has been discussed in the lit-

erature [48-54]. Integrating PV in distribution systems could affect the fuse-fuse coordina-

tion. When a PV system is located upstream of the two existing coordinated fuses, the fault 

currents flowing through both fuses under downstream faults would increase due to the 

additional current contribution from the upstream PV system. If the fault currents exceed 

the ratings specified in the fuse curves, the fuse-fuse coordination is lost. When a PV sys-

tem is installed downstream of the fuses, the fault contribution from PV may cause the 

upstream fuse to blow during upstream faults. However, this action cannot isolate the faults. 

In addition, PV systems can affect the recloser-fuse and relay-fuse coordination. The sen-

sitivity of the phase and ground relay/recloser may be reduced while the fault current seen 

by fuses can be increased due to PV fault contribution, depending on the PV locations 

relative to the location of the faults. The PV interface transformer connections also have a 

substantial influence on the recloser-fuse and relay-fuse coordination.  

There are five commonly used DG interface transformer connections [47]. The com-

monly used interface transformer connections are as follows: 

1. HV side delta and LV side delta 

2. HV side delta and LV side ungrounded wye 

3. HV side ungrounded wye and LV side delta 

4. HV side grounded wye and LV side delta 

5. HV side grounded wye and LV side grounded wye. 

The grounded transformer secondary would create ground paths between the trans-

former and the PV inverter [95], which allows short circuit current flowing through the 

anti-parallel diode during the grid voltage’s negative half-cycle. Therefore, in this work, 
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only the connection types of 1 to 4, including the HV side delta or ungrounded wye, and 

the HV side grounded wye/LV side delta, are considered. Each type of the connection has 

both advantages and disadvantages, as listed in Table 4.1.  

Table 4.1 Disadvantage and advantages of different interconnection transformer connec-

tions 

HV side  

connection 

LV side  

connection 

Disadvantage Advantage 

Delta Delta 

Overvoltage may occur on 

the healthy phase during the 

grid-side ground fault 

1. No source of zero-se-

quence current for grid-

side ground fault 

2. No ground current seen 

at the grid side during LV 

side faults 

Delta 

Ungrounded 

wye 

Ungrounded 

wye 

Delta 

Grounded 

wye 

Delta 

Establish a zero-sequence 

current source for grid-side 

ground fault 

No overvoltage problem 

 

When the HV side is connected as delta or ungrounded wye, there is no source of 

zero-sequence current to affect the ground relay/recloser sensitivity. In addition, no ground 

current is seen by the grid-side protective devices during the inverter LV side faults. How-

ever, overvoltage problems of the inverter may occur during the grid-side faults with un-

grounded HV side connections. When the HV side is connected as grounded wye and the 

LV side as delta, no overvoltage problems occur during the grid-side faults. This is due to 
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the low-impedance grounded neutral at the high-voltage side. However, the ground-re-

lay/recloser sensitivity is much affected. During the grid-side ground faults, the zero-se-

quence fault current flows towards the substation as well as the grounded neutral of the PV 

interconnection transformer. This reduces the fault current seen by the ground-relay/re-

closer. As the PV ratings increase, the impedance of the interconnection transformer de-

creases. This further worsens the sensitivity problems of the relay/recloser. During the grid-

side phase faults, the sensitivity of the phase-relay/recloser is also affected with all types 

of transformer connections due to presence of PV systems. However, the impacts are not 

as significant compared to the ground faults. The reduced sensitivity of the relay/recloser 

may cause mis-coordination of relay-fuse and recloser-fuse under fuse-saving scheme. The 

potential problems of the interface transformers connections have been probed in literatures. 

However, a complete investigation of the impact of PV during both ground faults and phase 

faults with all the possible PV interface transformer connections in realist feeder has not 

been done yet. Table 4.2 summarizes the impact of PV on the ground and phase relay/re-

closer under different transformer connections respectively. With the detailed model of the 

real distribution system, PV systems and loads, all the cases listed in Table 4.2 are thor-

oughly studied in this work.  

Protection coordination is closely related to the fuse schemes adopted in the systems. 

Either a fuse-saving scheme or a fuse-clearing scheme is implemented in the system based 

on reliability requirements of the utility [91]. In a fuse-saving scheme [82], the relay and 

fast recloser operate faster than the downstream fuses. Since the system faults are mostly 

temporary faults, a fuse-saving scheme can prevent the sustained interruptions due to fuse 

tripping under momentary faults. In a fuse-clearing scheme [83], fuses are set to clear the 
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faults and the upstream relay and reclosers as back-up protection. The fuse-clearing scheme 

prevents the system upstream to the opened fuse from fault interruptions. The advantages 

and disadvantages of the fuse-saving and fuse-clearing scheme are not the topic of this 

work. The effects of PV on both the schemes have been studied here.  

Table 4.2 Impacts of PV interface transformer connections on phase/ground relay/re-

closer 

 

HV side delta or ungrounded 

wye  

connection 

HV side grounded wye/LV side delta  

connection 

Phase  

relay/recloser 

Positive-sequence current 

contributed from PV reduces 

the sensitivity 

Positive-sequence current contributed 

from PV reduces the sensitivity 

Ground  

relay/recloser 

PV interconnection trans-

former is not included in the 

zero-sequence circuit, the 

sensitivity is not affected 

1. PV interconnection transformer is in-

cluded in the zero-sequence circuit, and 

the sensitivity is much affected, de-

pending on the PV ratings. 

2. The sensitivity is independent of the 

PV status 

The system under study is being operated by the utility under the fuse-clearing 

scheme. The protective devices including fuses, relay and recloser are modeled based on 

the types and ratings provided by the utility. Further, all types of the protection coordina-

tion are verified in the system without and with PV, under the fuse-clearing scheme. In 

addition, the system is studied under the fuse-saving scheme. Under the fuse-saving 
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scheme, the relay and recloser are re-designed to coordinate properly for all fault cases. 

This is done by using an optimization method based on the fault cases applied, without and 

with PV systems. The methodology introduced in this work includes both verification and 

re-design of the protective devices. This can be used in other feeders under either a fuse-

clearing scheme or a fuse-saving scheme.  

4.2 System settings under protection analysis 

Protective devices including fuses, reclosers and relays are utilized in the feeder stud-

ied under the fuse-clearing scheme. The types and ratings of the protective devices are 

defined accordingly. This chapter introduces the method of defining the protective devices 

in the system model built in Chapter 2. To study the switching from the fuse-clearing 

scheme to the fuse-saving scheme, settings of all protective devices except the fuses al-

ready installed in the system need to be re-defined.  This topic has also been addressed in 

this chapter. 

4.2.1 Modeling of the fuses 

All fuses in the system, including lateral fuses, transformer fuses and load-side fuses 

are modeled in this work. GIS data and utility standards are used for modeling the fuses in 

the system. The modelling process is further illustrated as follows: 

Lateral fuses 

Totally around 200 lateral and sub-laterals fuses are installed in the feeder. The lo-

cation, make and rating of these fuses are given in GIS data provided by the utility. Since 

OpenDSS does not provide time-current-curve (TCC) for protective devices, TCCs of all 

fuse types used were defined in the model. 
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Protective device library in CYMTCC is used to extract several corresponding time 

and current values for each fuse type and these values are stored in MATLAB as fuse type 

libraries. The fault current through the fuse known is obtained from the fault simulations. 

Based on the simulated fault current, the fuse melting and clearing time is computed by 

linear interpolation of the stored TCC values in the corresponding fuse type library. Fuse 

libraries are also created for transformer fuses and load-side fuses. 

Transformer fuses 

There are 1000 single-phase and three-phase transformers in the feeder. External pri-

mary-side fuses are installed for both the protection of the transformers as well as back-up 

protection for the secondary sides. Based on the utility standards, each transformer fuse is 

determined by its transformer kVA rating. This enables the transformer fuses to withstand 

the inrush currents when transformers are energized [84], and not operate under normal 

transformer loading.  

Load-side fuses 

The types and ratings of the load-side fuses are not included in the GIS data. To 

verify the transformer fuse-lateral fuse coordination, the load-side fuses are placed down-

stream of all the transformer secondary terminals. The load-side fuses are defined from the 

fault simulation results according to the following criteria: 

 The load-side fuse can operate under minimum fault current of the secondary 

branches 

 The maximum fault current cannot exceed the load-side fuse ratings. 

Since in distribution systems, most faults are low-impedance faults, in this work only 

bolted fault cases are considered. The minimum fault levels for the load-side fuses are due 
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to faults at the load branch ends. The maximum faults levels are due to the faults at the 

nearest nodes downstream of the load-side fuse.  

All fault cases including the load-side fuse fault cases will be introduced later in the 

chapter. After finding the maximum and minimum fault currents seen by the load-side 

fuses due to the load-side fuse fault cases, rating of each load-side fuse is defined accord-

ingly to satisfy the above criteria.   

4.2.2 Modeling of the relay and recloser 

Relay and recloser settings given in the GIS data are suitable for the fuse-clearing 

scheme. Similar to the process of defining the lateral fuses, the extracted time and current 

values for the corresponding ground and phase relay/recloser are stored separately in 

MATLAB as libraries. The linear interpolation method is applied to calculate the operation 

time of the relay/recloser from the fault current obtained by performing fault simulations.  

4.2.3 Modeling of the PV systems 

There are over 100 small residential PVs and two large-scale PVs in the feeder stud-

ied. The inverters connected to PVs produce the fault currents between 1 to 5 times the 

inverter rated current for 1 to 4.25 ms, depending on the inverter types [85]. In the protec-

tion coordination study of this work, fault contributions for these PVs are set as 120% of 

the inverter rated current for all the fault cases. 

4.3 Validation of the protection coordination under fuse-clearing scheme 

There are around 5000 overhead lines and secondary lines, and 200 fuses installed in 

the system. Hence, an automated process is required to find out all the fault cases to conduct 

a complete protection coordination study. The protection coordination study includes:  

1. Transformer fuse-load side fuse coordination 
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2. Lateral fuse-lateral fuse coordination 

3. Recloser-lateral fuse coordination 

4. Relay-lateral fuse coordination  

5. Relay-recloser coordination. 

To study each protection coordination, the most critical cases of faults need to be 

studied. Therefore, the maximum and minimum fault current cases, which are the most 

critical cases from a protection perspective, need to be found. Additionally, the protection 

zone for each type of the protective device is defined. The locations nearest to the down-

stream protective device under protection coordination are set as the maximum fault cur-

rent locations. The locations farthest to the downstream protective device under protection 

coordination are set as the minimum fault current locations. The load-side fuses protect the 

region from the corresponding transformer secondary terminals to the load branch ends. 

The transformer fuses protect the region from the transformer primary side to the load end, 

and act as a back-up protection for the load-side fuses. Lateral fuses protect the region from 

downstream of the lateral fuses until the transformer primary sides. The recloser and the 

relay protect the system primary sides, and act as back-up protection for the downstream 

lateral fuses since they are at the same voltage level. In addition, the relay is coordinates 

with the recloser and acts as a back-up protection.  

To illustrate more clearly, Figure 4.1 gives an example of the protection zones for 

the protective devices in a small system. Figure 4.1 shows all the possible protection coor-

dination types that are present in the real system under study. In Figure 4.1, the blue-dash 

circles, red-dash circles and purple-dash circles represents respectively the protection 
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zones for the fuses, the recloser, and the relay. In each circled protection zones of the pro-

tective devices in Figure 4.1, the black boxes labeled from F1 to F26 represent the fault 

locations to conduct the maximum or minimum fault current cases. In the real feeder stud-

ied, the protection zones are defined in a similar way, but more number of zones are found.  

 

Figure 4.1 The example for protection zones under fuse-clearing scheme (purple zone is 

protected by the relay, red zone is protected by the recloser, and the blue zone is pro-

tected by the fuses) 

In order to find all the coordinated protective devices, and define the corresponding 

fault locations for the maximum and minimum fault current cases in the large feeder, a fast 

and automated way is required. Based on the feeder topology, an adjacency matrix is con-

structed, storing information about which feeder sections are adjacent to the other sections, 

starting from the substation node to the ends of all the sections in the feeder. The pseudo 

code for the creation of the adjacency matrix is illustrated in Figure 4.2.  
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Figure 4.2 Algorithm used to create the adjacency matrix 



101 

 

In Figure 4.2, the creation of the adjacency matrix starts by storing the substation 

node (head node) into the node list, and the section connecting to the substation node into 

the section list (see lines 1-7). The main loop of the program is defined in lines 8-22. In 

each loop, the downstream nodes/sections directly connected to the nodes/sections in the 

node lists/section list are found and stored into the node list/section list. In addition, the 

information of the directly connected upstream node and downstream node is recorded into 

the adjacency list. The loop iterates as long as there are new nodes/sections found. From 

the adjacency matrix, the upstream and downstream relations of the nodes and sections in 

the feeder topology can be clearly obtained. 

By associating the feeder sections to the protective devices, all the coordinated up-

stream and downstream protective devices are found. Additionally, the downstream fault 

locations for maximum and minimum fault current cases are found. The information of the 

coordinated protective devices and the corresponding fault cases to be applied are stored 

as fault case packages. The fault case packages are categorized under the five protection 

coordination schemes, as shown in Table 4.3. As listed in Table 4.3, the fault cases under 

the recloser-lateral fuse and relay-recloser coordination studies are the same. This is be-

cause the relay is working as a backup protection for the recloser in the protection zone of 

the recloser, as shown in the red zone in Figure 4.1.   

Table 4.3 Fault case packages 

Protection coordina-
tion type 

Numbers of ground-fault 
cases found 

Numbers of phase-fault cases 
found 

Transformer fuse-load 
fuse 

2483 24 

Lateral fuse-lateral 
fuse 

637 39 

Recloser-lateral fuse 479 55 
Relay- recloser 479 55 

Relay-lateral fuse 398 46 
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The fault cases in the fault case packages are applied to the OpenDSS feeder model 

through MATLAB component object module (COM) interface, from which the simulation 

results of the fault current values are sent back to MATLAB and analyzed. This process is 

illustrated in Figure 4.3. The procedure for the protection coordination study through 

OpenDSS and MATLAB depicted in Figure 4.3 can help either verify or design new TCC 

settings of the protective devices.  

With all the protective devices designed in the system under the fuse-clearing 

scheme, verification of the protection coordination is conducted without including any PV 

systems. All the fault cases in the packages are applied to the feeder model in OpenDSS 

and the fault current seen by the corresponding protective devices are recorded and sent 

back to the respective MATLAB protective device library. The operation time of the up-

stream and downstream protective devices are calculated and compared to justify the co-

ordination. The criteria for the proper coordination in the fuse-clearing scheme requires the 

downstream fuses blow faster than the upstream ones, and relay/recloser operate slower 

than the downstream fuses. Several mis-coordination cases were found with the existing 

protective device settings for lateral fuse-lateral fuse coordination. The fault locations for 

these cases are plotted in Figure 4.4. The cause of the mis-coordination is due to the higher 

fault current values seen by the upstream and downstream fuses compared to the intersec-

tion current values of the two fuse TCCs. One example of such a mis-coordination case is 

shown in Figure 4.4. 
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Figure 4.3 Procedure of the protection coordination study through OpenDSS and 

MATLAB 
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Figure 4.4 Fault locations in the mis- coordination fault cases (shown as small red circles 

in the left feeder diagram), and the upstream and downstream fuse TCCs (shown in the 

right diagram) in one mis-coordination case found 

With PV systems in the feeder, all fault cases are reapplied to investigate the impact 

of PV. As discussed in section 4.1, fuse-fuse coordination may be lost under the following 

conditions: 

1. When the fault current contribution from upstream PV systems exceeds the fuse rat-

ings 

2. The fault current contribution from the downstream PV systems trips the down-

stream fuses faster than opening the upstream fuses. 

As the peak load in the system is around 5000 kW, the output of the large-scale PV 

system is increased from 0 to 5000 kW to achieve a 100% penetration level. Simulation 

and analysis of the results show that fuse-fuse coordination is not adversely affected due 

to the high PV penetration in the system. In addition, PV systems with different interface 
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transformers will not cause relay-fuse and recloser-fuse coordination problems. The simu-

lation results reveal that all types of device coordination are not adversely affected under 

the fuse-clearing scheme due to increase in PV penetration levels.  

4.4 Design of the protective device under fuse-saving scheme 

If a utility plans to move from a fuse-clearing to a fuse-saving scheme, the impact of 

PV on such a scheme needs to be evaluated. To switch from a fuse-clearing scheme to a 

fuse-saving scheme, the following changes need to be made: 

1. The ground and phase recloser and relay need to be re-designed, so that the fast re-

lay/recloser operates before the melting of the corresponding downstream fuses  

2. The slow relay/recloser needs to be reset accordingly to act as a backup protection.  

With more than 4000 fault cases stored in the fault case packages, the trial and error 

method is of low efficiency. This is because the settings of the relay and the recloser need 

to be changed based on each fault case simulation to obtain the proper coordination. Since 

the operation time of the relay/recloser is an inverse function of the fault current seen by 

the device [85], the TCC characteristic can be expressed as  

 ( )

1

fault p

fault

pickup

A
t I TD B

I

I

 
 
 

   
  

   
   

 
(4.1) 

where, t is relay/recloser operation time in seconds with fault current Ifault seen by relay/re-

closer, TD is the time dial setting and Ipickup represents relay/recloser pickup current, A, B 

and p are the constants of the TCC expressions.  

An optimization method is proposed here to determine the fast relay/recloser settings 

that the proper coordination can be maintained under all fault cases. 
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The same make and type of the relay/recloser are chosen for the fuse-saving scheme 

as in the fuse-clearing scheme. The values of the parameters A, B and p are found by curve 

fitting of the equation (4.1) to the relay/recloser curves in CYMTCC library. The values of 

A, B and p are listed in Table 4.4. The nonlinear curve-fitting function lsqcurvefit in 

MATLAB is used for this purpose.  

Table 4.4 Values of parameters A, B and p 

 A B p 

Recloser 0.0006717 0.0672 2 

Relay 0.4468 0.0834 2 

 

The unknown values of TD and Ipickup for the relay/recloser are to be determined by 

the proposed optimization method based on the simulation results of all the fault cases in 

the fault case packages. The pickup current Ipickup_phase for the phase relay/recloser is required 

to be at least 30% higher than the maximum load current ImaxL, while being less than the 

minimum phase fault current Imin_phase in the system. The pickup current Ipickup_ground for the 

ground relay/recloser should be at least 2 times of the maximum unbalanced current I0maxL, 

while being less than the minimum ground faults in the system, as shown in (4.2)-(4.3) 

respectively.  

 I > I >1.3ImaxLmin_phase pickup_phase  (4.2) 

 
2 0I > I > I maxLmin_ground pickup_ground  

(4.3) 
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Since the lower boundaries of Ipickup vary with time, feeder configuration, resident 

numbers and PV penetration levels, finding the maximum Ipickup and TD values as the thresh-

old values is critical so that there is no risk of false operation due to possible increased Ipickup 

lower boundary values.  

The optimization process determines the pickup current and TD values for the ground 

relay/ recloser based on the ground fault cases, and for the phase relay/recloser based on 

the phase fault cases. Only the process to determine the pickup current and TD values of 

the ground relay/recloser is introduced in detail in the following sections. The phase re-

lay/recloser can be designed in a similar way. PV systems are not included in the initial 

analysis. The settings of the relay/recloser will be changed and analyzed later with different 

ratings and interconnection types of PV systems included. The optimization problem is 

formulated and it is solved using MATLAB optimization function fmincon as well as 

AMPL. The optimization problem formed has a linear objective function and both linear 

and nonlinear inequality constraints. 

4.4.1 Relay/recloser settings without PV systems 

The objective of the optimization problem is to maximize the sum of pickup current 

values IBRE_pickup and IREC_pickup, and the time dial values TDBRE and TDREC of the neutral relay 

and recloser, subject to the proper protection coordination in all ground fault cases. The 

objective function is given by 

 _pickup REC_pickup

0max _ 0max _2 2

BRE
BRE REC

L BRE L REC

I I
Maximize TD TD

I I
  

 
 

(4.4) 

where, I0maxL_BRE and I0maxL_REC are the maximum unbalanced current seen by the relay/re-

closer. Based on the field measurements, I0maxL_BRE and I0maxL_REC are 50 A in the feeder studied.  
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The nonlinear inequality constraints of the relay/recloser operating time based pro-

tection coordination are defined by  

 
jREC jfuset t
 

  (4.5) 

 
jBRE jfuset t
 

  (4.6) 

 
jREC jBREt t
 

  (4.7) 

 
2 0jRECt



   (4.8) 

 
2 0jBREt



   (4.9) 

 
iBRE ifuset t
 

  (4.10) 

 2 0iBREt


   (4.11) 

where, variables jRECt


, jBREt


 and jfuset


 represent the vector containing the operation time 

of the recloser, relay and fuses respectively for the ground fault case j, in the protection 

zone of the recloser. This formulation is used for the recloser-lateral fuse coordination (and 

relay-recloser coordination) studies in the fault case packages. tjfuse is calculated from the 

fault current seen by the fuse in the fault case j, based on the corresponding fuse type library.  

The operation time tjREC and tjBRE can be obtained from (4.1) and Table 4.4 as 
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1
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 
 
 

   
  

   
   

 
(4.12) 
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   

 
(4.13) 
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where, Ijfault_REC and Ijfault_BRE are the fault current seen by the recloser and relay in the fault 

case j applied.  

In (4.10)-(4.11), variables iBREt


and ifuset


 represent the operation time of the relay 

and fuses respectively for the ground fault case i, in the protection zone of the relay up-

stream of the recloser. This formulation is used for the relay-lateral fuse coordination stud-

ies in the fault case packages. tiBRE can be also expressed by (4.13) with the corresponding 

fault current Iifault_BRE seen by relay when the fault case i is applied.  

In addition, the upper and lower bound linear constraints of the time dial and pickup 

current values as follows 

 
11 0.1RECTD   (4.14) 

 
11 0.1BRETD   (4.15) 

 ( ) 2fault_REC REC_pickup 0maxL_RECmin I I I   (4.16) 

 ( ) 2fault_BRE BRE_pickup 0maxL_BREmin I I I   (4.17) 

 0.3690 0.7BRE_pickup REC_pickup BRE_pickupI I I   
(4.18) 

where, min(Ifault_REC) and min(Ifault_BRE) represent respectively the minimum ground fault cur-

rent seen by the recloser and the relay in all the fault cases. The lower bound constraints 

for the pickup current settings of the ground relay/recloser are respectively two times of 

I0maxL_BRE and I0maxL_REC, both equaling to 100 A. Since the recloser is located downstream of 

the relay, the current seen by the recloser is less than that seen by the relay. Based on the 

field measurements of current values at the substation and the recloser in the one year data,  

range of the current flowing through the recloser is defined in (4.18) as a portion of the 

current seen by the relay.  
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 The ground relay/recloser settings are derived by solving the above formulated op-

timization problem in (4.4)-(4.18), based on the ground fault cases stored in the fault case 

packages. The results of the ground relay/recloser settings are listed in Table 4.5.  

The phase relay/recloser settings are also defined also in a similar way with linear 

constraints changed from (4.16)-(4.17) to (4.19)-(4.20).  

 ( ) 1.3fault_REC REC_pickup maxL_RECmin I I I   (4.19) 

 _( ) 1.3fault BRE BRE_pickup maxL_BREmin I I I   
(4.20) 

where, ImaxL_REC and ImaxL_BRE are respectively the maximum phase current seen by the re-

closer and the relay. As seen from the field measurements, the maximum phase current 

seen by the relay and recloser are 270 A and 125 A respectively. Therefore, the lower 

bound constraints for the pickup current settings of the phase relay/recloser are 351 A and 

162.5 A respectively.  

The reformulated optimization problem given by (4.4)-(4.15) for the phase relay/re-

closer settings is solved, based on the phase fault cases stored in the fault case packages. 

The results of the phase relay/recloser settings are listed in Table 4.5.  

Table 4.5 Settings of the relay/recloser without PV systems 

 Time dial values (s) Pickup current values (A) 

Ground relay 0.1 313.0595 

Ground recloser 0.1248 219.1416 

Phase relay 0.1 700.1850 

Phase recloser 0.1540 490.1295 
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4.4.2 Relay/recloser settings with PV systems (HV side grounded wye/LV side delta in-

terface transformer connection) 

Different PV interface transformer connections have different impacts on the phase 

and ground relay/recloser sensitivity. Therefore, the design of the relay/recloser is divided 

into two parts depending on the large PV interface transformer connections. The first de-

sign is based on the interface transformer connection of HV side grounded wye/LV side 

delta. The second design is based on the HV side delta/LV side delta connection.  

The large-scale PV system is modeled in the feeder, with the HV side grounded 

wye/LV side delta interface transformer connection. The rating of the large-scale PV sys-

tem is increased from 0 to 5000 kW in steps of 1000 kW. For each PV output level, all the 

fault cases in the fault case packages are simulated, and the settings of the relay/recloser 

are found by the optimization process illustrated in the previous section. The lower bounds 

on the pickup current values are not changed, since the PV outputs vary throughout the day. 

The results of the ground and phase settings are listed in Table 4.6 and Table 4.7. As seen 

from Table 4.6 and Table 4.7, the fault current seen by the relay/recloser is reduced when 

the outputs of the PV system increased. Therefore, the reduced values of the pickup current 

are required for a faster operation of the relay/recloser. When the PV rating is larger than 

3000 kW, the sensitivity of the ground relay/recloser is reduced to the extent that the end 

of the feeder cannot be reached with the lower bound constraints for the pickup current 

settings. The impacts of PV on the phase relay/recloser are less significant as compared to 

the ground relay/recloser. This is illustrated in Table 4.6 and Table 4.7. 
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Table 4.6 Settings of the ground relay/recloser with PV systems (grounded wye/delta) 

 

PV rating (kW) 

1000  2000 3000  4000  5000  

Ground relay TD (s) 0.1079 0.1610 - - - 

Ground recloser TD (s) 0.1270 0.1897 - - - 

Ground relay pickup current (A) 238.4496 158.0739 - - - 

Ground recloser pickup current (A) 166.9147 110.6517 - - - 

 

 

Table 4.7 Settings of the phase relay/recloser with PV systems (grounded wye/delta) 

 

PV rating (kW) 

1000 2000 3000 4000 5000 

Phase relay TD (s) 0.1 0.1 0.1 0.1 0.1 

Phase recloser TD (s) 0.1502 0.1475 0.1455 0.1439 0.1429 

Phase relay pickup current 

(A) 

668.6668 647.9514 631.0567 618.2521 609.8235 

Phase recloser pickup current 

(A) 

468.0668 453.5660 441.7397 432.7765 426.8764 

 

A new recloser is proposed to be installed near one DAS system in the downstream 

feeder when the PV rating is above 3000 kW, and the feeder is divided into two zones. The 

two zones are protected by the existing upstream recloser and the new downstream recloser 

respectively during ground faults. DAS 3 is found to be the suitable location for installing 
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the new recloser, such that the existing recloser settings remain within the constraints. The 

settings for the existing ground relay/recloser as well as the new recloser are listed in Table 

4.8. Since the large-scale PV system is located downstream of the new recloser, the fault 

current seen by the new recloser during downstream ground faults is increased with the 

increase of PV ratings. Therefore, the pickup current values for the new recloser are in-

creased with larger PV ratings, as indicated from Table 4.8.  

Table 4.8 Settings of the original ground relay/recloser and the new recloser with PV sys-

tems above 3000 kW 

 

PV rating (kW) 

3000  4000  5000  

Ground relay TD (s) 0.1 0.1348 0.1673 

Ground recloser TD (s) 0.1239 0.1655 0.2040 

Ground relay pickup current (A) 347.2082 287.4623 241.6373 

Ground recloser pickup current (A) 243.0457 201.2236 169.1461 

New ground recloser TD (s) 0.3023 0.2991 0.2970 

New ground recloser pickup current (A) 603.4912 612.4259 618.7742 

 

4.4.3 Relay/recloser settings with PV systems (HV side delta/LV side delta interface 

transformer connection) 

When the PV interconnection transformer is connected as HV side delta/LV side 

delta, the flow of zero sequence currents is not allowed. Hence, the PV interconnection 

transformer is not included in the zero-sequence circuit. In this way, the ground relay/re-

closer sensitivity is not affected by the change of PV ratings. The impact of PV on the 

phase relay/recloser sensitivity is almost negligible. To study the impact of PV with the 
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delta/delta connection, the output of the large-scale PV system is increased from 0 to 5000 

kW in steps of 1000 kW. The fault cases are regenerated and the solved relay/recloser 

settings are given in Table 4.9 and Table 4.10. As seen from Table 4.9 and Table 4.10, the 

settings of the relay/recloser are not changed significantly with the increase of PV system 

outputs. Therefore, when PV interconnection transformer is connected as delta/delta, set-

tings for the relay/recloser can be set as constant, equaling to the values when PV outputs 

are 5000 kW shown in Table 4.9 and Table 4.10.    

Table 4.9 Settings of the ground relay/recloser with PV systems (delta /delta) 

 

PV rating (kW) 

1000  2000  3000  4000  5000  

Ground relay TD (s) 0.1 0.1 0.1 0.1 0.1 

Ground recloser TD (s) 0.1222 0.1214 0.1208 0.1205 0.1204 

Ground relay pickup current 

(A) 

283.4085 273.3307 266.4541 263.0624 262.1205 

Ground recloser pickup cur-

rent (A) 

198.3859 191.3315 186.5179 184.1437 183.4844 
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Table 4.10 Settings of the phase relay/recloser with PV systems (delta /delta) 

 

PV rating (kW) 

1000  2000  3000  4000  5000  

Phase relay TD (s) 0.1 0.1 0.1 0.1 0.1 

Phase recloser TD (s) 0.1502 0.1475 0.1455 0.1439 0.1429 

Phase relay pickup current 

(A) 

668.6668 647.9514 631.0567 618.2521 609.8235 

Phase recloser pickup current 

(A) 

468.0668 453.5660 441.7397 432.7765 426.8764 

 

4.4.4 Summary of the impacts of PV ratings and interconnection transformer types on 

relay/recloser settings 

The impacts of both the PV ratings and the PV interconnection transformer types on 

the ground and phase reclosers respectively are highlighted in Figure 4.5.  Figure 4.5 is 

generated from the data listed in Table 4.5 to Table 4.10. Only the impacts on the pickup 

current values are illustrated in Figure 4.5. The impacts on the TD values are similar and 

not plotted here. As seen from Figure 4.5, the change of the PV ratings has significant 

impact on the pickup current settings of the ground reclosers when the transformer is con-

nected as ground wye/delta. The effect is not significant when the transformer is connected 

as delta/delta. In addition, the phase recloser settings are not substantially influenced by 

the PV ratings when the transformer is connected as ground wye/delta or delta/delta. As 

indicated from Figure 4.6, the impacts of both the PV ratings and PV interconnection trans-

former types on the relay settings are similar to the impacts on the recloser settings.  
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Figure 4.5 Pickup current values of the ground/phase reclosers under different PV ratings 

and interconnection transformer types 
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Figure 4.6 Pickup current values of the ground/phase relays under different PV ratings 

and interconnection transformer types 
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determine the proper settings of the relay/recloser, when the PV penetration levels in the 

system increases.  

With the delta/delta connection of the PV interconnection transformer, settings of the 

relay/recloser are not affected significantly due to the increase in PV penetration levels. In 

this case, the relay/recloser can be set at value calculated with the largest possible PV rat-

ings in the feeder. 
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CHAPTER 5: VOLTAGE-SAG-BASED FAULT LOCATION IDENTIFICATION 

METHODOLOGY IN DISTRIBUTION SYSTEM 

5.1 Introduction 

Increasing the reliability of the distribution system is one of the main objective of the 

smart grid initiatives. The system reliability is quantified by reliability indices such as sys-

tem average interruption duration index (SAIDI), customer average interruption duration 

index (CAIDI) and customer total average interruption duration index (CTAIDI). These 

indices depend on the interruption duration [86]. If the fault locations are pinpointed in an 

accurate and fast way, the faults can be isolated more efficiently. Therefore, the duration 

of the fault interruptions is reduced, resulting in the improved system reliability. Hence, an 

accurate and efficient fault location identification methodology is essential in distribution 

systems.  

To enable an efficient and accurate method for locating faults, a systematic fault lo-

cation identification process is introduced in this chapter. Figure 5.1 shows a block diagram 

of the proposed fault location identification process. The fault location identification meth-

odology is mainly based on the fault event data recorded by DAS along the feeder. The 

methodology consists of two major parts: 

1.  The off-line training, which includes feeder zone division and CART training. This 

part helps identify the corresponding fault zones for the fault locations. Whenever 

the feeder topology is changed, the feeder model as well as the off-line training can 

be updated accordingly. The topology changes may include an increase in the num-

ber of residential customers, or replacement of the line segments or both 
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2. The on-line analysis of the fault event data. When a fault occurs, the fast on-line 

analysis reads in the fault event data, and pinpoints the fault location with the corre-

sponding fault type. 

Two actual fault event cases provided by the utility are analyzed by the fault location 

identification methodology. The correctly identified fault locations verify the effectiveness 

of the methodology proposed. 

 

Figure 5.1 Block diagram of the fault location identification 

5.2 Off-line training procedure 

With the fault event data available from DAS along the feeder, the voltage-sag based 

method is used to pinpoint the fault location. In the proposed method, the fault location is 

identified by: 

1. Applying a fault on every tentative feeder node  
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2. Comparing the simulated during-fault current and voltage sag data to the measured 

ones 

Due to the complexity of the distribution feeder, which contains thousands of laterals 

and sublaterals, a large number of the fault cases need to be simulated if all the nodes on 

the feeder are assumed as possible fault locations. In order to reduce computation burden 

and increase efficiency of the proposed method, the off-line training procedure is intro-

duced.  

As proposed in [88-89], the decision-tree (DT) method was successfully applied in 

several works to estimate the fault sections. In comparison to other black-box solution 

methods like neural networks, the knowledge-based DT method is more transparent. In this 

work, the feeder is divided into several fault zones based on the event data available from 

DAS. Faults with different fault impedance values in each zone produce different voltage 

sags at the DAS locations. The DT can be trained off-line to develop an internal rule be-

tween the inputs (the given voltage sag values at several DAS) and the predictive objective 

(the fault zone). Therefore, the off-line training helps to reduce the computation burden 

during the on-line analysis.  

5.2.1 Decision trees 

In a general classification problem, given a set of predictor variables and target cat-

egorical variables, a binary tree structure denoted as the classification rule is developed to 

predict what target class a predictor is in. The mathematical representation of the DT algo-

rithm [89-90] is built on the following definitions (5.1)-(5.3).  

 
1 2{ , , ... }mX X X X  (5.1) 
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{1, 2, ... }C J  (5.2) 

 

{ ; ( ) }j i iA X d X j   

 

 

 

(5.3) 

where X  is a m-dimensional vector of the predictor variables X1, X2, ... Xm,  C is a set of 

target classes containing class of 1, 2, ..., J. A classification rule Aj is a function d(Xi) de-

fined on X such that for each Xi, d(Xi) is equal to one of the target classes. 

The construction of a DT proposed by Breiman [89-90] is composed of three steps:  

growing the tree regardless of the tree size, pruning tree with decreased sequence of sub-

trees, and tree selection based on the cross-validation method. During the growing of the 

DT in the first step, the Gini index defined in (5.4) is used as an impurity function to select 

the best split at each internal node.  

 ( ) ( ) ( )
m n

i t p m| t p n | t


  (5.4) 

where, p(m|t) and p(n|t) is the probability of a given sample at node t belonging to the class 

m and n respectively.  

Starting from the root, a large tree is grown by continued splitting until all the termi-

nal nodes are pure (the node cases are all in one class) or nearly pure. Then the tree is 

pruned based on the misclassification cost R(T) defined in (5.5).  

 
~

( ) { ( ) ( )}

t T

R T r t p t



   
(5.5) 

where, T is a binary tree, r(t) is the re-substituition estimate of the misclassification error 

of a case in node t, p(t) is the probability that any case falls into node t. 

The optimal DT model Tko is selected by cross-validation so that the misclassifica-

tion error R(Tko) for the tree is minimized, as expressed in (5.6).  
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( ) min{ ( )}, 1,2,...,ko k
k

R T R T k K   (5.6) 

where, k is the tree index number, and R(Tk) is the misclassification error for the tree Tk.  

The tree growing and pruning algorithm discussed in the preceding paragraphs, has 

been incorporated into the data mining software CART, which has been developed by Sal-

ford Systems, CA [36]. In this work: 

1. The simulated voltage sag measurements are recorded from OpenDSS 

2. The database generation and analysis is conducted in MATLAB 

3. The off-line training and testing of the DT based on the voltage sags are imple-

mented in CART. 

The block diagram of the process is shown in Figure 5.2.  

5.2.2 DT training in CART 

The feeder can be divided into several zones based on the DAS locations. Although 

there are 6 DAS installed along the feeder, not all of them are triggered during the faults. 

Depending on the number of DAS available with the event data for a given fault case, the 

feeder is divided and the DT is trained accordingly. In the two actual fault event cases 

provided by the utility, the event data from DAS 5, DAS 4 and DAS 2 are available. Based 

on the data the feeder is divided into four fault zones, as shown in Figure 5.3. 



124 

 

 

Figure 5.2 Offline-training procedure using OpenDSS, MATLAB and CART 
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Figure 5.3 Feeder zone division based on DAS available with the event data 

Generation of knowledge base without PV systems 

The off-line training of the DT-based fault zone identification requires a knowledge 

base composed of a number of instances, and each instance represents a fault scenario in-

cluding a vector of predictor variables and a target categorical variable. The predictor var-

iables in this work are the voltage sag magnitudes and the phase angles at the DAS loca-

tions. The target categorical variables are the fault zone numbers from 1 to 4. In the feeder 

studied, there are 2867 possible single-phase-ground fault cases. In consideration of possi-

ble measurement errors accounted in the event data recorded by DAS, and the variation of 

the fault resistance values, each fault is applied on the feeder with fault resistance values 

ranging from 0 to 30 Ω. The resistance is changed between 0 to 30 Ω in steps of 1 Ω for 

each case. As a result, a database containing 2867 * 31 = 88877 fault scenarios is generated. 

Zone 1 

Zone 2 

Zone 3 

Zone 4 
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A random error following a normal distribution with zero mean and deviation of 0.5% is 

added to each fault scenario. 

Generation of knowledge base with PV systems 

 When the large PV systems are installed in the studied feeder, the fault contributions 

from the PV systems need to be included in the knowledge base. The IEEE 1547 standard 

defines the default clearing time of the large PV systems under system disturbances with 

abnormal voltages. The default clearing time of the large PV systems are listed in Table 

5.1. During the fault identification process, the voltage sag values are obtained from the 

first few cycles after the fault occurs. Since the clearing time of PV systems (given by 

Table 5.1) are higher than a few cycles, the PV systems are not disconnected, and the fault 

contribution from the PV systems is considered. 

Table 5.1 IEEE 1547 interconnection system response to abnormal voltages 

Voltage range (% of base voltage) Clearing time (s) 

V < 50 0.16 

50 ≤ V ≤ 88 2.00 

110 < V < 120 1.00 

V ≥ 120 0.16 

 

Presently, as a "rule of thumb", the industry uses of 2 times rated current as the 

amount of the fault current contribution of an inverter-based DG [84]. However, the actual 

fault contribution from the PV inverter depends on the fault duration and the voltage at the 

PV terminal. In this work, the fault contribution from the PV systems is denoted as a func-

tion of the PV terminal voltages. Figure 5.4 shows the assumed variation of fault current 
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contribution from the PV system with the change in the PV system terminal voltage. To 

obtain the fault contribution of all PV systems for the 88877 fault scenarios, each fault case 

is run in the OpenDSS model without PV systems, and the PV terminal voltages are rec-

orded. The corresponding fault current contribution of the PV systems are calculated based 

on the recorded terminal voltages and the characteristics described in Figure 5.4. The fault 

cases are then reapplied by including the calculated PV fault contribution. In this way, 

another database including 88877 fault scenarios with PV systems is generated. Depending 

on the time of the fault event and connection status of the PV systems, the database with 

or without PV systems is chosen for training, testing and fault zone identification.  

1.0

1.5

0

1.00.66

PV terminal voltage 

(% of base voltage)

PV fault contribution 

(% of rated peak 

output current )

 

Figure 5.4 Assumed PV fault contribution curve based on the PV terminal voltage values 

Training of the DT 

The two databases generated, with and without the PV systems respectively, are used 

for the DT training. The time for the DT training, including the tree growing, pruning and 

selecting the best-pruned tree, takes less than 1 minute, as indicated from the built-in clock 

of CART. As an example, the topology of the resulting DT for the database without PV 

systems is shown in Figure 5.5. The DT tree in Figure 5.5 contains 114 nodes. The block 

above the tree shows the detail of the three nodes. To examine the performance of the DT, 
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the untrained fault scenarios are used as the test cases. Considering the variation of the fault 

resistance and the fault contribution from the PV systems, 9 groups of test cases are created. 

The total number of the test cases in the 9 groups is 2867 * 9 = 22936. The test results are 

listed in Table 5.2. As seen from Table 5.2, the average fault zone identification accuracy 

is above 99.7%.  

 

Figure 5.5 DT topology developed for the database  

Table 5.2 Accuracy of the DT developed  

Test group 
Detail of the test group 

(Rf  is the fault resistance) 

Accuracy of the fault 

zone identification 

1 Rf = 0 Ω, no measurement error 99.30% 

2 Rf = 0 Ω, random error of ~N(0,0.5%) applied 99.30% 

3 Rf = 10 Ω, no measurement error 99.86% 

4 
Rf = 10 Ω, random error of ~N(0,0.5%) ap-

plied 
99.93% 

5 Rf = 20 Ω, no measurement error 99.90% 

6 
Rf = 20 Ω, random error of ~N(0,0.5%) ap-

plied 
99.90% 

7 Rf = 30 Ω, no measurement error 99.79% 

8 
Rf = 30 Ω, random error of ~N(0,0.5%) ap-

plied 
99.86% 
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 The two actual event cases have also been tested in the DT, and the fault zones are 

identified correctly based on the fault location provided by the utility. Details of the actual 

case study are discussed later in the chapter. 

5.3 On-line analysis procedure 

 When a fault occurs, the fault events are recorded and transferred to the utility, and 

the fault location is analyzed on-line. The on-line analysis of the fault location needs to be 

accurate and fast, so that the utility can clear the faults in time and maintain the system 

reliability. This section introduces an automated fault-locating tool developed in MATLAB, 

containing the fast on-line analysis of fault types and fault locations.  

5.3.1 Fault type identification 

Figure 5.6 shows the overall procedure for the fault type identification. The process 

starts by reading in the fault event data when a fault occurs and triggers the DAS. A tool is 

developed in MATLAB to:  

1. Store and plot the current and voltage profiles 

2. Analyze the event time by searching for peak current values 

3. Calculate the during-fault voltage sag values for all available event data sent by each 

DAS.  

Sometimes event data are unavailable from the substation or the other DAS. It is 

therefore necessary to identify the fault zone before classifying the fault types. This process 

helps to choose the specific DAS upstream of the fault, which needs to be analyzed. As 

discussed in Section 5.2.2, based on the voltage sag data obtained from the DAS measure-

ments for the two actual event cases, the off-line trained DT in CART can successfully 
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identify the fault zones. In both the actual event cases, the event data from DAS 5 are used 

to identify the fault types. This is because DAS 5 is upstream of both the identified fault 

zones.  

 
Figure 5.6 Block diagram of fault type identification 

Obtain fundamental fault current 

The fault current consists of a fundamental component, harmonics and a decaying dc 

component, as expressed in (5.7).  

 /

0 1

1

( ) sin( )
p

t

f h k

h

i t I e I h t  



    (5.7) 

where, I0 and τ are the magnitude and time constant of the decaying dc offset respectively, 

Ik and θk are the magnitude and phase angle of the kth harmonic component respectively, 

and p is the maximum harmonic order.  

Since only the fundamental component is used for the fault discrimination, the other 

components in (5.7) need to be removed. A dc component estimation algorithm [91] is used 

to calculate I0 and τ of the decaying dc offset component, as presented in (5.8)-(5.11).  
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When (5.7) is integrated during one cycle Tc as shown in (5.8), the harmonics in the 

second term in (5.7) is zero, and only the first term containing dc offset component remains. 

The integral of (5.7) after a small time step ∆t is expressed in (5.9). I0 and τ can be calculated 

by combining (5.8)-(5.9). The dc decaying component then can be removed from the during-

fault current, by subtracting the calculated dc values at each sampling instant from the dur-

ing-fault current values.  

The unbalance feature in the distribution feeder current may also affect the fault type 

identification. Hence, the pre-fault steady state current values are subtracted from the dur-

ing-fault current values to eliminate the impact of unbalance. The resulting fundamental 

fault current (FFC), as well as the pre-fault current, and the during-fault current are shown 

in Figure 5.7. A fuzzy logic-based fault-type identification method is then applied on the 

FFC profile using the Fuzzy Logic Toolbox in the MATLAB environment. 



132 

 

 
Figure 5.7 The pre-fault, the during-fault and the FFC profile 

Fuzzy-logic based fault identification 

Due to the non-transposed nature of the distribution system feeders, fault occurring 

on any of the phases can also affect the healthy phases. An appropriate technique is required 

to differentiate between the faulted and healthy phases. To differentiate between the faulted 

and the healthy phases, a fuzzy-logic based identification method is proposed in [92].  

For asymmetrical faults under unloaded conditions, relations between the sequence 

components of the fault currents can be easily derived. The fault current due to a single 

line-to-ground fault, line-to-line fault and double line-to-ground fault is expressed in 

(5.12)-(5.14) respectively.  

 
a0f a1f a2fI I I   (5.12) 

 0,a0f a1f a2fI I I    (5.13) 

 
0 1 0a f a f a2fI I I    (5.14) 

where, Ia0f, Ia1f, and Ia2f represent the zero, positive and negative current respectively. 
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Table 5.3 can then be used to differentiate different fault types. In Table 5.3, ang_A, 

ang_B and ang_C represent the angle difference between the positive sequence and the 

negative sequence of phase A, B and C in FFC respectively. R0f and R2f represent the ratios 

of |Ia0f| to |Ia1f| and |Ia2f| to |Ia1f| respectively. In Table 5.3, values of R0f and R2f under phase 

faults are denoted by K and K1 respectively, and are calculated from (5.15)-(5.16).  

 2

2 0 f

Z
K =

Z +Z +3Z
 (5.15) 

 0

1

f

2 0 f

Z 3Z
K =

Z + Z +3Z


 (5.16) 

where, Z2, Z0 and Zf are the negative sequence impedance of the line, zero sequence im-

pedance of the line and fault impedance respectively. 

Table 5.3 Fundamental relations for asymmetrical faults 

Fault type ang_A ang_B ang_C R0f R2f 

a-g 0° 120° 120° 1.0 1.0 

b-g 120° 0° 120° 1.0 1.0 

c-g 120° 120° 0° 1.0 1.0 

a-b 60° 60° 180° 0.0 1.0 

b-c 180° 60° 60° 0.0 1.0 

c-a 60° 180° 60° 0.0 1.0 

a-b-g 60° 60° 180° K K1 

b-c-g 180° 60° 60° K K1 

c-a-g 60° 180° 60° K K1 

Symmetrical fault - - - 0.0 0.0 
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In practice, the values of ang_A, ang_B, ang_C, R0f and R2f are approximately close 

to (but not exact) the ideal values listed in Table 5.3. The small discrepancy is due to the 

variation in fault locations, fault resistance, loading conditions and impact of PV system 

on the feeders. The approximate fuzzy variables are proposed to define the values of these 

five quantities using the triangular membership function, as listed in Table 5.4. This helps 

to eliminate the impact of variation of the feeder quantities.  

The sequence components of the FFC are obtained by the discrete Fourier transform 

(DFT). With the obtained sequence components, the five quantities are calculated and fuzz-

ified based on Table 5.4. The fault types are then classified by applying the rule base listed 

in Table 5.3 to the five fuzzified quantities. Consequently, the fault types obtained are also 

fuzzy variables and are represented by different triplets [92] as shown in Table 5.5. 

Table 5.4 Fuzzy variables definition 

Fuzzy variable Triplets 

approximately 0° 0° 0° 40° 

approximately 60° 25° 60° 100° 

approximately 120° 85° 120° 160° 

approximately 180° 140° 180° 180° 

low- R0f 0.0 0.0 0.2 

high- R0f 0.1 0.65 1 

low- R2f 0.0 0.0 0.2 

high- R2f 0.1 0.65 1 
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Table 5.5 Fault types represented by fuzzy variables 

Fault type Triplets 

a-g 8.5 9.0 9.5 

b-g 4.5 5.0 5.5 

c-g 2.5 3.0 3.5 

a-b 11.5 12.0 12.5 

b-c 5.5 6.0 6.5 

c-a 9.5 10.0 10.5 

a-b-g 12.5 13.0 13.5 

b-c-g 6.5 7.0 7.5 

c-a-g 10.5 11.0 11.5 

Symmetrical fault 14.5 15.0 15.5 

The defuzzification process is applied to obtain the final fault types based on Table 

5.5. The entire fuzzy-logic based fault type identification process has been implemented 

using the Fuzzy Logic Toolbox in MATLAB. 

5.3.2 Fault location identification with estimated fault resistance 

The fault type and the feeder zone obtained from the previous sections. All feeder 

nodes with the corresponding faulted phase in the identified zone are recognized as the 

fault candidates. The fault candidates will be further analyzed during the fault location 

identification analysis.  

The fault resistance Rf for each fault candidate is estimated by applying faults on 

each fault candidate node. The fault resistance is varied between 0 Ω to 40 Ω in steps of 1 
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Ω. The simulated steady state fault currents at the substation Isimulated (or the most upstream 

DAS where the measured event data is available), are compared with the measured values, 

Imeasured, and the mismatch between the two currents are calculated in (5.17). 

 
curr simulated measured=| I | - | I |  (5.17) 

For one fault candidate node, the value of εcurr is calculated for each Rf value. The 

best Rf value is chosen for the fault candidate node when εcurr is within the convergence 

tolerance. This process is illustrated in Figure 5.8. The iteration can be continued with a 

reduced step size of 0.1 Ω to obtain a better approximation of Rf. 
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Figure 5.8 Rf estimation procedure 

As described in [71], faults at different locations of the feeder may produce voltage 

sags with the same magnitude at the monitored places. This is due to the effect of the fault 

resistance. In order to differentiate the faults with varying fault resistance values, the mon-

itored phase angle shifts and the voltage sag magnitudes are analyzed. For each fault can-

didate case, the voltage sag errors between the simulated case results and the measurements 

are calculated as: 
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where, nDAS represents the total feeder DAS number available with the event data, ph rep-

resents the phase A, B and C, Vsim_DAS_ph and Vang_sim_DAS_ph are the simulated voltage sag 

magnitude and angle of the phase ph at the corresponding DAS respectively, Vmea_DAS_ph 

and Vang_mea_DAS_ph are the measured voltage sag magnitude and angle of the phase ph at the 

corresponding DAS respectively, Vbase of 7200 V and Vang_base of 180° are used as the 

weights.  

The fault candidate node with the smallest voltage sag error is pinpointed as the fault 

location.  

5.4 Study of the real-world event cases 

The event records collected from two actual fault cases are used to verify the pro-

posed fault identification methodology. The actual locations of the two faults were found 

by the utility after patrolling the feeder. The actual locations are compared with the reloca-

tions obtained from the fault location identification method.  

The first case is a single-phase-C-to-ground fault that occurred at 05:21 AM on July 

24, 2013. Event data from DAS 5, DAS 4 and DAS 2 were available, and the feeder is 

divided into 4 zones accordingly. No event data from the PV DAS were available in this 

case. The reported fault location is 6.84 miles away from the substation in the feeder zone 

2, downstream of one lateral fuse. Figure 5.9 shows the voltages and currents recorded 

during the faults at DAS 5. The data is plotted in AcSELerator Analytic Assistant. 

The trained DT in CART and the implemented fuzzy logic based algorithm success-

fully identified the feeder zone and the fault type. Figure 5.10 shows the fault candidate 

nodes in each step of the fault identification process. 271 feeder nodes in the feeder zone 2 
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with Phase-C are recognized as the fault candidates. These 271 nodes are shown as the red 

dots in Figure 5.10 (a). After the fault resistance estimation process, the total numbers of 

the fault candidates are reduced to 153. The 153 nodes are shown in Figure 5.10 (b). 

As shown in Figure 5.11, the voltage sag errors of the fault candidates are calculated 

and sorted. The with the smallest voltage sag error value of 0.2076 is observed at node 

1566. Hence, node 1566 is identified as the fault location. The identified location is down-

stream of the repaired lateral fuse on the same lateral. The estimation error is 0.32 miles. 

Figure 5.12 shows the identified fault location, as well as the true fault location marked 

with a star. 

 

Figure 5.9 Recorded fault voltages and currents in the first fault case 
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(a) (b) (c) 

Figure 5.10 Fault candidate nodes in each step of the fault identification process (step a: 

identification of the fault zone with the fault type; step b: estimation of the fault re-

sistance; step c: identification of the fault candidates within 5% of the smallest voltage 

sag error)  

 
Figure 5.11 Voltage sag values obtained for all 153 fault candidate nodes 
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Additional fault candidate nodes with relatively small voltage sag errors (the nodes 

within 5% voltage sag error of the pinpointed node) are also chosen and analyzed. Based 

on this, 5 fault candidates are chosen and plotted as shown in Figure 5.10 (c). As illustrated 

in Figure 5.12, these 5 fault candidates fall into 2 sections. Table 5.6 lists the electrical 

distance of each section to the true fault location, as well as the geometric distance from 

each section to the substation.   

The percentage error in the geometric distance from the estimated fault location to 

the substation is calculated as 

 (%) 100%est true
dis

true

L L
Error

L


   (5.19) 

where, Lest and Ltrue represent respectively the geometric distance of the estimated fault 

location and the true fault location to the substation.  

As illustrated from Table 5.6, the largest electrical distance error is 0.97 mile as seen 

from section 2. However, the two sections are all within 3% error of the geometric distance 

to the substation compared to the true fault location. This indicates that the proposed fault 

identification method successfully narrows down the potential fault candidate area.  
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Figure 5.12 Fault candidates with relatively small voltage sag values 

 

Table 5.6 Sections for the fault candidate nodes 

 

Electrical distance to 

the true fault location 

(mile) 

Geometric distance 

to the substation 

(mile) 

Errordis 

Section 1 0.32 7.03 2.78% 

Section 2 0.97 6.73 1.54% 

 

The second fault case is a single-phase-B-to-ground fault that occurred at 13:12 PM 

on March 21, 2014. Event data from DAS 5, DAS 4 and DAS 2, as well as from 5 small 

PV DAS were available in this case. Figure 5.13 shows the profiles of the voltages and 

currents during the faults at DAS 5. The data is plotted in AcSELerator Analytic Assistant. 

The fault was reported to occur at a distance of 7.67 mile from the substation.  
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Figure 5.13 Recorded fault voltages and currents in the second fault case 

The fault zone is identified by the DT trained in CART, and the fault type is identified 

by the fuzzy logic based algorithm. Figure 5.14 shows the fault candidate nodes in each 

step of the fault identification process. As shown in Figure 5.14 (a), 205 fault candidates 

with phase-B are analyzed. After the fault resistance estimation process, the total numbers 

of the fault candidates are reduced to 25. The 25 nodes are shown in Figure 5.14 (b).  

  

(a) (b) 

Figure 5.14 Fault candidate nodes in each step of the fault identification process (step a: 

identification of the fault zone with the fault type; step b: estimation of the fault re-

sistance)  
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Figure 5.15 shows the estimated fault location using feeder DAS and PV DAS event 

data. With only the event data from the feeder DAS, the preliminary estimated fault loca-

tion (node 510) is 0.002 mile away from the true fault location (the true location is marked 

as a star shown in Figure 5.15). The voltage sag errors are plotted in Figure 5.16. The 

pinpointed fault location is very close to the actual one.  However, the voltage sag errors 

calculated for the 25 fault candidate nodes shown in Figure 5.14 (b) are within 5% of the 

smallest value. Hence, these 25 fault candidate nodes need to be analyzed as well.  

 

Figure 5.15 Estimated fault location using feeder DAS and PV DAS event data 

 
Figure 5.16 Voltage sag values obtained with feeder DAS event data  
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To obtain more accurate fault identification with narrowed fault area, the simulated 

voltage sag values at the 5 PV DAS are compared with the measurements, as expressed in 

(5.20).  
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where, n represents the total PV DAS number available with the event data, Vsim_PVDAS and 

Vmea_PVDAS are the simulated and measured voltage sag magnitude at the corresponding PV 

DAS respectively, and Vbase of 120 V is used as the weight.  

A more accurate estimate of the fault location can be obtained if more PV DAS 

measurements are available, especially from PV DAS located near the actual fault. 

With voltage sag errors from both the feeder DAS and the PV DAS considered, the 

total voltage sag error value is given by 

 
total FeederDAS PVDAS     (5.21) 

The sorted total voltage sag errors of the fault candidates are shown in Figure 5.17.  

 

Figure 5.17 Voltage sag values obtained with both feeder and PV DAS event data  
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Figure 5.15. The fault candidates with the total voltage sag errors within 5% of the smallest 

value are all inside section 1 shown in Figure 5.15. Section 1 is within 0.82 miles of the 

true fault location. It should be noted that with PV DAS event data included, the pinpointed 

fault location is farther away from the true location compared to the estimated location with 

only feeder DAS event data used. However, the fault location area with small voltage sag 

error values is narrowed down. 
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CHAPTER 6: CONCLUSIONS  

This work has provided an extensive study of distribution systems with high pene-

tration of PV generation. The main topics covered in this work are as follows:  

 Detailed modeling and verification of a distribution feeder  

 Steady state analysis of the impact of PV on feeder voltages 

 Dynamic modeling and analysis of the PV inverters in unbalanced large distribution 

systems 

 Protection coordination analysis of the PV impacts with different connection types 

of the interconnection transformer 

 Fault location identification with and without PV systems installed in the distribu-

tion feeder. 

Developing a detailed model of a distribution feeder is the first step towards any 

analysis that needs to be performed on a distribution system. Accordingly, this work pre-

sented an automated procedure to develop a detailed model for an actual test feeder. The 

test feeder has been modeled in both CYMDIST and OpenDSS. The model was developed 

based on the complete GIS data on major feeder equipment and conductor segments, and 

load and PV data at a fine resolution through AMI and DAS. A zone-division method was 

used, which enabled the development of an accurate feeder model. The accuracy of the 

model was verified by comparing simulation results with the field measurements. The RMS 

error between the simulated and measured voltages and currents at DAS along the feeder 

was found to be less than 1.5%. The main merit of the modeling work lies in the fact that 

an actual ‘real-life’ feeder data was used. Hence, the modeling approach tackles many 
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practical issues that may not arise while using an academic test system. The modeling and 

verification methods described in this work can therefore be readily used to model other 

feeders or larger distribution systems. 

To perform a steady state analysis of the impact of high penetration of PV on volt-

age profiles, snapshot and time-series analyses were conducted. These simulations were 

performed based on the historical load data and PV generation data provided by the utility. 

The results of the study indicated that the maximum PV penetration level generally de-

creases when the average distance from the PV systems to the feeder head increases. In 

addition, recommendations were proposed on the settings of the PV inverters and the LTC 

transformers. It was found that under high penetration of PV, the PV inverters are able to 

maintain the feeder voltage profile within the ANSI limits, if they are allowed to absorb 

reactive power. The PV inverters can keep the feeder voltages within the recommended 

limits when they operate at a 0.9 leading power factor, with PV generation as high as 50% 

above the base hosting capacity. It is therefore recommended that the residential inverters 

have a kVA rating of at least 1.11 times the maximum kW rating. In addition, the study 

suggested that a significant increase in PV hosting capacity could be obtained by appropri-

ate tap selections of LTC. The LTC tap selection is done based on the variation of loads 

and irradiance.  

In order to perform dynamic analysis in large unbalanced distribution systems, this 

work proposes a DAE based dynamic modeling and analysis method.  The analytical model 

of the PV inverter is created based on the single-phase dq transformation. The PV model 

is written into a DLL, and interfaced with the network model built in OpenDSS. At each 

time step of the dynamic simulation, the differential equations of the PV model inside the 
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DLL are solved, and the network algebraic equations are solved in OpenDSS. The refer-

ence frame transformation is executed during the electrical quantity exchange between the 

DLL containing the PV inverter model and OpenDSS. The proposed modeling method has 

been verified by performing detailed three-phase simulation in PLECS. In addition, the 

current controls, anti-islanding schemes, and droop controls of the PV inverter models are 

tested in large unbalanced distribution systems in both islanded and grid connected mode. 

The proposed method extends the capability of OpenDSS to perform dynamic studies for 

unbalanced distribution systems. This approach is expected to help in the design and testing 

of CIGs in distribution systems.  

A thorough protection coordination analysis of the impact of PV systems on distri-

bution systems was presented in this work. This research proposed a methodology to verify 

and design the protective device settings under different penetration levels of PV systems. 

The impact of the connection types of the PV interconnection transformers were also ex-

plored in-depth during the protection coordination analysis. All possible protection coor-

dination cases in the feeder were studied. The cases studied included coordination of fuse-

fuse, recloser-fuse, relay-fuse and relay-recloser, based on the definition of the protection 

zones. An optimization problem was formulated to find the appropriate settings of the pro-

tection devices. The study included thousands of protection coordination cases found under 

different penetration levels of the PV systems. The research findings indicated that, when 

the PV interconnection transformers are connected as grounded wye/delta, the relay/re-

closer settings need to be changed. The change is significant when the PV penetration level 

increases in the distribution system. Additional reclosers may need to be installed down-
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stream of the original reclosers due to the reduced sensitivity of the relay/recloser. How-

ever, when the PV interconnection transformers are connected as delta/delta, the settings 

of the relay/recloser are not affected significantly as the PV penetration levels increase. In 

this case, the settings for the relay/recloser can be set as the value calculated with the largest 

possible PV rating in the feeder. The presented methodology provided a reference for de-

signing proper settings for distribution level protection devices in the presence of high pen-

etration of PV. The analysis was done on an actual feeder and it highlighted some practical 

problems with protection system analysis. Such issues may not be encountered while stud-

ying academic test systems. The analysis techniques presented here can be readily extended 

in studying real, large distribution systems. 

This research also proposed a fuzzy logic and DT based fault location identification 

process. The method proposed here utilizes various open-source and commercial analysis 

tools like OpenDSS, MATLAB, CART. The impact of PV fault current contribution on the 

fault identification process was eliminated using fuzzy logic and DT. Two actual fault cases 

with the event data recorded were used to examine the effectiveness of the fault identifica-

tion process. The proposed method pinpointed the fault location within 0.32 mile and 0.002 

mile from the respective true fault locations, in both the cases. In addition, the proposed 

method substantially narrows down the area of the potential fault location. With the use of 

this method, utility operators can effectively track down fault locations in the distribution 

feeder, thereby enabling faster restoration of faulted lines. Incorporating the proposed fault 

location identification method is expected to increase the reliability of the distribution sys-

tem significantly.  
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http://www.mathworks.com/products/simulink/?s_iid=ovp_prodindex_1422057685001-69027_pm
http://www.mathworks.com/products/simulink/?s_iid=ovp_prodindex_1422057685001-69027_pm
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APPENDIX A 

NUMBER OF BUS VOLTAGE VALUES BEYOND THE ANSI LIMIT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



161 

 

Table A.1 Number of bus voltage values beyond the upper limit 

 

 

1 2 3 4 5 6 7 8 

0.98 

p.u. 

0.99 

p.u. 

1 

p.u. 

1.01 

p.u. 

1.02 

p.u. 

1.03 

p.u. 

1.04 

p.u. 

1.05 

p.u. 

1 0 0 17 177 1807 3002 4155 5178 

2 0 0 16 174 1867 3055 4197 5217 

3 0 0 20 197 1879 3092 4213 5211 

4 0 0 19 199 1869 3062 4216 5202 

5 0 0 19 184 1747 2749 4092 5125 

6 0 0 2 83 1293 2309 3938 4763 

7 0 0 0 40 438 1474 2359 3724 

8 0 0 0 0 46 804 1957 2642 

9 0 0 0 0 52 955 2024 3774 

10 0 0 0 0 53 1001 2138 4052 

11 0 0 0 0 54 1021 2179 4110 

12 0 0 0 0 54 1130 2326 4268 

13 0 0 0 0 55 1167 2430 4357 

14 0 0 0 0 49 1175 2551 4381 

15 0 0 0 0 46 1153 2579 4379 

16 0 0 0 0 46 1134 2575 4352 

17 0 0 0 0 45 996 2243 4132 

18 0 0 0 0 49 820 1879 3656 

19 0 0 0 0 45 765 1753 3291 

20 0 0 0 0 44 920 1588 3051 

21 0 0 0 0 44 820 1544 3023 

22 0 0 0 0 46 1208 1811 3236 

23 0 0 0 0 52 2028 2064 3954 

24 0 0 553 747 1759 2788 4090 5009 

Total voltage 

violations in 

one day 

0 0 646 1801 13439 38628 64901 100087 

 

 

 

 

 

Hour  

Tap settings  
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Table A.2 Number of bus voltage values below the lower limit 

 

 

1 2 3 4 5 6 7 8 

0.98 

p.u. 

0.99 

p.u. 

1 

p.u. 

1.01 

p.u. 

1.02 

p.u. 

1.03 

p.u. 

1.04 

p.u. 

1.05 

p.u. 

1 9 8 8 8 5 3 3 2 

2 4 4 4 4 3 3 3 2 

3 5 4 4 4 3 3 3 2 

4 5 4 4 4 3 3 3 3 

5 6 4 4 4 3 3 3 3 

6 8 3 3 6 2 2 2 2 

7 19 10 9 4 6 4 2 2 

8 32 15 6 6 3 3 3 2 

9 13 5 3 3 3 3 2 1 

10 8 3 3 3 2 2 1 0 

11 7 4 4 4 4 4 4 3 

12 3 2 2 2 2 2 2 1 

13 4 2 2 2 2 2 2 1 

14 3 2 2 2 2 2 2 1 

15 3 2 2 2 2 2 2 1 

16 3 2 2 2 2 2 2 0 

17 3 2 2 2 2 2 2 1 

18 9 2 2 2 2 2 2 2 

19 25 12 3 3 2 2 2 2 

20 47 15 10 9 2 2 2 2 

21 46 17 5 4 2 2 1 1 

22 16 11 7 6 2 1 1 1 

23 11 5 4 3 3 2 2 2 

24 5 3 3 3 3 3 3 2 

Total voltage violations 

in one day 
294 141 98 92 65 59 54 39 

Hour  

Tap settings  
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APPENDIX B 

PUBLICATIONS RELATED TO THIS WORK  
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