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ABSTRACT 

 

Industrial facilities connected to power transmission systems typically 

draw large amount of power and have complex dynamic responses to system 

disturbances. Traditional load modeling approaches cannot establish adequate 

dynamic models especially for future industrial facilities in power systems 

planning studies.  

In this thesis, a new concept, the template-based load modeling technique 

along with template scaling and model equivalence algorithms, is proposed to 

address this issue. This method requires minimal user input and can be 

implemented in a database program for a wide variety of industrial facilities. Oil 

refinery facilities are used as an example to illustrate the proposed technique.  

Variable frequency drives (VFDs) are increasingly used in industrial 

facilities, however, dynamic models for motor drive systems suitable for power 

systems dynamic studies are not available. Voltage sags occur when power 

systems experience short-circuit faults, which is typically the starting point of 

power systems dynamic simulation. VFDs will trip when they experience a 

relatively large voltage sag (>20% - 30% voltage drop). As a result, there is no 

need to include VFDs in dynamic studies. Based on the finding, a simple 

procedure to determine if a VFD needs to be included for dynamic studies is 

proposed in this thesis.  

 



 

When VFDs experience mild voltage disturbances and are able to ride 

through, the equivalent dynamic model for motor drive systems is proposed. 

These models are created by the linearization approach, voltage dependence and 

frequency dependence are both considered. Dynamic models for VSI and 

cascaded inverter drives and their induction motor loads are developed. 

Aggregation algorithms for motor drive systems are proposed to achieve load 

equivalence facility wide.  

A generic dynamic load model structure covering all types of commonly 

used loads including motor drive systems is proposed for industrial facilities. A 

procedure is provided on how to obtain the final load model, which is tailored 

from the generic structure based on load types practically involved in an 

industrial facility of interest.  

 



 

 

PREFACE 

 
The research results presented in this thesis have been partly published, 

accepted for publication, and ready to submit for publications.  

 

1). A version of Chapters 1, 2 and 3 has been published: 

 
Xiaodong Liang, Wilsun Xu, C.Y. Chung, Walmir Freitas, and Kun Xiong, 

“Dynamic Load Models for Industrial Facilities”, IEEE Transactions on Power 

Systems, Vol. 27, No. 1, February 2012, Page(s): 69-80.  

 

2). A version of Chapter 2 has been published: 

 
Xiaodong Liang, and C.Y. Chung, “Bus Split Algorithm for Aggregation of 

Induction Motors and Synchronous Motors in Dynamic Load Modeling”, 

Proceedings of 2013 IEEE Industrial and Commercial Power Systems 

Conference (I&CPS), Stone Mountain, GA, USA, April 30 – May 03, 2013. 

(Note: this paper has been requested modification and resubmission for further 

review for possible publication in IEEE Transactions on Industry Applications 

or IEEE Industry Applications Magazine).   

 

3). A version of Chapter 2 has been accepted for publication: 

 
Xiaodong Liang, Shengqiang Li, and Wilsun Xu, “A New Approach to Creating 

Dynamic Models for Industrial Facilities”, accepted for publication by 2013 

CIGRÉ Canadian Conference, Calgary, Alberta, Canada, September 9 – 11, 

2013.     

 

4). A version of Chapter 4 has been accepted for publication: 

 
Xiaodong Liang, and Wilsun Xu, “Modeling Variable Frequency Drives and 

Motor Systems in Power Systems Dynamic Studies”, accepted for publication by 



 

2013 IEEE Industry Applications Society (IAS) Annual Meeting, Orlando, 

Florida, USA, October 6-11, 2013.    

 

5). A version of Chapter 5 is ready to submit: 

 
Xiaodong Liang, and Wilsun Xu, “Aggregation Methods for Variable Frequency 

Drives and Motor Systems”, to be submitted 

 

 

 

 

 

 

 



 

 
 

ACKNOWLEDGEMENT 

 
I would like to express my deepest gratitude to my supervisor Dr. Wilsun 

Xu for his professional guidance, continuous encouragement, and financial 

support during the research work and preparation of the thesis. I learned a lot 

from Dr. Xu on how to be a successful researcher and how to write papers and 

reports.  

 
Special thanks are owed to Dr. Yunfei Wang, Jinwei He, Shengqiang Li, 

Professor Yunwei (Ryan) Li for their suggestions and help during the research 

work.  

 
It is a great pleasure to know and work with fellow graduate students in 

Power Disturbance and Signaling (PDS) Research Laboratory at University of 

Alberta for their friendly smile and heart-warming help.  

 
Finally, I would like to thank my family for their love and support. Their 

love makes my life more meaningful and pleasant. 

   



 

 
 
 

TABLE OF CONTENTS 

 
Chapter 1 Introduction ....................................................................................... 1 

1.1  Motivation .................................................................................................. 1 

1.2  Literature Review on Load Modeling ........................................................ 4 

1.2.1  Load Definations and Characteristics .................................................. 4 

1.2.2  Load Models ........................................................................................ 5 

1.2.3  Load Modeling Approaches ................................................................ 7 

1.3  Literature Review on Dynamic Modeling of VFDs ................................... 8 

1.3.1  VFD Characteristics during Disturbances ........................................... 8 

1.4  Research Objectives ................................................................................. 12 

1.5  Thesis Organization .................................................................................. 14 

 
Chapter 2 Template-Based Load Modeling Technique for Industrial 

Facilities ............................................................................................................. 17 

2.1  Main Ideas ................................................................................................ 17 

2.2  Model Equivalence ................................................................................... 20 

2.3  Bus Split Algorithm.................................................................................. 26 

2.3.1  State Space Equations ........................................................................ 28 

2.3.1.1  Induction Motors .......................................................................... 28 

2.3.1.2  Synchronous Motors .................................................................... 34 

2.3.1.3  Induction and Synchronous Motors ............................................. 39 

2.3.2  Original Network Equations before Bus Spliting .............................. 39 

2.3.3  Equivalent Network Equations after Bus Spliting ............................. 44 

2.3.4  Case Study of the Bus Split Algorithm .............................................. 49 

2.4  Summary and Conclusions ....................................................................... 56 

 
Chapter 3 Template-Based Load Modeling for Oil Refinery Facilities ....... 58 

3.1  Process of Template-Based Load Modeling ............................................ 58 

3.1.1  Survey on Oil Refinery Facilities ...................................................... 58 



 

3.1.2  Create Templates and Template Scaling Rules ................................. 62 

3.1.3  Establish the Template-Based Full Model ......................................... 66 

3.2  Template-Based Models for a 108MW Coking Refinery Facility ........... 69 

3.3  Model Verification for the 108MW Coking Refinery Facility ................ 72 

3.3.1  Three Template-Based Models .......................................................... 72 

3.3.2  Template-Based Full Model and Guideline Model ........................... 74 

3.3.3  Template-Based Full Model and Real Facility Model ...................... 76 

3.3.4  Effects of Configuration Change in Refinery Processes ................... 78 

3.4  Summary and Conclusions ....................................................................... 80 

 
Chapter 4 Dynamic Models for Motor Drive Systems .................................. 82 

4.1  Modeling Methodology for Ride-Through Variable Frequency Drives .. 82 

4.2  Dynamic Models of VSI Motor drive Systems ........................................ 88 

4.2.1 Overview of the Motor Drive Systems ............................................... 88 

4.2.2 Mathematical Model of VSI Drives ................................................... 93 

4.2.3 Mathematical Model of Induction Motors .......................................... 95 

4.2.4 Modeling of Motor Drive System Control Scheme ............................ 97 

4.2.5 The Equivalent Dynamic Model ......................................................... 99 

4.3  Verification and Sensitivity Case Studies for VSI Motor drive Systems

 ....................................................................................................................... 104 

4.3.1 Case Study 1 ..................................................................................... 104 

4.3.1.1  Voltage Dependence .................................................................. 106 

4.3.1.2  Frequency Dependence .............................................................. 110 

4.3.1.3  Voltage Sag and Frequency Variation ....................................... 114 

4.3.2 Case Study 2 ..................................................................................... 116 

4.3.2.1  Voltage Dependence .................................................................. 117 

4.3.2.2  Frequency Dependence .............................................................. 121 

4.3.2.3  Voltage Sag and Frequency Variation ....................................... 123 

4.3.3 Sensitivity Study ............................................................................... 125 

4.4  Dynamic Model for Cascaded Inverter Motor Drive Systems ............... 129 

4.4.1 Overview of Motor Drive Systems ................................................... 129 



 

4.4.2 Mathematical Model of Each Power Module ................................... 131 

4.4.3 Modeling of Motor Drive System Control Scheme .......................... 134 

4.4.4 The Equivalent Dynamic Model ....................................................... 137 

4.5  Verification and Sensitivity Case Studies for Cascaded Inverter Motor 

Drive Systems................................................................................................ 139 

4.5.1 Case Study ........................................................................................ 139 

4.5.1.1  Voltage Dependence .................................................................. 139 

4.5.1.2  Frequence Dependence .............................................................. 144 

4.5.2 Sensitivity Study ............................................................................... 147 

4.6  Trip-Off Criteria of Variable Frequency Drives .................................... 151 

4.7  Summary and Conclusions ..................................................................... 153 

 
Chapter 5 Aggregation of Motor Drive Systems .......................................... 155 

5.1  Scenario 1: VFDs Connected to the Same Bus ...................................... 155 

5.2  Verification of Scenario 1 ...................................................................... 160 

5.2.1 Voltage Dependence ......................................................................... 160 

5.2.2 Frequency Dependence ..................................................................... 165 

5.3  Scenario 2: VFDs with Upstream Series Impedance and Transformers 168 

5.3.1 Upstream Series Impedance ............................................................. 168 

5.3.2 Transformers ..................................................................................... 175 

5.4  Verification of Scenario 2 ...................................................................... 177 

5.4.1 Voltage Dependence ......................................................................... 177 

5.4.2 Frequency Dependence ..................................................................... 182 

5.5  Summary and Conclusions ..................................................................... 185 

 
Chapter 6 Conclusions and Future Work..................................................... 186 

6.1  A Generic Dynamic Load Model Structure for Industrial Facilities ...... 186 

6.2  Conclusions ............................................................................................ 188 

6.3  Future Work ........................................................................................... 190 

 
Bibliography .................................................................................................... 191 

 



 

Appendix A Typical Data for Template-Based Full Model ........................ 213 

 
Appendix B Load Assignments for the Template-Based Full Model ......... 216 

 
Appendix C Dynamic Model for VSI Motor Drive Systems ....................... 227 

C.1  Diode Converter..................................................................................... 227 

C.2  Induction Motors ................................................................................... 236 

C.3  PWM-Controlled VSI and the Voltage per Hz Control......................... 239 

C.4  Overall System Combination ................................................................. 250 

C.5  Initial Values .......................................................................................... 263 

 
Appendix D Aggregation Using Pade Approximation................................. 269 

 
Appendix E Typical Parameters for Dynamic Models of Motor Drive 

Systems ............................................................................................................. 274 

 
Appendix F Dynamic Model for Cascaded Inverter Motor Drive Systems

 ........................................................................................................................... 277 

F.1  Each Power Module ............................................................................... 277 

F.2  Induction Motors .................................................................................... 287 

F.3  Voltage per Hz Control .......................................................................... 287 

F.4  Overall System Combination ................................................................. 299 

F.5  Initial Values .......................................................................................... 307 

 

 



 

 

LIST OF TABLES 

Table 3.1 Electrical consumptions of each process [105, 106] ........................... 62 

Table 3.2 Template for Types 2 and 4: electrical consumptions of each process64 

Table 3.3 Template: horsepower distribution vs. voltage levels for induction 

motors.................................................................................................................. 64 

Table 3.4 Templates and scaling rules for Types 2 and 4 ................................... 65 

 

Table 4.1 Electrical parameters of the motor drive system for Case Study 1 ... 104 

Table 4.2 The dynamic model for Case Study 1 (Loading 1) ........................... 107 

Table 4.3 The dynamic model for Case Study 1 (Loading 2) ........................... 111 

Table 4.4 Electrical parameters of the motor drive system for Case Study 2 ... 116 

Table 4.5 The dynamic model for Case Study 2 ............................................... 118 

Table 4.6 Electrical parameters of the cascaded inverter motor drive system .. 139 

Table 4.7 The dynamic model for the cascaded inverter motor drive system .. 140 

 

Table 5.1 The aggregated dynamic model for Scenario 1 (Loading 1) ............ 162 

Table 5.2 The aggregated dynamic model for Scenario 1 (Loading 2) ............ 166 

Table 5.3 The aggregated dynamic model for Scenario 2 (Loading 1) ............ 179 

Table 5.4 The aggregated dynamic model for Scenario 2 (Loading 2) ............ 183 

 

Table A.1 Equivalent circuit parameters of induction motors (60Hz) [152] .... 213 

Table A.2 Typical impedances for transformers less than or equal to 500 kVA 

[152] .................................................................................................................. 214 

Table A.3 Typical impedances for transformers more than 500 kVA [152] .... 214 

Table A.4 Typical X/R ratios for transformers more than 500 kVA [152] ...... 215 

Table A.5 Cable ratings and impedance for the TF model [152] ..................... 215 

Table A.6 Parameters in per unit on individual synchronous motor MVA base

 ........................................................................................................................... 215 

 



 

Table B.1 Load distribution for CDU ............................................................... 216 

Table B.2 Voltage levels and sizes of loads for CDU ...................................... 216 

Table B.3 Cables and transformers data for CDU ............................................ 216 

Table B.4 Load distribution for VDU ............................................................... 217 

Table B.5 Voltage levels and sizes of loads for VDU ...................................... 217 

Table B.6 Cables and transformers data for VDU ............................................ 217 

Table B.7 Load distribution for Hydrotreater ................................................... 219 

Table B.8 Voltage levels and sizes of loads for Hydrotreater .......................... 219 

Table B.9 Cables and transformers data for Hydrotreater ................................ 219 

Table B.10 Load distribution for Coking .......................................................... 219 

Table B.11 Voltage levels and sizes of loads for Coking ................................. 220 

Table B.12 Cables and transformers data for Coking ....................................... 220 

Table B.13 Load distribution for FCC .............................................................. 220 

Table B.14 Voltage levels and sizes of loads for FCC ..................................... 220 

Table B.15 Cables and transformers data for FCC ........................................... 220 

Table B.16 Load distribution for Hydrocracker................................................ 221 

Table B.17 Voltage levels and sizes of loads for Hydrocracker ....................... 221 

Table B.18 Cables and transformers data for Hydrocracker ............................. 221 

Table B.19 Load distribution for Reforming .................................................... 221 

Table B.20 Voltage levels and sizes of loads for Reforming ............................ 222 

Table B.21 Cables and transformers data for Reforming ................................. 222 

Table B.22 Load distribution for Alkylates ...................................................... 222 

Table B.23 Voltage levels and sizes of loads for Alkylates .............................. 222 

Table B.24 Cables and transformers data for Alkylates ................................... 222 

Table B.25 Load distribution for Isomers ......................................................... 223 

Table B.26 Voltage levels and sizes of loads for Isomers ................................ 223 

Table B.27 Cables and transformers data for Isomers ...................................... 223 

Table B.28 Load distribution for Sulfur............................................................ 223 

Table B.29 Voltage levels and sizes of loads for Sulfur ................................... 224 

Table B.30 Cables and transformers data for Sulfur ......................................... 224 

Table B.31 Load distribution for Hydrogen...................................................... 224 



 

Table B.32 Voltage levels and sizes of loads for Hydrogen ............................. 224 

Table B.33 Cables and transformers data for Hydrogen ................................... 224 

Table B.34 Load distribution for Gasplant ....................................................... 225 

Table B.35 Voltage levels and sizes of loads for Gasplant ............................... 225 

Table B.36 Cables and transformers data for Gasplant .................................... 225 

Table B.37 Load distribution for Other ............................................................ 225 

Table B.38 Voltage levels and sizes of loads for Other .................................... 226 

Table B.39 Cables and transformers data for Other .......................................... 226 

 

Table C.1 Parameters used in real power and reactive power .......................... 257 

Table C.2 Parameters used in ac currents in d- and q-axis ............................... 262 

 

Table D. 1 Parameters used in Gp1 for Pade Approximation ............................ 270 
 

Table E.1 Typical parameters for equivalent dynamic models ......................... 274 

Table E.2 Equivalent circuit parameters of induction motors (4 poles, 60Hz, 3-

phase) [156]....................................................................................................... 275 

 

Table F.1 Parameters used in real power and reactive power ........................... 306 

 



 

 
 

LIST OF FIGURES 

Figure 1.1 Bus load including feeders, transformers, shunt capacitors, and load 

devices [1] ............................................................................................................. 5 

 

Figure 2.1 Process using the template-based load modeling technique for 

industrial facilities ............................................................................................... 20 

Figure 2.2 Electrical system configuration of a typical industrial facility .......... 22 

Figure 2.3 Bottom-up aggregation scheme for radial networks.......................... 25 

Figure 2.4 The bus split algorithm at a motor control center bus ....................... 27 

Figure 2.5 A case study to verify the bus split algorithm ................................... 49 

Figure 2.6 Dynamic responses of the original and equivalent systems (Fault 1) 52 

Figure 2.7 Dynamic responses of the original and equivalent systems (Fault 2) 53 

Figure 2.8 Dynamic responses of the original and equivalent systems (Fault 3) 55 

 

Figure 3.1 Schematic flow chart of a typical oil refinery [104] .......................... 61 

Figure 3.2 Template: electrical single-line diagram for Types 1 and 2 .............. 67 

Figure 3.3 Template: electrical single-line diagram for Types 3 and 4 .............. 68 

Figure 3.4 The TF model for the 108 MW coking refinery facility .................... 70 

Figure 3.5 The EP model for the 108 MW coking refinery facility .................... 71 

Figure 3.6 The EF model for the 108 MW coking refinery facility .................... 72 

Figure 3.7 Dynamic responses at the transformer T1 and Utility main bus for the 

three template-based models ............................................................................... 73 

Figure 3.8 The guideline model for the 108 MW coking refinery facility ......... 75 

Figure 3.9 Dynamic responses at the transformer T1 and 138 kV Utility main 

bus for the TF, guideline and real facility models .............................................. 77 

Figure 3.10 Dynamic responses at the transformer T1 and 138kV Utility main 

bus for three template-based full models (Cases 1, 2 and 3) .............................. 79 

 

Figure 4.1 Common types based on inverter topologies of drives...................... 83 



 

Figure 4.2 Configuration for a three-level NPC motor drive system [160] ........ 84 

Figure 4.3 Topology of a nine-module 18-pulse cascaded inverter drive [118] . 85 

Figure 4.4 The linearization approach to create equivalent dynamic models ..... 86 

Figure 4.5 Equivalent dynamic model for motor drive systems ......................... 87 

Figure 4.6 Configuration of a low voltage 6-pulse VSI drive [60] ..................... 89 

Figure 4.7 Voltage per Hz control schemes ........................................................ 91 

Figure 4.8 The closed-loop voltage per Hz controller schematic from 

Matlab/Simulink [117] ........................................................................................ 92 

Figure 4.9 Voltage control of a duty-cycle modulator for PWM [60] ................ 97 

Figure 4.10 Voltage per Hz control scheme for VSI motor drive systems ......... 98 

Figure 4.11 Simulink models for the equivalent dynamic model ..................... 100 

Figure 4.12 “Space Vector PWM VSI induction motor drive” from 

Matlab/Simulink library [117] .......................................................................... 105 

Figure 4.13 The detailed switching model for Case Study 1 (voltage sag) ...... 106 

Figure 4.14 Dynamic responses of the dynamic and detailed switching models 

for Case Study 1, 90% voltage sag ................................................................... 108 

Figure 4.15 Dynamic responses of the dynamic and detailed switching models 

for Case Study 1, 80% voltage sag ................................................................... 109 

Figure 4.16 The detailed switching model for Case Study 1 (frequency variation)

 ........................................................................................................................... 110 

Figure 4.17 Dynamic responses of the dynamic and detailed switching models 

for Case Study 1, frequency variation ............................................................... 113 

Figure 4.18 The detailed switching model for Case Study 1 (voltage sag and 

frequency variation) .......................................................................................... 114 

Figure 4.19 Dynamic responses of the dynamic and detailed switching models 

for Case Study 1, voltage sag and frequency variation ..................................... 116 

Figure 4.20 Dynamic responses of the dynamic and detailed switching models 

for Case Study 2, 90% voltage sag ................................................................... 119 

Figure 4.21 Dynamic responses of the dynamic and detailed switching models 

for Case Study 2, 80% voltage sag ................................................................... 120 



 

Figure 4.22 Dynamic responses of the dynamic and detailed switching models 

for Case Study 2, frequency variation ............................................................... 122 

Figure 4.23 Dynamic responses of the dynamic and detailed switching models 

for Case Study 2, voltage sag and frequency variation ..................................... 124 

Figure 4.24 Commutation inductance lc ............................................................ 126 

Figure 4.25 DC link capacitance Cdc ................................................................. 127 

Figure 4.26 Load torque of the motor TL .......................................................... 128 

Figure 4.27 A typical power module [118, 120] ............................................... 130 

Figure 4.28 One phase of H bridge cascaded multi-level inverter connecting to 

Phase a of an induction motor [121] ................................................................. 130 

Figure 4.29 Voltage per Hz control scheme for the 18-pulse cascaded inverter 

motor drive system ............................................................................................ 136 

Figure 4.30 The detailed switching model for the 18-pulse cascaded inverter 

motor drive system (Voltage dependence) ........................................................ 141 

Figure 4.31 Dynamic responses of the dynamic and detailed switching models 

for the cascaded inverter motor drive system, 90% voltage sag ....................... 142 

Figure 4.32 Dynamic responses of the dynamic and detailed switching models 

for the cascaded inverter motor drive system, 80% voltage sag ....................... 143 

Figure 4.33 The detailed switching model for the 18-pulse cascaded inverter 

motor drive system (frequency dependence) .................................................... 145 

Figure 4.34 Dynamic responses of the dynamic and detailed switching models 

for the cascaded inverter motor drive system, frequency variation .................. 147 

Figure 4.35 The speed controller parameters Kp and Ki ................................... 148 

Figure 4.36 DC link capacitance Cdc ................................................................. 149 

Figure 4.37 The load torque of the motor TL .................................................... 150 

Figure 4.38 The VFD trip curve........................................................................ 152 

 

Figure 5.1 A group of VFDs connected to a common switchboard ................. 155 

Figure 5.2 The detailed switching model for Scenario 1 .................................. 161 

Figure 5.3 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 1, 90% voltage sag ........................................................... 163 



 

Figure 5.4 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 1, 80% voltage sag ........................................................... 164 

Figure 5.5 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 1, frequency variation ...................................................... 168 

Figure 5.6 The motor drive model further aggregated with upstream series 

impedance ......................................................................................................... 169 

Figure 5.7 The motor drive model further aggregated with the upstream 

transformer ........................................................................................................ 176 

Figure 5.8 The detailed switching model for Scenario 2 .................................. 178 

Figure 5.9 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 2, 90% voltage sag ........................................................... 180 

Figure 5.10 Dynamic responses of the aggregated dynamic and detailed 

switching models for Scenario 2, 80% voltage sag .......................................... 181 

Figure 5.11 Dynamic responses of the aggregated dynamic and detailed 

switching models for Scenario 2, frequency variation ...................................... 185 

 

Figure 6.1 The comprehensive dynamic load model structure for industrial 

facilities ............................................................................................................. 187 

 

Figure A.1 Inertia vs. HP ratings of induction motors [156] ............................ 213 
 

Figure B.1 Single-line diagram of the process CDU ........................................ 218 

Figure B.2 Single-line diagram of the process VDU ........................................ 218 

 

Figure C.1 Voltage per Hz control scheme for VSI motor drive systems ........ 241 

 

 

 



 

 

LIST OF SYMBOLS 

AC  Alternating current 

ADU  Atmospheric distillation unit 

AVM  Averaged-value model 

Cdc  Capacitance of DC link capacitor 

CSI  Current source inverter 

d   Duty cycle 

DC  Direct current 

E   RMS phase-to-ground voltage of power source 

ed   DC link voltage before inverter 

EP  Equivalent process model 

EF  Equivalent facility model 

fg   Power supply frequency at the input of the drive. 

H   Combined rotor and load inertia constant  

HFO  Heavy fuel oil 

HVAC  Heating, ventilation and air conditioning 

id   DC link current after rectifier 

iI   DC link current entering inverter 

IM  Induction motors 

idg   d-axis ac current at drive input 

idgcom   d-axis ac current at drive input during commutation period 

idgcond   d-axis ac current at drive input during conduction period 

iqg   q-axis ac current at drive input 

iqgcom   q-axis ac current at drive input during commutation period 

iqgcond   q-axis ac current at drive input during conduction period 

Kpm, Kim Proportional and integral gains of the Speed PI controller  

lc    Commutation inductance 

Ldc   Inductance of DC link reactor 

Ls   Total stator inductance, Ls = ls +Lm   



 

ls   Stator leakage inductance 

Lm   Magnetizing inductance 

Lr   Total rotor inductance, Lr = lr +Lm  

lr   Rotor leakage inductance 

MCC  Motor control center 

MVD  Medium voltage drive 

P  Real power 

PWM  Pulse-width-modulation 

PIM   Active power at motor terminal  

PInveter   Active power at output of the drive 

p   Number of pole pairs 

Q  Reactive power 

Rs   Stator resistance 

Rr   Rotor resistance 

rdc   Resistance of DC link 

SCR  Silicon controlled rectifier 

SPC  Switching power converters 

SM  Synchronous motors 

TF  Template-based full model 

Te   Electromagnetic torque 

TL   Shaft mechanical torque 

u   Commutation angle 

Vb  Nominal voltage of the motor per phase 

VDU  Vacuum distillation Unit 

VFD  Variable frequency drive 

VSI  Voltage source inverter 

VSS  Variable structure systems 

V/f  Voltage per hertz control 

vd   DC link voltage after rectifier 

Vdiode   Diode forward voltage 

vdg   d-axis power source voltage 



 

vqg   q-axis power source voltage 

vds   d-axis voltage at inverter output 

vqs   q-axis voltage at inverter output 

vqs, iqs   q-axis stator voltage and current of the motor 

vds, ids   d-axis stator voltage and current of the motor 

*e

qsv  ,
*e

dsv  Commanded values of speed controller 

0Y ′   Admittances of power source 

1cY   Admittances of cable 1 at the induction motor terminal 

2cY   Admittances of cable 2 at the synchronous motor terminal 

0TY   Admittances of transformer T0 

YT1  Admittances of transformer T1 

YT2     Admittances of transformer T2 

ZIP  constant impedance, constant current, and constant power 

Ψqs, Ψds  Stator q- and d-axis fluxes 

Ψqr, Ψdr  Rotor q- and d-axis fluxes 

ωb   Nominal frequency of the motor 

ωr   Electric angular velocity of the rotor 

ωs   Stator field angular velocity in electrical rad/s 

 

 



 

1 
 

 

CHAPTER 1 INTRODUCTION 

1.1  Motivation  

 
It has been recognized for more than two decades that representation of 

power system loads for dynamic performance analysis can have significant 

impact on power systems stability. As power systems are designed and operated 

with less stability margin, adequate load models are of major importance [1, 2]. 

 
The decisions made on system reinforcement and performance 

improvement mostly reply on the results of power flow and stability simulation 

studies, inadequate load representation could be costly due to under- or over-

building of the system or degradation of reliability. The benefits to improve load 

representation are discussed in detail in IEEE Task Force on Load 

Representation for Dynamic Performance [1]. If present load representation 

produces overly-pessimistic results, the benefits of improved load modeling in 

planning studies will be in deferring or avoiding the expense of system 

modification and equipment additions; while for operation studies will be in 

increasing power transfer limits. However, if present load representation is 

overly optimistic, the benefits of improved load modeling in planning studies 

will be in avoiding system inadequacies that may result in costly operation 

limitations; while for operation studies will be in preventing system emergencies 

resulting from overly-optimistic operating limits [1].  

         
Despite enormous research efforts and acquired knowledge, load modeling 

remains one of the most uncertain areas in large-scale power system simulations.  

In today’s power industry environment, there are strong incentives to reduce the 

margin of simulation errors. More detailed load modeling can contribute to this 

goal, and thus, one option is to model loads at the distribution voltage level, with 

major load components such as induction motors represented separately. 

However, it is usually impractical to model the distribution network down to the 



 

2 
 

point where individual load devices are connected. It is common industry 

practice to use relatively simple load models for power flow and dynamic 

simulations. To deal with a reasonable number of discrete load models, the 

aggregate effects of possibly thousands of individual load components are 

lumped at the substation voltage level [3].  

 
In this thesis, loads can be classified into two categories based on their 

ownerships. The first category refers to “aggregate loads”, which are the 

collective load demand of various utility customers and served by the same 

substation. Examples are power distribution feeders connected to a substation. 

Load modeling research works are mainly developed for aggregate loads. The 

second category is the large industrial (and sometimes commercial) facilities 

owned by a single customer and supplied by a (often dedicated) substation or 

feeder, which are known as “facility loads”. Examples are oil refineries, steel 

mills, paper mills and large airports. As mentioned in [1], models for some large 

special loads such as chlorine plants, aluminum reduction plants, smelters, and 

electric furnaces were provided in EPRI LOADSYN program, and development 

of special models may be warranted for such large unique loads. These efforts 

started showing the appreciation of the importance of large loads modeling.      

 
Facility loads constitute major loads in a power system. It is critical to 

model them properly due to their large power demand and complex responses to 

system disturbances. Unfortunately, research works on modeling facility loads 

have been few in numbers. Only a limited number of research works addressed 

this load modeling gap. Reference [4] presented a method of creating equivalent 

models for industrial facilities assuming the electrical system structure of the 

facility is known. Reference [5] proposes an industrial load model that consists 

of about 76% small and large motors and 24% static load. A few utility 

companies have adopted similar crude approaches such as the WECC modeling 

guide [3, 6], this guide suggests that an industry facility can be modeled as 80% 

static loads and 20% induction motors. If these approaches in [3, 5, 6], which are 

known as “guideline models” in this thesis, are adopted, an oil refinery will have 
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dynamic responses similar to a steel mill in power system dynamic studies. This 

is clearly not acceptable when more and more accurate models are being 

developed for aggregate loads and other power system components such as 

generators.  

 
Load models for two existing paper mills (10MVA and 30MVA) were 

determined by Ontario Hydro using the measured data during disturbances [7]. 

However, such models were only valid for the two specific facilities. Also, the 

measurement-based modeling method cannot be used to create load models for 

future industrial facilities, which do not exist yet.      

  
Developing tools to establish dynamic models for large industry facilities 

is a project of interest to power industry. One of the challenges is how to model 

a future industrial facility with limited information in power systems planning 

studies. A common situation encountered by utilities planers can be described as 

follows: a manufacturer contacts a utility company and plans to develop a X-

type industrial facility in a particular location; the facility needs about Y-MW 

power and could be in service after a few years. The facilities have poor 

visibility and the planning-time-frame visibility such as authoritative circuit 

diagrams, load composition, loading factors etc. is often minimal or non-

existent. The utility, however, must include the model of the future facility in its 

planning study since the load can be large, in hundreds of MWs. Therefore, there 

are strong requirements to create adequate dynamic load models for industrial 

facilities.  

 
Another challenge is how to model VFDs and their motor loads in power 

systems dynamic studies. VFDs can control the speed of an induction or 

synchronous motor by converting fixed frequency and fixed voltage magnitude 

to variable frequency and variable voltage magnitude at motor terminals, and 

provide significantly improved process control, energy saving, and soft motor 

starting. VFDs are increasingly used in various industrial facilities, for example, 

the percentage of VFDs in some oil field facilities could be as much as 80% of 
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total load demand. Therefore, the adequate dynamic model for motor drive 

systems shall be established with proven accuracy, which is especially important 

for the facility with large amount of motor drive loads.  

 
Although detailed switching models for motor drive systems are readily 

available in the simulation software such as Matlab/Simulink, but they are 

discontinuous due to inherent switching, and hence are not directly suitable for 

linearization and small-signal frequency-domain characterization, for example 

obtaining impedance characteristics and input-output transfer functions, which 

are important in assessing stability of power-electronics-based power systems 

[8].  

 
This chapter presents literature review on the status of load modeling and 

dynamic modeling of VFDs. Main objectives and the organization of the thesis 

are also introduced.  

  

1.2  Literature Review on Load Modeling 

1.2.1  Load Definations and Characteristics 
 
There are four categories of the load as defined in [1] as follows: 1) Load 

device, a device, connected to a power system, that consumes power; 2) System 

load, the total power (active and/or reactive power) consumed by all devices 

connected to a power system; 3) Bus load, a portion of the system that is not 

explicitly represented in a system model, but rather is treated as if it were a 

single power-consuming device connected to a bus in the system model; 4) 

Generator or plant load, the power output of a generator or generating plant. In 

bulk power system studies, a load generally refers to the collective power 

demand at a substation, which is the “bus load”. Therefore, the bus load, as 

shown in Figure 1.1, is of main concern for power systems dynamic studies [1].  
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Figure 1.1 Bus load including feeders, transformers, shunt capacitors, and load 
devices [1] 

 
Major load characteristics are summarized as follows [1]: 

1) Loads that exhibit fast dynamic electrical and mechanical characteristics. 

The primary examples are VFDs. 

2) Loads whose response to voltage excursions exhibit significant 

discontinuities. Example include VFDs that shut down on low voltage (as 

high as 90% rated voltage); motor contactors that drop open during faults 

and voltage swings, removing motor loads from the system; motor 

overload protection that remove stalled motors from the system after 

about 10 seconds. Motor starter contactors may drop open at 65-75% in 

the case of 2300V-4000V motors, and 55-65% in the case of motors at 

460V and below.  

 

1.2.2  Load Models 
 
The load model is a mathematical representation of the relationship 

between a bus voltage (magnitude and frequency) and the power (active and 

reactive power) or current flowing into the bus. The term load model may refer 

to the equations themselves or the equations plus specific values for the 

parameters (e.g., coefficients, exponents) of the equations [1].  

 
The static load model is a model expresses the active and reactive power at 

any instant of time as functions of the bus voltage magnitude and frequency at 
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the same instant, which involves algebraic equations. Static load models are 

essentially used for static load components such as resistive and lighting loads. 

Traditionally, the voltage dependence of load characteristics has been 

represented by the exponential model [1]: 
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The parameters of this model are the exponents a and b. With these exponents 

equal to 0, 1, or 2, the model represent constant power, constant current, or 

constant impedance characteristics, respectively.  

 
An alternative model which has been widely used to represent the voltage 

dependence of loads is the polynomial model [1]:  














+







+








= 3

0
2

2

0
10 a

V

V
a

V

V
aPP                                               (1.2-3) 














+







+








= 6

0
5

2

0
40 a

V

V
a

V

V
aQQ                                               (1.2-4) 

This model is also referred to as the “ZIP” model, since it consists of the sum of 

constant impedance (Z), constant current (I), and constant power (P) terms. If the 

models are used to represent a specific load device, V0 should be the rated 

voltage of the device, P0 and Q0 should be the power consumed at rated voltage. 

However, if the models are used to represent a bus load, V0, P0 and Q0 are 

normally taken as the values at the initial system operating condition for the 

study.  Polynomials of voltage deviations from rated voltage (∆V) are sometimes 

used [1].  

 
The frequency dependence of load characteristics is usually represented by 

multiplying the exponential model or the polynomial model by a factor  
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( )fK pf ∆+1                                                        (1.2-5) 

Where ∆f is the frequency deviation (f-f0) [1].  

 
The dynamic load model is a model that expresses the active and reactive 

powers at any instant of time as functions of the voltage magnitude and 

frequency at past instant of time and, usually, including the present instant. 

Difference or differential equations can be used to represent such models [1]. 

The dynamic load models are expressed by transfer functions considering 

voltage and/or frequency dependence in [7, 9, 10]. For large industrial loads, two 

dynamic models are proposed in [7]: a transfer function model and an induction 

motor model with a shunt static load.   

1.2.3  Load Modeling Approaches 

There are two basic approaches to obtain composite load characteristics for 

bus loads: measurement-based approach and component-based approach. The 

measurement-based approach is to directly measure the voltage and frequency 

sensitivity of load active and reactive power at representative substations and 

feeders. Data of load modeling can be obtained by installing measurement and 

data acquisition devices at points where bus loads are to be represented. The 

parameters of a load model are estimated or identified by fitting the measured 

data to the assumed model [1, 7, 10-19]. The advantage of this method is that the 

data are obtained directly from the actual system. However, there are several 

disadvantages, including 1) application of data gathered at one substation to load 

models for other substations may only be possible if the loads are very similar; 

2) determination of characteristics over a wide range of voltage and frequency 

may be impractical; 3) accounting for variation due to daily, seasonal, weather, 

and end-use changes requires on-going measurements under these varying 

conditions [1].  

 
The component-based approach is to develop load models by aggregating 

models of individual components forming the load [1, 20-25]. Component 
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characteristics can be determined by theoretical analysis and laboratory 

measurement. This approach requires typical load composition, i.e., fractions of 

load consumed by each type of load component. The load modeling can be 

achieved via several processes: 1) component load modeling, 2) load 

composition estimation, 3) aggregation of component loads, and 4) aggregation 

of distribution system [26]. The aggregation of loads especially induction motors 

are widely discussed in the literature [27, 28].  

 
Les Pereira et al. constructed a dynamic load model with 80% static load 

and 20% induction motor load, where a sensitivity study is conducted by varying 

percentages of the induction motor load, parameters of the equivalent induction 

motor etc. It is found that dynamic responses of overall system vary significantly 

with percentage and parameters of the induction motor [29], and such assumed 

load composition and load parameters are critical to the model. However, it is 

very hard to obtain accurate values for them, and the accuracy of the resultant 

load models become questionable.    

 
For dynamic load modeling of future industrial facilities in power system 

planning studies, the measurement-based approach is not possible as the future 

facilities do not exist yet. If the component-based approach is used, the most 

challenging part will be how to obtain load composition and parameters of 

aggregated load devices. Therefore, a new dynamic load modeling method is 

needed for industrial facilities.  

1.3  Literature Review on Dynamic Modeling of VFDs 

1.3.1  VFD Characteristics during Disturbances 

 
Power systems dynamic studies investigate system responses after the 

occurrence of one or multiple disturbances. Typical disturbances are short circuit 

faults and subsequent line trips. Such disturbances first appear as voltage sags at 

various buses of the system. It is, therefore, very important to understand how 

VFDs respond to voltage sags.  



 

9 
 

 
Defined by IEEE standard 1159, voltage sag is a decrease to between 0.1 

and 0.9 pu in rms voltage at the power frequency for durations of 0.5 cycle to 1 

min. Typical voltage sag values are 0.1 to 0.9 pu [30]. Voltage sags are usually 

associated with system faults but can also be caused by switching of heavy loads 

or starting of large motors. The common types of short-circuit faults in power 

systems are single-line-to-ground fault, line-to-line fault, double-line-to-ground 

fault, and three-phase balanced fault. The first three faults are unbalanced faults. 

Voltage sags normally do not cause equipment damage but could result in 

disruption to the operation of sensitive loads such as VFDs.  

 
The voltage sag is characterized by its magnitude and duration. The 

severity of voltage sag depends on the network structure of the supply system, 

radial or interconnected for example, and the observation point. The voltage 

magnitude will depend on the number of phases involved, and the impedance 

between the observation point and the source of the short circuit. The duration 

will depend on the speed of the circuit protections, such as fuses, circuit 

breakers, and differential protections, with a typical clearance time in the range 

of 100 ms and 500 ms [31].  

 
The common VFD structure comprises of an AC/DC rectifier, a dc link, a 

DC/AC inverter, additional control and protection circuits. The dominant type of 

drives is the pulse-width-modulation (PWM)-controlled voltage source inverter 

(VSI) drives [32].  

 
As complex non-linear power electronics equipment, VFDs are more 

sensitive to voltage sags than older mechanical systems. The control and 

protection circuits in VFDs will disconnect the drives to protect their 

components during large voltage sags [32]. The sensitivity of VFDs to voltage 

sags are affected by many factors such as voltage sag types, loading and 

operating condition of the drives, threshold settings in the protection of the 

drives, and the control method etc [33]. The types of faults have significant 
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effect on the drive response to voltage sags. The sensitivity of VFDs is highest 

for voltage sags or short interruptions caused by three-phase balanced faults, and 

lowest for voltage sags or short interruptions caused by single-line-to-ground 

faults [32, 33, 34].  

 
The operation mode of VFDs due to the single-line-to-ground fault is 

significantly different from that of other electrical components. A single-line-to-

ground fault at a VFD input is equivalent to operation with a blown fuse in one 

phase, i.e., the three-phase rectifier is now just like a single-phase rectifier. For a 

well designed system, the average dc voltage decreases only marginally due to 

single phasing. For an open-loop V/Hz controlled PWM inverter drive, this 

means that the fundamental voltage across the machine will remain practically 

unaltered. Therefore, the average power drawn by the machine and the average 

DC link current remain constant. In a single-phased operation mode, each diode 

carries 50% more average current than that of a three-phase mode [35]. The 

single-phased operation of the three-phase diode rectifier will occur even for 

90% voltage sags, and is independent of the voltage sag magnitude [36].  

 
The sensitivity of VFDs to voltage sags can be expressed as a voltage 

tolerance characteristic curve in terms of voltage sag magnitude/duration values. 

The two values are denoted as threshold values. If the voltage sag is longer than 

the specific duration threshold and deeper than the specific voltage magnitude 

threshold, the VFD will malfunction/trip. In other words, the area below and on 

the right from the curve represents that voltage sags will cause 

malfunction/tripping of the VFD, while the area above and on the left from the 

curve represent that voltage sags will not cause VFD tripping [32, 33].  

 
Based on the published results of equipment testing, the voltage magnitude 

threshold may vary between 59% and 71% for VFDs, whereas corresponding 

duration threshold varies between 15ms to 175ms. The probabilistic trip counts 

may vary over a wide range, from 68 trips per year using a low sensitivity 

threshold to 152 trips per year using a high sensitivity threshold [37]. 
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1.3.2 Modeling of VFDs 

As an important type of loads in industrial facilities, power electronic 

devices are extensively investigated for modeling [38-59]. Such investigations 

mostly focused on averaged modeling for power electronics converters/rectifiers 

at the component level. The dynamic averaged-value model (AVM) of a three 

phase load commutated converter is proposed in [60], however, such AVM 

model is just at the converter level, and the DC link, inverter, induction motor 

and the associated control system are not considered.  

 
The averaged modeling method is explained in [39] in detail. Switching 

power converters (SPC) belong to a very special class of subjects to be 

controlled. Due to switching action, which is common to every SPC, the 

converter’s model switches periodically between a set of ordinary differential 

equations. The whole model is a differential equation system with discontinuous 

right hand-side functions. Such systems will be simply termed as discontinuous 

systems. In the control literature, they are also called variable structure systems 

(VSS). VSS control theory appears to be an immediate choice for control object 

of SPC, but this was not the widely adopted approach at present. The reasons lie 

in two aspects: first, many power electronic engineers are not familiar with VSS 

control theory; second, SPC itself is a special class of VSS, and controller design 

based on VSS control theory has some limitations. Another logical approach for 

controlling SPC is to transform the discontinuous system models into continuous 

ones, so that control methods for continuous systems become applicable, 

averaging methods are the means for achieving these objectives. With averaging 

methods, discontinuity of the original discontinuous models is smoothed, and in 

many cases, the averaged models will be continuous. Recalling the history of 

power electronics, averaging has been a dominant technique for analysis and 

control of SPC [39, 40].    

 
IEEE Task Force on Load Representation for Dynamic Performance 

recommended that a VFD was effectively constant power load if it is able to ride 
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through voltage sags without tripping [1]. Treating power electronics devices as 

constant power loads, negative impedance characteristics of such devices are 

investigated in [61-62]. However, as indicated in [2] using a constant power load 

to represent a complex non-linear power electronics component is questionable, 

a more accurate dynamic modeling method for VFDs in industrial facilities is 

required for power systems dynamic studies.  

            

1.4  Research Objectives 

 
Due to load modeling challenges facing power industry today, this 

research work is intended to explore proper dynamic load modeling techniques 

and establish adequate dynamic load models for industry facilities.  

Objective 1: Dynamic load modeling technique for industrial facilities 

1). Explore a systematic dynamic load modeling technique suitable for various 

industrial facilities  

 
The current practice by utility companies is to use a guideline model 

assuming certain percents of static loads and induction motor loads to represent 

all industrial facilities. However, each type of facilities has its own load 

compositions and characteristics based on industrial processes, power 

consumptions and demands. As investigated in [29], dynamic responses of 

overall system vary significantly when using different percentages and 

parameters of the equivalent induction motor. Therefore, it is not proper to 

represent all types of industrial facilities with the same assumed guideline 

model. To address this issue, a systematic dynamic load modeling technique that 

can be applied to various industrial facilities will be investigated in this thesis.   

  
2). Determination of the load composition and system configuration for the 

dynamic load model  
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Due to the nature of future industrial facilities with very limited 

information, determination of load compositions and system configuration for 

different types and sizes of industrial facilities are one of the biggest challenges.  

 
3). Load aggregation techniques for model equivalence 

 
Load aggregation techniques for model equivalence shall be investigated 

to properly group the loads and simplify the system model into the equivalent 

model format, which is more suitable for power systems dynamic studies.        

Objective 2: The equivalent dynamic model for motor drive systems  

1). Investigate the approach creating the equivalent dynamic model for motor 

drive systems   

 
Although power electronic components are extensively studied and their 

averaged models are derived, such models cannot serve as dynamic load models 

for power systems dynamic studies. The converter AVM model does not include 

the DC link, inverter, the motor and its control system, so it cannot represent 

dynamic characteristics of the overall motor drive system. The goal is to find an 

approach to create the equivalent dynamic model for a motor drive system 

suitable for power systems dynamic studies.       

 
2) Create dynamic models for VSI and cascaded inverter drives and their 

induction motor loads   

 
To illustrate the approach creating the equivalent dynamic model for motor 

drive systems, dynamic models are created for two commonly used drive types, 

low voltage 6-pulse VSI drives and medium voltage cascaded inverter drives, 

and their induction motor loads. 

 
3) Aggregation of motor drive systems   
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As part of load modeling task, the motor drive systems are required to be 

aggregated to achieve the whole facility load equivalence. The aggregation 

algorithms for motor drive systems need to be investigated. 

Objective 3: A generic dynamic load model structure and a procedure on how to 

determine the final load model for industrial facilities 

The ultimate goal of this research work is to create adequate dynamic load 

models for industrial facilities. It is important that a generic dynamic load model 

structure is sought to cover all common types of loads, induction motors, 

synchronous motors, static loads, and/or motor drive systems, in industrial 

facilities.  

 
On the other hand, load types used in different industrial facilities might be 

different, for example, some types of facilities have synchronous motors, while 

others don’t. Therefore, after the generic dynamic load model structure is 

created, a procedure should be established on how to tailor the generic structure 

into the final load model based on practical load types involved in the facility.    

1.5  Thesis Organization 

 
The objectives outlined in Section 1.4 have been accomplished 

successfully. The main research results are presented in this thesis and organized 

as follows: 

 
In Chapter 2, a new concept, the template-based load modeling technique 

for industrial facilities, is proposed to address current load modeling issues faced 

by power industry. The main ideas including templates, template scaling rules 

and model equivalence algorithms are presented in this chapter.  

 
In Chapter 3, to illustrate the proposed template-based load modeling 

technique, oil refinery facilities are used as an example. The template and 

template scaling rules are established at first, a template-based full model for a 
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108 MW coking refinery facility is then created based on them. The aggregation 

algorithms for induction motors, synchronous motors and static loads are applied 

to the template-based full model to obtain its equivalent models. The accuracy of 

the template-based full/equivalent models for the sample 108 MW coking oil 

refinery facility is verified by comparing dynamic responses of the template-

based models with that of the real facility and the guideline model under 

disturbances. Due to limited amount of VFDs in oil refinery facilities, their 

presence is ignored.  ETAP transient stability program is used as simulation tool 

in this chapter.    

 
In Chapter 4, modeling of motor drive systems is extensively investigated. 

The research work can be divided into two parts. Part 1: VFDs will trip when 

they experience a relatively large voltage sag (>20% - 30% voltage drop). As a 

result, there is no need to include VFDs in dynamic studies. Based on the 

finding, a simple procedure to determine if a VFD needs to be included for 

dynamic studies is proposed in this thesis. Part 2: When VFDs experience mild 

voltage disturbances and are able to ride through, the equivalent dynamic model 

of motor drive systems is proposed. These models are created by the 

linearization approach with voltage and frequency dependence considered. 

Dynamic models for VSI and cascaded inverter drives and their induction motor 

loads are developed. These dynamic models are verified to be accurate by 

comparing their dynamic responses with that of the detailed switching model 

under disturbances. Sensitivity studies are also conducted to evaluate effects of 

parameters on the developed dynamic models. Matlab/Simulink is used as 

simulation tool in this chapter.  

 
In Chapter 5, aggregation algorithms for motor drive systems are proposed 

by considering two cases: 1) VFDs connected to the same bus; 2) VFDs 

connected with upstream series impedance and transformers. The proposed 

algorithms are verified to be accurate by comparing dynamic responses of the 

aggregated equivalent dynamic model for VSI motor drive systems with that of 
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the detailed switching models. Matlab/Simulink is used as simulation tool in this 

chapter.  

 
In Chapter 6, a generic dynamic load model structure for industrial 

facilities is proposed including all common loads. A procedure is recommended 

on how to tailor the generic structure into the final model based on loads 

practically involved in an industrial facility of interest. Conclusions are drawn 

and future works are presented in this chapter.   
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CHAPTER 2 TEMPLATE-BASED LOAD MODELING TECHNIQUE 

FOR INDUSTRIAL FACILITIES 

 
In this thesis, a new concept, the template-based load modeling technique, 

is proposed to establish dynamic load models for industrial facilities. The main 

ideas of the technique include templates, template scaling rules and the model 

equivalence method.  

2.1  Main Ideas 

The basic idea is derived from the consideration that each type of facilities 

has a most common electrical system configuration, called a facility template. 

The template includes, but is not limited to, industry processes and their electric 

circuits, the number of circuit branches and voltage levels, load types and load 

composition, common motor sizes for different processes, motor voltage levels, 

and distribution lines/cables etc.  

 
The facility templates are created mainly through a) facility design 

manuals, and b) extracting common characteristics of sample facilities. Facilities 

of same type share many common characteristics including characteristics of 

their respective electric systems. Such characteristics are often documented in 

industry specific design codes or manuals so that similar facilities can be 

designed and constructed by engineering companies. For example, design 

manuals and books are available for airports including their electric systems 

[63], [64]. Template electric systems can thus be created based on these design 

manuals. One can create a template database for different types of facilities. 

 
The template needs to be scaled up or down to match the size of a specific 

facility to be modeled. For example, if a template represents a 100 MW facility 

and a model of 75 MW facility of the same type is to be created, template 

scaling will be used to achieve this goal. Template scaling is a process to modify 
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template circuits and loads automatically so that the scaled facility consumes 

approximately the expected amount of power. Scaling is based on a set of 

criteria that are developed according to different manufacturing processes.  

 
The third aspect of the proposed technique is the model equivalence. The 

size-specific template-based full (TF) model created from the template and 

template scaling rules often contains hundreds of buses and motors, which is still 

large and complex. To further simplify the model to be suitable for power 

systems dynamic studies, equivalent models are obtained by aggregating the TF 

model.  

 
Industrial facilities are constructed according to production processes and 

there are usually several processes involved in one facility. If all loads in one 

process are reduced into one equivalent load, the template-based equivalent 

model known as the “Equivalent Process (EP) model” is obtained. In subsequent 

steps, several or all processes can be aggregated into one load and lead to the 

simplest equivalent model known as the “Equivalent Facility (EF) model”.  

 
It is recommended in [2] that each individual load type (static loads, 

induction motors, and synchronous motors) may have multiple representations 

for load modeling. For example, a bus load may consist of one or more static 

load models, one or more induction motors, and a synchronous motor. Such 

statements support the proposed EP and EF load model formats in this thesis.  

 
Among the above three components (electrical templates, template scaling 

rules and model equivalence method), the creation of facility templates and 

template scaling rules are facility dependent, while the model equivalence 

method is generally applicable to many facility types. A database tool can be 

developed to store the information of the three components. The process of using 

the database to establish dynamic load models for industrial facilities can be 

summarized as follows (Figure 2.1):  
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• Step 1: User input. The basic information needed from the user are: a) 

Facility type, defined based on the standard industry classifications for 

manufacturing facilities. For example, oil refineries, steel mills, coal 

mines and oil fields are facility types. b) Power demand of the facility, 

normally expressed as nominal or rated MW of the facility. c) Format of 

the output data. The user may input the preferred model type so that a 

case-specific model can be derived from the database. 

• Step 2: Creation of size-specific template-based full facility model. The 

database is first searched to extract the template for the specific type of 

industrial facility of interest. Utilizing the template scaling rules stored in 

the database, the template is then scaled up or down to match the power 

demand level specific by the user. This process leads to a full model, 

which is denoted as the “template-based full (TF) model” in this thesis, 

tailored to the power demand of the user. Such model may contain 

hundreds of buses. 

• Step 3: Model equivalence using aggregation algorithms. In this step, a 

set of aggregation algorithms can be used to conduct model equivalence 

for the TF model from Step 2). It will reduce the size of the TF model but 

preserve its key electrical response characteristics as viewed from the 

utility-facility interface point. The model equivalence will provide a 

much smaller template-based equivalent model, EP or EF model, say 

with 2 to 30 buses.  

• Step 4: Model output. Based on the user information, the database tool 

will output the resultant template-based equivalent model in a format that 

can be directly incorporated in simulation of the power systems without 

editing. The database tool can also output a comparison of dynamic 

responses between the full model and the equivalent model. 
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Figure 2.1 Process using the template-based load modeling technique for 
industrial facilities 

 
For some types of industrial facilities such as oil refineries, VFDs are used 

in very small amount, therefore, only three types of loads, induction motors, 

synchronous motors, and static loads, are considered in the template-based load 

modeling. In other types of industrial facilities such as oil field, however, VFDs 

are widely used and must be included. The equivalent dynamic model and 

aggregation algorithms for motor drive systems need extensive investigations 

and will be discussed in detail in Chapters 4 and 5.  

2.2  Model Equivalence 

It is recognized that load aggregation is an effective way and also a critical 

part in load modeling, which directly affects accuracy of load models. There are 

two load aggregation methods available, theoretical and identification 

aggregation. The theoretical aggregation lumps similar loads analytically using 
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pre-defined parameter values of the loads based on the load type. Only similar 

loads will be grouped, for example, induction motors are aggregated with 

induction motors, and synchronous motors are aggregated with synchronous 

motors. The identification aggregation method is to create aggregated load 

model through identification based on field measurements [65].  

 
Induction and synchronous motors form significant portion of loads in 

industrial facilities, and dynamic response of these motors plays a key role in 

transient behavior of the entire system. Techniques for aggregating a group of 

induction motors were investigated in [66-78]. Franklin et al proposed a dynamic 

aggregation method for induction motors with improved accuracy comparing to 

other existing aggregation methods, a group of induction motors connected to a 

common bus can be aggregated into a single equivalent induction motor model 

[66]. Similarly, the aggregation method for synchronous machines is extensively 

studied in [79-93].   

 
Electric systems of the majority of industrial facilities have radial (tree) 

configurations as shown in Figure 2.2. At the tip of the systems are multiple 

motors and/or other types of loads connected to same buses. Several such 

branches are often connected to a higher voltage bus through transformers and 

cables/lines. The group of branches forms one of the production processes of the 

facility.  

 
Aggregation algorithms for common types of loads need to be determined 

to achieve the model equivalence for the template-based full model and obtain 

the simplified template-based EP or EF models.  

 

The aggregation methods for static loads, induction motors, and 

synchronous motors are discussed in this chapter. The dynamic modeling and 

aggregation methods for motor drive systems will be discussed in Chapters 4 and 

5.  
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Figure 2.2 Electrical system configuration of a typical industrial facility 

 
The first step of load aggregation for the template-based full model is to 

group static loads. The rated static loads measured in MW for individual 

processes are added together to form an equivalent static load of the whole 

facility. The lumped equivalent static load is modeled as a constant impedance 

load and usually connected to utility-customer interface bus. The static load 

model was proposed in [94] as a single admittance connected from bus to ground. 

The equivalent static load parameters can be calculated as follows [94]: 

2
1

V

P

G

loadsn

i

SLi

SL

∑
==                                                            (2.2-1) 

2
1

V

Q

B

loadsn

i

SLi

SL

∑
==                                                          (2.2-2) 

where PSLi and QSLi are active and reactive power drawn by individual static load 

in the system, V is the voltage of the bus that the equivalent static load is 
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connected to. After grouping static loads, the template-based full model contains 

only motor loads at downstream buses. 

 
A bottom-up aggregation scheme for radial network configuration is 

proposed in this thesis to group various electric machines. This method includes 

three key steps: 1) Aggregate induction motors (IM) connected to the same bus 

into one equivalent induction motor. 2) Aggregate synchronous machines (SM) 

connected to the same bus into one equivalent synchronous machine. 3). Split a 

bus into two for the cases where both (equivalent) induction motor and 

(equivalent) synchronous machine are connected to the same bus through a 

common transformer and/or series impedance in the upstream circuit. This 

procedure is repeated from the buses with the lowest voltage levels upward to 

the substation bus, which eventually leads to an equivalent model for the entire 

facility.  

 
For Steps 1) and 2), the techniques proposed in [66] for aggregating a 

group of induction machines and in [81, 82] for aggregating a group of 

synchronous machines have been adopted by this work. For Step 3), a new 

machine equivalence method, a bus split algorithm, is proposed. Therefore, the 

major contribution for this part of the research work is Step 3) with the bus split 

algorithm.  

 
Figure 2.3 illustrates the proposed bottom-up aggregation scheme for a 

simple radial network with induction and synchronous motors:  

1) A group of three induction motors, IM3, IM4, IM5, and their feeding 

transformer TX-3 in Figure 3 (a) is aggregated to be an equivalent 

induction motor IM-TX3-eq in Figure 3 (b); Similarly, a group of three 

induction motors, IM8, IM9, IM10, and their feeding transformer TX-5 

in Figure 3 (a) is aggregated to be an equivalent induction motor IM-

TX5-eq in Figure 3 (b).  

2) A group of three induction motors, IM1, IM2, IM-TX3-eq, and their 

feeding transformer TX-1 in Figure 3 (b) is aggregated to be an 
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equivalent induction motor IM-TX1-eq in Figure 3 (c); Similarly, a group 

of two induction motors, IM7, IM-TX5-eq, in Figure 3 (b) is aggregated 

to be an equivalent induction motor IM-7-TX5eq in Figure 3 (c). 

3) One induction motor and one synchronous motor, IM-7-TX5eq, SM1, 

fed by their common transformer TX-4 in Figure 3 (c) are converted to 

the new system structure using the bus-split algorithm, fed by two new 

transformers TX-6 and TX-7, respectively, in Figure 3 (d). 

4) A group of two induction motors, IM6, IM-7-TX5eq and its new 

transformer TX-6, in Figure 3 (d) is aggregated to be an equivalent 

induction motor IM6-TX6-eq in Figure 3 (e). 

5) One induction motor and one synchronous motor, IM6-TX6-eq, SM1 and 

its new transformer TX-9, with a upstream transformer TX-2 in Figure 3 

(e) are converted to the new system structure using the bus-split 

algorithm, fed by two new transformers TX-8 and TX-9, respectively, in 

Figure 3 (f).   

6) A group of two induction motors, IM-TX1-eq, IM6-TX6-eq and its new 

transformer TX-8, in Figure 3 (f) is aggregated to be an equivalent 

induction motor IM-TX1-TX8-eq in Figure 3 (g). At this step, the whole 

system becomes a simplified format consisting of an equivalent induction 

motor and an equivalent synchronous motor. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
Figure 2.3 Bottom-up aggregation scheme for radial networks 
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2.3  Bus Split Algorithm 

 
Rogers et al [4] recommended an aggregated induction motor model for 

industry plants, but did not conduct work considering synchronous motors 

aggregation; it simply mentioned that large synchronous motors should be 

modeled in detail in any transient stability study in which plant dynamics are 

important and thus are not considered to be part of the aggregated load. In real 

life, however, synchronous motors may be present at the downstream motor 

control center (MCC) bus mixed with many induction motors, and usually a 

transformer and/or series impedance such as a cable is used to connect between 

the downstream MCC bus and upstream circuits. In this case, how to aggregate 

upstream motors with induction and synchronous motors connected to the 

downstream MCC bus remains unsolved, i.e., presently the aggregation process 

for induction and synchronous motors is stuck when such condition occurs. 

Therefore, it is critical to develop an algorithm that is able to separate 

synchronous motors from induction motors connected to a common bus through 

a transformer and/or series impedance to continue motor loads aggregation 

toward upstream. A bus split algorithm with detailed mathematical derivation is 

proposed to address this issue.  

 
For large industrial facilities, synchronous motors, if present, are normally 

connected to the MCC with induction motors. A typical system configuration of 

a MCC connected with i induction motors, j synchronous motors, and an 

upstream transformer T0 is shown in Figure 2.4 (a). Using the aggregation 

method for induction motors connected to a common bus [66], the i induction 

motors can be aggregated into a single equivalent induction motor. Similarly, 

using the aggregation method for synchronous motors connected to a common 

bus [81, 82], the j synchronous motors can be aggregated into a single equivalent 

synchronous motor. After such aggregations, the MCC bus configuration is 

simplified to be Figure 2.4 (b) with only one aggregated induction motor and one 
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aggregated synchronous motor. This simplified system is known as “Original 

system” in this thesis. 

 
At this stage, the two different types of equivalent motors are still 

connected through a common transformer T0, so they cannot be directly 

aggregated with upstream motors. To achieve further load aggregation, an 

equivalent system is desired with the induction and synchronous motor 

connected by two separate branches through two new transformers (T1 and T2). 

The proposed bus split algorithm can achieve such equivalence, and the new 

system shown in Figure 2.4 (c) is known as “Equivalent system” in this thesis. 

Note: the proposed algorithm is also valid for upstream series impedance instead 

of a transformer.  

 
(a) Typical MCC bus in an industrial facility (before motor aggregation) 

 

 
                            (b) Original system                                            (c) Equivalent system 

(before bus split algorithm)                                  (after bus split algorithm) 

Figure 2.4 The bus split algorithm at a motor control center bus 
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The state space equations and network equations in terms of the nodal 

admittance matrix Y (I = YV) for the original and equivalent systems are used to 

accomplish such equivalence. To summarize, the following steps are needed for 

getting ready to use the bus split algorithm:  

1) Choose the MCC bus with induction and synchronous motors. 

2) Aggregate induction motors using the induction motors aggregation 

method proposed in [66] and obtain the aggregated induction motor IM1 

(Note if only one induction motor is present, then no aggregation is 

required).   

3)  Aggregate synchronous motors using the synchronous motors 

aggregation method proposed in [81, 82] and obtain the aggregated 

synchronous motor SM1 (Note if only one synchronous motor is present, 

then no aggregation is required). 

4) To this point, the bus split algorithm is ready to be used for further load 

aggregation. 

 

2.3.1  State Space Equations  

2.3.1.1  Induction Motors  

The per unit voltage and flux linkage equations for a single rotor winding 

induction motors in d-q coordinates can be expressed as follows [4, 83]: 

dsqssdssds iRv Ψ+Ψ−= &ω                                                                         (2.3-1) 

qsdssqssqs iRv Ψ+Ψ+= &ω                                                                            (2.3-2)
 

drqrsdrrdr SiRv Ψ+Ψ−= &ω                                                 (2.3-3) 

qrdrsqrrqr SiRv Ψ+Ψ+= &ω                                                    (2.3-4) 

drmdssds iLiL +=Ψ                                                             (2.3-5) 

qrmqssqs iLiL +=Ψ
                                                        

   (2.3-6) 
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drrdsmdr iLiL +=Ψ                                                             (2.3-7) 

qrrqsmqr iLiL +=Ψ
  

                                                   (2.3-8) 

Where  

dsΨ ,
qsΨ – stator flux linkages in terms of direct- and quadrature-axis components 

drΨ ,
qrΨ – rotor flux linkages in terms of direct- and quadrature-axis components 

dsv , qsv – stator voltages in terms of direct- and quadrature-axis components 

dsi , qsi – stator phase currents in terms of direct- and quadrature-axis components 

drv , qrv – rotor voltages in terms of direct- and quadrature-axis components 

dri , qri – rotor currents in terms of direct- and quadrature-axis components 

sR , rR – stator voltages in terms of direct- and quadrature-axis components 

ωs – angular velocity of the stator field in electrical rad/s 

Lm – magnetizing inductance 

ls – stator leakage inductance 

lr – rotor leakage inductance 

Ls – total stator inductance, Ls = ls +Lm 

Lr – total rotor inductance, Lr = lr +Lm 

S – constant slip 

 
The following assumptions are made:  

1)  The stator transient is negligible: 

0=Ψds
&

 
                     

                                                       
 (2.3-9) 

0=Ψqs
&                                                                         (2.3-10) 

2)  The rotor is shorted: 

0=drv                                                                       (2.3-11) 

0=qrv                                                                     (2.3-12) 

3)  Define the new variable, the internal voltage for induction motor, as follows: 
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−=′                                                              (2.3-13) 
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






=′                                                                (2.3-14) 

4)  Define normal transient impedance: 

r

m
ss

X

X
XX

2

−=′                                                            (2.3-15) 

mlss XXX +=                                                               (2.3-16) 

mlrr XXX +=                                                              (2.3-17) 

Where Xls is the stator leakage reactance, Xlr is the rotor leakage reactance, and 

Xm is the magnetizing reactance.  

 
Substitute Equations (2.3-9) and (2.3-10) in Equations (2.3-1) and (2.3-2), 

the following equations are obtained: 

qssdssds iRv Ψ−= ω                                                         (2.3-18) 

dssqssqs iRv Ψ+= ω                                                         (2.3-19) 

Substitute Equations (2.3-5) and (2.3-6) in Equations (2.3-18) and (2.3-19), we 

have 

( )
qrmqsssdssds iLiLiRv +−= ω                                                 (2.3-20)  

( )drmdsssqssqs iLiLiRv ++= ω                                                (2.3-21) 

By rearranging, Equations (2.3-7) and (2.3-8), the following equations are 

obtained: 

ds

r

m
dr

r

dr i
L

L

L
i 








−Ψ








=

1                                                     (2.3-22) 
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


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


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1                                                     (2.3-23) 



 

31 
 

By rearranging, Equations (2.3-13) and (2.3-14) can be expressed as follows: 

q

m

r
dr V

X

L
′








=Ψ                                                            (2.3-24) 

d

m

r
qr V

X

L
′








−=Ψ                                                        (2.3-25) 

Substitute Equations (2.3-24) and (2.3-25) in Equations (2.3-22) and (2.3-23):  

ds

r
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q

m

dr i
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L
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Substitute Equations (2.3-26) and (2.3-27) in Equations (2.3-20) and (2.3-21):  
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                                         (2.3-28) 
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                                      (2.3-29) 

sss LX ω=                                                                (2.3-30) 

msm LX ω=                                                                (2.3-31) 

rsr LX ω=                                                                (2.3-32) 

Based on Equations (2.3-15), (2.3-30), (2.3-31), and (2.3-32), Equations (2.3-28) 

and (2.3-29) can be rewritten as follows: 

dqssdssds ViXiRv ′+′−=                                                    (2.3-33) 

qqssdssqs ViRiXv ′++′=                                                     (2.3-34) 

In the phasor form, Equations (2.3-33) and (2.3-34) can be expressed by 

( )
msssIM EIXjRV ′+′+=                                                      (2.3-35) 



 

32 
 

Substitute Equations (2.3-11) and (2.3-12) in Equations (2.3-3) and (2.3-4), the 

following can be determined: 

drqrsdrr SiR Ψ+Ψ−= &ω0                                                      (2.3-36) 

qrdrsqrr SiR Ψ+Ψ+= &ω0                                                       (2.3-37) 

Based on Equations (2.3-24) and (2.3-25), we have: 

q
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r
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Substitute Equations (2.3-24), (2.3-25), (2.3-26), (2.3-27), (2.3-38), (2.3-39) in 

Equations (2.3-36) and (2.3-37), the differential equations expressed by the 

motor internal voltage and the stator current can then be determined as follows: 
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The equation of the motion in per unit for the induction motor is expressed as 

follows: 

Le

s

r PP
H

−=
ω

ω&2
                                                                          (2.3-42) 

( )Ssr −= 1ωω                                                                                (2.3-43) 

qsqdsde iViVP ′+′=                                                                         (2.3-44) 

Rearranging Equations (2.3-42)-(2.3-44), the following equation can be 

determined: 

( )qsqdsdL iViVPSH ′+′−=&2                                                              (2.3-45) 
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Linearizing Equations (2.3-40), (2.3-41) and (2.3-45), the following are 

obtained:  
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sd iXX
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 (2.3-47) 

( )
qsqdsdqqdd iViVViViSH ∆′+∆′+′∆+′∆−=∆ 00002 &                            (2.3-48) 

If written in the matrix format, Equations (2.3-46), (2.3-47) and (2.3-48) can be 

expressed as follows: 
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In the partitioned form, the state space equation for the induction motor can be 

rewritten as follows [4]:  
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Where, 
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The state variables for the induction motor are as follows: 
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2.3.1.2  Synchronous Motors  

By neglecting amortisseur windings, per unit voltages and flux linkage 

equations for synchronous motors are given as follows [83]: 

daqd iRe −Ψ−=                                                                 (2.3-57) 

qadq iRe −Ψ=                                                                   (2.3-58) 

fdfdfdfd iRe +Ψ= &                                                               (2.3-59) 

fdadddd iLiL +−=Ψ                                                            (2.3-60) 

qqq iL−=Ψ                                                                           (2.3-61) 

fdffddadfd iLiL +−=Ψ                                                            (2.3-62) 

where 

de , qe – stator voltage in terms of direct- and quadrature-axis components 

di , qi – stator current in terms of direct- and quadrature-axis components 

dΨ , qΨ  – stator flux linkage in terms of direct- and quadrature-axis components 

fde – rotor voltage  

fdi – rotor current  

fdΨ  – rotor flux linkage  
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adld LLL +=
 

aqlq LLL +=
 

adfdffd LLL +=
 

dL , qL – d-axis and q-axis synchronous inductance 

adL , aqL – mutual inductance 

lL – the leakage inductance 

aR – armature resistance per phase 

fdR – rotor circuit resistance 

fdL – rotor leakage inductance 

 
In above equations, the stator transients are neglected and the per unit 

value of the rotor speed ωr is assumed to be equal to 1 in the stator voltage 

equation. The assumption of per unit ωr = 1 in the stator voltage equations does 

not contribute to computational simplicity in itself, the primary reason for 

making this assumption is that it counterbalances the effect of neglecting stator 

transients ( dΨ& , qΨ& ) so far as the low frequency rotor oscillations are concerned 

[83].    

 
Define the following new parameters: 

fd

ffd

ad

q
L

L
E Ψ=′                                                                      (2.3-63) 

ffd

ad

dd
L

L
LX

2

−=′                                                                 (2.3-64) 

fd

fd

ad

fd e
R

L
E














=                                                                   (2.3-65) 














=′−

ffd

ad

dd
L

L
LL

2

                                                                (2.3-66) 
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












=′

fd

ffd

d
R

L
T 0

                                                                         (2.3-67) 

Note in per unit Xd = Ld, and Xd' = Ld'. Equations (2.3-64) and (2.3-66) are the 

same equation but write separately for convenience.  

 
Substitute Equations (2.3-60) and (2.3-61) in Equations (2.3-57) and (2.3-58), 

we have 

qqdad iLiRe +−=
                                                           (2.3-68)

 

fdadqaddq iLiRiLe +−−=
                                              (2.3-69) 

Rearrange Equation (2.3-62) as follows: 

( )dadfd

ffd

fd iL
L

i +Ψ=
1

                                                         (2.3-70) 

Substitute Equation (2.3-70) in Equation (2.3-69), the following equation is 

determined: 
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q

L

L
iRiL

L

L
e Ψ













+−








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


−=

2

                                    (2.3-71) 

Rewrite Equation (2.3-71) based on Equations (2.3-63) and (2.3-64) as follows: 

( )
qqaddq EiRiXe ′+−′−=

                                                  (2.3-72) 

 In the phasor form, Equations (2.3-68) and (2.3-72) can be rewritten as follows: 

( )[ ] qSMdaSM EIXjRV ′+′+−=
                                          

     (2.3-73) 

Rearrange Equation (2.3-63) and find its derivative as follows: 

q

ad

ffd

fd E
L

L
′








=Ψ

                                                                (2.3-74)
 

q
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ffd

fd E
L

L
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






=Ψ

                                                                   (2.3-75) 
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 Substitute Equations (2.3-74) in Equation (2.3-70) as follows: 

d
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L
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L
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                                                  (2.3-76) 

Substitute Equations (2.3-75) and (2.3-76) in Equation (2.3-59), the following 

equation is determined: 
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                                 (2.3-77) 

Rearrange Equation (2.3-77) based on Equation (2.3-65) as follows: 
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                                                  (2.3-78) 

The following relationship is obtained for the internal voltage for synchronous 

motors by substituting Equations (2.3-66) and (2.3-67) in Equation (2.3-78): 

( )[ ]dddqfd

d

q iLLEE
T

E ′−−′−
′

=′
0

1
&                                           (2.3-79) 

The equation for the motion is 

( )
rLe

r DTT
Hdt

d
ω

ω
−−=

2

1

                                               (2.3-80) 

qqe iET ′=                                                                           (2.3-81) 

Where H is the combined inertia constant of the motor and loads, D is the 

Damping factor. Substitute Equation (2.3-81) in Equation (2.3-80), we have 

( )rLqqr DTiE
H

ωω −−′=
2

1
&                                                         (2.3-82) 

Assuming Efd = constant, the linearized forms for Equations (2.3-79) and (2.3-

82) are derived as follows: 
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                                    (2.3-84) 

In the matrix format, Equations (2.3-83) and (2.3-84) can be expressed by 
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Equation (2.3-85) is rewritten as follows 
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Where, 
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                                                                              (2.3-87) 
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The state variables for the synchronous motor: 
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                                                                        (2.3-92) 

 



 

39 
 

2.3.1.3  Induction and Synchronous Motors  

If both induction and the synchronous motors are included in the state 

space equation as requested in Figure 2.4 (b), the state variables in this case can 

be chosen as follows: 
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
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                                                                           (2.3-93)   

 

The state space equations can be obtained based on Equations (2.3-50) and (2.3-

86) as follows: 










∆

∆



















+



















∆

′∆

∆

′∆



















=



















∆

′∆

∆

′∆

SM

IM

r

q

m

r

q

m

I

I

F

F

F

F

E

S

E

EE

E

E

EE

E

S

E

4

3

2

1

65

4

3

21

0

0
0

0

0

00

00
00

00

0

ωω&

&

&

&

                         (2.3-94) 

 

2.3.2  Original Network Equations before Bus Spliting  
 

The transformer and the cables for the original system (Figure 2.4 (b)) can 

be represented by an admittance matrix Y. Total 4 buses (Bus1, Bus2 (MCC), 

Bus3, and Bus4) are involved including two terminal buses for the induction and 

synchronous motors. The network equation (I=YV) of the original system can be 

written as follows: 
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(2.3-95) 

Rearrange Equation (2.3-95) in equations format as follows: 

( ) pTT VYVYYI ∆−∆+′=∆ 00000                                                   (2.3-96) 

( ) ( ) SMcIMcpccTT VYVYVYYYVY ∆−∆−∆+++∆−= 21210000                (2.3-97) 
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( ) IMcpcIM VYVYI ∆+∆−=∆ 11                                                    (2.3-98) 

( ) SMcpcSM VYVYI ∆+∆−=∆ 22                                                   (2.3-99) 

Where 2100 ,,, ccT YYYY ′  are admittances for power source, transformer T0, cable 1 

connected to the induction motor terminal, cable 2 connected to the synchronous 

motor terminal, which are given data for the original system; 
00 , VI ∆∆  are current 

and voltage for Bus 1; 
pp VI ∆∆ , are current and voltage for Bus2 (MCC); 

IMIM VI ∆∆ ,  are current and voltage for the induction motor terminal bus (Bus 3); 

SMSM VI ∆∆ ,  are current and voltage for the synchronous motor terminal bus (Bus 

4). 

 
Linearize Equation (2.3-35), the terminal voltage of the induction motor 

can be expressed by its internal voltage as follows:  

( ) mIMssIM EIXjRV ′∆+∆′+=∆                                                 (2.3-100) 

Similarly, linearize Equation (2.3-73), the terminal voltage of the synchronous 

motor can be expressed by its internal voltage as follows: 

( )[ ] qSMdaSM EIXjRV ′∆+∆′+−=∆
                                              (2.3-101) 

 
Substitute Equations (2.3-100) and (2.3-101) in Equations (2.3-96) - (2.3-

99), the following equations can be determined:  

qm EYEYVYI ′∆′′+′∆′′+∆′′=∆ 02010000                                            (2.3-102) 

qmIM EYEYVYI ′∆′′+′∆′′+∆′′=∆ 1211010                                            (2.3-103) 

qmSM EYEYVYI ′∆′′+′∆′′+∆′′=∆ 2221020                                            (2.3-104)
 

Where, 
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                                                (2.3-106) 
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                                                                 (2.3-123) 

( )daSM
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Y
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11

                                                                 (2.3-124) 

The state space equation for the system can be obtained by substituting 

Equations (2.3-103) and (2.3-104) in Equation (2.3-94):  
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 (2.3-125) 

In the general state space equation format, Equation (2.3-125) is rewritten 

as follows 

uBXAX ∆+∆=∆ &                                                                           (2.3-126) 

Where, 
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, i.e.,  
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Based on the control theory, in order to have two sub-systems in the 

parallel connection, A12 and A21 should be 0, i.e., 12Y ′′  = 21Y ′′  = 0 in Equation (2.3-

129). To successfully equivalent the original system (Figure 2.4 (b)) into its 

equivalent system (Figure 2.4 (c)), our objective is to satisfy the following 

relationship in the matrix A: 

1111121 YFEYF ′′+<<′′                                                                         (2.3-131) 

1123122 YFEYF ′′+<<′′                                                                     (2.3-132) 

2234213 YFEYF ′′+<<′′                                                                     (2.3-133) 

2245214 YFEYF ′′+<<′′                                                                  (2.3-134) 

Or simply 12Y ′′  = 21Y ′′  ≈ 0               

                                                   
The injected power at the connecting bus (Bus1) can be determined by 
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Substitute Equation (2.3-102) in Equation (2.3-135), we have  
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                 (2.3-136)  

In the general state space equation format, Equation (2.3-136) is rewritten 

as follows 

uDXCy ∆+∆=∆                                                                              (2.3-137) 

Where, 
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( ) ( )[ ]00 0201 YGYGC VV
′′′′=                                                     (2.3-139) 

( )[ ]00YGGD VI
′′+=                                                                      (2.3-140) 

 

2.3.3  Equivalent Network Equations after Bus Spliting  
 

For the equivalent system, total 3 buses (Bus1, Bus3, and Bus4) are 

involved including two terminal buses for the induction and synchronous 

motors. The network equation (I=YV) of the equivalent system (Figure 2.4 (c)) 

can be written as follows: 
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where 0Y ′  is the admittances for power source, which is the given data the same 

as that in the original system. Note: the value of the power source admittance 

will not affect the final calculation results. YT1 and YT2 are admittances for the 

two transformers T1 and T2 in the equivalent system, respectively, which are 

unknown data and need to be determined. ∆I0 and ∆V0 are current and voltage 

for Bus1.  ∆IIM and ∆VIM are current and voltage for the terminal bus for the 
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induction motor (Bus3). ∆ISM and ∆VSM are current and voltage for the terminal 

bus for the synchronous motor (Bus4).  

 
Rearrange Equation (2.3-141) in the equation format as follows: 

( ) SMTIMTTT VYVYVYYYI ∆−∆−∆++′=∆ 2102100                            (2.3-142) 

IMTTIM VYVYI ∆+∆−=∆ 101                                                     (2.3-143) 

SMTTSM VYVYI ∆+∆−=∆ 202                                                    (2.3-144) 

Substitute Equations (2.3-100) and (2.3-101) in Equations (2.3-142) - (2.3-144), 

similar to the original system, the currents at the three buses can be expressed as 

follows: 

qeqmeqeq EYEYVYI ′∆′+′∆′+∆′=∆ 02010000                                        (2.3-145)
 

meqeqIM EYVYI ′∆′+∆′=∆ 11010                                                    (2.3-146) 

qeqeqSM EYVYI ′∆′+∆′=∆ 22020                                                     (2.3-147)
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Substitute Equations (2.3-146) and (2.3-147) in Equation (2.3-94), the state 

space equation for the equivalent system can be calculated as follows: 
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                                                                                              (2.3-155) 

Substitute Equation (2.3-142) in Equation (2.3-135), the injected power at 

the connecting bus (Bus-1) for the equivalent system can be written as follows: 
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In the general state space equation format, Equations (2.3-155) and (2.3-

156) can be rewritten as follows for the equivalent system: 

uBXAX eqeq ∆+∆=∆ &                                                             (2.3-157) 

uDXCy eqeq ∆+∆=∆                                                                    (2.3-158) 

Where, 
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( ) ( )[ ]00 0201 eqVeqVeq YGYGC ′′=                                        (2.3-164) 

( )[ ]
eqVIeq YGGD 00′+=                                                          (2.3-165) 

To make the two systems equivalent, the output functions (the injected 

power at Bus 1) for both systems, Equations (2.3-136) and (2.3-156), are 

considered to be the same, i.e.,  

0101 YY eq
′′=′                                                                           (2.3-166) 

0202 YY eq
′′=′                                                                           (2.3-167) 

0000 YY eq
′′=′                                                                           (2.3-168) 

The admittances of the two unknown transformers, YT1 and YT2, in the 

equivalent system can then be determined from Equations (2.3-166) and (2.3-

167) as follows:  
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By substituting the calculated YT1 and YT2 from Equations (2.3-169) and (2.3-

170) in Equation (2.3-168), it is verified that Equation (2.3-168) is true.  
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The calculation indicates that the parameters in Equations (2.3-125) and 

(2.3-155) make the following equations satisfied:  

1010 YY eq
′′=′                                                                              (2.3-171) 

2020 YY eq
′′=′                                                                              (2.3-172) 

1111 YY eq
′′≈′                                                                             (2.3-173) 

2222 YY eq
′′≈′
                                                                            (2.3-174) 

02112 ≈′′=′′ YY
                                                                         (2.3-175) 

Equation (2.3-175) is one of the objectives for the two system equivalence, 

which is verified to be met. Based on these equations, the state space equations 

for both systems are considered approximately the same with similar dynamic 

response characteristics. As a result, the equivalent model can be successfully 

obtained.  

 
In summary, the following procedure is proposed to split a bus with both 

induction and synchronous motors connected to: 

1) Obtain the impedances of the induction and synchronous motors (YIM and 

YSM). These data are known for a given machine or an aggregated equivalent 

machine. 

2) Obtain the branch impedance for the transformer T0, the cable c1 for the 

induction motor, the cable c2 for the synchronous motor (YT0, Yc1 and Yc2) 

for the original system. These are also known data. 

3) Calculate the impedances of the two equivalent transformers T1 and T2 (YT1 

and YT2) using Equations (2.3-169) and (2.3-170). The circuit impedances of 

the new equivalent circuit are thus determined.     

Note: The motor parameters remain the same in the above calculation. The 

impedance of the two new transformers, YT1 and YT2, are affected by the 

machine parameters, so the bus-split algorithm is not a simple Y-∆ transform. 
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2.3.4  Case Study of the Bus Split Algorithm 
  

To verify the accuracy of the proposed bus split algorithm, a case study is 

conducted using a sample system. The system configurations for the original and 

equivalent sample systems are shown in Figure 2.5.  
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(b) Equivalent system 

Figure 2.5 A case study to verify the bus split algorithm 
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In the case study, both induction and synchronous motors are rated at 4.16 

kV and 2000 HP. The transformer T0 is rated at 4 MVA, 13.8/4.16kV, the 

impedance ZT0 = 5.5% and X/R=10.67. The cables connecting the induction and 

synchronous motors are 500AWG in size and 50 feet long each. The cable 

impedance per 1000 ft is R + jX = 0.0284 + j0.0351 ohms. The impedance of the 

utility at the 100 MVA and 13.8 kV base is assumed to be Z0' = 0.02562 + 

j0.66617 p.u. (Note: the impedance of the utility will be cancelled during the 

calculation, so this value will not affect final results). The equivalent circuit 

parameters for the induction motor at machine base are Rs = 0.0194 p.u., Xls = 

0.1261 p.u., Xm = 3.1333 p.u., Xlr=0.1026 p.u., and Rr = 0.0179 p.u. The 

parameters for the synchronous motor at machine base are Ra = 0.005 p.u., 

Xd'=0.28 p.u.  

 
The calculated impedance for the two new transformers T1 and T2 in the 

equivalent system (rated at 2MVA each, 13.8/4.16kV) at transformer base using 

Equations (2.3-169) and (2.3-170) are:  

1). For T1 (connected with IM):  ZT1 = 1.66%, X/R = 17.57 (ZT1 = 1/YT1) 

2). For T2 (connected with SM):  ZT2 = 4.05%, X/R = 41.88 (ZT2 = 1/YT2) 

  
Three types of faults are applied to the original and equivalent sample 

systems in Figure 2.5 using ETAP. The faults are applied to the specified faulted 

bus at 1.00 second, and cleared at 1.15 second. The total simulation time is 5 

second.  

 
Fault 1 refers to a local three-phase fault occurred at “Bus Utility” in the 

original and equivalent systems with the voltage at “Bus1” in the original and 

equivalent systems equal to 0% of nominal voltage during the fault. The 

dynamic response characteristics of the bus voltage at “Bus1”, the real power P 

and the reactive power Q through “Cable Utility” in the original and equivalent 

systems during Fault 1 are shown in Figure 2.6. 
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Fault 2 refers to a remote three phase fault occurred at “Bus4” in the 

original and equivalent systems with the voltage at “Bus1” in the original and 

equivalent systems equal to 50% of nominal voltage during the fault. The 

dynamic response characteristics of the bus voltage at “Bus1”, the real power P 

and the reactive power Q through “Cable Utility” in the original and equivalent 

systems during Fault 2 are shown in Figure 2.7.  
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(a) Voltage at “Bus1” (Fault 1) 
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(b) Zoomed-in view for voltage at “Bus1” (Fault 1) 
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(c) Real Power through “Cable Utility” (Fault 1) 
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(d) Reactive Power through “Cable Utility” (Fault 1) 

Figure 2.6 Dynamic responses of the original and equivalent systems (Fault 1) 
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(a) Voltage at “Bus1” (Fault 2) 
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(b) Zoomed-in view for voltage at “Bus1” (Fault 2) 
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(c) Real Power through “Cable Utility” (Fault 2) 
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(d) Reactive Power through “Cable Utility” (Fault 2) 

Figure 2.7 Dynamic responses of the original and equivalent systems (Fault 2) 
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Fault 3 refers to a remote three phase fault occurred at “Bus 4” in the 

original and equivalent systems with the voltage at “Bus1” in the original and 

equivalent systems equal to 75% of nominal voltage during the fault. The 

dynamic response characteristics of the bus voltage at “Bus1”, the real power P 

and the reactive power Q through “Cable Utility” in the original and equivalent 

systems during Fault 3 are shown in Figure 2.8.  

 
It is found that dynamic responses match very well between the original 

and equivalent sample systems in the case study, which verifies the accuracy of 

the proposed bus split algorithm. 
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(a) Voltage at “Bus1” (Fault 3) 
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(b) Zoomed-in view for voltage at “Bus1” (Fault 3) 
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(c) Real Power through “Cable Utility” (Fault 3) 

-2

0

2

4

6

8

10

0 1 2 3 4 5

R
e
a
c
ti
v
e
 P

o
w

e
r 

Q
, 

M
V

A
R

Time, sec

Original system Equivalent system

 
(d) Reactive Power through “Cable Utility” (Fault 3) 

Figure 2.8 Dynamic responses of the original and equivalent systems (Fault 3) 

 

Please note: The linearization method is used to develop the model 

reduction technique, the bus split algorithm. The following three facts support 

the validity of the proposed method: 1) The linear approach has been verified to 

be effective for facility modeling by Reference [4], 2) Case studies presented in 

the thesis have shown that the equivalent model derived from the proposed 

method produces quite acceptable responses even for large disturbances, 3) The 

facility modeling task does not require accurate duplication of specific machine 

response inside the facility. It is only concerned with the collective machine 

responses seen at the facility-utility interface point. 
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2.4  Summary and Conclusions 

 
In this chapter, a new concept, the template-based load modeling technique 

for industrial facilities, is proposed and the main ideas of this technique are 

introduced.  

 
There are three major components for this technique: templates, template 

scaling rules, and the model equivalence method. Each type of industrial 

facilities has its own unique templates and associated template scaling rules, 

which are the basis for the creation of the template-based full model. The 

established template-based full model shall represent all loads inside the facility 

and capture major system dynamic characteristics during disturbances. The 

model equivalence for the template-based full model can be achieved by using 

the proposed aggregation algorithms for static loads and electric machines.  

 
The proposed aggregation algorithms for electric machines are known as 

“the bottom-up aggregation scheme” in this thesis, which is dedicated to group 

various electric machines. As one of the essential steps for the bottom-up 

aggregation scheme, a bus split algorithm is developed to deal with the case that 

induction and synchronous motors are connected to a downstream MCC bus 

through a transformer and/or series impedance at the upstream circuit. The bus 

split algorithm makes aggregation of upstream motors with the induction and 

synchronous motors connected to the downstream MCC bus feasible. This 

algorithm is verified to be accurate by a simple case study in this chapter. 

 
The proposed bus-split algorithm is based on linearization of differential 

equations of electrical machines and the network, so it is suitable for small signal 

stability analysis. Although case studies have verified that this method works for 

large disturbance such as three-phase faults, more “bullet proven” equivalence 

method is desirable. Future research will be conducted to address this issue.  
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For some types of industrial facilities such as oil refineries, VFDs are used 

in very small amount, therefore, only three types of loads, induction motors, 

synchronous motors, and static loads, are considered in the template-based load 

modeling. In other types of industrial facilities such as oil field, however, VFDs 

are widely used and motor drive systems must be included in the template-based 

load modeling. The equivalent dynamic model and aggregation algorithms for 

motor drive system will be provided in Chapters 4 and 5.  
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CHAPTER 3 TEMPLATE-BASED LOAD MODELING FOR OIL 

REFINERY FACILITIES 

 
To illustrate the template-based load modeling technique for industrial 

facilities, oil refinery facilities are chosen as an example.  The dynamic load 

model for the specific type of facilities is established using the proposed 

technique. The following are major parts to work on: 

• Establish templates for oil refinery facilities, 

• Create template scaling rules,  

• Determine the template-based full model (including electrical single-line 

diagrams, ratings and parameters for individual components) based on 

the template and template scaling rules, 

• Obtain the template-based equivalent model(s) by conducting model 

equivalence for the template-based full model using aggregation 

algorithms,  

• Verify the model equivalent method by comparing dynamic responses of 

the template-based equivalent model(s) with that of the template-based 

full model, and 

• Verify the accuracy of the template-based load modeling technique for 

industrial facilities by comparing dynamic responses of the template-

based full/equivalent models with that of the real facility and guideline 

models.     

 

3.1  Process of Template-Based Load Modeling 

3.1.1  Survey on Oil Refinery Facilities 
 

The templates and template scaling rules for oil refinery facilities are 

created based on extensive literature review [95-102] and the information from 

real facilities. Three general categories of oil refinery facilities are found in the 
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literature as follows [103] (the schematic flow chart of a typical oil refinery 

facility can be found in Figure 3.1 [104]):  

1) Topping refinery. This refinery separates the crude oil into its constituent 

products by Atmospheric Distillation unit (ADU). It consists only of an 

ADU and probably a catalytic reformer to provide octane (blue circle in 

Figure 3.1). Typically only condensates or light sweet crude would be 

processed at this type of facility unless markets for heavy fuel oil (HFO) 

are readily and economically available. Asphalt plants are topping 

refineries that run heavy crude oil because they are only interested in 

producing asphalt.  

2) Cracking refinery. This refinery is equipped with Vacuum Distillation 

Unit (VDU) and catalytic cracking in addition to equipment in a topping 

refinery (green rectangle in Figure 3.1). The cracking refinery reduces 

fuel oil by conversion to light distillates and middle distillates. It takes 

the gas oil portion from the VDU (a stream heavier than diesel fuel, but 

lighter than HFO) and breaks it down further into gasoline and distillate 

components using catalysts, high temperature and/or pressure. 

3) Coking refinery. This refinery processes vacuum residual fuel, the 

heaviest material from the VDU and thermally cracks it into lighter 

product using Delayed Coking process. The coking refinery adds more 

complexity to the cracking refinery (pink oval in Figure 3.1). 

 
Topping refinery plants are not common type of refinery facilities, only 

small amount of topping plants are found in Canada. Primary refinery facilities 

are Cracking Refinery in Canada. Therefore, only cracking refinery facilities and 

coking refinery facilities are considered to construct the template and dynamic 

load models.  

 
Compared to Canadian refinery facilities, the US refineries are configured 

to process a large percentage of heavy, high sulphur crude and to produce large 

quantities of gasoline, and low amounts of heavy fuel oil. U.S. refiners have 
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invested in more complex refinery configurations, which allow them to use 

cheaper feedstock and have a higher processing capability. Canadian refineries 

do not have the high conversion capability of the US refineries, because, on 

average, they process a lighter, sweeter crude slate. Canadian refineries also face 

a higher distillate demand, as a percent of crude, than those found in the U.S. so 

gasoline yields are not as high as those in the US, but are still significantly 

higher than European yields [103]. 

 
Research is conducted on electricity consumption for each process in oil 

refinery facilities. Reference [105] provides electrical consumption for each 

process based on estimated 2001 energy balance for the U.S. petroleum refining 

industry. Electrical consumptions for an individual refinery, however, will be 

different due to different process configurations. The estimate is based on 

combination of data from different sources and assumptions on process 

throughput and process energy intensities. Reference [106] summarizes total 

electricity demand in Hypothetical California Refinery. The three process units 

that consume most electricity are catalytic hydrocracker, alkylation unit and 

coker in this case. The published data in [105, 106] are summarized in Table 3.1. 

Electricity consumption for an existing Canadian coking oil refinery facility is 

also summarized in this table for comparison purpose. 

 
Table 3.1 indicates that the first three columns for refineries in U.S. and 

California show large electricity consumptions on the hydrotreater process. The 

general data for U.S. Refineries in the first column shows 33.395% electricity 

consumption, and for California refineries in the second and third columns show 

18.072% electricity consumption only from the hydrotreater process.  

Hydrotreating is a process used to remove sulphur from finished products. As 

the requirement to produce ultra low sulphur products increases, additional 

hydrotreating capability is being added to refineries. Refineries that currently 

have large hydrotreating capability are able to process crude oil with higher 

sulphur content. For comparison, the 4th column in Table 3.1 for a Canadian 

coking refinery facility shows that the hydrotreater process only consumes 
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2.14% electricity. Therefore, U.S. coking refineries process high sulphur crude 

oil, while Canadian coking refineries process low sulfur crude oil.    

 
 

 

Figure 3.1 Schematic flow chart of a typical oil refinery [104] 
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Table 3.1 Electrical consumptions of each process [105, 106] 

Petroleum refinery  
process 

Electrical consumptions of each process in percent of total 
electrical consumption for coking refinery in US and Canada 

U.S. 
Refineries 

% 

California 
Refineries 

% 

Hypothetical 
California 

Refinery, % 

A Canadian 
Coking 

Refinery, % 
Desalter 0.561 0.451 -- -- 
CDU(Crude 
Distillation Unit) 

7.625 4.539 6.827 2.68 

VDU(Vacuum 
Distillation Unit) 

1.785 1.861 2.289 9.86 

Hydrotreater 33.395 18.072 17.884 2.14 
Coking/Thermal 
Cracking 

9.772 7.697 18.028 8.57 

FCC(Fluid Catalytic 
Cracker) 

14.803 11.094 4.413 2.97 

Hydrocracker 12.396 25.289 32.731 30.02 
Reforming 7.210 5.498 2.778 0.67 
Deasphalting 0.451 0.423 0.656 -- 
Alkylates 5.852 3.186 11.785 1.26 
Aromatics 0.615 0.014 0.008 -- 
Asphalt 1.563 0.874 0.733 -- 
Isomers 0.841 0.733 0.630 5.97 
Lubes 2.632 2.270 0.17 -- 
Sulfur 0.229 0.226 1.052 2.30 
Hydrogen 0.189 4.412 -- 3.60 
Gas Plant -- -- -- 3.09 
Other 0.081 13.361 0.016 26.87 
Total process use 100 100 100 100 

 

3.1.2  Create Templates and Template Scaling Rules 
 

Due to significant differences in crude oil sulphur content processed by 

U.S. and Canadian oil refinery facilities, oil refineries are classified into four 

types as follows:  

1) Type 1: coking refinery processing high sulphur crude; 

2) Type 2: coking refinery processing low sulphur crude; 

3) Type 3: cracking refinery processing high sulphur crude; 

4) Type 4: cracking refinery processing low sulphur crude 

 
Total electrical consumption of an oil refinery facility is the sum of power 

consumed by each process. Typical processes in facilities of Types 2 and 4 and 

corresponding electrical consumption as percent of total consumption are 
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presented in Table 3.2. The electrical consumption of Type 2 facilities is based 

on a Canadian coking refinery while the electrical consumption of Type 1 

facilities is taken as the average mean of corresponding values for different US 

refineries [105, 106]. The electrical consumption for each process in Types 3 and 

4 can be easily calculated from Types 1 and 2, respectively, by assuming zero 

consumption for coking process.  

 
A survey on actual facilities and literature review indicate that major motor 

voltage levels used in oil refinery facilities are 480V/600V, 2.4 kV and 4.16 kV. 

Although 13.2 kV motors are used in some facilities, they are not very common. 

Therefore, the final motor data used to create templates (as shown in Table 3.3) 

do not include 13.2 kV motors.  

 
Based on the survey on a 108 MW actual oil refinery facility, it is found 

that only four VFDs are used in this large facility and supply power to two 250 

HP rated induction motors and two 150 HP rated induction motors. The power 

consumption of these drives is only 0.55% of the whole facility’s power 

consumption. Therefore, the presence of the VFDs can be ignored in the load 

modeling without introducing errors. Induction motors, synchronous motors and 

static loads are common loads in oil refinery facilities, therefore, only these three 

types of loads need to be included in the templates and the template-based load 

models.  

 
Using the data listed in Tables 3.2 and 3.3, the template and template 

scaling rules for Types 2 and 4 oil refinery facilities are established as shown in 

Table 3.4.  The template and template scaling rules for Types 1 and 3 can be 

established in a similar manner. 

 
The proposed templates are suitable for modeling any sized oil refinery. 

Based on the user input power demand (in MW) for a size-specific facility, loads 

contained in each process can be determined using templates and template 

scaling rules. 
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Table 3.2 Template for Types 2 and 4: electrical consumptions of each process  

Petroleum refinery  
process 

Electrical consumptions of each process in 
percent of total facility electrical consumption, % 

Type 2  Type 4 
CDU (Crude Distillation 
Unit) 

2.68 2.93 

VDU (Vacuum 
Distillation Unit) 

9.86 10.78 

Hydrotreater 2.14 2.34 
Coking 8.57 3.25 
FCC (Fluid Catalytic 
Cracker) 

2.97 32.83 

Hydrocracker 30.02 0.73 
Reforming 0.67 1.38 
Alkylates 1.26 6.53 
Isomers 5.97 2.52 
Sulfur 2.30 3.94 
Hydrogen 3.60 3.38 
Gas plant 3.09 29.39 
Other 26.87 100 
Total process use 100 2.93 

 

 
Table 3.3 Template: horsepower distribution vs. voltage levels for induction 

motors 

Individual motor HP in percent of total induction motor HP in the facility, % 
Voltage  

level 
Reference 

[13] 
Reference 

[8] 
Real 

facility 1 
Real 

facility 2 
Calculated 

average 
Template 

data 
480/600V 40.85 44.29 16.67 29.66 33 35 

2.4 kV 15.33 7.65 29.1 0 13 15 
4.16 kV 43.82 48.06 54.23 60.08 51.5 50 
13.2kV 0 0 0 10.26 2.5 0 
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Table 3.4 Templates and scaling rules for Types 2 and 4 
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3.1.3  Establish the Template-Based Full Model  
 

In developing the template-based full models, it is assumed that the 

connected load does not change during the observed disturbances, i.e., none of 

the load is tripped by protective equipment. This is a reasonable assumption for 

the model development due to the following reasons: 

1) Voltage variations at the interface bus between the industrial facility and 

the power grid are usually small in real life. A measurement had been 

conducted at a 230 kV bus for three years in [12], there were 2768 snap 

shots of voltage perturbations recorded, most perturbations are between 

1% and 4%, and only 22 perturbations with voltage variations exceeding 

20%. 

2) As the worst case scenario, a short circuit analysis is conducted for a 108 

MW coking oil refinery facility currently in operation in Canada. If a 

three-phase fault is applied at the 138kV utility interface bus of the 

facility which will cause 0% voltage at this bus during the fault, the 

motor control centers and switchgears where all motors are connected to 

will obtain 45%-65% nominal voltages during this fault. Based on 

Reference [1], motor starter contactors may drop open at 65-75% in the 

case of 2300V-4000V motors, and 55-65% in the case of motors at 460V 

and below. Therefore, if the duration of the applied three phase fault is 

long enough in this case, the motors might trip out of line. Although such 

condition is very rare, in most cases the motors should remain on line, 

considering the possible motor tripping in the template could serve as the 

future work.     

 
Based on the survey of oil refinery facilities, it is found that network 

configurations for this type of facilities are radial configurations, and the most 

common characteristics are the processes involved, which are almost the same 

for each category of oil refinery facilities. The electrical consumptions of the 

processes in refinery facilities were also investigated [105, 106]. Therefore, as 
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part of the template creation work, the electrical single-line diagrams for oil 

refinery facilities are established by showing particular industrial processes as 

substations.  

 
The electrical single-line diagrams for coking refinery facilities (Types 1 

and 2) and cracking oil refinery facilities (Types 3 and 4) are shown in Figures 

3.2 and 3.3, respectively. Each substation in the two figures represents a refinery 

process. Thus, coking refinery facilities are represented by 13 substations, while 

cracking refinery facilities are represented by 12 substations without the coking 

process. Note: some facilities may or may not have co-generation, which can be 

in or out of service according to the practical facility plan.  

 
Internal structures of the electrical single-line diagrams for coking and 

cracking refinery facilities in Figures 3.2 and 3.3 are created as follows based on 

extensive survey: 

1) The utility power supply is 138 kV.  

2) Two main transformers deliver power from the 138 kV UtilityBus to the 

13.8 kV system main bus (Bus 1).  

 

Bus1
13.8 kV

Utility Bus
138 kV

Utility Power

CB1

CB5

T2

CB3CB2

T1

CB4

Co-Gen#1

Sub#1-CDU

Sub#2-VDU

Sub#3-Hydrotreater

Sub#5-FCC

Sub#6-Hydrocracker

Sub#4-Coking

Co-Gen#2

Sub#7-Reforming

Sub#8-Alkylates

Sub#9-Isomers

Sub#10-Sulfur

Sub#11-Hydrogen

Sub#12-Gasplant

Sub#13-Other
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Utility Bus
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Utility Power

T1 T2
Co-Gen#1 Co-Gen#2
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Sub#3-Hydrotreater

Sub#5-FCC

Sub#6-Hydrocracker

Sub#7-Reforming

Sub#8-Alkylates

Sub#9-Isomers

Sub#10-Sulfur

Sub#11-Hydrogen

Sub#13-Other

CB2 CB3

CB4 CB5

CB1

Sub#4-Coking

Sub#12-Gasplant  

Figure 3.2 Template: electrical single-line diagram for Types 1 and 2 
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Figure 3.3 Template: electrical single-line diagram for Types 3 and 4 

 

3) Each refinery process is modeled as a substation connected to Bus 1.  

4) A 2000 ft main cable connects 13.8 kV Bus 1 to the 13.8 kV process 

main bus for each process.  

5) Within individual processes, motors and static loads are determined 

based on the templates. Induction motors are further divided into three 

groups, 0.46 kV, 2.3 kV and 4 kV.  

6) The step-down transformers convert the voltages from 13.8 kV process 

main bus to 0.48 kV, 2.4 kV and 4.16 kV, for the three induction motor 

groups.  

7) A 100 ft cable connects the 13.8 kV process main bus to the primary side 

of each step-down transformer.  

8) For refinery facilities, usually only three processes have synchronous 

motors: Hydroteater, Hydrocracker and Hydrogen. Synchronous motors, 

if present in the process, are connected to the same MCC bus (which is 

the secondary of one of the step-down transformers) as the 4 kV group of 

the induction motors for Hydrocraker and Hydrogen or as the 2.3 kV 

group of induction motors for Hydrotreater. That is to say, the induction 

and synchronous motors are connected to the same bus in a configuration 
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similar to Figure 2.4 (a).  

9) To simplify the model, static loads of each process are added together to 

form a single lumped static load for the whole facility, which is modeled 

as constant impedance connected to Bus 1.  

 
Using the electrical single-line diagram templates proposed in Figure 3.2 

or Figure 3.3, and assigning loads inside each process/substation based on 

templates and template scaling rules provided in Table 3.4, the template-based 

full model for a size-specific oil refinery facility can be developed.  

 
The detailed data for induction motors, synchronous motors, transformers, 

and cables used in the model creation can be found in Appendix A. As examples, 

load assignments inside each process/substation for a 108 MW Type 2 coking 

refinery facility are provided in Appendix B.   

 

3.2  Template-Based Models for a 108MW Coking Refinery Facility 

 
The template-based full (TF) model for a 108 MW Type 2 coking refinery 

facility is created and shown in Figure 3.4 based on load assignments in 

Appendix B.  

 
By applying the model equivalence methods proposed in Chapter 2 to the 

TF model, two template-based equivalent models, the EP and EF models, are 

obtained and shown in Figures 3.5 and 3.6. 
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Figure 3.4 The TF model for the 108 MW coking refinery facility 
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Figure 3.5 The EP model for the 108 MW coking refinery facility 
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Figure 3.6 The EF model for the 108 MW coking refinery facility 

 

3.3  Model Verification for the 108MW Coking Refinery Facility 

3.3.1  Three Template-Based Models  
 

Three template-based models (a full model and two equivalent models) for 

the 108MW coking oil refinery facility are obtained in previous section, 

however, only the equivalent models can be used for power systems dynamic 

studies because of their acceptable small size. However, to use the equivalent 

models, the equivalence between the template-based full model and its 

equivalent models, i.e., the accuracy of the proposed model equivalence method, 

must be verified.  

 
A 3-phase fault is applied at the 138 kV UtilityBus of the three template-

based models as shown in Figures 3.4-3.6. The fault starts at 1.0 second and ends 

at 1.15 seconds with total simulation time equal to 5 seconds. The simulation 

tool is ETAP. Dynamic responses of the three template-based models for the 

event are shown in Figure 3.7.   
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Figure 3.7 Dynamic responses at the transformer T1 and Utility main bus for the 
three template-based models 
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There are good agreements among the three models, which verify the 

accuracy of the proposed model equivalence methods. The two template-based 

equivalent models appear to have similar accuracies. The EP model has more 

physical meaning as each branch of the circuit represents a refinery process, 

while the EF model has the simplest form. The users can choose the equivalent 

model based on practical needs.  

 

3.3.2  Template-Based Full Model and Guideline Model  
 

To demonstrate advantages of the proposed template-based load modeling 

technique over the guideline modeling method, which is current practice for 

some utility companies, a guideline model is built using 30% static loads and 

70% induction motors for the 108 MW coking oil refinery facility. The electrical 

single-line diagram of the guideline model is shown in Figure 3.8.  

 
One issue faced by utility companies is that parameters such as the 

equivalent circuit parameters and inertia of the large motor in the guideline 

model are not available. Some utility companies simply use the default data 

provided by software tools such as the PSS/E, which may lead to serious errors 

in system modeling. In comparison, the template-based load modeling does not 

have such concerns as induction and synchronous motors used in the template-

based full model are small motors, the equivalent circuit parameters and inertia 

of these small motors are readily available either from manufacturer published 

data or typical data such as listed in Tables A.1 and E.2 and Figure A.1 in 

Appendices A and E. By applying the model equivalence method, the 

aggregated equivalent circuit parameters and inertia of the lumped large motors 

in the template-based equivalent models are calculated based on equivalent 

circuit parameters and inertia of each individual small motor in the template-

based full model, and thus, major dynamic response characteristics of each 

individual small motor are kept in the lumped large motor.        
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The following three sets of equivalent circuit parameters and inertia of the 

101340 HP induction motor in the guideline model are used to investigate effects 

of these parameters on dynamic responses of the system during disturbances:   

1) IM1: The equivalent circuit parameters proposed in [2] for large 

induction motors are used for the 101340 HP induction motor in the 

guideline model. The inertia constant H of the motor is assumed to be 10 

based on the default data from ETAP. 

2) IM2: The default equivalent circuit parameters of a 100 MVA induction 

motor provided in PSS/E are used for the 101340 HP induction motor in 

the guideline model. The inertia constant H is assumed to be 10.  

3) IM3: The equivalent circuit parameters of IM3 are the same as IM1, but 

the inertia constant H is assumed to be 2. The purpose is to show the 

impact of the inertia on the results.  

 

 
 

Figure 3.8 The guideline model for the 108 MW coking refinery facility 
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A 3-phase fault is applied at the 138 kV UtilityBus for the TF model 

(Figure 3.4) as well as the guideline model (Figure 3.8). Dynamic responses for 

the two models are compared in Figure 3.9. It is found that dynamic responses of 

the guideline models are much different when using different equivalent circuit 

parameters and inertia for the 101340 HP induction motor. Furthermore, the 

guideline model’s response will be the same for different types of industrial 

facilities with similar MW size. As a result, the template-based models have 

clear advantages over the guideline model to provide adequate representation of 

an industry facility. 

 

3.3.3  Template-Based Full Model and Real Facility Model  
 

To validate the proposed template-based load modeling technique, 

dynamic responses of the detailed ETAP model for a real 108 MW coking 

refinery facility are simulated using the transient stability program. This real 

facility is very large and complex with 35 plants on site. The simulated dynamic 

responses of the real facility are compared with that of the template-based full 

model under the same disturbance event.  

 
A three-phase fault is applied at the UtilityBus at 1.0 second and cleared at 

1.15 seconds for the TF model (Figure 3.4) and the detailed ETAP model of the 

real facility. To ensure consistency, a Utility Bus and two main transformers 

with MVA sizes identical to the TF model are added to the ETAP model of the 

real facility. Dynamic responses at the transformer T1 and 138 kV Utility main 

bus for both models are shown in Figure 3.9.  

 
It is found that dynamic responses of the template-based full model are 

very close to that of the real facility, while dynamic responses of the three 

guideline models drift away dramatically compared to that of the real facility. 

This proves that the template-based full/equivalent models can adequately 

represent industrial facilities. 
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Figure 3.9 Dynamic responses at the transformer T1 and 138 kV Utility main 
bus for the TF, guideline and real facility models 
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3.3.4  Effects of Configuration Change in Refinery Processes  
 

The templates for oil refinery facilities shown in Table 3.4 could be 

different from real refinery facilities. Therefore, effects of configuration change 

in refinery processes are studied to evaluate the robustness of the proposed 

templates. The following three cases are investigated for the 108 MW coking 

refinery facility:  

1) Case 1: The base case using the template provided in Table 3.4.  

2) Case 2: Compared to Case 1, remove 7000 HP induction motors (5% 

power consumption of the facility) in the process Hydrocracker and add 

7000 HP induction motors in the process FCC. 

3) Case 3: Compared to Case 1, remove 7000 HP induction motors in the 

process Hydrocracker and add 7000 HP synchronous motors in the 

process FCC. 

 
The established template-based full models for Cases 2 and 3 are different 

from that of Case 1 due to the variations of the template. A 3-phase fault is 

applied at the 138 kV UtilityBus for the three different template-based full 

models corresponding to the three cases, and their dynamic responses are 

compared in Figure 3.10.  

 
It is found that although modifying the template and the circuit by adding 

synchronous motors in Case 3 shows more influence on dynamic responses than 

only adding or removing induction motors in Case 2, dynamic models are in 

general insensitive to 5% changes in power consumption in the two processes. 

Since the system does not react greatly to a change in parameter values, it 

reduces uncertainty of the model behavior. 
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Figure 3.10 Dynamic responses at the transformer T1 and 138 kV Utility main 
bus for three template-based full models (Cases 1, 2 and 3) 
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3.4  Summary and Conclusions 

 
To illustrate the proposed template-based load modeling technique, the 

template-based full model and equivalent models are established for oil refinery 

facilities.  

 
The process of utilizing template-based load modeling for oil refinery 

facilities is explained in detail: step 1, create templates and template scaling 

rules according to extensive survey; step 2, establish the template-based full 

model based on the templates and template scaling rules; step 3, perform the 

model equivalence to the template-based full model to determined two template-

based equivalent models, EP and/or EF models, which can be readily used for 

power systems dynamic studies.  

 
To verify the accuracy of the model equivalence method, dynamic 

responses of the template-based full model are compared to that of the two 

template-based equivalent models, it is found that there are good agreements 

among the three models, and thus, the accuracy of the model equivalence 

methods is verified. The two equivalent models appear to have similar 

accuracies. The EP model has more physical meaning as each branch of the 

circuit represents a process, while the EF model has the simplest form. The users 

can choose the equivalent model based on practical needs. 

 
To demonstrate that the developed template-based full/equivalent models 

are adequate dynamic models for oil refinery facilities, dynamic responses of the 

template-based full model are compared with that of a real facility and the 

guideline model. There are good agreements between the template-based full 

model and the real facility, while the guideline model using three different sets 

of parameters for the induction motor drifts away dramatically from the real 

facility model. Therefore, it is verified that the template-based full/equivalent 

models can adequately represent practical industrial facilities.  
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The robustness of the created templates is also verified using a sensitivity 

study by conducting load changes in different refinery processes. It is found that 

the system does not react greatly to a 5% load change in the template, so it 

reduces uncertainty of the model behavior. 
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CHAPTER 4 DYNAMIC MODELS FOR MOTOR DRIVE SYSTEMS 

 
Two sets of research results on developing models of motor drive systems 

for power systems dynamic studies are presented in this chapter. The first set of 

research results clarifies how a VFD responds to voltage sags. Voltage sags 

occur when power systems experience short-circuit faults, which is typically the 

starting point of power systems dynamic simulation. This research shows that 

VFDs will trip when they experience a relatively large voltage sag (>20% - 30% 

voltage drop). As a result, there is no need to include VFDs in dynamic studies. 

Based on the finding, a simple procedure to determine if a VFD needs to be 

included for dynamic studies is proposed in this chapter. 

 
The second set of research results presents how to model VFDs when they 

experience mild voltage disturbances and are able to ride through. The 

equivalent dynamic models for motor drive systems dedicated under such 

conditions are proposed. These models are created using the linearization 

approach and include effects of the drive, the motor, and the control system. 

Since major work is focused on the second set, it will be introduced first in this 

chapter in Sections 4.1 – 4.5. The first set regarding the VFD tripping will be 

discussed in Section 4.6.  

4.1  Modeling Methodology for Ride-Through Variable Frequency 

Drives  

VFDs can be categorized into four most commonly used types based on 

their inverter topologies (Figure 4.1): 1) low voltage VSI drives, 2) low voltage 

CSI drives, 3) medium voltage neutral point clamped (NPC) inverter drives, and 

4) medium voltage cascaded inverter drives. Due to significant different 

topologies for the four types of drives, their mathematical models are different.  
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Figure 4.1 Common types based on inverter topologies of drives 

 
VSI drives require a simple diode bridge as a front-end converter featuring 

minimum costs, high efficiency, and high reliability for the rectifying stage 

[108]. This type of VFDs is most widely used in industrial facilities. Both scalar 

(voltage per Hz control) and vector control are used in VSIs. The energy storage 

is more practical and efficient in capacitors than in inductors. The main 

disadvantage of VSIs is the high dv/dt transient of the PWM-controlled inverter 

output voltage, which could cause harmful effect on the motor insulation, but 

such effect can be significantly lowered by adding a sine wave/load filter at the 

output of the inverter, which have been successfully practiced in real life [108, 

109].  

   
Although not as widely used as VSI drives, CSI drives are also used in 

industrial facilities. The CSIs offer a number of advantages including: 1) short 

circuit protection, the output current being limited by the regulated DC bus 

current; 2) low output voltage dv/dt due to the filtering effect of the output 

capacitors at the output of inverter; 3) instantaneous and continuous regenerative 

capabilities. These features in addition to the availability of large reverse 

blocking devices make the CSI-based drive attractive in medium to high power 

applications. Despite the advantages, CSI drives based on a thyristor front-end 

rectifier presents a poor and variable overall input power factor, and losses at dc-

link inductor for low voltage applications [109]. 
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Two common multilevel inverter structures widely used for high power 

applications are the NPC inverter and the cascaded inverter. The NPC inverter 

uses one DC link subdivided into a number of voltage levels by a series string of 

capacitors [158-161]. The configuration of a three-level NPC inverter motor 

drive system is shown in Figure 4.2 [160]. 

 
The cascaded inverter is made up from series connected single phase full 

bridge inverters, each with their own isolated DC bus [161, 118]. Figure 4.3 

shows a configuration for an 18-pulse cascaded inverter motor drive system 

[118]. The detailed descriptions for cascaded inverter drives can be found in 

Section 4.4.1. Both NPC and cascaded inverter drives have similar front-end, 

multiple 6-pulse rectifiers with phase-shifting transformers forming 18-pulse or 

24-pulse front-end, but their DC link and inverter configurations are completely 

different.  

 

 

Figure 4.2 Configuration for a three-level NPC motor drive system [160] 
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Figure 4.3 Topology of a nine-module 18-pulse cascaded inverter drive [118] 

 

Regardless how many differences the system configurations have, a motor 

drive system usually consists of three main components: 1) the drive, 2) the 

motor, and 3) the control system. The mathematical models of these components 

can be expressed by differential equations.  Induction motors are workhorse in 

industry, and are also major loads for VFDs. Three common control methods for 
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induction motors are: 1) voltage per Hz control, 2) field oriented control, and 3) 

direct torque control. 

 
During mild disturbances, drives can ride through and remain in service. 

The drives, their motor loads and the control systems all play a role in the overall 

dynamic response. Therefore, mathematical models for the drive, the motor and 

the control scheme shall be included in the development of the equivalent 

dynamic model. 

 
In this thesis, a linearization approach to create the equivalent dynamic 

model for motor drive systems when VFDs can ride through during disturbances 

is proposed as follows (illustrated in Figure 4.4): 

1) Find differential equations for the drive, the motor and the control 

system1,  

2) Combine all equations to establish the relationship among them, 

3) Linearize the combined differential equations to obtain the dynamic 

model for the motor drive system. 

 

 

Figure 4.4 The linearization approach to create equivalent dynamic models  

 
By applying the proposed approach, the equivalent dynamic model of a 

motor drive system can be established as shown in Figure 4.5. This model 

includes influences of the drive, the motor and their control system on the 

                                                           
1 Note: the control system considered in this thesis is the normal control such as the voltage per 
Hz control. Special designed control feature such as control for drives riding-through under 
faulted conditions are not included.  
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overall contribution to the power grid during disturbances, and thus accurately 

represents its dynamic characteristics. Both voltage dependence and frequency 

dependence are considered. The input variables for the model are the rms voltage 

per phase (E2) and the frequency (fg) of the drive power supply. The output 

variables are active power (P) and reactive power (Q) at the drive AC input 

connected to the power grid.  

 

 

Figure 4.5 Equivalent dynamic model for motor drive systems 

 
Sabir et al. summarize in [7] that the loads are usually subjected to two 

kinds of changes in stability studies: the first is the sudden voltage change 

caused by application and removal of faults; the other type is the change in 

voltage and frequency due to inter-area swings. Therefore, it is important that 

both voltage dependence and frequency dependence are included in the dynamic 

load model to cover all possible cases.  

 
The voltage variations are also known as voltage sags/dips, which are 

extensively discussed in the literature [31-37]. Andrew et al provide detailed 

explanations on the frequency variation in power grid [107]. The frequency 

deviations of a transient nature may result from increased or decreased 

consumption and/or removal or addition of power generation systems. Increased 

consumption and removal of power generation systems tend to cause a decrease 

of the grid frequency. Decreased consumption and addition of the power 

generation systems tend to cause an increase of the grid frequency. Power 

consumption and generation are time-dependent variables which may cause 

frequency variations in a range of approximately ±0.5 Hz. The frequency 

                                                           
2 Note: E is the symbol for the bus terminal voltage V here in the drive modeling sections 



 

88 
 

transients are usually of the duration measured in seconds or minutes. The 

magnitude of a frequency transient is typically influenced by a ratio of 

magnitude of a power variation to the total power level within the grid and 

associated interconnected grids throughout the duration of the variation. Larger 

frequency transients outside the range ±0.5 Hz could be a result of an immediate 

loss of one or more power generators [107].  

 
The proposed equivalent dynamic model is based on linearization of 

differential equations for motor drive systems, and it is suitable for small signal 

stability studies. On the other hand, VFDs will trip out of lines during large 

disturbances, and the motor drive systems are only considered in dynamic 

modeling for small voltage sags, so the equivalent dynamic model will serve 

well for power systems dynamic studies.  

 
In this chapter, dynamic models for VSI and cascaded inverter drives with 

their induction motor loads are created. Development of dynamic models for CSI 

([132-151]) and NPC inverter [158-161] motor drive systems will be part of the 

future work.   

 

4.2  Dynamic Models of VSI Motor drive Systems   

4.2.1 Overview of the Motor Drive Systems  
 

The low voltage 6-pulse PWM-controlled VSI based drives with diode 

front-ends (Figure 4.6) are most commonly used in various industrial facilities 

supplying power to induction motors. The equivalent dynamic model for this 

type of motor drive systems is developed. The control method considered is the 

voltage per Hz control. 

 
A group of differential equations representing dynamic average-value 

model for a load-commuted converter/rectifier proposed in [60] is adopted in 

this work. The DC link and voltage source inverter are also represented by 

differential equations. The average DC voltage and the average direct (d)- and 
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quadrature (q) -axis components of the AC source currents at the input of the 

drive can be predicted by differential equations of the rectifier. The d- and q-axis 

AC source currents are used to calculate real and reactive power supplied to 

motor drive systems. It is assumed that the cable between the drive and the 

motor is short, and thus, the impedance of the cable can be ignored. In this case, 

the inverter output voltage is considered to be directly applied to the motor 

stator, the relationship between parameters of the VFD and the motor are 

simplified and linked together easily. The control system applies more 

constraints on the VFD and the motor parameters and forms a complete picture 

of the whole system. 

 

 
(a) Rectifier and DC link 

 

(b) Inverter 

   Figure 4.6 Configuration of a low voltage 6-pulse VSI drive [60] 
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The voltage per Hz control method is designed to accommodate variable 

speed commends by using the inverter to apply a voltage of correct magnitude 

and frequency so as to achieve the commended speed [60].   

 
The constant voltage per hertz (V/f) control is an effective method for AC 

motor drive speed regulation. In this method, the inverter output voltage is 

varied proportionally to the reference frequency such that constant stator flux is 

maintained. Particularly in an induction motor drive, this operating mode results 

in shunt speed-torque characteristics (linear portion of the torque-speed curve), 

yielding low slip frequency, high energy efficiency and good speed regulation. 

Therefore, the method gained wide acceptance in many industrial and residential 

induction motor drive speed regulation applications. However, the V/f method is 

seldom implemented in its naive form, additional algorithms and control loops 

are included in the control algorithm to enhance its performance. Slip frequency 

compensation methods to improve the load overhaul characteristics, voltage 

boost methods to compensate for the resistive voltage drop at low speed, and 

frequency skipping techniques to avoid the unstable operating regions are widely 

established and utilized. State of the art V/f inverter drives perform satisfactorily 

in a wide speed range with 5% or better speed accuracy and higher resolution 

can be obtained with shaft encoder feedback. Typical application areas of V/f 

drives are pumps, ventilation systems etc., which have passive torque-speed 

characteristics (with inherent damping) and no precise speed regulation 

requirement [110].  

 
There are two types of voltage per Hz control methods available for 

induction motors: open-loop and closed-loop. The open-loop speed control is 

used when the accuracy in speed response is not a concern such as in HVAC 

(heating, ventilation and air conditioning), fan or blower applications. In this 

case, the supply frequency is determined based on the desired speed and the 

assumption that the motor will roughly follow its synchronous speed. The error 

in speed resulted from slip of the motor is considered acceptable. When the 

accuracy in speed response is a concern, the closed-loop speed control can be 
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implemented with the constant V/f principle through regulation of slip speed, 

where a PI controller is employed to regulate the slip speed of the motor to keep 

the motor speed at its set value [111-116]. The open-loop and closed-loop 

voltage per Hz control can be found in Figures 4.7 (a) and 4.7(b), respectively.  

 
In this thesis, a closed-loop voltage per Hz control method is chosen for 

the dynamic model development. The voltage per Hz control scheme provided in 

Matlab/Simulink (Figure 4.8) is adopted and will be used in the detailed 

switching models [117]. The open-loop voltage per Hz control method can be 

treated as a simplified case of the close-loop control by removing the speed 

feedback and the PI speed controller. 

 

 
(a) Open-loop voltage per Hz control [60] 

 
(b) Closed-loop voltage per Hz control [111] 

Figure 4.7 Voltage per Hz control schemes 
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Figure 4.8 The closed-loop voltage per Hz controller schematic from 
Matlab/Simulink [117] 
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4.2.2 Mathematical Model of VSI Drives  
 

The differential equations for the PWM-controlled VSI drives with diode 

front end in the three phase mode can be written in Equations (4.2-1)-(4.2-19). 

The effect of the commutation inductance lc in front of the VFD is included in 

these equations [60].  
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IdInverter ieP =                                                                     (4.2-18) 

IMInverter PP =                                                                     (4.2-19) 

where,  

P and Q – active and reactive power at the input of the VFD in front of the 

commutation inductor,  

lc – the commutation inductance, which is the sum of the power source 

inductance and the inductance of the ac line reactor if any 

E – the rms phase-to-ground voltage of power source,  

fg – the power supply frequency at the input of the drive. 

vd – the DC link voltage after rectifier 

ed – the DC link voltage before inverter 

id – the DC link current after rectifier 

iI – the DC link current entering inverter 

Vdiode – the diode forward voltage 

Cdc – the capacitance of DC link capacitor 

rdc – the resistance of DC link 

Ldc – the inductance of DC link reactor 

vqg – q-axis power source voltage 

vdg – d-axis power source voltage 

iqg – q-axis ac current at drive input 
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iqgcom – q-axis ac current at drive input during commutation period 

iqgcond – q-axis ac current at drive input during conduction period 

idg – d-axis ac current at drive input 

idgcom – d-axis ac current at drive input during commutation period 

idgcond – d-axis ac current at drive input during conduction period 

u – commutation angle 

vqs – q-axis voltage at inverter output 

vds – d-axis voltage at inverter output 

d – duty cycle 

PIM – active power at motor terminal (assuming there is only a short cable 

between the drive and the induction motor) 

PInveter – active power at output of the drive 

4.2.3 Mathematical Model of Induction Motors 

The differential equations representing the 5th order induction motor model 

are given as follows [4, 83]:   

dt

d
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drmdssds iLiL +=Ψ                                                            (4.2-24) 

qrmqssqs iLiL +=Ψ                                                           (4.2-25) 

drrdsmdr iLiL +=Ψ                                                             (4.2-26) 

qrrqsmqr iLiL +=Ψ                                                             (4.2-27) 

( )
dsqsqsdse iipT Ψ−Ψ= 5.1                                                   (4.2-28) 
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Assuming the stator transients can be negligible, the induction motor model 

becomes the 3rd order:  

0=
Ψ

dt

d ds                                                                      (4.2-30) 

0=
Ψ

dt

d qs                                                                      (4.2-31) 

For induction motors, the rotor is shorted, and thus, we have 

0=drv                                                                      (4.2-32) 

0=qrv                                                                           (4.2-33) 

where, 

Rs – Stator resistance 

Ls – Total stator inductance, Ls = ls +Lm  

ls – Stator leakage inductance 

Lm – Magnetizing inductance 

Rr – Rotor resistance 

Lr – Total rotor inductance, Lr = lr +Lm  

lr – Rotor leakage inductance 

vqs, iqs – q-axis stator voltage and current 

vds, ids – d-axis stator voltage and current 

Ψqs, Ψds – stator q and d axis fluxes 

Ψqr, Ψdr – rotor q and d axis fluxes 

ωr – Electric angular velocity of the rotor 

ωs – Stator field angular velocity in electrical rad/s 

p – number of pole pairs 

Te – electromagnetic torque 

TL – shaft mechanical torque 

H – Combined rotor and load inertia constant  
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4.2.4 Modeling of Motor Drive System Control Scheme 

The principle of the closed-loop voltage per Hz controller is investigated in 

this research. Reference [60] provides information on the voltage control method 

for duty-cycle modulator, which is a critical part in addition to the voltage per 

Hz control schemes shown in Figures 4.7 (a) and 4.7 (b). The goal is to obtain 

the appropriate duty cycle(s) and the converter reference frame position in order 

to achieve a desired fast average synchronous reference frame direct- and 

quadrature-axis voltage. The voltage control of a duty-cycle modulator for the 

pulse-width modulation is shown in Figure 4.9 [60].  

 

 

Figure 4.9 Voltage control of a duty-cycle modulator for PWM [60] 

 
The voltage command related to the duty-cycle modulation can be 

expressed as follows [60]: 
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where θce is angular displacement of the converter reference frame from the 

synchronous reference frame, that is 

ecce θθθ −=                                                                        (4.2-35) 

In this research work, the sine-triangle PWM is considered. In this case, 

replacing 
e

qsv with the commanded value 
*e

qsv ,  
e

dsv with the commanded value 



 

98 
 

*e

dsv , 
c

qsv  and 
c

dsv with the average values expression by Equations (4.2-15) and 

(4.2-16) yield 
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From Equation (4.2-36), the following relationships are obtained: 
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The developed block diagram for the closed-loop voltage per Hz control scheme 

used for the formula derivation is shown in Figure 4.10.  

 

 

Figure 4.10 Voltage per Hz control scheme for VSI motor drive systems 

 
The equations for the closed-loop voltage per Hz control are given as 

follows: 
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where Kpm is speed PI controller proportional gain, and Kim is speed PI controller 

integral gain. 

 
Dynamic models of the VSI motor drive systems with the open-loop 

voltage per Hz control can be easily obtained by simplifying the derived 

dynamic model using the closed-loop voltage per Hz control.       

 

4.2.5 The Equivalent Dynamic Model  
 

By combining Equations (4.2-1)-(4.2-41) and conducting linearization for 

the whole set of differential equations of the overall system, the dynamic model 

of the PWM controlled VSI based drive and induction motor system can be 

determined by Equations (4.2-42) and (4.2-43).  

( ) gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43
2

210                               (4.2-42) 

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210                              

 (4.2-43) 

The developed dynamic model includes both voltage dependence and frequency 

dependence for real and reactive power, and the coefficients, GP1, GP2, GP3, GP4, 

GQ1, GQ2, GQ3, and GQ4, in Equations (4.2-42) and (4.2-43) are expressed by 7th 

order transfer functions. The Simulink models for the dynamic model are shown 

in Figure 4.11.  

 
The 7th order transfer function represents seven first order differential 

equations in the overall motor drive system. The induction motor is 3rd order 

after ignoring stator transients, which represents three differential equations. The 

drive and the control system together have four differential equations. When the 

topology of the drive is changed, the order of the transfer functions could 
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change. For example, for CSI motor drive systems, it will be 10th order transfer 

functions in the dynamic model as more control is added.  

 
(a) Real power P 

 
(b) Reactive power Q 

Figure 4.11 Simulink models for the equivalent dynamic model 
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The AC current at the drive input can be determined by Equations (4.2-44) 

and (4.2-45). Both voltage and frequency dependence are also considered. The 

coefficients, GIqg1, GIqg2, GIdg1, and GIdg2, in the AC current calculations are 

expressed by 7th order transfer functions. 

gIqgIqgqgqg fGEGii ∆+∆+= 210                                                  (4.2-44) 

gIdgIdgdgdg fGEGii ∆+∆+= 210                                                 (4.2-45) 

All coefficients appear in the dynamic model and AC currents calculation 

can be determined by Equations (4.2-46)-(4.2-59). 
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0EEE −=∆                                                             (4.2-54) 

0ggg fff −=∆                                                             (4.2-55) 
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                                                                                 (4.2-59) 

P0, Q0, E0, fg0 are steady-state values for real and reactive power, phase-to-

ground voltage, and frequency at drive input connecting to the power grid. GP11–

GP18, …, GQ41–GQ48, and GIqg11–GIqg18, …, GIdg21–GIdg28, Pb1–Pb8 are 

characteristic parameters in the form of real constant numbers for a given 

system. S is the Laplace transform variable. For a given motor drive system, the 

denominators of the transfer functions for all coefficients (GP1, GP2, GP3, GP4, 

GQ1, GQ2, GQ3, GQ4, GIqg1, GIqg2, GIdg1, and GIdg2) are the same and determined by 

Pb1–Pb8. The Detailed model derivation can be found in Appendix C.   
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Using the transfer function format representing active and reactive power 

in dynamic models for power systems is introduced in [9] as follows: 

( ) ( )

001

01

0 V

SV

aSaSa

bSbSb

L

SL
n

n

n

n ∆

+++

+++
=

∆

L

L                                             (4.2-60) 

Since the transfer function format for dynamic load models has been well 

accepted, therefore, 7th order transfer functions are used for the equivalent 

dynamic models of VSI motor drive systems.  

 
To verify the accuracy of the dynamic model in Equations (4.2-42) and 

(4.2-43), a case study is conducted in next section.   

 
The equivalent dynamic model for the low voltage 6-pulse VSI motor 

drive systems is suitable for normal operating and three-phase balanced fault 

conditions, when three phases of the rectifier remain in operation. VFDs are 

most sensitive for balanced three phase faults [32, 33, 34], if the drive is able to 

ride through a balanced three phase fault, three phases of the rectifier will get 

involved just as the three phase normal operation mode. The equivalent dynamic 

models of VSI motor drive systems for unbalanced faults will serve as the future 

work.  
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4.3  Verification and Sensitivity Case Studies for VSI Motor drive 

Systems   

4.3.1 Case Study 1  

To verify the developed dynamic model for the low voltage 6-pulse PWM-

controlled VSI based drive and induction motor systems, a sample system is 

used as a case study with its parameters listed in Table 4.1.  

 
Table 4.1 Electrical parameters of the motor drive system for Case Study 1 

Induction Motor Parameters Converter, inverter, DC parameters, controller 
Nominal Power = 3 HP 
Nominal voltage Vb = 220 V (rms) 
Nominal frequency frated = 60 Hz  
Rs = 0.435 Ω 
ls = 0.002 H 
Rr = 0.816 Ω 
lr = 0.002 H 
Lm = 69.31e-3 H 
Inertia J = 0.089 Kg* m2  
Nominal speed nrated = 1705 rpm 
Pole pairs P = 2 
Load torque TL = 11 NM 
Target speed nr = 1700 rpm 

Diode forward voltage Vdiode = 1.3V 
DC bus capacitor Cdc = 3400e-6 F 
DC bus resistance rdc = 0 Ω 
DC bus inductance Ldc = 0 H 
Output frequency fout = 59.8 Hz 
PI speed controller Proportional gain Kpm = 9 
PI speed controller Integral gain Kim = 10 

Power Source 
Rated voltage 230V (rms) 
Rated frequency fg = 60Hz 
Commutation inductance lc = 10mH 
 

  

The detailed switching model and the dynamic model for the sample 

system are created using the parameters in Table 4.1 and simulated by 

Matlab/Simulink. The detailed switching model utilizing the library component, 

“Space Vector PWM VSI induction motor drive”, readily available in 

Matlab/Simulink. This library component consists of a low voltage 6-pulse VFD 

with a diode rectifier and a PWM controlled VSI, an induction motor, and the 

voltage per Hz controller. Its PWM control method is the space vector PWM. 

The high level schematic and Simulink schematic for this library component are 

shown in Figure 4.12. The dynamic model is created based on Equations (4.2-

42) and (4.2-43).  
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(a) The high level schematic 

 

 
(b) The Simulink schematic 

Figure 4.12 “Space Vector PWM VSI induction motor drive” from 
Matlab/Simulink library [117] 
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4.3.1.1  Voltage Dependence 

The verification of the dynamic model considering voltage dependence is 

conducted. The power source frequency remains constant in this case. The 

detailed switching model for the sample system is shown in Figure 4.13. 

 

 

Figure 4.13 The detailed switching model for Case Study 1 (voltage sag) 

 
A three phase fault is applied near the power source in front of the 

commutation inductance lc in the detailed model. The fault is applied at 1.4 s and 

cleared at 1.65 s.  The total simulation time is 2 seconds. The applied three phase 

fault will result in the 90% and 80% voltage sags at the fault location in the 

detailed switching model to represent real life events. 

 
The dynamic model for the sample system in this case is given in Table 4.2 

showing the detailed 7th order transfer functions as coefficients of the dynamic 

model. The resultant 90% and 80% voltage sags from the detailed switching 

model are applied directly to the dynamic model. Dynamic responses of the 

dynamic model are compared with that of the detailed switching model as shown 

in Figures 4.14 and 4.15. Note: the measured real and reactive power values 

from the detailed switching model are fundamental components. This applies to 

all drive simulation cases in this thesis.  
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Table 4.2 The dynamic model for Case Study 1 (Loading 1) 

 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43

2
210  

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210  

P0, Q0  2.163kW, 0.916kVAR 
GP1 












×−×−×−×−

−−×−×−












×+×+×+×

+×+++×

=

662533

4564-76-

672735

43567-5

1

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

101.4459101.9576101.6125104.7484

105.071824.92660.052102.1635

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×−×−×−×−

−−×−×−












×−×−×+×

+++×+×

=

662533

4564-76-

552433

456-47-8

2

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

108.5988106.5497108.9298103.006

32.55140.1552102.8828102.1646

SSS

SSSS

SSS

SSSS

GP

 

GP3 












×−×−×−×−

−−×−×−












×−×−×−×

−−−−×−

=

662533

4564-76-

562634

4567-6

3

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

102.8343103.8373103.161109.308

994.19344.88620.0102104.2410

SSS

SSSS

SSS

SSSS

GP

 

GP4 












×−×−×−×−

−−×−×−












×−×−×−

−−−×−×−

=

662533

4564-76-

34243

456-57-8

4

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

102.1344102.8898102.3804700.9526

7.48690.0368107.6763103.1938

SSS

SSSS

SSS

SSSS

GP

 

GQ1 












×−×−×−×−

−−×−×−












×−×−×+×

+×+++×

=

662533

4564-76-

772635

43567-6

1

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

106.3892104.6276108.7410102.8545

103.082014.78980.0282104.4123

SSS

SSSS

SSS

SSSS

GQ

 

GQ2 












×−×−×−×−

−−×−×−












×−×−×+×

+++×+×−

=

662533

4564-76-

552433

456-47-8

2

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

109.6032107.9003104.8141101.836

20.10440.0935101.556104.4516

SSS

SSSS

SSS

SSSS

GQ

 

GQ3 












×−×−×−×−

−−×−×−












×+×+×+×

−−−+×

=

662533

4564-76-

772534

4567-6

3

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

107.1612106.3518104.6725101.7284

221.26620.69190.0015108.7219

SSS

SSSS

SSS

SSSS

GQ

 

GQ4 












×−×−×−×−

−−×−×−












×+×+×+

−−−×+×

=

662533

4564-76-

55233

456-57-8

4

107.4598106.8740102.7531104.8821

48.33850.2787108.8511101.2103

105.3928104.7834103.5187130.1592

1.66630.0052101.115106.5681

SSS

SSSS

SSS

SSSS

GQ
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(a) Voltage Sag 

 
(b) Real Power P  

 
(c) Reactive Power Q  

Figure 4.14 Dynamic responses of the dynamic and detailed switching models 
for Case Study 1, 90% voltage sag 
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(a) Voltage Sag  

 
(b) Real Power P  

 
(c) Reactive Power Q  

Figure 4.15 Dynamic responses of the dynamic and detailed switching models 
for Case Study 1, 80% voltage sag 
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It is found that dynamic responses of the dynamic model have good 

agreements with that of the detailed switching model under 90% and 80% 

voltage sag conditions. Therefore, it is verified that the dynamic model 

considering voltage dependence is accurate. 

 

4.3.1.2  Frequency Dependence 

The equivalent dynamic model of VSI motor drive systems considering 

frequency dependence is verified. The parameters used in the simulation are the 

same as Table 4.1 except the following slight loading and speed changes of the 

induction motor: Load torque TL= 12 NM, and Target speed nr = 1705 rpm. 

 
The detailed switching model is shown in Figure 4.16. The dynamic model 

in this case can be found in Table 4.3.  

 

 

Figure 4.16 The detailed switching model for Case Study 1 (frequency variation) 
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Table 4.3 The dynamic model for Case Study 1 (Loading 2)  

 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43

2
210  

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210  

P0, Q0  2.390kW, 1.079kVAR 
GP1 












×−×−×−×−

−−×−×−












×+×+×+×

+×+++×

=

662533

4564-76-

672735

43567-5

1

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

102.728102.0327101.5598104.8122

105.224625.90750.055102.5104

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×−×−×−×−

−−×−×−












×−×−×+×

+++×+×

=

662533

4564-76-

552433

456-47-8

2

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

109.182107.1147108.2116102.9879

32.98070.1582102.9631102.8061

SSS

SSSS

SSS

SSSS

GP

 

GP3 












×−×−×−×−

−−×−×−












×−×−×−×

−−−−×−

=

662533

4564-76-

562635

4567-6

3

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

105.9746104.4519103.4161101.0539

1144.25.6740.012105.4979

SSS

SSSS

SSS

SSSS

GP

 

GP4 












×−×−×−×−

−−×−×−












×−×−×−

−−−×−×−

=

662533

4564-76-

34243

456-57-8

4

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

104.4993103.3526102.5726793.6598

8.61690.0427109.0638104.1403

SSS

SSSS

SSS

SSSS

GP

 

GQ1 












×−×−×−×−

−−×−×−












×−×−×+×

+×+++×

=

662533

4564-76-

772635

43567-6

1

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

107.53105.6084108.702103.0591

103.365816.24910.0312105.4298

SSS

SSSS

SSS

SSSS

GQ

 

GQ2 












×−×−×−×−

−−×−×−












×−×−×+×

+++×+×−

=

662533

4564-76-

652433

456-47-8

2

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

101.1204109.3198104.4695101.9288

21.59530.1006101.6593105.4008

SSS

SSSS

SSS

SSSS

GQ

 

GQ3 












×−×−×−×−

−−×−×−












×+×+×+×

−−−+×

=

662533

4564-76-

772534

4567-5

3

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

108.5129107.5495106.7872102.0493

271.80930.85970.0018101.0582

SSS

SSSS

SSS

SSSS

GQ

 

GQ4 












×−×−×−×−

−−×−×−












×+×+×+

−−−×+×

=

662533

4564-76-

55233

456-57-8

4

107.3298106.7504102.76104.966

49.69320.2882109.1785101.257

106.4108105.6853105.1112154.3265

2.04690.0065101.321107.9686

SSS

SSSS

SSS

SSSS

GQ
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The disturbance in this case is a step decrease of the power source 

frequency from 60Hz to 52Hz. The frequency variation is applied at 1.4 s and 

cleared at 1.65 s at the power source in the detailed switching model. The total 

simulation time is 2 seconds. It is interesting to notice when the power source 

frequency is changed, the voltage will vary slightly, i.e., the frequency variation 

causes a frequency sag and corresponding small voltage variation in the detailed 

switching model. The resultant frequency sag and voltage variation are applied 

directly to the developed dynamic model for model verification purpose. 

 
The dynamic responses of the dynamic model and the detailed switching 

model at the drive AC input during the frequency disturbance are simulated by 

Matlab/Simulink and compared in Figure 4.17.  

 
It is found that dynamic responses of the dynamic model have good 

agreements with that of the detailed switching model. Therefore, it is verified 

that the dynamic model considering frequency dependence is accurate. 

 

 
 (a) Frequency variation 
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(b) Voltage variation caused by frequency variation 

 
(c) Real Power P 

 
(d) Reactive Power Q 

Figure 4.17 Dynamic responses of the dynamic and detailed switching models 
for Case Study 1, frequency variation 
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4.3.1.3  Voltage Sag and Frequency Variation 

 
In this scenario, it is assumed that the voltage sag and the frequency 

variation happen at the same time in the system. To simulate such a condition, 

the detailed switching model of the system has a three-phase fault applied in 

front of the commutation inductance lc, which causes the 92.2% voltage sag. In 

the mean while, the power source frequency decreases from 60 Hz to 52 Hz.  

Both voltage sag and frequency variation are applied to the detailed switching 

model at 1.4 s and cleared at 1.65 s with total simulation time equal to 2 seconds.  

 
The detailed switching model is shown in Figure 4.18 with a frequency 

step variation applied at the power source and a three-phase fault applied at the 

upstream of the commutation inductance. The simulation parameters are the 

same as that used for the frequency dependence verification in Section 4.3.2. The 

developed dynamic model is the same as Table 4.3.  

 

 

Figure 4.18 The detailed switching model for Case Study 1 (voltage sag and 
frequency variation) 

 
The dynamic responses of the dynamic model and the detailed switching 

model for this scenario are shown in Figure 4.19. There are good agreements 
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between the two models, which provide further verification of the accuracy of 

the dynamic model.   

 

 
(a) Frequency variation 

 
(b) Voltage variation 

 
(c) Real power 
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(d) Reactive power 

Figure 4.19 Dynamic responses of the dynamic and detailed switching models 
for Case Study 1, voltage sag and frequency variation 

 

4.3.2 Case Study 2  
 

To further verify the dynamic model for low voltage 6-pulse VSI drives 

and induction motor systems, the second case study is conducted. The detailed 

switching model and the equivalent dynamic model for Case Study 2 are created 

using the parameters listed in Table 4.4. The data of the 25 HP induction motor 

are from Table E.2 in Appendix E.  

 
Table 4.4 Electrical parameters of the motor drive system for Case Study 2 

Induction Motor Parameters Converter, inverter, DC parameters, controller 
Nominal Power = 25 HP 
Nominal voltage Vb = 460 V (rms) 
Nominal frequency frated = 60 Hz  
Rs = 0.249 Ω 
ls = 0.0015 H 
Rr = 0.536 Ω 
lr = 0.0015 H 
Lm = 58.7e-3 H 
Inertia J = 0.554 Kg* m2  
Nominal speed nrated = 1695 rpm 
Pole pairs P = 2 
Load torque TL = 87.5 NM 
Target speed nr = 1695 rpm 

Diode forward voltage Vdiode = 1.3V 
DC bus capacitor Cdc = 4500e-6 F 
DC bus resistance rdc = 0 Ω 
DC bus inductance Ldc = 0 H 
Output frequency fout = 60 Hz 
PI speed controller Proportional gain Kpm = 9 
PI speed controller Integral gain Kim = 10 

Power Source 
Rated voltage 480V (rms) 
Rated frequency fg = 60Hz 
Commutation inductance lc = 4mH 
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4.3.2.1  Voltage Dependence 

 
The system configuration of the detailed switching model for Case Study 2 

is similar to Figure 4.13. The power source frequency remains constant in this 

case.  

 
A three phase fault is applied near the power source in front of the 

commutation inductance lc in the detailed switching model. The fault is applied 

at 4.4 s and cleared at 4.65 s. The total simulation time is 5 seconds. The applied 

three-phase fault will result in the 90% and 80% voltage sags. 

 
The dynamic model for Case Study 2 is provided in Table 4.5. The 

resultant 90% and 80% voltage sags from the detailed switching model are 

applied directly to the developed dynamic model.  

 
The dynamic responses at the fault location for the dynamic model are 

compared with that for the detailed switching model in Case Study 2 as shown in 

Figures 4.20 and 4.21. Good agreements between the two models are obtained. 

Therefore, it is verified by Case Study 2 that the dynamic model considering the 

voltage dependence is accurate. 
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Table 4.5 The dynamic model for Case Study 2 

 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43

2
210  

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210  

P0, Q0  17.114kW, 6.436kVAR 
GP1 












×−×−×−×−

−−×−×−












×+×+×+×

+×+++×

=

662533

4564-76-

772736

44567-5

1

101.0757109.8519103.2899104.9247

42.55860.2262107.1073101.0261

101.1622108.2785106.409101.8184

101.9886102.12730.217106.7595

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×−×−×−×−

−−×−×−












×−×−×+×

+++×+×
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(a) Voltage Sag 

 
(b) Real Power P 

 
(c) Reactive Power Q 

Figure 4.20 Dynamic responses of the dynamic and detailed switching models 
for Case Study 2, 90% voltage sag  

 



 

120 
 

 

 
(a) Voltage Sag  

 
(b) Real Power P  

 
(c) Reactive Power Q  

Figure 4.21 Dynamic responses of the dynamic and detailed switching models 
for Case Study 2, 80% voltage sag 
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4.3.2.2  Frequency Dependence 

 
The disturbance in this case is the frequency step decrease at the power 

source from 60 Hz to 52 Hz. The frequency variation is applied at 4.4 s and 

cleared at 4.65 s in the detailed switching model. The total simulation time is 5 

seconds. It is interesting to notice when the power source frequency is changed, 

the voltage will vary slightly, i.e., the frequency variation causes a frequency sag 

and corresponding small voltage variation in the detailed switching model. The 

resultant frequency sag and voltage variation are applied directly to the dynamic 

model. 

 
The dynamic responses of the dynamic model and the detailed switching 

model during the frequency disturbance are simulated by Matlab/Simulink and 

shown in Figure 4.22. Good agreements are obtained between the two models. 

Therefore, it is verified that the dynamic model considering the frequency 

dependence is accurate for Case Study 2. 

 

 
 (a) Frequency Sag 
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(b) Voltage variation during the frequency sag 

 
(c) Real Power P 

 
(d) Reactive Power Q 

Figure 4.22 Dynamic responses of the dynamic and detailed switching models 
for Case Study 2, frequency variation 
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4.3.2.3  Voltage Sag and Frequency Variation  

 
In this scenario, it is assumed that the voltage sag and the frequency 

variation happen at the same time in the system. To simulate such a condition, 

the detailed switching model has a three-phase fault applied in front of the 

commutation inductance lc, which causes the 92.2% voltage sag, and the power 

source frequency decreases from 60 Hz to 52 Hz.  Both voltage sag and 

frequency variation are applied to the detailed switching model at 4.4 s and 

cleared at 4.65 s with total simulation time equal to 5 seconds. The simulation 

parameters are the same as Table 4.4. The derived dynamic model is the same as 

Table 4.5.  

 
The dynamic responses of the dynamic model and the detailed switching 

model for this scenario in Case Study 2 are shown in Figure 4.23. There are 

good agreements between the two models, which provide further verification of 

the accuracy for the dynamic model.   

 
Based on the model verification using Case Studies 1 and 2, it is concluded 

that the equivalent dynamic model is able to capture major dynamic 

characteristics of the system and accurately determine its contribution to the 

power grid during disturbances. Therefore, it is an adequate load model for VSI 

motor drive systems for power systems dynamic studies.  

  

 
(a) Frequency variation 
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(b) Voltage variation 

 
(c) Real power 

 
(d) Reactive power 

Figure 4.23 Dynamic responses of the dynamic and detailed switching models 
for Case Study 2, voltage sag and frequency variation 
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4.3.3 Sensitivity Study  
 

All parameters play a role on overall dynamic responses of motor drive 

systems, it is important to know their individual influence on the equivalent 

dynamic model. A sensitivity study is conducted for Case Study 1 evaluating the 

impact of the following three parameters on dynamic responses of the developed 

dynamic model: 1) the commutation inductance lc, 2) the DC link capacitance 

Cdc, and 3) Load torque TL of the induction motor.  

 
Figure 4.24 shows the dynamic responses of the dynamic model for 90% 

voltage sag with the commutation inductance lc varies, the lc values considered 

in the simulation are 12 mH, 10 mH, and 5 mH. Other parameters are the same 

as that in Table 4.1. It is found that the commutation inductance has more 

influence on dynamic transients on real power than that on reactive power but 

almost no effect on the steady-state value of the real power. On the other hand, 

the commutation inductance has significant effect on the steady-state value of 

the reactive power.  

 
The dynamic responses of the developed dynamic model for 90% voltage 

sag are shown in Figure 4.25 with the DC link capacitance Cdc varies, the Cdc 

values considered in the simulation are 2500 µF, 3400 µF and 4500 µF. Other 

parameters are the same as that in Table 4.1. It is found that increasing the DC 

link capacitance tends to increase the magnitude of the dynamic transient for real 

and reactive power. The DC link capacitance has no effect on the steady-state 

values for the real and reactive power.  

 

The following three different load torques TL applied to the induction 

motor for Case Study 1 for 90% voltage sag: 5 NM, 8 NM, and 11 NM, which 

correspond to 42%, 67%, and 92% loading of the motor, respectively. Other 

parameters are the same as Table 4.1. The simulated dynamic responses of the 

developed dynamic model in this case are shown in Figure 4.26. It is found that 
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the load torque/loading factor of the motor has significant effect on both steady-

state and dynamic transient responses for real and reactive power.  

 

 

(a) Real power P 

 

(b) Reactive power Q 

Figure 4.24 Commutation inductance lc  
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(a) Real power P 

 

(b) Reactive power Q 

Figure 4.25 DC link capacitance Cdc  
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(a) Real power P 

 
(b) Reactive power Q 

Figure 4.26 Load torque of the motor TL  
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4.4  Dynamic Model for Cascaded Inverter Motor Drive Systems   

4.4.1 Overview of Motor Drive Systems   
 

The cascaded H-bridge multi-level inverter type medium voltage drives are 

one of topologies for very high power applications [118-122]. This type of 

medium voltage drive and induction motor systems is modeled in the thesis. The 

drive is constructed using a series of low voltage power module. Usually, nine 

power modules will form an 18-pulse, and twelve power modules will form a 

24-pulse system at the drive input.  

 
The topology of a nine-module 18-pulse medium voltage drive is shown in 

Figure 4.3 [118]. With three power modules in series per phase, the drive can 

produce as much as 1440Vac line-to-neutral, or 2494Vac line-to-line at the 

output. The voltage waveforms consist of seven distinct line-to-neutral voltage 

levels (±1800, ±1200, ±600, or 0 volts). Similarly, for a twelve-module 24-pulse 

medium voltage drive, it can produce line-to-neutral voltage up to 1920Vac 

(line-to-line voltage up to 3325V). At the drive input, there is a phase-shifting 

transformer, and the phase-shift angle differs by multiple of 20º for 2400Vac 18-

pulse drives and by multiple of 15º for 3300Vac 24-pulse drives [118].  

 
The configuration of each power module is shown in Figure 4.27 [118, 

120]. Each power module is a static PWM power converter, there is a three 

phase full bridge diode converter exactly the same as the low voltage 6-pulse 

drive, which is capable of receiving input power from one of the phase-shifting 

transformer secondary’s at 480Vac, 50/60Hz, charges a DC link capacitor to 

about 600Vdc. The DC voltage feeds a single-phase full bridge inverter, which is 

delivered to a single-phase load at any voltage up to 480Vac [118]. The output 

of multiple single-phase inverters will be connected in series feeding one phase 

of an induction motor as shown in Figure 4.28 [121].  
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Figure 4.27 A typical power module [118, 120] 

  

 

Figure 4.28 One phase of H bridge cascaded multi-level inverter connecting to 
Phase a of an induction motor [121] 
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4.4.2 Mathematical Model of Each Power Module   
 

The dynamic model derivation of the medium voltage cascaded H-bridge 

multi-level inverter drives starts from the low voltage power module. For each 

low voltage power module connected to the transformer secondary windings 

without phase-shifting (phase-shifting angles equal to 0º), the dc link voltage 

from the diode converter can be calculated as follows:  

( )
diode

d
cdgcd V

dt
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where,  

Pea and Qea – active and reactive power at the input of each power module,  

lc – the commutation inductance, which is the sum of the power source 

inductance and the inductance of the phase-shifting transformer 

E – the rms phase-to-ground voltage supplied to the power module,  

fg – the power supply frequency at the input of the drive. 

vd – the DC link voltage after rectifier 

ed – the DC link voltage before inverter 

id – the DC link current after rectifier 

iI – the DC link current entering inverter 

Vdiode – the diode forward voltage 

Cdc – the capacitance of DC link capacitor 

rdc – the resistance of DC link 

Ldc – the inductance of DC link reactor 

vqg – q-axis power source voltage at the input of each power module 

vdg – d-axis power source voltage at the input of each power module 

iqg – q-axis ac current at the input of each power module 

iqgcom – q-axis ac current at the input of each power module during commutation 

period 

iqgcond – q-axis ac current at the input of each power module during conduction 

period 

idg – d-axis ac current at the input of each power module 

idgcom – d-axis ac current at the input of each power module during commutation 

period 
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idgcond – d-axis ac current at the input of each power module during conduction 

period 

u – commutation angle 

 
It is verified in this study that the dc link voltages from the diode 

converters connected to the transformer secondary windings with phase-shifting 

angles not equal to 0º are exactly the same as Equation (4.6.1). 

 
The output voltage from the single-phase full bridge inverter for each 

power module can be determined as follows: 

ddeV =0

                                                                         
(4.6-15) 

where V0 is the output voltage from each power module, d is duty cycle. 

 
For an 18-pulse system with three power modules each phase connected to 

the induction motors, the phase a voltage of the induction motor can be 

determined as follows: 
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where npulse is the pulse number of the MVD, Van is the voltage at phase a of the 

induction motor. 

 
The voltages at phases b and c can be determined similarly as follows: 
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The three phase voltages of the induction motor in abc frame are converted to 

dq0 frame as follows: 
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0=dsV

                                                                         
(4.6-18) 

where, 

vqs – q-axis voltage at the terminal of induction motor 

vds – d-axis voltage at the terminal of induction motor 

 
The differential equations for induction motors are the same as Equations 

(4.2-20)-(4.2-29), so they will not be repeated here.  

 

4.4.3 Modeling of Motor Drive System Control Scheme   
 

The real power supplying to the induction motor for an 18-pulse MVD 

Pac_IM is: 
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(4.6-19) 

The total DC power at DC links for all power modules corresponding to 

real power supplying to the induction motor for the 18-pulse MVD is: 
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Ignoring the losses at the inverters at the power modules, the following 

equation is satisfied:   

dcIMac PP =_                                                                                

 
(4.6-21) 

Substitute Equations (4.6-19) and (4.6-20) in Equation (4.6-21): 
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Substitute Equation (4.6-3) in Equation (4.6-22), we have 
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The q-axis component of the motor stator current can be determined from 

Equation (4.6-23) as follows: 
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Linearize Equation (4.6-24): 
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Substitute Equations (4.6-17) and (4.6-18) in Equation (4.2-34) yield: 
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From Equation (4.2-36), the following relationships are obtained: 
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The developed block diagram for the closed-loop voltage per Hz control 

scheme used for the formula derivation for the 18-pulse MVD-induction motor 

system is shown in Figure 4.29. The equations for the closed-loop voltage per 

Hz control are given as follows: 
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where Kpm is speed PI controller proportional gain, and Kim is speed PI controller 

integral gain. 

 

 

Figure 4.29 Voltage per Hz control scheme for the 18-pulse cascaded inverter 
motor drive system  

 
Linearize Equations (4.6-28) and (4.6-29), the relationship between ωs and 

ωr can be determined as follows:  
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Substitute Equation (4.6-34) in Equation (4.6-25): 
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Linearize Equation (4.6-17): 
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Substitute Equation (4.6-34) in Equation (4.6-40), we have 
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4.4.4 The Equivalent Dynamic Model   

At the input of the MVD, the real and reactive power at each power 

module are the same, and thus, the total real and reactive power of the 18-pulse 

MVD can be expressed by the power module number, which is 9 for 18-pulse 

MVD, multiplied by the real ad reactive power for each power module as 

follows:  
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( )qgqgdgdguleperac iViVP +=
2

3
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( )dgqgqgdguleperac iViVQ +−=
2

3
mod_

                                            
(4.6-47) 

EVqg 2=

                                                                
(4.6-48) 

0=dgV

                                                                    
(4.6-49) 

The method for deriving the dynamic model for the 18-pulse cascaded inverter 

motor drive systems are similar to the 6-pulse VSI motor drive systems, and the 

detailed derivation can be found in Appendix F. 

 
The derived dynamic model for the cascaded inverter motor drive systems 

is given as follows, which has the same format as that for VSI motor drive 

systems:  

( ) gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43
2

210                               (4.6-50) 

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210                              

 (4.6-51) 

where the formula of all coefficients GP1-GP4 and GQ1-GQ4 are the same as 

Equations (4.2-46) – (4.2-53).  
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4.5  Verification and Sensitivity Case Studies for Cascaded Inverter 

Motor Drive Systems    

4.5.1 Case Study   
 

To verify the dynamic model for the cascaded inverter motor drive 

systems, a case study is conducted. The system consists an 18-pulse MVD with 

cascaded H-bridge inverter, a 2300V 1500HP rated induction motor with voltage 

per Hz control. The detailed switching model and the dynamic models for this 

case study are created using the parameters listed in Table 4.6. The data of the 

motor are from Table E.2 in Appendix E. The derived dynamic mathematical 

model for the given system is provided in Table 4.7.  

 
Table 4.6 Electrical parameters of the cascaded inverter motor drive system 

Induction Motor Parameters Converter, inverter, DC parameters, controller 
Nominal Power = 1500 HP 
Nominal voltage Vb = 2300 V (rms) 
Nominal frequency frated = 60 Hz  
Rs = 0.056 Ω 
ls = 0.001 H 
Rr = 0.037 Ω 
lr = 0.001 H 
Lm = 0.0527 H 
Inertia J = 44.548 Kg* m2  
Nominal speed nrated = 1783 rpm 
Pole pairs P = 2 
Load torque TL = 1500 NM 
Target speed nr = 1771 rpm 

Diode forward voltage Vdiode = 1.3V 
DC bus capacitor Cdc = 10000e-6 F 
DC bus resistance rdc = 0 Ω 
DC bus inductance Ldc = 0 H 
Output frequency fout = 60 Hz 
PI speed controller Proportional gain Kpm = 9 
PI speed controller Integral gain Kim = 10 

Power Source 
Rated voltage 480V (rms) 
Rated frequency fg = 60Hz 
Commutation inductance lc including the 
phase-shifting transformer impedance = 1.2mH 
 

 
 
4.5.1.1  Voltage Dependence  

The detailed switching model used in the simulation for voltage 

dependence verification is shown in Figure 4.30. The 90% and 80% voltage sags 

are applied at the power source in the dynamic model and the detailed switching 

model at 14.4 s and cleared at 14.65 s. The total simulation time is 15 seconds. 
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Table 4.7 The dynamic model for the cascaded inverter motor drive system 

 The derived dynamic model for the sample MVD-induction motor system 
Derived 
Dynamic 
Model 

( )
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2
210  
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2
210  

P0, Q0  291kW, 73kVAR 
GP1 












×−×−×−×−

−−−×−












×+×+×+×

+×+×++

=

662534

45675-

892837

455467

1

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

108.0349101.3533102.6099103.2896

109.4318103.9584203.17710.0388

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×−×−×−×−

−−−×−












×−×−×−×

+×+++×

=

662534

45675-

772534

43567-6

2

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

101.5042101.2378105.0765107.0446

102.1104132.28830.6836107.2285

SSS

SSSS

SSS

SSSS

GP

 

GP3 












×−×−×−×−

−−−×−












×−×−×−×

−×−×−−−

=

662534

45675-

882736

455367

3

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

101.2782102.1528104.1517105.2329

101.5004106.296832.32060.0062

SSS

SSSS

SSS

SSSS

GP

 

GP4 












×−×−×−×−

−−−×−












×−×−×−×

−−−−×−

=

662534

45675-

552534

4567-5

4

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

104.6122107.7682101.4981101.8883

541.399122.72160.1166102.2258

SSS

SSSS

SSS

SSSS

GP

 

GQ1 












×−×−×−×−

−−−×−












×−×−×−×

+×+×++

=

662534

45675-

982736

455467

1

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

101.0834108.1504101.0722109.1246

102.6868101.468375.72260.0048

SSS

SSSS

SSS

SSSS

GQ

 

GQ2 












×−×−×−×−

−−−×−












×−×−×−×

++++×−

=

662534

45675-

662534

4567-5

2

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

109.6756108.4886105.0453101.7416

553.920149.59290.2573102.5154

SSS

SSSS

SSS

SSSS

GQ

 

GQ3 












×−×−×−×−

−−−×−












×+×+×+×

+×+−−

=

662534

45675-

992836

45567

3

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

103.1788103.0221102.4459106.6348

101.7394568.38273.74200.0215

SSS

SSSS

SSS

SSSS

GQ

 

GQ4 












×−×−×−×−

−−−×−












×+×+×+×

++−−×

=

662534

45675-

772534

4567-5

4

104.819104.6363103.8931101.2962

347.31302.83280.0133103.5641

101.1470101.0905108.8257102.3941

627.64622.05100.0135107.7453

SSS

SSSS

SSS

SSSS

GQ

 

  



 

141 
 

 

 

 

Figure 4.30 The detailed switching model for the 18-pulse cascaded inverter motor drive system (Voltage dependence) 
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The dynamic responses of the dynamic model and the detailed switching 

model for 90% and 80% voltage sags are shown in Figures 4.31 and 4.32, 

respectively. It is found there are good agreements between the two models, 

which verify the adequacy of the derived dynamic model. 

 

 

(a) Voltage Sag 

 
(b) Real Power P 

 
(c) Reactive Power Q 

Figure 4.31 Dynamic responses of the dynamic and detailed switching models 
for the cascaded inverter motor drive system, 90% voltage sag 



 

143 
 

 

 
(a) Voltage Sag  

 

 
(b) Real Power P  

 

 
(c) Reactive Power Q  

Figure 4.32 Dynamic responses of the dynamic and detailed switching models 
for the cascaded inverter motor drive system, 80% voltage sag 
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4.5.1.2  Frequence Dependence  

The detailed switching model for the frequency dependence verification is 

shown in Figure 4.33. The frequency variation from 60 Hz step changed to 55 

Hz is applied at the power source in the detailed switching model at 14.4 s and 

cleared at 14.65 s. The total simulation time is 15 seconds. The frequency 

variation and corresponding small voltage variation caused by the frequency 

variation are applied to the dynamic model. The dynamic responses of the 

dynamic model and the detailed switching model in this case are shown in 

Figure 4.34.  

 
The comparison between the dynamic model and the detailed switching 

model for the sample system shows good agreements and similar tendency, 

which verify the adequacy of the dynamic model.        
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Figure 4.33 The detailed switching model for the 18-pulse cascaded inverter motor drive system (frequency dependence) 
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(a) Frequency variation 

 
(b) Voltage variation 

 
(c) Real Power P 
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(d) Reactive Power Q 

Figure 4.34 Dynamic responses of the dynamic and detailed switching models 
for the cascaded inverter motor drive system, frequency variation 

 

4.5.2 Sensitivity Study   
 

A sensitivity study is conducted for the equivalent dynamic model of the 

cascaded inverter motor drive system by evaluating the impact of the following 

three parameters on dynamic responses: 1) the speed controller parameters Kp 

and Ki, 2) the DC link capacitance Cdc, and 3) Load torque TL of the induction 

motor.  

 
Figure 4.35 shows the dynamic responses of the developed dynamic model 

for 90% voltage sag with the speed controller parameters Kp and Ki vary. The 

following three cases are considered: 1) Kp = 1.25, and Ki = 1.6; 2) Kp = 9, and 

Ki = 10; 3) Kp = 0.1, and Ki = 0.01. Other parameters are the same as that listed 

in Table 4.6.  The control parameters with Kp = 9 and Ki = 10 in Case 2 show the 

best performance, the system is able to recover quickly after disturbances and 

reaches the previous steady-state values, which coincides with the detailed 

switching model response as shown in Figure 4.31. However, the control 

parameters in Cases 1 and 3 do not have good performance during disturbances. 

Therefore, it is very important that a proper control parameters for the speed 

controller are used in the dynamic model (such as Kp = 9 and Ki = 10), 

otherwise, the system will not be able to reach steady-state after disturbances. 
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(a) Real power P 

 

(b) Reactive power Q 

Figure 4.35 The speed controller parameters Kp and Ki  
 

The dynamic responses of the developed dynamic model for 90% voltage 

sag with the DC link capacitance Cdc varying are shown in Figure 4.36. The Cdc 

values considered in the simulation are 9200 µF, 10000 µF and 18000 µF. Other 

parameters are the same as that listed in Table 4.6. It is found that increasing the 

DC link capacitance tends to increase the magnitude of the dynamic transient for 

both real and reactive power. The DC link capacitance has no effect on the 

steady-state values for the real and reactive power.  
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(a) Real power P 

 

(b) Reactive power Q 

Figure 4.36 DC link capacitance Cdc  
 

The following three different load torques TL are applied to the induction 

motor for 90% voltage sag for the derived dynamic model: 1000 NM, 1500 NM 

and 2000 NM, which correspond to 17.3%, 25.9% and 34.5% loading of the 

motor, respectively. Other parameters are the same as that listed in Table 4.6. 

The simulated dynamic responses of the developed dynamic model in this case 

are shown in Figure 4.37. It is found that the loading factor of the motor has 

significant effect on both steady-state and dynamic transient responses for the 

real and reactive power.  
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(a) Real power P 

 
(b) Reactive power Q 

Figure 4.37 The load torque of the motor TL  
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4.6  Trip-Off Criteria of Variable Frequency Drives   

 
The equivalent dynamic model for motor drive systems is proposed for the 

case that a drive is able to ride through during disturbances, which is extensively 

discussed in previous sections. However, when voltage sags are large and exceed 

the thresholds of the drive protection, the drive will trip out of lines, in this case, 

the motor drive system should be excluded from power systems dynamic studies.  

 
To provide a generic motor drive system modeling technique, a VFD trip 

characteristic curve and a simple screening procedure are proposed in this thesis 

serving as criteria whether drives should be considered tripping or not. This 

VFD trip characteristic curve is developed based on the literature review for the 

drives protection and control, field survey regarding VFDs tripping status during 

disturbances, and also based on drive manufacturer specifications [31, 32, 33, 

37, 123-128]. 

 
The under-voltage trip settings for the Siemens’s Medium Voltage Drive, 

Robicon Perfect Harmony, which uses the cascaded H-bridge multi-level 

converter topology, will trip on voltage sags with duration of 100ms (6 cycles) 

or more and having a voltage drop of more than 30%, which is below 70% of 

rated voltage [123]. 

 
As the requirements to the equipment responding to voltage sags/dips, IEC 

61000 (parts 6-1 and 6-2) specifies that all equipment must ride-through a 

voltage dip of a residual voltage of 70% for 10 ms, and must not be damaged for 

a voltage dip of a residual voltage of 40% for 100 ms [31]. CIGRE/CIRED/UIE 

Joint Working Group proposed immunity classes against voltage dips for 

balanced voltage dips (type III). The equipment will remain in service: 1) when 

the voltage dip is above 70% between 10 ms and 200 ms (1/2 cycle to 12 

cycles), and 2) when the voltage dip is above 80% between 200 ms (12 cycles) 

to 3000 ms [124]. VFDs as electrical equipment should also follow such 

guidelines. 
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Voltage sag measurements in two industrial facilities for 17 months were 

conducted in [125], which provided solid proof about the levels of voltage sags 

causing tripping of VFDs.  The two facilities for measurements were fed by 115 

kV utility transmission lines. Even faults in 230 kV or 400 kV lines were felt by 

the utility entrance substation as voltage sags. The field records of voltage sags 

and subsequent VFD tripping status indicates that voltage sags with duration of 

12 cycles or more and having a voltage drop of more than 20% will trip out a 

VFD [125]. 

 
Since most fault durations are between 10 ms and 3000 ms, a conservative 

VFD trip characteristic curve is proposed for this duration as shown in Figure 

4.38. Based on this curve, voltage sags above 70% between 10 ms and 200 ms 

(12 cycles), and above 80% from 200 ms (12 cycles) to 3000 ms will not cause 

VFD tripping. A voltage sag marked as a “*” above the proposed curve will not 

cause the VFD tripping, while a voltage sag marked as a “#” below the proposed 

curve will cause the VFD tripping. 

 

 

Figure 4.38 The VFD trip curve 

 
A simple screening procedure is proposed to determine whether a VFD 

will trip subjected to a given disturbance as follows:  
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1) Conduct a three-phase short-circuit study on the system if the outage 

event of interest involves a short-circuit fault, which will yield a voltage 

sag magnitude at the VFD location. In the short circuit study, the VFDs 

can be omitted since they have little contributions to the fault current.  

2) Check the relay setting involved in clearing the fault. This setting will 

provide the voltage sag duration value for the outage event.  

3) The resulting magnitude and duration values for voltage sags are then 

compared with the VFD trip characteristic curve. If the point is below the 

curve, the VFD will trip and they shall not be modeled in power systems 

dynamic studies. If the point is above the trip curve, a motor drive system 

dynamic model proposed in Equations (4.2-42) and (4.2-43) are needed 

for dynamic simulation.   

4.7  Summary and Conclusions 

The equivalent dynamic model for motor drive systems is proposed for the 

case that a VFD is able to ride through voltage sags and remains in service. The 

linearization approach is used to create the model. To illustrate this approach, 

dynamic models are created for VSI and cascaded inverter drives and their 

induction motor loads. The developed dynamic models are expressed by 7th 

order transfer functions and both voltage and frequency dependence are 

considered. These models can be inserted into commercially available computer 

simulation tools, suitable for three-phase balanced fault conditions when three 

phases of the rectifier remain in operation. The accuracy of the dynamic models 

is verified by comparing their simulation results with that of the detailed 

switching models.  

 
For the case that a VFD will trip due to large voltage sags, the motor drive 

system should not be included in power systems dynamic studies. A VFD trip 

characteristic curve is proposed to evaluate whether the drive will trip or not 

based on the magnitude and duration of voltage sags. A simple screening 
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procedure is proposed for this purpose. This procedure provides instructions on 

how to use the VFD trip characteristic curve, and whether a dynamic model of 

motor drive system shall be developed and inserted into the simulation tool or 

simply take the VFD out of line due to tripping for the event.  

 
The equivalent dynamic model for motor drive systems is based on 

linearization of differential equations, and it is suitable for small signal stability 

studies. On the other hand, VFDs will trip out of lines during large disturbances, 

the motor drive systems are only considered in dynamic modeling for small 

voltage sags, so the developed dynamic models will serve well for power 

systems dynamic studies.  
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CHAPTER 5 AGGREGATION OF MOTOR DRIVE SYSTEMS  

5.1  Scenario 1: VFDs Connected to the Same Bus 

 

As part of the load modeling study for industrial facilities, the aggregation 

method for VFDs connected to the same bus is investigated. The common 

configuration of a group of VFDs connected to a switchboard is shown in Figure 

5.1.  

 

 

Figure 5.1 A group of VFDs connected to a common switchboard  
 

Pade approximation method [129] is used to create the equivalent dynamic 

model aggregated from a group of motor drive systems. The goal of such 
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aggregation is to convert the system configuration from Figure 5.1 (a) to Figure 

5.1 (b). The dynamic models for individual motor drive systems are listed as 

follows:  

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 1_41_3

2
1_21_11_01                           (5.1-1) 

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 1_41_3

2
1_21_11_01                            (5.1-2) 

 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 2_42_3

2
2_22_12_02                          (5.1-3) 

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 2_42_3

2
2_22_12_02                          (5.1-4) 

LLL  

( )
gkPkPkPkPkk fEGGEGEGPP ∆∆++∆+∆+= _4_3

2
_2_1_0                        (5.1-5) 

( )
gkQkQkQkQkk fEGGEGEGQQ ∆∆++∆+∆+= _4_3

2
_2_1_0                         (5.1-6) 

To make the two systems equivalent, the real and reactive power through 

the switchboard for the original and equivalent systems should remain the same. 

Adding real and reactive power for each individual VFDs connected to the 

switchboard, total real and reactive power through the switchboard can be 

determined as follows: 

( )
geqPeqPeqPeqPeqkeq fEGGEGEGPPPPP ∆∆++∆+∆+=+++= _4_3

2
_2_1_021 L  
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( )
geqQeqQeqQeqQeqkeq fEGGEGEGQQQQQ ∆∆++∆+∆+=+++= _4_3

2
_2_1_021 L

   

                                                                                         
(5.1-13) 
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Equations (5.1-7) and (5.1-13) represent the dynamic model for the 

aggregated equivalent motor drive system in Figure 5.1(b). The coefficients 

expressed by transfer functions in the dynamic model, GP1_eq, GP2_eq, GP3_eq, 

GP4_eq, GQ1_eq, GQ2_eq, GQ3_eq, and GQ4_eq, can be obtained based on Pade 

approximation from dynamic models of individual VFDs.   

 
The application of Pade Approximation in this case is explained using a 

transfer function G(x) as follows:  

n

n

m
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xaxaxaa
xG

++++

++++
=

L

L

2
210

2
210)(

                                         
(5.1-19) 

The transfer function G(x) can be expressed by a polynomial function f(x):  

nm

nm xcxcxccxf
+

+++++= L
2

210)(
                                 

(5.1-20) 

000 cba =
                                                                       

(5.1-21) 

01101 cbcba +=
                                                               

(5.1-22) 

     
LL  
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0110 cbcbcba mmmm +++= − L

                                           
(5.1-23) 

     
LL  

mnnmnm cbcbcb +++= −++ L1100
                                           

(5.1-24) 

Based on Equations (5.1-21)-(5.1-24), the coefficients of the new function f(x) 

can be determined. The detailed derivation using Pade approximation in this case 

can be found in Appendix D. 
 

To achieve the sum of transfer functions in Equation (5.1-9)-(5.1-12) and 

Equations (5.1-15)-(5.1-18), the three steps are required: 1) the transfer functions 

are converted to polynomials using Pade approximation; 2) the converted 

polynomials are added together to obtain an equivalent polynomial; 3) the 

equivalent polynomial are converted back to the equivalent transfer function 

using Pade approximation backwards.  
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The direct- and quadrature-axis components of AC current at the drive 

input can be aggregated and converted using Pade approximation in similar way. 

The AC current for individual drives are listed as follows: 

gIqgIqgqgqg fGEGii ∆+∆+= 1_21_11_01_                                         (5.1-33) 

gIdgIdgdgdg fGEGii ∆+∆+= 1_21_11_01_                                       (5.1-34) 

 

gIqgIqgqgqg fGEGii ∆+∆+= 2_22_12_02_                                         (5.1-35) 

gIdgIdgdgdg fGEGii ∆+∆+= 2_22_12_02_                                          (5.1-36) 

LLL  

gkIqgkIqgkqgkqg fGEGii ∆+∆+= _2_1_0_                                         (5.1-37) 

gkIdgkIdgkdgkdg fGEGii ∆+∆+= _2_1_0_                                          (5.1-38) 

To make the two systems, Figures 5.1 (a) and 5.1 (b), equivalent, the 

direct- and quadrature-axis components of AC current through the switchboard 

for both systems should remain the same. Adding up direct-axis components and 

quadrature-axis components of AC current for each individual VFDs, 

respectively, the direct- and quadrature-axis components of total equivalent AC 

current at the switchboard can be determined as follows: 

geqIqgeqIqgeqqgkqgqgqgeqqg fGEGiiiii ∆+∆+=++= _2_1_0_2_1__ L             
(5.1-39) 

∑
=

=
k

i

iqgeqqg ii
1

_0_0                                                                     (5.1-40) 

∑
=

=
k

i

iIqgeqIqg GG
1

_1_1                                                                       (5.1-41) 

∑
=

=
k

i

iIqgeqIqg GG
1

_2_2                                                                (5.1-42) 

 

geqIdgeqIdgeqdgkdgdgdgeqdg fGEGiiiii ∆+∆+=++= _2_1_0_2_1__ L                   (5.1-43) 
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∑
=

=
k

i

idgeqdg ii
1

_0_0                                                                     (5.1-44) 

∑
=

=
k

i

iIdgeqIdg GG
1

_1_1
                                                                    (5.1-45) 

∑
=

=
k

i

iIdgeqIdg GG
1

_2_2
                                                          (5.1-46) 

Similarly, to achieve the sum of transfer functions in Equations (5.1-41), 

(5.1-42), (5.1-45) and (5.1-46), Pade approximation is used as follows:  

eqIqg
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i

iIqg

k

i

iIqg GfG _1
1
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1

_1 ==∑∑
==

                                                 (5.1-47) 

eqIqg
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==
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eqIdg
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iIdg
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1

_2 ==∑∑
==

                                               (5.1-50) 

 

5.2  Verification of Scenario 1   

5.2.1 Voltage Dependence 
 
The proposed aggregation method for a group of motor drive loads 

connected to the same bus is verified by a sample system consisting of low 

voltage 6-pulse VSI drives and their induction motor loads. In the case study, 

there are four VFD-induction motor loads connected to a switchboard, and each 

VFD- motor load has the same parameters and loading condition as that given in 

Table 4.1. The detailed switching model of the case study is shown in Figure 5.2. 

The dynamic model for the aggregated VFD-induction motor model can be 

found in Table 5.1.  

 
A three phase fault is applied at the upstream of the switchboard in the 

detailed switching model in Figure 5.2, which results in 90% and 80% voltage 
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sags. The fault is applied at 1.4 s and cleared at 1.65 s. The total simulation time 

is 2 seconds.  

 

  

Figure 5.2 The detailed switching model for Scenario 1 
 

Dynamic responses of the aggregated dynamic model and the detailed 

switching model are compared in Figures 5.3 and 5.4 for 90% and 80% voltage 

sags, respectively. It is found that there are good agreements between the two 

models. Therefore, it is verified that the proposed aggregation method 

considering voltage dependence for motor drive systems connected to the same 

bus is accurate.  
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Table 5.1 The aggregated dynamic model for Scenario 1 (Loading 1) 
 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( ) gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43
2

210  
( )

gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43
2

210  

P0, Q0  8.6537kW, 3.6659kVAR 
GP1 












×+×−×−×+

×+×++












×−×−×+×

+×−×−×−−

=

872738

465467

892838

4957657

1

103.2601101.0949106.2966101.8181

105.626107.036424.0744

102.5275103.1806102.8504103.8654

101.731103.4427101.49671.0971

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×−×−×+×+

×+×++












×−×−×+×

+×−×−−−

=

882838

465467

882837

475567

2

105.2886103.5953103.2666102.1236

106.2396107.5686443.143

102.4385101.2681101.7552107.3805

101.1997102.4489926.0950.0775

SSS

SSSS

SSS

SSSS

GP

 

GP3 












×+×−×−×−

×−×−+












×+×+×−×

−×−×−×+

=

982938

465467

892939

4856647

3

101.9128103.0207101.992102.1846

103.6663101.5856100.

102.9071103.6221101.0305103.7327

103.6515102.5107102.66089.6782

SSS

SSSS

SSS

SSSS

GP

 

GP4 












×−×+×+×+

×+×++












×−×−×+×

+×+×++

=

892937

465467

562737

455467

4

107.3517101.0624101.543103.4787

101.3205102.7039252.3638

108.4141109.4003101.7538102.142

102.5258101.3999210.52580.0869

SSS

SSSS

SSS

SSSS

GP

 

GQ1 












×+×+×+×+

×+×++












×+×−×+×

+×−×−×−−

=

762838

465467

982939

4957647

1

104.0806103.2715102.4674102.5064

107.2325108.5297480.3395

101.398101.6358108.4424106.9137

101.3721102.6466108.825716.9046

SSS

SSSS

SSS

SSSS

GQ

 

GQ2 












×−×+×+×+

×+×++












×−×+×+×

+×−×−−

=

872838

465467

872837

465567

2

105.5027106.153107.239102.212

106.309107.5818442.3046

102.8335105.9677103.6849107.7943

107.2452101.536552.9250.1436

SSS

SSSS

SSS

SSSS

GQ

 

GQ3 












×+×+×+×+

×+×++












×−×−×−×

−×+×+×+−

=

882838

465467

1092939

4756637

3

103.0596102.0489101.4312101.8219

105.5567106.9422419.7837

101.1749107.4623105.2405106.8068

101.7981101.9036104.067428.9268

SSS

SSSS

SSS

SSSS

GQ

 

GQ4 












×−×+×+×−

×−×−×−












×+×−×−×

+×−×−+−

=

10921039

4755637

982938

465567

4

101.8545101.3522101.3706101.6878

104.6603104.4768101.6117

105.3625105.7594103.9425106.1931

104.2447101.3668534.57790.3635

SSS

SSSS

SSS

SSSS

GQ
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(a) Voltage sag 

 
(b) Real Power P 

 
(c) Reactive Power Q 

 
Figure 5.3 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 1, 90% voltage sag 
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(a) Voltage sag 

 

 
(b) Real Power P 

 

 
(c) Reactive Power Q 

 
Figure 5.4 Dynamic responses of the aggregated dynamic and detailed switching 

models for Scenario 1, 80% voltage sag 
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5.2.2 Frequency Dependence 
 

The frequency dependence of the aggregated dynamic model for motor 

drive systems is further verified using the same case study with four VFD-

induction motor loads as Section 5.2.1. The parameters for individual VFD-

induction motor load are the same as Table 4.1 except the following slight 

loading change for the induction motor: Load torque TL= 12 NM, Target speed 

nr = 1705 rpm. The derived dynamic model is provided in Table 5.2. 

 
A step variation of the frequency from 60 Hz to 52 Hz is applied at the 

power source in the detailed switching model, the variation starts at 1.4 s and 

ends at 1.65 s. The total simulation time is 2 s. When the power source 

frequency is changed, the voltage will slightly vary accordingly. Both the 

frequency sag and the resultant small voltage variation were entered into the 

aggregated dynamic model as disturbances to represent real system conditions.  

 
Dynamic responses of the aggregated dynamic model and the detailed 

switching model are compared in Figure 5.5 in this case. The simulated small 

voltage variation caused by the frequency variation from the detailed switching 

model is also shown in this figure.  

 
It is found that there are good agreements between the two models. 

Therefore, the proposed aggregation method for motor drive loads connected to 

the same bus considering the frequency dependence is verified to be accurate.  
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Table 5.2 The aggregated dynamic model for Scenario 1 (Loading 2) 
 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( ) gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43
2

210  
( )

gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43
2

210  

P0, Q0  9.5582kW, 4.3148kVAR 
GP1 












×−×−×+×+

×+×++












×+×+×−×

−×−×−×−−

=

982936

465467

91027310

4957657

1

101.9318103.3394101.5528103.2074

108.6952109.9097536.2825

102.876101.9278102.6116101.5057

102.8409105.0423101.561286.1499

SSS

SSSS

SSS

SSSS

GP

 

GP2 












×+×−×−×+

×+×++












×+×−×−×

+×−×−−−

=

872738

465567

872638

475567

2

104.2499103.106101.4735103.0987

109.085101.0534567.4459

102.1296104.6678103.5173101.551

101.7112103.5911895.06520.1559

SSS

SSSS

SSS

SSSS

GP

 

GP3 












×−×−×+×+

×+×++












×−×−×−×

+×+×+×+

=

882838

465467

892838

4857647

3

104.4939103.9359103.0622 102.7714

108.0852109.4966524.8737

101.4652101.0852106.8923107.5043

105.5947101.0672103.402618.7834

SSS

SSSS

SSS

SSSS

GP

 

GP4 












×+×+×−×+

×+×++












×+×+×+×

−×+×++

=

882837

465467

672636

465467

4

108.9172102.9297103.5392107.1459

102.968104.545330.7902

102.1895101.5017103.097105.2197

101.1574103.419239.9870.1201

SSS

SSSS

SSS

SSSS

GP

 

GQ1 












×−×−×+×+

×+×++












×−×−×+×

+×−×−×−−

=

992838

465567

1010210310

4957647

1

101.116101.0404102.9176103.1254

109.0179101.0418561.4916

104.5858103.4675101.9107101.064

101.768103.5817109.33523.5122

SSS

SSSS

SSS

SSSS

GQ

 

GQ2 












×−×−×+×+

×+×+×+












×−×−×+×

+×−×−×+−

=

1010210310

4856647

101021039

4856637

2

106.6313102.7725104.0033101.1908

102.9649102.8823101.1441

104.0546101.3337102.5804105.1532

104.1676107.3175103.113.9336

SSS

SSSS

SSS

SSSS

GQ

 

GQ3 












×+×+×+×+

×+×++












×−×−×−×

−×+×+×+−

=

882838

465467

10929310

4756637

3

104.0497102.0411101.2963102.3931

107.1702108.6216490.8634

101.8813108.8401105.7312101.0905

102.7025103.1196102.12833.079

SSS

SSSS

SSS

SSSS

GQ

 

GQ4 












×−×+×+×+

×+×++












×+×−×−×

−×−×++−

=

882837

465467

872836

455367

4

105.5822101.9796106.5835104.8796

101.9368103.372280.0812

101.9529107.592102.2762109.5746

101.9824104.673177.23270.2668

SSS

SSSS

SSS

SSSS

GQ
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(c) Frequency variation 

 
(d) Voltage variation 

 
(c) Real Power P 
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(d) Reactive Power Q 

Figure 5.5 Dynamic responses of the aggregated dynamic and detailed switching 
models for Scenario 1, frequency variation 

 

5.3  Scenario 2: VFDs with Upstream Series Impedance and 

Transformers 

5.3.1 Upstream Series Impedance 
 

The aggregated dynamic model of VFDs connected to the same bus might 

need to be aggregated further with upstream series impedance from cables, 

reactors, and transmission lines etc.  To achieve such a system aggregation, the 

upstream series impedance in the form of RL +jXL is considered as shown in 

Figure 5.6.   

 
The real and reactive power at Bus B, PB and QB, in Figure 5.6 can be 

expressed based on Equations (5.1-7) and (5.1-13) as follows: 

( )
gBBPBPBBPBBPBB fVGGVGVGPP ∆∆++∆+∆+= _4_3

2
_2_1_0                      (5.3-1) 

( )
gBBQBQBBQBBQBB fVGGVGVGQQ ∆∆++∆+∆+= _4_3

2
_2_1_0                       (5.3-2) 

According to power invariant property, the active and reactive power at 

Bus A, PA and QA, can be expressed using the branch current I and the 

impedance as follows [11]: 

LBA RIPP
23+=                                                                       (5.3-3) 
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( )LfIQQ gBA π23 2+=                                                                (5.3-4) 

222
qgdg iiI +=                                                                          (5.3-5) 

The branch current, I, is determined by the downstream induction motors load 

demand, the branch current for the same load is considered to be the same 

through the whole branch without a transformer; with a transformer the current 

can be converted using the turn ratio of transformers accordingly. Equation (5.3-

5) can be linearized as follows:  

( ) ( ) qgqgdgdgqgdg iiiiIIiiI ∆+∆=∆=+∆=∆ 000
222 222                                 (5.3-6) 

 

 

Figure 5.6 The motor drive model further aggregated with upstream series 
impedance 

 
For the real power, substitute Equation (5.3-6) in the linearized Equation 

(5.3-3), we have 

( ) ( ) ( )
qgqgLdgdgLBLBA iiRiiRPIRPP ∆+∆+∆=∆+∆=∆ 00

2 663                      (5.3-7) 

AAA PPP _0−=∆                                                                          (5.3-8) 

BBB PPP _0−=∆                                                                            (5.3-9) 

0dgdgdg iii −=∆                                                                        (5.3-10) 
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0qgqgqg iii −=∆                                                                       (5.3-11) 

LBA RIPP
2
000 3+=                                                                   (5.3-12) 

2
0

2
00 qgdg iiI +=                                                                    (5.3-13) 

Similarly, substitute Equation (5.3-6) in the linearized Equation (5.3-4) for 

the reactive power, the following can be obtained: 

( ) ( ) ( ) ( ) ( ) gqgqggdgdggBgBA fLIiiLfiiLfQfILQQ ∆+∆+∆+∆=∆+∆=∆
2
00000

2 612126 ππππ   

                                                                                              (5.3-14) 

AAA QQQ _0−=∆                                                                        (5.3-15) 

BBB QQQ _0−=∆                                                                         (5.3-16) 

0ggg fff −=∆                                                                             (5.3-17) 

( )LfIQQ gBA 0
2
000 23 π+=                                                          (5.3-18) 

Substitute Equations (4.2-44), (4.2-45), (5.3-1) and (5.3-2) in Equations (5.3-7) 

and (5.3-14), we have 

( ) gBPAPABPABPAAA fVGGVGVGPP ∆∆++∆+∆+= 1413
2

1211_0                     (5.3-19) 

( ) ( ) 1010_111 66 IqgqgLIdgdgLBPPA GiRGiRGG ++=                               (5.3-20) 

BPPA GG _212 =                                                                         (5.3-21) 

( ) ( ) 2020_313 66 IqgqgLIdgdgLBPPA GiRGiRGG ++=                                (5.3-22) 

BPPA GG _414 =                                                                            (5.3-23) 

( )
gBQAQABQABQAAA fVGGVGVGQQ ∆∆++∆+∆+= 1413

2
1211_0                   (5.3-24) 

( ) ( ) 100100_111 1212 IqgqggIdgdggBQQA GiLfGiLfGG ππ ++=                         (5.3-25) 

BQQA GG _212 =                                                                          (5.3-26) 

( ) ( ) ( )2
0200200_313 61212 LIGiLfGiLfGG IqgqggIdgdggBQQA πππ +++=                   (5.3-27) 
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BQQA GG _414 =                                                                               (5.3-28) 

According to Reference [130], the voltage at Bus B and the voltage at Bus 

A have the following relationship: 

















+















+=

+
+≈

B

Bg

B

B
L

B

B

LBLB
BA

V
Qf

L

V
P

R
V

V

XQRP
VV

1

3

21

33

π                   (5.3-29) 

0

_0_0
00 3 B

LBLB

BA
V

XQRP
VV

+
+=                                                   (5.3-30) 

Linearize Equation (5.3-29), we have 

B

B

g

B

B

L

g

B

B

B

B

BgBLB

A Q
V

Lf
P

V

R
f

V

LQ
V

V

LQfPRV
V ∆








+∆








+∆








+∆













 −−
=∆

0

0

00

_0

2
0

_00_0
2
0

3

2

33

2

3

23 πππ   

                                                                                                   (5.3-31) 

To simplify the problem, dynamic terms of ∆P and ∆Q are ignored from 

Equation (5.3-31), the voltage variation of Bus B can be expressed by the 

voltage variation of Bus A as follows: 

gBABB fVVVV ∆+∆=∆ 1211                                                             (5.3-32) 

BgBLB

B
B

LQfPRV

V
V

_00_0
2
0

2
0

11 23

3

π−−
=                                              (5.3-33) 

BgBLB

BB

B
LQfPRV

VLQ
V

_00_0
2
0

0_0
12 23

2

π

π

−−
−=                                             (5.3-34) 

Substitute Equation (5.3-32) in Equations (5.3-19) and (5.3-24), and ignoring the 

2nd order fg term, the real power can be obtained as follows:  

( )
gAAPAPAAPAAPAA fVGGVGVGPP ∆∆++∆+∆+= _4_3

2
_2_1_0                     (5.3-35)  

Where, 

1111_1 PABAP GVG =                                                                           (5.3-36) 

12
2
11_2 PABAP GVG =                                                                          (5.3-37) 

131112_3 PAPABAP GGVG +=                                                               (5.3-38) 
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( ) 1411121211_4 2 PABPABBAP GVGVVG +=                                                (5.3-39) 

Substitute Equations (5.3-20) to (5.3-23) in Equations (5.3-36) to (5.3-39), the 

following equations are obtained: 

( ) ( ) 11101110_111_1 66 IqgBqgLIdgBdgLBPBAP GViRGViRGVG ++=                       (5.3-40) 

BPBAP GVG _2
2
11_2 =                                                                        (5.3-41) 

( ) ( )
( ) ( ) 2020_3

11201120_112_3

66

66

IqgqgLIdgdgLBP

IqgBqgLIdgBdgLBPBAP

GiRGiRG

GViRGViRGVG

+++

++=
                   (5.3-42) 

( ) BPBBPBBAP GVGVVG _411_21211_4 2 +=                                        (5.3-43) 

Similarly, the reactive power can be determined as follows:  

( )
gAAQAQAAQAAQAA fVGGVGVGQQ ∆∆++∆+∆+= _4_3

2
_2_1_0                   (5.3-44) 

Where, 

1111_1 QABAQ GVG =                                                                       (5.3-45) 

12
2
11_2 QABAQ GVG =                                                                     (5.3-46) 

131112_3 QAQABAQ GGVG +=                                                           (5.3-47) 

( ) 1411121211_4 2 QABQABBAQ GVGVVG +=                                         (5.3-48) 

Substitute Equations (5.3-25) to (5.3-28) in Equations (5.3-45) to (5.3-48), the 

following equations are obtained: 

( ) ( ) 1110011100_111_1 1212 IqgBqggIdgBdggBQBAQ GViLfGViLfGVG ππ ++=               (5.3-49) 

BQBAQ GVG _2
2
11_2 =                                                                      (5.3-50) 

( ) ( )
( ) ( ) 2

0200200_3

1120011200_112_3

61212

1212

LIGiLfGiLfG

GViLfGViLfGVG

IqgqggIdgdggBQ

IqgBqggIdgBdggBQBAQ

πππ

ππ

++++

++=
               (5.3-51) 

( )
BQBBQBBAQ GVGVVG _411_21211_4 2 +=                                                 (5.3-52) 

The coefficients, GP1_A, GP2_A, GP3_A, GP4_A, GQ1_A, GQ2_A, GQ3_A, and 

GQ4_A, are calculated by adding several transfer functions, whose denominators 
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might not be the same. Therefore, the Pade approximation method is used in this 

case: 1) convert every transfer function for these coefficients into its polynomial 

format; 2) add the converted polynomials to obtain the resultant final 

polynomial; 3) convert the resultant final polynomial to a transfer function using 

Pade approximation.  

 
To illustrate the above mentioned steps, the coefficient GP1_A in Equation 

(5.3-40) is used as an example. GP1_A is determined by three transfer functions, 

GP1_B, GIdg1, and GIqg1. The three transfer functions are converted to 

corresponding polynomials using Pade approximation in Equations (5.3-53) –

(5.3-55), and the resultant final polynomial for the coefficient GP1_A is 

determined by Equation (5.3-56). 

( ) 14
1_141_11_0_1 ScSccSG BGPBGPBGPBP L++=                                           (5.3-53) 

( ) 14
1_141_11_01 ScSccSG GIdgGIdgGIdgIdg L++=                                          (5.3-54) 

( ) 14
1_141_11_01 ScSccSG GIqgGIqgGIqgIqg L++=                                          (5.3-55) 

( ) 14
1_141_11_0_1 ScSccSG AGPeqAGPeqAGPeqAP L++=                               (5.3-56) 

( ) ( ) 1_01101_01101_0111_0 66 GIqgBqgLGIdgBdgLBGPBAGPeq cViRcViRcVc ++=           (5.3-57) 

( ) ( ) 1_11101_11101_1111_1 66 GIqgBqgLGIdgBdgLBGPBAGPeq cViRcViRcVc ++=           (5.3-58) 

LLL  

( ) ( ) 1_141101_141101_14111_14 66 GIqgBqgLGIdgBdgLBGPBAGPeq cViRcViRcVc ++=           (5.3-59) 

After obtaining the final polynomial for GP1_A in Equation (5.3-56), the Pade 

approximation can be applied to convert it to the final 7th order transfer function 

for GP1_A as follows:  















+++

++++







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




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SbSbSbSb
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1_3

4
1_4

5
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6
1_6

7
1_7

_1                 (5.3-60) 
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All coefficients can be calculated in similar way and their 7th order transfer 

functions for VSI drive-induction motor loads are listed as follows:   















+++

++++
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


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4
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_2
         (5.3-61) 





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
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

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_4       (5.3-67) 

 

5.3.2 Transformers 
 

For the case that the upstream component of the aggregated dynamic 

model of the motor drive systems is a transformer, the transformer can be 

expressed by a series impedance (RT + jXT) and an ideal transformer with the 

ratio n:1 (Figure 5.7). In this case, the dynamic model of the system at the 

upstream Bus A can be obtained by further aggregation of the transformer with 

the dynamic model of the system at the downstream Bus B by the following two 

steps: 

• Step 1: Convert the model to Bus B' by considering ideal transformer 

only 

• Step 2: Aggregate the model from Bus B' to Bus A through the series 

impedance RT + jXT using the method proposed in Section 5.3.1.  

 
For the ideal transformer, the power loss is zero and the voltage 

relationship is linear. The real power, reactive power and the voltage at the 

primary of the ideal transformer (Bus B') can be determined as follows: 

BB nVV =′                                                                         (5.3-68) 

BB PP =′                                                                          (5.3-69) 

BB QQ =′                                                                          (5.3-70) 

BB I
n

I
1

=′                                                                        (5.3-71) 
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Figure 5.7 The motor drive model further aggregated with the upstream 
transformer 

 

Linearize Equations (5.3-68) – (5.3-71), and submit Equations (5.3-1) and 

(5.3-2) in the linearized equations, the real power at Bus B' using the generic 

model format can be expressed as follows: 

( )
gBBPBPBBPBBPBB fVGGVGVGPP ∆′∆′+′+′∆′+′∆′+′=′ _4_3

2
_2_1_0                       (5.3-72) 

where, 

BPBP G
n

G _1_1

1








=′                                                                            (5.3-73) 

BPBP G
n

G _22_2

1








=′                                                                         (5.3-74) 

BPBP GG _3_3 =′                                                                                 (5.3-75) 

BPBP G
n

G _4_4

1








=′                                                                            (5.3-76) 

 
The reactive power can be obtained in similar way: 

( )
gBBQBQBBQBBQBB fVGGVGVGQQ ∆′∆′+′+′∆′+′∆′+′=′ _4_3

2
_2_1_0                     (5.3-77) 
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where, 

BQBQ G
n

G _1_1

1








=′                                                                         (5.3-78) 

BQBQ G
n

G _22_2

1








=′                                                                      (5.3-79) 

BQBQ GG _3_3 =′                                                                            (5.3-80) 

BQBQ G
n

G _4_4

1








=′                                                                        (5.3-81) 

Once the dynamic model at Bus B' is determined by Equations (5.3-72) 

and (5.3-77), the dynamic model at Bus A can be calculated by the method 

proposed in Section 5.3.1 by aggregating the dynamic model of the system at 

Bus B' with the transformer impedance RT +jXT. 

 

5.4  Verification of Scenario 2   

5.4.1 Voltage Dependence  
 

The verification is conducted for the aggregated dynamic model derived 

from four motor drive loads connected to the same bus, further aggregated with 

an upstream impedance RL + jXL (RL = 0.1 ohms, L = 0.18mH), and a step-down 

transformer rated at 1 MVA, 4160 V/230 V, wye-wye winding connection, the 

impedance Z of the transformer is 5.75% with X/R ratio = 5.79.  The detailed 

switching model for the whole system set-up is shown in Figure 5.8. Individual 

motor drive loads are the same as that in Table 4.1. The aggregated dynamic 

model at Bus A can be found in Table 5.3. 

 
A three-phase fault is applied to the detailed switching model, which 

results in 90% and 80% voltage sags. The fault is applied at 1.4 s and cleared at 

1.65 s with the total simulation time equal to 2 s. The frequency of the power 

source remains constant. The dynamic responses of the aggregated dynamic 

model and the detailed switching model at Bus A are shown in Figures 5.9 and 
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5.10 for 90% and 80% voltage sags, respectively. It is found that dynamic  

responses of the aggregated dynamic model at Bus A using the proposed 

aggregation algorithms has good agreements with that of the detailed switching 

model. Therefore, it is verified that the proposed aggregation algorithms 

considering voltage dependence are accurate.  

 

 

Figure 5.8 The detailed switching model for Scenario 2 
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Table 5.3 The aggregated dynamic model for Scenario 2 (Loading 1) 
 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43

2
210  

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210  

P0, Q0  8.821kW, 3.7808kVAR 
GP1 












×+×−×−×+

×+×++












×−×+×+×

−×−×−×−−

=

882838

465467

772837

4856637

1

101.8618102.6477101.4092102.1548

106.4996107.8812456.7627

107.6224101.5014101.9429102.5373

101.0794102.0383107.914.1311

SSS

SSSS

SSS

SSSS

GP
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

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
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

×+×−×−×+

×+×+×+












×+×−×−×

+×−×−−−

=

992939
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455367

2

107.905101.7447106.1516101.373
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SSSS
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
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




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

×+×+×+×

+×+×+×+

=

882838

465467
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4856647

3

101.1894101.1089103.231102.8881
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SSS

SSSS

SSS

SSSS
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
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
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




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



×+×+×+×

+×−−−×

=

892938

465467

662635

44567-4

2

106.5331101.4497101.0089102.1721

106.1048107.3513432.5951

101.0737102.2765101.427101.999
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
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 (a) Voltage sag at Phase a 

 (b) Real Power P 

 (c) Reactive Power Q 

Figure 5.9 Dynamic responses of the aggregated dynamic and detailed switching 
models for Scenario 2, 90% voltage sag 
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(a) Voltage sag at Phase a 

 
(b) Real Power P 

 (c) Reactive Power Q 

Figure 5.10 Dynamic responses of the aggregated dynamic and detailed 
switching models for Scenario 2, 80% voltage sag 
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5.4.2 Frequency Dependence  
 

The frequency dependence is verified by applying frequency variation 

from 60 Hz to 52 Hz, which is applied at the power source at 1.4 s and cleared at 

1.65 s with the total simulation time equal to 2 s. Individual VFDs and their 

motor loads are the same as Table 4.1 except the following slight loading 

changes for the induction motor: Load torque TL = 12 NM, and target speed nr = 

1705 rpm. The derived aggregated dynamic model at Bus A can be found in 

Table 5.4. 

 
Dynamic responses of the aggregated dynamic model and the detailed 

switching model at Bus A are shown in Figure 5.11. It is found that there are 

good agreements between the two models at Bus A, which verifies the accuracy 

of the proposed aggregation algorithms considering the frequency dependence.  
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Table 5.4 The aggregated dynamic model for Scenario 2 (Loading 2) 
 Calculated transfer functions for the dynamic model 
Derived 
Dynamic 
Model 

( )
gPPPP fEGGEGEGPP ∆∆++∆+∆+= 43

2
210  

( )
gQQQQ fEGGEGEGQQ ∆∆++∆+∆+= 43

2
210  

P0, Q0  9.7665kW, 4.458kVAR 
GP1 












×−×−×+×+

×+×++












×+×+×+×

−×−×−×−−

=

992838
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892838

4856637

1

101.5638101.3674107.0232106.3115
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(a) Frequency sag 

 
(b) Voltage variation with frequency sag 

 
(c) Real Power P 
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(d) Reactive power Q 

Figure 5.11 Dynamic responses of the aggregated dynamic and detailed 
switching models for Scenario 2, frequency variation 

 

5.5  Summary and Conclusions 

 
Aggregation algorithms of motor drive loads are proposed in this chapter 

for two cases: 1) VFDs connected to the same bus, 2) VFDs further aggregated 

with upstream series impedance and transformers. Both voltage and frequency 

dependence are considered in the proposed aggregation algorithms.  

 
The accuracy of the proposed aggregation algorithms for motor drive 

systems is verified by comparing dynamic responses of the aggregated dynamic 

models with that of the detailed switching models for both cases. 
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1  A Generic Dynamic Load Model Structure for Industrial 

Facilities    

 
The ultimate goal of the research work is to create adequate dynamic load 

models for industrial facilities. In Chapter 2, the template-based load modeling 

technique for industrial facilities is proposed. In Chapters 4 and 5, the equivalent 

dynamic model and aggregation algorithms for motor drive systems are 

proposed.  

 
Commonly used loads could vary from one type of industrial facilities to 

another. For example, there are three common types of loads involved in oil 

refinery facilities: induction motors, synchronous motors and static loads, the 

number of VFDs are in very small amount in oil refinery facilities and thus 

VFDs can be ignored from load modeling. In newer Kraft paper mill facilities, 

three common types of loads could be present: induction motors, VFDs, and 

static loads [131], synchronous motors are not used in this type of facilities.  

 
A generic dynamic load model structure for industrial facilities is proposed 

in this thesis, which consists of an induction motor, a synchronous motor, a static 

load, and a motor drive system as shown in Figure 6.1. This generic load model 

structure shall cover all commonly used loads and can be used to establish 

dynamic load models for any types of industrial facilities.  

 
The final load model for an industrial facility of interest can be adjusted by 

removing certain load types that do not exist in the facility from the generic 

structure. For example, as discussed in Chapter 3, the “motor drive system” 

branch can be removed, and the “induction motor”, “synchronous motor” and 

“static load” are left in the final load model for oil refinery facilities. For newer 

Kraft paper mill facilities, the “synchronous motor” branch needs to be removed, 
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and the “induction motor”, “motor drive system” and “static load” are left in the 

final load model.    

 

 

Figure 6.1 The generic dynamic load model structure for industrial facilities 

 
More “motor drive system” branches might be added to the load model if 

the drives and/or motors are different types, which result in different order 

transfer functions for the dynamic model, and thus, need to be expressed by 

separate branches.   

     
The procedure to create the final dynamic load model for an industrial 

facility of interest can be explained as follows: 

1) Conduct survey for the industrial facility of interest, and determine major 

load types that will be included in the dynamic load modeling. 

2) Tailor the generic dynamic load model structure based on major load 

types into the final load model structure. 

3) Create the templates and template scaling rules, and establish the 

template-based full model of the facility based on the template-based 

load modeling technique.  

4) If VFDs are one of major load types in the facility, they shall be included 

in the established template-based full model.  
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5) Apply the model equivalence algorithms for induction motors, 

synchronous motors, motor drive systems, and static loads (if present) in 

the template-based full model to achieve load aggregation of whole 

facility.   

 

6.2  Conclusions    

 
Two major contributions for dynamic load modeling of industrial facilities 

are presented in this thesis: 

1) Template-based load modeling technique 

2) Equivalent dynamic models and aggregation algorithms for motor drive 

systems 

The combination of the above two contributions will lead to adequate dynamic 

load models for industrial facilities.  

 
Large industrial facilities connected to power transmission systems 

typically draw large amounts of power and have complex dynamic responses to 

systems disturbances. Traditional load modeling approaches such as those based 

on load composition or site measurements are not adequate to produce dynamic 

models for such facilities.  

 
A template-based load modeling technique is proposed to provide adequate 

dynamic load modeling for large industrial facilities. This technique consists of 

three main building blocks, electrical templates, template scaling rules and the 

model aggregation method. Oil refinery facilities are used as example to 

demonstrate the proposed technique. Various case studies conducted have shown 

that the template-based full model and equivalent models are able to capture 

major dynamic characteristics of actual oil refinery facilities and can be used to 

represent such facilities when detailed facility information is not available.  

 
Due to increasing usage of VFDs in some types of industrial facilities, the 

influence of VFDs and their loads on overall system dynamics for such facilities 
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become essential. However, dynamic models for motor drive systems suitable 

for power systems dynamic studies are not available. To address this issue, the 

equivalent dynamic model for motor drive systems is proposed in this thesis for 

the case that VFDs can ride through voltage sags. This model is created by 

linearization of differential equations of the drive, the motor, and their control 

system. The voltage dependence and frequency dependence are considered. 

Dynamic models for VSI and cascaded inverter motor drive systems are created. 

As part of the load aggregation requirements for the whole facility, aggregation 

algorithms for motor drive systems are also proposed. The accuracy of the 

proposed aggregation algorithms for motor drive systems is verified using case 

studies.  

 
  The ultimate goal of the research work is to create adequate dynamic load 

models for industrial facilities. Therefore, a generic dynamic model structure for 

industrial facilities is proposed in this thesis, which consists of an induction 

motor, a synchronous motor, a static load, and a motor drive system. This 

generic structure shall cover all commonly used loads and can be used to 

establish dynamic load models for any types of industrial facilities.  The final 

load model for an industrial facility of interest can be tailored from the generic 

structure based on load types practically involved in the facility. Procedure on 

how to use the proposed generic dynamic load model, template-based load 

modeling technique, and dynamic modeling and aggregation approaches for 

motor drive systems to establish the final dynamic load model for an industrial 

facility is recommended in the thesis.   
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6.3  Future Work    

 
Based on current research results, the future work can be extended in the 

following directions:   

1) If VFDs are connected to a same bus/switchboard with many induction 

motors, which is similar to the case induction motors and synchronous 

motors are connected to the same bus, how to split VFDs and induction 

motors for load aggregation purpose might need further investigations.  

2) Develop equivalent dynamic models for CSI and NPC inverter motor 

drive systems for motor systems. 

3) Dynamic load models for motor drive system under unbalanced fault 

conditions. 
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APPENDIX A TYPICAL DATA FOR TEMPLATE-BASED 

FULL MODEL 

1) Induction Motors Parameters Used in the Template 

 
Table A.1 Equivalent circuit parameters of induction motors (60Hz) [152] 

Motor 
HP 

Voltage 
V 

Rs 
Ω 

Xs 
Ω 

Xm 
Ω 

Rr, 
Ω 

Xr, 
Ω 

200 460 0.02122 0.14032 5.79240 0.012055 0.17070 
350 460 0.01212 0.08018 3.31000 0.006889 0.09754 
800 460 0.00530 0.03508 1.44810 0.003014 0.04268 

1000 460 0.00424 0.02806 1.15850 0.002411 0.03414 
1200 460 0.00354 0.02339 0.96540 0.002009 0.02845 
1500 460 0.00283 0.01871 0.77232 0.001607 0.02276 
350 2300 0.39014 1.95401 53.9122 0.687706 2.00361 
800 2300 0.15622 0.78205 21.5639 0.275060 0.80122 
350 4000 1.18000 5.91000 163.060 2.080000 6.06000 
800 4000 0.47250 2.36539 65.2221 0.831940 2.42336 

1000 4000 0.29204 2.60472 79.1281 0.272311 2.34819 
1500 4000 0.24520 2.23460 68.1497 0.246200 2.04430 
2000 4000 0.19840 1.86450 57.1712 0.220000 1.74040 
3000 4000 0.10480 1.12430 35.2143 0.167700 1.13260 
4000 4000 0.01113 0.38406 13.2575 0.115370 0.52473 
5500 4000 0.03260 0.32128 8.00000 0.065280 0.32128 

 

The inertia J of the induction motors vs. HP ratings are shown in Figure A.1.  

 

Figure A.1 Inertia vs. HP ratings of induction motors [156] 
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2) Transformer Parameters Used in the Template 

 
The transformer data are based on information from ETAP online manual 

and database [152]. Transformer impedance and X/R ratios based on its KVA 

sizing are listed in Tables A.2, A.3 and A.4. The Industrial Power System 

Handbook by Beeman (page 96) specifies typical data for transformers that has 

rating not larger than 500 kVA and primary voltage not higher than 12.47 kV. 

 
Table A.2 Typical impedances for transformers less than or equal to 500 kVA 

[152] 

 
Rating 

Group 1 * Group2+ 
Percent Z X/R Percent Z X/R 

kVA ≤ 5 2.3 0.88 2.8 0.77 

5< kVA ≤ 25 2.3 1.13 2.3 1.00 

25< kVA ≤ 50 2.6 1.69 2.4 1.54 

50< kVA ≤ 100 2.6 1.92 3.7 2.92 

100< kVA ≤ 167 4.0 3.45 3.7 3.60 

167< kVA ≤ 500 4.8 4.70 5.2 5.10 

* Group 1: Transformers with high voltage windings of less than or equal to 
8.32 kV 

+ Group 2: Transformers that have high voltages of greater than 8.32 kV and 
less than or equal to 12.47 kV 

 
 
The American National Standard C57.12.10 specifies impedance values 

for transformers larger than 500 kVA.  

 
Table A.3 Typical impedances for transformers more than 500 kVA [152] 

  
High Voltage Side 

Low Voltage Side 
< 2.4 kV 

Low Voltage Side ≥ 2.4 kV 
  Without LTC With LTC 

kV ≤ 13.8 5.75 ** 5.5**   

13.8 < kV ≤ 23 6.75 6.5 7.0 

23 < kV ≤ 34.5 7.25 7.0 7.5 

34.5 < kV ≤ 46 7.75 7.5 8.0 

46 < kV ≤ 69   8.0 8.5 

69 < kV ≤ 115   8.5 9.0 

115 < kV ≤ 138   9.0 9.5 

138 < kV ≤ 161   9.5 10.0 

161 < kV ≤ (230)   10.0 10.5 

** Self-cooled transformers with greater than 5000 kVA values shall be the same as 
those for 23 kV high voltage 
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Table A.4 Typical X/R ratios for transformers more than 500 kVA [152] 

Rating X/R Rating X/R 

MVA ≤ 1 5.790 8 < MVA ≤ 10 15.50 

1 < MVA ≤ 2 7.098 10 < MVA ≤ 20 18.60 

2 < MVA ≤ 3 10.67 20 < MVA ≤ 30 23.70 

3 < MVA ≤ 4 11.41 30 < MVA ≤ 40 27.30 

4 < MVA ≤ 5 12.14 40 < MVA ≤ 50 29.50 

5 < MVA ≤ 6 12.85 50 < MVA ≤ 100 34.10 

6 < MVA ≤ 7 13.55 100 < MVA ≤ 200 42.00 

7 < MVA ≤ 8 14.23 200 < MVA ≤ 1000 50.00 

 
 
3) Cable Parameters Used in the Template 
 

Table A.5 Cable ratings and impedance for the TF model [152] 

Parameters Cables used in the template full model 
Voltage level, kV 15 
Size 500 AWG 
Resistance, ohms 0.0284 ohms per 1000 ft 
Reactance at 60Hz, ohms 0.0351 ohms per 1000 ft 

 
 
4) Synchronous Machine Parameters Used in the Template 

 

Table A.6 Parameters in per unit on individual synchronous motor MVA base 

Xd″ ,  p.u. 0.15385 
Xd',   p.u. 0.23 
Xd ,   p.u. 1.10 
Xdu ,  p.u. 1.17 
XL ,   p.u. 0.11 
X2 ,   p.u. 0.15385 
X0  ,   p.u. 0.15385 
Xq″,   p.u. 0.12 
Xq',   p.u. 0.23 
Xq,   p.u. 1.08 
Xqu,   p.u. 1.15 
Tdo″,  sec 0.002 
Tdo' ,  sec 5.6 
Tqo″,  sec 0.002 
Tqo',   sec 3.7 
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APPENDIX B LOAD ASSIGNMENTS FOR THE TEMPLATE-BASED 

FULL MODEL   

 
The load assignments in each process when creating the template-based 

full model for the 108MW coking refinery facility are illustrated in detail.  

1) Process 1 – CDU 
 

Table B.1 Load distribution for CDU 

Load distribution inside the CDU Loads in MW Explanations 
Rated total loads of the process, MW 2.89 2.68% of 108 MW 
Rated static loads of the process, MW 1.33 1.23% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 1.566 1.45% of 108 MW 
0.46 KV induction motors of the process, MW 0.149  0.138% of 108 MW 
2.3 KV induction motors of the process, MW 1.417 1.312% of 108 MW 
4 KV induction motors of the process, MW 0 0% of 108 MW 

 

Table B.2 Voltage levels and sizes of loads for CDU 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 1.33 
0.46 1 200 -- -- -- 
2.3 3 350, 800 -- -- -- 
4 -- -- -- -- -- 

 

Table B.3 Cables and transformers data for CDU 

Cables Transformers 
Cable1 (to CDU-T1), 100 ft 
Cable3 (to CDU-T2), 100 ft 
Cable 34 (main feeder), 2000 ft 

CDU-T1, 500KVA @ 13.8KV/0.48KV  
CDU-T2, 2.5MVA @ 13.8KV/2.4KV 

 
 

The electrical single-line diagram of the process CDU is shown in Figure 

B.1. The electrical single-line diagrams for other processes will be created in 

similar way as CDU, so they will not be provided in this thesis due to page 

limits.  
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2) Process 2 – VDU 
 

Table B.4 Load distribution for VDU 

Load distribution inside VDU Loads in MW Explanations 
Rated total loads of the process, MW 10.65 9.86% of 108 MW 
Rated static loads of the process, MW 5.054 4.68% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 5.594 5.18% of 108 MW 
0.46 KV induction motors of the process, MW 2.276  2.107% of 108 MW 
2.3 KV induction motors of the process, MW 0.261 0.242% of 108 MW 
4 KV induction motors of the process, MW 3.060 2.832% of 108 MW 

 

Table B.5 Voltage levels and sizes of loads for VDU 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 5.054 
0.46 4 200, 1200, 

1500 
-- -- -- 

2.3 1 350 -- -- -- 
4 8 350, 1000 -- -- -- 

 

Table B.6 Cables and transformers data for VDU 

Cables Transformers 
Cable5  (to VDU-T1), 100 ft 
Cable6  (to VDU-T2), 100 ft 
Cable7  (to VDU-T3), 100 ft 
Cable 36 (main feeder), 2000 ft 

VDU-T1, 3.5 MVA @ 13.8KV/0.48KV  
VDU-T2, 0.5 MVA @ 13.8KV/2.4KV 
VDU-T3, 7.5 MVA @ 13.8KV/4.16KV  
 

 
 

The electrical single-line diagram of the process VDU is shown in Figure 

B.2. The electrical single-line diagrams for other processes will be created in 

similar way as CDU and VDU, so they will not be provided in this thesis due to 

page limits.  
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Figure B.1 Single-line diagram of the process CDU 
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Figure B.2 Single-line diagram of the process VDU 
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3) Process 3 – Hydrotreater 
 

Table B.7 Load distribution for Hydrotreater 

Load distribution inside the Hydrotreater Loads in MW Explanations 
Rated total loads of the process, MW 2.311 2.14% of 108 MW 
Rated static loads of the process, MW 0 0% of 108 MW 
Rated synchronous motor loads of the process, MW 1.307 1.21% of 108 MW 
Rated induction motor loads of the process, MW 1.004 0.93% of 108 MW 
0.46 KV induction motors of the process, MW 0.046 0.043% of 108 MW 
2.3 KV induction motors of the process, MW 0.958 0.887% of 108 MW 
4 KV induction motors of the process, MW 0 0% of 108 MW 

 

Table B.8 Voltage levels and sizes of loads for Hydrotreater 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 0 
0.46 1 200 -- -- -- 
2.3 2 350, 800 -- -- -- 
4 -- -- 1 1750 -- 

 

Table B.9 Cables and transformers data for Hydrotreater 

Cables Transformers 
Cable8  (to Hydrotreater-T1), 100 ft 
Cable9  (to Hydrotreater-T2), 100 ft 
Cable 37 (main feeder), 2000 ft 

Hydrotreater-T1,  0.5 MVA @ 13.8KV/0.48KV  
Hydrotreater-T2,  2.0MVA @ 13.8KV/2.4KV 

 

4) Process 4 – Coking 
 

Table B.10 Load distribution for Coking 

Load distribution inside Coking/Thermal 
cracking 

Loads in MW Explanations 

Rated total loads of the process, MW 9.256 8.57% of 108 MW 
Rated static loads of the process, MW 2.96 2.74% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 6.296 5.83% of 108 MW 
0.46 KV induction motors of the process, MW 1.851 1.714% of 108 MW 
2.3 KV induction motors of the process, MW 0.187 0.173% of 108 MW 
4 KV induction motors of the process, MW 4.258 3.943% of 108 MW 

 



 

220 
 

Table B.11 Voltage levels and sizes of loads for Coking 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 2.96 
0.46 7 200, 800 -- -- -- 
2.3 1 350 -- -- -- 
4 5 350, 1500, 

3000 
-- -- -- 

 
Table B.12 Cables and transformers data for Coking 

Cables Transformers 
Cable10  (to Coking-T1), 100 ft 
Cable11  (to Coking-T2), 100 ft 
Cable12  (to Coking-T3), 100 ft 
Cable 38  (main feeder), 2000 ft 

Coking-T1, 3.0 MVA @ 13.8KV/0.48KV  
Coking-T2, 0.5 MVA @ 13.8KV/2.4KV 
Coking-T3, 7.5 MVA @ 13.8KV/4.16KV  
 

 

5) Process 5 – FCC 
 

Table B.13 Load distribution for FCC 

Load distribution inside FCC Loads in MW Explanations 
Rated total loads of the process, MW 3.208 2.97% of 108 MW 
Rated static loads of the process, MW 1.458 1.35% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 1.75 1.62% of 108 MW 
0.46 KV induction motors of the process, MW 0.734 0.68% of 108 MW 
2.3 KV induction motors of the process, MW 0.448 0.415% of 108 MW 
4 KV induction motors of the process, MW 0.559 0.518% of 108 MW 

 

Table B.14 Voltage levels and sizes of loads for FCC 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 1.49 
0.46 4 200 -- -- -- 
2.3 2 350 -- -- -- 
4 2 350 -- -- -- 

 
Table B.15 Cables and transformers data for FCC 

Cables Transformers 
Cable13  (to FCC-T1), 100 ft 
Cable14  (to FCC-T2), 100 ft 
Cable15  (to FCC-T3), 100 ft 
Cable 39  (main feeder), 2000 ft 

FCC-T1, 3 MVA @ 13.8KV/0.48KV  
FCC-T2, 5 MVA @ 13.8KV/2.4KV  
FCC-T3, 5 MVA @ 13.8KV/4.16KV  
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6) Process 6 – Hydrocracker  
 

Table B.16 Load distribution for Hydrocracker 

Load distribution inside Hydrocracker Loads in MW Explanations 
Rated total loads of the process, MW 32.422 30.02% of 108 MW 
Rated static loads of the process, MW 5.314 4.92% of 108 MW 
Rated synchronous motor loads of the process, 
MW 

12.68 11.74% of 108 MW 

Rated induction motor loads of the process, MW 14.43 13.36% of 108 MW 
0.46 KV induction motors of the process, MW 1.585 1.468% of 108 MW 
2.3 KV induction motors of the process, MW 0 0% of 108 MW 
4 KV induction motors of the process, MW 12.843 11.892% of 108 MW 
 

Table B.17 Voltage levels and sizes of loads for Hydrocracker 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 5.314 
0.46 13 200, 350,  

800, 1000 
-- -- -- 

2.3 -- -- -- -- -- 
4 8 350, 2000, 

3000, 4000 
4 2000,  

3000,  
2×6000 

-- 

 

Table B.18 Cables and transformers data for Hydrocracker 

Cables Transformers 
Cable16  (to Hydrocracker-T1), 100 ft 
Cable17  (to Hydrocracker-T2), 100 ft 
Cable 34 (main feeder), 2000 ft 

Hydrocracker-T1, 5 MVA @ 13.8KV/0.48KV  
Hydrocracker-T2, 15 MVA @ 13.8KV/4.16KV  
 

 
 
7) Process 7 – Reforming  
 

Table B.19 Load distribution for Reforming 

Load distribution inside Reforming Loads in MW Explanations 
Rated total loads of the process, MW 0.724 0.67% of 108 MW 
Rated static loads of the process, MW 0.530 0.49% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 0.194 0.18% of 108 MW 
0.46 KV induction motors of the process, MW 0.194  0.18% of 108 MW 
2.3 KV induction motors of the process, MW 0 0% of 108 MW 
4 KV induction motors of the process, MW 0 0% of 108 MW 
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Table B.20 Voltage levels and sizes of loads for Reforming 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 0.53 
0.46 1 200 -- -- -- 
2.3 -- -- -- -- -- 
4 -- -- -- -- -- 

 

Table B.21 Cables and transformers data for Reforming 

Cables Transformers 
Cable18  (to Reforming-T1), 100 ft 
Cable 41  (main feeder), 2000 ft 

Reforming-T1, 0.75 MVA @ 13.8KV/0.48KV  
 

 

 
8) Process 8 – Alkylates  

 

Table B.22 Load distribution for Alkylates 

Load distribution inside Alkylates Loads in MW Explanations 
Rated total loads of the process, MW 1.361 1.26% of 108 MW 
Rated static loads of the process, MW 0.983 0.91% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 0.378 0.35% of 108 MW 
0.46 KV induction motors of the process, MW 0.113  0.105% of 108 MW 
2.3 KV induction motors of the process, MW 0.265 0.245% of 108 MW 
4 KV induction motors of the process, MW 0 0% of 108 MW 

 

Table B.23 Voltage levels and sizes of loads for Alkylates 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 0.983 
0.46 1 200 -- -- -- 
2.3 1 350 -- -- -- 
4 -- -- -- -- -- 

 

Table B.24 Cables and transformers data for Alkylates 

Cables Transformers 
Cable19  (to Alkylates-T1), 100 ft 
Cable20  (to Alkylates-T2), 100 ft 
Cable 42  (main feeder), 2000 ft 

Alkylates-T1, 0.5 MVA @ 13.8KV/0.48KV  
Alkylates-T2, 0.5 MVA @ 13.8KV/2.4KV 
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9) Process 9 – Isomers   
 

Table B.25 Load distribution for Isomers 

Load distribution inside Isomers Loads in MW Explanations 
Rated total loads of the process, MW 6.448 5.97% of 108 MW 
Rated static loads of the process, MW 1.026 0.95% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 5.422 5.02% of 108 MW 
0.46 KV induction motors of the process, MW 0.187  0.173% of 108 MW 
2.3 KV induction motors of the process, MW 0 0% of 108 MW 
4 KV induction motors of the process, MW 5.235 4.847% of 108 MW 

 

Table B.26 Voltage levels and sizes of loads for Isomers 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 1.026 
0.46 1 200 -- -- -- 
2.3 -- -- -- -- -- 
4 2 1500, 5500 -- -- -- 

 

Table B.27 Cables and transformers data for Isomers 

Cables Transformers 
Cable21  (to Isomers-T1), 100 ft 
Cable22  (to Isomers-T2), 100 ft 
Cable 43  (main feeder), 2000 ft 

Isomers-T1, 0.5 MVA @ 13.8KV/0.48KV  
Isomers-T2, 8.0MVA @ 13.8KV/4.16KV 

 
 
10) Process 10 – Sulfur    
 

Table B.28 Load distribution for Sulfur 

Load distribution inside Sulfur Loads in MW Explanations 
Rated total loads of the process, MW 6.448 2.3% of 108 MW 
Rated static loads of the process, MW 1.026 1.27% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 5.422 1.03% of 108 MW 
0.46 KV induction motors of the process, MW 0.187  0.953% of 108 MW 
2.3 KV induction motors of the process, MW 0.083 0.077% of 108 MW 
4 KV induction motors of the process, MW 0 0% of 108 MW 
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Table B.29 Voltage levels and sizes of loads for Sulfur 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 1.026 
0.46 1 200 -- -- -- 
2.3 -- -- -- -- -- 
4 -- -- -- -- -- 

 

Table B.30 Cables and transformers data for Sulfur 

Cables Transformers 
Cable23  (to Sulfur-T1), 100 ft 
Cable44  (main feeder), 2000 ft 

Sulfur-T1, 3 MVA @ 13.8KV/0.48KV  
 

 
 
11) Process 11 – Hydrogen     
 

Table B.31 Load distribution for Hydrogen 

Load distribution inside Hydrogen Loads in MW Explanations 
Rated total loads of the process, MW 3.888 3.6% of 108 MW 
Rated static loads of the process, MW 0 0% of 108 MW 
Rated synchronous motor loads of the process, MW 2.981 2.76% of 108 MW 
Rated induction motor loads of the process, MW 0.907 0.84% of 108 MW 
0.46 KV induction motors of the process, MW 0.062  0.057% of 108 MW 
2.3 KV induction motors of the process, MW 0 0% of 108 MW 
4 KV induction motors of the process, MW 0.846 0.783% of 108 MW 

 

Table B.32 Voltage levels and sizes of loads for Hydrogen 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 0 
0.46 1 200 -- -- -- 
2.3 -- -- -- -- -- 
4 3 350 2 2000 -- 

 

Table B.33 Cables and transformers data for Hydrogen 

Cables Transformers 
Cable25  (to Hydrogen-T1), 100 ft 
Cable26  (to Hydrogen-T2), 100 ft 
Cable 45 (main feeder), 2000 ft 

Hydrogen-T1, 0.5 MVA @ 13.8KV/0.48KV  
Hydrogen-T2, 1.0 MVA @ 13.8KV/4.16KV  
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12) Process 12 – Gasplant      
 

Table B.34 Load distribution for Gasplant 

Load distribution inside Gasplant Loads in MW Explanations 
Rated total loads of the process, MW 3.337 3.09% of 108 MW 
Rated static loads of the process, MW 1.48 1.37% of 108 MW 
Rated synchronous motor loads of the process, MW 0 0% of 108 MW 
Rated induction motor loads of the process, MW 1.858 1.72% of 108 MW 
0.46 KV induction motors of the process, MW 0.553 0.512% of 108 MW 
2.3 KV induction motors of the process, MW 0.708 0.656% of 108 MW 
4 KV induction motors of the process, MW 0.597 0.553% of 108 MW 

 

Table B.35 Voltage levels and sizes of loads for Gasplant 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 1.49 
0.46 3 200 -- -- -- 
2.3 3 350 -- -- -- 
4 1 800 -- -- -- 

 

Table B.36 Cables and transformers data for Gasplant 

Cables Transformers 
Cable27  (to Gasplant-T1), 100 ft 
Cable28  (to Gasplant-T2), 100 ft 
Cable29  (to Gasplant-T3), 100 ft 
Cable46  (main feeder), 2000 ft 

Gasplant-T1, 1.0  MVA @ 13.8KV/0.48KV  
Gasplant-T2, 1.5  MVA @ 13.8KV/2.4KV  
Gasplant-T3, 1.5  MVA @ 13.8KV/4.16KV  
 

 
 
13) Process 13 – Others      
 

Table B.37 Load distribution for Other 

Load distribution inside Other Loads in MW Explanations 
Rated total loads of the process, MW 29.02 26.87% of 108 MW 
Rated static loads of the process, MW 9.817 9.09% of 108 MW 
Rated synchronous motor loads of the process, 
MW 

0 0% of 108 MW 

Rated induction motor loads of the process, MW 19.202 17.78% of 108 MW 
0.46 KV induction motors of the process, MW 1.461 1.353% of 108 MW 
2.3 KV induction motors of the process, MW 3.879 3.592% of 108 MW 
4 KV induction motors of the process, MW 13.862 12.835% of 108 MW 
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Table B.38 Voltage levels and sizes of loads for Other 

Voltage 
level, KV 

Induction motor load Synchronous motor load Static load in 
MW # Unit size, HP # Unit size, HP 

13.8 -- -- -- -- 9.817 
0.46 23 200 -- -- -- 
2.3 8 350, 800 -- -- -- 
4 22 800 -- -- -- 

 

Table B.39 Cables and transformers data for Other 

Cables Transformers 
Cable 30  (to Other-T1), 100 ft 
Cable 31  (to Other-T2), 100 ft 
Cable 32  (to Other-T3), 100 ft 
Cable 47 (main feeder), 2000 ft 

Other-T1, 5 MVA @ 13.8KV/0.48KV  
Other-T2, 2.5MVA @ 13.8KV/2.4KV 
Other-T3, 2.5MVA @ 13.8KV/4.16KV 
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APPENDIX C DYNAMIC MODEL FOR VSI MOTOR DRIVE 

SYSTEMS   

C.1  Diode Converter 

 
The output voltage vd from the diode converter can be expressed as 

follows: 

( )
diode

d

cdgcd V
dt

di
liflEv 222

363
−−−= π

ππ
                               (C.1-1) 

where vd is output voltage from the diode converter, id is the dc link current from 

diode converter, E is rms source voltage per phase, lc is the source commutation 

inductance in front of the VFD, fg is the power grid frequency in Hz, Vdiode is 

diode on-state voltage. The source resistance is ignored.  

 
The DC link consists of a DC link resistor rdc, DC link reactor Ldc, and DC 

link capacitor Cdc. The voltage and currents at DC link can be calculated as 

follows: 

d
d

dcddcd e
dt

di
Lirv ++=                                                            (C.1-2) 

Icd iii +=                                                                                  (C.1-3) 

dt

de
Ci d

dcc =                                                                                 (C.1-4) 

Where ed is the dc link voltage supplying to inverter, ic is the current flowing 

through the DC link capacitor, iI is the current flowing into the inverter.  

 
Combining Equations (C.1-1) and (C.1-2), the dc link current id can be 

expressed as follows: 
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Substitute (C.1-5) in (C.1-2), the dc link voltage from output of the diode 

converter can be rewritten as follows: 
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Linearize Equation (C.1-5): 
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π

63
21 =L                                                                                        (C.1-8) 

cdc lLL 211 +=                                                                                 (C.1-9) 

( )012 2
3

gcdc flrL π
π

+=                                                                        (C.1-10) 

022 6 dcilL =                                                                                         (C.1-11) 

Linearize Equation (C.1-6): 

dVdedgVdfgdVdidVdEdd eafaiaEavv ∆+∆+∆+∆+= ____0                        (C.1-12) 

cdc

dc

VdE
lL

L

a
2

63

_
+

= π                                                                             (C.1-13) 
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Substitute Equation (C.1-7) in Equation (C.1-12), the dc link voltage can be 

derived as follows: 

gddd fMeMEMvv ∆+∆+∆+= 2322210                                    (C.1-17) 
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11_31 LaM VdE=
                                                                       

(C.1-21) 

21_12_32 LaLaM VdidVdE +=
                                                        

(C.1-22) 

11_33 LaM Vded=
                                                                        

(C.1-23) 

VdidVded aLaM _12_34 −=
                                                           

(C.1-24) 

11_35 LaM Vdfg=
                                                                        

(C.1-25)
 

22_12_36 LaLaM VdidVdfg +=
                                                       

(C.1-26) 

The power source voltage in dq reference frame can be expressed as 

follows: 

0=dgv                                                                                      (C.1-27) 

Evqg 2=                                                                                (C.1-28) 
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The current at the input of the VFD in dq reference frame can be calculated as 

follows: 

qgcondqgcomqg iii +=                                                               (C.1-29) 

dgconddgcomdg iii +=                                                               (C.1-30) 
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where u is the commutation angle. 

 
The real power P and reactive power at the power source in front of the 

commutation inductor lc can be calculated as follows: 

( )qgqgdgdg ivivP +=
2

3
                                                         (C.1-36) 

( )
qgdgdgqg ivivQ −=

2

3
                                                         (C.1-37) 

Substitute equations (C.1-27) and (C.1-28) in Equations (C.1-36) and (C.1-37),  
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Linearize Equations (C.1-31)-(C.1-35): 

gqgcomfgqgcomuqgcomEdqgcomidqgcomqgcom fauaEaiaii ∆+∆+∆+∆+= ____0            (C.1-40) 
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gdgcomfgdgcomudgcomEddgcomiddgcomdgcom fauaEaiaii ∆+∆+∆+∆+= ____0          (C.1-50) 
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For the real power P, the Taylor expansion for Equation (C.1-38) can be 

written as follows: 
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233 
 

( )00_
2

3
qgcondqgcomPE iia +=                                                               (C.1-61) 

0_
2

3
Ea Piqgcom =                                                                               (C.1-62) 

0_
2

3
Ea Piqgcond =                                                                            (C.1-63) 

2

3
_ =PEiqgcoma                                                                             (C.1-64) 

2

3
_ =PEiqgconda                                                                            (C.1-65) 

EiqgcomPEE aa
22

3
_ =                                                                     (C.1-66) 

Substitute Equations (C.1-40) and (C.1-46) in Equation (C.1-60), the real 

power P can be expressed as follows: 
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                 (C.1-67) 

qgcomEiqgcomPE aaaGP __11 +=                                                      (C.1-68) 

qgcondidiqgcondqgcomidiqgcom aaaaGP __12 +=                                     (C.1-69) 

qgconduiqgcondqgcomuiqgcom aaaaGP __13 +=                                      (C.1-70) 

qgcomfgiqgcomaaGP _14 =                                                               (C.1-71) 

qgconduEiqgcondqgcomuEiqgcom aaaaGP __15 +=                                  (C.1-72) 

qgcondidEiqgcondqgcomidEiqgcom aaaaGP __16 +=                                 (C.1-73) 

PEEqgcomEEiqgcom aaaGP __17 +=                                                 (C.1-74) 

qgcomfgEiqgcomaaGP _18 =                                                             (C.1-75) 

Based on Equation (C.1-35), the commutation angle can be expressed as 

follows: 
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Linearize Equation (C.1-76), we have 
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Substitute Equation (C.1-77) in Equation (C.1-67),  

gdgd fEGPEGPEiGPfGPiGPEGPPP ∆∆+∆+∆∆+∆+∆+∆+= 26
2

25242322210   

                                                                                            (C.1-81) 

22131121 uGPGPGP +=                                                               (C.1-82) 

21131222 uGPGPGP +=                                                             (C.1-83) 

23131423 uGPGPGP +=                                                            (C.1-84) 

21151624 uGPGPGP +=                                                            (C.1-85) 

22151725 uGPGPGP +=                                                            (C.1-86) 

23151826 uGPGPGP +=                                                            (C.1-87) 

For the reactive power Q, the Taylor expansion for Equation (C.1-39) can 

be written as follows: 
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Substitute Equations (C.1-50) and (C.1-56) in Equation (C.1-88), the 

reactive power Q can be expressed as follows: 
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                    (C.1-95) 

dgcomEidgcomQE aaaGQ __11 +=                                                        (C.1-96) 

dgcondididgconddgcomididgcom aaaaGQ __12 +=                                      (C.1-97) 

dgconduidgconddgcomuidgcom aaaaGQ __13 +=                                       (C.1-98) 

dgcomfgidgcomaaGQ _14 =                                                                (C.1-99) 

dgconduEidgconddgcomuEidgcom aaaaGQ __15 +=                                     (C.1-100) 
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dgcondidEidgconddgcomidEidgcom aaaaGQ __16 +=                                    (C.1-101) 

QEEdgcomEEidgcom aaaGQ __17 +=                                                  (C.1-102) 

dgcomfgEidgcomaaGQ _18 =                                                                (C.1-103) 

Substitute Equation (C.1-77) in Equation (C.1-95),  

gdgd fEGQEGQEiGQfGQiGQEGQQQ ∆∆+∆+∆∆+∆+∆+∆+= 26
2

25242322210  

                                                                                                 (C.1-104) 

22131121 uGQGQGQ +=                                                                  (C.1-105) 

21131222 uGQGQGQ +=                                                           (C.1-106) 

23131423 uGQGQGQ +=                                                         (C.1-107) 

21151624 uGQGQGQ +=                                                         (C.1-108) 

22151725 uGQGQGQ +=                                                         (C.1-109) 

23151826 uGQGQGQ +=                                                           (C.1-110) 

 

C.2  Induction Motors 

 
The induction motors can be represented by the following differential 

equations: 

dt

d
iRv ds

qssdssds

Ψ
+Ψ−= ω                                                  (C.2-1) 

dt

d
iRv

qs

dssqssqs

Ψ
+Ψ+= ω                                                       (C.2-2) 

( )
dt

d
iRv dr

qrrsdrrdr

Ψ
+Ψ−−= ωω                                             (C.2-3) 

( )
dt

d
iRv

qr

drrsqrrqr

Ψ
+Ψ−+= ωω                                            (C.2-4) 

drmdssds iLiL +=Ψ                                                               (C.2-5) 
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qrmqssqs iLiL +=Ψ                                                             (C.2-6) 

drrdsmdr iLiL +=Ψ                                                                (C.2-7) 

qrrqsmqr iLiL +=Ψ                                                              (C.2-8) 

( )
dsqsqsdse iiPT Ψ−Ψ= 5.1                                                     (C.2-9) 
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d
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mss LlL +=                                                                        (C.2-11) 

mrr LlL +=                                                                         (C.2-12) 

p

H
J

2
=                                                                                             (C.2-13) 

where p is pole pair, ls and lr is the leakage inductance of the stator and the rotor, 

J is inertia. 

 
The stator transients are negligible,  

0,0 =
Ψ

=
Ψ

dt

d

dt

d qsds                                                                   (C.2-14) 

For induction motors, the rotor is shorted: 

0,0 == qrdr vv                                                                         (C.2-15) 

 
Substitute Equations (C.2-5)-(C.2-8), (C.2-14) and (C.2-15) in Equations 

(C.2-1)-(C.2-4), and (C.2-9): 

( )qrmqsssdssds iLiLiRv +−= ω                                                          (C.2-16) 

( )drmdsssqssqs iLiLiRv ++= ω                                                         (C.2-17) 
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( )dsqrqsdrme iiiipLT −= 5.1                                                                 (C.2-20) 

Linearize Equations (C.2-10), (C.2-16)-(C.2-19): 

( )
sqrmqssqrsmqsssdssds iLiLiLiLiRv ωωω ∆+−∆−∆−∆=∆ 0000                  (C.2-21) 

( ) sdrmdssdrsmdsssqssqs iLiLiLiLiRv ωωω ∆++∆+∆+∆=∆ 0000                   (C.2-22) 

( ) ( ) ( )

( ) ( ) ( ) sqrrqsmrqrrqsmdsm

qrsrrqssrmdrrr

iLiLiLiLiSL

iLiLiSLR

ωω

ωωωω

∆+−∆++∆+

∆−+∆−+∆+=

0000

00000
                    (C.2-23) 

( ) ( ) ( )

( ) ( ) ( ) sdrrdsmrdrrdsmqsm

drsrrdssrmqrrr

iLiLiLiLiSL

iLiLiSLR

ωω

ωωωω

∆++∆+−∆+

∆−−∆−−∆+=

0000

00000
                       (C.2-24) 

( )qrdsdsqrdrqsqsdr
m

r iiiiiiii
H

LP
S ∆−∆−∆+∆=∆ 0000

2

2

5.1
ω                           (C.2-25) 

From Equation (C.2-21), iqr can be determined as follows: 

( )[ ]dssqrmqssqsssdss

sm

qr viLiLiLiR
L

i ∆−∆+−∆−∆







=∆ ωω

ω
000

0

1
               (C.2-26)      

From Equation (C.2-22), idr can be determined as follows: 

( )[ ]sdrmdssdsssqssqs

sm

dr iLiLiLiRv
L

i ωω
ω

∆+−∆−∆−∆







=∆ 000

0

1
               (C.2-27) 

Substitute Equations (C.2-26) and (C.2-27) in Equations (C.2-23)-(C.2-25):  

( ) ( ) ( )( ) ( )[ ]
( ) ( )[ ] ( )[ ]

( )( ) ( )( ) ( )[ ]
sqrrqsmsmqrmqsssrrdrmdssrr

rqrrqsmsmdsssrsrrssrms

qsrrssrmsrsdssrrqsrr

iLiLLiLiLLiLiLSLR

iLiLLiLRLRSLLL

iSLRRLLLvLvSLR

ωωωω

ωωωωωω

ωωωωω

∆+++−+++−

∆++∆−−+−+

∆+−−−+∆−−∆+=

000000000

000000
2

0

2
000000

                                                                                                 

        

(C.2-28) 
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( ) ( ) ( ) ( )[ ]
( ) ( )( )[ ] ( )[ ]
( )( ) ( ) ( )( )[ ] sqrmqssrrdrrdsmsmdrmdsssrr

rdrrdsmsmdssrmsrsrrs

qsssrsrrssrmsdsrrqssrr

iLiLSLRiLiLLiLiLL

iLiLLiLLLSLRR

iLRLRSLLLvSLRvL

ωωωω

ωωωωω

ωωωωωω

∆++−+++−+

∆+−∆−−−++

∆−−+−+∆+−∆−−=

000000000

000
2

000

000
2

0000

                                                                                                       (C.2-29) 

[ ]

[ ] ( ) ( )[ ] sdrmdssqsqrmqssdsdssdssmqrssqs

qssssdssqssmdrdsdsqsqsr
s

iLiLiiLiLiiRiLiLi

iLiRiLivivi
P

SH

ωωω

ωωωω
ω

∆+−++∆++−

∆+−+∆+∆=∆








00000000000

000000002
0

3

4

                                                                                                      

(C.2-30) 

 
 

C.3  PWM-Controlled VSI and the Voltage per Hz Control 

 
The output voltage from the PWM controlled voltage source inverter: 

0=dsv                                                                                              (C.3-1) 

dqs dev
2

1
=                                                                                       (C.3-2) 

Where d is duty cycle. 

  
The real power from the inverter supplying to the motor load is 

( )qsqsdsdsoutinv ivivP +=
2

3
_                                                                   (C.3-3) 

The dc link power to the inverter can be expressed as 

Idininv ieP =_                                                                                       (C.3-4)  

When the losses of the inverter are ignored, the power at the input of the 

inverter, Pinv_in, and at the output of the inverter, Pinv_out, is considered to be the 

same: 

( )
Idqsqsdsds ieiviv =+

2

3
                                                                    (C.3-5) 
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From Equations (C.1-3) and (C.1-4), the current entering inverter at the DC link 

can be determined as follows: 

dt

de
Cii d

dcdI −=                                                                                 (C.3-6) 

Substitute Equations (C.3-1), (C.3-2), and (C.3-6) in Equation (C.3-5), 

the following equation can be obtained: 

d

dt

de
Ci

i

d
dcd

qs









−

=
3

4                                                                       (C.3-7) 

At the time t=0, Equation (C.3-7) can be expressed using the initial values: 

0

00

0 3

4

d

dt

de
Ci

i

t

d

dcd

qs









−

=

=

                                                              (C.3-8) 

Rearrange Equation (C.3-8),  

dc

qsd

t

d

C

dii

dt

de








−

==

000

0

4

3

                                                                (C.3-9) 

Linearize Equation (C.3-7) and combining with Equation (C.3-9), 

d
d

i
e

d

SC
i

d
i

qs

d

dc

dqs ∆−∆−∆=∆
0

0

00 3

4

3

4
                                              (C.3-10) 

 
For the speed controller, the following relationship exists: 


















−
=








c

ds

c

qs

cece

cece

e

ds

e

qs

v

v

v

v

θθ

θθ

cossin

sincos
                                                      (C.3-11) 
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Replace e

qsv by the command value *e

qsv , e

dsv by the command value *e

dsv , c

qsv and 

c

dsv by Equations (C.3-1) and (C.3-2),  
























−
=









0
2

1

cossin

sincos
*

*

d

cece

cece

e

ds

e

qs de

v

v

θθ

θθ
                                                 (C.3-12) 

The duty cycle d can be calculated as follows: 

( ) ( )

d

e

ds

e

qs

e

vv
d

2

1

2*2* +
=                                                                         (C.3-13) 

The voltage per Hz control scheme for the low voltage 6-pulse VSI based 

drive is shown in Figure C.1.   

 

 

Figure C.1 Voltage per Hz control scheme for VSI motor drive systems 

 
Based on Figure C.1, equations for the control system can be written as 

follows: 

( ) ( ) ( )000

**
rs

t

rrimrrpmSL dtKK ωωωωωωω −+−+−= ∫                          (C.3-14) 

srSL ωωω =+                                                                                     (C.3-15) 
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d

e

V

d

b

b

s

=









2

1

2
ω

ω

                                                                          (C.3-16) 

Linearize Equation (C.3-14),  

r

impm

SL
S

KSK
ωω ∆







 +
−=∆                                                       (C.3-17)      

Linearize Equation (C.3-15),  

srSL ωωω ∆=∆+∆                                                                     (C.3-18) 

Combining Equations (C.3-17) and (C.3-18),  

rs
S

ASA
ωω ∆

+
=∆ 1211                                                               (C.3-19) 

pmKA −= 111                                                                             (C.3-20) 

imKA −=12                                                                               (C.3-21) 

Linearize Equation (C.3-16): 

s

db

b

d

db

sb

e

V
e

e

V
d ω

ωω

ω
∆









+∆










−=∆

0
2

0

0 2222                                     (C.3-22) 

Substitute Equation (C.3-22) in Equation (C.3-10): 

( ) dsdqs eASAAiAi ∆++∆+∆=∆ 2322312221 ω                                     (C.3-23) 

0
21 3

4

d
A =                                                                               (C.3-24) 

00

0
22

22

de

iV
A

db

qsb

ω
−=                                                                  (C.3-25) 

0
231 3

4

d

C
A dc−=                                                                        (C.3-26) 
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0
2

0

00
232

22

de

iV
A

db

qssb

ω

ω
=                                                              (C.3-27) 

Linearize Equations (C.3-1) and (C.3-2): 

0=∆ dsv                                                                                         (C.3-28) 

dsqs eAAv ∆+∆=∆ 3231 ω                                                                   (C.3-29) 

b

bV
A

ω

2
31 =                                                                                     (C.3-30) 

0

00
32

2

2 db

sb

e

Vd
A

ω

ω
−=                                                                        (C.3-31) 

Substitute Equation (C.3-19) in Equations (C.3-23) and (C.3-29): 

( ) drdqs eASA
S

AASAA
iAi ∆++∆







 +
+∆=∆ 232231

12221122
21 ω                     (C.3-32) 

drqs eA
S

AASAA
v ∆+∆

+
=∆ 32

12311131 ω                                           (C.3-33) 

Substitute Equations (C.3-28), (C.3-32) and (C.3-33) in Equations (C.2-

28), (C.2-29) and (C.2-30): 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 4645444342410                     (C.3-34) 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 5655545352510                   (C.3-35) 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 6665646362610                  (C.3-36) 

41241141 ASAA +=                                                                           (C.3-37) 

rLA =411                                                                                        (C.3-38) 

rRA =412                                                                                        (C.3-39) 

( )0042 srrLA ωω −−=                                                                     (C.3-40) 

43243143 ASAA +=                                                                        (C.3-41) 
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rs LRA −=431                                                                                  (C.3-42) 

( )( ) rssrmsrs RRLLLA −−−= 2
000432 ωωω                                        (C.3-43) 

44244144 ASAA +=                                                                          (C.3-44) 

( )00441 drmdssr iLiLLA +−=                                                       (C.3-45) 

( ) ( ) ( )( )000000000442 qrmqsssrrdrmdssrqrrqsmsm iLiLLiLiLRiLiLLA +−−+−+−= ωωω   

                                                                                                (C.3-46) 

45245145 ASAA +=                                                                     (C.3-47) 

( )srms LLLA −= 2
0451 ω                                                             (C.3-48) 

( ) 000452 ssrsrsr LRRLA ωωω −−=                                           (C.3-49) 

( )00046 qrrqsmsm iLiLLA += ω                                                    (C.3-50) 

( )0051 srrLA ωω −−=                                                               (C.3-51) 

52252152 ASAA +=                                                                     (C.3-52) 

rLA −=521                                                                               (C.3-53) 

rRA −=522                                                                              (C.3-54) 

53253153 ASAA +=                                                                     (C.3-55) 

( ) 451
2

0531 ALLLA srms =−= ω                                                    (C.3-56) 

( ) 452000532 ALRRLA ssrsrsr =−−= ωωω                                      (C.3-57) 

54254154 ASAA +=                                                                    (C.3-58) 

( )00541 qrmqssr iLiLLA +−=                                                      (C.3-59) 

( ) ( ) ( )( )000000000542 drmdsssrrqrmqssrdrrdsmsm iLiLLiLiLRiLiLLA +−++−+−= ωωω   

   (C.3-60) 

55255155 ASAA +=                                                                     (C.3-61) 

rs LRA =551                                                                              (C.3-62) 
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( )( )srmsrsrs LLLRRA −−−= 2
000552 ωωω                                      (C.3-63) 

( )00056 drrdsmsm iLiLLA +−= ω                                                 (C.3-64) 

061 qsiA =                                                                                  (C.3-65) 

062 dsiA =                                                                                 (C.3-66) 

0000063 dsssqssdrsm iLiRiLA ωω +−=                                             (C.3-67) 

( ) ( )00000064 drmdssqsqrmqssds iLiLiiLiLiA +−+=                                   (C.3-68) 

( )0000065 smqrsdsssqs LiRiLiA ωω ++−=                                         (C.3-69) 

SAA 66166 =                                                                                (C.3-70) 

2
0

661
3

4

p

H
A sω

−=                                                                        (C.3-71) 

 
Substitute Equation (C.3-28) in Equation (C.3-36), and rearrange Equation 

(C.3-36) as follows: 

( )
rsqsqsds AAiAVA

A
i ωω ∆+∆+∆+∆








−=∆ 66646361

65

1                           (C.3-72)       

Substitute Equations (C.3-28) and (C.3-72) in Equations (C.3-34) and (C.3-35): 

( ) ( ) ( ) ( ) rsqsqs BSBSBBSBiBSBVBSB ωω ∆+++∆++∆++∆+= 4342
2

413231222112110   

                                                                                            (C.3-73) 

( ) ( ) ( ) ( ) rsqsqs BSBSBBSBiBSBVBSB ωω ∆+++∆++∆++∆+= 8382
2

817271626152510   

                                                                                            (C.3-74) 

614516541111 AAAAB −=                                                           (C.3-75) 

614526541212 AAAAB −=                                                           (C.3-76) 

634516543121 AAAAB −=                                                           (C.3-77) 

634526543222 AAAAB −=                                                          (C.3-78) 
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644516544131 AAAAB −=                                                           (C.3-79) 

644526544232 AAAAB −=                                                            (C.3-80) 

66145141 AAB −=                                                                          (C.3-81) 

66145242 AAB −=                                                                         (C.3-82) 

654643 AAB =                                                                             (C.3-83)     

6155151 AAB −=                                                                          (C.3-84) 

61552655152 AAAAB −=                                                           (C.3-85) 

635516553161 AAAAB −=                                                         (C.3-86)     

635526553262 AAAAB −=                                                         (C.3-87)     

645516554171 AAAAB −=                                                         (C.3-88)     

645526554272 AAAAB −=                                                         (C.3-89)     

66155181 AAB −=                                                                     (C.3-90) 

66155282 AAB −=                                                                      (C.3-91) 

655683 AAB =                                                                         (C.3-92)     

Substitute Equations (C.3-29) and (C.3-32) in Equations (C.3-73) and (C.3-74): 

rdd DeDiD ω∆+∆+∆= 1312110                                                  (C.3-93)     

rdd DeDiD ω∆+∆+∆= 2322210                                                 (C.3-94) 

SDSDD 112
2

11111 +=                                                                (C.3-95) 

2121111 BAD =                                                                         (C.3-96) 

2221112 BAD =                                                                         (C.3-97) 

SDSDSDD 123
2

122
3

12112 ++=                                                  (C.3-98) 

23121121 ABD =                                                                        (C.3-99) 

11322312223221122 BAABABD ++=                                                (C.3-100) 
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232221232123 ABBAD +=                                                             (C.3-101) 

134133
2

132
3

13113 DSDSDSDD +++=                                           (C.3-102) 

41131 BD =                                                                                (C.3-103) 

( ) 4211222131113111132 BAABBBAAD +++=                                              (C.3-104) 

( ) ( ) 431122221222213111311232123111133 BAABAABBBAABBAAD ++++++=        (C.3-105) 

( ) 12222232123112134 AABBBAAD ++=                                             (C.3-106) 

SDSDD 212
2

21121 +=                                                            (C.3-107) 

6121211 BAD =                                                                        (C.3-108) 

6221212 BAD =                                                                        (C.3-109) 

SDSDSDD 223
2

222
3

22122 ++=                                          (C.3-110) 

23161221 ABD =                                                                       (C.3-111) 

51322326123162222 BAABABD ++=                                              (C.3-112) 

232625232223 ABBAD +=                                                         (C.3-113) 

234233
2

232
3

23123 DSDSDSDD +++=                                          (C.3-114) 

81231 BD =                                                                               (C.3-115) 

( ) 8211226171513111232 BAABBBAAD +++=                                         (C.3-116) 

( ) ( ) 831222611122627151311272523111233 BAABAABBBAABBAAD ++++++=        (C.3-117) 

( ) 12226272523112234 AABBBAAD ++=                                         (C.3-118) 

Based on Equations (C.3-93) and (C.3-94), 

( ) ( )[ ]ddr eDDiDD
DD

∆−+∆−








−
−=∆ 22122111

2313

1
ω                               (C.3-119) 

Substitute Equation (C.3-119) in Equation (C.3-93), the relationship between id 

and ed can then be determined as follows: 
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( ) ( )
( ) ( ) dd e

DDDDDD

DDDDDD
i ∆









−−−

−−−
=∆

211113231311

231312221213                                     (C.3-120) 

Equation (C.3-120) can be further derived to be: 

dd eGi ∆=∆ 13                                                                        (C.3-121) 

2524
2

23
3

22
4

21

1615
2

14
3

13
4

12
5

11
13

FSFSFSFSF

FSFSFSFSFSF
G

++++

+++++
=                                (C.3-122) 

211111 EEF −=                                                                          (C.3-123) 

221212 EEF −=                                                                                (C.3-124) 

231313 EEF −=                                                                                (C.3-125) 

241414 EEF −=                                                                                (C.3-126) 

251515 EEF −=                                                                               (C.3-127) 

261616 EEF −=                                                                               (C.3-128) 

413121 EEF −=                                                                              (C.3-129) 

423222 EEF −=                                                                              (C.3-130) 

433323 EEF −=                                                                               (C.3-131) 

443424 EEF −=                                                                               (C.3-132) 

453525 EEF −=                                                                               (C.3-133) 

( )22112113111 DDDE −=                                                                      (C.3-134) 

( ) ( )22212213122112113212 DDDDDDE −+−=                                       (C.3-135) 

( ) ( ) ( )22312313122212213222112113313 DDDDDDDDDE −+−+−=                    (C.3-136) 

( ) ( ) ( )22312313222212213322112113414 DDDDDDDDDE −+−+−=                       (C.3-137) 

( ) ( )22312313322212213415 DDDDDDE −+−=                                      (C.3-138) 

( )22312313416 DDDE −=                                                                 (C.3-139) 

( )23113112121 DDDE −=                                                                 (C.3-140) 
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( ) ( )23213212123113112222 DDDDDDE −+−=                                       (C.3-141) 

( ) ( ) ( )23313312123213212223113112323 DDDDDDDDDE −+−+−=                        (C.3-142) 

( ) ( ) ( )23413412123313312223213212324 DDDDDDDDDE −+−+−=                     (C.3-143) 

( ) ( )23413412223313312325 DDDDDDE −+−=                                       (C.3-144) 

( )23413412326 DDDE −=                                                                 (C.3-145) 

( )23113111131 DDDE −=                                                                    (C.3-146) 

( ) ( )23113111223213211132 DDDDDDE −+−=                                        (C.3-147) 

( ) ( )23213211223313311133 DDDDDDE −+−=                                       (C.3-148) 

( ) ( )23313311223413411134 DDDDDDE −+−=                                     (C.3-149) 

( )23413411235 DDDE −=                                                             (C.3-150) 

( )21111113141 DDDE −=                                                            (C.3-151) 

( ) ( )21211213121111113242 DDDDDDE −+−=                                        (C.3-152) 

( ) ( )21211213221111113343 DDDDDDE −+−=                                      (C.3-153) 

( ) ( )21211213321111113444 DDDDDDE −+−=                                     (C.3-154) 

( )21211213445 DDDE −=                                                               (C.3-155) 

Combined Equations (C.1-7) and (C.3-121), the relationship between E 

and ed is obtained:  

gd fGEGe ∆+∆=∆ 1211                                                                    (C.3-156) 

3736
2

35
3

34
4

33
5

32
6

31

4544
2

43
3

42
4

41
11

FSFSFSFSFSFSF

FSFSFSFSF
G

++++++

++++
=                       (C.3-157) 

11
21

22
12 G

L

L
G 








=

                                                                           
(C.3-158) 

111131 FLF =                                                                              (C.3-159) 

1112121132 FLFLF +=                                                                    (C.3-160) 
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211212131133 FFLFLF ++=                                                         (C.3-161) 

221312141134 FFLFLF ++=                                                         (C.3-162) 

231412151135 FFLFLF ++=                                                         (C.3-163) 

241512161136 FFLFLF ++=                                                        (C.3-164) 

25161237 FFLF +=                                                                      (C.3-165) 

212141 FLF =                                                                              (C.3-166) 

222142 FLF =                                                                            (C.3-167) 

232143 FLF =                                                                            (C.3-168) 

242144 FLF =                                                                              (C.3-169) 

252145 FLF =                                                                             (C.3-170) 

 

C.4  Overall System Combination 

 
Rewrite Equation (C.1-7) as follows: 

gdd fNeNENi ∆+∆+∆=∆ 131211                                                             (C.4-1) 

1211

21
11

LSL

L
N

+
=                                                                                        (C.4-2) 

1211
12

1

LSL
N

+
−=                                                                                       (C.4-3) 

1211

22
13

LSL

L
N

+
=                                                                                         (C.4-4) 

Rewrite Equation (C.3-156) as follows: 

gd fG
L

L
EGe ∆








+∆=∆ 11

21

22
11

                                                     (C.4-5) 
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Submit Equations (C.4-1) and (C.4-5) in Equations (C.1-81) and (C.1-

104), the dynamic model of VFDs using the real power and reactive power at the 

input of the VFD can be determined as follows: 

( ) fEGGEGEGPP PPPP ∆∆++∆+∆+= 43
2

210                                    (C.4-6) 

1112221122211 GNGPNGPGPGP ++=                                                          (C.4-7) 

1112241124252 GNGPNGPGPGP ++=                                                       (C.4-8) 

1112
21

2222
1322233 GN

L

GPL
NGPGPGP ++=                                                  (C.4-9) 

1112
21

2422
1324264 GN

L

GPL
NGPGPGP ++=                                                        (C.4-10) 

 

( ) fEGGEGEGQQ QQQQ ∆∆++∆+∆+= 43
2

210                                   (C.4-11) 

1112221122211 GNGQNGQGQGQ ++=                                                     (C.4-12) 

1112241124252 GNGQNGQGQGQ ++=                                                  (C.4-13) 

1112
21

2222
1322233 GN

L

GQL
NGQGQGQ ++=                                              (C.4-14) 

1112
21

2422
1324264 GN

L

GQL
NGQGQGQ ++=                                             (C.4-15) 

The coefficient of the real power and reactive power are transfer functions, 

they can be derived as follows: 
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(C.4-16)
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(C.4-17)
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(C.4-18)
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(C.4-19)
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(C.4-20)
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(C.4-21)
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(C.4-22)
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                                                                                        (C.4-23) 

0EEE −=∆                                                                      (C.4-24)              

0gg fff −=∆
                                                                    

(C.4-25)
           

 

Where P0, Q0, E0, fg0 are steady-state values for real power, reactive power, 

voltage per phase, power supply frequency, respectively.  

31111 FLPb =                                                                        (C.4-26) 

311232112 FLFLPb +=                                                          (C.4-27) 

321233113 FLFLPb +=                                                         (C.4-28) 

331234114 FLFLPb +=                                                         (C.4-29) 
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341235115 FLFLPb +=                                                         (C.4-30) 

351236116 FLFLPb +=                                                         (C.4-31) 

361237117 FLFLPb +=                                                         (C.4-32) 

37128 FLPb =                                                                      (C.4-33) 

 

112141 LGPGP =                                                                    (C.4-34) 

2122122142 LGPLGPGP +=                                                   (C.4-35) 

314151 FGPGP =                                                                    (C.4-36) 

3142324152 FGPFGPGP +=                                                     (C.4-37) 

3242334153 FGPFGPGP +=                                                    (C.4-38) 

41223342344154 FGPFGPFGPGP −+=                                            (C.4-39) 

42223442354155 FGPFGPFGPGP −+=                                            (C.4-40) 

43223542364156 FGPFGPFGPGP −+=                                               (C.4-41) 

44223642374157 FGPFGPFGPGP −+=                                                (C.4-42) 

4522374258 FGPFGPGP −=                                                        (C.4-43) 

112361 LGPGP =                                                                       (C.4-44) 

2222122362 LGPLGPGP +=                                                          (C.4-45) 

21

2222
63

L

LGP
GP =                                                                      (C.4-46) 

112564 LGPGP =                                                                        (C.4-47) 

2124122565 LGPLGPGP +=                                                       (C.4-48) 

316471 FGPGP =                                                                            (C.4-49) 

3165326472 FGPFGPGP +=                                                       (C.4-50) 

3265336473 FGPFGPGP +=                                                         (C.4-51) 

41243365346474 FGPFGPFGPGP −+=                                             (C.4-52) 
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42243465356475 FGPFGPFGPGP −+=                                              (C.4-53) 

43243565366476 FGPFGPFGPGP −+=                                             (C.4-54) 

44243665376477 FGPFGPFGPGP −+=                                              (C.4-55) 

4524376578 FGPFGPGP −=                                                        (C.4-56) 

316191 FGPGP =                                                                        (C.4-57) 

3162326192 FGPFGPGP +=                                                       (C.4-58) 

3262336193 FGPFGPGP +=                                                       (C.4-59) 

41633362346194 FGPFGPFGPGP −+=                                              (C.4-60) 

42633462356195 FGPFGPFGPGP −+=                                              (C.4-61) 

43633562366196 FGPFGPFGPGP −+=                                               (C.4-62) 

44633662376197 FGPFGPFGPGP −+=                                               (C.4-63) 

4563376298 FGPFGPGP −=                                                        (C.4-64) 

112611 LGPHP =                                                                       (C.4-65) 

2224122612 LGPLGPHP +=                                                         (C.4-66) 

21

2224
13

L

LGP
HP =                                                                   (C.4-67) 

311121 FHPHP =                                                                     (C.4-68) 

3112321122 FHPFHPHP +=                                                      (C.4-69) 

3212331123 FHPFHPHP +=                                                       (C.4-70) 

41133312341124 FHPFHPFHPHP −+=                                              (C.4-71) 

42133412351125 FHPFHPFHPHP −+=                                              (C.4-72) 

43133512361126 FHPFHPFHPHP −+=                                             (C.4-73) 

44133612371127 FHPFHPFHPHP −+=                                               (C.4-74) 

4513371228 FHPFHPHP −=                                                       (C.4-75) 
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112141 LGQGQ =                                                                   (C.4-76) 

2122122142 LGQLGQGQ +=                                                      (C.4-77) 

314151 FGQGQ =                                                                   (C.4-78) 

3142324152 FGQFGQGQ +=                                                      (C.4-79) 

3242334153 FGQFGQGQ +=                                                      (C.4-80) 

41223342344154 FGQFGQFGQGQ −+=                                            (C.4-81) 

42223442354155 FGQFGQFGQGQ −+=                                          (C.4-82) 

43223542364156 FGQFGQFGQGQ −+=                                            (C.4-83) 

44223642374157 FGQFGQFGQGQ −+=                                          (C.4-84) 

4522374258 FGQFGQGQ −=                                                    (C.4-85) 

112561 LGQGQ =                                                                   (C.4-86) 

2224122562 LGQLGQGQ +=                                                       (C.4-87) 

112381 LGQGQ =                                                                    (C.4-88) 

2222122382 LGQLGQGQ +=                                                      (C.4-89) 

21

2222
83

L

LGQ
GP =                                                                 (C.4-90) 

316171 FGQGQ =                                                                  (C.4-91) 

3162326172 FGQFGQGQ +=                                                      (C.4-92) 

3262336173 FGQFGQGQ +=                                                      (C.4-93) 

41243362346174 FGQFGQFGQGQ −+=                                             (C.4-94) 

42243462356175 FGQFGQFGQGQ −+=                                             (C.4-95) 

43243562366176 FGQFGQFGQGQ −+=                                           (C.4-96) 

44243662376177 FGQFGQFGQGQ −+=                                           (C.4-97) 

4524376278 FGPFGQGQ −=                                                         (C.4-98) 
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318191 FGQGQ =                                                                 (C.4-99) 

3182328192 FGQFGQGQ +=                                                       (C.4-100) 

3282338193 FGQFGQGQ +=                                                   (C.4-101) 

41833382348194 FGQFGQFGQGQ −+=                                          (C.4-102) 

42833482358195 FGQFGQFGQGQ −+=                                          (C.4-103) 

43833582368196 FGQFGQFGQGQ −+=                                         (C.4-104) 

44833682378197 FGQFGQFGQGQ −+=                                            (C.4-105) 

4583378298 FGQFGQGQ −=                                                      (C.4-106) 

112611 LGQHQ =                                                                   (C.4-107) 

2224122612 LGQLGQHQ +=                                                  (C.4-108) 

21

2224
13

L

LGQ
HQ =                                                               (C.4-109)  

311121 FHQHQ =                                                                    (C.4-110) 

3112321122 FHQFHQHQ +=                                                     (C.4-111) 

3212331123 FHQFHQHQ +=                                                   (C.4-112) 

41133312341124 FHQFHQFHQHQ −+=                                            (C.4-113) 

42133412351125 FHQFHQFHQHQ −+=                                          (C.4-114) 

43133512361126 FHQFHQFHQHQ −+=                                            (C.4-115) 

44133612371127 FHQFHQFHQHQ −+=                                         (C.4-116) 

4513371228 FHQFHQHQ −=                                                   (C.4-117) 
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Table C.1 Parameters used in real power and reactive power 

 511_1 GPGP =  711_2 GPGP =  911_3 GPGP =  211_4 HPGP =  

522_1 GPGP =  722_2 GPGP =  922_3 GPGP =  222_4 HPGP =  

533_1 GPGP =  733_2 GPGP =  933_3 GPGP =  233_4 HPGP =  

544_1 GPGP =  744_2 GPGP =  944_3 GPGP =  244_4 HPGP =  

555_1 GPGP =  755_2 GPGP =  955_3 GPGP =  255_4 HPGP =  

566_1 GPGP =  766_2 GPGP =  966_3 GPGP =  266_4 HPGP =  

577_1 GPGP =  777_2 GPGP =  977_3 GPGP =  277_4 HPGP =  

588_1 GPGP =  788_2 GPGP =  988_3 GPGP =  288_4 HPGP =  

    

511_1 GQGQ =  711_2 GQGQ =  911_3 GQGQ =  211_4 HQGQ =  

522_1 GQGQ =  722_2 GQGQ =  922_3 GQGQ =  222_4 HQGQ =  

533_1 GQGQ =  733_2 GQGQ =  933_3 GQGQ =  233_4 HQGQ =  

544_1 GQGQ =  744_2 GQGQ =  944_3 GQGQ =  244_4 HQGQ =  

555_1 GQGQ =  755_2 GQGQ =  955_3 GQGQ =  255_4 HQGQ =  

566_1 GQGQ =  766_2 GQGQ =  966_3 GQGQ =  266_4 HQGQ =  

577_1 GQGQ =  777_2 GQGQ =  977_3 GQGQ =  277_4 HQGQ =  

588_1 GQGQ =  788_2 GQGQ =  988_3 GQGQ =  288_4 HQGQ =  

 
 

The coefficient of the real power and reactive power as 7th transfer 

functions can be rewritten as follows: 
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(C.4-118)
  

87
2

6
3

5
4

4
5

3
6

2
7

1

8_27_2
2

6_2
3

5_2
4

4_2
5

3_2
6

2_2
7

1_2
2

bbbbbbbb

PPPPPPPP

P
PSPSPSPSPSPSPSP

GSGSGSGSGSGSGSG
G

+++++++

+++++++
=  

                                                         
                             

(C.4-119)
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(C.4-120)
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(C.4-121)
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(C.4-122)
     

87
2

6
3

5
4

4
5

3
6

2
7

1

8_27_2
2

6_2
3

5_2
4

4_2
5

3_2
6

2_2
7

1_2
2

bbbbbbbb

QQQQQQQQ

Q
PSPSPSPSPSPSPSP

GSGSGSGSGSGSGSG
G

+++++++

+++++++
=  

                                                                    
                  

(C.4-123)
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(C.4-124)
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(C.4-125)

   
 

  
To calculate the ac current at the drive input, substitute Equation (C.1-77) 

in Equations (C.1-40), (C.1-46), (C.1-50), and (C.1-56), the following can be 

obtained: 

gIqIqdIqqgcomqgcom fGEGiGii ∆+∆+∆+= 3210                                     (C.4-126) 

21__1 uaaG qgcomuqgcomidIq +=                                                       (C.4-127) 

22__2 uaaG qgcomuqgcomEIq +=                                                      (C.4-128) 

23__3 uaaG qgcomuqgcomfgIq +=                                                      (C.4-129) 

 

gIqIqdIqqgcondqgcond fGEGiGii ∆+∆+∆+= 6540                                    (C.4-130) 

21__4 uaaG qgconduqgcondidIq +=                                                         (C.4-131) 

22_5 uaG qgconduIq =                                                                             (C.4-132) 
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23_6 uaG qgconduIq =                                                                        (C.4-133) 

 

gIqIqdIqqgqgcondqgcomqg fGEGiGiiii ∆+∆+∆+=+= 9870                               (C.4-134) 

000 qgcondqgcomqg iii +=                                                                 (C.4-135) 

417 IqIqIq GGG +=                                                                                  (C.4-136) 

528 IqIqIq GGG +=                                                                              (C.4-137) 

639 IqIqIq GGG +=                                                                              (C.4-138) 

 

gIdIddIddgcomdgcom fGEGiGii ∆+∆+∆+= 3210                                       (C.4-139) 

21__1 uaaG dgcomudgcomidId +=                                                           (C.4-140) 

22__2 uaaG dgcomudgcomEId +=                                                           (C.4-141) 

23__3 uaaG dgcomudgcomfgId +=                                                           (C.4-142) 

 

gIdIddIddgconddgcond fGEGiGii ∆+∆+∆+= 6540                                       (C.4-143) 

21__4 uaaG dgcondudgcondidId +=                                                        (C.4-144) 

22_5 uaG dgconduId =                                                                         (C.4-145) 

23_6 uaG dgconduId =                                                                                (C.4-146) 

 

gIdIddIddgdgconddgcomdg fGEGiGiiii ∆+∆+∆+=+= 9870                             (C.4-147) 

000 dgconddgcomdg iii +=                                                                    (C.4-148) 

417 IdIdId GGG +=                                                                              (C.4-149) 

528 IdIdId GGG +=                                                                             (C.4-150) 

639 IdIdId GGG +=                                                                              (C.4-151) 

Substitute Equation (C.4-1) in Equations (C.4-134) and (C.4-147), we have 
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gIqgIqgqgqg fGEGii ∆+∆+= 210                                                  (C.4-152) 

gIdgIdgdgdg fGEGii ∆+∆+= 210                                                  (C.4-153) 

1112711781 GNGNGGG IqIqIqIqg ++=                                              (C.4-154) 

1112
21

227
13792 GN

L

LG
NGGG

Iq

IqIqIqg ++=                                           (C.4-155) 

1112711781 GNGNGGG IdIdIdIdg ++=                                             (C.4-156)  

1112
21

227
13792 GN

L

LG
NGGG Id

IdIdIdg ++=                                          (C.4-157) 

The four coefficients in Equations (C.4-152) and (C.4-153) are 7th order transfer 

functions as follows: 
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(C.4-158)

            
311181 FLGIQ Iqq =                                                                              (C.4-159)

   
( ) 31217128321182 FLGLGFLGIQ IqIqIqq ++=                                            (C.4-160)

   
( ) 32217128331183 FLGLGFLGIQ IqIqIqq ++=                                             (C.4-161)

   
( ) 41733217128341184 FGFLGLGFLGIQ IqIqIqIqq −++=                                   (C.4-162)

   
( ) 42734217128351185 FGFLGLGFLGIQ IqIqIqIqq −++=                                           (C.4-163)

   
( ) 43735217128361186 FGFLGLGFLGIQ IqIqIqIqq −++=                                   (C.4-164)

   
( ) 44736217128371187 FGFLGLGFLGIQ IqIqIqIqq −++=                                    (C.4-165)

   
( ) 457372171288 FGFLGLGIQ IqIqIqq −+=                                                 (C.4-166)
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(C.4-167)
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311191 FLGHQ Iqq =                                                                                  (C.4-168)
   

( ) 31227129321192 FLGLGFLGHQ IqIqIqq ++=                                          (C.4-169)
   

( ) 32227129331193 FLGLGFLGHQ IqIqIqq ++=                                          (C.4-170)
   

( ) 41
21

227
33227129341194 F

L

LG
FLGLGFLGHQ

Iq

IqIqIqq −++=                                  (C.4-171)
   

( ) 42
21

227
34227129351195 F

L

LG
FLGLGFLGHQ

Iq

IqIqIqq −++=                                (C.4-172)
   

( ) 43
21

227
35227129361196 F

L

LG
FLGLGFLGHQ

Iq

IqIqIqq −++=                                   (C.4-173)
   

( ) 44
21

227
36217129371197 F

L

LG
FLGLGFLGHQ

Iq

IqIqIqq −++=                                  (C.4-174)
   

( ) 45
21

227
372271298 F

L

LG
FLGLGHQ

Iq

IqIqq −+=                                                  (C.4-175)
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(C.4-176)

            
311181 FLGIQ Idd =                                                                                     (C.4-177)

   
( ) 31217128321182 FLGLGFLGIQ IdIdIdd ++=                                                   (C.4-178)

   
( ) 32217128331183 FLGLGFLGIQ IdIdIdd ++=                                                 (C.4-179)

   
( ) 41733217128341184 FGFLGLGFLGIQ IdIdIdIdd −++=                                       (C.4-180)

   
( ) 42734217128351185 FGFLGLGFLGIQ IdIdIdIdd −++=                                       (C.4-181)

   
( ) 43735217128361186 FGFLGLGFLGIQ IdIdIdIdd −++=                                     (C.4-182)

   
( ) 44736217128371187 FGFLGLGFLGIQ IdIdIdIdd −++=                                     (C.4-183)

   
( ) 457372171288 FGFLGLGIQ IdIdIdd −+=                                                       (C.4-184)
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(C.4-185)
            

311191 FLGHQ Idd =                                                                       (C.4-186)
   

( ) 31227129321192 FLGLGFLGHQ IdIdIdd ++=                                      (C.4-187)
   

( ) 32227129331193 FLGLGFLGHQ IdIdIdd ++=                                     (C.4-188)
   

( ) 41
21

227
33227129341194 F

L

LG
FLGLGFLGHQ Id

IdIdIdd −++=                           (C.4-189)
   

( ) 42
21

227
34227129351195 F

L

LG
FLGLGFLGHQ Id

IdIdIdd −++=                           (C.4-190)
   

( ) 43
21

227
35227129361196 F

L

LG
FLGLGFLGHQ Id

IdIdIdd −++=                        (C.4-191)
   

( ) 44
21

227
36227129371197 F

L

LG
FLGLGFLGHQ Id

IdIdIdd −++=                               (C.4-192)
   

( ) 45
21

227
372271298 F

L

LG
FLGLGHQ Id

IdIdd −+=                                               (C.4-193)
   

Table C.2 Parameters used in ac currents in d- and q-axis 

 111 qIqg IQG =  121 qIqg HQG =  111 dIdg IQG =  121 dIdg HQG =  

212 qIqg IQG =  222 qIqg HQG =  212 dIdg IQG =  222 dIdg HQG =  

313 qIqg IQG =  323 qIqg HQG =  313 dIdg IQG =  323 dIdg HQG =  

414 qIqg IQG =  424 qIqg HQG =  414 dIdg IQG =  424 dIdg HQG =  

515 qIqg IQG =  525 qIqg HQG =  515 dIdg IQG =  525 dIdg HQG =  

616 qIqg IQG =  626 qIqg HQG =  616 dIdg IQG =  626 dIdg HQG =  

717 qIqg IQG =  727 qIqg HQG =  717 dIdg IQG =  727 dIdg HQG =  

818 qIqg IQG =  828 qIqg HQG =  818 dIdg IQG =  828 dIdg HQG =  

 

The four coefficients as 7th order transfer functions for the d- and q-axis ac 

currents are rewritten as follows: 
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                                                                            (C.4-197) 

Note: due to the characteristics of diode rectifier which does not allow the power 

flowing backward to the power grid, the dynamic response results calculated 

from the developed dynamic model need to manually assign all negative real 

power and reactive power values to be 0.   

 

C.5  Initial Values 

 
The initial values used in the formulas are determined in this section. Some 

parameters are given values, such as 

Ldc: dc link inductance 

rdc : dc link resistance 

Cdc: dc link capacitance 

lc: commutation inductance 

Rs: stator resistance 

ls: stator leakage inductance 

Rr: rotor resistance 

lr: rotor leakage inductance 

Lm: exciting inductance 
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H: Motor inertia 

p: pole pair 

Vdiode: diode on-state voltage 

E0: power source steady-state rms voltage per phase 

ωg: power source angular frequency 

ωr0: rotor steady-state electric angular frequency 

ωs0: stator steady-state electric angular frequency 

Kpm: speed controller proportional gain 

Kim: speed controller integral gain 

Vb: nominal voltage of the motor per phase 

ωb: nominal frequency of the motor 

TLoad: the load torque 

PF: power factor in front of the commutation inductance 

P0: real power 

Q0: reactive power 

S0: apparent power 

 
Some parameters or initial values need to be calculated. The DC link 

voltage from the diode front-end rectifier can be calculated as follows:  

diodedgcd VilEv 2
363

0000 −−= ω
ππ

                                               (C.5-1) 

000 dddcd eirv +=                                                                            (C.5-2) 

Based on Equations (C.5-1) and (C.5-2), the DC link voltage after the capacitor 

is calculated by 

diodeddcgcd VirlEe 2
363

0000 −







+−= ω

ππ
                                   (C.5-3) 

The initial value for the commutation angle, AC input current components of the 

drive at d- and q-axis, and real power and reactive power at the input circuit can 

be determined as follows:  
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
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2
1arccos

E
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dgcω                                                        (C.5-4) 

( ) ( )0
0

0
0

0

0
000 2cos1

4

23
1cos

23

6

5
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6

5
sin

32
u

l

E
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E
uii

gcgc

dqgcom −+−+
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                                                                                                  (C.5-5)  
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0
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(C.5-6) 



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
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
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
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7
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000
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π
uii dqgcond

                                      (C.5-7) 

















++




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5
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6

7
cos

32
000

ππ

π
uii ddgcond

                                  (C.5-8) 

000 qgcondqgcomqg iii +=                                                                          (C.5-9) 

000 dgconddgcomdg iii +=                                                                               (C.5-10) 

000
2

3
qgiEP =                                                                                              (C.5-11) 

0

0
0

PF

P
S =                                                                                                  (C.5-12) 

where PF0 is assumed based on the commutation inductance values. If the 

commutation inductance is 0-1mH, PF0 = 96% (a typical power factor at the ac 

input of a diode rectifier), if the commutation inductance is 10mH, PF0 = 92%. 

Other values can be estimated based on them.  

2
0

2
00 PSQ −=                                                                               (C.5-13) 

To determine the parameters in Equations (C.5-3) - (C.5-13), the dc link 

current 0di  must be determined first. Based on induction motors equations and 

inverter equations, we have: 

( )00000 qrmqsssdssds iLiLiRv +−= ω                                              (C.5-14) 
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( )00000 drmdsssqssqs iLiLiRv ++= ω     
                                         

(C.5-15) 

( )( )000000 qsmqrrrsdrr iLiLiR +−−= ωω                                         (C.5-16) 

( )( )000000 dsmdrrrsqrr iLiLiR +−+= ωω                                      (C.5-17) 

00 =dsv     
                                                                                

(C.5-18) 

000 2

1
dqs edv =         

                                                                  
(C.5-19) 

From Equation (C.5-16),  

( ) ( )00
00

0 qsmqrr

r

rs
dr iLiL

R
i +

−
=

ωω
    

                                       
(C.5-20) 

Substitute Equation (C.5-20) in Equation (C.5-17), after rearrangement, 

the following equation can be obtained: 

( )
( )[ ]

( )
00

2
00

0000

22
00

2

=






 −
+−+







 −+
qs

r

mrrs
dsrsmqr

r

rrsr i
R

LL
iLi

R

LR ωω
ωω

ωω
  

  

                                                                                               
(C.5-21) 

From Equations (C.5-14) and (C.5-18), 

00
0

0 qs

m

s
ds

ms

s
qr i

L

L
i

L

R
i 








−








=

ω
    

                                               
(C.5-22) 

Substitute Equation (C.5-22) in Equation (C.5-21), the following is determined: 

0110 qsds iSi =      
                                                                          

(C.5-23) 

( )( ) ( )
( )( ) ( ) 0

22
00

22
00

2
0

22
000

22
00

2

11

smrrssrrsr

smrrsssrrsr

LRRLR

LLLLR
S

ωωωωω

ωωωωωω

−+−+

−−−+
=                          (C.5-24) 

Substitute Equation (C.5-23) in Equation (C.5-22),  

0120 qsqr iSi =     
                                                                           

(C.5-25) 
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ms

sss

L

LSR
S

0

011
12

ω

ω−
=                                                                      (C.5-26) 

Substitute Equation (C.5-25) in Equation (C.5-20),  

0130 qsdr iSi =     
                                                                            

(C.5-27) 

( )( )

r

rmrs

R

SLL
S 1200

13

+−
=

ωω
                                                  (C.5-28) 

Under the steady-state condition, the motor electromagnetic torque should be 

balanced with the load torque as follows: 

( ) 000000 5.1 Loaddsqrqsdrme TiiiipLT =−=                                          (C.5-29) 

Substitute Equations (C.5-23), (C.5-25) and (C.5-27) in Equation (C.5-29), 

0qsi can be calculated as follows: 

( )111213

0
0 5.1 SSSPL

T
i

m

Load
qs

−
=       

                                              
(C.5-30) 

Substitute Equation (C.5-30) in Equations (C.5-23), (C.5-25) and (C.5-27), 0dsi , 

0qri , and 0dri  can be calculated.  

 
Substitute Equations (C.5-23) and (C.5-27) in Equation (C.5-15), and 

combining with Equation (C.5-19),  

( ) 00013011000 2

1
dqsmqsssqssqs ediSLiSLiRv =++= ω        

                        
(C.5-31) 

Define a new parameter S14 as follows: 

( )013011000014 22 qsmqsssqssd iSLiSLiRedS ++== ω                   
            

(C.5-32) 

Based on Equation (C.3-5),  
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( ) 0000002

3
Idqsqsdsds ieiviv =+                                                     (C.5-33) 

Under steady-state, 00 dI ii = , combining this with Equations (C.5-18), (C.5-19) 

and (C.5-33),  

000002

1

2

3
ddqsd ieied =








                                                         (C.5-34) 

The dc link steady-state current id0 can be obtained from Equation (C.5-34) as 

follows: 

000 4

3
qsd idi =      

                                                                          
(C.5-35) 

Multiplying both sides of Equation (C.5-3) by d0 as follows: 

000000014 2
363

dVdirldEdeS diodeddcgcd −







+−== ω

ππ
                        (C.5-36)    

Substitute Equation (C.5-35) in Equation (C.5-36), we obtain the function of the 

duty cycle d0 as follows: 

02
633

4

3
1400

2
00 =+










−−
















+ SdVEdirl diodeqsdcgc

π
ω

π
                         (C.5-37) 

Solving Equation (C.5-37), the duty cycle d0 are determined. All required initial 

values can be determined accordingly.  
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APPENDIX D AGGREGATION USING PADE APPROXIMATION   

 
The Pade Approximation can be expressed as follows [129]:  

( )
n

n

m

m

xbxbxbb

xaxaxaa
xG

++++

++++
=

L

L

2
210

2
210       

                                       
(D-1) 

The function G(x) can be expressed by the function f(x) as follows:  

( ) nm

nm xcxcxccxf
+

+++++= L
2

210           
                                  

(D-2) 

000 cba =     
                                                                                 

(D-3) 

01101 cbcba +=      
                                                                        

(D-4) 

 
LL  

0110 cbcbcba mmmm +++= − L         
                                            

(D-5) 

 
LL  

mnnmnm cbcbcb +++= −++ L1100    
                                                

(D-6) 

 
Based on Equations (D-3)-(D-6), the coefficient c of the new function f(x) 

can be determined. As an example, one of the transfer functions for the real 

power Gp1 is converted to a polynomial fP1 using Pade Approximation.  
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bbbbbbbb
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PSPSPSPSPSPSPSP

GPSGPSGPSGPSGPSGPSGPSGP
G

+++++++

+++++++
=   

                                                                                                   (D-7) 

In Equation (D-7), m = 7 and n = 7, a new polynomial function fP1(S) equivalent 

to ( )SGP1 can be determined as follows:   

( ) 14
14

2
2101 ScScSccSfP ++++= L                                           (D-8) 

Assign the following parameters as shown in Table D-1: 
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Table D. 1 Parameters used in Gp1 for Pade Approximation 

a0 = GP58 b0 = Pb8 
a1 = GP57 b1 = Pb7 
a2 = GP56 b2 = Pb6 
a3 = GP55 b3 = Pb5 
a4 = GP54 b4 = Pb4 
a5 = GP53 b5 = Pb3 
a6 = GP52 b6 = Pb2 
a7 = GP51 b7 = Pb1

 

Equation (D-7) can be rewritten as follows:    

( )
01

2
2

3
3

4
4

5
5

6
6

7
7
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4
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6
7

7
1

bSbSbSbSbSbSbSb

aSaSaSaSaSaSaSa
SGP

+++++++

+++++++
=                      (D-9) 

Based on Equations (D-2) – (D-6), Equation (D-9) in the transfer function format 

can be converted to a polynomial format as follows: 

( ) 14
14

2
2101 ScScSccSfP ++++= L      

                                      
(D-10) 

0

0
0

b

a
c =                                                                                       (D-11) 

( )011
0

1

1
cba

b
c −=                                                                          (D-12) 

( )02112
0

2

1
cbcba

b
c −−=                                                             (D-13) 

( )0312213
0

3

1
cbcbcba

b
c −−−=                                                    (D-14) 

( )041322314
0

4

1
cbcbcbcba

b
c −−−−=                                          (D-15) 

( )05142332415
0

5

1
cbcbcbcbcba

b
c −−−−−=                                    (D-16) 

( )0615243342516
0

6

1
cbcbcbcbcbcba

b
c −−−−−−=                                 (D-17) 
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( )071625344352617
0

7

1
cbcbcbcbcbcbcba

b
c −−−−−−−=                        (D-18) 

( )17263544536271
0

8

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                          (D-19) 

( )27364554637281
0

9

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                               (D-20) 

( )37465564738291
0

10

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                         (D-21) 

( )475665748392101
0

11

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                         (D-22) 

( )5766758493102111
0

12

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                            (D-23) 

( )67768594103112121
0

13

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                        (D-24) 

( )778695104113122131
0

14

1
cbcbcbcbcbcbcb

b
c −−−−−−−=                          (D-25) 

For n VFDs connected to the same bus, f1(S), f2(S), …, and fn(S) are 

obtained.  The equivalent aggregated VFD should have the following function: 

( ) ( ) ( ) ( ) 14
14

2
210_12_11_1_1 ScScSccSfSfSfSf eqeqeqeqnPPPeqP ++++=+++= LL  

                                                                                                  
 
(D-26) 

neq cccc 002010 L++=                                                                  (D-27) 

neq cccc 112111 L++=                                                                   (D-28) 

neq cccc 222212 L++=                                                                 (D-29) 

LL  

neq cccc 1414214114 L++=                                                            (D-30) 
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Now the task is to convert Equation (D-26) back to the transfer function 

format as follows: 

( )
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2
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7
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5
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6
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7
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bSbSbSbSbSbSbSb

aSaSaSaSaSaSaSa
SG eqP

′+′+′+′+′+′+′+′

′+′+′+′+′+′+′+′
=                     (D-31) 

Assign 17 =′b . Please note, when using Pade approximation method for VFDs, 

10 =′b  cannot be assigned. The reason is that it could cause ill-conditioned 

matrix operation, and result in incorrect calculation result using Matlab.  Based 

on Equations (D-3) – (D-6): 

000 cba ′′=′          
                                                                              

(D-32) 

01101 cbcba ′′+′′=′         
                                                                    

(D-33) 

0211202 cbcbcba ′′+′′+′′=′                                                                
    

(D-34) 

031221303 cbcbcbcba ′′+′′+′′+′′=′      
                                                   

(D-35) 

04132231404 cbcbcbcbcba ′′+′′+′′+′′+′′=′                                               
 
(D-36) 

0514233241505 cbcbcbcbcbcba ′′+′′+′′+′′+′′+′′=′                                        (D-37) 

061524334251606 cbcbcbcbcbcbcba ′′+′′+′′+′′+′′+′′+′′=′                                 
 
(D-38) 

07162534435261707 cbcbcbcbcbcbcbcba ′′+′′+′′+′′+′′+′′+′′+′′=′           
                  

(D-39) 

17263544536271800 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=                           
 
(D-40) 

27364554637281900 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=                         
 
(D-41) 

374655647382911000 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=     
                         

(D-42) 

4756657483921011100 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=                           
 
(D-43) 

57667584931021111200 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=                        
 
(D-44) 

677685941031121211300 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=    
                        

(D-45) 

7786951041131221311400 cbcbcbcbcbcbcbcb ′′+′′+′′+′′+′′+′′+′′+′′=  
                        

(D-46) 
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Solving Equations (D-40) - (D-46), 0b′  to 6b′  can be obtained. Further 

solving Equations (D-32) – (D-39) using the calculated 0b′  to 6b′ values, 0a′  and 

7a′ can be obtained. Now the equivalent transfer function for the real power in 

Equation (D-31) is determined. The equivalent transfer function for the reactive 

power can be calculated using the similar method.  
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APPENDIX E TYPICAL PARAMETERS FOR DYNAMIC 

MODELS OF MOTOR DRIVE SYSTEMS 

 
The input data and their typical/sample values used to derive the dynamic 

models for VSI based drive-induction motor systems are listed in Table E.1. 

Once the input data in this table are input into the Matlab program, all initial 

values will be calculated, and all transfer functions as the coefficients of the 

dynamic model are determined using the Matlab program.  

 
Table E.1 Typical parameters for equivalent dynamic models 

Symbols Parameters Descriptions Typical values 
 For power source  

E0 Rms value of the power source phase-
to-ground voltage supplied to the drive 
(in front of the commutation 
inductance) 

User defined or  
based on load flow study results at the bus the 
VFDs are connected to (V) 

fg0 Power supply frequency at the drive 
input  

User defined, 50Hz or 60Hz (Hz) 

lc Commutation inductance in front of the 
drive (include ac line reactor and the 
power system impedance at the input 
of the drive) 

User defined or inductance of the 3% or 5% ac 
line reactor plus the power source inductance, 
either based on short circuit study results or 
assumptions (H)  [153]  

 For VFDs  
Vdiode Diode on-state voltage 1.2 or 1.3  (V) [154, 155] 
rdc Resistance of DC link 0 (Ω) [154] 
Ldc Inductance of DC link reactor 0 (Ω) [154] 
Cdc Capacitance of DC link capacitor User defined or 10%–20% of the base impedance 

(F) [36]  
Kpm Speed PI controller proportional gain 

for the closed-loop voltage per Hz 
control 

9 [154] 
 

Kim Speed PI controller integral gain 
for the closed-loop voltage per Hz 
control 

10 [154] 
 

fout Output frequency of the drive User defined, or estimated from (motor expected 
operating speed in rpm)*(motor nominal 
frequency) /(motor nominal speed in rpm) (Hz) 
[154] 

npulse Pulse number of the cascaded H-bridge 
inverter drives 

User defined, 18, 24 etc 

 For induction motors  
Vb Rated voltage of the motor User defined or from Tables E.2 or A.1 (V) [156] 
Rs Stator resistance User defined or from Tables E.2 or A.1  (Ω) [156] 
ls Stator leakage inductance User defined or from Tables E.2 or A.1 (H) [156] 
Lm Magnetizing inductance User defined or from Tables E.2 or A.1 (H) [156] 
Rr Rotor resistance User defined or from Tables E.2 or A.1 (Ω) [156] 
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lr Rotor leakage inductance User defined or from Tables E.2 or A.1 (H) [156] 
P Number of pole pairs User defined or 2 (assumed to be 4 poles) 
frated Nominal frequency of the motor User defined or 60 (Hz) 
J Inertia of the induction motor User defined, or from Tables E.2 or A.1, or 

estimate from Figure A.1 (kg* m2) [156] 
nrated Nominal speed of the motor  User defined, or estimated from Table E.2 (rpm) 

[156] 
TL  
 

Load torque  
(Motor operating data 1) 

User defined or assumed to be equal to 25% - 
80% of the rated electromagnetic torque 
calculated from Equation (E-1) (NM) [157] 

nr  
 

Operating target speed of the motor 
(Motor operating data 2) 

User defined, or assumed to be equal to nominal 
speed of the motor (rpm) 

 For Transformers (aggregation VFDs)  
Stx Transformer rated capacity, VA User defined 
Vptx Transformer primary rated voltage, V User defined 
Vstx Transformer secondary rated voltage, 

V 
User defined 

Ztx Transformer impedance in % User defined, or from Tables A.2 and A.3 [152] 
X/R Transformer X/R ratio User defined, or from Tables A.2 and A.4 [152] 
 For upstream series impedance 

(aggregation VFDs) 
 

Rimp Resistance of series impedance, ohms User defined 
Limp Inductance of series impedance, H User defined 

 
 

Table E.2 Equivalent circuit parameters of induction motors  
(4 poles, 60Hz, 3-phase) [156] 

Motor 
HP  

Voltage, 
V 

Rated 
speed 
rpm 

Rs, 
Ω 

Ls = 
L׳r, 
H 

Lm, 
H 

R׳r, 
Ω 

J, 
Kg* m2 

D, 
N*m*s 

3 220 1710 0.435 0.0713 0.0693 0.816 0.089 0.008 
25 460 1695 0.249 0.0602 0.0587 0.536 0.554 0.040 
50 460 1705 0.087 0.0355 0.0347 0.228 1.662 0.073 

100 460 1700 0.031 0.0193 0.0189 0.134 4.449 0.121 
250 2300 1769 0.681 0.2342 0.2277 0.401 6.918 0.124 
500 2300 1773 0.262 0.1465 0.1433 0.187 11.062 0.402 
800 2300 1778 0.131 0.0976 0.0957 0.094 21.262 0.283 

1000 2300 1778 0.112 0.1452 0.1436 0.074 29.871 0.786 
1500 2300 1783 0.056 0.0537 0.0527 0.037 44.548 0.500 
2250 2300 1786 0.029 0.0352 0.0346 0.022 63.869 1.607 
6000 4160 1787 0.022 0.0597 0.0589 0.022 674.971 2.444 

Note 1: The inertia J include the inertia of load, which is assumed to be equal to inertia of 
motor 

Note 2: These parameters were determined from manufacturer’s published data for all 
motors except the 3HP machine, its parameters were determined from laboratory test 
data.  All resistances are given for a temperature of 75ºC. 

Ls  = ls + Lm  

L'r = l'r +Lm 
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The rated electromagnetic torque calculation [157]: 
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where 

srateds lfX π2=  

mratedm LfX π2=  

rratedr lfX π2=  
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APPENDIX F DYNAMIC MODEL FOR CASCADED INVERTER 

MOTOR DRIVE SYSTEMS   

F.1  Each Power Module 

 
The generic calculation method introduced in this Appendix is suitable to 

VFDs with either 18-pulse or 24-pulse. The 18-pulse medium voltage cascaded 

H-bridge inverter based drive consists of three power modules per phase. The 

derivation of the dynamic model for this type of MVD started from each low 

voltage power module.  

  
The DC link voltage vd from each power module can be expressed as 

follows: 

( )
diode

d

cdgcd V
dt

di
liflEv 222

363
−−−= π

ππ
                               (F.1-1) 

where vd is output voltage from the diode converter at each power module, id is 

the dc link current from diode converter at each power module, E is rms source 

voltage per phase at each power module, lc is the source commutation inductance 

in front of the MVD, fg is the power grid frequency in Hz, Vdiode is diode on-state 

voltage. The power source resistance is ignored.  

 
It is verified that the DC link voltage in Equation (F.1-1) is not affected by 

the phase-shifting angle from the transformer, and each module has exactly the 

same voltage at DC links.   

 
In each power module, the DC link consists of a DC link resistor rdc, DC 

link reactor Ldc, and DC link capacitor Cdc. The voltage and currents at DC link 

can be calculated as follows: 

d
d

dcddcd e
dt

di
Lirv ++=                                                            (F.1-2) 
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Icd iii +=                                                                                  (F.1-3) 

dt

de
Ci d

dcc =                                                                                 (F.1-4) 

Where ed is the dc link voltage supplying to inverter, ic is the current flowing 

through the DC link capacitor, iI is the current flowing into the inverter.  

 
Combining Equations (F.1-1) and (F.1-2), the dc link current id can be 

expressed as follows: 
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Substitute (F.1-5) in (F.1-2), the dc link voltage from output of the diode 

converter can be rewritten as follows: 
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Linearize Equation (F.1-5): 
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π

63
21 =L                                                                                        (F.1-8) 

cdc lLL 211 +=                                                                                 (F.1-9) 

( )012 2
3

gcdc flrL π
π

+=                                                                      (F.1-10) 

022 6 dcilL =                                                                                         (F.1-11) 
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Linearize Equation (F.1-6): 

dVdedgVdfgdVdidVdEdd eafaiaEavv ∆+∆+∆+∆+= ____0                     (F.1-12) 
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Substitute Equation (F.1-7) in Equation (F.1-12), the dc link voltage can be 

derived as follows: 

gddd fMeMEMvv ∆+∆+∆+= 2322210                                    (F.1-17) 
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11_31 LaM VdE=
                                                                       

(F.1-21) 

21_12_32 LaLaM VdidVdE +=
                                                        

(F.1-22) 

11_33 LaM Vded=
                                                                        

(F.1-23) 

VdidVded aLaM _12_34 −=
                                                           

(F.1-24) 

11_35 LaM Vdfg=
                                                                        

(F.1-25)
 

22_12_36 LaLaM VdidVdfg +=
                                                       

(F.1-26) 



 

280 
 

The power source voltage in dq reference frame at the input of each power 

module can be expressed as follows: 

0=dgv                                                                                      (F.1-27) 

Evqg 2=                                                                                (F.1-28) 

The current at the input of the power module (without phase shifting) in dq 

reference frame can be calculated as follows: 

qgcondqgcomqg iii +=                                                               (F.1-29) 

dgconddgcomdg iii +=                                                               (F.1-30) 
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where u is the commutation angle. 

 
The real and reactive power at the input of each power module can be 

calculated as follows: 

( )qgqgdgdguleperac ivivP +=
2

3
mod_                                                          (F.1-36) 
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( )
qgdgdgqguleperac ivivQ −=

2

3
mod_                                                          (F.1-37) 

The total real and reactive power at the input of the 18-pulse MVD can be 

calculated by substituting equations (F.1-27) and (F.1-28) as follows: 
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where npulse is the pulse number of the MVD, Pac and Qac  are the total real and 

reactive power at the MVD input, Pac_permodule and Qac_permodule is the real and 

reactive power at each power module.  

 
Linearize Equations (F.1-31)-(F.1-34) for each power module: 
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For the total real power, the Taylor expansion for Equation (F.1-38) can be 

written as follows: 
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Substitute Equations (F.1-40) and (F.1-46) in Equation (F.1-60), the real 

power P can be expressed as follows: 
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qgcomEiqgcomPE aaaGP __11 +=                                                      (F.1-68) 

qgcondidiqgcondqgcomidiqgcom aaaaGP __12 +=                                     (F.1-69) 

qgconduiqgcondqgcomuiqgcom aaaaGP __13 +=                                      (F.1-70) 
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PEEqgcomEEiqgcom aaaGP __17 +=                                                 (F.1-74) 

qgcomfgEiqgcomaaGP _18 =                                                             (F.1-75) 

Based on Equation (F.1-35), the commutation angle can be expressed as follows: 
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Linearize Equation (F.1-76), we have 
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Substitute Equation (F.1-77) in Equation (F.1-67),  

gdgdac fEGPEGPEiGPfGPiGPEGPPP ∆∆+∆+∆∆+∆+∆+∆+= 26
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                                                                                            (F.1-81) 

22131121 uGPGPGP +=                                                               (F.1-82) 

21131222 uGPGPGP +=                                                             (F.1-83) 

23131423 uGPGPGP +=                                                            (F.1-84) 

21151624 uGPGPGP +=                                                            (F.1-85) 

22151725 uGPGPGP +=                                                            (F.1-86) 

23151826 uGPGPGP +=                                                            (F.1-87) 

For the total reactive power, the Taylor expansion for Equation (F.1-39) 

can be written as follows: 
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iiaiiaEEaQQ

QEEdgcondEidgcond

dgcomEidgcomdgcondidgconddgcomidgcomQE

QEE

dgconddgcondEidgconddgcomdgcomEidgcom

dgconddgcondidgconddgcomdgcomidgcomQEac

∆+∆∆+

∆∆+∆+∆+∆+=

−+

−−+−−+

−+−+−+=

 
  

                                                                                           (F.1-88) 

( )00_
22

3
dgconddgcom

pulse

QE ii
n

a +=                                                  (F.1-89) 

0_
22

3
E

n
a

pulse

Qidgcom =                                                                         (F.1-90) 

0_
22

3
E

n
a

pulse

Qidgcond =                                                                         (F.1-91) 

22

3
_

pulse

QEidgcom

n
a =                                                                           (F.1-92) 

22

3
_

pulse

QEidgcond

n
a =                                                                          (F.1-93) 

Eidgcom

pulse

QEE a
n

a
24

3
_ =                                                                    (F.1-94) 
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Substitute Equations (F.1-50) and (F.1-56) in Equation (F.1-88), the total 

reactive power can be expressed as follows: 

gd

gdac

fEGQEGQiEGQ

uEGQfGQuGQiGQEGQQQ

∆∆+∆+∆∆+

∆∆+∆+∆+∆+∆+=

18
2

1716

15141312110
             (F.1-95) 

dgcomEidgcomQE aaaGQ __11 +=                                                        (F.1-96) 

dgcondididgconddgcomididgcom aaaaGQ __12 +=                                      (F.1-97) 

dgconduidgconddgcomuidgcom aaaaGQ __13 +=                                       (F.1-98) 

dgcomfgidgcomaaGQ _14 =                                                                (F.1-99) 

dgconduEidgconddgcomuEidgcom aaaaGQ __15 +=                                       (F.1-100) 

dgcondidEidgconddgcomidEidgcom aaaaGQ __16 +=                                    (F.1-101) 

QEEdgcomEEidgcom aaaGQ __17 +=                                                  (F.1-102) 

dgcomfgEidgcomaaGQ _18 =                                                                (F.1-103) 

Substitute Equation (F.1-77) in Equation (F.1-95),  

gdgdac fEGQEGQEiGQfGQiGQEGQQQ ∆∆+∆+∆∆+∆+∆+∆+= 26
2

25242322210  

                                                                                                 (F.1-104) 

22131121 uGQGQGQ +=                                                                  (F.1-105) 

21131222 uGQGQGQ +=                                                           (F.1-106) 

23131423 uGQGQGQ +=                                                         (F.1-107) 

21151624 uGQGQGQ +=                                                         (F.1-108) 

22151725 uGQGQGQ +=                                                         (F.1-109) 

23151826 uGQGQGQ +=                                                           (F.1-110) 
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F.2  Induction Motors 

 
The induction motors are exactly the same as Section C.2, and the three 

main equations are copied here for convenience: 

( ) ( ) ( )( ) ( )[ ]
( ) ( )[ ] ( )[ ]

( )( ) ( )( ) ( )[ ]
sqrrqsmsmqrmqsssrrdrmdssrr

rqrrqsmsmdsssrsrrssrms

qsrrssrmsrsdssrrqsrr

iLiLLiLiLLiLiLSLR

iLiLLiLRLRSLLL

iSLRRLLLvLvSLR

ωωωω

ωωωωωω

ωωωωω

∆+++−+++−

∆++∆−−+−+

∆+−−−+∆−−∆+=

000000000

000000
2
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2
000000

                                                                                                 

        

(F.2-1) 

( ) ( ) ( ) ( )[ ]
( ) ( )( )[ ] ( )[ ]
( )( ) ( ) ( )( )[ ] sqrmqssrrdrrdsmsmdrmdsssrr

rdrrdsmsmdssrmsrsrrs

qsssrsrrssrmsdsrrqssrr

iLiLSLRiLiLLiLiLL

iLiLLiLLLSLRR

iLRLRSLLLvSLRvL

ωωωω

ωωωωω
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∆++−+++−+

∆+−∆−−−++

∆−−+−+∆+−∆−−=

000000000

000
2
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000
2

0000

                                                                                                       (F.2-2) 

[ ]

[ ] ( ) ( )[ ]
sdrmdssqsqrmqssdsdssdssmqrssqs

qssssdssqssmdrdsdsqsqsr

s

iLiLiiLiLiiRiLiLi

iLiRiLivivi
P

SH

ωωω

ωωωω
ω

∆+−++∆++−

∆+−+∆+∆=∆








00000000000

000000002
0

3

4

                                                                                                      

(F.2-3) 

 

F.3  Voltage per Hz Control 

 
The output voltage from the single phase full bridge inverter for each 

power module can be determined as follows: 

ddeV =0

                                                                         
(F.3-1) 

where V0 is the output voltage from each power module, d is duty cycle. 

 
For an 18-pulse system with three power modules each phase connected to 

the induction motors, the phase a voltage of the induction motor can be 

determined as follows: 

θcos
6 d

pulse

an de
n

V 







=

                                                                    
(F.3-2) 

where Van is the voltage at phase a of the induction motor. 
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The voltages at phases b and c can be determined similarly as follows:  









−








=

3

2
cos

6

π
θd

pulse

bn de
n

V

  









+








=

3

2
cos

6

π
θd

pulse

cn de
n

V  

The three phases voltages of the induction motor in abc frame are converted to 

the dq0 frame as follows: 

d

pulse

qs de
n

V 







=

6                                                                          
(F.3-3) 

0=dsV

                                                                         
(F.3-4) 

where, 

vqs – q-axis voltage at the terminal of induction motor 

vds – d-axis voltage at the terminal of induction motor 

 
The real power supplying to the induction motor for an 18-pulse MVD 

Pac_IM is: 

( )
qsd

pulse

qsd

pulse

qsqsqsqsqsdsIMac ide
n

ide
n

iViViVP 







=








×==+=

462

3

2

3

2

3
_

     
(F.3-5) 

The total DC power at DC links for all power modules corresponding to 

real power supplying to the induction motor for an 18-pulse MVD is: 

Id

pulse

uleperdc

pulse

dc ie
n

P
n

P 







=








=

22 mod_

                                       
(F.3-6) 

Ignoring the losses at the inverters at the power modules, the following 

equation is satisfied:   

dcIMac PP =_                                                                                

 
(F.3-7) 
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Substitute Equations (F.3-5) and (F.3-6) in Equation (F.3-7): 

Id

pulse

qsd

pulse
ie

n
ide

n









=









24
                                                        (F.3-8) 

Substitute Equations (F.1-3) and (F.1-4) in Equation (F.3-8), we have 









−=

dt

de
Cieide d

dcddqsd2

1
                                                           (F.3-9) 

The q-axis component of the motor stator current can be determined from 

Equation (F.3-9) as follows: 









−=

ddt

de
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d

i
i d

dc
d

qs

1
2

2
                                                                   (F.3-10) 

At the time t=0, Equation (F.3-10) can be expressed using the initial values: 


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= 000
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qs                                                      (F.3-11) 

Rearrange Equation (F.3-11),  

( )

dc

qsd

t

d

C

dii
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2 000
0

−
==                                                                 (F.3-12) 

Linearize Equation (F.3-10): 

d
dcqs

dqs eS
d

C
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i
i

d
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00
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22
                                                               (F.3-13) 

Replace Vqs
e* in Equation (4.2-34) by Vqs in Equation (4.6-17) yield: 
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     (F.3-14) 
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From Equation (F.3-14), the following relationships are obtained: 

( ) ( )

d

pulse
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e

qs

e
n

vv
d










+
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6

2*2*

                                                                    (F.3-15) 

The developed simplified block diagram for the closed-loop voltage per 

Hz control scheme used for the formula derivation is shown in Figure 4.27. The 

equations for the closed-loop voltage per Hz control are given as follows: 

( ) ( ) ( )000

**
rs
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rrimrrpmSL dtKK ωωωωωωω −+−+−= ∫                        (F.3-16) 

srSL ωωω =+                                                                                   (F.3-17) 
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                                                                                    (F.3-18) 

2*
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
=
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V
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ω
ω                                                             (F.3-19) 

0*
=

e

dsV                                                                    (F.3-20) 

where Kpm is speed PI controller proportional gain, and Kim is speed PI controller 

integral gain. 

 
Linearize Equations (F.3-16) and (F.3-17), the relationship between ωs and 

ωr can be determined as follows:  

rs
S

ASA
ωω ∆

+
=∆ 1211                                                      (F.3-21) 

pmKA −= 111                                        

imKA −=12                                                           
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Linearize Equation (F.3-18): 
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Substitute Equation (F.3-22) in Equation (F.3-13): 

( )
dsdqs eASAAiAi ∆++∆+∆=∆ 2322312221 ω                                  (F.3-23) 
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Linearize Equation (F.3-3):  

de
n

ed
n

V d

pulse

d

pulse

qs ∆







+∆








=∆ 00 66                             

(F.3-28) 

Substitute Equation (F.3-22) in Equation (F.3-28), we have 
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b

bV
A

ω

2
31 =

                                                                 
(F.3-30)
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sbpulse

e

V
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n
A

ω

ω
−=

                                                                 
(F.3-31)

 

Linearize Equation (F.3-4): 

0=∆ dsv                                                                                         (F.3-32) 

Substitute Equation (F.3-21) in Equations (F.3-23) and (F.3-28): 

( ) drdqs eASA
S

AASAA
iAi ∆++∆







 +
+∆=∆ 232231

12221122
21 ω                     (F.3-33) 

drqs eA
S

AASAA
v ∆+∆

+
=∆ 32

12311131 ω                                           (F.3-34) 

 
Equations (F.2-1), (F.2-2) and (F.2-3) are rewritten as follows: 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 4645444342410                     (F.3-35) 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 5655545352510                   (F.3-36) 

rdssqsdsqs AiAAiAVAVA ωω ∆+∆+∆+∆+∆+∆= 6665646362610                  (F.3-37) 

41241141 ASAA +=                                                                           (F.3-38) 

rLA =411                                                                                        (F.3-39) 

rRA =412                                                                                        (F.3-40) 

( )0042 srrLA ωω −−=                                                                     (F.3-41) 

43243143 ASAA +=                                                                        (F.3-42) 

rs LRA −=431                                                                                  (F.3-43) 

( )( ) rssrmsrs RRLLLA −−−= 2
000432 ωωω                                        (F.3-44) 

44244144 ASAA +=                                                                          (F.3-45) 
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( )00441 drmdssr iLiLLA +−=                                                       (F.3-46) 

( ) ( ) ( )( )000000000442 qrmqsssrrdrmdssrqrrqsmsm iLiLLiLiLRiLiLLA +−−+−+−= ωωω   

                                                                                                (F.3-47) 

45245145 ASAA +=                                                                     (F.3-48) 

( )srms LLLA −= 2
0451 ω                                                             (F.3-49) 

( ) 000452 ssrsrsr LRRLA ωωω −−=                                           (F.3-50) 

( )00046 qrrqsmsm iLiLLA += ω                                                    (F.3-51) 

( )0051 srrLA ωω −−=                                                               (F.3-52) 

52252152 ASAA +=                                                                     (F.3-53) 

rLA −=521                                                                               (F.3-54) 

rRA −=522                                                                              (F.3-55) 

53253153 ASAA +=                                                                     (F.3-56) 

( ) 451
2

0531 ALLLA srms =−= ω                                                    (F.3-57) 

( ) 452000532 ALRRLA ssrsrsr =−−= ωωω                                      (F.3-58) 

54254154 ASAA +=                                                                    (F.3-59) 

( )00541 qrmqssr iLiLLA +−=                                                      (F.3-60) 

( ) ( ) ( )( )000000000542 drmdsssrrqrmqssrdrrdsmsm iLiLLiLiLRiLiLLA +−++−+−= ωωω   

   (F.3-61) 

55255155 ASAA +=                                                                     (F.3-62) 

rs LRA =551                                                                              (F.3-63) 

( )( )srmsrsrs LLLRRA −−−= 2
000552 ωωω                                      (F.3-64) 

( )00056 drrdsmsm iLiLLA +−= ω                                                 (F.3-65) 

061 qsiA =                                                                                  (F.3-66) 
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062 dsiA =                                                                                 (F.3-67) 

0000063 dsssqssdrsm iLiRiLA ωω +−=                                             (F.3-68) 

( ) ( )00000064 drmdssqsqrmqssds iLiLiiLiLiA +−+=                                   (F.3-69) 

( )0000065 smqrsdsssqs LiRiLiA ωω ++−=                                         (F.3-70) 

SAA 66166 =                                                                                (F.3-71) 

2
0

661
3

4

p

H
A sω

−=                                                                        (F.3-72) 

 
Rearrange Equation (F.3-37), and substitute Equation (F.3-32) in Equation 

(F.3-37): 

( )
rsqsqsds AAiAVA

A
i ωω ∆+∆+∆+∆








−=∆ 66646361

65

1                           (F.3-73)       

Substitute Equations (F.3-32) and (F.3-73) in Equations (F.3-35) and (F.3-36): 

( ) ( ) ( ) ( ) rsqsqs BSBSBBSBiBSBVBSB ωω ∆+++∆++∆++∆+= 4342
2

413231222112110   

                                                                                            (F.3-74) 

( ) ( ) ( ) ( ) rsqsqs BSBSBBSBiBSBVBSB ωω ∆+++∆++∆++∆+= 8382
2

817271626152510   

                                                                                            (F.3-75) 

614516541111 AAAAB −=                                                           (F.3-76) 

614526541212 AAAAB −=                                                           (F.3-77) 

634516543121 AAAAB −=                                                           (F.3-78) 

634526543222 AAAAB −=                                                          (F.3-79) 

644516544131 AAAAB −=                                                           (F.3-80) 

644526544232 AAAAB −=                                                            (F.3-81) 

66145141 AAB −=                                                                          (F.3-82) 
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66145242 AAB −=                                                                         (F.3-83) 

654643 AAB =                                                                             (F.3-84)     

6155151 AAB −=                                                                          (F.3-85) 

61552655152 AAAAB −=                                                           (F.3-86) 

635516553161 AAAAB −=                                                         (F.3-87)     

635526553262 AAAAB −=                                                         (F.3-88)     

645516554171 AAAAB −=                                                         (F.3-89)     

645526554272 AAAAB −=                                                         (F.3-90)     

66155181 AAB −=                                                                     (F.3-91) 

66155282 AAB −=                                                                      (F.3-92) 

655683 AAB =                                                                         (F.3-93)     

Substitute Equations (F.3-21), (F.3-33) and (F.3-34) in Equations (F.3-74) and 

(F.3-75): 

rdd DeDiD ω∆+∆+∆= 1312110                                                  (F.3-94)     

rdd DeDiD ω∆+∆+∆= 2322210                                                 (F.3-95) 

SDSDD 112
2

11111 +=                                                                (F.3-96) 

2121111 BAD =                                                                         (F.3-97) 

2221112 BAD =                                                                         (F.3-98) 

SDSDSDD 123
2

122
3

12112 ++=                                                  (F.3-99) 

23121121 ABD =                                                                        (F.3-100) 

11322312223221122 BAABABD ++=                                                (F.3-101) 

232221232123 ABBAD +=                                                             (F.3-102) 

134133
2

132
3

13113 DSDSDSDD +++=                                           (F.3-103) 
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41131 BD =                                                                                (F.3-104) 

( ) 4211222131113111132 BAABBBAAD +++=                                              (F.3-105) 

( ) ( ) 431122221222213111311232123111133 BAABAABBBAABBAAD ++++++=         (F.3-106) 

( ) 12222232123112134 AABBBAAD ++=                                             (F.3-107) 

SDSDD 212
2

21121 +=                                                            (F.3-108) 

6121211 BAD =                                                                        (F.3-109) 

6221212 BAD =                                                                        (F.3-110) 

SDSDSDD 223
2

222
3

22122 ++=                                          (F.3-111) 

23161221 ABD =                                                                       (F.3-112) 

51322326123162222 BAABABD ++=                                              (F.3-113) 

232625232223 ABBAD +=                                                         (F.3-114) 

234233
2

232
3

23123 DSDSDSDD +++=                                          (F.3-115) 

81231 BD =                                                                               (F.3-116) 

( ) 8211226171513111232 BAABBBAAD +++=                                         (F.3-117) 

( ) ( ) 831222611122627151311272523111233 BAABAABBBAABBAAD ++++++=        (F.3-118) 

( ) 12226272523112234 AABBBAAD ++=                                         (F.3-119) 

Based on Equations (F.3-94) and (F.3-95), 

( ) ( )[ ]ddr eDDiDD
DD

∆−+∆−








−
−=∆ 22122111

2313

1
ω                               (F.3-120) 

Substitute Equation (F.3-120) in Equation (F.3-94), the relationship between id 

and ed can then be determined as follows: 

( ) ( )
( ) ( ) dd e

DDDDDD

DDDDDD
i ∆









−−−

−−−
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211113231311

231312221213                                     (F.3-121) 
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Equation (F.3-121) can be further derived to be: 

dd eGi ∆=∆ 13                                                                        (F.3-122) 

2524
2

23
3

22
4

21

1615
2

14
3

13
4

12
5

11
13

FSFSFSFSF

FSFSFSFSFSF
G

++++

+++++
=                                (F.3-123) 

211111 EEF −=                                                                          (F.3-124) 

221212 EEF −=                                                                                (F.3-125) 

231313 EEF −=                                                                                (F.3-126) 

241414 EEF −=                                                                                (F.3-127) 

251515 EEF −=                                                                               (F.3-128) 

261616 EEF −=                                                                               (F.3-129) 

413121 EEF −=                                                                              (F.3-130) 

423222 EEF −=                                                                              (F.3-131) 

433323 EEF −=                                                                               (F.3-132) 

443424 EEF −=                                                                               (F.3-133) 

453525 EEF −=                                                                               (F.3-134) 

( )22112113111 DDDE −=                                                                      (F.3-135) 

( ) ( )22212213122112113212 DDDDDDE −+−=                                       (F.3-136) 

( ) ( ) ( )22312313122212213222112113313 DDDDDDDDDE −+−+−=                    (F.3-137) 

( ) ( ) ( )22312313222212213322112113414 DDDDDDDDDE −+−+−=                       (F.3-138) 

( ) ( )22312313322212213415 DDDDDDE −+−=                                      (F.3-139) 

( )22312313416 DDDE −=                                                                 (F.3-140) 

( )23113112121 DDDE −=                                                                 (F.3-141) 

( ) ( )23213212123113112222 DDDDDDE −+−=                                       (F.3-142) 

( ) ( ) ( )23313312123213212223113112323 DDDDDDDDDE −+−+−=                        (F.3-143) 
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( ) ( ) ( )23413412123313312223213212324 DDDDDDDDDE −+−+−=                     (F.3-144) 

( ) ( )23413412223313312325 DDDDDDE −+−=                                       (F.3-145) 

( )23413412326 DDDE −=                                                                 (F.3-146) 

( )23113111131 DDDE −=                                                                    (F.3-147) 

( ) ( )23113111223213211132 DDDDDDE −+−=                                        (F.3-148) 

( ) ( )23213211223313311133 DDDDDDE −+−=                                       (F.3-149) 

( ) ( )23313311223413411134 DDDDDDE −+−=                                     (F.3-150) 

( )23413411235 DDDE −=                                                             (F.3-151) 

( )21111113141 DDDE −=                                                            (F.3-152) 

( ) ( )21211213121111113242 DDDDDDE −+−=                                        (F.3-153) 

( ) ( )21211213221111113343 DDDDDDE −+−=                                      (F.3-154) 

( ) ( )21211213321111113444 DDDDDDE −+−=                                     (F.3-155) 

( )21211213445 DDDE −=                                                               (F.3-156) 

Combined Equations (F.1-7) and (F.3-122), the relationship between E and 

ed is obtained:  

gd fGEGe ∆+∆=∆ 1211                                                                (F.3-157) 

3736
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35
3

34
4

33
5

32
6

31

4544
2

43
3

42
4

41
11

FSFSFSFSFSFSF

FSFSFSFSF
G

++++++

++++
=                       (F.3-158) 

11
21

22
12 G

L

L
G 








=

                                                                         
(F.3-159) 

111131 FLF =                                                                              (F.3-160) 

1112121132 FLFLF +=                                                                    (F.3-161) 

211212131133 FFLFLF ++=                                                         (F.3-162) 

221312141134 FFLFLF ++=                                                         (F.3-163) 
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231412151135 FFLFLF ++=                                                         (F.3-164) 

241512161136 FFLFLF ++=                                                        (F.3-165) 

25161237 FFLF +=                                                                      (F.3-166) 

212141 FLF =                                                                              (F.3-167) 

222142 FLF =                                                                            (F.3-168) 

232143 FLF =                                                                            (F.3-169) 

242144 FLF =                                                                              (F.3-170) 

252145 FLF =                                                                             (F.3-171) 

 

F.4  Overall System Combination 

 
Rewrite Equation (F.1-7) as follows: 

gdd fNeNENi ∆+∆+∆=∆ 131211                                                             (F.4-1) 

1211

21
11

LSL

L
N

+
=                                                                                        (F.4-2) 

1211
12

1

LSL
N

+
−=                                                                                       (F.4-3) 

1211

22
13

LSL

L
N

+
=                                                                                         (F.4-4) 

Rewrite Equation (F.3-157) as follows: 

gd fG
L

L
EGe ∆








+∆=∆ 11

21

22
11

                                                     (F.4-5) 

Submit Equations (F.4-1) and (F.4-5) in Equations (F.1-81) and (F.1-104), 

the dynamic model represented by real and reactive power at the input of the 

MVD can be determined as follows: 
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( ) fEGGEGEGPP PPPP ∆∆++∆+∆+= 43
2

210                                    (F.4-6)                   

1112221122211 GNGPNGPGPGP ++=                                                          (F.4-7) 

1112241124252 GNGPNGPGPGP ++=                                                       (F.4-8) 

1112
21

2222
1322233 GN

L

GPL
NGPGPGP ++=                                                  (F.4-9) 

1112
21

2422
1324264 GN

L

GPL
NGPGPGP ++=                                                        (F.4-10) 

 

( ) fEGGEGEGQQ QQQQ ∆∆++∆+∆+= 43
2

210                                   (F.4-11) 

1112221122211 GNGQNGQGQGQ ++=                                                     (F.4-12) 

1112241124252 GNGQNGQGQGQ ++=                                                  (F.4-13) 

1112
21

2222
1322233 GN

L

GQL
NGQGQGQ ++=                                              (F.4-14) 

1112
21

2422
1324264 GN

L

GQL
NGQGQGQ ++=                                             (F.4-15) 

The coefficient of the real power and reactive power are 7th order transfer 

functions, they can be derived as follows: 
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(F.4-17)
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(F.4-18)

             
 



 

301 
 

87
2

6
3

5
4

4
5

3
6

2
7

1

2827
2

26
3

25
4

24
5

23
6

22
7

21
4

bbbbbbbb

P
PSPSPSPSPSPSPSP

HPSHPSHPSHPSHPSHPSHPSHP
G

+++++++

+++++++
=

  

                                                                                               
(F.4-19)
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(F.4-20)
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(F.4-21)
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(F.4-22)
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                                                                                        (F.4-23) 

0EEE −=∆                                                                      (F.4-24)              

0gg fff −=∆
                                                                    

(F.4-25)
           

 

Where P0, Q0, E0, fg0 are steady-state values for real power, reactive power, 

voltage per phase, power supply frequency, respectively.  

31111 FLPb =                                                                        (F.4-26) 

311232112 FLFLPb +=                                                          (F.4-27) 

321233113 FLFLPb +=                                                         (F.4-28) 

331234114 FLFLPb +=                                                         (F.4-29) 

341235115 FLFLPb +=                                                         (F.4-30) 

351236116 FLFLPb +=                                                         (F.4-31) 
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361237117 FLFLPb +=                                                         (F.4-32) 

37128 FLPb =                                                                      (F.4-33) 

 

112141 LGPGP =                                                                    (F.4-34) 

2122122142 LGPLGPGP +=                                                   (F.4-35) 

314151 FGPGP =                                                                    (F.4-36) 

3142324152 FGPFGPGP +=                                                     (F.4-37) 

3242334153 FGPFGPGP +=                                                    (F.4-38) 

41223342344154 FGPFGPFGPGP −+=                                            (F.4-39) 

42223442354155 FGPFGPFGPGP −+=                                            (F.4-40) 

43223542364156 FGPFGPFGPGP −+=                                               (F.4-41) 

44223642374157 FGPFGPFGPGP −+=                                                (F.4-42) 

4522374258 FGPFGPGP −=                                                        (F.4-43) 

112361 LGPGP =                                                                       (F.4-44) 

2222122362 LGPLGPGP +=                                                          (F.4-45) 

21

2222
63

L

LGP
GP =                                                                      (F.4-46) 

112564 LGPGP =                                                                        (F.4-47) 

2124122565 LGPLGPGP +=                                                       (F.4-48) 

316471 FGPGP =                                                                            (F.4-49) 

3165326472 FGPFGPGP +=                                                       (F.4-50) 

3265336473 FGPFGPGP +=                                                         (F.4-51) 

41243365346474 FGPFGPFGPGP −+=                                             (F.4-52) 

42243465356475 FGPFGPFGPGP −+=                                              (F.4-53) 

43243565366476 FGPFGPFGPGP −+=                                             (F.4-54) 
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44243665376477 FGPFGPFGPGP −+=                                              (F.4-55) 

4524376578 FGPFGPGP −=                                                        (F.4-56) 

316191 FGPGP =                                                                        (F.4-57) 

3162326192 FGPFGPGP +=                                                       (F.4-58) 

3262336193 FGPFGPGP +=                                                       (F.4-59) 

41633362346194 FGPFGPFGPGP −+=                                              (F.4-60) 

42633462356195 FGPFGPFGPGP −+=                                              (F.4-61) 

43633562366196 FGPFGPFGPGP −+=                                               (F.4-62) 

44633662376197 FGPFGPFGPGP −+=                                               (F.4-63) 

4563376298 FGPFGPGP −=                                                        (F.4-64) 

112611 LGPHP =                                                                       (F.4-65) 

2224122612 LGPLGPHP +=                                                         (F.4-66) 

21

2224
13

L

LGP
HP =                                                                   (F.4-67) 

311121 FHPHP =                                                                     (F.4-68) 

3112321122 FHPFHPHP +=                                                      (F.4-69) 

3212331123 FHPFHPHP +=                                                       (F.4-70) 

41133312341124 FHPFHPFHPHP −+=                                              (F.4-71) 

42133412351125 FHPFHPFHPHP −+=                                              (F.4-72) 

43133512361126 FHPFHPFHPHP −+=                                             (F.4-73) 

44133612371127 FHPFHPFHPHP −+=                                               (F.4-74) 

4513371228 FHPFHPHP −=                                                       (F.4-75) 

112141 LGQGQ =                                                                   (F.4-76) 

2122122142 LGQLGQGQ +=                                                      (F.4-77) 
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314151 FGQGQ =                                                                   (F.4-78) 

3142324152 FGQFGQGQ +=                                                      (F.4-79) 

3242334153 FGQFGQGQ +=                                                      (F.4-80) 

41223342344154 FGQFGQFGQGQ −+=                                            (F.4-81) 

42223442354155 FGQFGQFGQGQ −+=                                          (F.4-82) 

43223542364156 FGQFGQFGQGQ −+=                                            (F.4-83) 

44223642374157 FGQFGQFGQGQ −+=                                          (F.4-84) 

4522374258 FGQFGQGQ −=                                                    (F.4-85) 

112561 LGQGQ =                                                                   (F.4-86) 

2224122562 LGQLGQGQ +=                                                       (F.4-87) 

112381 LGQGQ =                                                                    (F.4-88) 

2222122382 LGQLGQGQ +=                                                      (F.4-89) 

21

2222
83

L

LGQ
GP =                                                                 (F.4-90) 

316171 FGQGQ =                                                                  (F.4-91) 

3162326172 FGQFGQGQ +=                                                      (F.4-92) 

3262336173 FGQFGQGQ +=                                                      (F.4-93) 

41243362346174 FGQFGQFGQGQ −+=                                             (F.4-94) 

42243462356175 FGQFGQFGQGQ −+=                                             (F.4-95) 

43243562366176 FGQFGQFGQGQ −+=                                           (F.4-96) 

44243662376177 FGQFGQFGQGQ −+=                                           (F.4-97) 

4524376278 FGPFGQGQ −=                                                         (F.4-98) 

318191 FGQGQ =                                                                 (F.4-99) 

3182328192 FGQFGQGQ +=                                                       (F.4-100) 
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3282338193 FGQFGQGQ +=                                                   (F.4-101) 

41833382348194 FGQFGQFGQGQ −+=                                          (F.4-102) 

42833482358195 FGQFGQFGQGQ −+=                                          (F.4-103) 

43833582368196 FGQFGQFGQGQ −+=                                         (F.4-104) 

44833682378197 FGQFGQFGQGQ −+=                                            (F.4-105) 

4583378298 FGQFGQGQ −=                                                      (F.4-106) 

112611 LGQHQ =                                                                   (F.4-107) 

2224122612 LGQLGQHQ +=                                                  (F.4-108) 

21

2224
13

L

LGQ
HQ =                                                               (F.4-109)  

311121 FHQHQ =                                                                    (F.4-110) 

3112321122 FHQFHQHQ +=                                                     (F.4-111) 

3212331123 FHQFHQHQ +=                                                   (F.4-112) 

41133312341124 FHQFHQFHQHQ −+=                                            (F.4-113) 

42133412351125 FHQFHQFHQHQ −+=                                          (F.4-114) 

43133512361126 FHQFHQFHQHQ −+=                                            (F.4-115) 

44133612371127 FHQFHQFHQHQ −+=                                         (F.4-116) 

4513371228 FHQFHQHQ −=                                                   (F.4-117) 
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Table F.1 Parameters used in real power and reactive power 
 511_1 GPGP =  711_2 GPGP =  911_3 GPGP =  211_4 HPGP =  

522_1 GPGP =  722_2 GPGP =  922_3 GPGP =  222_4 HPGP =  

533_1 GPGP =  733_2 GPGP =  933_3 GPGP =  233_4 HPGP =  

544_1 GPGP =  744_2 GPGP =  944_3 GPGP =  244_4 HPGP =  

555_1 GPGP =  755_2 GPGP =  955_3 GPGP =  255_4 HPGP =  

566_1 GPGP =  766_2 GPGP =  966_3 GPGP =  266_4 HPGP =  

577_1 GPGP =  777_2 GPGP =  977_3 GPGP =  277_4 HPGP =  

588_1 GPGP =  788_2 GPGP =  988_3 GPGP =  288_4 HPGP =  

    

511_1 GQGQ =  711_2 GQGQ =  911_3 GQGQ =  211_4 HQGQ =  

522_1 GQGQ =  722_2 GQGQ =  922_3 GQGQ =  222_4 HQGQ =  

533_1 GQGQ =  733_2 GQGQ =  933_3 GQGQ =  233_4 HQGQ =  

544_1 GQGQ =  744_2 GQGQ =  944_3 GQGQ =  244_4 HQGQ =  

555_1 GQGQ =  755_2 GQGQ =  955_3 GQGQ =  255_4 HQGQ =  

566_1 GQGQ =  766_2 GQGQ =  966_3 GQGQ =  266_4 HQGQ =  

577_1 GQGQ =  777_2 GQGQ =  977_3 GQGQ =  277_4 HQGQ =  

588_1 GQGQ =  788_2 GQGQ =  988_3 GQGQ =  288_4 HQGQ =  

 
 
The coefficient of the real power and reactive power as 7th transfer 

functions can be rewritten as follows: 
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(F.4-120)
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(F.4-121)
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(F.4-122)
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(F.4-123)
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(F.4-124)
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(F.4-125)

   
 

  
Note: due to the characteristics of diode rectifier which does not allow the power 

flowing backward to the power grid, the dynamic response results calculated 

from the developed dynamic model need to manually assign all negative real 

power and reactive power values to be 0.   

 

F.5  Initial Values 

 
The initial values used in the formulas are determined in this section. Some 

parameters are given values, such as 

Ldc: dc link inductance 

rdc : dc link resistance 

Cdc: dc link capacitance 

lc: commutation inductance 

Rs: stator resistance 
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ls: stator leakage inductance 

Rr: rotor resistance 

lr: rotor leakage inductance 

Lm: exciting inductance 

H: Motor inertia 

p: pole pair 

Vdiode: diode on-state voltage 

E0: power source steady-state rms voltage per phase 

ωg: power source angular frequency 

ωr0: rotor steady-state electric angular frequency 

ωs0: stator steady-state electric angular frequency 

Kpm: speed controller proportional gain 

Kim: speed controller integral gain 

Vb: nominal voltage of the motor per phase 

ωb: nominal frequency of the motor 

TLoad: the load torque 

PF: power factor in front of the commutation inductance 

P0: real power 

Q0: reactive power 

S0: apparent power 

 
Some parameters or initial values need to be calculated. The DC link 

voltage from the diode rectifier at each power module can be calculated as 

follows:  

diodedgcd VilEv 2
363

0000 −−= ω
ππ

                                               (F.5-1) 

000 dddcd eirv +=                                                                            (F.5-2) 

Based on Equations (F.5-1) and (F.5-2), the DC link voltage after the capacitor is 

calculated by 
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diodeddcgcd VirlEe 2
363

0000 −







+−= ω

ππ
                                   (F.5-3) 

The initial value for the commutation angle, AC input current components of the 

drive at d- and q-axis, and real and reactive power at the MVD input can be 

determined as follows:  
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000 qgcondqgcomqg iii +=                                                                          (F.5-9) 

000 dgconddgcomdg iii +=                                                                               (F.5-10) 

 

The total real and reactive power at the input of MVD can be calculated by 

000
22

3
qg

pulse
iE

n
P =                                                                                              (F.5-11) 

0

0
0

PF

P
S =                                                                                                  (F.5-12) 

where PF0 is assumed based on the commutation inductance values. If the 

commutation inductance is 0-1mH, PF0 = 96-98% (a typical power factor at the 

ac input of a diode rectifier).  
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To determine the parameters in Equations (F.5-3) - (F.5-13), the dc link 

current 0di  must be determined first. Based on induction motors equations and 

inverter equations, we have: 

( )00000 qrmqsssdssds iLiLiRv +−= ω                                              (F.5-14) 
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(F.5-15) 

( )( )000000 qsmqrrrsdrr iLiLiR +−−= ωω                                         (F.5-16) 

( )( )000000 dsmdrrrsqrr iLiLiR +−+= ωω                                      (F.5-17) 
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From Equation (F.5-16),  
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Substitute Equation (F.5-20) in Equation (F.5-17), after rearrangement, the 

following equation can be obtained: 
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From Equations (F.5-14) and (F.5-18), 
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Substitute Equation (F.5-22) in Equation (F.5-21), the following is determined: 
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Substitute Equation (F.5-23) in Equation (F.5-22),  
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Substitute Equation (F.5-25) in Equation (F.5-20),  
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Under the steady-state condition, the motor electromagnetic torque should be 

balanced with the load torque as follows: 

( ) 000000 5.1 Loaddsqrqsdrme TiiiipLT =−=                                          (F.5-29) 

Substitute Equations (F.5-23), (F.5-25) and (F.5-27) in Equation (F.5-29), 

0qsi can be calculated as follows: 
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(F.5-30) 

Substitute Equation (F.5-30) in Equations (F.5-23), (F.5-25) and (F.5-27), 0dsi , 

0qri , and 0dri  can be calculated.  

 
Substitute Equations (F.5-23) and (F.5-27) in Equation (F.5-15), and 

combining with Equation (F.5-19),  
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Define a new parameter S14 as follows: 
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Based on Equation (F.3-8),  
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Under steady-state, 00 dI ii = , Equation (F.5-33) becomes  
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The dc link steady-state current id0 can be obtained from Equation (F.5-34) as 

follows: 
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Multiplying both sides of Equation (F.5-3) by d0 as follows: 
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Substitute Equation (F.5-35) in Equation (F.5-36), we obtain the function of the 

duty cycle d0 as follows: 
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Solving Equation (F.5-37), the duty cycle d0 are determined. All required initial 

values can be determined accordingly. 


