Intelligent Control for Electric
Power Systems and Electric
Vehicles






Intelligent Control tor Electric
Power Systems and Electric
Vehicles

First Edition

Gerasimos Rigatos, Unit of Industrial Automation, Industrial
Systems Institute, 26504, Rion Patras, Greece
email: grigat@ieee.org

Masoud Abbaszadeh, Department of ECS Engineering,
Rensselaer Polytechnic Institute, 12065 New York, USA
email: masouda@ualberta.ca

Mohamed Hamida, LS2N, CNRS UMR 6004, Ecole Centrale de
Nantes, 44321 Nantes, France
email: mohamed.hamida@ec-nantes.fr

Pierluigi Siano, Department of Management and Innovation
Systems, University of Salerno, Fisciano, 84084, Italy
email: psiano@unisa.it



ii




In memory of my mother
Diamantina Rigatou (1939-2018)
Gerasimos Rigatos

To my wife Elham
and my sons, Arman and Ario
Masoud Abbaszadeh

To my family, wife and children
Mohamed-Assaad Hamida

To my family, wife and children
Pierluigi Siano






Contents

Preface XV
Author Xix
Chapter 1 Nonlinear optimal control and Lie algebra-based control.............. 1
1.1 Control based on approximate linearization.................cccco.... 1
1.1.1  Overview of the optimal control concept................... 1
1.1.2  Design of an H-infinity nonlinear optimal controller 5
1.1.3  Optimal state estimation with the H-infinity
Kalman Filter ........cccooviiiininiiiicc e 12
1.2 Global linearization-based control concepts...........ccceevnne... 16
1.2.1  Foundations of global linearization-based control... 16
1.2.2  Elaborating on input-output linearization................. 24
1.2.3  Input-state linearization ...........c.cceceveveeerenenenenne 28
1.2.4 Stages in the implementation of input-state lin-
CATIZATION ..ttt 34
1.2.5 Input-output and input-state linearization for
MIMO SYStEMS.....ccuveiiiiiiieiiieiiirie e 35
1.2.6  Dynamic eXtensioN.........cecvereeeeeerieeerieneeeesieeeeeneees 36
Chapter 2 Differential flatness theory and flatness-based control methods.. 17
2.1 Global linearization-based control with the use of dif-

22

ferential flatness theory........oocooevierieeicieee e 17
2.1.1  The background of differential flatness theory ........ 17
2.1.2  Differential flatness for finite dimensional systems. 18

2.1.3  Equivalence and differential flatness ............c......... 19
2.1.4 Differential flatness and trajectory planning............ 24
2.1.5 Differential flatness, feedback control and equiv-
ALETICE ..t 27
2.1.6  Flatness-based control for systems with uncer-
FAIIEICS 1ottt et 31
2.1.7  Classification of types of differentially flat systems 34
Flatness-based control in successive 100pS......c.ccvevreeeeennnee. 39
2.2.1 Decomposition into cascading differentially flat
SUDSYSIEINS ..ttt 39

2.2.2  Tracking error for multi-loop flatness-based control41
2.2.3  Comparison to backstepping control for nonlin-
€AT SYSTEIMIS 1.ttt 43

vii



viii

Contents

Chapter 3 Control of DC and PMBLDC electric mOtors.......c.ccvevereveeneen 47

311 OUHNC...oceiciieciie e
3.1.2  Dynamics of DC-DC converter and motor
3.1.3 Differential flatness properties of the DC-DC

CONVETTET c..einiiiiiciiiiiiie ettt 50
3.1.4 Flatness-based control in successive loops.............. 54
3.1.5  Stability proof.......cccceeeieiee e 56
3.1.6  Multi-loop flatness-based control for converters..... 58
3.1.7  Simulation teStS.....cevveirveerieinieeeere e 60
3.2 Control of Permanent Magnet Brushless DC motors........... 67
3.2.1 Dynamic model of the PMBLDC motor
3.2.2  The nonlinear H-infinity control ............ccccooervrnnee.
3.2.3  Lyapunov stability analysiS.........cccceeerererereninnennes
3.2.4 Differential flatness of the PMBLDC motor............ 80
3.2.5 Sliding-mode control for PMBLDC motors............. 83
3.2.6  Simulation teStS.....cevveirieerieirieeerere e 86
Chapter 4 Control of VSI-fed three-phase and multi-phase PMSMs ......... 101
4.1 Nonlinear optimal control of 3-phase VSI-PMSM............. 101
411 OUHNC ..ot 101
4.1.2  Dynamic model of the VSI-PMSM system............ 102
4.1.3 Approximate linearization of the VSI-PMSM
AYNAMICS «veviie e
4.1.4 Stabilizing feedback control
4.1.5 Lyapunov stability analysis.......c..c.ccecervirinerinncnne
4.1.6  Simulation testS.......coeevererierererienie e
4.2 Nonlinear optimal control of 6-phase VSI-PMSM
421 OUHNE....ciiieeieiiieee e

4.2.2  Dynamic model of the VSI-fed six-phase PMSM .121
4.2.3 Differential flatness of the VSI-fed six-phase

PMSM ..ottt e 132
4.2.4 Linearization of the 6-phase VSI-fed PMSM ........ 137
4.2.5 Lyapunov stability analysis.........ccoceeeerirvreernnnnne 141
4.2.6  SIMulation testS......ccevverreririrerieiireeeeecee e 144
Chapter 5 Control of energy conversion chains based on distributed
PMISMS ..ttt e 155
5.1 Control of wind-turbine and PMSM-based electric
POWET UINE .ttt ettt eeeeneees 155
S.11 0 OUHNE. ..t 155

5.1.2  Dynamic model of the twin turbine power gen-
CIAtION UNIE .ottt 157



Contents ix
5.1.3  Differential flatness of the wind power unit........... 163
5.1.4 Linearization of the twin-turbine wind power unit 174

5.1.5 Design of an H-infinity nonlinear feedback con-
ELOILRT co e 179
5.1.6  The nonlinear H-infinity control..............cccccc....... 179
5.1.7  Lyapunov stability analysis...........ccccercerereriereenne 181
5.1.8  Simulation teStS.......cceverieireeeiee e 184
5.2 Control of a PMSM-driven gas-compression uni............... 185
52.1  OULHNC...cieiieiieiieieet et 185
5.2.2  Dynamics of PMSM-actuated gas-compressors .... 202
5.2.3 Differential flatness of the PMSM gas compressor205
5.2.4 Dynamics of connected PMSM gas-compressors..207
5.2.5 Linearization of the connected gas-conpressors....210

5.2.6 Differential flatness of the interconnected gas-
COMMPTESSOTS. e vvteeireeeriiieeeerttreeasaeeeeeraeesseneeesaneees 216

5.2.7 Design of an H-infinity nonlinear feedback con-
ELOILRT co et 220

5.2.8 Lyapunov stability analysis
................................................................................ 223
5.2.9  Simulation testS........ccvveririreriieneienere e 226
Chapter 6 Control of energy conversion chains based on Induction Ma-

CRINES oo e 239
6.1 Control of the VSI-fed three-phase induction motor.......... 239
6.1.1  OULHNC...c.eiiiiiiiiiieiicee e 239
6.1.2 Dynamic model of the induction motor................. 241

6.1.3 Dynamic model of the three-phase voltage
SOUICE TNVETLRT c..veeeetieeeeiiree ettt 246
6.1.4 Dynamic model of the VSI-fed induction motor...249

6.1.5 Linearization and control of the VSI-fed induc-
THON TNOTOT ottt 254
6.1.6  Lyapunov stability analysis...........ccceverereriereennne 257
6.1.7  Simulation testS........ccoeririrerireneienerereie e 260
6.2 Control of an induction motor-driven gas compressor ....... 261
6.2.1  OULHNE......ciiiiiiiicicce e 261
6.2.2 Dynamics of the IM-driven gas-compressor.......... 269

6.2.3 Differential flatness of the IM-driven gas-
COMMPTESSOT weeivieeirteeeiireeertereeeeaeeeeeitreesseneeeeaneees 275
6.2.4 Linearization of the IM-driven gas conpressor ......278

6.2.5 Design of an H-infinity nonlinear feedback con-
ETOLLET e 281
6.2.6  Lyapunov stability analysis.........ccccccevcvrereriereenne 284
6.2.7  Simulation teStS........ccveririreriieneieeeeree e 287



X Contents
Chapter 7 Control of multi-phase machines in gas processing and power
UIIES Lttt 297
7.1  Control of gas-compressors actuated by 5-phase PMSMs .297
TLl OUHNE. .. 297
7.1.2  Dynamics of gas-compressor driven by 5-phase
IV 298
7.1.3  Differential flatness of gas-compressor with 5-
Phase ML ..o 302
7.1.4 Linearization of gas-compressor with 5-phase IM 305
7.1.5 Design of an H-infinity nonlinear feedback con-
ELOILRT ce vt 308
7.1.6  Lyapunov stability analysis..........cccceceevverreneennnne. 310
7.1.7  Simulation testS.......ccceviririreninierinienieeee 313
7.2 Control of 6-phase IM in renewable energy units ..............314
7.2.1  INtroduction.......coeveienieieeieecieeceeee e 314
7.2.2  Dynamic model of the 6-phase dual star induc-
THON ENETALOT ..t st 328
7.2.3 Differential flatness of the 6-phase DSIG.............. 333
7.2.4 Linearization of the 6-phase DSIG ...........c.coce..... 335
7.2.5  The nonlinear H-infinity control
7.2.6  Lyapunov stability analysis............ .
7.2.7  SImMulation teStS.....cevveirieerieiirieieieine e
Chapter 8 Control of spherical PM motors and switched reluctance motors351
8.1 Control of spherical permanent magnet synchronous
INOTOTS L.
8.1.1  Outline .
8.1.2 Dynamic model of the permanent magnet spher-
1CA1 MOTOT ..t 352
8.1.3  Linearization of the PM spherical motor ............... 358
8.1.4 Nonlinear optimal controller and stability prop-
CTEIES 1.ttt ettt ettt ettt 363
8.1.5 Flatness-based control implemented in succes-
SIVE JOOPS.c.vieviieeiiieetcee et 368
8.1.6  Simulation teStS.......ccerveuerieieieiereieeeee e 371
8.1.7 Multi-loop flatness-based control of spherical
INOTOTS ..ttt e 371
8.2 Control of switched reluctance motors for electric traction376
8.2.1  OULHNE...c.eviiieiicicicie e 376
8.2.2 Dynamic model of the Switched Reluctance
MACKINE ..etiieetieie e 381

8.2.3 Linearization for the switched reluctance machine384
8.2.4 Design of an H-infinity nonlinear feedback con-
ALOLLET v 387



Contents xi
8.2.5 The nonlinear H-infinity control..............cccco....... 388
8.2.6  Lyapunov stability analysis........ccccccceverereiiereenne 390
8.2.7  SImulation teStS.......ccerveirererveireirririee e 393
8.3 Adaptive control for switched reluctance motors............... 393
8.3.1  OULHNC...c.eiiiiiiiiiiciicrce e 393
8.3.2  Canonical form of the switched reluctance motor.397
8.3.3  Adaptive fuzzy control of the SRM using output
feedback ......cooveiiiniiiie e 398
8.3.4 Lyapunov stability analysiS.........c.ccocerererecienenne 403
8.3.5  Simulation testS.......ccevveririreriieneieneeee e 409
Chapter 9 Control of traction and powertrains in EVs and HEVs .............. 413
9.1 Control of multi-phase motors in the EV traction system..413
9. 1.1 OULHNC....eeeiiiiiciiicccc e 413
9.1.2 Dynamic model of the five-phase induction motor414
9.1.3 Differential flatness of the five-phase IM............... 416
9.1.4 Linearization of the five-phase IM..........c.cccevenne 418
9.1.5 The nonlinear H-infinity control ............ccccccueveenne 419
9.1.6  Lyapunov stability analysis...........ccccerverereriereenne 422
9.1.7  Simulation teStS.......cceveririreeriee e 424
9.2 Control of HEV power chains ............ccooevveiiieninieieennne. 425
9.2.1  OULHNC...c.eiiiiiiieiiiieiiecree e 425
9.2.2 Dynamic model of the HEV power supply / trac-
tion system
9.2.3 Linearization of HEV powertrains.....
9.2.4 Design of an H-infinity nonlinear feedback con-
ELOILRT ce et 440
9.2.5 Lyapunov stability analysis...........ccccceervrrrerueennnne. 441
9.2.6 Differential flatness properties of the HEV’s
POWETEIAIN ...ttt ee e e 444
9.2.7  Simulation teStS........ceveririreriiereienereree e 451
Chapter 10 Control of renewable power units and heat management units..465
10.1 Control of residential microgrids..........cceeeverierieriereeiennene 465
1011 OULHNE...eiiieeeieeieee e 465
10.1.2 Dynamic model of the hybrid residential microgrid466
10.1.3 Linearization of residential microgrids.................. 476
10.1.4 Lyapunov stability analysis..........c.ccceeeerereieriennnne 481
10.1.5 Differential flatness of residential microgrids........ 483
10.1.6  Simulation testS.....cceevvvereeririrereeiiee e 488
10.2 Control of heat pumps in electric vehicles ..........cccoeeneee.. 498
10.2.1 OULHNE....c.eiveiiiiiricieece e 498

10.2.2 Dynamic model of the heat pump.........ccoccoueneenne 499



Xii Contents

10.2.3 Nonlinear optimal control for EV heat pumps....... 503
10.2.4 Stability proof

10.2.5 Simulation tests

EPILOZUE ..ttt st ettt et ene e e en 519
GLOSSATY ..ttt ettt ettt ettt ettt et et et e b e see s ensene et ensene e st enseneeneensneeneens 521
RETEIEICES ...ttt ettt sttt 523



Foreword

Overview:

The monograph presents advances in nonlinear control and nonlinear estimation
for electric machines with particular use in the traction system of electric vehicles.
The topics noted above are important because energy consumption grows at a gallop-
ing pace worldwide while the capacity of the electric power generation, transmission
and distribution system gets at its limits, with the risk of energy shortages to be
now apparent. The functioning of the power grid remains suboptimal thus raising the
cost of energy production while also resulting into unnecessary energy dispersion.
It is thus clear that there is need for developing and implementing nonlinear con-
trol, estimation and fault diagnosis methods that will optimize the functioning of the
electricity grid.

Furthermore, in the transportation sector there is progressive transition to electric
vehicles. Actually, all developed countries pursue to substitute progressively com-
bustion engine vehicles with electric vehicles. Reducing the use of fossil fuel in
transportation is anticipated to contribute significantly to the Net Zero objective that
aims at eliminating the emission of harmful exhaust gases coming from human ac-
tivities. Most known manufacturers of vehicles have shifted to the production of
all-electric cars, and the announced plan by several car industries is to suspend pro-
gressively combustion engine vehicles’ production and to get completely substituted
these vehicles by electric ones. It is thus clear that there is need for developing and
implementing nonlinear control, estimation and fault diagnosis methods that will op-
timize the traction system of electric vehicles.

The monograph is addressed to engineers and to the academic community. Engi-
neers working in the design and development of electric power systems, and electric
vehicle traction and propulsion systems may come against nonlinear control, esti-
mation and fault diagnosis problems which can be solved using the monograph’s
methods. Additionally. the manuscript is suitable for teaching nonlinear control, es-
timation and fault diagnosis topics with emphasis to electric power systems and to
electric vehicle traction and propulsion systems both at late undergraduate and at
postgraduate level. Such courses can be part of the curriculum of several university
departments, such as Electrical Engineering, Computer Science, Informatics etc. The
proposed book contains teaching material which can be also used in a supplemen-
tary manner to the content of various other courses on control systems (e.g. control
systems design, nonlinear control systems, nonlinear estimation and filtering, sys-
tems identification etc.). The book can also serve perfectly the needs of postgraduate
courses on the aforementioned topics.
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Foreward by Dr. N. Zervos:

The new monograph on ”Intelligent Control for Electric Power Systems and Elec-
tric Vehicles”, is the outcome of a many year research effort in a topic of major tech-
nological and societal importance. The aim of Green Development has fostered the
deployment of renewable energy sources as a mean for covering the continuously
growing energy demand worldwide. It has also imposed electromotion and electrifi-
cation of transportation systems as the solution towards drastically reducing polluting
gases emission. The results and methods of the new monograph come to address the
above noted objectives and are certainly a valuable contribution towards optimizing
electric power generation, traction and propulsion systems and towards bringing this
technology in the service of sustainable and environmentally friendly development.

Dr. Nikolaos Zervos
Emeritus Research Professor
Industrial Systems Institute
Athena Research Center
March 2024, Athens, Greece



Preface

The present monograph has been based on (a) research and teaching work which has
been carried out at the Ecole Centrale de Nantes as part of the 2021-2022 European
Commission Project ”E-Pico: Electric Vehicles Propulsion and Control Project”, (b)
work which has been carried out at the Unit of Industrial Automation of the Indus-
trial Systems as part of the unit’s long-term research and development plan. The
monograph proposes systematic methods for the solution of the nonlinear control,
nonlinear estimation and fault diagnosis problems in electric power systems as well
as in electric traction and propulsion systems. The monograph presents advances in
nonlinear control and nonlinear estimation for electric machines (with particular use
in the traction system of electric vehicles). The topics noted above are important
because (1) energy consumption grows at a galloping pace worldwide while the ca-
pacity of the electric power generation, transmission and distribution system gets at
its limits, with the risk of energy shortages to be now apparent. The functioning of
the power grid remains suboptimal thus raising the cost of energy production while
also resulting into unnecessary energy dispersion. It is thus clear that there is need
for developing and implementing nonlinear control, estimation and fault diagnosis
methods that will optimize the functioning of the electricity grid, (2) On the other
side, in the transportation sector there is progressive transition to electric vehicles.
Actually, all developed countries pursue to substitute progressively combustion en-
gine vehicles with electric vehicles. Reducing the use of fossil fuel in transportation
is anticipated to contribute significantly to the Net Zero objective that aims at elim-
inating the emission of harmful exhaust gases coming from human activities. Most
known manufacturers of vehicles have shifted to the production of all-electric cars,
and the announced plan by several car industries is to suspend combustion engine
vehicles’ production by 2030 and to substitute completely these vehicles by electric
ones by 2035. It is thus clear that there is need for developing and implementing non-
linear control, estimation and fault diagnosis methods that will optimize the traction
system of electric vehicles.

The contents of the current monograph on “Intelligent control for electric power
systems and electric vehicles” demonstrate in more detail the unique contribution
of this research work and are outlined as follows: (1) Fault tolerant control (non-
linear flatness-based control, nonlinear optimal control, Lie algebra-based control,
sliding-mode control, multi-loop backstepping-type control, multi-model fuzzy con-
trol, flatness-based adaptive control) (2) Control of electric machines (control of AC
motors such as three-phase PMSMs, three-phase induction motors, synchronous re-
luctance motors and permanent magnet brushless DC motors, switched reluctance
motors, and control of multi-phase PMSMs or multi-phase IMs), as well as control
of the associated power electronics (that is converters and inverters), control of the
powertrains of electric vehicles and control of electric propulsion systems (3) Non-
linear control for synchronisation of the electricity grid (control and synchronisation
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of distributed AC power units, coordination of AC and DC power units in hybrid mi-
crogrids, control of wind power units and marine power units, control of DC power
units such as photovoltaics and fuel cells).

With reference to (1) the aim is to analyse nonlinear control and estimation tech-
niques that exhibit fault tolerance (a) control and filtering based on differential flat-
ness theory. The significance of differential flatness theory is explained regarding
diffeomorphisms, transformations of a system’s dynamics into equivalent state-space
representations and the associated design of stabilizing feedback controllers and of
convergent state estimators. Several application examples will be analyzed focusing
on distributed electric power generators, voltage source inverters and converters, syn-
chronous and asynchronous electric machines both in the electric motor and in the
power generator functioning mode, voltage source converters and inverters, conven-
tional AC power generation units and renewable power sources (b) control based on
Lie-algebra and the associated transformations into linear state-space forms. Several
application examples will be given about electric vehicle traction systems, conven-
tional AC power generation units, as well as renewable energy sources (c) nonlinear
optimal control based on approximate linearization with the use of Taylor-series ex-
pansion and subsequent application of H-infinity optimal control methods. Several
application examples will be given on electric traction with the use of synchronous
and asynchronous motors, integrated traction systems comprising electric motors and
the associated power electronics, as well as conventional AC power units and renew-
able energy power units (d) sliding-mode control associated with prior transforma-
tion of the system’s dynamics into input-output linearized forms. Several application
examples will be given about electric vehicle traction systems and renewable power
generation.

With reference to topic (2) the aim is to analyse modelling issues in the dynamics
of electric machines, particularly when these are used for traction in electric vehicles
jointly with power electronics such as converters or jointly with motion transmis-
sion systems. Nonlinear control and estimation methods are proposed about (a) volt-
age source inverter-fed three-phase PMSMs, (ii) induction motors used for electric
vehicles’ traction and motion transmission through drivetrains, (iii) voltage-source
inverter-fed three-phase induction motors, (iv) inverter-fed multi-phase permanent
magnet synchronous motors, (v) power-chains in electric and hybrid vehicles. Be-
sides control issues are analyzed about traction systems which are based on DC
actuators driven by DC-DC converters, on switched reluctance motors as well on
three-phase BLDC motors.

With reference to topic (3) the aim is to analyse modelling issues in intercon-
nected electric power systems of various power generation sources (DC and AC
power units) and in different configurations, and to provide an insight of the associ-
ated nonlinear control, stabilization and synchronization methods. Nonlinear control
and estimation methods are developed about distributed and interconnected (i) syn-
chronous power generators used in conventional AC power units and in wind power
generation, (ii) multi-rotor wind power units, (iii) wind-power units based on multi-
phase synchronous and asynchronous generators (iv) marine power generation units



Preface Xvii

(v) microgrids consisting of wind-power units, hydro-power units and photovoltaics
and of the associated power electronics such as AC/DC and DC/ DC converters.

The contents of the present monograph on Intelligent Control for Electric Power
Systems and Electric Vehicles, are outlined as follows: Chapter 1 is on Nonlinear
optimal control and Lie algebra-based control (Control based on approximate lin-
earization and Global linearization-based control concepts). Chapter 2 is on Dif-
ferential flatness theory and flatness-based control methods (Global linearization-
based control with the use of differential flatness theory and Flatness-based control
of nonlinear dynamical systems in cascading loops). Chapter 3 is on Control of DC
and PMBLDC electric motors (Control of DC motors through a DC-DC converter
and Control of Permanent Magnet Brushless DC motors). Chapter 4 is on Control
of VSI-fed three-phase and multi-phase PMSMs (Nonlinear optimal control VSI-
fed three-phase PMSMs and Nonlinear optimal control VSI-fed six-phase PMSMs).
Chapter 5 is on Control of energy conversion chains based on PMSMs (Control of
wind-turbine and PMSM-based electric power unit and Control of a PMSM-driven
gas-compression unit).Chapter 6 is on Control of energy conversion chains based on
Induction Machines (Control of the VSI-fed three-phase induction motor, Control of
an induction motor-driven gas compressor and Control of induction generator-based
shipboard microgrids). Chapter 7 is on Control of multi-phase machines in gas pro-
cessing and power units (Control of gas-compressors actuated by 5-phase PMSMs
and Control of 6-phase induction generators in renewable energy units). Chapter 8
is on Control of Spherical Permanent Magnet Synchronous Motors and Switched
Reluctance Motors (Control of spherical permanent magnet synchronous motors,
Control of switched reluctance motors for electric traction and Adaptive control for
switched reluctance motors). Chapter 9 is on Control of traction and powertrains
in Electric Vehicles and Hybrid Electric Vehicles (Control of multi-phase motors in
the traction system in electric vehicles and Control of synchronous machines and
converters in power-chains of hybrid electric vehicles). Chapter 10 is on Control of
renewable power units and heat management units (Control of residential microgrids
with Wind Generators, Fuel Cells and PVs and Control of heat pumps for thermal
management in electric vehicles).

Through the detailed and in depth treatment of the aforementioned topics, the
monograph is expected to have a meaningful contribution to the members of the re-
search, academic and engineering community. It is anticipated that the monograph
will be particularly useful to researchers and university tutors working on nonlinear
control, nonlinear estimation and fault diagnosis problems of electric power systems
and of electric traction and propulsion systems.

Gerasimos Rigatos ~ Masoud Abbaszadeh ~ Mohamed Hamida  Pierluigi Siano
Athens, Greece New York, USA Nantes, France Salerno, Italy
March, 2024 March, 2024 March, 2024 March, 2024
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