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0-junction, 53, 55
causality, 60

1-junction, 54, 55
causality, 60

1-port, 18
compliance, 37
inertia, 40
resistor, 35

2-port, 18
gyrator, 48
transformer, 46

Accumulator, thermodynamic, 508–511
Acoustic approximation, 114, 506
Acoustic muffler, 127
Acoustic system variables, 22
Active bond, 26, 30, 325, 327
Actuators, 331
Air motor, bond graph, 543
Air motor simulation, 542
Air spring, 524
Algebraic loop, 175, 530

nonlinear, 531
A-matrix, 160
Amplifiers, 311, 324, 330, 331
Angular momentum, 352
Augmenting the bond graph, 161
Automated simulation, 11, 193, 540
Automotive cornering forces, 386, 403
Automotive cornering stiffness 386
Automotive shock absorber, 148

Bar, vibrating, 406–408, 417–426, 446,
449

Beam:
Bernoulli-Euler, 414, 415
Timoshenko, 411, 413, 414
transverse motion, 411–416, 426–433,

447, 450
Bernoulli resistor, 500, 521
Bernoulli’s equation, 498
Bernoulli-Euler beam, 414, 415
Bicycle car model, 403, 404
Block diagrams, 28, 62, 250, 331, 334,

347
B-matrix, 161
Bode plot, 237
Body fixed coordinates, 109

modulated gyrator, 110
Bond, 24

active, 26
Bond graph, 5, 26

air motor, 543
algebraic loop, 175
augmentation, 161
co-energy variables, 167
derivative causality, 180
equation formulation problems,

175
output variables, 188
output vector, 188
reducible loop, 90
state variable, 163
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Break frequency, 238
Bulk modulus, 119, 314, 497, 555

C.g., 99
Capacitance:

elastic pipe, 118, 120
rigid pipe, 118, 120
water storage tank, 119

Capacitor, 37
moveable plate, 320, 339

Cardan angles, 355
Casimir form, 292, 293, 298
Causality, 29

compliance, 59
gyrator, 60
inertia, 59
resistor, 58
sources, 58
transformer, 60

Causality assignment procedure, 163
Causal stroke, 29
C-element, 37

causality, 59
energy, 39
linear, 37
nonlinear, 39

Center of mass, 99
C-field causality, 274, 275, 487
Characteristic equation, 220, 221, 232
Characteristic value, 220
Co-energy variables, 167
Common effort junction, 53
Common flow junction, 54
Compliance, 37

causality 59
fluid, 314
thermal, 65

Compliance matrix, 271
Compressible gas dynamics, 507
Compression, isentropic, 504, 511, 512
Conductance causality, 291
Conduction heat transfer, 487
Constant coefficient linear systems, 211
Constitutive relations:

compliance, 38
gyrator, 48
inertia, 41
resistance, 36
transformer, 47

Constitutive relationship, 35
Control volume, 499
Coordinate transformations, 354
Coordinates, body-fixed, 351, 352
Cramer’s rule, 220, 240
Critically damped 227, 228

DAE, 530
DAE solvers, 539
Damped natural frequency, 228, 229,

230, 253
Damper, semi-active, 333
Damping ratio, 227, 228, 230, 253
D-C motor, 133, 314, 316, 337
Delta function, 410
Derivative causality, 180

implicit equations, 534
Descriptor form of equations, 372, 374
Differential algebraic equations, 530
Differential equations, partial, 405
Displacement variable, 19
Distributed parameter systems, 405
Drive train model, 386
Dynamic system, 3

e, effort variable, 18
Effort junction, 54
Effort source, 45

causality, 58
Effort variable, 18
Eigenvalue, 220, 232
Electrical alternators, 316, 340
Electrical circuits, 74
Electrical circuit construction procedure,

75
Electrical circuit power convention, 75
Electrical circuit reference voltage, 78
Electrical networks, 79

controlled source, 81
Electrical systems, 74

D-C motor, 133, 314, 316, 337
Pi network, 82
Tee network, 83
voice coil, 147

Electrical system variables, 23
Electrical transformer, 80
Electrically linear, 321, 323
Electrohydraulic valve, 8
Electromechanical transducers, 131
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Energy, 19
C-element, 39
Gibbs, 483
Helmholtz, 483
internal, 482

Energy variables, 19
Enthalpy, 483, 503
Entropy, 482, 488, 510
Equation derivation, 167

algebraic loop, 175
derivative causality, 180

Equation formulation problems, 175
Equations, sorting, 538
Euler angles, 354
Euler’s equations, 352
Euler’s formula, 213, 258
Eulerian description, 499, 507
Explicit equations, 527

example, 528

f , flow variable, 18
Faraday’ law, 295, 318
Ferromagnetic material:

hard, 454, 460 477, 478
soft, 454, 459

Fields, 267
C , 267, 268, 273, 466, 468, 483, 484,

487,505, 510
dissipative, 290
energy storing, 267, 275
explicit, 269, 275, 282
I , 267, 281, 377
I C , 289, 322, 324, 377, 380, 381, 468
implicit, 269, 275, 282
R, 290

Field strength, 455, 457, 459
Finite lump, 406
First order system, 213, 214
Flow junction, 53
Flow source, 45

causality, 58
Flow variable, 18
Fluid capacitance, 117
Fluid circuit construction procedure, 124
Fluid dynamic systems, 494
Fluid inertia, 122
Fluid line, 495
Fluid resistance, 114
Fluid system, acoustic muffler, 127

Flux, 453, 454
Flux linkage variable, 22, 43, 316, 454
Forced response, 213, 234
Force-free boundaries, 427
Force-free modes, 429
Forcing frequency, 235
Free response, 213, 222, 232
Frequency, damped natural, 228, 229,

230, 253
undamped natural, 223

Frequency equation, 419
Frequency response, 234, 435

normalization, 244
Friction, dry, 312, 313

Gear set, 47
Generator, a-c, 316, 317, 340, 342
Generator, d-c, 312, 314, 342
Geometric quantities, 364
Gibbs equation, 482
Gibbs free energy, 483
Gyrator, 48

causality, 60
modulated, 50, 294, 353, 354, 399

Gyrator transducers, 131
Gyroscope, 48

Half car model, 396
Hamiltonian form, 378, 380
Hamiltonian I C field, 377, 379, 382
Heat conduction, 487
Heat transfer, 63, 487–494
Heave-pitch vehicle model, 101
Helmholtz free energy, 483
High frequency asymptote, 238, 243
Hydraulic and acoustic circuits, 114
Hydraulic models, acoustic

approximation, 114
Hydraulic motor, 130
Hydraulic pump, 130
Hydraulic ram, 47, 129, 148, 313
Hydraulic shock absorber, 148
Hydraulic system:

acoustic muffler, 127
bulk modulus, 119
fluid capacitance, 117
fluid circuit construction, 124
fluid inertia, 122
fluid resistance, 114
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Hydraulic system (continued)
nonlinear capacitance, 121
variables, 22
water storage tank, 118

Hydraulic transformer, 129
Hydraulic valve, 329, 330, 346
Hydrostatic system, 114

I -element, 40
causality, 59
linear, 40
nonlinear, 43

I -field causality, 285, 287
Imaginary part of, 226
Implicit equations, 534

derivative causality, 534
nonlinear example, 535

Inductance matrix, 286, 307
Inertia, 40

causality, 59
Inertia matrix, 352
Initial condition problem, 212
Initial conditions, 213, 223
Input/output concept, 28
Instruments, 311, 324
Internal energy, 66, 482
Irreversible thermodynamics, 481
Isentropic nozzle, 543
Isentropic process, 122, 512
Isothermal models, 481

Junctions, 52
0-junction, 53, 55
1-junction, 54, 55
causality, 60

Junction structure, 267, 283, 298, 368,
369

Karnopp-Margolis method, 531, 533, 537
Kinematic constraints, 103, 105, 108, 359
Kinematic linkages, 51, 303, 371, 381
Kinetic energy of rigid body, 99
Kirchoff’s laws, 55

Ladder network, 82
Lagrange multipliers, 373
Lagrange’s equations, 377
Lagrangian description, 499, 506, 507
Lagrangian I C field, 377, 380–382

Laplace transforms, 210
Legendre transformation, 483,484
Lever, 47
Linear system, 10
Lorentz force law, 296, 318
Loudspeaker, 320, 339
Low frequency asymptote, 238, 242
Lumped models, 406
Lumped parameter systems, 405, 406

Magnetic bond graph variables, 458
Magnetic circuits, 462–465
Magnetic energy, 458
Magnetic flux, 453

density, 453, 459
Magnetic induction, 453
Magnetic saturation, 455
Magnetizing force, 455, 457
Magnetomechanical elements, 465–468
Magnetomotive force, 454, 462
Mass controlled region, 435
Mass density, 555
Mathematical model, 4
Maxwell reciprocity, 272, 282, 290, 292,

321, 323, 467, 483, 484, 505
Mechanical lever, 93
Mechanical rotation variable, 22
Mechanical systems, 85

in rotation, 94
rotation construction procedure, 94
in translation, 85
translation construction procedure,

87
Mechanical translation variables, 21
Mechatronic system, 1
MGY, 50, 294, 353, 354, 399
Microphone, 320, 339
Modal analysis, 417–445
Modal bond graph causality, 438
Modal bond graph systems, 443
Modal damping, 437
Modal inertia, 422, 431
Modal mass, 422, 431
Modal matrix, 256
Modal stiffness, 423, 431
Model, 4
Mode shapes, 420, 429
Modulated gyrator, 50, 294, 353, 354,

399
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Modulated transformer, 50, 51, 294, 391,
357, 359, 362, 368, 374, 376, 503

Modulus of elasticity, 555
Momentum variable, 19
Motor, a-c, 316, 341
Motor, d-c, 312, 314, 315, 341
Motors, synchronous, 470
Moveable plate capacitor 267
MTF, 50, 51, 294, 391, 357, 359, 362,

368, 374, 376, 503
Multibody systems, 371, 383
Multi-energy-domain models, 128
Multiport, 16

Nonlinear pendulum, 528
Nonlinear simulation, example,

541
Nonlinear system, 10

simulation, 190, 526
Normal modes, 420
Nozzle, 500

isentropic, 512–515

One-junction, 54, 55
Onsager reciprocity, 292, 293, 298
Orthogonality, 420, 430
Output variables, 188, 210
Output vector, 188
Output/input, concept, 28
Overdamped, 227, 228

p, momentum variable, 19
Parasitic elements, 531, 537
Pendulum, nonlinear, 528
Perfect gas, 485–487, 509–511
Permanent magnet, 460

d-c motor, 133
Permeability, 455, 457
Permeance, 456, 457
Phase angle, 225, 236
Phasor, 224, 227, 243
Pi network, 82
Plane motion, 99
Pneumatic actuator, 522
Pneumatic systems, 502
Pneumatic tires, 385
Ports, 18

1-port, 18, 34
2-port, 18, 46

Power, 19
hydrostatic, 503

Power convention, 24
Power port, 18
Power variables, 18
Pressure:

dynamic, 500, 503
static, 500, 503

Pressure momentum, 22
Pseudo-bond graphs, 63, 507–517
Pump, 319, 343, 344

q, displacement variable, 19
Quarter car model, 88
Quarter car, simulation, 190

Real part of, 226, 235
R-element:

causality, 58
linear, 35
nonlinear, 36

Reluctance, 456, 457
Residual compliance, 435, 436
Resistance:

controlled, 328
eletrothermal, 492–494
modulated, 386

Resistance causality, 58, 291
Resistor, 35

Bernoulli, 501
causality, 58
thermal, 65

R-field, 290
causality, 290

Rigid-body motion, 350, 353
Rotating frame, 351

Second order system, 217
Semi-active damper, 332
Sensor, 331
Separation of variables, 417–433
Sequential causality assignment,

163
Servo-valve, hydraulic, 329
Shock absorber, 148
SI units, 21
Signals, 28

input, 28
output, 28
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Simulation, 526
air motor, 542
automated, 11, 193, 540
nonlinear, 190

example, 541
of state equations, 190

Sinusoidal forcing, 234
Slider-crank mechanism, 542
Slip angle, 385, 403
Solenoid, 322, 341
Sorting of equations, 193, 538
Source:

causality, 58
controlled, 326

Source element:
effort, 45
flow, 45

Specific heats, 66, 485, 486, 509, 556
Speed of sound, 556
Stable systems, 231
State determined systems, 8, 212
State equations, 155, 159, 210, 215,

218
algebraic loop, 175
canonical, 256
derivation, 167
explicit, 527
implicit, 534
linear, 160
linear, matrix form, 160
sorting, 193
standard form, 159

State variables, 8, 163, 210
alternatives, 255
choosing, 163
vector, 160

Steady state response, 235
Stiffness controlled region, 435
Stiffness matrix, 271
String, vibrating, 447, 448, 451
Superposition, 213
Suspension, automotive, 332, 345,

384
Suspension, controlled, 332, 345
Symmetry of matrix, 272
Synchronous motors, 470
System, 1

models, 4, 73
Systems viewpoint, 2

Tee network, 83
Tetrahedron of state, 20, 44
Thermal compliance, 65
Thermal energy, 66
Thermal resistance, 65, 487
Thermal systems, 63
Thermodynamic accumulator, 508–511,

543
Time constant, 217
Timoshenko beam, 411, 413, 414
Transducers, 128

energy-storing, 311, 320, 466–568
gyrator type, 131
magnetic, 469–477, 479
power, 311, 312
transformer, 129

Transfer functions, 249–251
Transformation:

coordinate, 354, 356, 358
Legendre, 483, 484
power-conserving, 301, 357, 363
similarity, 256
velocity, 366

Transformation matrix, 301, 356, 357
Transformer, 46

causality, 60
displacement modulated, 295, 304,

371, 374, 381
modulated, 50, 51, 294, 391, 357, 359,

362, 368, 374, 376, 503
multiport, 299

Transformer transducers, 129
Trivial solution, 216, 220, 232

Undamped natural frequency, 223
Undamped oscillator, 222
Underdamped system, 227, 228
Unstable systems, 231

Valve:
four-way, 330
hydraulic, 329, 330, 346

Variable:
acoustic systems, 22
displacement, 19
effort, 18
electrical systems, 23
energy, 19
flow, 18



INDEX 563

hydraulic systems, 22
mechanical rotation, 22
mechanical translation, 21
momentum, 19

Vector matrix form, 211
Vehicle dynamics, 383
Vibration of a bar, 406–410, 417–422
Vibration of a beam, 426–431
Viscosity, 556

Voice coil, 48, 49
actuator, 147

Wankel compressor or engine, 515–518
Wave equation, 410, 416
Wheatstone bridge, 78
Word bond graph, 24, 25, 26

Zero-junction, 53, 55


