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Control Problem

[s there a general approach to control

arbttrary modular robots?



Control Problem

[s there a general approach to control

quadrupedal |modular robots?

Simplifications:
1. 8degrees of freedom
2. Symmetric configuration

3. Central body



Bioinspiration

SRIENco Central pattern Descending

Reflexes generators modulation

Musculoskeletal system, “Clever” mechanics
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Methods



Base Morphology

Simulation Hardware

Webots-

rebot simulation

Stmplifications:
1. Planar Limbs

2. Specialized foot



Base Morphology

Simulation
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Base Morphology

Joint Reference

Joint Position Current Hardware
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Step Trajectory
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Control Approaches

Open Loop CPG

Tegotae

b; = 2r f + wa sin(¢; — ¢; — Vi)
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Control Approaches

Open Loop CPG Tegotae
gb =2 f + wa sin(¢; — ¢; — y5) qﬁz =21 f 4+ o N; cos(¢;)
J
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i=1 i =2 Binary Tegotae
—) - , |
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P2
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2. df
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Goals



Thesis Goals

Open Loop CPG

Cb'z' =2nf + Z’wz; Sin(%‘ — ¢ — wm)

J

1. Trajectory
2. Duty factor

Tegotae

vy

Steady

Sifiergy

Speed

Stability

¢; =2 f + o N; cos(¢;)

1. Trajectory
2. Eftectof o

3. Scaled by
frequency?

4. Binary Tegotae?
Convergence
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Results



Control Approaches

Open Loop CPG
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Particle Swarm Optimization

Open Loop CPG

Maximize

9 VoM (kT)
P (KT)

: 9
Z(emama hst, hsw dfa ¢12, 1/)23’ 1/)34) = Z

kT=30
> hmin
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0 50 100 150 200 250 300
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Particle Swarm Optimization

Open Loop CPG
Maximize
: (5.6 ’ ) 90 1 1
Z 3 maa::hsah’swadaw 7"7!) :w = gy —
t 12 23 34 sz_:SO Pm(kT) E’t
Subject to:
UcMm = U4

0 < o < /3

0 < hyg <0.06

0 < hs < 0.06
hsw > hg
0<df <1

- <y <7
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Particle Swarm Optimization

Open Loop CPG

Maximize Trot
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Particle Swarm Optimization

Open Loop CPG

Rotary Gallop

Maximize Trot
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Particle Swarm Optimization

Open Loop CPG et
Rotary Gallop

Maximize Trot
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Particle Swarm Optimization

Open Loop CPG

Maximize »/ Validated on hardware
. 0 Trot a0 . )
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Validation on hardware
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Steady State Systematic Search: Trajectories

Open Loop CPG
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Steady State Systematic Search: Trajectories

Open Loop CPG
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Control Approaches

Tegotae

¢; =2 f + o N; cos(¢;)

Binary Tegotae

¢; =27 f + o, B; cos(¢;)

1 if N; >0.2N
B; =

0 it N; <0.2N

1. Convergence

2. Steady State 25




1. Convergence

Yo Trot | —— Tegotae

¢; =2 f + o N; cos(¢;)

Hardware

0.25
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f=0.25Hz,0,, = 03rad, hg, = 15mm, hyy = 0 mm



1. Convergence

o, =60 Binary Tegotae

QSZ- =27 f 4+ o, B; cos(¢;)

1 if N; >0.2N
B; =

0 it N; <0.2N
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F, [N

F,IN]

F, [N]

F,IN]

1. Convergenee

Binary Tegotae

¢; =27 f + op B; cos(¢;)

1 if N;>02N
B; =

0 it N; <0.2N

Frequency [Hz| Convergence time [s]
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1.

2. Steady State

Trajectory
Effect of o

Energy Efficiency

Te gotae
045
04
0.35 -
4 0.35
0.3 o
410.3
0.25
53
0.2 - 4025 &
0.15 L 402
0.1 4 0.15
0.05 0 0.1
O -
0.05
0

<9




Speed [m - 5'1]
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Hardware

2. Steady State

Tegotae

o=0.3
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Hardware

2. Steady State

Tegotae
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Hardware
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2. Steady State
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2. Steady State
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Conclusions

Open Loop CPG

Particle Swarm Optimizations:
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2.
3.
4.

More experiments!
Rough Terrain
Compliance

Mophology changes

Future Work
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Appendix: Cat Gallop
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Energy efficiency [m - kJ'1]

Appendix: Validation on hg # 0

h,, = 5mm

Validation on hardware
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Appendix: Statistics on CLSS
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Appendix: Simulation VS Hardware
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Figure 3.17: Simulation: Force measurements from simulation, of steady state open loop trot gait with
df = 0.5, performed by base morphology at 1 Hz — On the left, the 3-dimensional components of force
in local reference frame are presented, where F, is the component in the axis of the lower limb. On the
right, normal force F}, = F. is compared with average of force components, Fy.,.
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Figure 3.18: Hardware: Force measurements from Optoforce sensors of steady state trot gait performed
at 0.25 Hz - On the left, the 3-dimensional components are presented. On the right, the normal component
F’, is compared with the average of the components F,,,.
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Appendix: Open Loop Systematic Search
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Appendix: Open Loop Systematic Search
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Appendix: D-S run

Open Loop CPG

D-S run
Rotary Gallop
Trot
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Appendix: 0.75 Hz Binary Convergence
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Appendix: Robot version 1
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Appendix: Hardware Limitations

0= — o
Vem
=
E
£y 005 - J
. T 01 - E
time [g] E
el
015 - 4
=
E
i~
==Y
02 \O/
[} 2 4 [ ] 10 12 14 16 18 20 0.9 -0.05 o 0.05 0.1
time [g] % [m]
{a) 0.1 Hz.
0F B
Yem
B
ay 005 -
i} 0.5 1 15 2 25 = o1
time [g] E
el
0
015 F
@ st 4
Ll
a2
. 02t 4
a 0.5 1 1.5 2 25 01 -0.05 4] 0.05 0.1
time [s] x [m]
(b) 1 Hz.
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Appendix: PSO Results

Table 5.1; Results of energy efficiency P3O for constant frequency.

PSO Characteristics

Top Fitness

Best Particle Parameters

f IT Nr. BestIT £ Toar S Gait I Frat B df 2 g 5
0.5 200 200 2.1121 | 0.0163 6G853.4 trot 0.06 =0 012 0.8395 -2.2621 28152 29804
0.5 300 290 3.0532 | 0.017 57711 trot 0.069 =0 =0 08455 29031 -2.2482 28776
0.5 300 300 27 | 00221 28592 trot 0.084 =0 =0 07914 -2.99 -22866 29785
(.5 400 341 20277 | 00138 To42.3 trot (.05 =0 0184 (0.7035 -4 1042 2.0607 41283
(.5 400 360 27018 | 0.0192  307.73 trof 0.073 =0 =0 07646 -22230 0 2,078 2488
(.5 G0 G0 23044 | 00157 2700.5 trot 0.058 =0 0185 07655 28002 27892 -2.9408

1 200 192 (.2353 | 0.2474 4.25 trot 0418 T 129  0.731  -2.9936 -2.1185 1.8671

1 200 199 14028 | 0.0369 11045 trot 0.067 0012 023 07626 -2.8172 2.338G -2.4382

1 400 66 0.555 | 0.1411 342.6 trot (0.211 1.1 2o 06219 -2.0386 0 3.000 3.1191

1 400 491 (.2389 | 04846 3.9652 D-S run (0.914 ] 474 0.6465  3.1398  -3.1012 3.1220

1 400 40 1.66GES | 0.0364  6GH56.3 trot 0.064 001 01897 07387 -2.8600  3.9662  J.0158

1 G50 G17 20222 | 0.045 25204 trot 0.086 =0 =0 0802 -21618 29419 25112
1.5 300 296 0.2524 | 0.5382 4.072 D-S run 0.664 3.1 232 06406 3.1121 31311 -3.1076
1.5 400 266 1.094 | 00572 554.64 trot 0066 =0 01895  0.724 2062 280667 28435
1.5 400 and 00951 | 04827 8976 rotary gallop | 0467 0.4506 a4 (0.4232 09652 L34d4  1.4183
1.5 400 360 01193 | 0.597 149134 rotary gallop | 0.544 1.4 a3 04293 15107 L2E7s 25777
1.5 400 3066 L1057 | 0.0658 42542 trot 0.0728 0.013 022 0.6938 3.0971  3.081 3.055
1.5 G680 (23 0117 | 0.6176  7.328  rotary gallop | 0.541  2.32 57 04958 -1.G486 -0.9766 -2.4038

54



Appendix: PSO Results

Table 5.2: Results of energy efficiency PSO for desired speed v,

PSO Characteristics

Top Fitness

Best Particle Parameters

vy IT Nr. BestIT | E £ Toar S, Gait i - By [/ df Ma 'y a4
0.25 300 273 196.2 | 0.079 0257 11.8  rot. gallop | 3.132  0.155 1.34 17.14 0.21 2.362 0.402 2043
0.25 300 296G 53.13 | 0.295 0.262  33.19 trot 1.399 03385 0.68 8.5 074 -22777 23839 -1.99G
0.25 400 310 T8 | 0.2 0257 2.54 trot 0.875 0.6023 3.1 269 0.7 2.3306 -2.1973 2.1988
(.25 400 38D 169.5 | 0,089 0252 6825  rot. gallop | 1113 0328 093 134 044 1.6142 1.16G3 1.987
(.25 600 415 159.9 | 0,084 0.251  5.6792  rot. gallop | 22184 0.2184 1.4 385 (.18 3.0207  0.8260  2.4381
0.25 680 317 172.7 | 0.080 02535  7.611 pace 2148 02095 163 37.7 022 -2571 -1.177 -2.521
0.5 300 299 253.7 | 0.12 051 8.8997 L-Stun | 1.895 04348 44 594 03 -1.5644 -0.8953 -2.4599
0.5 300 284 3394 | 0,089 0.504  L778  rot. gallop | 1.GO9 0.4824 10.2 47.96 0.39 1.4821 0.9352 -3.0533
0.5 400 373 2744 | 0125 057 1.774 pace 2516 0334 137 36.17 035 -2.209  -0.9087  -2.2677
0.5 400 an7 175 | 0.261 0613 2822 trot 1491 06452 3.07 2147 065 -3.0611  3.0632  -3.0645
0.5 600 583 1394 | 0,225 0522 7.8542 D-5rum 1.16 08017 3.2 371 067 3.1413 26758 -3.1093
0.5 700 579 131 | 023 0501 21.262 D-Srun | 1399 06942 430 27.73 (.68 -2.8027 28013 -3.0235
0.75 300 296 217 | 0207 075 11968  D-Srun | 1732 07081 34 276 059 -3.1063 23567 -3.1308
.75 400 380 F379 | 0139 0783 31801 rot. gallop | 2411 0.4923  16.7 519 034 -1.5073 -1.0858 -1.9772
0.75 GO0 adl 3004 | 012 0775 3.9524  rot. gallop | 2,33 04885 7.05 535 038 1.6322 21716 1.4061
075 700 410 2070 | 0217 0.753  10.1817  D-Srun | 1578 07749 476 3457 058 -2.7079 2399  3.0419
1 300 294 4793 | 013 1.035  2.2923 bound 2743 05101 6.2 567 04 -0D6G52  -1935 0.0177
1 400 361 320 | 019 101 18962 D-Srun 231 068998 8.2  26.78 053 2831 26936 -3.1034
1 400 260 G32.3 | 0,099 1046 4.6482  vot. gallop | 3.955 04244 143 30 031 1504 L8795 1.6G095
1 600 393 JITO 0189 1002 L7754 D-Srun | 2186 07234 6.8 254 0.55  3.0952 24665 -3.0087
1 700 521 G494 | 0.098  1.063 12427 bound 3174 04831 113 484 034 03377 -2.133  0.037
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