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(a) JAXON [20] (b) Kengoro [21] (C) Musashi [22]
0O 2.1 Example of multi-DOF humanoid robots
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(a) DRAGON [14] (b) HALO [24] (c) HYDRUS [25]

O 2.2 Example of multilink aerial robots
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0 2.1 DOF in humanoid robots

robot developer year joint actuator | including
DOF DOF endeffector

ASIMO [27] Honda 2000 || 26 (34)

ETL-Humanoid [28] | ETL 2001 46 *

KHR-2 [29] KAIST 2005 41 *

CB? [30] Osaka Univ. 2007 58 56 *

LOLA [31] TUM 2009 25

ARMAR-4 [8] KIT 2013 63 *

TORO [32] DLR 2014 27

JAXON [20] Univ. of Tokyo | 2015 33 39

DRC-HUBO+ [33] KAIST 2015 32 *

Valkyrie [34] NASA 2015 44 *

ESCHER |[35] Virginia Tech | 2015 38 *

Hydra [36] Univ. of Tokyo | 2016 41 47 *

BHR-6 [37] BIT 2016 23 *

WATHLETE-1 [38] | Waseda Univ. | 2016 22

WALK-MAN ([39] IIT 2017 69 33 *

HRP-5P [15] AIST 2018 37 *

ARMAR-6 [40] KIT 2018 || 51 28 *
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ooo

000000 (45000000 [23|0000000000000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
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0 2.2 DOF in musculoskeletal robots and soft robots

robot developer year || joint | actuator including
DOF DOF endeffector

ECCE1 [41] ECCEROBOT | 2010 43 *

Athlete Robot [42] | Univ. of Tokyo | 2010 14 20

Kengoro [11] Univ. of Tokyo | 2016 || 174 | 116 (124) *

Musashi [23] Univ. of Tokyo | 2019 36 74 *

0 2.3 DOF in field robots

robot developer year || joint | actuator | including
DOF DOF endeffector

RoboSimian [43] | NASA 2015 28

WAREC-1 [13] Waseda Univ. 2017 28

DRAGON [14] Univ. of Tokyo 2018 22

HALO [24] Univ. of Tokyo 2018 16

HYDRUS [25] Univ. of Tokyo 2019 18

HSL-A1 [44] Ritsumeikan Univ. | 2019 16 12
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O 2.4 Contact force pattern in environment-adaptive robot activity
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0 2.4 Local distributed control system for multi-DOF robot
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O 2.5 Simplified equivalent single-phase motor output model
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O 2.6 Actuator controller model
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O 2.7 Intelligent robot system architecture
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0 2.8 Simplified admittance control model
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0 2.9 Simplified motor current control model with time-delay
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|

(a) Without delay (52 = (0.8,1.0,1.2), (b) With delay (52 = (0.8,1.0,1.2),
5 =1.0,T=0.0) 5i=1.0,T=0.2)
0 2.10 Step response simulation for simplified motor current control model with
time-delay
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0 2.11 Simplified motor current control model with time-delay and plant lag
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(b) Landing after jump (c) Falling over
0 2.12 Humanoid robot model with impact force [102]
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O 2.13 Requirement for desired real-time robot controller system
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0O 2.5 Typical communication interfaces for recent PC

interface typical bit rate | feature

PCI Express 5 Gbps | card edge

USB 2.0 480 Mbps

USB 3.0 5 Gbps | USB 2.0 compatible
Ethernet 1 Gbps | lock connector
Thunderbolt 20 Gbps

eSATA 3 Gbps | for storage/drive
IEEE 1394 800 Mbps | a.k.a. FireWire
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O 2.6 Design and development deliverables in this work
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0 3.1 Communication data item list for current control

data Read/Write | mandatory every cycle

motor d-axis current

motor g-axis current

motor g-axis current reference

motor parameter by PN

current control mode

motor current limit

current P-gain

=== =2=7 77

motor d-axis current reference

O 3.2 Communication data item list for position control

data Read/Write | mandatory every cycle

motor position *

motor velocity *

motor position reference readback

motor position error

motor velocity reference readback

motor position reference

motor velocity reference

position P-gain

position D-gain

Sl R NI FF

motor position error limit

00000 340000000000000000DO00D0ODODODOODOO0O 35000
ggoboboodoobobboooobobbooobobboooobboooobbbooog
goooo0oboOo0oOobO0obOOo0ooOOobOobooobOOobOoboboOooOoboooOg 360
000000000000 JAXONODODODODOOODODOoOoooDooooooooooo
goobboooobbtbooobobbdooobobbuoooobboooubbbooog
oooooobooobooboobobooOobD 3vyoboboboooobobooo
oboboboboooooooboobobobobooooobooobooboD 390
00000000000 6000000D0DOOJAXONDO 3900000040000
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O 3.3 Communication data item list for torque control

data Read/Write | mandatory every cycle

joint torque *

joint torque reference *

torque output gain

torque compensation gain

motor torque constant

motor inertia

joint coulomb friction

Z|F| 2122227

joint viscous friction

O 3.4 Communication data item list for manager and monitor

data Read/Write | mandatory every cycle

error status *

joint position *

motor power voltage

controller power voltage

motor temperature

motor hall sensor

communication error CHO

communication error CH1

control mode

A e e e e

motor temperature limit

0000000000000039x39+6x4=1545000000
100000000331 0000000 3.7032bit00000000000000
000000000000000000000000000000000 1545 x 32 =
49440 bit 00008 bit 0 1 Byte 0000006180 Byte 01000000
00000000000000000000000000000 1kHz000000
00000000 1ms00000000000000 [144][145)[146][150 0000 O
01ms00000000000100000000000 49440 bit0000001 ms
0000000000000 4944 Mbps 000000000000000000000
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O 3.5 Communication data item list for temporary request

data Read/Write | mandatory every cycle
control mode change || W temporary
error status reset \\% temporary
emergency stop W temporary

0 3.6 Communication data item list for force sensor

data Read/Write | mandatory every cycle

x-axis force *

y-axis force *

z-axis force *

X-axis moment

y-axis moment

=vlli=vil | =v il [§=v} j=c R =¥

z-ax1s moment

0 3.7 Communication data item count

target Read/Write | mandatory every cycle || item number
every node R * 5
every node R - 12
every node W * 3
every node \\% - 16
every node W temporary max. 3
node with force sensor | R * 6

0000000000000000000000000000000000

0000000000000000000000000000000000000
000000000000 00000000000JAXONODODOOOOOOOO
0000000000000 0000000000000000000000000
000000000000 3.700000000000000000 28000 NC
00 1000000000000100000 (11428+N)x39+6x4)000
D000D00000 371 00000 EtheCATOOODDOOODOOOODODO 100
D0000000000000 2048 Byte = 16384 bit 000000000000
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(114+28+N)x39+6x4)x32<16384 000N >185080000000000
00000000000000000000000000000000000000
0000000000000000 3000000000000 N >6.2050000
EtherCATOO0O0O0O0OO0 JAXONOOOOOOODODODOOO0OO0O0O0O000000 19
0000000000000000070000000000000000000000
00000

33 tbboooooooooooooooooon
331 0000O00O00OO00O0O0O0O0DOO0OO0OO0

00000000000000000000000 [147]148][200 0 0 OFPGA OO
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000 PCIODOOO0O0O000000000000000000000000

0 3300000000000000 H8170000000000000000
0000000000000000000000200000000000000000
00 3400000000000000000000000000 (1470000 159 A
00000000000 q00000000000000000000

00000000000000000500umO00000000MOSFETOO0 30
0000000000000000000000000000000000000000
000000000O0MOSFET 0000000000000000000000000
00000000000000000000

000000000000000000 Intel 00 Cyclone V E FPGA
5CEBA4F17CSNOO0O00O00O00O0FPGADODOD

e JOIDOOOUDOOOODODODOPIDODO

e RS-42200000000000D0D0O0DOO0ODOOOOODOO

e Nios[IOODOODOOODOODOODOOOD PODODOOOODOODOODOODOOD
e JOOUOOODLODODO

0000000000000 FPGAODODDODOOOOODOOOOOOOO 16 bit MCU
H8S/2215RO0000000000000O0O0ODO [147)0000000000DOOOOO
000000 FPGADODOODODODDOOODODODODOOODODODOO NieslIOODOOOOO
gobboooooboboooobobooon

FPGAD 24 MHzO0OOOOOOODODODODOOODOOODODOODDODOOODODOOOOTS
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Intel Cyclone V E FPGA 5CEBA4F17C8N
Renesas Electronics MCU H8S/2215R

\ motor sensor

"\, (encoder & temperature)

controller power supply
(12V)

peripheral device
(e.g. force sensor)

high-power
motor driver board motor power supply
full duplex
RS-422 link x2 to BLDC motor

O 3.3 Overview of the high-power motor driver module H8-17 in previous work

kHzOOOODOODODOOD PWMOOOOOO MOSFETOOODOOODODODDODOOO
doooooooboooooooooooooob bbb oo oooooooo
00000000000 00DoOooO MOSFETOOOODOODOODOODOOODO
000000000 DO0D0oDOooooO0Do0oooooO PIDODOODOO10 MHZO
AXY0OOO0OO0OO00000oooooooOoOooOOOoO000ooooooooOoOoObobODOO
000000000 bO0ooOO0o0bOoDOo0obOOo PDODOODOOODODOODODOODO
000000 1kHzOODODOODO

0000000000000 000000000000000 350 PCIODOOOOO
O000O00O0OoPCIDOOOOOO Alteral O Cyclone I FPGA EP2C20F256C6 O
0000000000000 000000 PCIOOOODOODOOOOOOO APIC22R10
O00000OPCIO RS42200000000000000000000000PCIO
0000000000000 0OFIFOODDOOODODODODOOODOOOODOOOODO 32
bit 00O FPGADOOODOODODO 32bit00000000O0OOCOOOPCIDOOO
0000000000000 000O00D00DOoOU0DOoO0DOO 1056 MbpsOOOO
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high-power
BLDC motor driver
motor module
sensor
data controller
serializer power supply
board (12V)
(encoder,
hall sensor,
temperature) motor
power supply
motor
output
full duplex
RS-422 RS-422 link
connection

O 3.4 Brushless motor connected to the high-power motor driver module H8-17

O00FPGAOO PCIOODOOOOOCOOOODOOOOOOO0OOOOOOO RS-422
0000000000000 OoDoooooooPCIOOOOOO DMAOOOOOO
ggobobooooobboooobobooooobooo

00000000000 RS4220000000000000000000D000OO
JAXONOOOOOOOOoOoOooooooooooooooooooooooo 360
ogn

RS-4220000000000000000O0OO0O0ODOO0OOOOODODOOODOOO
000000000000 0000000000000Reed-Solomon 00000000
O00000oo00oooooooooD 370 32bit00000 10000000000
OoooOoO1ebit0O0OOO 6bit000C0O0OO00OOO0O0O0O00OO

e tag (2 bit) : NOP/Write/Read/ReadAck D0 OO0 DO00OOO0OO0
e device address (6 bit) : 000000 0000 6300000000000 O0O
HEN
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Altera Cyclone IT FPGA EP2C20F256C6
170mm

full duplex 4
RS-422 link x4

2
o
o
o
fe]
o
o
(e}
(e}
o]
o
o
o
o
(]
(o]

0.0.0.0.00000000000|39

107mm

PCI card edge connector

ADTEK PCI controller APIC22R10

O 3.5 Overview of the PCI bridge board in previous work

e data address (8 bit) : 0D 0D0OUOOOOOOOOOODOODOOOO

0000000000000 CO000OoO00DOO00bOOOoOoOoDoOOO 3.80 64 bit
goooboboooboob11b0ob0o0oboobobooobooDoobDooooDooo
ooooboboooboboooboo2000bobObo0oboobobDoobOoboooo
0000000000000 0C0000O000DO0O0000O000DoOOOoonooOO 32 bit
OOooOopooOooD g2hitoooooodooooooobooooOoDoboooooDo
000000000 Reed-Solomon OO OOOO0O 390000 9 bitODOOOODOO
0000000000000 0D0000 3100 120bhit0000000 RS-422000

00000008bitd00 (by,by,bs,bs, b, bs,bs,b;) 00 0000000000000
0000000000000000

po =bo ® b1 © by O b3 D by (3.3)
p1 = bs @ bg @ by

gogobbuoooobobuoooobboooobbboooobbboooobbboooo
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PCI bridge
board

RS-422
26.7Mbps
daisy-chain

%\c %\0 %\c %ﬁt
%\c %ﬁc %ﬁa

driver

% ®' R ®

JAXON  11:right leg + waist 10 : left leg + waist 8 : rightarm 10 : left arm + neck

PCI (32bit bus)

O 3.6 Distributed network for the humanoid robot JAXON in previous work

Ol 1234|516 789101112 13]14]15

1-2 Byte tag device address data address

3-4 Byte data

O 3.7 Data format of single packet with 16 bit header and 16 bit data

RS-4220000000000 8 MHzO0DOODOODO 300000803 =26.667
MbpsOOOOOO32bit00000O0O 120bit0000000C0O0O0OOOO0O0O0O
0000000 80+3x32+120="7.111 Mbps 0 OO0

0000000000000 000000d0000 1 msoDoDpoDoObOOODODODOO
0000000000000 DoD0o0ooooooDoooDogoo 7M1l bitooooooOd
32300000 JAXONODOOOO0O0O0OO0O0ODO 49440bit0000 700 100
0000000 100000000 DOb0oD e384 bitdooogoooooooO
goo0obOOdOo0O0oOOobOOo0obO0oobOO0obOoUoO0obO0bO 4000000DOODOD
ggooboboooobbboooobbboooobooboao

gogoobbobdoooobbboboboooobbboooobboboooobobod
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Ol 1234|516 7]|8|9(10f11]12]13]14]15
1-2 Byte frame counter
3-4 Byte auxiliary data
5-6 Byte tag device address data address
7-8 Byte data

O 3.8 Data format of 64 bit frame

Ol 1234|516 7]|8|9(10f11]12]13]14]15
1-2 Byte frame counter
3-4 Byte auxiliary data
5-6 Byte tag device address data address
7-8 Byte data
9-10 Byte Reed-Solomon code[15:0]
11-12 Byte Reed-Solomon code[31:16]

0 3.9 Data format of 96 bit Reed-Solomon encoded frame

000000000000 0000000D00ODORS422000000000000000
gogoboboooobobbooon

332 000O0O0DDOO0ODODOO0ObODOOoDDbOoOon

000000000000 0O0D0O00000Uo0 (1492110000000 O0O0OO
ggoboboooobobbooooobboooobobobuooooboboooobobooog
goobboooobobuooooobooobobboooooboogn

031100000000000000000D0000 FPGA-02DODODOODOODO
ggoboboooobobtboooobobboooobobbuooooboboooobLbobooog
O00000000OFPGA-02D 000 Altera 00O Cyclone IIT FPGA EP3C5M164C7N
000000000bOO0bO0bOO0bOO0DOO0DO0DOO0OO0oDO0ODOODOOoOOD PIDODO
gooboboodoobbtbooobobbdooobobbuoooobLbboooubbbooog
ggoboboooobobboooooobboooboboboooooboooobobooog
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11213 4.5 6| 7 819 10] 11 12.13 14 15.
20 bit frame counter P | frame counter | P frame counter P | frame counter | P
40 bit auxiliary data P | auxiliary data | P auxiliary data P | auxiliary data | P
60 bit tag device address | P | device address | P data address P data address P
80 bit data P data P data P data P
100 bit RS code P RS code P RS code P RS code P
120 bit RS code P RS code P RS code P RS code P
O 3.10 Data format of 120 bit Reed-Solomon encoded frame with parity bit
temperature 73mm R
Altera Cyclone III FPGA
EP3C5M164C7N
Lusee,
with

controller power supply

24mn/

motor power
supply

loadcell

MOSFET

to BLDC motor

40mm

BLDC motor

O 3.11 Overview of the wire actuator module and the motor driver board
FPGA-02D in previous work

ggoboboooobbbooobobbooobob bbb bbooobbbUood
ooobO0obOOobOOobOobOobOobOOobOOobD PIDOOOOOODOODODODODOO
gogooobooodogobooo

03120000000 HS-18OOOODODOOOOOODODOOOOODOO 16 bit
MCU H8S/2215R 0000000000000 DO0OODODODOOOOODOOODOODOO
O000000OD0OD0O0OD0ODODODOD FPGA-02DO O OO0 Alterad O Cyclone IIT FPGA
EP3C5M164CTN 000 O0O0OFPGA-02D000OOOOODOOOODDO

000000 HS-180UUDO0OOO0O0O0OUOODOOO FPGA-02D O RS-48 000
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Altera Cyclone III FPGA EP3C5M164C7N

34mm

half duplex RS-485 link

26mm

USB 1.1 Full-Speed

) U

Renesas Electronics MCU H8S/2215R

0 3.12 Overview of the USB 1.1 controller board H8-18 in previous work

gooboboooobbtboooobobbooobbboooobbboooobbbooon
O00RS48 000000 24MHzO000OOOOOO 80000 3 MbpsO UART O
ggoboboogobobbooooboobboooobobobooooobooooboobooog
gogobboooobobooouboboo

000000000000 H8-180 012 Mbps O USB Full-Speed DO OOO0ODOO
000USBOOODOODDOO H8S/2215RMCUDODDDODODODOODODOODOOUSB
gbooboooooboooooooobooooboDo8smsO0doooooooooonoon
gogoboood

gooboobobooobuooobooobooobboobboobboon 3130
ggn

USBOOOOODOOOOOO0O0OO0OODOOO0O 3.8000000USB Full-Speed 00O
OO0 12Mbps 000000 OO0OOODOOOOOODODOODODOODOODOODOODOO
00000 10000000000 00D 64 BytebOODOODOOOOODOOODODO 1
ms J000000USB Full-Speed 00000000 MCUDODODOODOODOODO
04 0000000000DO0000DbD0ODO0OO0bOO0ODODO0O0ObOODbDObDOODO 8
msJOdoooooon
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Full-Speed i
USB hub 8 —

USB PC
Full-Speed
(12Mbps)

;

controller
board
9 N
j x44

I

RS-485 I

motor I

O 3.13 Distributed network for the humanoid robot Kengoro in previous work

333 00O000O0Ooooooooon

000000000000000000 [150]25]000000000000000O0
O000000D0o00Doo0o0 CANOOOODOoOOoOoDoooooooooooooo
000000 3.140000000 HYDRUSOOOOODOODODDODOODODOODODO

gooooboooboobobooboooboboooobooooobooonooo
gogboogoobbtoobboouobooboouoooobboouoboobboooo
0ooDo0ooooDooooPWMOOODODOOODDODOOD ESCOODODOOOOO
0o0o0o0o0oo0oooOoO00oooooooDoOo ROBOTISOOOODODOOOOOOOO
DYNAMIXEL MX-28AR 000000000000 OOOOOO 1 MbpsO UART O
00000ooooOoOoOo000000DoooDD0O0 NewronOOOOOOOOOQOOOO
ESCOO00O0D0OO0O00OD0OO0DO0O0OO0DO0O0OO0DODODODOOON Neuron OO
STMicroelectronics 0 0 MCU STM32F413CHU6 D OO0 OOO0OO1 Mbps OO OO
0000 CANODOODDOoOooDooooooooooo

000000000000 000000000000000000000000 Spinal
0O USBUARTOOOOOOOOOOOOOOODOOO Spinal 00O STMicroelectronics
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O 3.8 Specification of USB comunication link profile

Low- Full- High- Super Super
Speed Speed Speed Speed Speed+
compatibility USB 1.1 USB 1.1 USB 2.0 USB 3.0 USB 3.1
(USB 3.2)
duplex half half half full full
speed 1.5 Mbps | 12 Mbps | 480 Mbps 5 Gbps 10 Gbps
(20 Gbps)
number of wire 4 4-5 4-5 9-10 9-10
(24)
frame period 1 ms 1 ms 125 ps 125 ps 125 ps
packet size
control 8 Byte 64 Byte 64 Byte 512 Byte 512 Byte
bulk - 64 Byte 512 Byte | 1024 Byte | 1024 Byte
interrupt 8 Byte 64 Byte | 1024 Byte | 1024 Byte | 1024 Byte
isochronous - 1023 Byte | 1024 Byte | 1024 Byte | 1024 Byte

00 MCU STM32H743VITe DD 000000000000 Spinal DO00ODOODOO
ggoboboooobbbooooboobboooobbbouooooboooo

goobbooooboboooobboooobbbooobbboooobbobooon
000000000000ooooo0oo00o00oono CANODOOOOoooooooo
gooooooobooobobobboboobobooboboobobbbbooboooooooooad
gooboboooobobbooooobboooobbooooboboooobobooon
odouoooooboobooboboboobobbbobbobbbbboboboboboooougooyg
ggoboboooobobbooooboobbooobobobooooboboooobbooog
ggobobooooboooodgn
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vision
sensor

A
; USB UART 0.9216 Mbps
" b .

v

controller board

CAN 1 Mbps T
dlstnrcljt:‘léted IMU dlS:]l’(I)zléted IMU oo dls:(ljt();;ted IMU
PWM 1 kHz PWM 1 kHz PWM 1 kHz
;
( distributed node

@ UART 1 Mbps UART 1 Mbps
X6 a i

UART 1 Mbps

tilting servo module

tilting servo module tilting servo module

O 3.14 Distributed network for the multilink aerial robot HYDRUS in previous work

34 J00O0O0ooooooooooooooogoog
oo

341 ODO00OO0ODOODOOODOOOOOOOOOOOOOO

gooboboooobbbooobobboooobobboooobbboooobLbboooa
ggobobbooooooooo

e 0 UIUIUODLDDOUOOULDDLOUUULDDbDUUOUUDO
e 00U UIUODLDDDUOUODODLDUOULODLDUUUUDLDbLbOOUOOLDbLObOOOO
gooood

goobobooboood
gooboooobobbooobobboooobobboooobbboooobLbooon
ggoboboooobobobooooobooooboboboooobboooobbooog
goobboboooobbboooobboooobbuoooubbbooubbbooog
0000000000000 0000 CANODODOODDODODOOOOoOOooooooao
00000000000 DO000000D0O0D0O0O00O0O0DO0ODOoOoO0OoOO Mbps
goobooobooooobboodogobobo oo booooooobobooo
ggoboboooobbbooobobbooobob bbb bbooobbbUood



— 030 0000000000000000000000000000000 —

85

O0oooo 33000000 oooooooooooooooonooooooooon
goooooooooooooo

0000000000000 0000000 Ethernet 0OOO0OO0OO0D0OO0O0OOOODOO
gooooooono [93][15]DDDDDDDDDDDDDD Ethernet 000 O0O00O0O0O
00000 100 Mbps OODOODOOODOODOO Ethernet 0D DOO0ODOO0DOOO
0000000000000 o0oLOUoobLU0 WVbSOoooooooooooo
0000000000000 LVDbSOO0OD0DOO0O0D0D0D000o0o0ooooooooooo
000 [109]36][90]0

00000 2440000000000000000000000000000O00O00
Oo0o0oooooooooooooooooboooooooooooooooooon
ooo
gooooooooooooooooooooooooooogooooooogoo
000000OO00DOO0o00 3.1 0000000000000 RgyOOODODOODOT hopO
0000000000000 T, 000000o0b00o0oooooaon TdSTénaXDDD
gooooooooooooooooooooooooooooooooooooooon
00o0oooo0ooOo0O0o00o0o0o0oOooo N, OOODOoOoOoooooooooooo
0o0oooooooo N, 0000000000ooooooon NPDDDDDDD
CAN D RS—485/RS—422DDDDDDDDDDDDDDD MbpsOOQOOQOOOOO
00000000000 00000000000000 1 msO00OO0ODOOODOOODOO
0000000000000 b000000O0o0oDs3.100 JAXONDODDOOO RS-4220
00000000 26.667 MbpsO OODODOODOO Rg=7.111 MbpsOOOOOOOO
goooooooooooooonod Npr:1545><32:49440bitD T; <1msO
000000000000 000U0o0DbOUORS420000000000040000
00000000000l o00b0o0o000o0oooobOoooooooooooOog N, O
goooooa NpDDDDDDDDD T, <1msOOOOOOOOOOOOOOODO
gogd

EtherCAT OO DO OO0 100 Mbps DO OO Ethernet 00O O0O00O0O0OOO0OOO
0000000000000l msO0O0O0OO0O0OOO0OOOOOOOOOOOOOOOOO
0000000000000 UUUUoUog EtherCAT O
ogo0o0ooo0ooooooooooooooooooboooooooooooooooo
000000000000 000000000 1msOOO0OOOOOOOOOOOOO
godooooooooooooooooooooooooooooonoooooooo
0000000000000 000000000000b0000O003.23 0000000
go00ooo0o0oooooooooooo0ooooooooooooooooooooo
gooooooooooooooooooooooooooooooooooooooon
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gobobooooooboooobobooon

0000 PClExpress 0000000001 GhpsDODDOODODODODOOOOOODOOO
gobobdooobobuoooobbuoooobobboooobobboooobDbbooooo
O0000000USB SuperSpeed 000000000 0ODOOODOODOOODOOOOO
goboboodoobuoooobobuoooobobboooobbboooobboooonoo
0ooobooooboboooobobooooboboooobobooooobboooooo
02000 300000000000 DODDOD0O0O0O0ODLD0O0OUODUOLODDbDbOOUOUOODDDbDO
goboboodoobuoooobobuoooobobboooobbbooobLbboooonoo
gbobobooooooboooobbooooboo

goboboooobbbooobbtboodbobboooobbboooobbbooon
gobobooooobuoooobbuoooobobboooobbbooobbbooooonoo
000000000000 0000026.667 Mbpsd RS-42200000000000
O0000b000ob00o0o0obooobo0o0o0obooUbDoOo .1000bDboooDbo
gobbooodoobobuoooobbuoooobbboooobbbooobLbboooono
goboboodoooboooobobuooooboboooobbbooobboooonoo
o000 ooobboooooobbooooooooo
Sercos 100000000 D0ODOODOOOOODODDOOOODOODODOOODOO
gobobooodooobuoooobobuoooobobboooobbbooobLbboooonoo
00000000000000000000000 151200 0000000000
gobbodooobbboooobbuooobobbooobobboo

gooboooobobbooobobboooobobboooobbboooobLbooon
gobobooooobuoooobobuoooobobboooobobboooobboooooo
gobobodooobobuoooobbuoooobobboooobobboooobbbooooo
gobboooobboooon

0000000000000 000000 FPGAOODDOOOOOODOOODODOOO
FPGAOODOUOOODOODOOOUODODODODOOODOODDOODOOOOOODOOO
goboboodobbuoooobbuoooobbbooobbbooobLbbooobo
gobobooooooboooobobooaon

e I : 0UUOUODDDUOUOUDUDLDUUULDDDUOUUOLDDLDDOO

e 000 : UI0ODDDUOUOUOLUDLDLDUUUDLDDLDUOUUOLDDLDOOOO

e 00 : DOUOOUODLDLDOOOOLDDLOOOUODLO

e 00U : DUO0ODLDDLDUOOOLDDLDLDOOUODDLDDOOOODLDOOOODnD
e 0IUU : JUUOODbDUUOUOUDLDLOUOUULDDUUOUOULDOOOO
e 00 : ODOUOOO0ODDUOOUOUODLDLOOUOULDDLDUOUObLDDLDOOOO
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o 00 : DOUOODLDLODUOUOODLDOOUOLODLDLOOOOO

gogobboooobobooooobod

342 00000DOOOOOODODOOO

goobboooobobboooobboooobbboooobbboooobbboooo
goobboooobbtbooobobbdooobbbuoooobboooobbbooon
ggoooboooooo

e JOOUOOOODDOO
—1GbpsOODODOOOOOOOO
—oodoboooboooobobooogobooog
—gogoboobooobobboooboobobooooboboooobboood
HEN
—ogdoboboooobbuoooobboooobobooooboboa
e JOOUOOODDDOOO
- 0oooobobooon
—oodoobuoooobbooooobooog
—ogobobooobbboogobooboooon
—0ooobobbooobboooooo
—oodbbbdoooobboooobbbuoooboboboo

goodouoooboooouoboboooooobbbooooobbooooooooog
goobboooobbtbooobbbooobobbuoooobobboooubbobooog
ggooboboooobobboooobobbooobobboooobLbboooobbbooog
ggobobooooooooodn

goobobooooobbooouobboooobobbooooboboooobobooon
gogobboooobbtbooobobbdooobobbuoooobLbboooobbboog
gogobbboooobooboooooboooooo

O 3l00b0boooooboboboooooboboboooooobooboooog
goobboooobbtbooobbbdooobobbuoooobboooubbboog
ggoboboooobobbooooobboooobobbooooboboooobbooon
ggoboboooobbbooooboobbdooobobobooooobooooboobooog
gobbbodoooobbbodoguobbooooooobbbOooooobboo
goobbboodoooobboboodoouoobbbooooobbooooLoobboo
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multi-conductor cable AWG30 x6 @ ¢2.8 mm
(with JST NSH connector)

J ‘\ full duplex active optical cable
Panasonic AY G4V10565M1

20-6000 Mbps x2 @ ¢ 0.6 mm

[ .4 e e e e one-way active optical cable
\ HIROSE BFAMC-6GTXRX-B1-75MM
50-6250 Mbps x1 @ ¢ 0.5 mm

T ]‘w“]“w‘\\‘\” ‘W\‘w I e \}\00\\\\\\\\»«\\\\»\\\\\\\\\\\\\\\ N
— e e

\
!

nnnnnnnnnnn

““J‘m“mmHMHrm\\‘H\‘m\MH\‘IH\\HH‘HH\HH(HH\HH\HHH\H\\ll\l\\ \ ll \m\\\m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m

Ib 20 30 40 50 _ 60 70 80 90 ]00 110 120 130 140 150 160 170 180 190 200 210 220 23¢

O 3.15 Overview of active optical cable

O00000000000D00000000 Ethernet 00DO0OO0OO0OO0OO0OOOOO0O
Mbps OOOOOODOOOOOOOODOPanasonic000000000O0OCOODOOOO
D000 6 Gbps00DDO0ODODOOODDOODDOOODOOOOOOOOOOODODOO
ooboooboo 15smmdO00fd0bO0o0bO0o0ObO0O0oboo0obobobDboobOoon
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O 3.16 Optical transmission link and configured maximum data rate
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O 3.17 Trunc network with optical transmission link
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O 3.18 Overview of the motor driver board FPGA-03D
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O 3.19 Overview of the wire actuator module with the motor driver board FPGA-03D
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O 3.20 Heat spreader structure in the wire actuator module with the motor
driver board FPGA-03D
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O 3.21 Overview of the motor driver module SU-05-OPT with optical link
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O 3.9 Identified transfer latency parameter for optical transmission link and
electrical RS-422 link
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O 3.22 Single packet response latency for optical transmission link and electrical
RS-422 link (showing average and min-max error bar of 10 trials)
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0 3.26 Data transfer system around the EtherCAT bridge module ECB-02
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0 3.33 Data connection architecture for the USB 2.0 controller board FPGA01C
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0 3.35 Execution time of single USB transfer (control out) with Linux PC and
libusb-1.0, showing average and standard deviation of 10000 trials
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O 4.2 Feedback control path for disturbance response
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O 4.4 Network interface of the embedded central middle-layer controller prototype
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O 4.5 Overview of the embedded central middle-layer controller module
ENBSoC-03 with FPGA-GPU dual SoC hybrid architecture
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O 4.6 Hardware architecture of the embedded central middle-layer controller

module ENBSoC-03
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0 4.8 On-board power domain of the embedded central middle-layer controller
module ENBSoC-03
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0 4.9 PCB design keypoint for the embedded central middle-layer controller
module ENBSoC-03
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0 4.10 High-speed signal wiring for optical link
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0 4.11 Design verification with detailed 3D model of the embedded central
middle-layer controller module ENBSoC-03
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O 4.1 Typical power consumption of each computer module
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0 4.12 Antistatic circuit for FPGA 1/O outlet
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O 4.13 Heterogeneous computer architecture with the embedded central middle-
layer controller module ENBSoC-03
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0 4.14 FPGA configuration architecture of the embedded central middle-layer
controller module ENBSoC-03
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0 4.15 GPU SoC computational network architecture on the embedded central
middle-layer controller module ENBSoC-03
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Algorithm 4.1 Test Code with Matrix Multiplication
ORDER = 6, ITERATION =1 to 1000

provide A € NORDERXORDER (y — 4int32)
B=A
for i = 1 to ITERATION do

C=AB

B=C

end for
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0 4.16 Execution time of iterative 6-order square matrix multiplication with
FPGA SoC, GPU SoC, and PC (showing average of 10000 trials, “FPGA SoC
CPU”: Cortex-A9 CPU on FPGA SoC, “FPGA SoC CPU + FPGA (unit opera-
tion)”: CPU on FPGA SoC with FPGA-implemented single-shot matrix-vector
multiplication circuit, “GPU SoC CPU”: Denver 2 & Cortex-A57 CPU on GPU
SoC, “GPU SoC CPU + GPU”: CUDA accelerated multiplication on GPU SoC,
“PC”: Core i7-6600U CPU on T460s laptop PC, “FPGA SoC CPU + FPGA
(complete task)”: CPU on FPGA SoC with FPGA-implemented iterative ma-
trix multiplication circuit)
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O 4.17 Estimated total electronic feedback system latency with constant data
transfer offset in addition to execution time of iterative 6-order square matrix
multiplication in O 4.16 (FPGA SoC has 0.16 ms offset, GPU SoC has 0.26 ms
offset, PC + 1000BASE-T has 0.46 ms offset, conventional PC + 100BASE-TX
has 1.26 ms offset)
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O 5.1 Force feedback control architecture for position controlled robot and
torque controlled robot
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O 5.1 Multi-layer response path in hierarchical robot system
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O 5.2 Comparison between the hierarchical control system and human nervous system
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O 5.3 Position feedback control system in motor driver
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0 5.4 Position feedback control system in motor driver (position PD control
implemented on FPGA)
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0 5.5 Experimental configuration for position PD control on MCU and FPGA
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O 5.9 Torque estimation control system in motor driver
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0 5.10 Overview of the single-axis testbed for joint torque control
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O 5.11 Experimental setup with the single-axis testbed
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0 5.12 Sensed joint torque and estimated joint torque of the single-axis testbed
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O 5.13 Joint torque of the single-axis testbed with direct torque control set as 0 Nm
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0 5.14 Joint torque and joint position of the single-axis testbed with compliance
control improved by the additinal low-frequency term
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0 5.15 Motion controller software for the humanoid robot JAXON in previous work
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O 5.16 Software delay in periodic controller
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O 5.17 Motion controller software for the humanoid robot Kengoro in previous work
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O 5.18 Motion controller software for various robots
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0O 5.19 Application flow and data connection in the polymorphic real-time hard-
ware controller platform
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runtime +432.426 us / interval +999.532 us (jitter +31.8065 us RMS) @ loop 96161
stopwatch 466 us : 326 14 6 6 0 119
joint ID
q +0.27478 +1.61017 -1.46324 -0.78889 +1.03967 -1.53742
q_ref +0.27478 +1.61017 -1.46324 -0.78889 +1.03967 -1.53742
dq +0.00000 +0.00000 +0.00000 +0.00000 +0.00000 +0.90000
ddq +0.00000 +0.00000 +0.00000 +0.00000 +0.00000 +0.00000
tau +0.00000 +0.00000 +0.00000 +0.00000 +0.00000 +0.00000
device ID
ONLINE
CONTROL_STATUS X0 ) X0A40 0 X X0A40
CONTROL_MODE 8 8
ENCODER -790  -1060 6 -3556  -1387
ENCODER_OFFSET ~ -3309  +13701 4 - -10918
ENCODER_VELOCITY +0 +0
JOINT_ENCODER +7570 +37281 +25938
HALL_STATUS x13 x11 x x14
MOTOR_TEMPERATURE +24.6936 +24.1699 +25.5396 +24.9353 +24.3311 +24.9756
MOTOR_ID -6.01381 -0.01381 -0.01381 +0.00000 -0.02762 +0.00000
MOTOR_IQ +6.60000 +0.00000 -0.01381 -0.01381 -0.01381 -0.02762
VIN +6.65771 +6.65771 +6.53442 +6.65771 +6.65771 +6.53442
VDD +11.9260 +11.8634 +11.9052 +11.9121 +11.9052 +11.8982
WRENCH_FX . B . . . +8243
WRENCH_FY . . . . . +8059
WRENCH_FZ : . : : . +8ag4
WRENCH_MX . . . . . +8064
WRENCH_MY . B . . . +8131
WRENCH_MZ 5 ; ; i . +8074
IMU_ACCX 4
IMU_ACCY
IMU_ACCZ
force axis
endeffector force © +0.91603 -0.91603 +7.32824 -0.02443 +0.00000 -0.04275

status information
target interface "enx04abi8c69bac” : online
ECBridge register
MAGIC_NUMBER : OxFEE1DEAD
VERSION : 16
PROTOCOL : 1
DOWNLINK_ADDRESS : 8x00001000
DQUYNLINK SIZE : ©x0000100@, (4096)
: 0x000020
4,0x00001000 (4096)
0x00000400 (1024)
: 4 7
[41
on for informationMessage
no definition for informationMessage
ion for informationMessage
for informationMessage
asyn(hynous plugin information [1]
o no definition for informationMessage
plugin "2:A6B_STANDALONE/9:NcursesConsolePlugin” initialized
start loop task @ thread 140052956395264
command "calib enc”
try robot command
calibrate encoder offset
command "calib force"
try robot command
remove force sensor offset

/

"exit" to exit (or "quit", "q"

0 5.20 Example application screen of the polymorphic real-time hardware con-

troller platform

goooooooboboooooououododoooooooooooooonoon
agooo

O000000000000000D0D000D0OD0D00000000 52100000
0000000000000 0000000000000000d RobotState 0 OO
0000000000000 000000AbstractRobot DO D0O0DO0OOOOOO
O00O0O0O0000AbstractRobot 000D OOO0D0OO0DO0DO0OOOODOOOOOOO
AbstractHardwarelnterface 0 00 0000000000000 OOQO AbstractPlugin
dofdoboooooooobooooooooboooooooooooooooooon
0000000000000 D000000000000D000000MessageStream [
0000000000000 D0ODOOO00000D s210000000D0DOOO0O0OO
goooooooboobooooououodouodododooooon

O0000000000000 AbstractRobot 0OO O APIODOOCOO0OOOOOOO
oo ooooob bbb oooooooo
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robot controller instance global data singleton

RobotState

: RobotDeviceState object E

AbstractRobot object

AbstractHardwarelnterface object

AbstractPlugin object

ThreadTimer StopwatchTimer

MessageStream

0 5.21 Data structure in the polymorphic real-time hardware controller platform

gboooooooooouooouooboooouoooooooooooooooa
gbdodooooboodoouooouooboooooob0 oo ooooooobooao
gooobooooobouoooouooooouooooooooooooooooooa
gooobooooobooguoooooooouooooooooooooooooa
0000000000000 00000000AbstractRobot 00000000000
0000000000000 000000000oo0ooo0oooOoooog APIOO
O00000o0oooDooDoDooDooooOoonO AbstractHardwarelnterface O 0 O
0000000000000 00o0o00oDoOo00oDoOo0U0oDoOooooOoOoOooDoDO
gooooooo

56 J000OUOOOOOODODDODDODUOOOOoOoOoooad
56.1 O000OO0O0ODOOODOODOOODOOOOOO
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ggobboooobbooooboboooobboooobobboooobboooon
000000 4180000000000 000D0ODODOODOO 5200000



— 050 0O00000000000000000000000000000000 —191

high-level motion planner

l I'ref l (ref l fref

interpolator

I Tref lqref l fref
admittance controller :

— e e

—p| feed-forward balancer
gait

request l Tref l Qref l ﬁel; T
feedback balancer :

l (ref

Kalman filter

limiter
<
l Qref q f a w
robot encoder force sensor IMU

0 5.22 Motion controller system for the humanoid robot JAXON

oboboooboobobg s20bboboboboboboobooobobooobo
0000000000000 00O0O0000000ooDDOoOD 51500000 JAXOND
0000000000 HRPSYSOODOOOODOOOODODDODOODDODOOODODoODOoOOoOO
00000 520000000000000000000 [70r000O00O0OOO
qUO00000f000D00O0000O0OeO IMUODOODDOOODOOOwO IMUOO
goooboooooboooo

gogobobooooboboooobboooobbbooobbbooobbbooon
ggoboboooobobbooooboobbooobobobooooboboooobbooog
ggobboooobbbooooboobboooobobboooooboooobbooog
goobboooobbtboooobobbdooobobbuoooobboooubbboog
gogooboboooobobbooooboboboooobobobooooboboooobbooog
gaoo

goobboooobobtoooobboooobbboooobbboooobbobooon
gogoboboooobobboooobobboooobobbuoooobLbboooobLbbooon
ggoboboooobobbooooboobboooboboboooooboooobbooog
goooboooooboooooooo
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| Th | high-level motion planner |

| Th | high-level motion planner |
- motion controller process
motion controller process in central computer
in central computer | T1 | inter-process communication |
| T1 | inter-process communication |
l 4 | T2 | interpolator |
| T2 | interpolator |
l | T5 | send | | T0| receive
| T3 |admittance controllerld— I
l embedded middle-layer controller
| T4 | limiter |<_ |T3‘|admitt31ce controller|<—
|T4‘| limiter |<—
| T5 | send | | TO | receive | l
A
| T5'| send | | T0'| receive |
A
Cay Cs —
| Ta | actuator | | Ts | sensor | Cay o Cs
| Ta | actuator | | Ts | sensor —|
Cs+TO+TI+T2+T3+T4+T5+Ca Cs'+T0' + T3'+ T4 + TS' + Ca'
(a) Central computer (b) Embedded middle-layer controller

0 5.23 Computational graph for heterogeneous admittance controller

goobboooobbboooobbboooobbboooobbboooobLbbooon
gogoobbobobooodoooooboboooobobbobooooobbobooooobo
gobboooboboboooobboooobbbooobbbooobbboooobo
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gobobooodooobuoooobobuoooobobboooobbbooobLbboooonoo
gooobog

271 00000000000DO0OD0O0OD0OO0bO0ObDUO0ODbDOO 220000000
gobobooodooobuoooobbuooooboboooobbbooobLbboooono
OO0000b00b0obOOob0ooO0oobobOobDOooobo0oobOOobOoooboOon 5.230
oo

0523 (a)0000000000000000O0O0O0O0OO0OOOOOOOOOOOO
goboboodooobuoooobobuoooobobboooobbboooobbboooonoo
o000 7,00 T, 0000000000000 O0 C, 000 C, 000000000
O00o000oO0o0oooooooc, 000 C, 0000000000000 0O000OOn
T, 000 75 00000000000000D0 523 (b)00000ODOOOOOOOOO
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gogoboboooobobboooobobboooobobobuooooboboooobbooog
ggoboboooobbbooooboobbdooobobobooooobooooboobooog
0000000000000 0000000000000 FPGADO GPUODOODOO
gogoboboooobobboooobobboooobobbuoooobLbboooobLbbooon
gogoooood

562 OD0O0ODOOOOOOODOOO

ggoboboooooboooobboooobbboooobbboooobbooon
00o0ob0o0oooboobooboboooboobOobDoobDOooDb 28000000
ggobboooobobobooon

o000ooO0obO0o0o0oOobOoboobognD h2400b0b00oobooobooboo

1. 0000000ob0o0ob0obOo0obo0obobDoobDooboobOoDooDOon
goobooooobooan
goboboooobobboooobboooobboboooobobooooboobog
gooobooooboboooobbooooboboooobo
goboboodoobbuoooobbuoooobboooobbbooooonoo
goboboooobobboooobbooooboboboooobobboooobooboog
gooo

AN

Do0o0oO00ooooo
000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000
nO0000000000D000ODO0OO0O0O000DD0OO0O0O00DOO0O g =
(¢0,q1,---,qn—1) 0000000000000 OO0OOOOOOOO0O0O0000O0
ooo

pi =pi-1+ Ri_1b; (5.33)
Ri = Ri—lri (534)
r; = E + a;sing; + a2 (1 — cosg;) (5.35)

gagoo

e E: 0000 (300000)
ep,: 00000000O0OOOD (300000)
e R, : 0000000O0OOOOOOOOOD (300000)
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. forward impedance
INPUE 1 Gorigm*{ inematics [1Poria™] ' model Apge | product {—{Aq.,
oereig aecet ]C;Clt
forward Jacobian .
face T Kinematics [Pt ] “matrix Jact > INVErse
‘ \ 4
Rlnk sum
pggtk 6Iref
robot | Qout 4 output

0 5.24 Computation and input/output structure of admittance control

Obil
e T .

e a; .

0000000000000 0000O0Uo0U0 (300000)

0000000000000 (300000)

0000000000000O00 300000)

O000ae;0 @0000000000 3000000000
gobbobobodogoouooobbbooooobobobboooooobobbodxuoood

gooododgd aq

r, =

(1,0,00' ooooO

1 0

0 cosg;
0 sing;

gobbood yobbooooobod ag

T, =

COSQ;
0

—sing;

0
—sing;
c0s(q;

0 sing;
1 0
0 cosg;

»00000000000a;=(0,0,1)" 00000

gooo

r, =

c0sq;
sing;

0

—sing; 0
cosq; 0
0 1

(0,1,00" ooooo

(5.36)

(5.37)

(5.38)
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obobooOOoboo0obOobooooobOob JOoobob gOobOOoOobODODO
gogoboboooobb e . 0oooono

Vee = J g (5.39)

obobOo0obO0obOobogob0 000 00000000 bOoboooboooboboo
000000 +:000 J;,00000000000D00000

Ji = ( @i % (Pec = Pi) ) (5.40)
wj

w; = R;a; (5.41)

Pee = Pn—-1 + Rn—lbee (542)

bbb lflw, 00boo0boobooob s 0bobboobog
gogobobooooboboooobboooobbbooobbbooobboood

gdooobobooboobbebUi0obo0obo0obOboobDbOobDbUooboobOooo

ggoboboooobobboooobobbooooboood

G=J v (5.43)

0000000000000 0000D0O0000D00 LUPODOOOODO Gauss 00O
goooboboboooouooboboboooooobbooooooobobbobooooobonog
Moore-Penrose 0 000000000000 DO0OO00O0OOODODOODODOODODOODOO
gooboboooobbboooobobbooobobbuoooobboooobbboon
000000000000000 SR-inverse [167][168] D0 0000000 0OOO
gogobobooooboboooobboooobbbooobbbooobboood
goobboooobbtbooobobbdoodbobbuoooobboooubbboog
ooooboboobooobooboobuoboboobooboboo 1obooboboooo
ggoboboogobobbooooboobboooobobobooooobooooboobooog
goobobboooobbboouobbbooobobobouoon
00ooboboobobogoob s2000boboobobooobobooooobo
ggobboooobooboooooboooooo

f=Mi + D& + Kx (5.44)

gOooooOofO060000D000000OO00O0ODDOOODOOOOODOOODOO
gooobooboOobOoboobooooboooobobbob0z0 600 bOODOODO
ooboobooooooobobbbooooobDbbbooooobobbboooooooo
O0o00OMODOKOOOODOODODOOOODODOODOODOOOOeOODODOO
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/ K
/ A
/ / >

(a) Robot joint (b) Virtual impedance

0 5.25 Virtual mechanical impedance model for robot

oobooboobodebOdb0bOObOOOOOODODOODODODOOD1IODOODODOO
goboboooobobbooobbtboooobbboooobbboooobbbooon
ooboboooboobobooboobobobooboobolboboooboobo

f=Mi+ Di+ Ku (5.45)
00000000000000000

—2x; 1+ Ti—2 T — Ti—1
D Kux; 5.46
A2 + Ar AT (5.46)

fA? = (M + DAt + KAt?) z; — (2M + DAt) ;1 + Mo (5.47)
- fAtQ + (2M + DAt) Ti_1 — Mx;_o
L M + DAt + KAt2

f=M=

(5.48)

O000000At00000000D0D000000000000000000000
01000000 Ax0O0

Az = Ty — Li—1 (549)
. fAtQ + (M — KAtQ) Ti—1 — MCUZ'_Q
B M + DAt + KA¢?

gooboood
gobobooooobooooboboooooo

f=Di+ Kz (5.50)
sjsls
Az = #At (5.51)
K
_ oK,
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dooddoooooog sshlibuooobooodoobbouooobboooooo
Odooo0g 54900 M=000000000
[ Kz

D+ KAt
Od00000obo0o0ooo shlibbboooooobobooooobooooooooon
000000 KAtOOODOOO D>00000000000000000 KAtOOO
000000000 ODOOoOoOoOooo

000000000000 524000000000000000000000000
dooddoooooog sshlilbbouoonoooooeobobooonoooon
0000000000000 0000000DO0Doooooooooo0 FPGA SoC
0000000000000 0d Intel 00O NUC 10 Performance Kit NUC10i7FNH O
0000011 GHzO 600 120000 CPUOCore i7-107100U 00000000

000000000 FPGA SoCOOODOOUODO 600000000000 ODOOODOO
0000000000000 D0D00ooooOoooOooO 5.260000FPGA SoCO
CPUDODO Ethernet 0000000000 ODODOO0OO0 FPGAOOOODOODOOOO
goddoboooooooboooouooooooobooooooooooooooooa
2 us000000000FPGA SoCODO 188 pusO 0O DOO0OOOODOOODOOODO
000 S5kHzOOOOOOOOOOOOOOOODOOO

oUddd0d0oooooooboObOoo00oobOoOoDoDoooooooDoon
00000 8us00000OOOFPGA SoCO CPUDDDDODD 88 usOOOOODO
000000000 11 00000000000FPGA SoCO CPULOOODODODOOO
Jddodooo s2r00opoooooooooooooddddddoooooog
gooooooooooo

000000000 DOO0000O0DO000 53300 8. 3400000000O0OOO00O
00000000000 000 s280000000000000DOO0OO0DOO3000O
oo 3bddbouooooddon 3o uoobooooooon
godoobooooooooooouoooooooooooooooooooooogad
O00o0o0o0o0ooOooObO0O0O0 FPGAOOOOODODDODODODDODOOOOOOOOOOO
ogooad

CpPULOU0DOOO0DOODOUOOOODOOUODOO FPGAOODODODOOODOODOOOO 5.28
000000000000 000000000 FPGADOOOOODO 52900000
godoboboooooooboooooa

dooooobooood3doooo 3gduouoobooooouoo 3uoouoaa
000000000000 IEEE4 D000 32bhit0 00000000000 ODOO0O0O
0000000000000 0000000D0DD00DODO000o00O00D00 Cyclone

Az (5.52)
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500 .
1/0 & admittance control
40 s us (PC vs. FPGA SoC)
400
% 350
% m send
£ 300
= other data process
g: 250 )
‘% admittance control
2 200 188 us
S g W receive
S 150 59
100
88
50
0 28
PC FPGA SoC

O 5.26 Periodic processing time with admittance control for 6-axis manipulator

VSX FPGA SoCOOOOODODODOOOOO DSPOOOOOOOOOOODSPOOO
ggoboboooobobboooobobooooboboooobbboooobbooog
000000000000 0D0D000000DOD000 DSPOO0ODODO 10000000
000o0O0obO0obOobO0bDO0bOobOobDObDOo sOMHzODODODOODOODODODOO 2
ggoboboogoooboooooobog

053003000000 3300Db0b0b00o0obOobOobDooo9boobOobDoonoo
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05310 300000000000 DbDUO0O0ODDbLOO0O3b0OoUoDbOOoOoDDOoOn
ooooboobo 200b0oboooboon
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ggobobboooooboboooooboboa
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admittance control
(FPGA SoC CPU)

= 4 us (5 %) = 3us (3 %)
= input

forward kinematics (origin)

24 us (27 %) _ ) _
= forward kinematics (actual) + Jacobian

= impedance model

= inverse Kinematics

2 Us (2 %) = output

O 5.27 Breakdown of admittance control computation time for 6-axis manipulator

2. 0000000000000000000 sing; 000

3.00000 ;0000 cos; 000 singg 0000000000 r, 000

4. 000000000000 0000000

5. ]0000000000000000000000000 R;00000O0

6. R, 000 ;00000000000 w; 000

7. 0000000000000000000000000000000000000

D0ooo0oooo

.000000000000000000000 b4, 000

.0000000000000000000000000000 p,000

10. 000000000000 00000000000000000 piy 00000
00

11. 00000000000
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.
' FPGA accelerator '
. bO bl bn—l q bee
.
[ ]
.
. I I I
] _ 8 ~ Po = o p1= o Pn-1= 1 . Pee =
’ p-1= 0 " P-1 + R_1b0 " Po + Rob1 7| Pn—z + Rn_2bp_q 1 | P + Rp_1bee
[ ]
: | I I .
: .
’ : Ts
[ ]
: |
IR et
: R = (g (l) (1)/ > Ro = R_1T0 > Rl = R0T1 Rn_zrn_l i > RS = Rn_l'r_'s
.
. f f 1 :
.
: Qo a an-1 1 fs
.
[ ]
| l v l A 4 l A\ 4 : l v
: Wp—1 = |°
' wo = Roag w1 = Ry Rp_1an_1 | | f = Rsfs
[ ]
.
R TTRREEE i S B e
€oS g COoS q4 COS qpn_1 N J=
sin g sin g, Sin p—q (=)
do q1 qn—1

0 5.28 Computation structure of FPGA forward kinematics accelerator in ad-

mittance control

O000000D0000000D0OD00OD0 cosq; OO0 sing OOODOOOOOOO
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00000000 1320000050MHz000 264 ps0000000O0ODOODOOO
0000000000000 000000000000000000000 FPGAOO
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goo
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reset

reset

forward kinematics state machine (22 clock / joint @ 50 MHz)

’

cos (q)

done

v

sin (q)

v

matrix-vector multiplier
C[3]=A[31[3] * B[3]
IEEE 754 single precision
(32 bit float)
6 clock delay @ 50 MHz

fetch
cosine
l calculate rotation
fetch R=R*r calculate position
sine " w=R*a p=p+R*b
A A
R
< b
R ] <3 p p
x3
y \ AR v
A B C > A B C

vector-vector adder
C[3]=A[3] + B[3]
IEEE 754 single precision
(32 bit float)
2 clock delay @ 50 MHz

0 5.29 FPGA forward kinematics accelerator circuit

v

000000000000000000000000FPGAOOOO CORDICOOD
000000000000000000000000000000000000000
0000000 [169)[170][171]00000000000000000000000000
FPGAOOOOODOOOOOODOOOOOO [116][172)0FPGADOOOOODOON
000000000000000000CPUOOOOOOOOOOO0O0O0OOOOOD
000000000000

05200000000000000000 FPGAOODOOOOOOOOOOODO
000000000000 FPGAOOOOOODOOOOOOOOO00000000 9.2
% O00000000000000000000000000000000000000
0000000000000000000000000000000000000000
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Axx | Axy | Axz | Ayx | Ayy | Ayz | Azx | Azy | Azz Bx | By | Bz

delay

delay
2
delay delay

matrix-vector
multiplier

C[3]1=A[3][3] * B[3]

IEEE 754 single precision (32 bit float) 6 clock delay @ 50 MHz

Cx | Cy | Cz

O 5.30 Matrix-vector multiplier circuit

57 O000O0OOO
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Ax | Ay | Az Bx | By | Bz
1

vector-vector 4
adder 2

\/
C[3]=A[3] + B[3]
IEEE 754 single precision 2 clock delay @ 50 MHz

Cx | Cy | Cz

O 5.31 Vector-vector adder circuit

0 5.2 Resource usage by FPGA forward kinematics accelerator

component ALM logic element DSP block
forward | matrix-vector | 2589.2 | 3845.7 41910 9 (8.0 %) 112
kinematics multiplier (6.2 %) | (9.2 %) | available available
accelerator | vector-vector 918.7 0
adder (2.2 %)
state machine | 337.8 0
(0.8 %)
other application circuit 9659.3 (23.0 %) 0
free 28405.0 (67.8 %) 103 (92.0 %)

gogobboooobbtbooobobbdooobobbuoooobLbboooobbboog
ggoboboooobobboooobobboooobobobuooooboboooobbooog
gogobboooobbboooobobboooobboboooooboooobbooog
goobboooobbtbooobbbdooobobbuoooobboooubbboog

ggobobboooobooboooo
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100 .
admittance control

o0 (FPGA SoC FK accelerated)

80
—_ 71 us moutput
35 70
£ 60 m inverse kinematics
S 50
= m impedance model
5 40
o
g 30 m forward kinematics (actual) + Jacobian

20

24 forward kinematics (origin)
10 16
0 e s = input
CPU CPU + FPGA

0 5.32 Breakdown of admittance control computation time for 6-axis manipu-
lator with FPGA forward kinematics accelerator
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O 6.1 Distributed network for the humanoid robot JAXON with the EtherCAT
bridge module
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(a) 0.00 [s] (b) 0.25 [ (c) 0.50 [s] (d) 0.75 [s]

0 6.2 Jumping motion by JAXON3-P [50]

0 6.3 Images of the seat-type whole-body exoskeleton cockpit “TABLIS” and
a bilateral quasi-3D locomotion performed by the robot JAXON [177]
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motor & controller

6-DOF manipulator controller circuit
s : «~
: ‘ power supply
=3 el LB T\ for

0 6.4 Experimental setup overview of the 6-DOF manipulator
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: 159.75 mm . : : N
S > | | N\
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| \
: N N\
E force joint  joint joint  joint joint  joint §
' Sensor 5 4 3 2 1 0 N
I< >

1013.75 mm/ 10.48 kg

O 6.5 Kinematic property of the 6-DOF manipulator
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embedded middle-layer controller
Intel Cyclone V SX SoC
with NVIDIA Jetson TX2

RS-422 link
26.7 Mbps """
(option) {

optical link
2500 Mbps

motor driver
Intel Cyclone 10LP

X6
Gigabit
oo Ethernet
force / torque 3
encoder &
motor PC
temperature
output P Intel NUC
sensor serializer Core i7 10th Gen.

RS-422 isolator

Intel MAX 1l
Xe-

joint absolute encoder 200 W BLDC motor

X6 X6 AOB robot

2000 N 6-axis force sensor

(a) System overview
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embedded —=—)
middle-layer 4

controller
power

10tordriver ' — ‘ — = = ° N\ switch
circuit

(b) Photo view

0 6.6 Controller circuit for the 6-DOF manipulator



— 060 000000000000 0000000000000000 —

217

6-DOF
manipulator 10 kg
weight
admittance pendulum
control

impact pendulum
point length
767 mm 934 mm

e
impact

initial height

i d : E |
= ! E%; (e.g. 50 mm)

O 6.7 Experimental setup for the 6-DOF manipulator struck by weight pendulum
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O 6.1 Experimental condition of controller for the 6-DOF manipulator struck

by weight pendulum

condition ID | computer additional delay
(A) FPGA SoC 0 ms
(BO) pPC 0 ms
(B1) PC 1 ms
(B2) pPC 2 ms
(B3) pPC 3 ms
(B4) PC 4 ms
(B5) pPC 5 ms
(B6) pPC 6 ms
(B8) pPC 8 ms
(B10) PC 10 ms
(B12) pPC 12 ms
(B15) pPC 15 ms
(B20) PC 20 ms
(C) fixed position -
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start hit
falling

33.3ms
66.7 ms
\ 4 \ 4

O 6.8 The 6-DOF manipulator struck by 10 kg weight pendulum from 50 mm height
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0 6.9 Sensed contact force on the 6-DOF manipulator struck by weight pen-
dulum (comparing between (A) admittance control on FPGA SoC, (B0)-(B20)
admittance control on PC with 0-20 ms variable delay, and (C) fixed position
with no admittance control)
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O 6.10 Sensed peak contact force on the 6-DOF manipulator struck by weight
pendulum (comparing between (A) admittance control on FPGA SoC, (B0)-
(B20) admittance control on PC with 0-20 ms variable delay, and (C) fixed

position with no admittance control)
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feedforward
motion

impedance

contact

ZARNS

0 6.11 Experimental setup for the 6-DOF manipulator touching/smashing object

0 6.2 Shmoo plot for stability of the 6-DOF manipulator touching object (* = stable)

damping | approximate || FPGA PC with delay [ms]
coefficient damping SoC 0 1 2 3 4
[IN/(m/s)] ratio (A) (Bo) | (B1) | (B2) | (B3) | (B4)

200 1.2

250 1.5 *

300 1.8 * *

350 2.1 * * *

400 2.4 * * * *

450 2.7 * * * * *

500 3.0 * * * * * *
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(a) Vertical contact force (b) Major joint velocity

0 6.12 Force and joint velocity in stable/unstable contact of the 6-DOF manip-
ulator touching stainless steel plate (K = 2000 N/m, D = 350 N/(m/s), compar-
ing between (A) admittance control on FPGA SoC and (B0)-(B2) admittance
control on PC with 0-2 ms variable delay)
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10000 N/m

(C) 350 N/(mis)

O 6.13 The 6-DOF manipulator smashing object in 300 ms motion
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0 6.14 Contact force of the 6-DOF manipulator smashing stainless steel plate
in 300 ms motion (K = 10000 N/m, D = 350 N/(m/s))
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0 6.15 Overview of the high-power biped robot
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0 6.3 Joint reduction ratio and maximum torque of the high-power biped robot

joint pulley | Harmonic Harmonic instantaneous | ratcheting
ratio Drive Drive maximum torque
ratio model number torque

hip-yaw 1.5 160 CSD-20-160 76 Nm 220 Nm
hip-roll 1.5 160 CSD-20-160 76 Nm 220 Nm
hip-pitch 1.5 160 CSD-20-160 76 Nm 220 Nm
knee-pitch 2.4 100 CSD-25-100 152 Nm 500 Nm
ankle-pitch 1.5 160 CSD-20-160 76 Nm 220 Nm
ankle-roll 1.5 160 CSD-20-160 76 Nm 220 Nm
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O 6.16 Electrical Controller System on the High-Power Biped Robot
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ceiling lift
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O 6.17 Free fall experiment setup with electromagnet for the high-power biped robot

0 6.4 Calculated landing time after free fall

initial height | landing time
10 mm 45.16 ms
30 mm 78.22 ms
50 mm 100.98 ms
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0 6.18 Estimated knee joint torque of the high-power bided robot dropped from
10 mm, 30 mm, and 50 mm height
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0O 6.19 The high-power biped robot dropped from 250 mm height
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0 6.20 Estimated joint torque of the high-power biped robot dropped from 250

mm height
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0O 6.21 Difference between the motor encoder and the joint encoder on ankle

joints of the high-power biped robot dropped from 250 mm height
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jumping 2[cm] landing
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damping
833[ms] 1167[ms] 1467[ms] 3333[ms]

0 6.22 Preliminary experiment for jumping and landing by the high-power
biped robot stretching in 400 ms
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jumping 3[cm] landing
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0 6.23 Preliminary experiment for jumping and landing by the high-power
biped robot stretching in 300 ms, but failing into motor driver crash and ex-
plosion
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jumping 40 mm landing
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stable squat motion
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0 6.24 Jumping and landing experiment by the high-power biped robot stretch-
ing in 250 ms (position-controlled joints, squat motion control by whole-body
force feedback)
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O 6.25 Joint reference trackability in jumping and landing experiment by the
high-power biped robot stretching in 250 ms
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0 6.26 Sensed peak contact force of left ankle in jumping and landing experi-

ment by the high-power biped robot stretching in 400 ms
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0 6.27 Sensed contact force in jumping and landing experiment by the high-

(b) Fixed position

power biped robot stretching in 400 ms
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0 6.28 Example of USB High-Speed network with the humanoid robot Kengoro
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0 6.29 USB High-Speed network for the biped robot MusashiOLegs
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0 6.5 Communication data item list for the biped robot MusashiOLegs

data Read/Write | size

motor position R 2 Byte
motor position reference readback || R 2 Byte
wire tension R 2 Byte
motor temperature R 2 Byte
motor power voltage R 2 Byte
controller power voltage R 2 Byte
motor position reference W% 2 Byte
wire tension reference W% 2 Byte
control mode \W% 1 Byte
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gooooobbobbboooooooouoouooobobbobbouooooo
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0 6.30 Minimum execution time of control routine determined by USB transfer
time for the biped robot MusashiOLegs
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0 6.31 Measured voltage noise of controller power for the biped robot Musash-
iOLegs with motor output ON/OFF
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O 6.32 Measured USB Full-Speed signal waveform on the biped robot Musash-
iOLegs with motor output ON/OFF
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0 6.33 Measured USB High-Speed signal waveform on the biped robot Musash-
iOLegs with motor output ON/OFF
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O 6.34 Experimental setup overview of the knee robot

0000000000000 0O000O000000000D0DODODODDOUSB High-Speed
gogoboboooobobboooobbooobobbuoooobbbooubbbUoog
ggobooboooooooboooan
3hp200000000000D0ODOOUOOOODODODOODbOObOUOODODOD
g0O0b00O0o00o0bO0bOooOooOU0oO0bO0obOoDOobOU0ObObOUObDODO 634000
gobobbobooouooobboooouoobboooooobboooooooobobooa
gooooooboo 1ogbooboobooboboo 3oboboobooooboboobooo
ooooobooboboo0o 20b0b0b0o0booOo0obOoobOOobDoobUobDOoOo 100D
ggobobooooboboboooobbooobobobuoooobbboooobLbboUoog
gooobooboOoboOoboooooboooobobooOOobDOobOoOooD 20D00boboOO
00000000000oDoooooO0O00000oooDoOD RS422000000000
0000000000 OEthernet 0000000000 O0ODODOOOOOO
goboboooobobbooobboooobobobboooobobooooboobooon
gobboboboooooobbooouoobbibooooobbbooooooobonboo
gogobboooobbboooobbooobobboooob bbb bbUood
ggoboboooobobooooboboooboboboooobbboooobbobooog



— 060 000000000000 0000000000000000 — 247

gogoboboooobobboooobobboooobobobuooooboboooobbooog
ggoo 9:(91,92,93)TDDDDDDDDDDD rROOOODOODO r,000000O0
00 ;000000 ¢00000000000O0O00O00O0O0O0O0O0O0DOO0O0O0 JOO
ooooJroo

6=J% (6.1)

Jt=| Iz (6.2)

O000O0000OMoore-Penrose 00000000 QOOOOOOO

g=J6 (6.3)
J=(J"

= () ey

:< 371;5?3- 3;% _375?3- )

ggoo
ggobobooooboboooooboooobobooooboboooooo

e 0 UIUOUODLDDOUOOUODDLOULOUDDDUOO
e OO OOODODO
e 00 UUOODLDDUOOODLDOOOO

0000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000

000000 f=(f,f,fs) 0000000000 7= (r,7,7) 000000
D000000000000000000000 f=-£7-00000000000
0006000000000 +0000000000000000000000000
000000000000000000000000 3000000000000000
00000000000000000000000

e 000D fi+ fo+ f000000000000000000
e 000OOD f0 £,00000000000000000000
e 00DOOD f1+f,0 f0000000000000000000C0

PIDO0OO0OCOOOOOOODOOOODDOOODOOOD PIDOOODOO
AO[fi+ fo+f] 00000000 fi+fo+ fs 0000 fr 00000000



248

— 060 O0D000000000000000000000000000 —

O0000PIDOOOOO AQ[f, — f-]0000000000 fi—f0000000
0D000000000000000000000000 200000000000000
O AO[fi+ fo, 5] 0000000000 fi+ f000 20000000000 fun
00000 fuin— (f1+/f2)>00000 AQ[f1+ f2, f3] >00000 fiin — (f1 + f2)
D000000000 fuin—f3>00000 AQ[fi+ fo, f3] <00D000 fuin — f3 O
000000000 0000000000000000000000000000000
000000000 AG = (A6, Ay, A8y 00

~1
A0 = AD [f1 + f2 + f3] —1 (6.5)
-1

-1 1
+AO[fi—fo] | 1 | FAO[fi+ fo, f3] | 1
0 1

goodogo

jodbooboobooboobooobobooboboobooboobooboobo
OOoooobooooOobooooobOoOoooobooPIDbObOO0ObOOOOODOOODODOO
gooooooooobbbboooooooooobobooobbboooooouoog
gobooogooooa

O00000000OIntel00 CPU Core i7-1000000 LenovoOODOOODOODO
PC T490 0O O O Ubuntu 20.04.3 LTS / Linux 5.11.0-43-generic 0 OSO 000000
O0O000000b00oOooboooboOo 00 psbooobooboooobooobd
500 s OO OO0DOODOO0ODOO0ODbObOD 660 0000DO0ODODO

gogoobbobooouooobbodouoobbbooouoobbooooooboon
Oe630000000000000O0DO0ODDODO0ODDOODDOODDOODDO
ooobo0obobooobobooboboboobooboo obobobobooboboog
OO0obO0o0o0O0obOooO0oobooboooNDOODOOOODOODODODODO
gogbbboodoobuooobooobbobooobob oo boobobuooooo
gobobdoodoobobuoooobbuoooobbbooobbbooobLbbooobo
gobobooodooobuoooobobuoooobobboooobbboooobboooonoo
OO0000000300ms000000000O00OO00OOO0OODOOOODOOOO 300N
gobbdooobbuoooobbuoooobbbooobbbooobbbooobo
OO000OwirelOwire2 000000 wire30OOODOO0O0OO0OODOOOO

gogoobbbdooooobbodooobboooooobobobooooboboboona
O00bH00 ps00D00O000DOO0O0ODOOO0ODODOO0ODDOOODOOODODO 5s0O0
oo0bboooobobobbooooobob 1o bobbboboooooboboobog



— 060 000000000000 0000000000000000 —

249

O 6.6 Wire tension distribution control parameter for the knee robot

control

parameter
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converted value for

joint angle ¢
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0 6.35 Transition of motor position and wire tension after enabling wire tension

distribution control of the knee robot

ge36000000000D00O0ODOODODDOO Ie0DbOUODO 8msOOOoonO
ggoboboooobobbooooboobbooobobobooooboboooobbooog
OO00O00DO0O0DOO000O00CO0obOOosms000OooOoooooo30NOoDODOO
goo0O0DoOo0o3oNODODODOODODODODOOD

goboobooooobbobooooobbbooooooobbboooooboboon
o050 s 000 SmsOOO00OODOO0OO0OODOODOODODOODO 8msO0ODOOOOO
000D00o0oo0booooos0 s 000000000 b0ooooObObOoooDD
goooooobooodbooboobooboobooboobDoobDboobmo030om



250

— 060 O0D000000000000000000000000000 —

additional delay configuration [period = 500Ls]
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0 6.36 Unstable vibration corresponding to configured additional feedback de-
lay in wire tension distribution control of the knee robot
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O 6.37 The knee robot kicking object in 300 ms motion
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v

0 6.38 The knee robot kicking 13.6 kg dumbbells in 300 ms motion (8 ms control
period, every I-gain is 0.545 rad/Ns)
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0 6.39 Wire tension of the knee robot while kicking 13.6 kg dumbbells with wire
tension distribution control (comparing 500 us and 8 ms control period, stable
I-gain for each control period)
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0 6.40 TWIMP: Two-wheel inverted musculoskeletal pendulum [182]

ooooo KOo

K =K, + K, (6.7)
K, = %mb ((R (9 + ¢>) + L0+ C089)2 + (—Lésin9>2) + %Ibéz (6.8)
Kw:%mweqﬁ+$»2+%@(0+@2 (6.9)

oooooounoa
U = mpgLcosf (6.10)

ocoooodoodm,00OO0O00O0O0ODOOOOOOL,ODDOO0DOOO0ODDOODOOO
ooboom, 00D0OODOODL,0000000000O00RODDOOODODOLODOODO
000bO0Db0O0O0O0O0g0O0ODO0ODODODOODOODOODOODOOOOO Lagrangian O

noooo
L=K-U (6.11)

% (%) _ g_g _0 (6.12)

2 (%) -5 (6.13)



— 060 000000000000 0000000000000000 — 255
oo

(a + 2bcosf + ¢)  + (a + beosh) ¢ = bH?sinb + db (6.14)

(a + beosh) 6 + ap = bfsing + 7 (6.15)

a = (mp +my)R* + I, (6.16)

b=mpRL (6.17)

c= mbL2 + I (6.18)

d = mpgL (6.19)
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0 6.41 Circuit configuration of TWIMP [182]
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0 6.42 Example of optical network for multilink aerial robot
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0 6.43 Link module with optical network for multilink aerial robot
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0 6.44 Experimental setup overview of the aerial robot link module
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0 6.45 Joint reference trackability in position-controlled motion by the aerial

robot link module
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(c) 350 mL tea bottle (4 Nm torque) (d) 600 mL tea bottle (6 Nm torque)

0 6.46 The aerial robot link module grasping several objects by force control
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O 6.47 Response trajectory in force-controlled grasping motion by the aerial
robot link module
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O 6.48 Overview of the wire-driven hopping robot
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(b) Configured 4 ms feedback delay
0ms 550 ms 850 ms 1150 ms 1450 ms

>

0 6.49 Hopping experiment with the wire-driven hopping robot (0 ms and 4 ms
feedback delay added)
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0 6.50 Wire winding position and estimated body link tilt angle of the wire-

driven hopping robot with configured feedback delay (comparing between hop-
ping control on PC with 0-10 ms variable delay of motor position and IMU data)
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0 6.51 Motion trajectory in 8 step experiment with the wire-driven hopping robot
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