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Design of multi-axis controller based on Machinekit

XIE Kai, YAN Gang-feng
(College of Electrical Engineer, Zhejiang University, Hangzhou 310027, China)

Abstract: Aiming at the structure, expansibility and real-time problems of traditional multi axis controller, the real time Linux system, Ma-
chinekit control software and EtherCAT protocol were studied. The composition of Machinekit control software was introduced, and the rea-
sons for the selection of real time Linux operating system were described. At the same time, the structure, real time and stability of multi axis
controller were analyzed. On the premise of ensuring the real-time property and stability of the multi axis controller, a software architecture of
multi axis controller based on Xenomai and Machinekit was proposed. And the real time Ethernet protocol (EtherCAT) was applied to the
controller. To verify controller’s function, three servo axes were used, and Wireshark was used to capture the control message to analyze the
real-time performance of the system. The results indicate that the controller based on Machinekit and EtherCAT is able to complete the basic
control of multi-axis.

Key words: Machinekit; Xenomai; EtherCAT; multi-axis controller; software design

N Wi e DSP + FPCA” HJr %, RS0k e B I
0 51 7 0 T, B RS R 23 6 167 TR Y
VEREAE S A R TE HE A 21 TR LISk, Tl LSS iﬂiﬁﬁigﬂf,ﬁﬂ?ﬂ%éﬁﬁ’]&ﬂi/{?jﬁjﬁﬁﬁij][l,XﬂLEUL%
AR AP T = B oy, PERIR TARORBOBERT o SCF LLRI fEIT S5 4
TAVHLEE A B B G J B2 AR LB 4y, S Ae C[3818 N S RMIN I N NEA €/ Tk S =/ e 1f E
Pl B, IR AR RS2 1K, Ether-

WS 3 :2016 — 06 — 12

ESTE :[15 [ ARLF IS VT H (61175106)

TEEBA M (1991 =) T RIS, B Tl K R RILES A B AR I B HOFSE. E-mail: xk2010@ 163. com
BEBERA HUAIEE, 5, 202, /R R, E-mail:yef@ zju. edu. en



- 1472 - #l H

™ % 33 &

CAT( ethernet for control automation technology ) 3% R /2
7[5 Beckhoff 23w 42 HY i — i fig ok 7 58, il e J7
ZEEETHRUER LA LA, et AR 3K 119 LA K 190 K047 ot
FAI(0x88A4 ) , 7 Gt i faf I, B A% g 2 XU T, 5
B A, BRI R, BRSOk F 90%
S S

Machinekit J2&—NFFJ4E I 41, TRz sh 4],
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N FHEEA T R, AN T A M B2 42 1t mT AT
JH Machinekit SDK X 375 £ HL 2% 19 45 %] , Machinekit £}
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SEIFHESE SR ORAIEAE i RGeS AR E R . R
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MOT 3 i 252y f7 sk # Linux (1) FIFO #L#] 5 EMC-
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CAT Master fif vk )7 22 S0 7 3 3l %k Al (Ml IR 2
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Linux RS20, EtherCAT F 35195230, LA K 4% Eth-
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52 I 45 7E R G A AR 2 M U 5 %8, Windows
CE,INtime , RTLinux , RTAI, Xenomai 4§, {H &%} THZ &
g¢, A EREMSA VRS T I, 3X A 5 B AR, £ Hofe ok
FEE b3 A5 6, 36 5 1944 RTAT Fl Xenomai , 3 7%
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P, Xenomai 5% % & Fa e M, al A PESE . 1E
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X86, x86-64,

x86, x86-64,
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Blackfin

SEI 23] Kernel, user Kernel , user
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sie MUAS , ¥ i Xenomai FYULRH A T3, 22 %6 1Y Xeno-
mai JREAS K 3. 8. 1-xenomai. x86-amd64
3.2 EtherCAT #0 Machinekit W EEZR F

(1) EtherCAT =F uY, EtherCAT = 3% % H T B
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1 N
- 1474 - Lo T R 533 %
e Avplication oAl e J 2|
S— ~/myEtherCAT _—
[ EtherCAT Master API ] | ethercat_config-estun.xml x estun.hal
= loadusr -W lcec_conf /home/xk/myEtherCAT/
5% ethercat_config_estun.xml
23 loadrt lcec
XML parser EtherCAT Master core i Toadrt trivking
loadrt [EMCMOT]EMCMOT base_period nsec=
[EMCMOT]BASE_PERIOD servo_period_nsec=
Native | POSIX Vqurk4 pSOS ulTRONI VRTX {E:gtg?figgcsgzége :‘t‘"" joints=[TRAJJAXES
b
4 loadusr classicladder - -nogui custom.clp
Real-time nucleus
addf 1lcec.read-all servo-thread
HAL —r addf motion-command-handler servo-thread
< i-Li addf motion-controller servo-thread
OERRELLONS addf lcec.write-all servo-thread
net — Realtime Driver addf classicladder.0.refresh servo-thread
setp lcec.0.0.drivecontrol-1 1
m L
net Xachse_fb 1lcec.0.0.pos => axis.0.motor-pos-fb
net Xachse_cmd axis.@.motor-pos-cmd =>
% ol -f, B 1cec.0.0.poscommand
4 Xenomai-Etherlab 4}\{4‘4‘@7& net Xachse_speed_cmd axis.®.joint-vel-cmd =>
1lcec.0.0.speedcommand
net Xachse_AF axis.0.amp-enable-out =>
N . N R N
A Xenomai #873, il id Adeos $EHE—SESRPERIE leec 0.8 drivecontrol-3
Plaln Text v Tab Width: 8 v Ln 3, Col 16 v INS

T Etherlab AU 2 f5 , B e IEACRS , A i
Makefile, 7EFCE (5, 55 22 {fi g RTDM, i i J& 11
SEI A% hritimer, $K J5 #E47 g0 6 N AZ BB, 0 23 N
oo MR H CRREPE B E A G 240,

H1 TR JC ik U ) WA R | 5 208 1 1) 3

E B A S AT AL TR e A SR AR ST
WP | WA ZRTRE E — ZR A8 A Bl R, SR 236 1R o
R

b 4n s 38 SC 4/ ete/udev/rules. d/99-EtherCAT.
rules, 7E L lf S5 A KERNEL = =" EtherCAT[09 ] * ",
MODE ="0664" , GROUP = "users"

(2) ¥ Etherlab 45155 HAL ZH/4. Machinekit J&
github | 1)—>FF I H , G 13 22 2B 1Y) I A 2 1l g
Xenomai , 22 35 1) B5H &, B source list H2fill = deb. ma-
chinekit. io/debian Jessie main [ #ohl, 285 7] UL B 2
WIS AT LR

LAAFZ I, A 2 Fr 2R Y, 752 EtherCAT fE
i HAL A Machinekit v, SCERANT 2 7% )53
3.3 iEZhiE#liEk 5 EtherCAT ) HAL B B

15 SR R 22 il i 4% 10RO 2R, S
IR | TE 05 S A A AN S T N e A, AT
FH M Z RGN =L &, d A C iy HAL 3L
Tk, R BIANE 5 iR o

Horr loadrt iy 4 A MR SE IS WAZ A2 o Teec S
Etherlab %) 335 A0S 9 125 K 09 444, 75 2 803 N
¥io B5E, T 208 ethercat BN E SCRYIMZEK , loadrt
trvkins SN2k IE 107428 B AR loadrt classicladder
vt AL, SRS IS REARE B B I [ A% o ik
UIESIE Gy
3.4 R PLC #&HRIZIT
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GUI reloaded with existing ladder program
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K6 BEIEEIREIE

3.5 HAL T#J EtherCAT HH&F X

IE QT T HAL 78 S0 R |, 75 2244 EtherCAT
YERA A R] HAL Besf i, HAL A58 24l ] Xe-
nomai [ S5 I bR ER, 1) 5 HLAG 45 B 1) 1 A1 HE 42
MSCAE i ReE T 2ok A G I At L ek,
LRRRUEATIERE ARG AT Nk, 52 B HAL R4 Eth-
erCAT Fufi | T2 Etherlab #2401 325k A0, i3
HAL T W2 NAZ A, 7 HAL SOk AT ik, st
A ASEEE EtherCAT i@ H, .
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A 10 Begg, Horbr Estun (1C & SCRY 7R 61 AN &l 79778 o
e O

W ethercat_config-estun.xml x ’ estun.hal x

kmaster idx="0" appTimePeriod="1000000"
refClockSyncCycles="5">
<slave idx="0" type="generic" vid="00GGO6GA"
pid="000000C1" configPdos="true">
<sdoConfig idx="6098" subIdx="0">
<sdoDataRaw data="12"/>
</sdoConfig>
<sdoConfig idx="6099" subIdx="1">
<sdoDataRaw data="E8 03 60 00"/>
</sdoConfig>
<sdoConfig idx="6099" subldx="2">
<sdoDataRaw data="64 00 60 00"/>
</sdoConfig>
<sdoConfig idx="6093" subIdx="1">
<sdoDataRaw data="0@ 08 00 00"/>
</sdoConfig>
<sdoConfig idx="6093" subIdx="2">
<sdoDataRaw data="F9 15 60 00"/>
</sdoConfig>
<sdoConfig idx="6094" subIdx="1">
<sdoDataRaw data="01 00 60 00"/>
</sdoConfig>
<sdoConfig idx="6094" subIdx="2">
<sdoDataRaw data="58 02 00 00"/>
</sdoConfig>
<syncManager idx="0" dir="out">
</syncManager>

Ln1, Coll v INS

K7 B ik SO B

XML v Tab Wldth B -

4 SLE KR

4.1 RGAM
HMX R GERIFANE , AW T 5285, i
PRZEFEE I 8 fs .

K8 REfFERIA

553 3 ARG : OAR SEIF IR A T O AR AR
%, QF PC, RH¥A Jessie i) PC ML, @LHTFAIT
PAT AT, A9 Beckhoff fa] JIk B 5 5% H1 H3 AL, Estun
R MR 9K B f ATELAL, 1O Bidk
4.2 WHER

(1) Xenomai M, 7E%%
HEATIL

B 4C, 7£/ust/bin/ | B realtime start 3 J3 5l 52 [}
W%, 04T 22 48 i Bl ( clocktest) , &5 R A& 9 fr
7N, N9 tRaf LU HY, CPU 432 4 4%, I Bh B AS 53R
32 ns,

R J5 34T latency 3R, 75/ usr/xenomai/bin/ | [
latency , {11& 10 FiR

I Xenomai Z J5 , %f H

xk@debian: ~ x

File Edit View Search Terminal Help
[inline calibration: 6x6006060060660600: 12.496 ns, rejected 6/16060
inlined 1lind: @x86c9b26c9b26c9dl: 43.846 ns, rejected 6/16060

linlined Tlmulshft: 0x86c9b26d0600601e: 1.774 ns, rejected 6/10060
[inlined nodiv_llind: 0x86c9b26c9b26c9dl: 3.221 ns, rejected 6/10060

jout of line calibration: 6x6006006060080600: 15.545 ns, redactedl a/leeee
jout of line 1limd: 6x86c9b26c9b26c9d1: 43.156 ns, rejected 6/16(

out of line 1lmulshft: @x86c9b26d6060001e: 6.519 ns, rejected lemﬂﬂﬂ
jout of line nodiv_1limd: @x86c9b26c9b26c9dl: 2.986 ns, rejected 1/18000

lunsigned operation: OxO3ffffffffffffff * 1006000060 / 33660600

inline calibration: 0x8899900069960000: 12.406 ns, rejected 0/10689

inlined nodiv_ullimd: 6x79364d9364d9362f: 2.190 ns, rejected 0/10608

out of line calibration: 6x8888066660000000: 15.346 ns, rejected 6/16660

out of Line nodiv Ullind: Ex7S30MBIGAEINT: 6.564 e, rejected 6/16600
+ /usr/lib/xenomai/testsuite/clocktest -C 42 -T 30

== Tested clock: 42 (CLOCK_HOST_REALTIME)

cPu VoD offsat [us) TaD drift [us/s] warps max delta [us]
[ 6.5 0.005 o 6.0
1 6.6 6.001 6 6.0
2 6.6 -0.012 e 6.0
3 6.8 0.032 e 0.0
*CTerminated

[xk@debian:~$ [|

19 Xenomai H) clocktest

xk@debian: ~ x

File Edit View Search Terminal Help
xk@debian:~§ sudo timeout 6066 xeno latency

== AUl results in microseconds
warming up.

RTT| 60:00:01 (periodic user-mode task, 100 us period, priority 99)
RTH| ----lat mxn\ “lat av g\ --lat max| nvenun\r— msw]| ---lat best| -lat worst
RTD 1.058 1.296 4.286 6 1.058 .286
RTD les\ 1.439\ 7 915| a\ o 1.osa| 7.926
RTD 1.133| 1.305| 6.573| o o 1.058] 7.926
RTD 1.123] 1.287| 6.438 o o[ 1.058] 7.926
RTD 1.622| 1.288| 4.539] o o 1.022| 7.926
RTD 1.600| 1.286] 4.668] o o 1.600] 7.926
RTD 1.003| 1.286| 5.147| o o 1.000] 7.926
RTD 1.115] 1.286| 4.660] o o 1.000] 7.926
RTD 1.114] 1.299| 4.923| o o 1.000] 7.926
RTD 1.131] 1.349| 8.071] o o 1.000] 8.071
RTD 1.122] 1.293| 5.426] o o 1.000] 8.071
RTD 1.101]| 1.438| 21.782 o o 1.600] 21.782
RTD 1.699] 1.324] 5.096| o o 1.000] 21.782
RTD 1.130| 1.294| 24.308] o o 1.000] 24.308
RTD 1.128] 1.417| 8.645] o o 1.000] 24.308
RTD 1.122] 1.560] 31.987 o o 1.000] 31.987
RTD 1.656] 1.312] 4.156] o] ol 1.000] 31.987

K10 AP iU A Latency K
ME 10 thE BT S E I ERTTE 1 ms,
TE{di F Machinekit 22 {ij, i F latency-test 3 #f 47
HAL SERFI L, 4nfEl 11 fros

Machinekit / HAL Latency Test x

Let this test run for a few minutes, then note the maximum Jitter. You will use
it while configuring machinekit.

While the test is running, you should "abuse" the computer. Move windows
around on the screen. Surf the web. Copy some large files around on the disk.
some music. Run an OpenGL program such as ilsx gears. The idea is to put

the PC through its paces while the latency test checks to see what the worst
case numbers are.
Max Interval (ns) Max Jitter (ns) Last interval (ns)
Servo thread (1.0ms): 1007129 7129 1000135

Reset statistics |

& 11  Machinekit Latency jlj3z

DU e, 75 B4 T4 B o 4, FT T a8, &=
il KSR, SR PR UEMN 9 & BRI AL IR B, A
1M ] LAFE Machinekit Ji 8 i) Bsf iz f FH i S 5504

M 1L ATRLE e R E s 7 129 ns, 7E 6%
i

(2) FEHIAR T REMI I, A e A B SE AL AT
ek, S = 45 il #% , Machinekit S 55 5407 4 (& 12
Fis

Eile Machine Yiew User Help
CICIEY »»u.rl’m

ManualControl 631 | o1 (75 |
s

_IJ =
Home ks

|
Iuﬁmx@fs > |

EsTor

K 12 Machinekit SZ56 i
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T R — 8 X D BE S BT B A L dn il £
vt B X A8 gl , # Z LL N LA P8R, |5, K| 12
GUI 25 Hh#% IR X TR a5 % , {7 il i NML &% 5
EMCTASK #47 G U 0y fife B o LUK, M B i i &
M N AL B EMCMOT SERP R . 5 )5, i
431k HALPins % 3] EtherCAT e, EAAKUL, H
FaIRE H )2 CoE (CanOpen over EtherCAT) #3131
i EMCMOT X e & SCH (1B 7) Hh g4z i 7 0x6040 i#E47
B 15 kA ae AL, I H s S s R, X4 il
5 0x60FF 5 Jog 2, BV ] ST R ATL Ay P 4 o

SRR, 45 ] 4 n] LU 225, 52 Machinekit
X 24l BEAE I

(3) ZHhZ Al R . AR 90 i ) S g
V5, 7E Debian |2 %% wireshark , 4740615347, 7E
Xenomai-Linux % 3£ 5 $ il F , Edf 170 25/, #8
B i , e ATk 2 iR

R2 RATFEERTESREST

WCE I MR E]/ms R SCH B MEEH]/ms B[R] 2/ ms

0 0.065 0. 065
1.981 2.051 0.07
3.969 4.049 0.08
5.862 5.928 0.066
7.818 7. 881 0.063
9.822 9.903 0.081
11.718 11.781 0.063
13.725 13.793 0.068
15. 647 15.723 0.076
17.56 17.63 0.07

L2 ms PEIA—IK, FERTLE 70 us ZeA7, HET Ja R
TR R B RE S FAL PR A ALBREE ) b, AR S PR ORUIE
TE s Z3 XA ) SN REAIE THOEEE B 28R H (0

5 45k

AR FTR T IR H4 A Machinekit A1 T SZEF LA
KW EtherCAT 3 RAHLE S, 2 H T —Fh 3L T Xenomai-
Linux [1) EtherCAT ZHh45 #5075 . FIE RIS 1Y
SEEFME, 7E Linux [FSAH Xenomai SERFHESE , RIE T 2
il & TR FH Y 2R e S, Hk, i TR ey 43 )2
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