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ROBUST CONTROL ALGORITHM

X3 [m] [

- desired end-effector trajectory xd

N X5 [m]

The problem to be solved: ]

T
q = (x1,c» X2c X3, :901»902:)’1:3’2:)’3) -

X3,c =/
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MOBILE SPACE ROBOT

EUROPAISCHE UNION
Europaischer Fonds fur

regionale Entwicklung

UNIA EUROPEJSKA BB-PL
Europejski Fundusz INTERREG VA
Rozwoju Regionalnego 2014-2020

"Barrieren reduzieren - gemeinsame Starken nutzen" /,Redukowac bariery — wspdlnie wykorzystywac silne strony”



ROBUST CONTROL OF SPACE MANIPULATORS
INPUT DATA

- Modeling
- differential equations, Runge Kutta method
- Matlab and C languages

- Simulation
- Matlab
- C-based program

- Implementation
- Microprocessor system (e.g., Raspeberry)
- C-based program
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&> > MOBILE SPACE ROBOT — FPGA-based Controller

(Xilinx Kintex Ultrascale XQRKUO60 Space-Grade FPGA, e.g., ADA-SDEV-KIT2)
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&> MOBILE SPACE ROBOT — XILINX FPGA ZCU102
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MOBILE SPACE ROBOT

C MODEL, DIFFERENTIA EQUATION SOLVER PROBLEM

#define N _ELEMENTS 19 // State vector size

#define N _DATA 13 // Data vector (XA) size

#define N VSTU 11 // 8 thrusters + 3 joints

// xn - current time [sec]

// % XA - 1s the state vector

// % x[0] - =x-position of the satellite's center of mass [m]
/] % x[1] - y-position of the satellite's center of mass [m]
/] % x[2] - satellite orientation [rad]

/% x[3] - angular position of the first Jjoint [rad]

/] % x[4] - angular position of the second joint [rad]

/% x[5] - angular position of the third joint [rad]

/] % x[6] - the first derivative of x[0] [m/sec]

/] % x[7] - the first derivative of x[1l] [m/sec]

/] % x[8] - the first derivative of x[2] [rad/sec]

/] % x[9] - the first derivative of x[3] [rad/sec]

/] % x[10] - +the first derivative of x[4] [rad/sec]

/] % x[11] - the first derivative of x[5] [rad/sec]

/] % x[12] - mass of the system [kg]
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-PGA IDEA OF IMPLEMENTATION

Discrete robot model with controller

t (input) current time
x (input) manipulator state (x)
dx (output) state increase (dx)
vstu (output) control vector
xd (input) desired position
xpd (input) desired first derivative of position
xppd (input) desired secound derivative of position
void
A
void diffeqn_wotraj (double t, float *x, float *dx, float *vstu, float *xd, float *xpd, float *xppd)

float fq[6 * 1], J[6 * 6], Mm[6 * 6], Cm[6 * 1], Gm[6 * 1],
Bm[6* 11], Dm[6 * 1];

//float xd[6 * 1], xpd[6 * 1], xppd[6 * 1];

kinematics c(t, x, fq, J);

dynamics@_c(t, x, Mm, Cm, Gm, Bm, Dm);

//trajectory c(t, xd, xpd, xppd);

controller c(t, x, dx, fq, J, Mm, Cm, Gm, Bm, Dm, xd, xpd, xppd, vstu);

//diffeqgn
axi_interconnect_0
Z ACLK zyng_ultra_ps_e_0 N N axi_gpio_led8_bits
| ARESETN ps8_0_axi_periph
. - MOO_AXI - i = AX1_HPD_FPI L -] AXI
ERLRE 00_AX + ¢ |+ s_tHPo._fPO Y M_AXI_HPMO_FPD - S00_AXI o ;
b 500 AREsETN o — maxihpmo_fpd_aclk ZYNQ eea b cor a1 - s_axi_aclk GPIO +||——> led_8bits
= moo_acLk +t———= saxihp0_fpd_aclk . 24 | cko - s_axi_aresetn
L————— MOD_ARESETN L= pl_ps_irgoj0:0] UltraSCALE+ B
‘;:_sf;l AXI GPIO
AX| Interconnect Zynq UltraScale+ MPSoC SOARE axi_gpio_push_buttons_5bits
rst_ps8_0_99M +—= MOO_ACLK
}—— MOO_ARESETN
T, — sm‘A — s_axi_aclk GPIO +||——> push_buttons_5bits
_sync_ X =—= S01_ACLK
0 ext_reset_in bus_struct_resel[0:0] = b—— 501_ARESETN e
@ aux_reset_in peripheral_reset[0:0] = == MO1_ACLK AXI GPIO
— mb_debug sys_rst  interconnect_aresetn[0:0] @ t— MO1_ARESETN
= dom_locked peripheral_ o == M02_ACLK

= MO2_ARESETN

Processor System Reset
AXI Interconnect

HLS_diffeqn_wotraj_0

'+ 5_axi_control m_axi_gmem =+
— ap_ck ap_local_block —
interrupt —

t———————=0ap._rstn

His_ditfeqn_wotraj (Pre-Production)
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&> HIGH LEVEL SYNTHESIS APPROACH

PROCESSOR SYSTEM + PROGRAMMABLE LOGIC

Processing System IP Wrapper

Processing System

Real-Time
Processing

Application
Processing

Power
Management

Graphics
Processing

Memory Safety and

Security

General and
High-Speed Connectivity

Programmable Logic UltraRAM
AMS

Video Integrated Blocks

Codec (PCle, Ethernet) Transceivers
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HIGH LEVEL SYNTHESIS APPROACH

/%%

HLS DESIGN FLOW |

t (input) current time
x (input) manipulator state (x)
HLS * dx (output) state increase (dx)
* aram vstu (output) control vector
xd (input) desired position
xpd (input) desired first derivative of position
% 2 r
Test Constraints/ X ar xsg(jd(lnput) desired secound derivative of position

Bench C, C+t+ Directives 5/

void diffeqn_wotraj (double t, float *x, float *dx, float *vstu, float *xd, float *xpd, float *xppd)
{

float fq[6 * 1], J[6 * 6], Mm[6 * 6], Cm[6 * 1], Gm[6 * 1],

Bm[6* 11], Dm[6 * 1];

//float xd[6 * 1], xpd[6 * 1], xppd[6 * 1];

kinematics c(t, x, fq, J);

C Simulation C Synthesis dynamics® c(t, x, Mm, Cm, Gm, Bm, Dm);

//trajectory c(t, xd, xpd, xppd);

controller c(t, x, dx, fq, J, Mm, Cm, Gm, Bm, Dm, xd, xpd, xppd, vstu);

L |
*’/’ } //diffeqn

RTL Vitis HLS VHDL
Adapter Verilog

v ¥ HLS_diffeqn_wotraj_0

/
RTL Simulation Packaged IP . 1
—::‘ 4+ s_axi_control m_axi_gmem - :im—

Vitis™ HLS
Y v Y ap_clk d ap_local_block
Vivado System Xilinx —Q ap_rst_n interrupt
Destu;n Generator Pl atfo.rm -
sutte Studio His_diffeqn_wotraj (Pre-Production)
X14E00081T20
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&> HIGH LEVEL SYNTHESIS APPROACH
PROCESSOR SYSTEM + PROGRAMMABLE LOGIC

axi_interconnect_0
——:i+ S00_AXI

ACLK
ARESETN =
X

S00_ACLK =n
SO0_ARESETN ®—™®

MOO_ACLK

MOO_ARESETN

AXI Interconnect

MOO_AXI + i3

zynqg_ultra_ps_e_0

saxihp0_fpd_aclk

pl_ps_irq0[0:0]

i1+ S_AXI_HPO_FPD

maxihpmO_fpd_aclk Z

YNQ™

UltraSCALE+

pl_resetn0
pl_clk0

Zynq

UltraScale+ MPSoC
rst_ps8_0_99M

ext_reset_in
aux_reset_in

mb_debug_sys_rst

dem_locked

slowest_sync_clk

mb_reset
bus_struct_reset[0:0]
peripheral_reset[0:0]
interconnect_aresetn[0:0]

M_AXI_HPMO_FPD i}

ps8_0_axi_periph

[+]

i+ soo_axi
i+ s01_AxI

ACLK

ARESETN

== S00_ACLK

S00_ARESETN

= MOO_ACLK

MOO_ARESETN

== S01_ACLK

S01_ARESETN

—— MO1_ACLK

peripheral_aresetn[0:0]

Processor System Reset

MO1_ARESETN

=== M02_ACLK

MO2_ARESETN

— |+ s_AxI
s_axi_aclk

Q s_axi_aresetn

axi_gpio_led8_bits

GPIO +

axi

AX| GPIO
_gpio_push_buttons_5bits

H+ s_Axi
MO2_AXI == = s_axi_aclk
——0 s_axi_aresetn

GPIO +

AXI Interconnect

-

HLS_diffeqn_wotraj_0 \

=+ s_axi_control
ap_clk

N

l

m_axi_gmem =i

Viis™ HLS

ap_local_block

2yna Urascales MPSOC (3.3)

Paga Havigatar PS Ultracales Block Design

AXI GPIO

|1 led_8bits

| push_buttons_5bits

ap_rst_n interrupt e [ == Coraamonin
k His_diffeqn_wotraj (Pre—Production) ) / - Tk —‘ n:“-;:u:i
I 5{ ‘._ "|ﬂ [r—— |/|
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@) HIGH LEVEL SYNTHESIS APPROACHAXI CONTROL
AND AXI GLOBAL MEMORY

/ axi_interconnect_0 \
i+ S00_AXI
ACLK zyng_ultra_ps_e_0 \ 8 0 axi ioh axi_gpio_led8_bits
ARESETN = ) pss_0_axl_perip . [
S00_ACLK s Zm Moo AXI + i il 4+ S_AXI_HPO_FPD A N . — 4+ S_AXI
el = -- i M_AXI_HPMO_FPD - + S00_AXI - ) .
S00_ARESETN maxihpm0_fpd_aclk : s_axi_aclk GPIO +||——{> led_8bits
. pl_resetn0 =+ S01_AXI ;
MOO_ACLK saxihp0_fpd_aclk . LanG - @I Q s_axi_aresetn
Cl
M0O_ARESETN pl_ps_irq0[0:0] UltraSCALE+ P
ARESETN AXI GPIO
h g +{—= S00_ACLK
AXI Interconnect j = i i i
K Zynq UltraScale+ MPSoC S00_ARESETN L. a)u_/gplo_push_buttons_S\blts
t_ps8_0_99M ~|— MO00_ACLK nom  MOOAXI 45
rst_ps8_0_ § - ="E MO1_AXI + it S_AXI
MOOARESETN — wm  \ioo axi + - i_aclk GPIO +||—> h_butt 5bit
B == S_axi_acl u u n I
slowest_sync_clk mb_reset =—= S01_ACLK - - - I_‘ push_ ons._ s
. ———O0 s_axi_aresetn
ext_reset_in bus_struct_reset[0:0] S01_ARESETN
aux_reset_in peripheral_reset[0:0] ——=— MO01_ACLK AXI GPIO
mb_debug_sys_rst interconnect_aresetn[0:0] MO1_ARESETN
dcm_locked peripheral_aresetn[0:0] == MO02_ACLK
J M02_ARESETN
Processor System Reset | )
AXI Interconnect
HLS_diffeqn_wotraj_0
.. L.
-+ s_axi_control — m_axi_gmem - :::
ap_clk ap_local_block
ap_rst_n interrupt

J

Hlis_diffeqn_wotraj (Pre—Production)
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&> HIGH LEVEL SYNTHESIS APPROACH
HLS CODDING FLOW — INTERFACE

HLS_diffeqn_wotraj( *t *X, *dx
*ystu, _ *xd *xpd, *xppd) {
‘ Biscreie robot model with controller INTERFACE m axi port = t depth = T SIZE offset=slave bundle=gmem
' INTERFACE m axi port = x dept X SIZE offset=slave bundle=gmem
¢ fl”p“g' el ii”‘-e i 3o INTERFACE m axi port = ept X SIZE offset=slave bundle=gmem
X (input) manipulator state (x) . o T =
dx (output) state increase (dx) INTERFACE m a-":-:!- p'Jlt =
vstu (output) control vector INTERFACE m ax1i pDI't = J
i’igd(%;gga)d;zz;igdp?iiiogerivative of position INTEEF"}CE L a:u: pﬂl't = L E - lave bundlezgmem
xppd (input) desired secound derivative of position INTERFACE m axi port = xppd depth = XD SIZE offset=slave bundle=gmem
:/ void INTERFACE s axilite port=
void diffeqn_wotraj (double t, float *x, float *dx, float *vstu, float *xd, float *xpd, float *xppd)
{
float fq[6 * 1], J[6 * 6], Mm[6 * 6], Cm[6 * 1], Gm[6 * 1], . .
Bm[6* 11], Dm[6 * 1]; HLS_diffeqn_wotraj_0
//float xd[6 * 1], xpd[6 * 1], xppd[6 * 1]; e 1
kinematics_c(t, x, fq, J1); —::‘+ S_axi_contr0| — m_axi_gmem +E§;—
dynamics@ c(t, x, Mm, Cm, Gm, Bm, Dm); ap_clk N ap_local_block
//trajectory c(t, xd, xpd, xppd); —Q ap_rst_n interrupt
controller c(t, x, dx, fgq, J, Mm, Cm, Gm, Bm, Dm, xd, xpd, xppd, vstu); . /

Hls_diffeqn_wotraj (Pre-Production)

} //diffean

x 2014-2020
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&> HIGH LEVEL SYNTHESIS APPROACH
HLS CODDING FLOW — DATAFLOW

Discrete robot model with controller

t (input) current time
x (input) manipulator state (x)
dx (output) state increase (dx)
vstu (output) control vector
xd (input) desired position
xpd (input) desired first derivative of position
xppd (input) desired secound derivative of position
y void
*/
void diffeqn_wotraj (double t, float *x, float *dx, float *vstu, float *xd, float *xpd, float *xppd)
{
float fq[6 * 1], J[6 * 6], Mm[6 * 6], Cm[6 * 1], Gm[6 * 1],
Bm[6* 11], Dm[6 * 1];
//float xd[6 * 1], xpd[6 * 1], xppd[6 * 1];

kinematics_c(t, x, fq, J1);

dynamics® c(t, x, Mm, Cm, Gm, Bm, Dm);

//trajectory c(t, xd, xpd, xppd);

controller c(t, x, dx, fgq, J, Mm, Cm, Gm, Bm, Dm, xd, xpd, xppd, vstu);

} //diffeqn

EUROPAISCHE UNION ek
Europaischer Fonds flr s *

regionale Entwicklung RS

S /INPUT
memcpy (

memcpy (
memcpy ( bu

J//FUNCTIONS
kinematics ¢
dynamics® c(
/ftrajecto

memcp
memcpy (

UNIA EUROPEJSKA
Europejski Fundusz

Rozwoju Regionalnego

npuf

SIZE* ( )); //input
XD SIZE* ( ) ) /input

Gm, Bm, Dm,

output
nput
/input
//input
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INTERREG VA
2014-2020

"Barrieren reduzieren - gemeinsame Starken nutzen" /,Redukowac bariery — wspodlnie wykorzystywac silne strony”

15




&> HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE

void diffeqn_wotraj (double t, float *x, float *dx, float *vstu, float *xd, float *xpd, float *xppd)
: float fq[6 * 1], J[6 * 6], Mm[6 * 6], Cm[6 * 1], Gm[6 * 1],

Bm[6* 11], Dm[6 * 1];

//float xd[6 * 1], xpd[6 * 1], xppd[6 * 1]

kinematics c(t, x, fq, J);

dynamics® c(t, x, Mm, Cm, Gm, Bm, Dm);

//trajectory c(t, xd, xpd, xppd);

controller c(t, x, dx, fq, J, Mm, Cm, Gm, Bm, Dm, xd, xpd, xppd, vstu);
} //diffeqn

Modules & Loops Issue Type Violation Type Distance Slack Latency(cycles) Latency(ns) IterationLatency Interval Trip Count Pipelined DSP FF LUT

3
=

v

(O]

HLS_diffeqn_wotraj 12826 1.280E5 12827 no 1770 90654 172655
HLS_diffeqn_wotraj_Pipeline_1 29 290.000 29 no 0 218 371
HLS_diffeqn_wotraj_Pipeline_2 - 16 160.000 16 no 0 214 368
kinematics_c 85 850.000 85 no 0 1991 1042
HLS_diffeqgn_wotraj_Pipeline_3 - 16 160.000 16 no 0 214 368
dynamics0_c ' 11 Violation 894 8.940E3 no 686 43720 63867
HLS_diffeqn_wotraj_Pipeline_4 16 160.000 16 no 0 214 368
controller c O 11 Violation 11743 1.170E5 no 274 22640 48394
HLS_diffeqn_wotraj_Pipeline_5 27 270.000 27 no 0 154 366
HLS_diffeqn_wotraj_Pipeline_6 - 19 190.000 19 no 0 153 366
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&> HIGH LEVEL SYNTHESIS APPROACH

HLS DIRECT METHOD PERFORMANCE ANALYSIS

Modules & Loops Issue Type Violation Type Distance Slack Latency(cycles) Latency(ns) IterationLatency Interval Trip Count Pipelined BRAM DSP 3 LUT URAM
¥ @ HLS_diffeqn_wotraj -0.50 12826 1.280E5 - 12827 - no 230 1770 90654 172655 0
P ® HLS_diffeqn_wotraj_Pipeline_1 - 29 290.000 - 29 - no 0 0 218 371 0
P ® HLS_diffeqn_wotraj_Pipeline_2 - 16 160.000 - 16 - no 0 0 214 368 0
v @ kinematics_c - 85 850.000 - 85 - no 0 0 1991 1042 1]
» ® kinematics_c_Pipeline_1 - 8 80.000 - 8 - no 0 0 5 45 0

P ® kinematics_c_Pipeline_2 - 38 380.000 - 38 - no 0 0 8 50 0

P @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 0

» @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 ]

P @ sin_or_cos_double s - 29 290.000 - 29 - no 8 86 1618 5657 0

P @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 0

P @ sin_or_cos_double s - 29 290.000 - 29 - no 8 86 1618 5657 0

» @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 1]

» @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 1]

» @ sin_or_cos_double_s - 29 290.000 - 29 - no 8 86 1618 5657 1]

P ® HLS diffegn_wotraj_Pipeline_3 - 16 160.000 - 16 - no 0 0 214 368 ]
P @ dynamics0_c @ 11 violation 894 8.940E3 - - no 46 686 43720 63867 0
P @ HLS_diffeqn_wotraj Pipeline_4 - 16 160.000 - 16 - no 0 0 214 368 0
P ® controller_c @ 11 violation 11743 1.170E5 - - no 107 274 22640 48394 0
b ® HLS_diffeqn_wotraj_Pipeline_5 = 27 270.000 - 27 = no 0 0 154 366 1]
b @® HLS_diffeqn_wotraj_Pipeline_6 - 19 190.000 - 19 = no 0 0 153 366 0

regionale Entwicklung [ Rozwoju Regionalnego 2014-2020
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&> >  HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE ANALYSIS

Modules & Loops Issue Type Violation Type Distance Slack Latency(cycles) Latency(ns) IterationLatency Interval Trip Count Pipelined BRAM DSP FF LuUT

g
=

v @ HLS_diffeqn_wotraj -0.50 12826 1.280E5 12827 - no 230 1770 90654 172655

» ® HLS_diffeqn_wotraj_Pipeline_1 - 29 290.000 29 - no 0 0 218 371
HLS_diffeqn_wotraj_Pipeline_2 - 16 160.000 16 - no 0 0 214 368
kinematics_c - 85 850.000 85 - no 0 1991 1042
HLS_diffeqn_wotraj_Pipeline_3 16 160.000 16 - no 0 214 368
dynamics0_c 894 8.940E3 894 no 43720 63867
@® dynamics0_c_Pipeline_1 8 80.000 8 - no 5 45
@ dynamics0_c_Pipeline_2 8 80.000 8 - no 5 45
dynamics0_c_Pipeline_3 68 680.000 68 - no 9 51
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
dynamics0_c_Pipeline_4 14 140.000 14 - no
sin_or_cos_double_s 29 290.000 29 - no
dynamics0_c_Pipeline_5 14 140.000 14 - no
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
dynamics0_c_Pipeline_6 9 90.000 9 - no
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
multMMc 42 420.000 42 - no
multMMc 42 420.000 42 - no
multMMc 42 420.000 42 - no
multMMc 42 420.000 42 - no
multMMc 42 420.000 42 - no
sin_or_cos_double_s 29 290.000 29 - no
sin_or_cos_double_s 29 290.000 29 - no
transp 14 140.000 14 - no
multMM_1 @ 11 violation 2.240E3 - no
multMM_1 @ 1 violation 224 2.240E3 - no
sumMM 43 430.000 - no
sumMM 43 430.000 - no
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&> >  HIGH LEVEL SYNTHESIS APPROACH

HLS DIRECT METHOD PERFORMANCE ANALYSIS

Modules & Loops Issue Type Violation Type Distance Slack Latency(cycles) Latency(ns) Iteration Latency Interval Trip Count
v O HLS_diffeqn_wotraj -0.50 12826 1.280E5 - 12827
» ® HLS_diffeqn_wotraj_Pipeline_1 - 29 290.000 - 29
» ® HLS_diffeqn_wotraj_Pipeline_2 - 16 160.000 - 16
» kinematics_c - 85 850.000 - 85
3 HLS_diffeqn_wotraj_Pipeline_3 - 16 160.000 - 16
» ® dynamics0_c @ 11 violation 894 8.940E3 -
» ® HLS_diffeqn_wotraj_Pipeline_4 - 16 160.000 - 16
v @ controller_c 11743 1.170E5 - 11743
b @ inv6 @ 11 violation - 914 9.140E3 -
» ® minMM - 1 110.000 - 1
2 multMM_2 . 11 Violation - 169 1.690E3 -
» controller_c_Pipeline_VITIS_LOOP_78_1_VITIS_LOOP_78_2 - 76 760.000 - 76
» ® controller_c_Pipeline_VITIS_LOOP_39_1_VITIS_LOOP.39_2 - 71 710.000 - 71
» ® multMM_6 @ 11 violation - 1199 1.199E4 -
b ® power = 22 220.000 - 22
P ® power = 22 220.000 - 22
P @ power - 22 220.000 - 22
» @ controller_c_Pipeline_VITIS_LOOP_78_1_VITIS_LOOP_78_23 - 43 430.000 - 43
» ® multMM_5 . 11 Violation - 1196 1.196E4 -
» @ controller_c_Pipeline_VITIS_LOOP_39_1_VITIS_LOOP_39 24 - 38 380.000 - 38
» ® controller_c_Pipeline_VITIS_LOOP_78_1_VITIS_LOOP_78_26 - 43 430.000 - 43
» ® controller_c_Pipeline_VITIS_LOOP_39_1_VITIS_LOOP_39 28 - 38 380.000 - 38
» multMM_4 @ 11 violation - 309 3.090E3 =
» ® multMM_3 @ 11 violation - 259 2.590E3 =
» @ controller_c_Pipeline_VITIS_LOOP_78_1_VITIS_LOOP_78_25 - 76 760.000 = 76
» ® controller_c_Pipeline_VITIS_LOOP_39_1_VITIS_LOOP_39 27 - 71 710.000 - 71
@ HLS_diffeqn_wotraj_Pipeline_5 - 27 270.000 - 27
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TOP-DOWN, AND BOTTOM-UP APPROACH N
HLS_DIFFEQN_WOTRAJ CONCLUSIONS

* Acceleration is possible with lower latency than PC and ARM
e Tested by

e PC (win, linux, macOS), ~1ms

* ARM (linux): raspberry pi, ~10ms

* ARM (bare metal): ZCU102, ~20ms

* PS+PL (gemu on linux): ZCU102, ~300ms

* PS+PL (bare metal): ZCU102 ~340us (~120us PL algorithm 100MHz)

e Speed up is possible by
* Choose method of trigonometric function calculations
* Matrix (add, sum, inv) operation pipelining another approach

* Prestorage data in other form
* FLOATING to FIXEDPOINT

EUROPAISCHE UNION I UNIA EUROPEJSKA BB-PL
Europaischer Fonds flr s * Europejski Fundusz INTERREG VA
regionale Entwicklung Fapn Rozwoju Regionalnego 2014-2020
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&> HIGH LEVEL SYNTHESIS APPROACH
NEW CHALANGE RUNGE-KUTTA ALGORITHM

* @brief Discrete robot model r4k solver without controller
* @brief and shared parameters (constants)

n t[in] current time
ram tnew[out] time after r4k step

L] L] L]

ram x [in] manipulator state (x) (]

n xnew[out] new manipulator state (x new) after r4k p I l I la Isa IO n y
vstu [out] control vector (to discuss, DJ: should be input!!!)

ram xd [in] desired position

ram xpd [in] desired first derivative of position M M . M M

R o) T ] STl Qe o s o atrix ope ration pipelining

ram fq

n J

* One time trigonometric function

Gm
ram Bm

computation

return void

* Originally lat : 30 084 cycl
riginally latency: cycles
} [X SIZE];
[X SIZE];
* Matrix loops: 12 826 cycl
atrix loops: cycles
* SIN/COS: 8761
L]

memcpy (f4k x, x, X SIZE* )); //input -- working only on local values!!!
//1st (@) step: .
diffeqn_wotraje_globaldata(t, f4k x, f B, vstu, xd, xpd, xppd, fq, J, Mm, Cm, Gm, Bm, Dm); o Fu nCtlon rea ra nge- 7001

( i=0;i<X SIZE;i++) f4k X dt*f4k dxe[i];
//2nd (1) step:
diffeqn_wotraje_globaldata( (t+dt i f4k dx1, vstu, xd, xp

( i=0;i<X SIZE;i++) f4k x2 ([1]+dt dx1[i];
//3rd (2) step:
diffeqn_wotraje_globaldata( (t+dt fak x2, f4k vstu, xd, X[ xppd, f J, Mm, Cm, Gm, Bm, Dm);

( i=0;i<X SIZE;i++) f4k x = f4k x[i]+ 4k dx2[i];
//4th (3) step: UNIA EUROPEJSKA BB'PL
diffeqn_wotraje_globaldata((t+dt), f4k x3, f4k dx3, vstu, xd, xpd, xppd, fq, J, Mm, Cm, Gm, B ; H :
//Runge-Kutta sum EuropeJSKI FundUSZ |NTERREG VA

( i=0;i<X SIZE;i++) f4k xnew[i]=f4k x[i]+dt*(f4k dx@[i] *f4k dx1[i] *f4k dx2[i]+f4k dx3[i])/6.0; ROZWOjU Regiona|nego 2014-2020

new, X SIZE* ( )); //input -- working only on local values!!! 21
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Conclusions

Control algorithm was translated to low level languages

Simple diffeqn_wotraj study and proof of concept was performed
with satisfying effects

Complex diffeqn_f4ko0 (4 times diffeqn_wotraj with sum) Runge Kutta
was implemented successfully

TO DO

EUROPAISCHE UNION el UNIA EUROPEJSKA BB-PL
Europaischer Fonds fUr s * Europejski Fundusz INTERREG VA
regionale Entwicklung [ Rozwoju Regionalnego 2014-2020
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