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Abstract: The field programmable gate array (FPGA) is one of the most promising artificial intelligence chips with
unique advantages in programmability and parallelization to realize integrated perception, decision and control algorithms.
However, the hardware description language (HDL) of FPGA is hard to manually write. This paper presents a convenient
deployment method of intelligent MPC and FPGA based on the neural networks to overcome the difficulty of manually
writing HDL code and improve the deployment efficiency of control algorithm, which generates the HDL code by high-
level synthesis (HLS) and verifies the function of HDL code by the MATLAB-Modelsim co-simulation. This method takes
advantage of the structural characteristics of deep neural networks and the parallel computing advantages of FPGA. A
neural network is trained offline, and only the forward propagation on FPGA is required online, so a strict calculation time
guarantee with low resource occupation is realized. The proposed method is applied to high-speed and high-dimensional

control systems. The effectiveness of the method is verified by the FPGA-in-the-loop experiment.
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Fig. 1 Neural network structure design
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Fig. 2 Control design framework
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Fig. 3 HDL Generation and testing flowchart

BN C++A TS W 08 I J5, 78 ARHD A 48 i Xilinx
HLSH G HIgRBETE 4, B i 1 #HH KR
P8I0 e TF A7 4id 445 #5084 i 1, i 3 XGilinx Vitis
HLS 2020. U7 A G PEFE 211 C++A VS G4 il
= iR TPA% . ZEMATLAB HDL Verifier ! Fic. & 4H 5%
A A475 2@ v, FE7E Simulink % G4 ELHDLAC Y
FMIMATLABAGAY. 47 Dh e — 2, IPR M Dh R 5
JRUGIE I F L e A, 52k R i TFPGA TR B &
HIE AR,

1Z AR X B A B . MATLAB-ModelsimBk &
15 EIGAE A B ACHS () 1E W v, 41 B T 30 4% S HDLAY,
T, BB T YRFERCR, a5E T AT
4.2 FPGAMRARG LI

SRR BEMPCST RIPAZ AEFPG A A 1 ff) L SE
BAT I I, A SCA# H Xilinx Zyng UltraScale+ MPSoC
ZCU-102F K B/ 3HTFPGANIR R 8L $4 2. ZCU
1027 RAR B A £ & M m a2 1, HZYNQ
O S X CZU9EG-FFVB1156-2-E.

FPGAM R R 485 7 Z w4, Wk R4t 3 25
R3Sy PLR S PSTEJT . PCLAIHL. PLR SN
FPGAME {1 HL % A4 1, = 238 AT 428 1l 2% (O TPAZ, Jd ik
Vivado®B - HEH T IF K& . PSAArmAZ EHIERNIFLFE,
BT 5PLAS . PC_EAIHLIIELE, F 5L &It
1817 7K W4 [F] 25 HL ML (permanent magnet synchronous
motor, PMSM)# 35 X 4. PSilE ¥ Vitis#x 14F i3 17 % 1
¥R, PLEPSIIT AXLEZ6ER:. PC_EAIHIZITMA-
TLABFEF, 1 #4572 9115200 bpsfICOM [117]
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Fig. 4 FPGA test system implementation scheme
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Fig. 5 A double closed-loop control of PMSM
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EFH 0 580 0 580 3000

230.94
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0
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FT Nk, fe &k SR B0 NS, Ba 2 58 B R 50, WS
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HANGEEL T P HHRN6.18 x 1072, E4EL 7T
PR N6.34 x 1070,

400

200
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(=)

-200
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—-400

=200 57 =500
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(b) LM 24 H =4k K]
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Fig. 6 MPC and neural network output 3D graph
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1, 2 R %, 955, 6/ BRAMAILUT/E H &

YIN3% UL, $045 5 A H.t(digital singnal Proc-
essor, DSP) Al fiili /< #% (flip-flop, FF)1 1 FH &3 N1%
DA, i FHBEEIR D

B &R F 9 5 6THLS A2 i 7 R, 1% 07 &R RE % 5K
DL10 kHz AR B R &5 AR/, JLIg47RT A) 4)
Fr AN B & A s S A 817, JeA B2 Y IE [ 4%
P& 15 2:86.5% i S H].
5.4 FEHIZCRIERE B

FPGA T il #% F1 A MPCH A ML, 2 1 2 SR A
M, B R ORI m i R B
Ny = —213.77 A, Upayx = 346.41 'V, 7518 & §% #
we =900 r/min FEATINK. £t =0.3 sif, WHii &N
218.92 A, 0.7 st if 250, F+HFFPGAT il 25 (SE -l
R) 5 FIEMPC (TEMATLAB Y IR R HEAT IR 1
ITRTEE. i BRBETE LA 8.

2 IRRAT T3t R IPAEAT B 1A SR
Table 2 IP core running time corresponding to different optimization schemes

'y SR B/ns SBATH R

—

IBATI A fus FEHIARZE /kHZ

1 5.037 2670
2 5.101 2415
3 4.549 3763
4 4.320 11607
5 4.264 86861
6 4.264 12190

13.449 74.35
12.318 81.18
18.815 53.15
58.035 17.23
434.305 2.30
60.950 16.41
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Table 3 IP core resource occupancy correspondingo different optimization schemes

s BRAM DSP FF LUT
1 14 (0.8%) 100 (4.0%) 22647 (4.1%) 109946 (40.1%)
2 14 (0.8%)  215(8.5%) 41609 (7.6%) 103657 (37.8%)
3 225(123%) 280 (11.1%) 37659 (6.9%) 34237 (12.5%)
4 223(122%) 226 (9.0%) 25728 (4.7%) 22644 (8.3%)
5 51 (2.8%) 21(0.8%) 4638 (0.8%) 7453 (2.7%)
6 51 (2.8%) 23(09%) 5125 (0.9%) 7691 (2.8%)
b 7

FHZE 2850

A0 BRAM DSP FF LUT
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#i2637CLK 36.5%

12190 M 450
CLK T AZES501 10548
60.95 us %2637%1( CLK
16.4 kHz 1412450
L AES50
2637CLK

JE4bED 28% 09% 09% 2.8%

B AT ) 5347 PR A
Kl 7 3847 () S AT AT B A3 b e

Fig. 7 Run times and resource occupancy analysis
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Fig. 9 g-axis current following diagram with model

parameter errors
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6 HEEMPCESERSGHINA
AT GEMPC N 21 DU JiE 376 A FL(unmanned
aerial vehicle, UAV) I #JL328 BR B2 32 11 . 78 SE BRI 55
e AHLE A 2 8] o B g4, (R IG5k DY
JiE 3 TE N MLRE S T 22 Ak [ (115 L T SRR e AT 5%,
BN RIATE & s DAE S H FER G 3] H 5.
RIGUER BEMPC T VETE S 4E T IR RS A
B, AT PR 2 R R AS A X IR AT 55, B AT R
B 124ERZS IV e 3 T8 AHLA I ERER A i i 2.
6.1 DUjieE AN AEER
SR FH SCHiR [28] 7 3 F-Newton-Euler /5 V45 H
(1) VY e 32 T AN LA AR A
mé = mg + R(n)m — diag{d,,dy,d,}¢, (13)
= 07 ) — ), )
Hor: & =[z(t) y(t) z(t)]" R PUIeR T ANLLEHEF
AR R = EALE, n o= [o(t) 0(t) »(6)]" R
T AR R FIRRBL A, m B AL &, g = [0
0 — 9.81 m/s?| TN E JIIEEE, R(n) NHLE AL R R
B FRAR R IR FERE, dy, d, d, NIEFERR S R4,
() NHERT LR RE SRS, C'(n, n) vFHE A
R
WLE 52 i 3 (1) I A 13 o R T4 e 11
JiE % TR

4

=000 k ;ui(t)]T, (15)
ko (—ua(t) + ua(t))
Ty = ko(—uq (t) + us(t)) , (16)
ks (—uy (t) +ua(t) —us(t) +ua(t))

)
Horbrw = [ug (t) ua(t) us(t) wa(t)) N5 e g iE
V*H?%EI’JT*%JE k1,k2,k3jjn%§§&
=[& n; & n), EAWBA G = f (2, u). %
*%ijﬂlié;%rﬁ%i, it Y B AR PRI Ze 1AL,
HEANLPVELR R

Tiy1 = Ay + Biug. 17

BURFERIIAT, = 0.1, 230N
Ay =T+ TV, f (24, 1), (18)
B; = T,V f (x4, uy). (19)

6.2 FHEEMPCEITS5FPGANR
BEARESH P {af, 2t ah ), R

Z, B BRER V) B AR A B IME S 5 B R TU 8 1

W, B/MesEtl S S5 Et s iz 2z, Bix

N-1
min 3, [l = TrpellG + Ny — w'll, (20)
;)

APRIEFHIECR, 4N = 10, LaXUEERE
Q = dlag{lo X I3><37 1x Iﬁ><67 0.1 x ngg}, (21)
R = diag{0.01, 0.01, 0.01, 0.01}, 22)

HAEHEEA L RO < u <12 X 1.

WAk, T ke S SR, 1B a0 B TR
AR LW, A ORUETC AN 224, BE B o AHL)H
Flr = 0.3 miIAL B AR HELRERSY), BILTE AL A
o PR A B 5 RS A AL . ERENI 21, K00
NHVE FEAGYIASAH A TR A A BIE SRS P T N, 1%
FHHZN NS EANEWE ZARITE R
Gyt < gr ANERLR. BTNNKISHELEL T
Fe By, AIAT I Ao, Je NATLI PN A, B N % A
KAATHAAN. ST AHLKR R T J7 0, S AE 7] 47
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/
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Fig. 11 Diagram of obstacle avoidance constraint for UAV
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252 JRES: TH M FPGA FHES 2 A& ReAsi A Fuil 42 1) 1527

B, Hi%05 %05 FHFPGA BHE/D, IX Bt W% 7725 H
E S SR A HIE S AR ).
& 4 TP BATH R LR
Table 4 IP core running time
S Bh/ns IZ4T B 1847 18] /ms 245 /kHz

3.848 22608

0.113 8.846

k5 IPETRERAFLEL

Table 5 IP core resource occupancy

BRAM DSP FF LUT

64 (3.51%) 31(1.23%) 7043 (1.28%) 7482 (2.73%)

6.3 IEHIBERBUEE L

RBSIE L T8 BRI 2R R AG A X 3T 55 Y R
NTHRE — % ZH L, A ZIX 6 B il
IR IEZS AN (0451, 0.2 x Ty IR TR
BLIHFIMPC, FPGA L [ % BEMPC, PIDIX 37542 ]
B I BOR AT A L. SR PR AR L T 12.
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Fig. 12 Comparison diagram of trajectory tracking of

different methods
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Fig. 13 Control input diagram of trajectory tracking
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