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Implementation Methodology of Control Algorithms for Fixed-Point Microprocessors
— An Application of VMM to MRACS —

=
H

Tatsu

i 5

YA

Aoki

Abstract:The methodology we propose for realizing energy and space saving model reference adaptive control system
(MRACS) is based on pulse width modulation (PWM) with a modified delta operator. The dynamic calculation range
is at least twice that of the conventional range in fixed-point arithmetic, making it very useful in mechatronic systems

because complex control algorithms can be implemented in short word-length. The present paper is aimed at applying the
methodology named VMM to MRACS and verify the availability of VMM. First, the outline of VMM is described. Next,
the implementation procedures of MRACS based on the shift operator and VMM form are shown. Finally, both methods
are compared on the first-order system. In the case of a 16 bit word-length both responses are not different from those by
using floating-point arithmetic. In the case of an 8 bit word-length responses based on VMM are almost similar to those by

using floating-point arithmetic unlike the conventional method based on the shift operator. Thus, the availability of VMM

was made clear in the case of a short word-length.

Keywords: Delta operator, Digital control, PID control, Variable modulation method, Mechatronics, Dsp

1. [IUBIC

&5 )L A A B 55 IS i #8 5R (Model Reference Adaptive
Control System, MRACS) Tld, 71— R/)Nw Z#l#HZD
FHENET IV ORI BT HEDICT 4 — BN I 51
CEHBMICHETTS. T o EEBNICHETT 57291
i, WEZERICY>TY LT, EORBHITEDINT
MOHEEZESHEICHETZLEND S, LML, &SEy
ST UTHIEFRTIE, 7 AR —=FATE DWW
7 IVT) X LDBERCAREICRD 0, iRk
MARREITRD. ZORENARZERZEHMT2FIEEL
TFNIF R =7 §ZAN=FENEH TH 2D,

—7, EERTIIHEH AT LB RIIVFL, &2
R—=2Mt, KX MERENEREIND 20D, FEE/ NS
Ao otyNERINTNWS. LarL, BEE/NNL
MEEORNY A FI v I L P TIEITINY AR — 3
S OEMENRDN D), 2T, EENCRIEREICH
WTHTINIAR L =2 a VNEERD LI BTE £
BAFREVMM)MRIRES =17 AHRCTIELRRIC
B9 A5MRACS#HiliIz, VMMOENEZS I 21— 3
K OKRFET 5.

WIEREFIEE bODI< 0 L¥ER

b, Ym
> o
r 1 -C
O—>
f }
- + b
! L, [ S?Pu;
k, |-
Fig. 1 MRACS

2. TIIARV—=FZ[CEDWEHIEZIVTUXA

DI RARL—=FAHEDWEHIET VT XL TIE, &
W LIERICEDWTHEZ2ETT 5. ZHITHLT,
FNIFRL—a >TiE, 27D TREETET S
L, BE'ORDVICST!, ThbbE, EOEEETD
WEIND 5.

8 '=T

— )



120
. Float. —=
r \ 2 __.}-'-"" ]
40 CShift i ]
r B 1
oo N AEA
g A 2
8 40 > AL
2w VMM
-%";ﬂ> z
-120 Lot

-100 -50 0 50 100
Input

Fig. 2 The extension of the dynamic range at an 8 bit word-length
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Fig. 3 Digital controller based on the VMM form
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RANDKOKXA) EHT X O T )L TY XLNKRE

5.
O = (=Dkiee—m (a'x})
W = m (k(,b’x,l)
- U — Ug—
B (—1)f . k—1
1
w = m
k ok
Xy = —x—m' (Tix))
Uy = i (20)

"if else’ U R ThDOEDMEE N FTEN THE ST &
THZEICKD, EERBIIEROTINY AL — 3
R EERKROMER ERBIRTINA ISNA T 4 VY
WEZIMA-HEEICRD, FEFREERS.
322 FMEHEH,(z), Hi(2)
Hy(z) E[ABRICz = —z 2RA L%, DIFNOEETIVSY
FXRL—=FZ2HNn5.
& =-z7-1 1)
M8L D RXDOHE 7 I T XL RES.

O = (=Dke

X —x;
. )N T M
(~1)f 2=

p— 1 17
u, — m k,'ko Uy

xppr = —xp—m' (k,bx}) (22)

Table 1 Scaling

Shift form VMM
k K k T K
H(z | o.1 10 1 0.1 1
H(2) 0.5 2 0.5 - 2
H, (2 1 1 1 - 1
15 — T
1 £ Float 1
305 AN AN /
AN LN
NSNS
- [ \_-/.1 \{i
.1 Model
0 1 2 3 4 5

Time s
Fig. 9 Model and plant output

4. VMMOERNEDIREE

41 ETIDOFRE
MRACSDOET IR T T > ks DRZEBE ZE K (23)
24)ITRT.

e EFI

Hi(s) = — @3)
e 7S5

Hi(s) = o9

42 vZalb—23arv

T2 al—3aizid, Matlab/Simulink & UFixed-point
toolboxZ W=, F£7/z, 27U 2 EMTIZI20ms,
B o35 L. RUCEE/NNUSERICBITS A
F=)VEHERT. BB, TFIWIERF—IV RICKDEE
kL, 7o MIEREMREL TSI alb—2a >
2EFTLE. MIRUKI0IZMRACSDIGE 21T, &
Moty FOHE, mMPEOMICKEER TN 2.
LML, FBEMSE Y DR, 74 70—IlL2ER
BMEDED, T2 NNETIVICEBRTE T IREZMNE
KLU TWwolz, 207D, RECEDWTT A > 2
THEMHEEICBWTAH—NTO—0FAEL, 75> b
OHARETINOHNICEBRLBL/E2k. —H,
VMMTIINA 7 Aw 228 LBEY, Be/NCEE
DFEITEVINENME S 1, VMMOAENMNED MR I Nz



L5 [ Word length:16bits J
[ E— Shift ]
£ A4 Plant <
/N NS
c NS NS
Fos LN N
1 ;Mode
15 °f
0 1 2 3 4 5
Time s
15 T Welrd lengihie16bits
i T R Delt ]
@ E y rlan [\'-. /’§
g 05 ¢ \V4 v/
8. 0 3 Y i 1
4] £ \ A 1
Eos o A NS
. [ ‘._/l \{f
.1 Mode -
15k
0 1 2 3 4 5

LS o S ord 1dngtheshils 7% ]
1C Shift P
L P I 1 |
2 05 /let ™ ’ \“’r”
g U 3 H i ]
=S N AN A
E ] il v ]
Zos N MY .-U/‘-f
1 -Model \“"' o\ \
3 .\_'l Y
1.5 - -
0 1 2 3 4 5
Time s
LS ¢ Word ‘lenlgtil:‘Sl‘)is
1 = Delta
3 /\-__ f"‘
1

Response

=
]

=

0

=

el

| e
—

-0.5 {‘\"-Z"f \V;

1 Meod
-1 HV1oW

15 e

Time s
Fig. 10 Model and plant output

5 # B
BEFIVIERIZEDWEHIEY VT X LADOFEETF
#HTH 5 VMMOAENEZMRACSICE L THEEL 7=, 3
Ial—a o, EENEVEETHVMMIZEE
DT RARL —FIZEDSWFiEE AN TEHE 7))L T
ZLEERECEETES 2 &b 7.

(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]
(9]

[10]

[11]

(12]

(13]

(14]

(15]

(16]

[17]

(18]

2 Z X M

R. C. Agarwal and C. S. Burrus: New recursive digital fil-
ter having very low sensitivity and round-off noise, IEEE
Trans. CAS, 22, 12, (1971) 921.

R. M. Goodall: High-speed digital controllers using an 8bit
microprocessor, Software & Microsystems, 4, 5/6, (1985)
246.

R. H. Middleton and G. C. Goodwin: Improved finite word
length characteristics in digital control using delta opera-
tors, IEEE Trans. on Automatic Control, 31, 11, (1986)
1015.

R. M. Goodall, “Minimisation of computation for digital
controllers, Trans. Inst MC, 11, 5, (1989) 218.

R. M. Goodall: The delay operator z~' - inappropriate
for use in recursive digital filters?, Trans. Inst MC, 12, 5,
(1990) 246.

R. H. Middleton and G. C. Goodwin: Digital Estimation
and Control -A Unified Approach-, New Jersey:Prentice-
Hall, (1990)

G. C. Goodwin and R. H. Middleton and H. V. Poor: High-
Speed Digital Signal Processing and Control, Proc. The
IEEE, 80, 2, (1992) 240.

SHEEME, W B2 T YIS AT LA
—TIWEF XL — O fl—, FEE, (1992)

BA 3L @Il B, EE T Ml - SR
HEBEOZDOHIE T I T XRS5 (1
W) —BIET Y F XL —F DIRRE—, WE LR,
62, 3, (1996) 69.

T. Aoki and N. Moronuki and Y. Furukawa: A study on
Controlling Algorithm to Realize High-Speed & High-
Accuracy Control Systems - Proposal of Modified Delta
Operator -, J. of Robotics and Mechatronics, 9, 6, (1997)
446.

T. Aoki and Y. Furukawa: Proposal of Modified Delta
Operation with V.M.M. and its Application to Control-
ling Algorithm in Fixed-Point Arithmetic, Proc. of Fourth
Int. Conf. Control, Automation, Robotics and Vision
(ICARCV’96), (1996) 2356.

BA L W B - SRR O 20
DOHET IV TV X LICBET 2058 B2 M) —ERE
HTINE AR — 3 > DRE— HET PR, 63,
2, (1997) 213.
BA N, I B A - @R ERIEEE O
DOFIHT IV TV X LICBT B8 G 3#H) —A8E
ATI Y AR —2 3 > ORGEHIE R\ OWEH—, K
PR, 63,5, (1997) 689.

T. Aoki: Implementation of Modified Delta Form for
Microprocessors using Fixed-Point Arithmetic, Proc. of
American Control Conference, (1999) 4056.

BAR L BETIVYERICE DV A TH—NDOE
BIC K D HGE — SN~ 1 707 0ty YITiE
L7z )V 5 B3k —, SRCER TP Rt e S S P et
FeLEE, 1, (2007) 15.

T. Aoki: Implementation of Fixed-Point Control Algo-
rithms Based on the Modified Delta Operator and Form for
Intelligent Systems, J. of Advanced Computational Intelli-
gence and Intelligent Informatics, 11, 6, (2007) 709.

T. Aoki: A Reduction of Round-off Noise Based on the
Modified Delta Form for Fixed-Point Arithmetic, Proc.
19th Int. Conf. on Noise and Fluctuation, (2007) 724.

S. Sastry and M. Bodson: Adaptive control, Prentice-Hall,
(1999)



