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CONTROL DESIGN AND ANALYSIS FOR SYSTEM
SUBJECT TO COMMUNICATION OR
COMPUTATIONAL CONSTRAINTS

ABSTRACT

The rapid revolution of the communication and computational technologies enable a new
trend for the development of control systems, where many emerging systems of new form such
as the Internet of Things, cyber-physical systems, all depend on complex communication
networks and various embedded computing devices to close the control system. Here, the wide
applications of the communication and computational technologies have greatly broadened the
applicability of control systems, while at the same time the constraints induced by
communication and computation are also introduced to control systems which require new
approaches to deal with.

This thesis investigates the design and analysis of two special classes of
communication/computation constrained systems. The mathematical definition of the problems
is given, solutions are proposed, and the effectiveness are verified by numerical examples. The
works contained in this thesis include,

1. The communication constraint problem of multi-delay caused by multi-packet
transmission is investigated. The wide use of the wireless communication makes it
popular for the control systems to use multiple sensors, while the latter causes the
problem of “multi-packet transmission”, i.e., the system output is transmitted via
multiple independent data packets, which then consequently causes the partially
inconsistent delay for the system output, a new challenge for the design. The
mathematical definition of the problem is given, a packet-based active compensation
scheme is proposed based on the predictive control idea, the closed-loop stability is
analyzed, and the effectiveness of the approach is finally verified using numerical and
TrueTime based simulations.

2. The computational constraint problem of lacking computational resources due to the
sharing of these resources is investigated, which is common in systems such as the

Internet of Things where shared embedded computing devices are broadly used. A full
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resource predictive control method is proposed following the co-design idea, which
optimizes the system performance at no extra cost of the computational resources. The
closed-loop stability is analyzed with discussions on the expendability of the approach,

and the effectiveness of the approach is verified numerically.

Key Words: resource constrained, control system, multi-packet transmission, active

compensation, predictive control
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x(k+1) = Ax(k)+ Bu(k) (2-1)
Hrp, xeR",ueR", AeR"™,BeR"™ . XH, WEARGIRSLERETHN, Bi#F A LIE
AT EF MBS AR R 0. ot Bl R E— Rl RS RPRES R A WA (1) 4%
JERER DL 7 ST R ), BRI, RGERIEGNE 5 u(k) SAEHIARE k B 205 T 5 Bds
it BRI, RN LRI
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K, y(k=7'y ), i=1,2,3..., rAAK kB2 H188 NG i MERBRERREER, o'
RRBE Ry, (k=" ) BN HE S AR T RN 7, = (e, T, ] o TERBE— AN B R
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HI AR GOIR S HE R R 2 S P A0 A% SR (U — 2. AL
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X HLI R AR RAS LI EREEL D = o AREEHE ORI MR IE R (2-3) BOL ST
FREATRY .

22 ETRENAGURTER
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B RGEHATRSERE . W FEN RN 2R T REREEN, UARS
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221 RGERESEENEREE
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T EER EN Ay xth-7), XH
e =max{z)  i=1,...,r} (2-5)

T i 330 A P J5 I S 43 B 0 7 2K 7 A T8 99 4 43 1) 2R 06 090 22 604 o 0 R o
H R AT, BRSO 2 A R AR MR AT IR i, YR
AT LA I . ELREOR R A7 I R AR AR, BRI RGEA I, T, <l
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31 R Gk T B IR K 1 B URIR 20
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x, () P08 bk 77 8 it ORI (RTIRT 22E E B R BRAR S Xk —70%) o FEASSCIRI 7 o,
{6 P T T 0 1 R AEARAS B /N 20 ok — o) I U T RGORE, IX
LI sk — o) FORIOIRA R 3 T O AR A, X
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EE RIS, EAR LI Ty ik BT 2 S 0 B A [ B B, e 21
o, (RN {5 [ 5 A b R B AN SE B/,
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yilk+1)=2 A"y, (k)+ B'u(k) (2-9)
j=l

HTLE LN Z], RGH k-7 NZIPTE R GUREE BAGE /3208, PR A% gas Bl
T — 25 (1 Bt R m] DL RN R A

yile=7 1) =Y ATy (k-7 + Bu(k —7™) (2-10)

RHEM k=2 ky, ko RS XA B RIS E B 2. £k 2201, RgihT
AR EMEM e B IPIRS R VAT R &, N I R G AT IR
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HRATEEN, K, EEUe R GIRES ERN A IE ERE B R8T . HIRT

FLJE A AT DL i p R B G 1 S PR T e A IR, 58— Rha] BE 1 SR DR A2 DR A et o
£ ke I Z0 B IS8 BE AR, An SR AR A 1 IR SE KT — MME R I i, X BT BLROR N
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(EHEAT RGORA M E 2L

-13-



/R BN = i el VA9

BT LR R R L R, 1SS 1, —1 i

yilk=o 414D =3 Ay (k=% + D)+ Buk =77 +1) (2-1D)

BCEL (kg™ 4 1) B U PR RIRITE R, 26 I B R R 0 3R S SR AR 257

IR, ARG SRR ERERIE Xy (k- +1)» WIRRGER n] A I EAEA 723
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ok, AT RBARPEB UK A PR TAHIR y (k- 41
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IR (-1 WL, HI<I<opy—r, —1 i, RGMEHE -0y +0) 2T K.
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EREE, T RGORUL, fEr., M%), REAEMIERTE RS SR G R A
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BRH y (k7)) W7 LTI R T %k
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{gwgﬂ, He
SR, 8B A MG R G, TR R MR R B 1 S50
P LB IE AN — B, P TR 1) R T 7 VA 52 (000 R A M B 1 R Bk
[ e AR A AT IR A EEL I, S 42 B AL T LA P S B A IR A M e 0 2 (A
T LB . AR LA GE 6 P B ORH SESk T S B 73, A S PR it

77 HAE R G54 A 25 0 S AR R

(2-14)

2.3 ETHEEIME
231 ETHREOIMESR

IXAN/INGE BT I V8 (1) 5 S A 5 T T THD T 2t P 28 G0 A 10 Al o 4 ) 8 1 1
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G 5 1EE T LS Ak
N=[-%]=max{¢{:{eN,{ <L
_[BC]_ ax<{:feN,; < B (2-15)

EXA W B, Fom — MR R GRS AL, B AR MRS T SLbs b A RS AL
WERVE, KR NZDRT 1R

FEIEHIE T Z AT, B SEg N S AR
R 1 F2EH &P T 450 T b ) 25 (O RE IR MRS A AT N, X BTN Rt
AL TR B ST 3R] PUE R IR K

T :max{rca’k +N$a"} <N (2-16)

X7, BRI b I 2] 2% BUPRAT F45 T8 IR X 2% 155 3 B 4
B 2: EREANMIAIER RS, FEHE . AT S ARG 22 18] 2 & I R 2D 1 HLAH
B2 8] A IE a0 b 75 BT LI TRl A4S
N VA AR SE A T B, X AR PR N DA . SRR, R 1
PN S B N R BB R LY, BRI BUR = A
(D IRIEWEER LA E SN, (2-160 PRNT AR KK,
(2) Mgt R AT AR W R A TP IE A 2 A UDP O Bl i 0
TR A= R, ARGE PN, it i Kt B A v R 2k Ik, fEk
T RAE AN 52 10— JBOR UL R AE IR SiE PN (0 Bt
(3)  FERTERBI LUK AE], B, =368, e MEHE T 1A Mmid i 8 £z HAF
8 fr R Begmhd — M EHIE Mg, TTUFH N =46, XT (2-16) ki, tHRimiz/ L.
M BT 1A 2 (AR, AT 8 B 22 BIMERI S AL R WA 77 +1 %
lfE S R, B

Ulklk—7,,)=[ulk | k=7, ,)ulk+z" | k~1,,,)] (2-17)

MPAT EHERCBIU (k [k =17, ) 25 3t 2R 24 5 42 1 3 PR AT 5 100 I 2 A2 1 ) v i 2
—ANERIEEH T HUTE . SAT AR S R A RS AR

u(k)=u(k |k—1)) (2-18)
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KH7 =7, +7T.,

HARRER S 2-2 fros, AR UE H, M Efl R500, h2 el
T A PRI VA AR T 2542 1) 28 8l R 1) D T 52 i vl DA P 2 sh A2 ) 7 ik gk AT AL 2E

%ggf o HiTE e
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¢~ R4
\ ~
F———___
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R 1 o <
o e SR M I T A >

K32 TR 2 AR 25 AL ) R g8 Bl AME T SR e

232 ETHESHIEHIZET

AT (2-18) AMEAIER] R R AL | —Fhid ] BT 5, AR ] BE SR 1%
Hil RGEVERE I BT TR AT LR ER T 56 O 1 it — DI AC T 5 2 Hh X Rh TV
FEIZ R 73 A 2 P A FH 2 TR i TR ) 7792 (MPC) SRS IE A B 5 £ H )X A 4
L,
FEATEGR W BRI T EAAMER T R, B AR B SCanh
Jk,T;‘A:A;T(k|k—r:ak)Q)7((k|k—r:6,k)+le(k|k—r:0,k)RU(k|k—r:c,k) (2-19)
KRS, RRGIEN 2k FRARRL, O R RSB, Uk |k—o ) RREH
FEHME SRR
Ulklk=z. ) =lutk=7,, k=7, ) utk+N,~1k-7, )T (2-20)
RGRAIIN TG X (k| k- ) T

)_((k|k_z-:c,k) X(k+1|k Tsck) x(k+N |k chk)] (2-21)
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Hep N, R, N, Rz, @8N, 2N, KRERN, >

ST AT A T RS SR AU (2-22) 44ih, 5 SRTUNEE B VAR oL,
LR 7T LB %10,

Ulklk-1,,)=K. x(k-17,,) (2-22)

KT:M (k | k- T:C‘k) - _MTT«,k (FTE,A QFT.:«.A * R)_l FT;,A QET;,k (2_23 )

R E, =[(A™ N (4T, F, gty (B )y A M 5 SO R = R S, X

H (F;':ck )lj = AT:L‘J( +i—jBa ] —i< T:c,k H MT:c,k - [O

m(To™ +l)><mr;_k m(to X+ xm(t™ +1)  m(z™ +1)xm(N, 7o) ] o

2.4 PHHREMSTH
BEANTRINA T, FEWNR 7ETERMEN EMETER R G REN, LA T I
JI R — At EH 2N
£ 2.3.2 FIHE T RGN AL RESEUR I BT AR, k-7, 21, ik R 4% mas
WA x(k — ) BPRRAY B v BB ], — o dE b — oI Bk 7, SR BN 22 Pl g
W, 53— R I 2 A X B 8] 2 N 5 il E e e 2 1) B T A L2 A e B 1)
TR ER . RGN A 72 B AR I A B s v B 5 f R sl 1 T 2
i k—t2%) oy (k=L ) j=1,2,3-7} (2-24)
R T EHEI I 10X BAE 1R A RS OIRES
X (k) =[x(k)x(k =1)- - x(k — 5 Ju(k = Du(k —1)---u(k —7s)] (2-25)

B o(2-19) . Q2-11) « (2-14) " ANy H 7, B ZI PR 386 T 6 4

x(k—-7,,)=A, X(k) (2-26)
H (2-18)  (2-22) RGHEG1E SRS DS H
u(k)y=d. K. A, X(k) (2-27)

KR D RGARYE ] 28 BT B IE 7, MR HFFIU (k [k~ ) g B i i
I T R R
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R# (2-26) F1 (2-27) wJULEH KRGS B P E R

X(k+D) =11, X(k) (2-28)

EKRMAGMEME, A, K. L,

BT BRIPTR N Z, AR AR v A e M W UR R 5 13 R A R G fee
P %A

SF—A (2-1) « (2-2) PR RS, MRFAE—DIEEHEP =P > 0§13
(2-25) FoRMILHEREREARS A, WE (2-13) « (2-18) M (2-22) HHTITIEHI RS
RS T I AN T B L i ) g 2 R AR 9

HTT:‘:,k PHTA‘M - P <0, Hfsc.k ell (2-29)

I TN AE IR B AT AR 5 o e — ARt b 32, 3 Bt AN F i AIE R

BIRIXEAT PR A BT AR R AL R GRADR T, (ER S
FItFH 0 28 oA S (X A RE A T AR AP S R GOR LA 1, Rk, X 45
SRR X R ARG . KON 1 IR DA, Sl 45 mt il DURYE & 2 1l
ARGUIRES o K Ao AR (14 T2 B AME2 5 SR O — b A B R 28 AL 1) A e b 22 B A 1)
R A) 36 PHARE 2R o I Tt Y PR At R 5 58 m] DA AT — M 1 SR HE SR R P2 R e it 3230
A

£ (2-7) Wi T RGN SE LEBUINBBE, A FORE AR 1 B M ZR A A A e ik — 2D
IR, RIAZEE (2-7) WEBE, |~ X ERRGURES E RSB, X R
HAf B ORE RSB EZHIE SN FERE S (BEHAEERN TS o BTk
oLz ht, X R A Ayt BB RGER AR, FOYNE R BT, ANERERZ
A EATUG T RGHIRES . ARRAE T, BT 5 BRI N R E ] fe T Zfh THE AL
BEAH 22 A X AP S PR MR LA N ONBRE T R GUAE (1K

2.5 {ARIEE

FEANFI, 3 AMEH] 7 3k Matlab AM3E T TrueTime T H AR 10/ 575 30N L G IEA
B ERUAR AT, R R TR RS EIEAR B IR AT, g
T UETHEAIL TR I R GRS A R EE
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2.5.1 ETF Matlab BIE{EFE

N T IRUEA T P55 A R, 1K BLARE A Matlab i 7 — DM EUESRIE. A/
T, MSCGRBIR s — AR5, RGNS HBEL

098 0.1
A=
0 1
0.04
B=
0.1

1.5 T T T T T T T T T

————— fe gLl Ik
—— RUWTTik

(2-30)

x,(K)

100

2-3 RGUIRERT LK

N T AT BAG W E AT G A5 %, KRR 7 — B0 % &8I Z R LQR %
| s AA B B 7 VA MO B, X B LQR IR BHHERE IS BB E N K g =[0.7044,1.3611],
BEANEXREFPREAT 1 ACEE, HNARN T RGP IRE B0 75t A A R AR kA R AR Hod
AN IR TS TE 7 AR B ] 88 . RGUARIRER I BRI AE B SRRl B BN 4 NP K
M8 AR, " =3, HRAGHMW YIRS BEN-1, FNBEN, . N, 77508 20
NDRANS B PIRIHAN RGNS RN EIE 2-3 Fras. AEH Rl DG
t, XFEARGORU, A E AR IRIE R G E MERY AT IR T RSt 2 EL4f

-19-



/R BN = i el VA9

IR R e o

252 ETF TrueTime TEFHM{BE

FEAR/NFIRI N B R AT 1Al i m] DU 07 2% AL 32 6] 2R SE ) Matlab T 2 AH
TrueTime, A FHIXFP-F G HIPCHAE T H T DB — AN IE T2, Ot BRI 8 (4 b 2 b 5
INFF& 5L N Hig 5. B 7E 45T Matlab FIEUE SCIRAHEL, 1 T HFE ) X 45 15 48
ANFE I H a7 S B LB s = A, T AR AN HARBL SR A — S P28 A G o DRI T X R4 Y
SR (R 28 LE I S R AE 2R E S SERR R B 37 5t HLE 9% T TrueTime FRSE AR TEZH (1 4 2%
TH S IR SCIREL,

FEARSLIZIREAE DT H o, A TrueTime F58 17— PEIRILE, 25> RIL8 T R 2 18] (1Y)
Heyattid, LLanfe s BIRhilas . P2 8% BUPAT E5 2 18] (1) ohs #02 A2 XU HE R IR 10 2%
TR . AR SIE RN LT 9 LQR Uik, SIS HINALE b, O TR
g, BIER 7 HEHTE SN BT SRR, X BT AME T 1 AR iR R 1 I g
FEEERE 1A — 2%

ARG EFZEIE TR — A RGP

-3 -7 =5 1
X={1 0 0 (X+|0|u
0 1 0 0

R Bl Sms DR A AT B 2 5 B 20~ — MRS = TR CXBE R 7RG

(2-31)

REER) -
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x(k+1)=| 0.0050 0.9999 —0.0001 |x(k)+| O |u(k) (2-32)
0  0.0050 1 0

MBI RS 22 (8] 7 FE AT AR AR SR FPIRS 2 TR b 5 A =/ MIRSE R . AR
Hrf, RGN =AW 73 5 B A R 0 A% S e SR S8 I 3 e B g 1 e 36 B2 4%
T, BEMERE RAEE IEy Sms. 8 A% RS KGR HOE X R I 3E 2R 24 i 1) R 4t
I 18] LA TRLER R 1 3T Ak — A Bl A o S22 889 AR BRI BIA% I s 1O B N i i ¢
SAHTHT R GEN 8], I 20Re 24 i TR A [ 0 P TR AR 9 LA ST BOACHE M A% A% 28] 422 il 25 )
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FREIERT s SR ARYEIX A REHEAT RGOS E R H BRI E . BOVH BB IR
gt X HREIREM T ARER URIBGE R (T RO K. BRI 08 REHD K ., 55

T
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T
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K 2-4 RGREKE
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] WLAN (802.11b) MI%%, 25 b 2| Sz pr N FH A (R4 5 i, I HUKs 5 St 2% pB 3t 2 9 %
HAHN 5%, BE ML 2N 800000bits/s. [ 2-4 JEAEF T WIRl 521 R GUIR A BRI

AR XS EE I, 1 2-5 DRI 7 iRAE 2 T 251 00N B R Ge AR a8 BHE S U SE 7.
B 2-6 NPIRN VAL T IR 28 16 B0 T 1) 2R Sed il 3 BT 2 I I EE 7, o A AR A i 25 7 DA
Al MEHIAE T NVARAE CRIUE R GUAS € PER AT ST T8 5 0 2 5 4 1) 42 i 12k e

2.6 AT

AES T — TP AL T X 25 A0 1) R 0 2 A A% A I e P A S, R et 22 Tt
BN LB AMETTIER BN 2 AR I RE TP A AE 2 DI E I S . AEBEHEZ R A S i AP
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£3F HEHRRBRZRERRZENEFIFETMNREHTEE

FEAR AT, R T — AN 1) T 52 R 0N 28 425 1) 22 0 1) 4 T 00 T 42 i S gk B L 428
SRk ZHISE R R 7R BRI R I AR i, RIVAERE L 2 R] TR B AT
REMNTEAL, BREEMIAS TR ANEA RENRI A, DIt al BLE A X 285 A 0 o
PERBEAT IR A HT F I, X — S L Boga 42 ] R G R T SRR, (HIE I 3
EFE I WA A LRI B 1 S S (P R GE T fE

BT LR RR, E e E ST AR B AR N R, B PR T A BRI 4%
SRS s SRR XIS AT SE3EAT T AERE AT IR AE A 1 IO S IR T R e e i T
M7 SRR E Vs Bl ) FO S A SRS A SRR AT 1 SRk .

3.1 [e)REfEA

ERFRINET, EEFE T —RKEH RGN KRG HABAA A/ IR 5 5
Yt AT RE SRR R T RIS R TR OL . X BTN CIVEH R, WnlE 3-1 FroR il
—AMEHI RS, HEGHRE BB R T > Rk

x(k+1) = Ax(k)+ Bu(k) (3-1)

XBEM x(k)eR" u(kyeR",AcR"™",BeR"™"

FEWE 3-1 1, AR T 75T H] R GRS as T RAT S 2 4h, BB AL R Gk
BEREAMET . BT EBEBOTTERAIARSEIR, MR RIS LR O
EAMFAB R B AT IR, WAl G BT RE IR R G IL A 2 AME I R g4
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