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= Real-Time Control Systems

 Controlled by one Computer Processor
— Centralized control systems
— Real-time operating systems

» Controlled by one Communication Medium
— Distributed control systems

— Real-time communications
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« Abstract:

— The use of a data network in a control loop has gained increasing attentions
in recent years due to its cost effective and flexible applications.

— One of the major challenges in this so-called networked control system
(NCS) is the network-induced delay effect in the control loop.

— Network delays degrade the NCS control performance and destabilize the
system.

— A significant emphasis has been on developing control methodologies to
handle the network delay effect in NCS.

— This survey paper presents recent NCS control methodologies.

— The overview on NCS structures and description of network delays including
characteristics and effects are also covered.
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= Networked Control Methodology:

Assumptions
. Augmented Deterministic Discrete-Time Model Methodology
. Queuing Methodology
. Optimal Stochastic Control Methodology
. Perturbation Methodology
. Sampling Time Scheduling Methodology
. Robust Control Methodology
. Fuzzy Logic Modulation Methodology
. Event-Based Methodology
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. End-User Control Adaptation Methodology

Tipsuwan & Chow 03 04/02/04
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= Assumptions:

— Network transmissions are error-free
— Every frame or packet always has the same constant length

— The difference between the sampling times of the controller and

of the sensor, called time skew A, is constant

— The computational delay ¢ is constant and
is much smaller than the sampling period T

— The network traffic cannot be overloaded

— Every dimension of the output measurement or
the control signal can be packed into one single frame or packet.

Tipsuwan & Chow 03 04/02/04
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Augmented Deterministic Discrete-Time Model Methodology e rressanecule

= State-Space Model:
» Continuous-time plant
x(t) = Ax(t) 4+ Bu(t)
y(t) = Cx(¥)
» Discrete-time plant
x[k + 1] = ®x[k] + I'ulk]
ylk] = CxIk]

d = AT
{ I = (/g eAndan)B
* Discrete-time controller
zlk + 1] = Fz[k] + Gwlk]
vik] = Hzl[k] + Iwl[k]

Halevi & Ray 88, Tipsuwan & Chow 03
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Augmented Deterministic Discrete-Time Model Methodology i ee aaseneras

» State-Space Model: wlk] = ylk =i, i={1,.N}

ulk] = vlk - 1, j=(L- M)

1 Actmstos 1 Aspmiss

x[k+1] = ®x[k] +T§ vkl + T§ vk — 1] 4+ --- + Tk, v[k — M]
ylk] = Cx[k]

zlk + 1] = Fzlk] + Gwlk] = Fz[k] + Gyl[k — i]
vlk] = Hazlk] + Jw[k] = Hz[k] + Jy[k — i]

Halevi & Ray 88, Tipsuwan & Chow 03 04/03/04
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Augmented Deterministic Discrete-Time Model Methodology | ce rrcsss netcris

= Augmented (Closed-Loop) State-Space Model.

- 1 [ k k k k1T
Yk C Yk—-1
; 1 H
Yik—it+1 Yi—i
Ye-N41 = I Yk—N
Zk41 G ¥ ik
Vi J H Vi-1
: I :
| Ve—M+1 | | Vk—M |
I
Xe+1 = Zp X
Halevi & Ray 88, Tipsuwan & Chow 03 04/03/04
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= Augmented (Closed-Loop) State-Space Model:

Augmented Deterministic Discrete-Time Model Methodology . ce ~rearson © 210

= Augmented (Closed-Loop) State-Space Model:

— For periodic delays: T K = Tk
olo ... o|rkH[T} ... .. Tk, Xet1 = Ep - X
c rka] ol o v& oo - o]
I 0 Xipt141 = Ept1 - Xgt1 = Epgr - (Ek : Xk)
= I _|_ 0
= F _G
J
H — = =
. 0 Xpp14K = (Sptx - Sx ) Xi
0
I = Xk
— The closed-loop system is asymptotically stable
if all the eigenvalues of Q are contained
within the unit circle
Halevi & Ray 88, Tipsuwan & Chow 03 04/03/04 Halevi & Ray 88, Tipsuwan & Chow 03 04/03/04
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= Deterministic Predictor-Based Delay Compensation:

o, )
(z) L () (k=8 +1) i(k+p)
Ohbserver Predicior Controller

Network

____________________________________________________

: 4

k !

Actuzlor FI[;:D:DI
o

Fig. 7. Configuration of NCS in the deterministic predictor-based delay compensation methodology.

Sensor ‘ Flant

— FIFO queues with shift registers Q, & Q, of sizes u &
e Past measurement: 7, = {y‘;ﬁ_é,yk_é+1= . }

e Oberver estimates the plant state xX;,_p41
e Predictor uses Xj, 41 to predict xp4,

e Controller computes predictive control ugy,, from X,

Luck & Ray 90 & 94, Tipsuwan & Chow 03 04/03/04

* Probabilistic Predictor-Based Delay Compensation:
:lj:L(AL Predictor 1) Controller u(k)
1

\ 4

! Network

<« Sensor Plant Actuator

Fig. 8. Configuration of NCS in the probabilistic predictor-based
delay compensation methodology.

— FIFO queues with shift registers Q, & Q, of sizesp & 1
e w, = wj_1,0r anyvaluein {yk,yk_l, e ,yk_#}
e Predictor estimates X, by

%p = Po(®" twy + W;) + P1(®'w), + W,y 1)
0, i=1
W, = { [r,cbr,“ 7¢i—2r] . [u£_17u£_2’m ’ug—i—i-l]T: i1

Chan & Ozguner 95, Tipsuwan & Chow 03 04/03/04
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Optimal Stochastic Control Methodology _Fenguum oz
- l h
= Assumptions: _ " " |
ﬁ&?ﬁo 'l—m| Process |—» :(I_}l;gr

e h: sampling time

e 75¢,7°%; communication delays : . rz‘E

independently randomly varying

Feng-Li Lian © 2010
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Process
= CT & DT Models: 'TT\I_,H
T
x=Ax+Bu+v - AL |,

ERE
r

e s et |
f
L

T . i
. . . . . . Process i 0 5
known probability distribution Controller | 4 '“"‘“‘T ' . =
w0 T ik (k+1)h .
-
o T5¢ 4 7CC < h T = [ : ] Xp+1 = Pxp+ To(m)ug + Ti(mp)ug—1 + vi
,TC(].
k Ye = Cxp+wy
e 7¢ controller compuation time P — (AR
. . . T — gt Angn | B
e v(1),w(t): actuation & sensing noise o) = | [ edn
. ; . I
with zero mean, covariance matrices Rq,Rqo () = /}’” . mc"\’idﬂ)B
LT =T
Nilsson, Bernhardsson, Wittenmark, 98 04/03/04 Nilsson, Bernhardsson, Wittenmark, 98 04/03/04
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= Information for Controller Design:

e at time k:

_ sc ,_sC ca ca
y}u - {ykay-‘c—la ey W1, W2y ey T 3 T 9y oy Tl Ti— 25 }

= w = f(Vk)

e Choose the following cost function:
X;v r X,"
w) el

Q={Q” Qlﬂ, Q>0, Qu>0

. N—-1
-]N = E{X}\r QN XN} + E Z

k=0

Q21 Q22

Nilsson, Bernhardsson, Wittenmark, 98 04/03/04

= Optimal State Feedback Law:

o If y, = x;, i.e., noise free measurement:

Xk
‘1I-.— 1

L) = (Quo+8%%) [ QL+ 82, 57, |

= uy, = —L(73%)

Siaa(17) = B { G (798Gt ) | )

s __C0Y — ¢ PO(TI':{:= T:Sﬂ) PI(TI':C= Txfﬂ)

Sk(r{%) = Epe {F'{(»r;f)qm»rm + F%‘(»r,:fﬂsm(cr,:'“)Fz(TsC)}

I O
ECY I 0 S0 J— QJ O
Fi(m%) = { —L(7) ] Fao(r%) = SL(TEC) ] Sy = { 0V 0 }
Nilsson, Bernhardsson, Wittenmark, 98 04/03/04
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Optimal Stochastic Control Methodology

= Derivation of Optimal State Feedback Controller:

— X
= Zp = ey

T
T U Xp, Xp T
z. Sz, + ap = min Erse rea v, { { W } Q { L } + Zk+1sk+lzk+1}+0ﬁk+1

X X

T
= FE_semin E_c d ZI Si1Z ‘ 5 o
T g ThoOVk {[ uy } Q { W } + Zi41Sk+1Zk41 i ok

T X T X
=Fsemind| | Q| ™ |+ | w Ses1(79) | we
hooag uy uy
Wp—1 Up-1

+ag41 +tr {S]%_li_lRl}

Nilsson, Bernhardsson, Wittenmark, 98 04/03/04
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Optimal Stochastic Control Methodology

= Optimal State Estimation:

— To minimize £ {[xk — %] [xx — Ra] | yk}

= Xy = Xpp-1 + Ki (Yk - Ci;.-.“-._l)

Kepie = P Xyp-1 + Tolmp)ue + Ty (1) up—1 + Ki (.Yk - Ciw.-_l)
Xo|-1 = E (X0)
Piys = ®P® +R; ~@P,C" [CP,C" +Ro|  CP, @
Po=Ro=F (xoxg)
K, = ®P,C" [CP,C" +Ry|

K, = P,C" [CP,C" +Rao|

Nilsson, Bernhardsson, Wittenmark, 98 04/03/04
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Optimal Stochastic Control Methodology

= Separation Property:

N Xp+1 = Pxp+To(mpug + Ti(mp)ug_1 + v
Yk = Cxp+ wy,

- {i’!"“" = iklk—l + Kk (yk - Cj‘ik”.\__l)

= L) = (Qo+8%1) | QL+ 5%, 5%, ]

Nilsson, Bernhardsson, Wittenmark, 98 04/03/04
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Optimal Stochastic Control Methodology

= Example:
dx [0 1 0 957 M) = EDG] =0
7 P Rl e N e BT R - ¢ (5 )

y=[2 1]x+7. E[n(tn(t)) = 8(t, — t).

&(t) and n(¢) have mean zero and unit incremental variance.

&

J=FE lim l/ (xTHT Hx + u?)dt,
T—ix’T_O

H=4v5[v/35 1]

h = 0.05

r;° and 73" uniformly distributed on the interval [0.ah /2]
0<a<l.

Nilsson, Bernhardsson, Wittenmark 98 04/03/04
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= Example:

« Comparison:
— An LQG-controller neglecting the time delays
sp(® —T'L) = {0.700 £+ 0.0702;}
sp(d — KC) = {0.743,0.173}.
[38.911]T [ 2.690 ] -
8.094 —4.484 |

2.927
[ —5.012]
a small phase margin, ¢,, = 10.9°
the stability limit o,; = 0.425
— An LQG-controller designed for the mean delays

— The scheme with buffers proposed in Luck & Ray 90
— The optimal stochastic control

Optimal Stochastic Control Methodology U gL Lan © 2010

x10"

2
= Example:
1.8F Design neglecting time delays

Monte Carlo Simulation | |

of 2 - 10* samples

Loss
-
T

Optimal controller

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o

Figure 5.4 Exact calculated performance (solid lines) of the four schemes. and
simulated performance (dashed lines) of system (5.43) as a function of the amount
of stochasties in the time-delays. The time-delays are uniformly distributed on
[0,k f2]. For e > 0425 the controller neglecting the time delays fails to stabi-
lize the process.

Nilsson, Bernhardsson, Wittenmark 98 04/03/04 Nilsson, Bernhardsson, Wittenmark 98 04/03/04
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h

Actuator S Sensor
node | |P10CE‘:5 ‘ node I

‘ Delay

ik —
Delay
AN
Controller | g

node Delay

L

L

qLL aMM GHH

Xp+1 = A(r)xk + B(r)u

Up_1

= uI__ = —L(’r;fc, 'r‘g,-) { ):k ]

_ _ _ _ . Relr
XHF.‘. - xi.‘.|k—1 + Kk (}’L - Cx}.‘.“‘—l) = u,f.: = _L(Tﬁfca 'f'A-) |: u{'“\l ]

Nilsson & Bernhardsson 97, 04/03/04

= Nonlinear CT Approach:

— For obtaining Maximal Allowable Transfer Interval:

command
Controller Plant y

a _’Q _ | xp(2)
xc(t) xp(t) x(t) = x(t)

Network
N —
juneled Y (1) = y(t — 7°) “""“‘“": e(t) = y@)—y(@)
y network network
traffic waffic |

x(t) = f(t,x(t),e(t))
e(t) = gt x(t),e(t))

= Find a bound p, s.t. 7% <p

Walsh, Beldiman, Bushnell 01, Tipsuwan & Chow 03 04/03/04




Perturbation Methodology

= Problem Formulation:

() = £ (L%, u(0)

y(t) = gp(t,xp(t))

%(t) = f. (t,xc(t),ff(t))

u,(t) = g (t,xc(t))

x(t) = f(t,x(t)_.e(t)
et) = g(tx(t),e(t)

{#(t) = h(t=(t))

Walsh, Beldiman, Bushnell 01

)
)

Feng-Li Lian © 2010
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o Comoller .
=) )
be(t)

' |
| wmrelaed o t) = t— 75¢ ull;:i;l‘:,d |
¥ y®) = = |

e(t) = y(t) —y(t)

_ | xp(2)
K(t) o { xc(t) }
oy — | x(®)
z(t) = [ e(t) }

f.g,h are globally Lipschitz
with constants kg, kg, kp,

04/03/04
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Perturbation Methodology

= Perturbation Approach:

e Consdier e(t) as a perturbation
eIfe(t) =0, ie., y(t) =y(t)

e Exist a Lyapunov function V(t,x) and ¢; > 0

Al < VEx) < olx?
oV oV 5
—— —f(t,x,0) < —

o S f(x0) < —esllx]

ov

- cq||X
< el

Walsh, Beldiman, Bushnell 01 04/03/04

Perturbation Methodology

= Lemma:

Feng-Li Lian © 2010
NTUEE-RTCS33-NetCtrl-27

* Consider a static or dynamic network scheduler
starting at time t, visiting each node at least once,

with integer periodicity p,

maximum allowable transfer interval t,
maximum growth in error e(t) in t seconds

strictly bounded by B € (0, c0)

* Then, for any timet>t, + p ,

the error is bounded as |le(t)|| < B p (p-1) /2

i.e.,

Walsh, Beldiman, Bushnell 01

P
e < B = |le@®)||<Bp(p—-1)/2<p (ZJ‘)
j=1

04/03/04
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Perturbation Methodology

= Theorem:

* Consider a NCS whose continuous dynamics are
described before with the control law designed
so that the set of Lyapunov function properties is satisfied,
with p nodes of sensors operating
under static or dynamic scheduling of periodic visiting,

A maximum allowable transfer interval that satisfies

r<min{ (In(2)/knp), (5/8), (Ses/32kgca)(er/e2)¥? |

P -1
Where G— ( (Vea/er 4+ 1) ky (X 5) )
i=1

* Then, the NCS is exponentially stable

Walsh, Beldiman, Bushnell 01 04/03/04




. Feng-Li Lian © 2010
Perturbation Methodology NTUEE-RTOS33.NetCH1.20

= Sketch of Theorem Proof:

el (22). ) () (2))

In(2)
kpp

T< = kT < 2

T<§=>’T<S
27 1
— <

3/2

5{23 (&)

T =
< 32kjcq (02)

. Feng-Li Lian © 2010
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= Sketch of Theorem Proof:

e For any t € [tg,tg+p7], by Bellman-Gronwall,

= [lz(D)]| < P ||z(to)]] < 2]|2(to)|
= lle@®Il < [lz(®)]|

< [h(t,z(O)I] < kpll2()]] < 2 ky, [[2(to)]|

27k |l(to)ll < 27 ky (14 /eofer) llato)ll = 5

P 2T
1 = lleCto+pnll < B[ > izl = —llz(o)ll
_ 1 2 s
2
Walsh, Beldiman, Bushnell 01 04/03/04 Walsh, Beldiman, Bushnell 01 04/03/04
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= Sketch of Theorem Proof:

le(®)]|

= { V(t,x(t) < 4dcllz(to)]]?,  Vt>to

A

(o), Vi = to + p7

Ix®Il < 2,/2|z@t)ll, Vt>to
oy = VLY
V(x) = 5t + o f(t,x, e)
ov ov
- E —l_ & (f(t,X,O) + f(t,X, e) - f(t,X, 0))

2
= —c3 [[x||* + ca [|[x]| Ky [le]|

Walsh, Beldiman, Bushnell 01 04/03/04
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= Sketch of Theorem Proof:

e At a time t > tgp + pr1

Vex) € = 2Vexo) + ke g [2 ol

co S
e By Comparison Lemma and
— €3 — L ar [E2
s let o oo ad =4 kycy g ‘!(:1

V(to+t,x(to+1)) < |lz(to)]? [c—“(*—"’>(4c2 —8) + 6]

— Fix t1 >pr, s.t. e 17 < §5/(4cn — 6)

Vito+tx(to+1) < 23]lalto)]?

Walsh, Beldiman, Bushnell 01 04/03/04




Perturbation Methodology
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= Sketch of Theorem Proof:

e Based on the Lyapunov bound & the bound on 7,

Ix(to +t)I| < ffmuwusém@wn

e Because

l|lz(to +t1))|] < [Jx(to +taDI + lle(to + t1))||

IN

Sl + Nzl = > llaCto))]

3 k
= llatto + k)| < (5) llaCto)l]
= exponentially stable

Walsh, Beldiman, Bushnell 01 04/03/04

Perturbation Methodology

= Example:

5 8

Percent of Simulations with Bounded Errors

] 001 3 003 [
plsec]

Fig. 3.
loses stability when g is around 0.015

Walsh, Beldiman, Bushnell 01

Single link: the percent of stable cases as function of 7. The system

Feng-Li Lian © 2010
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= u: mean of Poisson distribution
* Theoretical value: 0.001

» Experimental value: 0.015

o) [ 15 ] 3 Ty 0 4 s

28
sec)

Fig. 4. Single link: stable (p = 0.01) (solid line) and wnstable (p = 0.05)
(dashed line) trajectonies.

04/03/04

Robust Control Methodology

Feng-Li Lian © 2010
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= Robust Control:

— Network delay formulation:

76, T are bounded and € [Tyin, Tmaz)

" 1 1

™ =3 (Tmaz + Tmin) + > (Tmaz — Tmin) 6, —1<6<1

= constant delay + uncertain delay

1
- (1—04) Tmam+()éTmaa;5, OSO{SE

— Delay approximated by the first-order Pade approximation:

6—1-“.9 e—s(l—a)TmaI c—safmm(f

Goktas 00, Tipsuwan & Chow 03 04/03/04

Robust Control Methodology

= Robust Control:

Feng-Li Lian © 2010
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— By the first-order Pade approximation:

e—‘.l'n.‘} 6—3(1_0’)7111(11 E—SQTmu:c(s
1— STH/2 1— .r_.,(]_ — Q)Tma:c/2 1-— SCETmaxé/z
14 s7mn/2 14+5(1 —a)Tmaz/2 1+ saTmazd/2

1-— 3(17771(1,;1’;6/2 1 + (

1 + S(}.’Tmax5/2

QTmaxs
1 + (.l’TmaajS/3.465

=1 + I’i’fn],(s)A

Goktas 00, Tipsuwan & Chow 03

04/03/04
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= Robust Control:

l'l—\{l—cxjt,,‘.,\ :]

=
1+s(l-at)u,,, /2

Fig. I'1. Configuration of NCS in the robust control methodology.
>H__ design and p-synthesis can be applied
to design a CT controller

Goktas 00, Tipsuwan & Chow 03 04/03/04
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Fuzzy Logic Modulation Methodology

= Fuzzy Compensation of DC Motor Control over Network:

Fuzzy
Modulator

rit) Pl uc(t =T e ] 1)
+ Controller motor L
= - Network
y(i=1") =

Fig. 12. Configuration of NCS in the fuzzy logic modulation

methodology.
,u‘(‘c’)
1| Hsuaenle) My ipe(€)
»-c
0 a, a,
Fig. 13, Membership functions of e(r)
Tipsuwan & Chow 03 04/03/04
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Event-Based Methodology

= Networked Control of a Robotic Manipulator over the Internet:

Planner Controller [ N ¥ Actuator | Plant [ Sensor "(I)#
L e
t
’ w
(&}
Motion T
reference  |[€—
mapping

Fig. 14. Configuration of NCS in the event-based methodology.

Tipsuwan & Chow 03 04/03/04
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End-User Control Adaptation Methodology

= End-User Control Adaptation:

» Adapt Controller Parameters with respect to
— Current network traffic condition or
— Current given network quality of service (QoS)

» Example: PI control for a DC motor speed control

[ Network throughput, maximal delay bound ]

Fig. 15. Cost surface with respect to controller gains under different QoS conditions.

Tipsuwan & Chow 03 04/03/04




End-User Control Adaptation Methodology

= End-User Control Adaptation:

350 : T
QoS! = [38400 bps, 5 ms ]
300 b S .
250 F.-... - 2O SYSPIpRp o A J
: 'Q0S? = [19200 bps, 8 ms
200 . Q[p ...... ]_

10 g A Without adaptation

+  With adaptation

100f------ o S EEEE 1
Motor Speed (rad/s) . ;
BOF--------- e B RIS 4
0* H H H
0 2 4 6 8
Time (s)

Fig. 16. Step responses of an actual networked DC molor speed
control system in the end-user control adaptation methodology; x :
without adaptation. +: with adaptation.

Tipsuwan & Chow 03

Feng-Li Lian © 2010
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