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Abstract. T raditionally , con trol algorithms are designed without a con-

sideration of their real-time implemen tation details. The p erformance of

a digital con trol system b esides the sampling p erio d dep ends on man y

v ariables, suc h as the con trol lo op execution time, jitter, the complex-

it y of the con trol algorithm etc. In this pap er atten tion is fo cused on

the in teraction of the parameters of the sc heduled tasks and on the p er-

formance of con trol lo ops closed with digital con troller. A new design

approac h that is based on the relativ e sp eed classi�cation of the con trol

system ha v e b een prop osed. The approac h is illustrated b y analysis of

con trol systems dev elop ed for lab oratory magnetic levitation pro cess.

1 In tro duction

Computer based digital con trollers t ypically ha v e the abilit y to monitor a n um b er

of discrete and analog inputs, execute complex con trol algorithms, and driv e

sev eral outputs, all at de�ned, often v ery high sp eeds. In general, computer-based

digital con troller m ust detect external ev en ts and resp ond to them b y taking

appropriate actions. It is required that all ab o v e op erations and calculations

tak e place at the correct time. This imp oses timing requiremen ts on hardw are

and soft w are of the computer-based con trol systems. More precisely , computer

based digital con troller m ust ha v e su�cien t pro cessing p o w er, su�cien t high-

sp eed input/output hardw are p eripherals and op erating system, ful�lling more

or less hard timing requiremen ts and handling error conditions in a prede�ned

w a y .

Limited pro cessing p o w er com bined with a non-optimized hardw are and soft-

w are comp onen ts in tro duce dela ys and non deterministic b eha vior in the real-

time system. Digital con trol theory normally assumes ev enly spaced sampling

in terv als and a negligible (or constan t) con trol dela y b et w een sampling and ac-

tuation [1]. Ho w ev er, this can seldom b e practically ac hiev ed in a real resource-

constrained system. Time dela ys and timing v ariations in con trol lo op execution

degrade the con trol p erformance and ma y in extreme cases lead to instabilit y .

Con trol theory do es not v ery often advise ho w to design con trollers to tak e

that limitation in to an accoun t [2]. Usually , con trol algorithms are designed with-

out consideration of their real-time implemen tation details. Designers usually try
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to separate the real-time asp ects and the dynamics of the con trol system. They

dev elop con trollers that guaran tee all tasks deadlines under w orst case load and

external in terrupt o ccurrence scenario. The design of safet y-critical con trollers

is based on this approac h. Plan t can b e suitably con trolled, but at the cost of

p o or computer resource utilization. Ho w ev er, if sampling rate b ound caused b y

the sp eed of the con trol computer is close to the minimal required b y the plan t,

then the sampling rate of the con trol system b ecomes time critical. F or suc h a

system the p erformance of the real-time op erating system is essen tial for correct

op eration of the con trol system.

It has b een stated in the previous w orks (see for example [10, 12]), that

in tegrated approac hes com bining t w o disciplines: real-time computation systems

and con trol systems results in b etter qualit y for digital con trol systems. This is

also true for net w ork ed or m ultirate systems [4, 6, 9].

This problem is analyzed in this pap er. The notion of relativ e sp eed of the

con trol system is in tro duced and illustrated, on the example of magnetic levita-

tion (MagLev) real-time con trol. Con trol system design approac h based on the

relativ e sp eed system classi�cation is prop osed.

2 Relativ e sp eed of a digital-con trolled plan t

The general sc heme of a digital con trol system is giv en in Fig. 1 [11, 3]. The

op eration of the closed-lo op system can b e split in to three main tasks: sam-

pling, con trol algorithm computation and actuation. Mo dels and metho ds used

b y discrete-time con trol theory implicitly imp ose the timing of the tasks in the

computer implemen tation.

The tasks are asso ciated with the ev en ts i.e. timer ev en t, termination of a

data frame transmission, signals that data are ready to b e read from the input

devices, fault detection, etc. The tasks usually share the same pro cessor and

exc hange data with eac h other.

Although a great v ariet y of sc heduling p olicies is a v ailable, in this w ork p e-

rio dic task sc heduling metho d is assumed.

Fig. 1. The general sc heme of a computer con trolled system. A/D - analog to digital

con v erter, D/A - digital to analog con v erter, Rv - reference v alue, C - con troller
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The follo wing timing assumptions are made ab out three main tasks of a

digital con trol lo op.

1. Sampling is p erformed at equidistan t time instan ts giv en b y T0 , but some

v ariation of are allo w ed.

2. The actuation is p erformed instan tly when the con trol signals u(kT0) are

deliv ered to the D/A con v erter.

3. The con trol algorithm computation is executed as so on as the input data are

a v ailable.

4. The con trol algorithm design is based on correctly iden ti�ed mo dels of the

pro cess and the disturbances (referred as �nominal mo dels�).

5. F or the nominal mo dels it is p ossible to estimate maximal, admissible sam-

pling p erio d T0 whic h w ould guaran tee acceptable con trol p erformance. This

sampling p erio d can b e estimated as:

T0 2
�
T l

0; T u
0

�
(1)

where:

T u
0 �is time p erio d for �ideal� con trol system, where mo delling and iden-

ti�cation errors as w ell as time dela ys and v ariations of time p erio d T0

are negligible,

T l
0 �is the sampling p erio d guaran teeing robust op eration of the con trol

system, if it is under the in�uence of external and in ternal disturbances.

This sampling/con trol p erio d, b esides ful�lling the Shannon theorem,

can b e c hosen follo wing one of v arious �rules of th um b� [1, 3], dep ending

on the desired closed-lo op system p erformance.

6. The p erformance of the closed-lo op con trol system is a strictly monotonic

function of T0 . An y applied sampling p erio d T0 < T u
0 impro v es con trol p er-

formance. F or T0 < T l
0 impro v emen t is not observ ed.

7. The prop osed con trol platform (pro cessor, p eripherals hardw are and op er-

ating systems) are c haracterized b y minimal (a shortest accessible) closed -

lo op execution time, estimated as:

� s 2
�
� l

s ; � u
s

�
(2)

where:

� l
s �is the con trol lo op execution time for simple con trol algorithms,

� u
s �is the con trol lo op execution time for complex con trol algorithms.

The con trol algorithm is classi�ed as a �simple�, if the pseudo co de of the

con troller task includes no more than 5-10 op erations (lo ops are excluded). The

examples of �simple� algorithms are: incremen tal PID or state feedbac k con-

troller. If the pseudo co de of the con troller includes more than 10 op erations

or lo ops are included than algorithm is classi�ed as �complex�. The examples

of �complex� con trol algorithms are: time-optimal, mo del-reference con troller,

predictiv e con troller.

Fig. 2 illustrates t ypical timing mo dels one can use for regularly sampled

pro cess.
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Fig. 2. Timing mo dels that can b e used for regularly sampled pro cess

F or the case a) sampling and actuation are p erformed at the same sampling

time (time dela y is zero). F or this mo del w e ha v e: � s � T0 and so called c ausality

rule is ful�lled.

Mo del b) from Fig. 2 is more realistic b ecause it tak es in to accoun t that

con trol task tak es time. Con trol lo op execution time is constan t and is less than

sampling p erio d: � s < T 0 . Causalit y rule is not ful�lled in this case. The causalit y

rule can b e ful�lled if actuation is p erformed at the next sampling instan t, e.g.

one step dela y is assumed. It is so called Strictly Pr op er Contr ol L aw [5].

Mo del c) also tak es in to accoun t that con trol task tak es time, but time dela y

is v ariable and is less than sampling p erio d: � s < T 0; � s1 6= � s2 . The causalit y

rule can b e ful�lled if the actuation is p erformed at the next sampling instan t,

i.e. one step dela y is assumed.

F or the constan t dela y it is straigh tforw ard to comp ensate for it during the al-

gorithm design. F or con tin uous-time design Smith predictor can b e implemen ted,

for discrete-time design plan t mo del augmen t metho d can b e applied [3].

F or mo del d) time dela ys are longer than the sampling p erio d. Both causalit y

rule and real-time constrain ts are not ful�lled in this case.

The relativ e sp eed of con trol system can b e c haracterized b y the factor:

� s

T0
.

The follo wing classi�cation of con trol system is prop osed.

1. The con trol system will b e referred as relativ ely lo w-sp eed if

� s

T0
� 1

(mo del from Fig. 2a).
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2. The con trol system will b e referred as relativ ely medium-sp eed if and

� s

T0
� 1 (mo del from Fig. 2b and Fig. 2c).

3. The con trol system will b e referred as relativ ely high-sp eed if

� s

T0
> 1

(mo del from Fig. 2d).

It is ob vious, that high-sp eed execution platform applied for the pro cess

describ ed b y a slo w dynamic is classi�ed as relativ ely lo w-sp eed con trol system.

A digital con trol system will b e consider as time-critical if it is classi�ed as

relativ ely high-sp eed or relativ ely medium-sp eed. Consisten tly , lo w-sp eed con trol

lo op applied for fast dynamic pro cess will b e classi�ed as relativ ely high-sp eed

con trol system.

3 A dapting con trol system parameters for time-critical

system

F or

� s

T0
> 1 the con trol lo op is relativ ely high-sp eed and therefore b ecomes time-

critical. It can b e classi�ed as medium- sp eed system, if (Fig. 3):

a) after assuming T0 = T u
0 the condition � s < T u

0 is ful�lled. Non-robust con trol

is a v ailable in this case,

b) after assuming � s = � l
s the condition � l

s < T 0 is ful�lled. Applications of

�simple� con trol algorithms b ecomes p ossible.

Suc h adaptation of con trol system parameters is limited and in most cases can

not mo v e the system to lo w-sp eed class. This class can b e reac hed b e c hanging

the con trol platform: using the most e�cien t pro cessor, b etter op erating system,

etc. (case B in Fig. 3).

4 Example: real-time con trol of MagLev system

A lab oratory magnetic levitation system presen ted on Fig. 4 w as used as an

example of relativ ely high-sp eed plan t [7, 8]. The MagLev w as c hosen with regard

to its sp eci�c nonlinearities and fast dynamics.

The iden ti�ed parameters of MagLev pro cess w ere: T l
0 = 40�s , T u

0 = 2000�s .

The parameters of the MagLev digital con trol system and its relation to the

prop osed relativ e-sp eed de�nitions are giv en in T able 1.

This plan t, when con trolled b y PC or general-purp ose micro con troller, can b e

classi�ed as relativ ely medium-sp eed system. MagLev con trolled b y simple 8-bit

micro con troller is classi�ed as relativ ely high-sp eed system. It is a represen tativ e

example to sho w that:

� usage of more e�cien t con trol system with shorter con trol p erio d T0 results

in b etter qualit y of con trol b y c hanging classi�cation of plan t form relativ ely

medium-sp eed to relativ ely lo w-sp eed,
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Fig. 3. Mo ving time critical con trol system (A) to the medium sp eed class (adapting

the parameters) and to lo w sp eed class (B), b y c hanging the con trol platform

� usage of more e�cien t con trol system with shorter con trol lo op execution

time � s results in b etter qualit y of con trol b y b etter satisfying the causalit y

rule.

T able 1. System parameters for MagLev

PC micro con troller FPGA

� l
s 500�s 2000�s 2�s

� u
s 2000�s n.a. n.a

Exp erimen ts with MagLev con trolled b y t w o di�eren t con trol systems w ere car-

ried out. The �rst one w as based on PC computer and the second w as based

on FPGA circuits. Both of them w ere dev elop ed using an exten tion b oard con-

sisting the FPGA circuit. Con trol algorithm for PC-based con trol system w as

calculated as a con troller task b y MA TLAB/Sim ulink real-time application. The

FPGA circuit w as used only for signal generation for analog/digital and digi-

tal/analog con v erters and for pro viding data to the PC computer. In case of
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FPGA-based con trol system the con trol algorithm w as calculated directly b y

the FPGA circuit. The PC w as used only for monitoring the pro cess and logging

the data. Both of describ ed con trol systems are presen ted in the Fig. 4.

Fig. 4. Blo c k diagram of con trol systems: a) PC-based, b) FPGA-based

The ferromagnetic ball has follo w ed the c hanging reference v alue signal. The

square w a v e with 2s p erio d w as applied as the reference v alue. The cen tre of the

ball mo v emen t w as in the distance of 0:0125m from the electromagnet and the

amplitude of mo v emen t w as equal to 0:002m . Exactly the same parameters w ere

used for b oth of the tested con trol systems.

PID con troller algorithm w as used for b oth p erformed exp erimen ts. The pa-

rameters of the algorithm w ere recalculated for the sp eci�c hardw are arc hitec-

ture i.e. the t yp e of arithmetic or the applied con trol p erio d. The results of the

exp erimen ts are presen ted in Fig. 5, Fig. 6 and Fig. 7.

A comparison of the PC con trolled pro cess resp onse with the resp onse of

con trol system based on FPGA circuit is presen ted in Fig. 5. The con trol p erio d

of 700�s w as used for b oth con trol systems. A smaller v alues of the o v ersho ot

and the shorter settling times are observ ed in the case of MagLev con trolled b y

FPGA-based con troller that guaran tees shorter con trol lo op execution time � s .

A comparison of the pro cess resp onse (FPGA-based con trol system) for dif-

feren t con trol p erio ds� 700�s and 40�s , is presen ted in Fig. 6. A smaller v alues

of the o v ersho ot and the shorter settling time are observ ed in the case of MagLev

con trolled b y FPGA-based con trol system with the shorter con trol p erio d T0 .

A comparison of the pro cess resp onse con trolled b y PC computer and the

con trol system based on FPGA circuits, is presen ted in Fig. 7. A smaller v alues

of the o v ersho ot and the shorter settling time are observ ed in the case of MagLev

con trolled b y FPGA-based con trol system with the b oundary con trol p erio d T l
0

and the b oundary con trol lo op execution time � l
s .
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Fig. 5. A comparison of the MagLev pro cess resp onse con trolled b y PC system ( 700�s
con trol p erio d) and the system based on FPGA circuits ( 700�s con trol p erio d): a)

complete range of desired ball mo v emen t, b) magni�cation of up-motion part

5 Conclusions

Digital, computer based con trol systems are the applications that p ose the v ery

sharp timing requiremen ts, b ecause digital con trol theory usually assumes a

highly deterministic sampling. Consequen tly , the application of the con troller

p erforming a n um b er of tasks in the real-time in to con trol lo op mak es the analysis

and design of suc h applications more complex.

The p erformance of a digital con trol system dep ends on man y v ariables, suc h

as sampling p erio d, con trol lo op execution time, jitter, complexit y of the con trol
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Fig. 6. A comparison of the MagLev pro cess resp onse con trolled b y the system based

on FPGA ( 700�s con trol p erio d) and the system based on FPGA circuits ( 40�s con trol

p erio d): a) complete range of desired ball mo v emen t, b) magni�cation of up-motion

part
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Fig. 7. A comparison of the MagLev pro cess resp onse con trolled b y the system based

on PC ( 700�s con trol p erio d) and the system based on FPGA circuits ( 40�s con trol

p erio d): a) complete range of desired ball mo v emen t, b) magni�cation of up-motion

part

algorithm. The p erformance of a digital con trol system dep ends not only on

the p erformance of its individual comp onen ts but also on their in teraction and

co op eration.

The fo cus of this pap er is the in teraction of parameters of the sc heduled tasks

and the p erformance of con trol lo ops closed o v er digital con troller. In particular,

w e ha v e prop osed a new design approac h that is based on the relativ e sp eed sys-

tem classi�cation and applies the follo wing paradigm: the application platform

should b e selected in suc h a w a y that closed-lo op execution time and pro cess

dynamics are balanced. The relativ e sp eed of the system should b e lo cated just

b ello w the line separating �time critical� solution, giving optimal utilization of

computing system resources.

The results of presen ted exp erimen ts ha v e sho w ed that reduction of the con-

trol p erio d impro v es qualit y of con trol for magnetic levitation system. Both

solutions ha v e lo cated the relativ e sp eed of the MagLev con trol system b elo w

the �time-critical� range. The obtained o v ersho ot and settling time w ere b etter

with FPGA-based con troller (it has reduced con trol p erio d b elo w 40�s ). In the

other case, b etter qualit y of con trol has b een obtained b y reduction a con trol

lo op execution time. The maximal impro v emen t of con trol qualit y w as observ ed

for sim ultaneously reduced con trol p erio d and con trol lo op execution time. This

e�ect w as obtained for con trol lo op closed directly via PID con trol application

em b edded in to FPGA circuit.
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