CHOICE OF SAMPLE TIME IN DIGITAL PID CONTROLLERS

Luchesar TOMOV, Emil GARIPOV
Technical University of Sofia, Bulgaria

Abstract. A generalized type of analogue PID controller issmnted in the paper. A digital versions of it base
various methods of discretization are examined aancesponding tuning rules are tested in the ogtion manner.
The research works are focused on the best chbsample time as a compromise between the desireiot system
behavior and the constrained control signal. Thenmesults are connected with the optimal sampteesi in the
hybrid two-rate control systems. New performancéega for its choice are suggested and the satisdontrol is
shown on the number of numerical simulations.
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1. Introduction chapter 3. Original optimization criteria for optam
Most often the digital PID controllers design choice of sample time [5] are formulated and the
begins with description of the analog PID maindegree of coincidence between the signals in the
expression, toward which the appropriate metho analog- and discrete-analog ACS is analyzed in
for discretization is applied. Thus a connectior chapter 4. In chapter 5 two-rate ACSis applied, in
between the parameters of the two typewhich the discrete PID is designed for relatively
controllers, and therefore, between the results fro larger sample time in comparison with the sample
tuning of the discrete and analog control device itime of the whole ACS.
created. In this paper a universal algorithm [4]3,
in the form 2. Universal desciption of dgital PID controller
The digital equivalent of (1) is presented
U9 =K, E{[bm(s)—m]g—ls 9 S fom(g —y(s)]}, ith the expression
i f -1
+
) 09 =Kp I -y09+ LT 00 y(e]

is examined to calculate PID control signal

u in an Automatic Control System (ACS) with bdi— —1)
reference signal and controlled (output) signg| + ) [fbl](k)—y(k)], (2)
wherekK; is the gain]T; andTqy are respectively time 1-a4 [

constants of integration and differentiation. .

Parameterb andc (most often G< b, c< 1) reflect  WNere the coefficientsi, biz as andby are formed
the degree of influence of the reference signahupc Tom table 1,on condition thatTo is the sample
the proportional and differentiation component of tiMme for working out the digital PID [2]. According
the PID controller, respectively. Trough dynamic© three of the main discretization methods (see
element with time consta® = Ta/ N (N = 8 | 20) table 2) the general coefficients and y¢ have

an additional fitering of the disturbance in Ags i values 0, 0.5 or 1, but they can additionally be

made, which essentially improves the workingtuned
capacity ofthe PID controller [1]. The controller has a pol and to be stable

In chapter 2 a discrete equivalent of (1) is't 1S necessary the condtiona? < 1 to be

described, together with additional schematic “anti .
windup” mechanism, which correspondence with ~ T2ble 1. Formed of the coeficierts, biz, a1 andba

(1) is analytically proved and confirmed with i o
simulation ~ under different  conditions of bil:Kp'?'Tf bf?:Kp'?'Ll Yi)
discretization [1]. A choice of proposed sample " J

time is made by analogy of the research works i az=1- 1 by=K Tqg 1
[4] and the results over three test plants witf Tr p To Tr
considerable uncertain dynamics are shown il Ty FYa a'?"d
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Table 2. The main discretization methods p1= (1+ ay );

Forward | Backward Bilinear P, =—ay;
Coefficients | difference | difference | transformation B ]
(Eurler—1) | (Eurler—2) (Tustin) =K p (b +by; +byc;
i 0 } 8: tlz_Kp[bql-'-ad)_bIl@d +b|2_2|])d lj:,
Ve 0 =

tZZKpEﬂ)@d_bi2&d +bd [¢;

fulfilled. It is proved [2] that the controller (2hay (4b)
realize unstable control signal only, first, if the So=~Kp—biz—=Dbg;
differentiation part of the digital PID is definday s1=Kpl+ag) +by g — by +20by;
forward difference approximation method, anc
second, if the inequality S2 =~Kp Ly +biplag —by.
T control signal comes out from the imposed in ACS
Ti 22 (3)  bounds. The well-known [1] scheme solution for
2 the analog PID is transferred for the digital one

is not fulfilled. On the basis of suggested in [1](see figure 1). The implemented negative loop from
proportionTs =Ta/ N (N =8, 20) from (3) can be the control signal to the integrator causes the so

drawn condition for choice dffy called "antiwind up effect" after physical
oT T limitations on the signals and it proves expected
Tos—4=—0_ efficiency in the discrete case too [6].
N 4+10
The universal digital PID can be worked out 3. Sample time in hybrid ACS
in the form of discrete difference equation The discrete-analog or hybrid ACS presents

a system for control of analog plant with discrete
u(k)=py [k =)+ pp Wk =2) +to [ () +4 TH(k D+ con)':roller. The accuracy 019 F:he analog PID
+i [k -2) +s9 (k) + 5 (k-] +5 (k —2) discretization will define its effectiveness on the
_ o _ %‘a) implementation of the digital PID. In this chapter
which coefficients are defined by th research works on the behavior of signals are made
expressions 4b, [3]. to show the difference due to the inappropriate
The  implementing of  anti-windup choice of sample time in a hybrid ACS with digital
mechanism in the universal digital PID controller i pID and in an analog ACS with analog PID. The
necessary to avoidthe negative effect of the sarpl conclusions explain the following searching
increasing value of the integral part, when thtprocedure of optimal sample time in chapter 4 and
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Fig. 1. Scheme of the universal digital PID corimowith implemented anti—-windup mechanism
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lay in the base of two-rate discrete-analog ACSfunction

realization in chapter 5. Three plants with strongl 1

different dynamics are used to perform comparisor W(p) = e 2P, (5)

of the control and controlled signals in each agalo 12p+1

ACS, on the one hand, with the corresponding The observed and presented in graphics

signals in hybrid ACS with different sample times, signals (on the left — control signal, on the right

on the other hand. Only few results will be controlled signal) from analog ACS with

presented but all ofthem are in [6]. appropriate tuned PID controller (table 4a) are

compared with the corresponding ones from hybrid

3.1. ACS of a stable first order plant with time ACS with appropriate tuned digital PID controllers

delay (table 4b). (AfterTo = 4 seconds the digital ACS
Let the plant is presented by the transferbecomes unstable).

Table 4. The tuned ACS with analog PID controller
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Table 4b. ACS with discrete PID
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3.2. ACS of a stable third order plant with 3.4.Conclusions
oscillations According the experiments one can see that
Let the plant is presented by the transfe the sample time of the PID controller has its
function optimal value for each plant. Changing up or down
1 this value causes specific problems for the hybrid
W(p) =— > : (6)  ACS. Thus, the decreasing sample time leads to the
40p~+138Lp" +4095p+1 coincidence between the controlled signal behavior

The graphics by analogy of these in tables 4 of the hybrid and the analog ACS. But the designed
and 4b are given in tables 5a and 5b. (Affer 2 hybrid ACS could have inner instabilty because of

seconds the digital ACS becomes unstable). the increasing extreme values in the control signal
and its impossible physical realization. And

3.3. ACS of an unstable second order plant contrary, the increasing sample time influences
Let the object is presented by the transfe badly on the PID controller discretization, the
function hybrid ACS signals become too different to same

1p +1 analog ACS ones, so the using of discrete instead

W (p) = > : (7) of analbg PID controller looses it's sense.
10p” -5p+1 Something more, in case of relatively large sample

The graphics by analogy of these in tables 4 time the hybrid ACS gets unstable due to the
and 4b are given in tables 6a and 6b. (Affer 1 relatively large losses of the information. The

secondthe digital ACS becomes unstable). experiments confirm the logical conclusion, that

Table &. The tuned ACS with analog PID controller

Control Signal Output Signal
12 T T T
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Table 5b. ACS with discrete PID
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Table 6a. The tuned ACS with analog PID controller
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Table 6b. ACS with discrete PID
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the influence of the sample time is more stronglyabsolute errors due only to the optimal sample time
expressed over ACS with smaller stability margin. Ty = variable. The weight coefficient balances the

influence of the different signals types over the
4. Choice of optimal sample time performance index.

The following task is defined: using the With choice of small sample time, this index
optimization procedure to find down that samplehas substantial offset — it doesn’'t succeed toghuni
time which causes the best behavior of the hybricenough the relatively large extremes values of the
ACS (with universal digital PID controller) digital control signal at the first sample. The are
comparing to the analog ACS (with universal bounded of the control signal at this moment does
analog PID controller) both in respect of thenot increase quickly enough and the index (8)
controlled and control signals. Because of thispractically does not read the extremes values. That
reason the following complex performance indexis why the modified quality performance index is
of quality is suggested [5]: suggested,

- 2 /o 2 J*=J +max(uy ) ), (9)
J= (ﬂ ya®)-yn @) dt} ’{O‘HUA('[) W (t)|dtJ ,» 0>0,  py adding an extra“area” in (8) with implementatio
0 0 (8)  of the maximum absolute value of the digital
with the outputs and the inputs of the plant in thecontrol signal.
analog (A) and hybrid (H) CSA, which are Three different optimization methods are
included into integrals of the correspondingused with the standard functiorfsnincon and
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fminsearch from Optimization Toolbox in the test
examples. Each procedure has to find out th
optimal sample time in the ACS starting from
initial conditions chosen in the interval| ... Tou]:

Toini = (ToL +Tou )/2;
Toin =~ToL Tou ;

Toini = Tocs

(10)
Toini =T -

4.1. ACS of a stable first order plant with time

delay
The index of qualityd (8) andJ* (9) shown

in figure 2 are minimized in respect of the sample

timeTy =var =T..

Error Function
8 T T

748

6.5

2.4
0

0.8 1
Ts [s]

0 1 7 3 a 5
Ts [s]
Fig. 2. Performance index

& b)

The indexJ depends on the plant dynamics

Table 7. The optimal sample time as a solution aghoi

T(m,r.f J*
fmincon 0.834627 11.829320
fminsearch 0.834660 11.829391
Cutput Signals
18 1 ! ! 1
1 i f i
0 S — N N ——
. ; : ;
40 6O 80 100
Control Signals
e
‘\\ --------- ,
. ; . : ;
1} 20 40 6O 80 100
time [s]

Fig. 3.y andu of the analog (the dotted line)
and the optimized ACS

4.2. ACS of a stable third order plant with

oscillations

For this plant the index of quality (8) and

J* (9) in respect of the sample tinfg = var =Ts
have the form shown in figure 4. One can see that
in case (a) this optimization function has a local
minimum, in which there is real danger to “lodge”,
if the initial value of the sample tim& in has not
chosen quite good. Thus, for example, the
fminsearch finds only the local minimum, if
Toini O [1.5 ... 2.5]. For bigger values the error is
large enough to accelerate the searching procedure,
which jumps over the fatal local minimum and the
procedure succeeds finding out the true solution as
it manages to do it for smaller initial values. But
the global minimum is related with the smallest
possible sample time, which is a disadvantage for
the hybrid ACS because of the control signal high
level at the inttial operating moment following the
reference. The range of searching for the optimal
To can be limited byfmincon so in case (b) the
appearance of the index is improved. The global

and all additional parameters of the digital PID minimum is shifted a little bit in right directioto
controller. It has so many local minima and thisthe bigger sample times and the local minimum

presents real difficulty for optimization. And vise
versa the modified index* is relatively smooth
unimodal function sdmincon andfminsearch deal

with the task without problems. The optimal
sample time as a solution choice is given in t@ble
and the ACS signals are drawn in figure 3.

becomes “safer” for the searching procedure.
Results are shown in table 8 and figure 5.

4.3. ACS of a unstable second order plant
For this plant the index of quality (8) and
J* (9) in respect of the sample tinfe = var =Ts
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Error Function
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Fig. 4. Performance index

Table 8. The optimal sample time as a solution ahoi

a)

b)

To opt J*
fmincon 0.205257 3.091925
fminsearch 0.205841 3.092903
Output Signals
15 T T T
) i i
08 e g ] A ;
0 i i i
0 a0 100 150 200
Control Signals
1.5m T T T
ol i i i
0 a0 100 150 200
time [s]

Fig. 5.y andu of the analog (the dotted line)
and the optimized ACS

have the form shown in figure 6. One can see that i
case (a) this optimization function is easy fordfing
out the global minimum, but the small optimal value
ofthe sample time is unacceptable because ofitfine h
control signal amplitudes. In case (b) the index
represents a unimodal function with a minimum
within the capacity of any optimization procedure.
Results are shown intable 9 and figure 7.
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Fig. 6. Perform ance index

Table 9. The optimal sample time as a solution agoi

-TD opt JA
Jmincon 0.340828 52.839472
fminsearch 0.340924 52.839605
QOutput Signals
o 1 1 1 1
20 30 40 a0
Control Signals
20 30 40 a0

time [s]

Fig. 7. The output and control signals of the agalo
(the dashed line) and the optimized ACS
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Table 10. Signals in one-rate hybrid ACS
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Table 11. Signals in two—rate hybrid ACS
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4.4.Conclusions The digital PID controller (2) is tuned with
It is obvious that an optimdl, in which the parametersK, = 1.386,T; = 15.928;Tq = 3.353;

output signal in a system with digital PID is very b =0.848c = 1;T, = 0.1. lts sample tim&"® could

close to the same one in a system with analog PIl match (one-rate ACS) or be multiple times bigger

always exists but to find it is up to the optimipat  (two-rate ACS) the sample tinTg"“Softhe ACS.

procedure. The sample time depends as on tt

performance index as on the tuning parameters (5.1. One—rate ACS

the digital PID controller. To calculate the cotrec In table 10 are given the signals (left — control

value of To depends also on the optimization signal, right — controlled signal) of one-rate higbr

method (function) and the inttial conditions inais  ACS of the test plant in cases of different sample

well. times. (After ToPP = TeACS = Tp = 6 seconds ACS
Sometimes it is preferable to go to the begins functioning badly).

intermediate suboptimal results which give balanc

acceptabldehavior ofthe hybrid ACS. 5.2. Two—rates ACS
In table 11 are given the signals (left —
5. Two-rates ACS control signal, right — controlled signal) of twate

In the real technological processes contro ACS of the test plant in cases of different sample
by industrial controllers the main sample timetimes.To"P = var., To"S =0.1 s.
of functioning of ACS is of the order of 100 ms.
For hybrid ACS of dynamical plant this leads to 5.3.Conclusions
control signals to be formed with relatively The test two-rate ACS shows week
large amplitudes when the reference signal hasensitiveness to the increasing sample time of the
step changes. One good solution of the probler controller, in contrast of the one-rate. Through
is the controller to work with a sample time two-rate ACS the system output gives smoother
multiple times bigger than the small sample timeresponse to the reference signal, without getting
of the whole ACS. Such a control system isextremes values of the control signal.
called two-rate in contrast to the classical orte-ra

ACS. 6. Summary
The described above idea is implemented o On simulation examplesthe tests are made to
a plant with the following transfer function control the different dynamical analog plants by
KI((T, [ p+1) 1o analog or digital PID controllers. The emphasis is
W(p) = laid on the definition of an optimal sample time fo

(MEp+DUTh+DUTLP+D) (11)  ¢pe hybrid ACS. The suggested two—rate ACS
K=1;T1=10sT,=7s;T3=3s;T4=2sx=4s. shows improved behavior in comparison with the
one-rate.
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