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Abstract —In this paper is proposed the iterative alg
the structures of model objects in the parallel come

orithmof tuning the typical controllers Pl and PID to
ction that presents the types of model object wit

anticipation and delay second order and third order The proposed algorithms of tuning the controllersuse
the maximal stability degree method with iteration.In the result of this study is proposed the algothm of
tuning controllers and the procedure of determinaton the performances of control system in the depeedcy
of the maximal stability degree value of the desigrd system.

Index Terms—the structures of model objects conne

cted in partdl; the model objects with anticipation-

delay; controller; the tuning of controller; the maximal stability degree method with iteration.

. INTRODUCTION

At the automation the diverse industrial procesHss
mathematical models attached to this processeprasented
as structures of complex models. For the approximatthe
evolution of processes the most uses mathematicdkls are
characterized with inertia of process [1, 2].

In this paper is analyzed the model objects ofitldestrial
processes which structures are presented in thallgar
connection, composed from two and three elementsinértia
first order and is analyzed the two cases:

» the case when the elements are not identical;
* the case when the elements are identical.

The transfer function of the model object in theafial
connection with two elements with inertia first erdis
presented in the following form

k kg bath,

H(s) = — =
(=) T+l Tys+l  apsitagsta,

@

where k,. k., are the transfer coefficienfE,.T; — the time
constantdy = &k, Ty + ko Ty, by =k, + ks, @y =T, T,
o, =T, +Ta, =1

The transfer function of the model object in theafiel
connection with three elements with inertia firstder is
presented in the following form

H(S] kK ' ' bzt +bystbg
Ty= Tpstl  Testl gpsf+ousitagstas

+1

)

wherek,. k,. k5 are the transfer coefficients,
T,.T;.T: — the time constants,

by=k,ToTy + k,T.Ty + kT, T,

by =k + ) + ([ + T + k(T + T3),

b, =k +k,+k;
g =TT hLe =TT+ TL+L T
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oy =T. +T; + 7. 8. =1,

In the case when in the relations (1) and (2etkenents are
identical, these relations will have the followifagm
k

_ Ik(Ts+1l) _ bosth,

K
H[S] = T - 0 0 ’ (3)
s+1  Ts+l (Ts+1) a,5" ta,sta,
wheren, = 2kT, b, =2k, ay =72 a, = 2T.a. = L.
k k k byt +b,sth,
H(s) =—+ — =t _=(4
Tstl Tzl Tstl gy ta.5°te,sta,
_ 3k(Ts+1)®
T oTs+1)E

whereb, = 3kT?, b, = 6kT, b, =3k, a, = T°,
gy, =3T% o, = 3T.a; = L.

The zeros and poles of expression (3) and (4)cueal éwith
-1/T), from this is result that the one zero-pole and zero-
pole are compensated, and the dynamic of this maigjekcts
are presented as model objects with inertia firskeo with

following transfer function.
H[E} — 2k

Ts+1' )

H(s) = —. (6)

The expressions (5) and (6) represent the trafsfietions
of the equivalent model objects (3) - (4) and therhe model
object with inertia first order. At the denominatof these
expressions, the transfer coefficient representsdymtion
between transfer coefficiektof the identical element and the
number that indicates the number of elements inptrallel
connection.

The model objects (1)-(4) are presented theemobjects
with anticipation-delay. To this model objects greposed to
tune the Pl and PID controllers using the maximabitity
degree method with iteration [3-6]. It is analyzthe examples
of tuning the Pl and PID controllers to the modejeots (1)-
(4). It was varying the parameters of model obgetl was
verifying the robustness of synthesized controtesyis

To the model object with known parameters
bp, By Bg, g Gy 67, 67 IS proposed to tune the typical
controllers Pl and PID use the maximal stabilitygre




(MSD) method [4-6] and is proposed to make a viariabf
object parameters from the nominal values, keetfiaguning
values of Pl and PID controller to analyze the dgita and
the robustness of automatic control system.

[I. THETUNING ALGORITHM OFCONTROLLERS

Assume that the control system is formed of objeith
transfer functionHpe(s) and transfer function of controller
Hg(s) with typical control laws PI, PID (Fig. 1).

y(t)

r(t) &t)
H?—P T’

Fig. 1. The structure scheme of control system.
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It will be tune the typical algorithms of contrétl and PID
to the model object with known parameters presebtethe
relation (2), using the MSD method [4-6].

For the tuning the PI controller to the model abjeon -
identical elements, using the MSD method was applthe
algebraic expressions, which are presented theytazdl
expressions in the form

L = snj5—sif+s ,._.fs—ss_.f"" toyf—ce

(7)

¥ dof¥—dy J® 4dy [E—d  J+d,
where
ep = 2oy, 0, = 3ayb, + o bpc; =4agh, + 28, by,
£y = 3ayd,+ e by — ogbg oy = 2o.b; .05 = ag by,

do= b3, dy = 2bphy.dy = 2byby + bl dy = 2by by dy = bE;
— _ﬂnﬁ+31fs_ﬂn.-r‘]
- BaJ—b (8)
B 1B
For the tuning the PID controller to the modbject with
non-identical elements, using the MSD method ®sined
the algebraic expressions for the tuning paramebérshe
controller which are presented the analyticalresgions in

the form
I _ —eo/e T —enfP o) —eaf  test —ea o]
¢ (doJ4=1.[5+d,f=ds ] +ds)?
wherec, = 2aybi, ¢, = 8aghibh,,

» (9)

c; = 8agblb; + 12agbybl,

63 = 28agbyb, b, + 6agh? — 2a,blh, + 2agbyb? —
—2a;bib, + 2aghi.

Cy — ].EE.L\EJL\EJ§ + zzﬂnr_\hihg + '-'I'Elihnhihg + Eﬂnihi -
—3abyb? — 6a,blb, + 2a,bib,,

G = 28a,b, b2 + 4a,byb2 + 30,62 b, = Be,bob b, = 4, bib,,
+12a, b, b} —4a,byb? — Bazbyb, by,

¢, = 6a, bl + 2a b, bl — Gazbyhi — 2a bl by,

_ 3
cp = 12apb3

Cg = 252&% - zﬂgbihﬁ.

— cl:l-'rS _c‘_.lr4+53_|r5_£5_.rz+c4_,l'—c5
Ko o8 —d, JB +d, [P —daJ+d, +2k, (10

where coefficients from expression (8) have themfayf
coefficients from expression (5):
Cp = 2&0&0; 1 3&-051 + ﬂ-lflnxﬂ': = ‘I'E-DEJ: + 2ﬂ1a11
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£y = 3ayd,+ e by — ogbg oy = 2o.b; .05 = ag by,

dy = bi, dy = 2bgby,dy = 2bpby + B3, dy = 2By by, dy = B;
_ —apgtayfoa P ta ) 4 12
k., = koJ? + k,J(11)

' BoJ*=b.J+b.

For the case of object with identical elements the
coefficients from expression (5) for Pl controlleave the
following form

cy = 6kT®, e, = 27kT* ¢, = 48kT? ¢, = 42kT?,

c, = 18kT,c. = 3k; dy = 9k*T*,d, = 36k*T3, (12)

d, = 54k*T?,d; = 36k%T.d, = 9k

For the case of object with identical elements the
coefficients from expression (5) for PID controlleave the
following form

€g = 54k, cg = 432K%1°%, 0, = 1510k717,
c3 = 3024k%T%,c, = 3780k°T%,c. = 3024k3T*,

€ =1512k°T% ¢, = 432K°T?, ¢ = 54k°T, (13)

d, =9k*T* d, = 36k’T?,d, = 54k°T?,
d, =36k°T, d, = 9k*.

From expressions (7) and (8) were determittesl optimal
values of parametekg andk; of the PI controller.

From expressions (9), (10) and (11) were determiriee
optimal values of parameteks, ki and kq of PID controller.
Tuning the PID controller to the model object witlentical
elements (4) is not applicable, this is explainingm the
reason that the numerator coefficients from exjwasg9) are
binominal (13) and the parameters are compensated
reciprocally.

It will be tuned the typical control algorithms &id PID to
the equivalent model object with known parametérst tis
presented by the relation (6), using the MSD me{lo 5].

For the tuning the PI controller by the MSD methare
obtained the following algebraic expressions teatesent the
analytical expressions

o 1
"r T nk(2T)

, —1) , ry; (14)
k, = E(;—TJP + )+ k] = = (15)

K,
where then coefficient presents the number of identical
elements in the models (5) or (6).
For the tuning the PID controller by the MSD mettare
obtained the following algebraic expressions teatesent the

analytical expressions

2T — 14 (nk)®
2nkf

_—2T]+1+nkk,
e 2ni] -

1 , ,
— (-T2 +)) — kg + k]

(16)

J 2
5= (1+ (nk*{17)

k;

In the expressions (16), (17) was admitted thatintun

parameter of the proportional part is
Ky, = nk.

From expressions (7)-(8) and (14)-(15) are deta&&iﬁhe
optimal valuesk, and k; of the PI controller for the model
object (2) and respectively for the equivalent maibgect (6).

From expressions (9)-(11) and (16)-(18) are detmaitei the
optimal values of parametets, ki and ky of the PID
controller for the model object (2) and respectivédr the
equivalent model object (6).



The tuning parameters of Pl and PID controlley -k, and 15

kg are the functions of known parametrs of contlgkot and 1 b}

of the stability degree) that is unknown of the control 1 —
system: k;=f(J), k=f(J) andks="f(J) (view relations (7)-(11) . ko /

and (14)-(18)) Based on these relations in the case of known >/

object’'s parameters and in the case of variaticability ) / _—
degreeJ=0 in the respectively limits it was made the _— -
calculations and were obtained the dependeriged(J), / /(

ki=f(J), kg=f(J) for Pl and PlDcontrollers. 1 74”'-——/' k;

To obtain the setted performance of control systeith
respectivelly controller for the obtained curvég=f(J), ; |
ki=f(J), ke=f(J) it is chosen the value sets &, ki si kg -J 5
parameters for the different values of theand it is done the
computer simulation of the control system and leytthnsient
process is is determinated performances of corgystem.
This procedure will repeat until the performamdesystem
will be satisfied.

0.99

Fig. 2. The dependences of the PI controllers’
parameters of the stability degree value.
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To verify the proposed method of tuning the Pl & Kg

. . 60000
controllers to the model object (2) it was assurtteat the o0

control object has the arbitrary values of the ofge 0 Ky
parameters: .

1. The case for the non identical elements: 20000

ky=2k,=3,k; =027T, =105T,=125T, =55; 4000 ki

b, = 294,b, = 834, b, =5.2, a, = 600,
ay, = 230,a, = 27,a; =1,
2. The case for the identical elements:
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0.0%9
1= K=k = 03T =T, =15 =10, Fig. 3. The depend f PID controllers’ t
by = 150,b, = 30,b, = 1,5; a — 1000, ig. 3. The dependence o controllers’ paranse
z of the stability degree value.
a; = 300, a, = 30,a; = 1.

3. The case of equivalent model object: It was done the respectively calculation for theaRd PID
k=0,5T=10,n=3. controllers and in the Fig. 44, b are presented the
It was done the respectively calculation for the pidependenciel=f(J), k=f(J), k=f(J), for the case of identical
controller and were obtaindg=f(J), k=f(J) dependencies for equwalent mpdel object: Fig. 4,— tuning the PI controller,
the following cases: Fig. 2 — tuning the PI controller to the Fig- 4,b—tuning the PID controller.
non-identical model object; Fig. B~ tuning the PI controller
to the identical model object. In the Fig. 3 aregemted the .
dependenciesk,=f(J), k=f(J), ke=f(J) for the case of tune the 204
PID controller to the non-identical model object. e
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Fig. 4. The dependence of PID controllers’ paramnseof
the stability degree value.
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From Fig. 2,a, b were chosen the different sets of tuning
values for Pl controller that are presented in Table | (the
model object with non-identical elements) and Tdb{ease of
model object with identical elements). It was dotie
computer simulation in MATLAB, the obtained resutscase
of tune the PI controller are presented in the Bj@, b: in
Fig. 5, a are presented
system with non-identical elements; in the fig. b, are
presented the transition processes of controlesyswith
identical elements. The curves 1-5 were obtainedhe case
of tune PI controller by the MSD method and cubvevas
obtained for the case of tune PI controller useNG® Outport
Block from MATLAB, curve 7 represents the transiprocess
of the system with PI controller tuning to the iegient model
object (parameters presented in the row 6 frome AHI

TABLE I. THE VALUES OF THEPI CONTROLLER SPARAMETERS IN
CASE OFNON IDENTICAL MODEL OBJECT

the transition processes of control

No. J Kp ki
item.
1 0,09 2,40 0,21
2 0,18 3,31 0,53
3 0,69 2,57 0,98
4 0,81 3,10 1,34
5 0,9 3,47 1,66
6 9.45 6.066

TABLE Il. THEVALUES OF THEPI CONTROLLER SPARAMETERSIN
CASE OFIDENTICAL MODEL OBJECT

No. J Ko ki
item.
1 0,65 8,0 2,82
2 0,72 8,93 3,46
3 1,05 13,33 7,35
4 1,47 18,93 14,41
5 1,89 24,53 23,81
6 44.30 25.58
7 1 12,67 6,67

From Fig. 3 were chosen the different sets ofriginvalues

1 0.095 181,6 8.8 942
2 0.097| 313 1,56 156,5
3 0.098 17,21 0.88 84,2
4 0.099 10,45 0.55 50
5 0,16 15 0,173 0,104
R ! ! ! !
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Fig. 5. The transient processes of control systems.

In the Table 1V are presented the performaonéesntrol
system with Pl controller tuned to the non-identiozodel
object and in the Table V are presented the pedooms of
control system with PI controller tuned to the itiead model
object.

TABLE IV. PERFORMANCE OF CONTROL SYSTEM WITH| CONTROLLER

for PID controller that are presented in the Tdblé&he model
object with non-identical elements). It was done tlomputer

WITH NON-IDENTICAL ELEMENTS

simulation in MATLAB and the obtained transient pesses
are presented in the Fig. 8. For the case of tutliegPID
controller to the model object with identical elert the

tuning parameters can not be calculated by the ggexp
method. This is explaining from the reason that the
denominator coefficients from expression (7) areohiinal
and the parameters are compensated reciprocallyign 8

curve 5 represents the transient process of teersy with
PID controller tuning to the equivalent model olbjec

Perform. Nr. £, te, S g % t, s
of CS of % A
curves
MSD 1 5 2.8 2.8
. Method 2 5 1.65 2.3 1.65
3 5 1.45 10.2 5.4 1
4 5 1.25 10.4 4.5 1
5 5 1.1 10.7 4.35 1
MATLAB 6 5 0.48 7.2 1.85 1
Optimiz.

(parameters presented in the row 5 from Table IlI).

TABLE Ill. THE VALUES OF THEPID CONTROLLER SPARAMETERSIN
CASE OFNON IDENTICAL MODEL OBJECT

TABLE V. PERFORMANCE OF CONTROL SYSTEM WITHP| CONTROLLER
WITH IDENTICAL ELEMENTS

No. J kp Ki ki
item.

Perform. Nr. £ te, s g, t, s
of CS of % % A
curv
es
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MSD 1 5 1.7 5 1 Pole Zero Map
Method 2 5 18 12 4.9 1 ool l
3 5 0.92 11 4.1 1
4 5 0.65 11.7 3.5 1 ool |
5 5 0.49 12.1 24 1
I\gA'I"LAB 6 5 0.36 5 2.2 1 ool |
pmizat 2 2 4 > 34
MSD 7 5 0.91 1.17 4.05 1 E ¢ WA e i X o x
Method g 1 >
Analyzing the obtained performances it can be oleskr T oot T
that for the control system with Pl controller tdn& the
model object with three non identical elements arafiel o 1
connection the optimal transient process was obtafor the 008 |
case of curves 2 and 6 from Fig. &, (the control time is . . ‘ . . .

t=1.65 s. andt=1.85 s.). For the case of tuning the PI 27 08 05 04 03 02 01
controller to the model object with identical elarts the Resifxe
optimal transient process was obtained for the oaserves 5
and 6, Fig. 5b (the control time,;=2.4 and;,=2.2 s).

In the Fig. 6 is presented the comparison of tearsi

processes and in the Fig. 7 is presented thetlitih of the In the Fig. 8 are presented the transient prosesiseined
characteristic equation’s poles, obtained for theecof tune in the case of tune the PID controller to the ndentical

the Pl controller, in this figures are used thelofoing  elements and the performances of control systemrasented
notation: 1 - case of tune controller by the MSCthod to the i the Table VI.
non identical model object; 2 - case of tune adldr use
NCD Outport Block from MATLAB to the non identical "WF
model object; 3 - case of tune controller by theDMi8ethod :
to the identical model object; 4 - case of tunetler use . 4
NCD Outport Block from MATLAB to the identical mobHe 3
object. ' /\
Analyzing the obtained results it can be obsenred the : / :
best result was obtain for the case of tune theoRtroller to s
the non-identical elements and the system in thie das the . /
reserve of stability higher than the system witleniical /
elements.

Fig. 7. The distribution of the characteristic
equation’s poles.

[

Ll 1 z 3 4 5 L 1] 5 2

Fig. 8. The transient processes of control systems.

TABLE VI. PERFORMANCE OFCONTROL SYSTEM

Perfor Nr. £, tc, s g % t, s
m. of | of %
Cs curves

MSD 1 5 0.01 - 0.01

Method [ 2 5 0,13 - 0,13
3 5 0,21 - 0,21
4 5 0,31 - 0,31
5 5 2 - 2

0 o . e I i Analyzing the transient processes of the systenth ®ID

controller tuned to the model object with three -identical
elements in parallel connection the optimal tramsprocess is
presented by the curve 1 from Fig. 8.

In the case of control system with Pl controller the
variation theJ=0,1...1,0 ... the performances are varying:

- Control system with model object (2) with non+idieal
elementst.=2,65...1,07,6=0...10,75t=2,65...4,34.

- Control system with model object (2) with ideatfic
elementst.=1,55...0,48,6=9,62...12,2 %t,=5,8...2,12.

- Control system with equivalent model object (6):
t=29,6...0,7,6=0...13,75 %, =29,6...3,6.

In the case of control system with PID controllertlae
variation theJ=0,1...1,0 ... the performances are varying:

Fig. 6. The transient processes of control systems.
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Control system with model object (2) with non+idieal

elementst.=0,01...0,44,5=0,1,=0,01...0,44.

To the control system with model object (2) widlentical

elements the tuning of the PID controller is ruplacable.

Control system with equivalent model object (6):

t.=25,3...10,8,6=0, t, =25,3...10,8.

At the variation the parameters of the model objéoe
control system with controller tuned by the progbseethod is

robust.

IV. CONCLUSION

Analyzing the proposed results it can be done dtleviing

conclusions:

(1

(2
(3]

(4]

- Itis proposed the graphic - analytical methoduoirig
the Pl and PID controllers to the structures of eted
object with inertia first order in parallel conniect
that allows to obtain the desired performances of
designed control system.

- For the control system with Pl controller tunedte
model object with three non-identical elements in
parallel connection the optimal transient processs
obtained for the case of curves 2, 6 (Fign)5,

- For the case of tuning the PI controller to thedeio
object with identical elements the optimal transien

process was obtained for the case of curves 5 and 6

Fig. 5,b.

- For the case of control system with PID controller
tuned to the model object with three non-identical
elements in parallel connection the optimal tramsie
process was obtained for the case of curve 1, &ig.
and for the case of tune the PID controller to the
identical elements the method can not be applied.

- Analyzing the obtained transient processes for the
cases of tune the Pl and PID controllers, can be
concluded that the highest performances were
obtained for the case of tune the PID controllethi®
non-identical elements (the system has the cotitnel
t=0.01 s.).

- Control system with equivalent model object (6) and
P1 controller has the lower performances (thesiet
process is slow) than the control system with model
object with non-identical and identical elementshwi
P1 controller (the transient process is faster).

- Control system with equivalent model object (6) and
PID controller has the lower performances (the
transient process is slow) than the control systétm
model object with non-identical elements with PID
controller (the transient process is faster).
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