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Abstract. Currently, about 90-95% of generic controllers use the PID algorithm to generate control
actions, while 64% of the PID controllers are used in single-circuit automatic control systems. Most of
industries (power industry among them) use hundreds of automatic control systems. The quality of their
work is the basis of economic efficiency of technical processes, ensuring safety, reliability, durability
and environmental friendliness of both technological equipment and automation equipment. There are
different modifications of PID-controller structure implementation. In practice the ideal PID control-
ler with a filter and the classic PID regulator (serial connection of the ideal PI controller and the real PD
regulator as the direct action elements) are widely used. The problem of choosing a rational structure
and a method of parametric optimization of PID controllers, which provide the best direct indicatives of
the quality in the development of the main effects in single-circuit automatic control systems, becomes
urgent. However, only for the classical PID controllers, which are widely used at present, there are more
than three hundred methods for adjusting the three parameters of the optimal dynamic adjustment, as
well as the ballast time constant. This results in arising a problem of substantiation of the best structure
and method of parametric optimization of classical PID regulators. As a basic option, one of the simplest
and most obvious one, viz. the method of automated adjustment of the controller in the Simulink
MatLab environment had been chosen, which was compared with the method of full compensation
in general for objects with a transfer function in the form of an inertial link with a conditional delay.
Two variants of control action realization on the basis of the structural scheme of the optimal regulator
developed by the Belarusian national technical University were also offered. In contrast with the classic
PID controller, the optimal controller has one parameter of dynamic adjustment setting. The results
of simulation of transients at basic perturbations confirmed that the best direct indicatives of the quality
are provided with an optimal regulator, which makes it possible to recommend it for wide implementa-
tion instead of the classic PID controllers.

Keywords: transfer function, transient process, classic PID controller, optimal regulator, directly
indicative of the quality, single-circuit automatic control system
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HCIIONIB3YETCsl B OJHOKOHTYPHBIX CHUCTeMaxX. BOJBIIMHCTBO OTpaciiedl IpOMBIIUICHHOCTH, B TOM
YHCIIe SHEPreTHKa, COAEPXKAT COTHH CHUCTEM aBTOMATHYECKOTO YIPABJICHHS, Ka4eCTBO pPabOTHI
KOTOPBIX SIBISIETCSI OCHOBOH 3KOHOMHUYECKOH 3()(hEeKTHBHOCTH TEXHHUIECKHX IIPOIECCOB, oOecIe-
4yyBasi 6€30IaCHOCTh, HAJIEKHOCTD, JOJTOBEYHOCTh U 3KOJOTMYHOCTH PabOTHI KaK TEXHOJIOTHYE-
CKOTO 000pyIOBaHMUS, TaK M CAMHUX TEXHHUECKHX CPEICTB aBTOMAaTH3aluH. CyIIecTBYIOT pa3HbIE
MoaubuKauy peanusaui ctpyktypsl [1HM/I-perymsaropos. Ha npakTrke dame Bcero NpUMEHSIOT
uneanbubie [IN]]-perynsatopsl ¢ GuIbTpoM, a Take kiaccudeckue [1M]JI-perymstopsl kak mocie-
JIOBaTeNIbHOE COeIUHEHNE MACANBHOro U peansHoro I1JI-perymsiTtopoB B Buje 3BEHBEB OBICTPOrO
pearupoBaHusi. AKTyalbHOH CTaHOBUTCS 3ajauya BBIOOpA palMOHANBHOI CTPYKTYpBI M MeToza
napamerpuueckoit ontumusaimu [1HM]/I-perymsitopoB, KOTopble 00ECIEUNBAIOT JIY4IINE MPSMbIC
HOKa3aTeNH KayecTBa MpU OTPabOTKe OCHOBHBIX BO3/CHCTBHIl B OJJHOKOHTYPHBIX CHCTEMaX aBTO-
MaTH4ecKoro ymnpasiieHua. Bmecte ¢ TeM Tonbko i kiaccuueckux [TMJI-perynsatopos, MHUPOKO
UCIIOJIB3YEMBIX B HACTOSILIEE BPEMs, CYIIECTBYET 0oJiee TPEXCOT METOZ0B HACTPOMKH TpexX Iapa-
METPOB ONTHMAIbHOW AMHAMHYIECKONH HACTPOMKH, a Takxke OalgacTHON IOCTOSHHOH BPEMEHH.
H3-3a 3T0TO BO3HMKAET ImpoOiieMa 000CHOBAHMS JIyUIIed CTPYKTYPHI U METO/a TapaMeTpHIECKOn
onruMu3aiyy knaccndeckux [TM/I-perymstopos. B kagecTBe 6a30Boro BapuanTa BHIOpaH OAUH U3
CaMBIX TPOCTHIX M HATBIOHBIX — METOJ] aBTOMAaTH3MPOBAHHOW HACTPOHMKM pErynsiTopa B cpene
Simulink MatLab, xoTopsiii cpaBHHBaJICS ¢ METOJOM MOJHOW KOMIIGHCAIMU B OOIIEM BHIC IS
00BEKTOB C TepefaTOuHOH (GyHKIMEH B BUIE HHEPIIMOHHOTO 3BEHA C YCIOBHBIM 3aIa3[bIBAHUEM.
Taxoxe TpeIoxKeHsI [Ba BapHaHTa pean3alliil YIPaBIIONIETO BO3AECHCTBHS Ha 0a3ze CTPYKTYp-
HOW CXEeMBbl ONTHUMAJIBHOTO peryisaTopa, pa3paboTaHHOro benopycckuM HallMOHAIbHBIM TEXHUYE-
CKUM yHuBepcuteToM. B otimuune ot xiaccudeckoro ITM/I-perynsropa onTUManbHbI perynsaTop
HMeeT OJMH IapaMeTp IUHAMH4YecKOll HacTpolku. Pe3ynpTaTel MoJenMpoBaHHs NEPEXOAHBIX
IIPOLIECCOB IIPU OCHOBHBIX BO3MYIIEHUSIX MOATBEPKAAIOT, YTO JIyUIlINe NPsMbIe ITOKa3aTesIn Kade-
cTBa 00ECIeYHBAET ONTUMAIBHBIN PETyIATOp. DTO MO3BOJISIET PEKOMEH/IOBATH €TI0 AJISl IIHPOKOTO
BHeJpeHus BMecTo Kinaccuueckux [T /[-perynsropos.

KiroueBble ciioBa: nepenarouHas (yHKUus, nepexonHod mpouece, knaccuyeckuit ITMI-pery-
JISITOp, ONTUMAJbHBIN PEryIsTop, NpsMbIe MOKa3aTeIM KauecTBa, OJHOKOHTYPHAs CHCTEMa aBTO-
MaTHYECKOTO YIPaBICHHS
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Introduction

Adaptive control systems design is one of most effective method to upgrade
regulation quality of process variables. Adaptive control systems must consider
plant’s dynamic behaviours for wide range of load variation and dynamics of
disturbances. They must use combined control principle in response to deviation
and disturbance [1].

Long list of papers verifies this problem’s relevance and importance.
These scientific papers deal with PID controllers’ adjustment and their realiza-
tion [2-10]. This type of controller is the most difficult for adjustment among
continuous controllers. PID controllers are used to regulate plants those are de-
scribed differential equations of higher order. So transfer functions of plants
can’t be approximated dynamic elements of first order with time delay, because
they can’t give significant improvement of PID controller control quality [5].
Problem of adaptation automatic process regulator settings is reputed relevance



I'. T. Kynaxos, K. H. Apmémenko
194 CpaBHEHHE Ka4ecTBa IIEPEXOIHBIX IPOIECCOB CHCTEM aBTOMATHYECKOTO YIIPABIICHUS. . .

too, because dynamic behaviours of plant are varied in wide range of load va-
riation [6].

Within the order of 90-95 % under service regulators are using PID algo-
rithm [6]. Also 64 % PID controllers are used in single loop automatic control
systems and 36 % are used in multi loop systems. Thus problem of design and
parametric optimization method for PID controllers becomes relevance. Solution
to this problem lets to get best regulation costs in single loop automatic control
systems to the different disturbances.

Description of simulation model

Block diagram of transient simulation for single loop automatic control sys-
tem (ACS) is shown in the fig. 1.
|7
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Fig. 1. Block diagram of transient simulation: x,, — set point of controlled variable;
W.(p) — controller’s transfer function; W,,(p) — plant’s transfer function; W,,(p) — transfer function
of external disturbance; f; — internal disturbance; f; — external disturbance;
x.(f) — control action; y(¢) — controlled variable

Plant’s transfer function is a second-order relaxation circuit with delay time.
Parameters of this transfer function are specified with the help of plant’s transfer
function experiment diagram for controlling action channel [9]
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where k& — plant’s transfer function coefficient; 7, ¢ — larger and lesser transfer

function time constants, s; t. — delay time for controlling action channel, s.
Plant’s transfer function for external disturbance channel
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where k.., — transfer function coefficient for external disturbance channel; T,,, —
transfer function time constant for external disturbance channel, s.
Widely used transfer function of classic PID controller is written as

_k(Tp+I)(T;p +1)
Tp(T,p +1)

where k. — transfer function coefficient of controller; 7}, T,, T, — integration, de-
rivative and ballast time constants, s.

W.(p) €)
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There are a lot of different adjustment methods for PID controllers at this
moment [2]. Automatized controller adjustment with the help of Simulink
MatLab API is one of the most simplest methods. Process of adjustment and
optimization is written [7]. Settings of optimal dynamic adjustment for PID
controller after automatized controller adjustment are: k. = 2,789, T; = 0,0246 s,
T,=38,67 s and T, = 0,4 s (first variant). These settings are chosen of minimum
integral of the squared error (ISE). Automatic control system has minimum
overshoot and minimum time, when controlled variable get to the controller’s
dead band (£2 %), under the given settings. This method can’t help to calculate
controller settings, which let controlled variable be changed without overshoot to
the controlled variable step input.

Full compensation method in general terms will be the second variant of PID
controller dynamic adjustment settings [9]. Derivative time is equal to delay
time for controlling action channel under this method. Ballast time constant
is calculated as mean value T, = T,/N, where N = 10 [2]. Time constants are
equal for the second variant of PID controller dynamic adjustment settings:

I;=T+c=101+19=120s; 4)
T,=t.=11.2s; ®)]
T,=T/N=11,2/10=1,12s. (6)

Transfer function coefficient is calculated as

(‘:T;-c: 1201+19 1,674, )
- Akt 4-17-1,6-112

where & — damping coefficient (equal 1), that help to rectify overshoot to the
controlled variable step input.

PID controller structure can be made with the help of optimal regulator trans-
fer function to the controlled variable step input [10]. Optimal regulator let to
operate input step without overshoot (fig. 2).

s W) +1

Fig. 2. Optimal regulator signal graph: W *(p) — optimal regulator transfer function;

W;(p) — filter transfer function; W,)(p) — part of closed-loop automatic control system’s

specified transfer function without delay time; &(¢) — control error;
1. — delay time for controlling action channel
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Transfer function of closed-loop automatic control system (criterion of opti-
mality)

W.(p)W,(p)

_ _ 170 TP _
Wy, (P)=Wy(p)=Wy(ple ™" = T ACIAT)

®)

Optimal regulator transfer function under input step can be found with the
help of equations (8) and (1)

opt W,,(p) w3 (p)
W P — cl — cl —
=) W, (p)-[1-W,(p)] Wy (p)-[1-W.,(p)]
1
= .  -Co—_— 9
Wf(p) I—VI/C(;(p).eiTﬁp’ ( )
W (p)

where W, (p) = — filter transfer function; Wpol (p) —part of plant’s trans-

0
pl
fer function without delay time.

Specified transfer function of closed-loop automatic control system, which is
based on structure of plant’s transfer function (1) (optimal input step criterion)

e*TCp

W, (p)=Wi(pe ™ =———,
(Tclp +1)

(10)

where T,.; — one and only one calculated dynamic adjustment setting of optimal
regulator, which help to calculate regulation costs of automatic control system to
the controlled variable step input.

Filter transfer function with the help of equations (1) and (10) is equal

wi(p) (Ip+1)(op+1) (101p+1)(19p+1)
W (p)=—G-"—= = : 11
7(P) Wu(p)  k(T,p+1) 1,6(T,p+1)’ (h

The numerical value of T, is calculated with the help of golden ratio number
sequence (third variant) [10]

T.n=0.618t.=0.618-11.2=6.92s. (12)

The numerical value of 7., must be increased to make maximum control
action equals to automatized controller adjustment method with the help of Si-
mulink MatLab API (fourth variant)

Tep=0.725t.=0.725-11.2=8.12s. (13)

The tab. 1 gives dynamic adjustment settings for all four methods.
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Table 1
Dynamic adjustment settings of four compared controllers
Num}?er Name of mefhod Dynamic adjustment settings
of variant k. T,s T, s T, s T, s
1 Automatized controller adjustment -
(Simulink MatLab API) 2.789 0.0246 | 38.67 0.40
2 Full compensation method in general -
terms 1.674 | 120.0000 | 11.20 1.12
3 Optimal regulator (7, = 6.92 s) - - - - 6.92
4 Optimal regulator (7., = 8.12 s) - - - - 8.12

Results of transient simulation

Fig. 3 shows control action variation in open-loop automatic control system
for classic PID controller and optimal regulator (first and fourth adjustment va-
riants).

20‘

15

10

Control action

N

0 50 100 150 200 250 300
Time, s

Fig. 3. Control action variation in open-loop automatic control system

Curves of control action variation in open-loop automatic control system are
in close agreement for optimal and PID controllers as we can see on fig. 3.

Fig. 4 and 5 show controlled variable variation (y(¢)) and control action va-
riation (x.(¢)) to the controlled variable step input (x,).
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Fig. 4. Controlled variable variation Fig. 5. Control action variation

to the controlled variable step input to the controlled variable step input
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Fig. 6 and 7 show controlled variable variation (y(¢)) to the internal distur-
bance (f;) and external disturbance (f5).
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Fig. 6. Controlled variable variation Fig. 7. Controlled variable variation
to the internal disturbance to the external disturbance

The tab. 2 gives regulation costs of the automatic control systems to the

controlled variable step input (x,,), internal disturbance (f) and external distur-
bance ().

Table 2
Transient regulation costs of four compared controllers
Variant | Kind of disturbance t.,s Gmaxs %0 x Ay™
Xgp 89 5.93 18.26 -
1 fi 340 - - +0.289
fH 98 - - +7.950
Xgp 88 0 16.74 -
2 N 470 - - +0.401
f 102 - - +8.260
Xgp 53 0 25.05 -
3 fi 350 - - +0,260
f 73 - - +7.770
Xgp 60 0 18.19 -
4 fi 360 - - +0.281
f 78 - - +7.890
Keys used: ¢. — time, when controlled variable get to the controller’s dead band (£2 %);
Gmax — Maximum overshoot; x — maximum control action variation; AY™ — maximum dyna-
mic controlled variable variation to the internal and external disturbances.

When regulation costs of four compared controllers (PID controllers and op-
timal regulators) were analyzed, it was found that fourth variant has the best
regulation costs to the controlled variable step input, but third variant marginally
better than fourth variant to the internal and external disturbances.
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CONCLUSIONS

1. It has been suggested three variants of PID and optimal controller adju-
stment (number 2—4), which were compared with automatized adjusted cont-
roller (Simulink MatLab API) to the input step in automatic control system.

2. ACS automatized adjustment with the help of Simulink MatLab API
didn’t let to adjust controller in such a way that controlled variable varies mono-
tonically without overshoot to input step.

3. If PID controller has non-free behavior (only controller coefficient and
time constants are adjusted), then controller adjustment with the help of full
compensation method in general terms (second variant) has some advantages
compared to automatized adjustment (first variant). There are: no overshoot;
time, when controlled variable get to the controller’s dead band, is by a 1.1 %
less and maximum control action variation is by a 8.3 % less to input step. But
maximum dynamic controlled variable variation is by a 38.7 % larger and stabi-
lization time is by a 38.2 % larger than first variant to the internal disturban-
ce (f1). And maximum dynamic controlled variable variation is by a 3.9 % larger
and stabilization time is by a 4.1 % larger than first variant to the external dis-
turbance (f3).

4. If PID controller has free behavior (controller structure can be changed),
then it is appropriate to use optimal controller transfer function for controller
adjustment. Simulation results of transients show significant improvement
of control quality to the controlled variable step input. Stabilization time is by
a 40.4 % less (third variant) and by a 32.6 % less (fourth variant) than automa-
tized controller adjustment (first variant). But maximum control action variation
is by a 37.2 % larger for third variant and by a 1.0 % less for fourth variant.
As well these variants have no overshoot.

5. First, third and fourth variants have virtually the same regulation costs to
the internal disturbance f;. Stabilization time is by a 2.9 % larger (third variant)
and by a 5.9 % larger (fourth variant) than first variant. But maximum control
action variation is by a 10.0 % less for third variant and by a 2.8 % less for
fourth variant.

6. Use of optimal regulator let to improve regulation costs to the exter-
nal disturbance f,. Stabilization time is by a 25.5 % less (third variant) and by
a 20.4 % less (fourth variant) than first variant. But maximum control action
variation is by a 2.3 % less for third variant and by a 0.8 % less for fourth
variant.

7. Controller design with the help of optimal regulator transfer function let
to improve greatly transient regulation costs to the input step and disturbances
and let to simplify adjustment process too, because of optimal regulator has one
and only one dynamic adjustment setting. Curves of control action variation in
open-loop automatic control system are in close agreement for optimal and PID
controllers.
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