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Abstract—A model of a discrete system for stabilizing the ship's course has been developed and the results
of research on the choice of an optimal digital controller for it are presented. The method of the describing
function is used as a research method. In developing a mathematical model of a discrete system, a typical
block diagram of a continuous stabilization system was used. The location of the quantizer and
extrapolator in it was determined. The latter was selected as a zero-order extrapolator, as the simplest,
easily implemented with standard equipment, although the use of a first-order extrapolator can give some
advantage in the accuracy of information recovery. Modeling is carried out in state variables and in a
classical way based on a discrete transfer function of stabilization system. For the research, the package of
visual block simulation modeling of the MatLab matrix system was used. Modeling of the system of
stabilization with different types of controllers allowed to carry out their comparative assessment. To
improve the properties of the digital proportional integral derivative controller, it is proposed to introduce
in it a correction system.

Index Terms—Ship; stabilization system; course; Z-transformation; quantizer; extrapolator; controller;
correction; discrete transfer function.

I. INTRODUCTION to the same functional schemes. However, the control
processes occurring in stabilization systems are

Stabilization systems are special automatic . N . . .
Y P described by similar linear differential equations. As

control systems designed to guide and maintain a

given spatial position of the control object when its @ Tesult, their block diagrams are identical, which
base oscillates. allows to obtain a typical (Fig. 1) block diagram of a

Despite the fact that stabilization systems differ ~continuous stabilization system.
significantly in design, they are performed according
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Fig. 1. Typical block diagram of a continuous stabilization system: G, = kk,,, is the structural stiffness of the system;

D, =kyk,, isthe constructive damping of the system; £k, is the transfer coefficient of the deviation sensor of the

sds Vreg

control object; k,, is the transfer coefficient of the sensor of the speed of deviations of the control object; &, k, are

sds

stiffness and damping adjustment coefficients; &, is the transfer coefficient of the regulator

The moment of stabilization Mg is formed on the Ms :VG M= k.G +k,D.
channels of the sensor of angular deviation and the
sensor of speed of angular deviation of the control
object:

The presence of a block diagram — a linear
model, of a continuous stabilization system allows
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you to perform its analysis and synthesis in the
design or upgrade.

We are currently witnessing the widespread use of
discrete (digital) automatic systems in technology. A
linear discrete automatic control system is a system
that, in addition to the links described by linear
differential equations, contains an element of discrete
action that converts a continuous input effect into a
certain sequence of pulses. The discrete element can
be a stand-alone functional device or be part of
analog-to-digital converters included in the control
system with digital control devices.

Discrete elements and digital computing devices
are introduced into automatic control systems in
cases where the tasks require complex information
processing or performing such operations that can
not be performed with the required accuracy using
analog devices.

During the conversion by a discrete element of a
continuous signal into a discrete one, it performs two
operations: quantization of the signal and its pulse
modulation. In systems with digital controllers, the
discrete element is also responsible for the function
of translating the discrete signal into binary code.

II. PROBLEM STATEMENT

The problems of analysis and synthesis of discrete
(digital) automatic systems are much more complex
than similar problems for linear continuous systems.
For example, the stability of discrete systems in
contrast to analog linear ones is determined in a
limited range of frequencies of disturbing influences,

and the nature of their transient process may,
depending on the system parameters, end in a finite
number of steps. All this requires the use of special
methods of analysis and synthesis of discrete systems.

In this regard, it is of some interest the
development of a discrete stabilization system, such
as the course of the ship, with an optimal digital
controller that meets modern requirements for quality
and safety of navigation of seagoing vessels.

III. PROBLEM SOLUTION

The most common methods of describing discrete
systems are methods based on the application of
differences of lattice functions and Z-images of
difference equations of their motion. This makes it
possible to move to structural images of the equations
of discrete systems with subsequent modeling of
systems, their analysis and synthesis, for example, in
the MatLab environment.

To build a mathematical model — a structural
scheme, a discrete system of stabilization of the ship's
course, we use a typical structural scheme of a
continuous stabilization system. Considering the time

constants 7,, 7, of the sensor of the angular velocity

of the ship's deviation from the course as the values of
the second order of smallness, we obtain the
calculated block diagram of a continuous system of
stabilization of the ship's course. The scheme is
shown in Fig. 2.

Determine the location of the quantizer in model
and the type of extrapolator. In the general case, there
are three options, which are shown in Fig. 3.
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Fig. 2. Block diagram of a continuous system of stabilization of the ship's course
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Fig. 3. Quantizer location options

In the first and second cases, the equivalent
discrete transfer functions
determined by algorithms

of the system are
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In the third — for an equivalent discrete transfer

function we will accept
w.[2]

provided that the
X (S)W (s)

Ry

1
W W [2]

signal is a signal

input

In order to reduce information loss in the system,
immediately after the operation of quantization of the
continuous signal a data recovery operation is
introduced. It is implemented by using an
extrapolator.

There are zero and first order extrapolators. Their
transfer functions are accordingly equal

l—e™ 1—e ™Y (Ts+1
W (s)= ; , Wo(s)= =

s

In practice, the use of a first-order extrapolator can
give some gain in the accuracy of information
recovery with frequent quantization of fairly smooth
signals. The vast majority of real recovery devices are
described by the model of the zero-order extrapolator.
This is the simplest extrapolator, easily implemented
by using standard equipment.

The discrete transfer function of the series
connection of the quantizer, the zero-order
extrapolator and the subsequent dynamic link W(s)

can be found as

W[z]zZT_lZ{m}.

s

Assuming the transfer functions of the straight
chain W_(s) and the feedback chain W, (s) are
equal

1

Wels)=—7

s+l

1

W (S) s+l
and zero-order extrapolators, transient characteristics
were obtained for each of the three systems shown in
Fig. 3. The results of calculations are shown in Fig. 4.
Analysis of the graphs shows that wherever the
quantizer and extrapolator are located, the transient
characteristics of the system do not differ from each
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other. Therefore, for further research, was chosen a
variant of Fig. 3b of their location.
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Fig. 4. Transients of the system with different options of

the placement of the quantizer with extrapolator

Based on the above, the block diagram of a
discrete stabilization system after convolution of the
circuit I takes the form shown in Fig. 5.

Guided by the principle of superpositions,
mathematical models of the stabilization system for
each of the channels of influence on the control object
were reduced to the form in Fig. 6.

Due to the limitations of the scope of work, further
studies of the system on the control signal channel
will be presented. The method of assessing the impact
of disturbing influences is similar.

The presence of the structural scheme of the
system allows to calculate its discrete transfer

functions: W, [z] is the equivalent and W, [z] is the

open circuit. To do this,
Z-transformation.

simply perform a
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Fig. 5. Block diagram of a discrete stabilization system
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Fig. 6. Mathematical models of the system: (a) by the control signal channel; (b) by the disturbing influences channel

In the work for the decision of the given problem
the author used a package of visual block simulation
modeling of matrix system MatLab. Taking into
account the values of the system parameters
according to [1] — [4], we determine the equivalent
discrete transfer function by the control signal

0.0001579 z"2 +0.0006654 z + 0.0002192
Wz =

z"4 - 1.713 z"3 + 0.6966 z"2 + 0.01068 z + 0.006738

Modeling of the stabilization system was
performed on this function. Figure 7 shows a discrete
model in state variables.
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Fig. 7. Model in state variables

Figure 8 shows a classical model be using a
discrete transfer function.
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Fig. 8. Classic model

The models give the same results. Their using is
based on the tasks solved by the researcher. The
sampling period of the signal was taken to be
T =0.5s. Models of an open loop of the stabilization
system were obtained in a similar way.

The results of research using the developed
models are presented in Figs 9 and 10.

Fig. 9. Amplitude-phase frequency response of a discrete
open-loop stabilization system

b)
Fig. 10. Transient response (a) and its fragment (b) of
discrete stabilization system

Thus, according to the analogue of the Nyquist
criterion (Fig. 9), with the selected parameters of the
controller, the discrete stabilization system will be
stable and, therefore, efficient. This conclusion is
confirmed by the response of the system (Fig. 10) to
the step control action.

Circuit solutions of digital controllers of
stabilization systems can be  different.
Proportional-integro-differentiating (PID), propor-
tional-integrating (PI), proportional-differentiating
(PD) regulators deserve attention.

In Fig. 11 shows a block diagram of a stabilization
system with a digital PID - controller.
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Transfer function of the PID-controller:

ky(z-1) . kTz

It contains three components: proportional,
differentiating and integrating. The advantage of the
regulator is a quick system response to the mode, an

W [Z] = Kyeg + T2 1 accurate content of a given initial value and a quick
d response on control influences.
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Fig. 11. Block diagram of the stabilization system with a digital PID-controller

Models of the system with PD- and PI-controllers
were obtained by imposing restrictions on the PID -
model.

PD-controller consists of parallel connected
proportional and differentiating links

k. (z-1
VVPD [Z]Zkreg +%.
d

to both the mismatch

(v, —v,)and the rate of change. Due to this, when

It responds signal

using the PD-control law, the effect of advanced
control is achieved.

The PI-controller is a proportional controller with
an integral component. The latter is required to
eliminate the static error of the system, which is
characteristic of the proportional controller. The
transfer function of the PI-controller has the form

kTz

z—1

Woi[2]= ke +

Simulation in the MatLab environment of the ship
course stabilization system with various types of
digital controllers made it possible to carry out a
comparative assessment of the controllers and choose
the best one.

Close to the optimal, based on the basic
requirements for quality indicators of marine control
systems, was a digital PID- controller. The transient
characteristic (curve 1) of the stabilization system of
the course of the ship with the industrial
PID-controller is given in Fig. 12.

The disadvantages of using an industrial digital
PID-controller include the presence, albeit small, but
over-regulation of the transient process, which is
extremely unacceptable for control objects of high
inertia. Therefore, in order to increase the efficiency
of the discrete stabilization system in the work, it is
proposed to introduce a correction system in the
industrial digital controller (Fig. 13).

Fig. 12. Transient functions of the system: 1 is the industrial
PID-controller; 2 is the PID-controller with correction
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Fig. 13. Digital PID-controller with correction system

The use of the proposed correction unit is justified
by the fact that in ship control systems there are
restrictions on the maximum value of the control
effect.

The principle of operation of the correction
system is quite fully described in the work of the
authors [2].

The transient characteristic (curve 2) of the
stabilization system with an wupgraded digital
PID-controller is shown in Fig. 13.

Comparison (Fig. 13) of the dynamics of the
stabilization systems with different types of
PID-controllers shows that both systems of course
have the same constant value, their speed meets the
established requirements, but in system 2 the process
proceeds without over-regulation.

Summarizing the results of research, we note that
for a discrete (digital) course stabilization system
from the point of view of the quality of control
processes is optimal digital PID-controller with the
proposed correction system.
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IV CONCLUSIONS

A feature of discrete (digital) control systems is
the possibility of complex information processing
and operations that cannot be performed with the
required accuracy using analog devices.

The developed mathematical model of the discrete
stabilization system of the ship's course allowed to
synthesize a digital controller in order to provide the
necessary indicators of the quality of the system.

Theoretical and experimental studies have shown
good convergence of results.

The synthesis of digital PID-controllers allowed
to choose the optimal one. Thus, for a discrete
stabilization system, the ship's course is a digital
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0. K. Abaecimos, T. I1. ZKmypuuk, A. A. Pyas, A. O. lIb06a. IludpoBa cucrema cradimizauii

Po3po0i1eHO MOJIeTh AUCKPETHOI CUCTEMH CTaOLTi3aIlii Kypey KopaOJisl Ta MPEACTaBICHO PE3yIbTaTh JOCTIHKEHb 1010
BHOOPY ONTUMAJILHOTO IU(PPOBOro peryasropa 10 Hel. SIk MeTon JOCIiIKeHHS] BUKOPUCTOBYETHCSI METOJI OIMCYBAHOT
¢yukuii. [Ipu po3poOii mMareMaTHyHOI MOJENi JUCKPETHOI CHCTEMH BUKOPUCTAHO THIIOBY OJIOK-CXEMY CHUCTEMH
OesmepepBHOi crabimizaiiii. BusHaueHo Miclie po3TallyBaHHSA B CHCTEMi KBaHTyBada Ta EKCTpamoyisropa. Y SKOCTI
OCTaHHBOTO OOPAaHO EKCTPATIONISTOP HYJIHOBOTO MOPSAKY, SIK HAWIPOCTIIIHHI, 1110 JIETKO Peali3yeThCs Ha CTaHIAPTHOMY
o0JlaJiHaHHI, X04Ya BHKOPHCTaHHS EKCTPANoJIsATOpa IEepIIoro MOPSAKY MOXE JaBaTH IEBHY IepeBary B TOYHOCTI
BITHOBJICHH: iH(pOpMaIii. MoienoBaHHS POBOAMIOCS B 3MIHHHX CTaHY 1 KJIACHYHUM CIIOCOOOM Ha OCHOBI TUCKPETHOT
nepenatHoi QyHkuii cucremu craOimizamii. J[ns nociipkeHHs BUKOPUCTOBYBABCS ITaKeT Bi3yallbHOTO IMITallifHOIO
0JI04YHOrO MOJeNtoBaHHs MaTpuuyHoi cucteMun MatLab. MopnemoBanHs cuctemMu craOumizanii 3 pi3HUMH TUIIAMHU
pETYNIATOPIB JIO3BOJIMJIO TPOBECTH iX TMOPIBHSJIBHE OIHIOBAaHHA. J{JIs1 IONINIIEHHS BIACTUBOCTEH IHM(POBOTrO
MI/I-perynsiTopa NPOHOHYETHCS BBECTH B HHOI'O CHCTEMY KOPEKIIii.

Karwu4osi cioBa: xopabenp; cucrema cradiiizamii; Kypc; Z-IepeTBOpEHHs; KBaHTYBay; €KCTPAIOJATOP; PEryssiTop;
KOPEKIIisl; AWCKPETHA repeaTHa (HyHKITiSL.
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Pazpaborana MoJienb TMCKPETHON CHCTEMBI CTA0MIM3alMK Kypca Kopaliis U Pe/ICTaBIeHbl Pe3yIbTaThl HCCISJOBAHUN
[0 BBIOOPY ONTHMAJBHOTO IM(POBOro peryasropa miasi Hee. Kak METOI HCCIEIOBaHHS HCIOIB3YETCS METO.
onuceiBaeMoit GpyHkimu. [Tpu pazpaboTke MaTeMaTHIECKON MOJCITH JUCKPETHON CHCTEMBI ObLTA HCIIOB30BaHA TUIIOBAS
OJIOK-CXeMa CHCTEMBI HEIPEephIBHOW cTabmin3anud. OnpeneieHo MECTO pPACHOJIOKCHUS B HEW KBAaHTOBATENISA U
9KCTpamnoniropa. B xauectBe nocieqHero ObUT BEIOpaH SKCTPAIONSTOP HYJIEBOIO MOPsAKA, KaK CaMbli IIPOCTOM, JIETKO
peanu3yeMblil Ha CTAaHIAPTHOM 00OPYIOBAHUH, XOTS UCIOIB30BAHUE IKCTPAIOIIATOPA TIEPBOrO MOPSAAKA MOXKET JaBaTh
ONpPENCICHHOS TPEUMYIIECTBO B TOYHOCTH BOCCTAHOBJCHUSA HWHPOpManuu. MoIelIupoBaHUEe MPOBOAMWIOCH B
MEPEMEHHBIX COCTOSHHMS W KJIACCHYCCKHUM CIIOCOOOM Ha OCHOBE IUCKPETHOH MepenaTOYHON (YHKIMH CHCTEMBI
crabwin3anuu. 111 uccienoBanus ObUT UCTIOIB30BaH MAKET BU3YaJbHOI'O MMUTAIIMOHHOTO OJIOYHOT'O MOJCITHPOBAHUS
MaTpu4yHOi cucreMbl MatLab. MonenupoBaHue CHCTEMBI CTaOWIH3alMM C Pa3IMYHBIMH THIIAMH PETYJISTOPOB
MTO3BOJIMJIO MIPOBECTH MX CPABHUTEILHYIO OIleHKY. [l yirydrieHus cBoictB nudposoro [T /I-peryistopa npemiaraetcs
BBECTH B HET'O CUCTEMY KOPPEKITUH.

KnarwueBble ciaoBa: kopaOnp; cucrema craOWin3aluu; Kypc; Z-npeoOpa3oBaHHE; KBAaHTOBATENb; HKCTPAIIOJSTOP;
PETYAATOP; KOPPEKITHS;, TUCKPETHAs IepeaTouHas PyHKITH.
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