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Abstract—Designed the model of the nonlinear stabilization system of the ship course and showed expe-
rimental and theoretical research results of the selection an optimal regulator for the system, which ex-
cludes, at the same time, appearance of limit cycles in it. As research method, the method of describing
function was used. Simulation of the nonlinear stabilization system of the ship course with different types of
regulators allowed to perform a comparative assessment of industrial regulators. To improve the proper-
ties of the PID-regulator, it is proposed to a nonlinear correction system.

Index Terms—Ship; stabilization system; course; nonlinearity; describing function; controller; correction;

the frequency transfer function.
I. INTRODUCTION

Stabilization and control systems take an impor-
tant place in the automated control systems of inertial
objects. Their goal is to achieve a sustainable value of
a control magnitude or its change for a given control
law.

Currently, there is a whole class of automatic
stabilization and control systems of inertial objects
such as planes, tanks, ships, submarines. A detailed
study of these systems allows to conclude that they
are nonlinear.

The tasks of analysis and synthesis of such systems
are more complex than similar problems for linear
systems. For example, the stability of nonlinear sys-
tems unlike linear depends on the size and location of
external action application, the nature of surge process
changes with changing the magnitude of external
action, there are regimes in nonlinear systems that do
not exist in linear systems, including the mode of limit
cycles. All of this requires applying of special analysis
and synthesis methods of nonlinear systems.

In the development of automatic control theory
has been created various mathematical methods for
analysis and synthesis of nonlinear systems, each of
them can only be applied to a class of systems and
applications. So, universal analytical methods for the
researching of nonlinear systems do not exist.

II. PROBLEM STATEMENT

The main feature of nonlinear systems is the pos-
sibility of limit cycles appearing — undamped oscilla-
tions, with amplitude that is independent from exter-
nal influence and initial conditions, and their fre-

quency is a harmonic or subharmonic of input signal.
In this regard, the particular interest is in the devel-
opment of a stabilization system of the ship course
with optimal regulator, which exclude the possibility
of limit cycles appearing in it during operation.

III. PROBLEM SOLUTION

Mathematical model of the stabilization system of
the ship course is represented as a block diagram
(Fig. 1).

The system has certain features. Firstly, scheme
contains sensors of the angular and speed deviation
of control object based on the three-stage and
two-stage gyroscopes. At the same time, they contain
nonlinear feedbacks, which are caused by the
presence of dry friction in the bearings of the gyros-
cope frames. Secondly, in the real system the devia-
tion angle of the executive drive rudder and its rota-
tion speed have natural barriers, so executive drive is
nonlinear. Thus, the stabilization and control system
of the ship course is nonlinear. There are five nonli-
near elements in it.

Considering nonlinearities in the angle and speed
sensors and their effect on the sensor is a separate
branch of researches. Consider sensors errors caused
by the presence of nonlinearities in them, like Ay

and AP, and pass to linear models of the angle sensor

and the speed sensor.

Because of restrictions on the amount of work, it
will be presented below research of the system for
one nonlinearity of the executive drive. Methods of
assessing the impact of another nonlinearity is
similar.
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The principle of superposition does not apply to

nonlinear systems, so, we will consider the system

that is only under the action of the control signal.

Because of adopted limitations, the block diagram of
a nonlinear system of stabilization takes the form
shown in Fig. 2.
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Fig. 2. Calculated model of the nonlinear stabilization system of the ship course

The moment of stabilization is formed through the
sensor channel of angular deviation and through the
speed sensor of angular deviation of control object:
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Concurrently, the executive drive has a linear
characteristic with limitation

z={—xmaxatx<—a kxat—a<x<a x atx>a}.

max

P(o)=

In order to determine the possibility of limit cycle
appearing, we will make calculations according to the
method of describing function.

After the convolution of contour I and the
transition to the frequency domain, we obtain an
equivalent of frequency transfer function of the linear
part of the stabilization system

W(jo)=P(o)+j0(0),

where
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We will apply to the nonlinear element method of

koks G, [(1+kokDDm)_(ToT1 +T22)(92] 1 (2)
(1,70 —(T, + T)o] +[(1+kk,D, )~ (1,1 + T ) o ]2 o)
W (jo)=-W,'(a,.0), )

harmonic linearization and will find in the handbook
of automation the function which describe it
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where b is the width zone of linear mode; £ is the gain
coefficient in the linear mode.

The condition of the limit cycle appearing in
considered system is the implementation of equality

where W, (a,,,®) is the inverse describing function

of nonlinear part of the system; W (jm) is the

frequency transfer function of the linear part of the
stabilization system.

Combined plotting (Fig. 3) of functions W (jo)
and -, (a,,0) in the plane P(jo)—> jO(w),

allows to solve the equation (4).
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Fig. 3 Inverse describing function and the amplitude-phase
frequency characteristic (APFC)

When plotting the inverse describing function, we
take into account the particular cases of its calculation:
— for

a,=b=Ww, (am = b)= ﬁ(arcsinl)
T

2
_2E T g
T 2
— for

2
a, »>o0=>W,(a, > )= —k(arcsinO +£J =0.
n o

Let’s find the coordinate of the point of
intersection W ( jo) and W, (a,).

First of all we determine from (2) the frequency of
possible limit cycle

@, | _ L+ kkyD,
0 0(0)=0 - T;)T; +T22 :

Substituting the value ®, into the real component
of equation (2), we find

koG, (LT, + 15 )
" l+kk,D,

P(o)

Taking into account the parameters of the system,
determine the frequency of limit cycle and the
coordinate point of intersection of inverse describing
function and APFC

o, =0.168rad/s, P(w,)=-0.047.
A limit cycle will be possible if |1/ k| < P(a,), so

k>21.27.
The amplitude of a possible limit cycle we find, in
accordance with equation (4), after the substitution

of values in it for W ( jo,) and W, (a,,):
-1

Zk[ b b b2J'
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—0.047 =

On the basis of the tables function W, (a,,) at the

parameter =1 we have a, =1.98deg.
Thus, there is possible limit cycle
W, (1)=-1.985in0.1687 in the stabilization and

control system of the ship course. According to the
criterion of Goldfarb the limit cycle will be stable.

Oscillogram of the system reaction to the signal
with received parameters (Fig. 4) confirmed data
calculations about the existence of the limit cycle.

In practice, the possibility of the limit cycle
appearing in the stabilization and control system of
the ship course should be excluded. Synthesize a
regulator that excludes the possibility of the limit
cycle appearing.

Fig. 4 Oscillogram of the limit cycle

The limit cycle will be excluded if the inverse
describing function ;"' (a,, ) and the APFC of the

linear part of the system will not intersect in the
complex plane, i.e. if the value |kregW( jco)| Cores will

be less than the minimum modulo value of inverse
describing function

e (j0.168)| <

1

— . 5
k‘ O]
To provide the necessary modulo supply stability

for stabilization systems, take

ke <

1
2-W( j0.168)k| ' ©)

Considering k=22, from the equation (6) find
transfer coefficient of the P-regulator, which is
synthesized £, =0.484.

The mutual arrangement of inverse transfer func-
tion of the nonlinear element and the APFC of the
linear part of the system takes the form, shown on the
Fig. 5.

Thus, the possibility of limit cycle appearing in
the stabilization and control system of the ship course
is excluded.

Schematic decisions of regulators for stabilization
systems may be different. The block diagram of the
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system, in general, with PID-regulator is shown on
the Fig. 6.
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Fig. 5. Effect of the P-regulator to the mutual arrangement
of inverse describing function and APFC

Models of the system with PD- and Pl-regulators
can be obtained by applying restrictions on the
PID-model.

Modeling of the stabilization and control system
of the ship course with different types of regulators
allows to do a comparative assessment of industrial
regulators.

A PD-regulator reacts not only to the error signal,
but to the speed of its change too. Due to this, when
using PD-control law achieved the effect of advanced
control. Results of researches of the system with
PD-regulator are shown in Fig. 7.

The experiment showed that with selected
parameters control occurs by aperiodic law.
Fluctuations of the ship are missing. The rapidity of
action of the system reaches 120 s. Comparing the
step response of the system without the influence of
external perturbations and with them, we conclude
that the PD-control system is static.

Step response analysis (Fig. 8) for the system with
Pl-regulator shows that the adding to the control law
the error signal and its integral increases the settling
time of the system to 200 s and raises its oscillation,
thus reducing the stability margin.

At the same, an integral component converts the
system into astatic first order one, that ensures
elimination of static errors, which is typical for a
system with PD-regulator

The step response of the
PID-regulator is shown in Fig. 9.
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Fig. 6. Block diagram of the system with the PID-regulator
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Fig. 9. Step response of the system with the PID-regulator

As in the case with Pl-regulator, stabilization and
control system with PID-regulator hasn't a static
error, but there still is overshoot, albeit much smaller.
The system has a larger settling time than in previous
systems. This is due to the presence an integrating
unit in the regulator. When the control signal reaches
the limit, the integrator continues to integrate
mismatch error. As a result - the overshoot and rising
time of the transition process.

Of course, the developer of stabilization systems
can choose which regulator is better from the
standpoint of technical requirements to the system.
Each option has its advantages and disadvantages.

Since in the stabilization and control system of the
ship course there are aforementioned limitations, it is
prompted to enter the nonlinear correction system
(Fig. 10) into the PID-regulator, which provides, in
our opinion, the main advantages combination of PD-
and PID-regulators.

The principle of its action is next. Output signal u
of PID-regulator is proportional to the desired helm
angle. If there is no saturation, the difference of
signals A =u—y, is zero and the feedback does not
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work, so uses above studied law of PID-regulator. If
the signal u exceeds the permissible limit, the
difference A =u —, is fed with the sign "-" to input

of integrating unit through the gain. Thus, at the
saturation signal at the input of the integrating unit
weakens as strong, as the greater the difference
between the desired and acceptable helm angles. So,
using of the nonlinear correction system allows to
remove the negative impact of integrating component
on the transition process.
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Fig.10 The principle of the nonlinear correction

In order to optimize the regulator with nonlinear
correction system it was elected the regulator’s
feedback coefficient such that the transition process
of the system, in the whole, satisfies specified
requirements of quality indicators. To select the
optimal value of the gain it was applied the numerical
optimization procedure of the Simulink Respons
Optimization package.

As a result of optimization &, with a block Signal

Constraint (Fig.11), is received an optimal value of
the coefficient k.=7,2477.

max Directional First—
Iter S-count £ix) constraint derivative
o 1 o o
1 3 o u} u} o]

Successful termination.

Step-size optim

Found a feasible or optimal solution within the specified tolerances.

Input to PID/Signal Constraint

Amplitude
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Fig. 11. Results of optimization

Comparative characteristics (Fig. 12) of the
system with PID-regulator and optimal (with
nonlinear correction of PID-regulator) demonstrate
that both systems definitely have the same constant
value, but in the optimal system the process is

without overshoot and the rapidity of action of the
stabilization system meets the requirements.

100 150 200 250 300 350 400 450 500

Fig. 12. Comparative characteristics

Summing up research results, we note that for the
nonlinear stabilization and control system of the ship
course, in terms of quality control and excluding the
probability of oscillations, it is optimal the
PID-regulator with the proposed system of nonlinear
correction.

IV. CONCLUSION

The feature of nonlinear systems is the possibility
in them of limit cycles appearing — undamped
oscillations, which amplitude is independent of
external influence and initial conditions, and their
frequency is a harmonic or subharmonic of input
signal.

Designed model of the nonlinear stabilization and
control system of the ship course allowed to set
parameters of limit cycle system and synthesize the
regulator to exclude the appearing possibility of such
cycles.

Theoretical and experimental research showed
good convergence of results.

Synthesis of industry regulators allowed to choose
the optimal one. Such the nonlinear stabilization and
control system of the ship course in terms of quality
control and excluding the probability of oscillations
is PID-regulator with the proposed system of
nonlinear correction.
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O. K. AdaecimoB, M. O. IInannenko. ONTUMAJIBHMIL peryiasTop AJs HeJdiHilHOI cucTeMHu cTadinizauii iHepuiii-
HOro 00’€KTa KepyBaHHA

Po3pobneno Mozenp HeniHiHOT cucTeMu cradiiizalii Kypcy Kopaldis i MpeACTaBIeHO Pe3yNbTaTh TEOPETHIHUX 1 eKC-
MEpUMEHTATBHUX JTOCHIPKEHb 3 BUOOPY sl Hel ONTUMAJIbHOTO PEryiIsTopa, 0 BUKJIIOUA€E B TOH )K€ 4aC BUHUKHEHHS B
Hill TpaHUMYHUX IMKIIB. SIK MeTo MOCIHiIKeHb B POOOTI 3aCTOCOBaHMI MeToxa omucyrouoi ¢yHKIii. MopentoBaHHs
cHCTeMH CTaduTi3allii i KepyBaHHs KypCOM KopaOiis 3 pi3HUMHU TUIIAMHU PErYJISITOPIB JO3BOIMIO IPOBECTH ITOPIBHSUIBHY
OLIIHKY MPOMUCIIOBUX peryisitopiB. st mokpamenHs BnactuBocredt [11/[-perynsropa, 1o Horo ckiany 3anpornoHOBaHO
BBECTH HEJTIHIHHY CHCTEMY KOPEKIIii.

Karwudosi cioBa: kopabenb; cucrema cradimizamii; Kypc; HENiHIHHICTb; OMMCYIO4a (DYHKIIS; PEryjisTop; KOPEKIis;
YacTOTHA NepeaaTHa (QYHKIIIST; PeryJsiTop.

AbuecimoB Ouexcanap Kocrsatunond. Kannuaar TexHiuaux Hayk. [Ipodecop.

Kadenpa apianiiiHnx KoMI IOTEpHO-IHTEIPHUPOBAHHMX KOMIUIEKCiB, HarioHanbHbI aBianiiiHuii yHiBepcuter, Kwis,
VYkpaina.

OcgiTta: BilicbkoBa akaaeMisi OpoHeTaHKOBHX Bilicbk, Mocksa, CPCP, (1971).

HamnpaBneHHst HayKOBOI JisUTBHOCTI: CHCTEMH aBTOMaTHYHOT'O KEPYBaHHSI.

Kinpkicts myomikarmii: 265.

E-mail: alexander.ablesimov(@gmail.com

Mununenko Mapist OsexkcanapiBHa. CTyeHTKa.

Kadenpa aBiariifHux KOMIT FOTEpHO-IHTETPOBaHUX KOMIUIEKCiB, HanionansHuii aBiaiiinuii yaisepcurer, KuiB, Ykpaina.
HampsiMm HayKOBOi AisTIBHOCTI: CHCTEMH aBTOMAaTHYHOT'O KEpyBaHHS.

Kinpkicts myoOmikarii: 2.

E-mail: pilipenko_63@ukr.net

A. K. Adnecumo, M. A. IInnunenko. ONTUMATBHBIA PeryjasiTop [VIsi HeJIMHEHHONH CHCTEMBbI CTA0WJIM3AlUH
HHEPIUOHHOI0 00bEeKTa yIpPaBJIeHUs

Pazpaborana Mozenb HENMHEWHO!H CHCTEMBI CTa0MITM3alNK Kypca KopalJlisi v TIpe/ICTaBIEeHbI PE3YIbTaThl TEOPETHIECKIX
U 9KCIIEPUMEHTAIILHBIX MCCIIEOBAHUN 110 BBEIOOPY VISl CUCTEMBI ONTUMAJIBHOTO PETYIIATOPa, UCKIFOYAIONIEr0 B TO JKe
BpEMsi BEpOSTHOCTh BOSHUKHOBEHHE B HEH TpeeNbHbIX UKIOB. Kak MeTos uccieoBanuii B paboTe IpUMEHEH METO.
omuchkiBaroniel GpyHkuuu. MonenrpoBaHue CUCTEMBl CTAOWIIM3AIMU W YIIPABIEHUs] KypcoM KopaOlsi ¢ pa3iIMYHbIMU
TUIIAMH PETYIATOPOB MO3BOJMIO IIPOBECTH CPABHUTENIBHYIO OLEHKY MPOMBIIUIEHHBIX PETYISATOpOB. I ynydlIeHUs
coiictB I1M/]-perynsaTopa, B €ro cocTaB NpeAIokKEeHO BBECTU HETMHEHHYIO CHCTEMY KOPPEKIIHH.
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