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CONTROL OF ELECTRIC SHIPS’ PROPULSION MOTORS WHEN MOVING ON
CURVILINEAR TRAJECTORY

Purpose. The aim of the work is to search for the optimal control of the electric ships’ propeller motors (PM) while moving on
curvilinear trajectory. The indices characterizing the vessel were selected as the criteria of optimality. Methodology. Optimal
control laws of PM providing electric ships’ best maneuverability can be found by joint consideration of the electric propelling
plant (EPP), propellers and hull. Results. A method of calculating the transient regimes of the electric ships’ propulsion
complexes during maneuver has been developed. A new method of forming the PM control laws is proposed. The nature of the
target functions is revealed and a method of optimizing the parameters of control signals is developed. Optimization calculations
have been carried out and the optimal control of the electric ships’ propeller motors when moving along curvilinear trajectory has
been found. Optimization has been carried out by the criterion of minimum energy consumption and by the criterion of minimum
ship’s distance. The optimization efficiency is illustrated. Scientific novelty. The method of searching for the optimal control laws
is constructed according to the system principle, which allows optimizing the control of the propulsion motors by the final result.
Practical value. The proposed recommendations can be used in the design of electric propelling plants and in their operation.
References 10, tables 3, figures 6.
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Memor pobomu € nowyk onmumanbHoz0 ynpaeninua zpeonumu enekmpoosuzynamu (I'E/l) enexmpoxoodie npu pyci no
Kpueoniniiinin mpackmopii. B akocmi kpumepiie onmumanvnocmi 00pani nOKA3HUKU, w0 xXxapaxkmepusyioms cyono. Memoouxa.
Onmumanvni 3axkonu ynpaeninua I'E/l, w00 3a6e3neuumu Haukpawi manespeni XapaKkmepucmuKku e1eKmpoxooie, Moxicymso
Oymu 3naiioeni npu CninbHOMY po32110i 2PeOHOT eleKmpoenepzemuynoi yCmanoeKu, 2peonux 2eunmie i Kopnycy cyoHa.
Pesynomamu. Po3poéneno memoo po3paxynKy nepexioHux pexcumie npPONyIbCUGHUX KOMNIEKCI@ el1eKmpoxooie npu
MAaHeepyB8anHti Ha KPUGONIHINIHIN mPAEKmopii. 3anponoHoeano Hosuli cnocio gopmysanns zaxonie ynpaeninusa I'EJ]. Buseneno
xXapaxmep yinb0oeux QynKuiii i po3poonenuii memoo onmumizayii napamempis cuznanie ynpaeninnsa. Ilposedeno onmumizayiiini
PO3PAxXyHKu i 3HAOCHO ONMUMAIbHE YRPAGIIHHA ZPEOHUMU e1eKMPOOBUZYHAMU eeKMPOX00ié npu pyci no KpueoiniiHiil
mpackmopii. Onmumizayia npoeedena 3a Kpumepiem Mminimymy eumpam emnepeii i 3a Kpumepiem MIHIMyMy 6ubizy cyoua.
Ilpointocmposana epexkmusnicme onmumizayii. Hayxoea noeusna. Memoo nowiyKy OnmumanbHux 3aKOHI6 Ynpaeninmus
nooyooeanuil 3a cCucmeMHUM RPUHUUNOM, UW{0 00360JIA€ ORMUMIZYBAMU YRPAGTIHHA ZPeOHUMU €1eKMPOOBUZYHAMU 3 KIHYeeUM
pesynomamom. IIpakmuuna 3nauumicmos. 3anponoHo6ani peKOMeHOauii MoCymos UKOPUCHOGYEAMUCA | RPU NPOEKMYBAHHI
2peOHUX eneKmpoenepemusHuUX yCmanoeox i npu ix excnayamauii. 5ion. 10, Ta6n. 3, puc. 6.

Kniouoei cnosa: rpebHi eJeKTPOABHIYHH €JIEKTPOXOAIB, YIpaBJiHHA Ha MaHeBpPaX, ONTHMAJIbHE YNPABJIHHA IIpU
KPHBOJIiHiliHOMY pyci, MeTo onTUMIi3awii.

Llenvto pabomel saensemcsa NOUCK ONMUMANBbHO20 YnpasieHUus zpednvimu rnekmpoosuzamenamu (I'3/) nekmpoxooos npu
OBuIICEHUU N0  KPUGOIUHENHoW mpaekmopuu. B kauecmee Kpumepues onmumanvHocmu 6vlGpanvl RoKazameu,
xapaxkmepusyroujue cyono. Memoouxka. Onmumansusle 3axonvt ynpaenenus I'3/], obecneuusaroujue Haunyyuiue manespeHnsvle
XApaAKmMepucmuKu 3J1eKmpoxo006, MoZym Oblmb HAOEHbL NPU COGMECHIHOM PACCMOMPEHUU 2PEOHO INeKMPOIHEPZEMUYLECKOU
YCMAHOBKU, 2peOHbIX GUHMOG U Kopnyca cyoHna. Pezynomamul. Pazpaboman memoo pacuema nepexoOHbIX pPeHCUMOB
HPORYIbCUBHBIX KOMNIEKCO8 INIEKMPOX0006 HpU MAHEGPUPOGAHUU HA Kpugonuneinou mpaexmopuu. Ilpeonosicen noewiii
cnoco6 popmuposanusn 3axkonoe ynpasnenus I'3/]. Bviasnen xapakmep yenegvlx lyHKuuil u pazpadoman memoo onmumuszayuu
napamempog cuzcnanos ynpaenenus. IIposedenvl onmumusayuonmvie pacuemel U HAUOCHO ORMUMANbHOE YNPAGIEHUE
2peOHbIMU IIEKMPOOGULAMENAMU ITIEKIMPOXOO06 NPU OBUNCCHUU RO KPUBOIUHEUNOoU mpaekmopuu. Onmumuzayus npogeoena
O KpUmepuio MUHUMYMA PACX00a IHEPZUL U HO Kpumepuio munumyma evioeza cyona. Ilpounniocmpuposana r¢hpexmuenocms
onmumuzayuu. Hayunas nosuzna. Memoo noucka onmumanbHuixX 3aKOH08 YRPAGNEHUA ROCIMPOEH RO CUCHEMHOMY RPUHHUNY,
YUMo NO360/151€M ONMUMU3UPOSANY YRPAGIEHUE 2PDEOHBIMU INEKMPOOGUZAMENAMU NO Koneunomy pesynomamy. IIpakmuyeckasn
snauumocme.  Ilpeonosicennvie  pekomeHOAUUU  MOZYM  UCHONL30OGAMbCA U HPU  NPOEKMUPOGAHUU  ZPEOHBIX
INEKMPOIHEP2eMUYECKUX YCMAHOBOK U npu ux Ikcnayamayuu. buodin. 10, Tabn. 3, puc. 6.

Knrouesvie crnoea: TpedHBIE IEKTPOIABUIaTeIN JJI€KTPOXO0I0B, YIPABJIeHHEe HA MaHeBpPaX, ONTHMAJIbHOE yNpaBjieHHe NPH
KPUBOJMHEITHOM JIBHKEHHH, METO ONITHMHU3AHH.

Introduction. The presence in electric ships, in
addition to the steering gear, of several powerful,
dynamic and overload-resistant propulsion electric
motors (PM) allows to achieve high maneuverability of
these ships. With the joint maneuvering of the rudder
and propellers, the ship's turnability improves, the
degree of safety of maneuvering operations increases
[1]. At the same time, this significantly changes the load
on the propulsion motors and on the entire propulsion
power plant as a whole.

The curvilinear trajectory of the ship's movement,
its yaw, the change in the conditions of interaction of
propellers, rudder and ship's hull significantly affects the
forces and moments of forces acting on the ship's hull
during its curvilinear unsteady motion [2, 3]. The forces
and moments developed by the propellers are subject to
an even greater change — the useful stop and the moment
of resistance of the water to the rotation of the propeller
and, accordingly, the moment of resistance to the
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propeller motor. Their values change as a result of the
changing bevel angle of the water flow and changes in
the speed of the vessel. Thrust, drag moment and lateral
force values for inner and outer propellers (in relation to
the center of circulation) differ significantly from each
other [4].

In Fig. 1, plans for the speeds of two propellers are
built for the curvilinear movement of the vessel, where: v
is the linear speed of movement of the center of gravity of
the vessel; f is the drift angle; ap,,; and ag,.,z are the bevel
angles of the water flow incident on the left and right
propellers, respectively; u; and up are the transverse
components of the speed of movement of the left and
right propellers; v, and v are the speeds of the left and
right propellers.
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Fig. 1. Propeller speed plan for curvilinear movement

Figure 1 shows that the inner propeller operates in a
flow with a larger bevel angle, and the outer one — with a
smaller one. This affects the dynamic characteristics of
the propellers and the moment of resistance to the
external and internal PM. The loads on them turn out to
be different, which can lead to the activation of the
protection systems of the more loaded propeller motor
and, ultimately, to the failure to perform the maneuver.

All this must be taken into account when generating
control signals for propulsion motors. They must be such
as to ensure, on the one hand, the best controllability of
the electric ship, and on the other hand, the operation of
all components of the propulsion electric propelling plant
(EPP) in permissible modes.

The state of the issue under study. The control of
the frequency-controlled propulsion motors of the EPP of
the electric ship is carried out by generating two signals
[5-7]:

¢ relative frequency of the supply voltage

a=-L. 1)
Y
¢ relative supply voltage
U
. 2
Y Un 2

The relationship between the relative voltage y and
the relative frequency a is called the frequency control
law. In [8, 9], it is shown that for frequency-controlled
propeller motors, the classical (proportional) control law
is not effective, since it was obtained in relation to the

performance indicators of electric motors. In propelling
electric power plants for control of propulsion electric
motors during maneuvers, it is necessary to have such
laws that will ensure the best maneuvering properties of
electric ships. The performance indicators of the EPP, in
this case, should not go beyond the permissible limits.

In [8], an approach to solving the problems of
finding optimal control laws for propeller electric motors
is described. A method for generating control signals
based on a systemic principle is proposed. The procedure
for optimization calculations has been developed. The
optimal parameters of the control laws are found for
maneuvering on a straight course. The efficiency of the
transition to the recommended control laws is illustrated
by a comparative analysis of the results of performing
maneuverable operations with control according to
classical laws and according to the found optimal
relations between y and a.

A change in the nature of maneuver, simultaneous
control of both the propulsion electric motors and the
rudder, the need to take into account both the
maneuverability indicators of the electric ship and the
performance indicators of the propulsion electric power
plant will undoubtedly affect the laws of frequency
control.

The goal of this research is the search for the
optimal laws of control of the propelling electric motors
of electric ships moving along a curvilinear trajectory,
with joint maneuvering of the PM and the rudder.

Method for solving the problem. To achieve the
goal, it is necessary to develop a mathematical model of
the transient modes of operation of the propulsive
complex of an electric ship when moving along a
curvilinear trajectory, to form an objective function and to
find the optimal laws of control of the PM during
maneuvers.

An enlarged block diagram of one power circuit of
the propulsive complex of an electric ship without taking
into account the mutual connections is shown in Fig. 2.

Each of its «power» circuits includes: heat engine —
D, synchronous generator — G, frequency converter of
electricity — SE, induction propeller motor — M, heat
engine speed regulator — DR, synchronous generator
voltage regulator — GE, propeller - P. The propulsion
system also includes rudder — R and ship's hull. The main
parameters of the complex, control signals and feedback
signals: wp and Pp — angular speed of rotation and power
of heat engines; Ug and I — voltage and current at the
generator output; Uy and [, — voltage and current of
propelling motors; M,, and w, — torque and angular
velocity of rotation of PM (and propellers).

On the basis of the block diagram, a mathematical
model and codes for calculating transient modes of
operation of the propulsion complex during maneuvers
were developed [10]. Generalized dimensionless
parameters of the complex are found. Changes in the
values of these parameters determine the behaviour of
electric ships and affect the numerical values of the
quality indicators of maneuvering.
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Fig. 2. Block diagram of one power circuit of the propulsive complex of the electric ship

As an example, in Fig. 3, the results of calculations
of the current values of the main operating parameters of
the components of the propulsion complex are shown
when the electric ship is performing the maneuver
«acceleration of the propulsion power plant — the ship's
exit to a curvilinear trajectory (circulation)».

PU Acceleration

Results are given in relative time
T=vyt/L, 3)
where: v, is the ship's speed in the steady-state (basic)
mode; L is the length of the vessel; ¢ is the current time.

Circulation movement

g
trajectory to y = 90°

g

trajectory to y = 360°

Fig. 3. The current values of the main performance indicators when performing the maneuver
«acceleration of the EPP — exit to circulation»

Figure 3 shows the relative values of the operating
parameters of the internal, most loaded, power circuit:
heat engine (wp, Pp); propelling motor (I, My, wy,). The
current values are also given for: energy consumption
(W); speed of movement of the vessel (v) and its course
(w); the path traveled by the electric ship (X1 and Y1) in a
coordinate system independent of the vessel, and the

angular velocity (£2z) of its rotation around the vertical
axis passing through the center of gravity of the vessel.

In the initial state, the vessel is stationary, the
generating sets are idling. Acceleration begins with an
increase in the relative values of a and y of the voltage
supplying the electric motors. PMs begin to accelerate.
The torque M), increases, and the rotational speeds of the
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motors and propellers @), increase accordingly. The thrust
of the propellers increases, and the electric ship begins to
accelerate (its speed v increases). With an increase in the
engine speed w,, and the vessel's speed v, the propeller
drag moment Mp increases. As the supply voltage rises,
the current /), and the torque M), of the electric motor
increase. The load on the heat engine increases. Its power
Pp increases, and the rotational speed wp, accordingly,
slightly decreases. The energy consumption W is
increasing. The distance traveled by the ship increases.
Gradually, after 12-13 relative units of time (in the
described maneuver), the transient process ends, and the
propulsive complex enters the operating mode close to the
steady state. The distance traveled by the electric ship
during the maneuver is described by the X1 curve.

From the moment 7 = 20 relative time units, the
process of the ship entering a curvilinear trajectory
begins. The loads on the propulsion motors and on the
heat engines of the generating sets increase (I, My, Pp
increase, w, decreases). The electric ship goes into
circulation. The angular velocity £, and the lateral
displacement Y1 appear. The vessel's speed v decreases.
At approximately 7 = 33 relative time units, the
evolutionary period of the circulation movement ends and
its quasi-steady period begins. The electric ship reaches
the steady-state values of the speed of movement v,;.. and
the angular speed of rotation (circulation) Q... The
maneuver ends when the ship reaches the course y = 360°
(full circulation). The total duration of the considered
maneuver is 7= 40.5 relative time units. The trajectory of
the electric ship's center of gravity is shown in Fig. 3.

The change in the current values of the performance
indicators clearly demonstrates the nature of the course of
transient processes. However, to assess the maneuvering
characteristics of the complex, separate indicators of the
quality of maneuvering operations are needed, which
make it possible to assess the behaviour of both the
components of the propelling electric power plant and the
electric ship as a whole. These are: speed fluctuations and
power fluctuations of heat engines; maximum values of
currents and torques of synchronous generators and
propelling motors in transient modes; indicators
characterizing the stability of the parameters of the
electricity of the ship's electrical network; inertial
characteristics of the vessel; energy consumption (fuel
consumption)  for  performing maneuvers. The
mathematical model and the calculation method [10]
allow to do this.

At electric ships, control of each power circuit of the
propulsion electric power plant (control of each PM) is
carried out independently of the others. Control signals
are supplied to each propelling motor (by shifting the
control post handles) — by the frequency of rotation of the
PM (determined by the relative frequency of the current
a) and by voltage (determined by the value of y). The
control of the electric ship, when entering a curvilinear
trajectory, is carried out by shifting the rudder blade to the
starboard side, while simultaneously braking the right
propelling motor. With such maneuvering, the angles of
the bevel of the flow of water running on the outer and
inner (relative to the center of circulation) propellers
change significantly (Fig. 1). Their hydrodynamic

characteristics change. The moments of resistance on the
shaft of the propelling motors of the outer and inner
circuits are different.

With such a maneuver, the relative frequency of the
current a; for the left PM is constant throughout the entire
maneuver. For the right PM, the frequency ay decreases
with the beginning of maneuvering (in accordance with
the new position of the control post handle) and remains
unchanged until the end of the maneuver. The difference
between a; and ai will be called the degree of braking of
the propelling motor (propeller).

As noted above, the classical law of frequency
control does not allow achieving high maneuverability of
electric ships. With a systematic approach to the optimal
control of the PM, it becomes necessary to search for such
control signals that will provide the best values for the
quality indicators of the maneuvering of electric ships.
Here, it is imperative to monitor the performance of all
components of the propulsion electric power plant, and
first of all, the propulsion electric motors and drive
motors of generator sets.

In [8], it was proposed to form control signals in the
form:

O = Oprim + kl(1 - exp(_kST))a (4)

y=hat ko’ + ke + (1 —ko— ks —k)a', — (5)

where: a,,;, is the initial value of the relative frequency of

the supply voltage of the PM; ky, k3, k4 are the parameters
of control signals that are being optimized.

For the considered maneuver, it makes no sense to
optimize the dependence o = a(7), since a is fixed and is
determined by a given (by the control post handle) speed
of the PM. Optimization will concern only the search for
optimal parameters of the control law y / a.

According to this goal, either the minimum energy
consumption for the execution of the maneuver — Weyin,
or the minimum run-out of the electric ship — Ly, are
taken as optimality criteria. The first criterion
characterizes the economic indicators of maneuvering, the
second one — the safety of maneuvering operations.

In accordance with the task, it is necessary to
minimize the objective function

W(k) — min, k € k", 6)
or

L(k) — min, k € k", 7
where k = [k, k3, k4] are the parameters to be optimized,
k" is the admissible region of the n-dimensional space.
Linear constraints p in the form of inequalities g; (k) > 0,
j =1, 2., p are determined by the tolerances for the
ranges of changes in the EPP performance indicators and
other conditions for performing maneuvers.

In [8], a method for finding optimal solutions to
such problems is described. It was developed based on the
peculiarities of the object under consideration and the
complex topography of the target functions revealed
during the research. In the process of optimization, the
calculations of the current values of all operating
parameters of the complex are carried out during the
execution of the corresponding maneuvers by the electric
ship and, based on their results, the energy consumption
for the execution of the maneuver and the run of the
electric ship are determined.
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Results of work. Below are the results of
optimization of the parameters of the frequency control
law. The search for optimal parameters was carried out
for one of the typical (described above) maneuvers of
electric ships — acceleration and entry into circulation.
Optimization was carried out according to the Wcy,, and
Lmin Criteria.

When generating control signals to propulsion
motors, it is necessary, as noted above, to ensure the
operation of the propulsion electric power plant in
permissible modes. From Fig. 1 it can be seen that the
internal propeller operates in a flow with a larger bevel
angle. The load on its propeller motor turns out to be
significantly greater than the load on the external PM. The
possible actuation of the protection systems of the
«internal» power circuit can lead to a failure to perform a
maneuver or even to an emergency. Based on this, when
searching for the optimal parameters of control signals,
first of all, it is necessary to control the performance
indicators of the internal power contour.

The nature of the maneuvering operations performed
by the electric ships, and, accordingly, the fuel
consumption and run-out of the electric ship, are
influenced by the design parameters of the ship, and the
parameters of the electric power plant and external
conditions. The degree of influence of each parameter is
different. When looking for optimal propulsion motor
control, it is very important to cover as many electric
ships as possible. In other words, the recommendations
should be valid for a wide class of ships.

In the process of developing a mathematical model
of transient modes (in relative units), criteria for dynamic
similarity (generalized dimensionless parameters of
propulsion complexes) were identified; the ranges of
change of their values are found, covering all electric

ships with frequency-controlled PM (with a traditional
propeller drive).

As shown by preliminary studies (screening
experiments), the following parameters have the most
significant influence on the selected criteria, when
maneuvering by the rudder and propeller motors together:
the degree of braking; v,., — the initial speed of the
vessel; fr — the rudder blade shift angle; generalized
dimensionless parameter of the complex Ny — power-to-
weight ratio of the electric ship

_ LD KpiFyo
(m+A)vg
where P, and Kp are the effective stop of the
propeller in the steady state and its share in the total
stop, respectively; m and A;; are the mass of the vessel
and the masses of water attached to it (along the
longitudinal axis X).

For various ratios between these parameters (in fact,
for various electric ships), optimization calculations were
carried out and optimal solutions were obtained. As an
example, in Table 1 (according to the criterion of
minimum energy consumption Wcpi,) and in Table 2
(according to the criterion of minimum ship run-out Lyy;,)
some of their results are given. These are the optimal
parameters of the frequency control law y / a, presented in
the form of equation (5), when the vessel enters
circulation with simultaneous rotation of the rudder blade
Br and braking of the right propelling motor. The
calculations were carried out for maneuvers at the relative
initial speed of the vessel v,,;,, = 1.0 and v,,, = 0.8. Table
1 shows a small number of options for combinations of
oy, og, Ny, fr and optimal solutions for performing the
maneuver by the criterion of minimum Weyp.

@®)

Table 1
Combinations of significant parameters and optimal solutions for the criterion of minimum energy consumption Weyin
Numerical values of parameters, p.u. Optimal solutions
Option . 5 W‘};"’l"l”i”’ equation y =y (a) W canin Efﬁ(i;e:ncy,
Vorim a a e
iz L R X R & ks ks p-u.
1 1,0 1,0 0,8 0,12 0,262 16,67 2,08 | 1,15 2,38 15,37 7,8
2 0,8 0,8 0,65 0,12 0,262 15,09 2,97 | -2,39 1,71 10,36 28,03
3 0,8 08 | 055 0,12 0,262 13,16 | 324 | 2,62 | 1,16 | 9352 28,94
14 0,8 0,8 0,65 0,165 0,4 11,0 3,47 | 3,089 | 1,342 7,93 2791
15 0,8 0,8 0,55 0,165 0,4 9,7 327 | 2,67 1,21 6,38 29,07
25 1,0 1,0 0,8 0,21 0,576 9,95 2,73 | -0,07 | 2,66 9,13 8,2
26 0,8 0,8 0,65 0,21 0,576 9,09 2,56 0,08 2,27 6,93 27,51
27 0,8 0,8 0,55 0,21 0,576 8,02 3,2 -2,57 1,26 5,71 28,8
In Fig. 4, as an illustration, graphical interpretations To assess the effectiveness of optimization, the

of the control signal (5) are given with the optimal values
of the coefficients k,, k3, k4 for the first three options (from
Table 1) combinations of parameters o;, az, Ny, fr are
presented.

corresponding maneuvers were calculated when
controlling the propulsion electric motors and according
to the classical proportional law. The results of
calculating the energy consumption for performing
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maneuvers according to this law are given in the Wi
column of the Table 1. The last column of the table
illustrates the efficiency of optimization — the degree to
which energy costs are reduced when switching to
optimal control. Depending on the conditions of
maneuvering, it ranges from 8 % to 29 %.

v
1,2
1,01
0,81 i
0.6 e :
- ’ et
0,4/ , # [—Variant 1]
02— L " --Variant 2| |
%/ |~ -Variant 3|
0 0,2 0.4 0,6 0,8 a

Fig. 4. Dependencies y = y (a) according to the criterion of
minimum energy consumption Wy,

A lower degree of efficiency corresponds to the
movement of the vessel at a higher speed, and a higher

efficiency — when moving at a lower speed and maximum
braking by the propelling motor (it should be borne in
mind that the degree of braking is limited by the
hydrodynamic characteristics of the propeller). Thus, the
transition to optimal control of the PM (and the joint
maneuvering by the motors and the rudder is most often
carried out precisely at the partial motion of the vessel)
significantly reduces the energy consumption W for the
maneuver, which confirms its expediency.

Change in the optimality criterion leads, as expected,
to other optimal solutions. Table 2 shows the results of
optimization calculations according to the criterion of
minimum run-out of the electric ship Ly, when it enters
circulation. As can be seen from the table, the numerical
values of the coefficients k,, k3 and k4 differ significantly
from those obtained by the criterion of the minimum
energy consumption.

Figure 5 shows graphical interpretations of control
signals with optimal values of the coefficients k,, 3, k4 for
the same first three (as in Table 1) options for parameters
oy, og, Ny, Br combinations.

Table 2

Combinations of significant parameters and optimal solutions for the criterion of minimum run-out of the electric ship Ly,

Numerical values of parameters, p.u. Optimal solutions
; Liciassics - — Efficiency,
Option equation y =y (a) Limin 0
Vorim ag, (2523 Ny ﬁR p-u. 5 %
ks k3 k4 p.u

1 1,0 1,0 0,8 0,12 0,262 7,03 3,32 -7,58 2,33 6,62 5,8

2 0,8 0,8 0,65 0,12 0,262 6,28 3,54 -7,96 3,55 5,62 10,5

0,8 0,8 0,55 0,12 0,262 5,8 3,8 -8,6 2,1 5,36 7,6

17 0,8 0,8 0,65 0,21 0,4 4,9 351 | -79 | 22 | 456 6,9

25 1,0 1,0 0,8 0,21 0,576 4,15 3,57 -8,23 2,27 3,94 4,6

26 0,8 0,8 0,65 0,21 0,576 4,137 3,72 -8,57 2,05 3,85 9,7

27 0,8 0,8 0,55 0,21 0,576 4,06 3,87 8,79 2,01 3,72 8,3
5 This does not affect the operating performance of
=a the generating sets, since they are covered by cross-links,
08! |[—Variant 1| | and this is reflected in the performance of propulsion
. [ Varank 2 P _ electric motors, since their power circuits are independent
0.6 " “Variant 3 of each other. Internal PMs are loaded more and their

0 0,2 0,4 0,6 0,8 @
Fig. 5. Dependencies y = y (a) according to the criterion
of minimum run-out of the electric ship Ly,

Analysis of these dependencies shows the
following. Since, simultaneously with the rudder blade
shifting, the braking of the right propeller motor is
performed, the loads on this PM increase. In addition, the
internal PM propeller begins to operate in a water flow
with a larger bevel angle (Fig. 1), which leads to an
increase in its drag moment.

performance indicators can approach the setpoints for the
operation of protection systems.

To prevent the emergency shutdown of the PM
(such maneuvers are carried out, as a rule, in order to
prevent collision of ships), it is necessary to reduce the
voltage value, which should be done by the automatic
control system in accordance with the calculated optimal
laws. This can be seen in Fig. 5.

To evaluate the efficiency of optimization (as for
the Weeiassic option in Table 1), Table 2 shows the results
of calculating the run-out of an electric ship when
controlling propeller motors also according to the
classical proportional law. The results of calculations
according to this law are given in the L, column. The
efficiency of optimization — the degree of decrease in the
run-out of the electric ship varies depending on the
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conditions of maneuvering from 5 % to 11 %. As in the
previous case, a greater degree of efficiency is obtained
when the vessel is moving at intermediate speeds.

To illustrate the behaviour of the propulsive
complex after optimization of control laws, Fig. 6 shows
the current values of the main performance indicators
when performing the same maneuver as in Fig. 3. This is
option No. 27 of a combination of significant parameters
and conditions for performing the maneuver (Table 2)
The selected option is an example of average efficiency.

Comparative analysis of the calculation results
shows that with the transition to optimal control, the run
of the electric ship (the criterion of optimality) decreased

PU Acceleration

from 4.06 to 3.72 of the length of the vessel, which is 8.3
%. The numerical values of the main performance
indicators when controlling according to proportional and
optimal laws are also given in Table 3.

Thus, the transition to optimal control of the PM
can significantly reduce the run-out of the electric ship,
which contributes to the increase in the safety of
maneuvering operations.

Discussion. The studies carried out clearly show
that the traditional control of propelling electric motors
does not allow to fully realize the high maneuverability
inherent in electric ships.

Circulation movement

X1

cire

¥l
trajectory to w = 90°

Yl

trajectory to y = 360°

Fig. 6. Current values of the main operating parameters of the maneuver «acceleration of the EPP — exit to circulation»
under optimal control low

Table 3
Indicators of the quality of maneuvering under different
control laws

it?(;liigttzr Proportional low | Optimal low d;ggﬁggjr%

Than 20,5 19,2 +6,3

Ty 13 11,9 +8,4

w 23,5 22 +6,8

L, 4,06L 3,72L +8,3

L, (y=90°) 1,32 0,98L +25,8

D e 3,22L 2,63L +18,3
Iy 0,83 0,88 -6
My 0,92 0,96 —43
Oy 0,79 0,73 -17,6

Veire 0,56 0,48 -14,3

The reason is that the classical proportional control
law, obtained in relation to the «electrical» indicators of
the quality of electric motors, does not take into account
the performance of the vessel. But propelling electric
motors are designed precisely to ensure the best quality

indicators of the ship's operation, in particular, its best
maneuverability and high economic performance. We
need a systematic approach to control the PM during
maneuvers. In this case, «electrical» indicators should
recede into the background. It is necessary to find such a
control that will provide the best performance of the
electric ship, with the controlled performance of its
propeller electric power plant.

The solution of such problems is possible only with
an integrated approach. The propeller electric power plant
should be considered together with all the components of
a single ship propulsion complex, which includes, in
addition to the EPP, also propellers, a rudder and a hull of
the ship. The presence of a mathematical model
describing the behavior of the propulsive complex during
maneuvers, a method for calculating the current values of
the main performance indicators, and a correct (suitable
for solving such problems) optimization method allows
achieving this goal.

As shown in this work, with the correct organization
of the propulsion electric motors control, it is possible to
achieve the best values of the quality indicators of
maneuvers and ensure, at the same time, the operation of
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all the components of the propulsion electric power plant
in permissible modes.
Conclusions.

1. The expediency of using a systematic approach in
the search for optimal control of propelling electric
motors of electric ships when maneuvering on a
curvilinear trajectory has been substantiated. As the main
criteria of optimality indicators ones characterizing the
maneuverability of the vessel should be taken. The
performance indicators of the EPP should be considered
as constraints.

2. The disadvantages of the «classical» version of the
EPP control have been grounded. A method is proposed
for generating control signals for the EPP, with a
simultaneous shift of the rudder blade, when the vessel
enters circulation. A procedure for optimizing the
parameters of control signals has been developed.

3. Optimization calculations were carried out and the
optimal parameters of control signals for propelling
motors were found. Optimization was carried out
according to the criterion of the minimum energy
consumption for performing the maneuver and according
to the criterion of the minimum run-out of the electric
ship. Optimization efficiency ranges from 5 % to 29 %.
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