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ABSTRACT. The controlled spatial motion of the combined vehicle near the screening surface is considered. A propeller
motor in a gimbal mount forms control forces and moments. The gimbal mount scheme can be defined on a finite set of
successive three independent turns with recurrence, which is represented by 96 variants. The constructive scheme of the
gimbal mount of propeller electric motor is proposed, which provides control of combined vehicle in the three main
modes: Lifting force (helicopter scheme); Traction mode (aircraft scheme); Lateral traction (course control). The rotative
axis of the propeller is combined in coincidence with rotor axis of electric motor determining the first turning of the
gimbal mount. The electric motor’s stator is located on the inner ring of the gimbal and its rotation axis determines the
second finite turn. The turning axis of the outer race of the gimbal relatively the case of the combined vehicle defines the
third finite turning movement. This constructive solving of the gimbal mount provides the combined control of thrust
vector in wide range of finite turning angles. Basis of movable Cartesian coordinate system is coincides with the rotation
axes intersection point. For the entered reference systems and the accepted sequence of finite independent turning
movements matrixes of the forward and inverse transform of coordinates in the form of quaternion matrixes are formed.
In the form of quaternion matrices, depending on the angle of the thrust vector and the arrangement of the gimbal mount,
the driving forces and moments in the reference frame that is associated with the vehicle are determined.

Introduction. The movement of the aircraft in space is defined by the control forces and moments
formed by the control system [1]. Traditionally, the magnitude of control forces is determined by
small deflection of the thrust vector relative to the aircraft’s center of mass. On rarely - with applying
a small deflection of the aircraft center of mass relative to the thrust vector, by displacing the carried
mass [2]. In both methods of control, the gimbal system has been widely used [3]. Different sequences
of three independent turning in space form a finite set consisting of 96 variants [4].

In this study, among these options, the turning scheme of gimbal motion for propeller electric motor
is selected, which provides control of the thrust vector over a wide range of angles.

Formulation of the problem. We regard a propeller electric motor, the thrust of which is directed
along the axis of rotation of the electric motor rotor. It is necessary to provide the control of the
combined vehicle's movement by applying the turning of the thrust vector in the required range of
angles, which providing a combination of the basic propeller motor modes of action:

- Lifting force mode;
- Traction mode;
- Lateral traction.
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Scheme of turns. The first infinite turn in the positive direction by angle « is determined by the axis
of the propeller’s rotation together with the electric motor rotor in the gimbal and is denoted by [5]:

e, ta. (D)

The second finite turn in the positive direction by the angle g is determined by the axis of rotation of
the inner gimbal, which connected to the stator of electric motor and is denoted as:

€ th. )

The third finite turn with a reiteration in positive direction e, by the angle « is determined by the
axis of rotation of the outer gimbal attitude to vehicle’s body and is denoted as follows:

e, +a. 3

y1?

Here, with a gimbal mount, the basis of movable Cartesian coordinate system e, e ,, e, is

y1r
associated, the starting of which is combined with the point of intersection of the turning axes.

The proposed system of three independent turning with reiteration composed the third variant of a
possible set of 96 rotations with reiteration [4]. This system is designated as: S, (+a, + /3, +a),

where the first turn corresponds to the angle of rotation of the propeller or rotor of the electric motor,
i.e. =+« ; Second turn - pitch angle, i.e. v=+/ ; Third turn - course's angle, i.e. w =+a . The
general view of the gimbal with the described sequence of turns is shown in Fig. 1.
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Fig. 1. Constructive scheme of the thrust vector turns (P) for propeller electric motor in the gimbal

The intervals of changing the angles of turn are as follows:
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1. 0 <p<w;
2. —90° <v<90’; 4
3. —90" <y <90.

The main modes of control action of the propeller’s thrust vector for a combined vehicle in flight
mode are provided by the second and third finite turn of the gimbal mount with the angles’ values:

Lifting force (helicopter scheme):

v=0, w=0; )
Traction mode (aircraft scheme):
v==190", w=0; (6)
Lateral traction mode (course control):
V=190, w =+90. (7

Rodrigues-Hamilton parameters. Two consecutive turns of the Cartesian coordinate system mobile
basis associated with the gimbal mount, regarding the basis of the reference frame fixed on the
vehicle, are characterized by the following set of Rodrigues-Hamilton parameters [5]:

bO:cos%, b, =0, bzzsin%, b, =0,
v " (8)
cO:cosE, clzsinE, c,=0, ¢,=0.

Quaternionic matrices. According to these Rodrigues-Hamilton parameters, two sets of
quaternionic matrices of the form [6] are formed:

B, tB, Bt, tBt,

C, tC, Ct, tct (9)

or in expanded form:
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cosi 0 —sinx 0 cosZ —sinZ 0 0
2 2 2
0 cos! 0 —sin! —sinZ cosZ 0 0
B 2 2 e 22 . (10)
—sin! 0 cosX 0 0 0 cosK —sinz
2 2 2 2
0 —sinX 0 cos! 0 0 —sinZ cosZ
2 2 2 2

Then, for the formation of quaternionic matrices, the operation of external — 'B, ‘C , internal — B,

C' and complete — 'B' 'C" transposition is used [6]. The quaternionic matrices of the resulting turn
are determined in the form [5]:

R=B-C, 'R='B-'C. (11)

Similarly, there are matrices of the resultant turn, which are equivalent to the conjugate quaternion:

th:tCt'tBt, Rt:Ct'Bt. (12)

Tables of directing cosines. The directing cosine tables for direct and inverse transformations of the
thrust vector in the reference frames associated with the gimbal system and a vehicle are determined
respectively in the core of the product of two resultant matrices that are equivalent to a quaternion

[4]:
R-'R or 'R-R (13)
and the conjugate quaternion
R'-'R' or ‘R'-R. (14)

Components of control forces and moments. The problems of dynamic design of the motion of a
combined vehicle near the screening surface [7] are solved using a computational experiment. Here
we apply a mathematical model of nonlinear dynamics in the form of Euler-Lagrange spatial motion
equations and quaternion matrices [8, 9]. The components of the control forces and moments depend
on the module ( P) and the direction of the thrust force, which is set by the angles of the turn in the
gimbal (v, v ), the point of application of the thrust force in the gimbal system relative to the layout

axes — x, xo, X3 . These components are defined as follows:
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1(x0+‘x0) 0
P
————————— R-'R- : 15
0 (15)
E
0
where E — the identity matrix (4x4);
X,, ‘X, — quaternionic matrix:
0 X X X 0 -X =% -X
0 0 0 ol 0|0 0 oll* ( )
=X, X3 0 =X X2 X3 0 =X
X X% % 0 X, X X 0

Summary. A constructive scheme of the finite turns of thrust vector for propeller electric motor in
the gimbal mount is proposed for motion controlling of the combined vehicle near the screening
surface. The components of the control forces and moments are determined in the form of
quaternionic matrices that are compiled according to the Rodrigues-Hamilton parameters, the
gimbal's placement coordinates in the vehicle's layout axes, and adapt to the equations of the Euler-
Lagrange spatial motion.
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