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Theoretical background of the
operating parameters of the
satellite working mechanism of the
hydraulic positive displacement
machine

Pawel Sliwinski

This article describes a method for determining the instantaneous geometric working volume of

a satellite mechanism that is commonly used as a working mechanism in positive displacement
machines (pump and motor). A new mathematical formula for calculating the instantaneous geometric
working volume as a function of the angle of rotation of the shaft (rotor) has been proposed. For

the satellite mechanism operating as a pump, the mathematical formula for the instantaneous flow
rate in this mechanism as a function of the angle of rotation of the rotor (shaft) has been developed.
The mathematical formula for the torque indicated in this mechanism (pumping operation) was

also developed. Similarly, analyses were carried out for a satellite mechanism operating as a motor.
Mathematical formulae were presented to calculate the instantaneous speed of the motor shaft and
the instantaneous pressure in the motor’s supply port. To confirm the results of the mathematical
analyses, experimental tests were carried out with a prototype satellite machine at a low constant
speed. The satellite machine was tested in both pump and motor mode. The results of the tests
confirmed that the torque on the shaft is not constant in both pump and motor operation at a constant
pressure drop in this machine. This torque depends strictly on the instantaneous working volume of the
machine and is therefore a function of the angle of rotation of the shaft. Similarly, at a constant speed,
the flow rate (motor absorption) in the machine is also not constant.

Keywords Non-circular mechanism, Satellite mechanism, Pump, Motor, Satellite, Rotor, Curvature, Working
volume

The positive displacement pump and the hydraulic motor (rotary or linear) are the basic and most important
components in a hydrostatic drive system. The pump is the source of the fluid flow in the hydraulic system. The
hydraulic motor, on the other hand, is the executing element in this system. In recent years, satellite displacement
machines, especially satellite motors, have attracted increasing interest from researchers around the world. The
first satellite motor was developed and patented by Eng. B. Sieniawski in 1974!. It was a motor with a 3x4
type satellite mechanism (three-humped rotor and four-humped curvature - Fig. 1)2°. This motor is still in
production’.

The design methodology of this motor is described in®. Nowadays, the next generation of satellite motors,
i.e. motors with a 4x 6 type mechanism (Fig. 1), are also being manufactured®!!. The first satellite mechanism
of the 4 x 6 type was also developed and put into production by Eng. B. Sieniawski in 19812 Another type of
satellite mechanism was the 6 x 8 type, which was also developed and put into production by Eng. B. Sieniawski
in 1997 (Fig. 1)'>!. Satellite motors are characterised by a high torque-to-mass ratio of the mechanism and the
ability to work with low-viscosity fluids (especially oil-in-water emulsions of the HFA-E type and water). They
are therefore widely used to drive a variety of machines and equipment, especially machinery and hand tools in
the mining industry.

New types of satellite mechanisms are still being developed, with a different number of humps on the rotor
and the curvature. In publications'®~1%, for example, satellite mechanisms of types 1x1, 2x2, 2x3, 2x4, and
3x3 were presented. However, the design methodology of these mechanisms was briefly characterised in
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Fig. 1. Satellite mechanisms: type 3 x4 (left), type 4x 6 9 (middle) and type 6 x 8 (right): 1—rotor, 2—
curvature, 3—satellite!”.

articles'®20:2L, The article?? deals in particular with the selection of the shape of the curvature and the rotor of
the 2 x 2 type mechanism. The 1x 1 type mechanism is a specialty. It is a mechanism consisting of an internally
toothed gear (curvature), an externally toothed gear (rotor) eccentric to the axis of the curvature, and two small
gears (satellites) that interact with the curvature and the rotor!’. In the work?? the mechanical losses and thus the
mechanical efficiency of the 2 x4 mechanism were estimated analytically. Satellite mechanisms of the 1 x 1,2 x2,
2x3,2x4, and 3% 3 types have not found practical application so far. The mechanisms shown in Fig. 1, i.e. the
3x4,4x6,and 6 x 8 type mechanisms have found practical application. In the work® a method of manufacturing
a 3 x4 mechanism was presented (the WEDM method).

However, the 4 x 6 satellite mechanisms are currently the most popular. Newer and newer designs of these
mechanisms are being developed. In publications'>!824-2¢ methods for designing satellite mechanisms with a
sinusoidal rotor outline are presented. However, the article?’” presents a method for designing a mechanism in
which the rotor and the curvature consist of arcs (non-circular double-arc gear). The construction of the 4x6
type mechanism is also described in%.

The 4 x 5 type satellite mechanism is also known, although it is not as popular as the 4 x 6 mechanism. It has
been used as a working mechanism in the hydraulic motor?**° and in the pressure intensifier’!.

The 6 x 8 type satellite mechanism can be indicated as a new trend in the development of satellite mechanisms.
The first work on a hydraulic motor using this mechanism was published in 2003'4. The next significant works on
this mechanism were published in 2022'> and 202432 and mainly concern the methods of its design.

The features of the satellite mechanisms that affect their main operating parameters are also described.
Publication®?, for example, describes a method for determining the theoretical working volume of satellite
mechanisms of different types. But in* a method for determining the geometrical working volume of these
mechanisms is described. However, publications®** describe guidelines for the design of commutation unit in
satellite machines and in publication® the methods to expand feed channels in satellite machines.

Satellite mechanisms are not only used in hydraulic motors. D. Sieniawski made the first attempt to use a 3 x4
type mechanism in a satellite pump®”. The pump with this mechanism was not put into production. In recent
years, on the other hand, the first pumps fitted with a satellite working mechanism of the 4x 6 type have been
developed and built. The first information about the satellite pump with the 4 x 6 type satellite mechanism was
given in?"*%%, Further work on the development of the satellite pump design was described by L. Osiecki in?®4!.
The latest design solution of the satellite pump can be found in the patent description in*.

Researchers are not only interested in developing the design of satellite machines but also in analysing
the physical phenomena that occur in these machines. Papers?”*3 have characterised the forces acting in the
interacting teeth of the mechanism. Studies have also been carried out on the influence of liquids other than
mineral oil on energy losses in satellite machines. These fluids were water and rapeseed oil. In the publication*!
the influence of motor load and operating time on energy conversion efficiency is presented when this motor
was supplied with rapeseed oil. Publications*>*® described the volumetric losses in satellite motors supplied
with water. In¥’, on the other hand, the volumetric losses in a satellite pump were described. In addition, the
mechanical losses that occur in both the satellite pump*® and the satellite motor?® when supplied with both
water and mineral oil were analysed and described. In the paper® the influence of water and mineral oil on the
pressure losses in satellite machines was described. A method for determining these losses was also proposed
in these papers. Jasinski, on the other hand, investigated the behaviour of a satellite motor under conditions of
so-called thermal shock, i.e. when a very cold motor is fed with a hot working medium®.

As the shaft rotates, each working chamber changes its volume from a minimum value to a maximum
value. This volume changes cyclically®'—>%. The volume of each working chamber of a positive displacement
machine can be determined from the design documentation of this machine or by precise measurements of
the components of the working mechanism (as described in****). The filling and emptying of the chambers
with working liquid takes place while the machine shaft is rotating. The change in the volume of the working
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chambers as the shaft rotates causes the geometric working volume to change from a value of Qg min 1O qg_max34.

A change in the geometric working volume is therefore accompanied by:

« in the case of a pump - a non-uniformity (pulsation) of the pump delivery (output flow rate) and a non-uni-
formity of the torque on the pump shaft;

« in the case of a hydraulic motor - a non-uniformity (pulsation) of the rotational speed of the motor shaft and
a non-uniformity (pulsation) of the pressure drop in the motor.

Studies on the change in the geometric working volume as a function of the angle of rotation of the shaft of a
satellite displacement machine have not yet been carried out on a large scale. The first attempts at an analysis
were undertaken by Kujawski. However, Kujawski’s investigations were limited to satellite mechanisms of the
3 x 4 type>!5°. Kujawski was the first to attempt to determine the torque based on the dimensions of the geometry
of the rotor and the contact points of the satellites with this rotor, i.e. without knowledge of the geometric
working volume®. Another attempt to determine the torque, similar to Kujawski in>>, was made by Oshima et
al. in?>? for a 4 x 5 type satellite mechanism.

Therefore, this paper aims to develop mathematical formulae that allow to calculate for each type of satellite
mechanism:

1. the change in the volume of the one working chamber as a function of the angle of rotation of the rotor
(shaft);

2. the volumes of the filling chambers and the volumes of the emptying chambers as a function of the angle of
rotation of the rotor;

3. the total volume of the satellite mechanism;

instantaneous value of the geometric working volume as a function of the angle of rotation of the shaft;

5. for pump operation (at a constant shaft speed and constant pressure increase in the pump):

-~

o liquid flow rate in the one working chamber as a function of the shaft rotation angle;

« instantaneous flow rate of the liquid in the satellite mechanism as a function of the shaft rotation angle;

« the average flow rate in the pump;

« the torque generated by the one working chamber as a function of the angle of rotation of the shaft based
on the rotor geometry;

« instantaneous torque generated by the entire working mechanism as a function of the shaft rotation angle;

o irregularity (pulsation) of the pump delivery;

o irregularity (pulsation) of the torque;

6. for motor operation (at a constant flow rate in the working mechanism and constant load (torque) of the
motor):

« instantaneous rotational speed of the motor shaft for a constant flow rate;
« average rotational speed of the motor shaft;

« instantaneous pressure in the supply connection of the motor;

« the average pressure in the supply connection of the motor;

« irregularity (pulsation) of the pressure in the motor supply connection;

o irregularity (pulsation) of the rotational speed of the motor shaft.

To confirm the validity of the above-mentioned mathematical relationships, experimental tests were also carried
out on a satellite machine operating as a pump and as a hydraulic motor.

Working mechanism of the satellite positive displacement machine
In satellite positive displacement machines, i.e. pumps and motors, the working mechanism is the satellite
mechanism as shown in Fig. 1. The 4 x 6 satellite mechanism is commonly used in currently developed machine
designs. The design of this mechanism is shown in Figs. 2 and 3.

A 4 x 6 satellite mechanism developed according to the methodology described in'® was analysed. The radius

R of the rotor pitch line of this mechanism is described by the equation?®:

D
R:5—A~cos(ng~a)+B-cos(2-nR~a) (1)
where ng is the number of rotor humps (Fig. 4). The other parameters, i.e. a, A, B, D are shown in Fig. 4.

The parameters of the investigated and analysed mechanism are listed in Table 1.
In the table above:

+ ng — the number of curvature humps,
. Zy- the number of teeth on the curvature,
« z. - the number of teeth on the rotor,

R
« 74— the number of teeth on the satellite, m - the module of the teeth,

o H - the height of the mechanism,

o q, - the geometric working volume,

[y - the central angle covering one half of the cycle of the rotor pitch curve (the angle between the axis of
symmetry OR of the hump concavity and the axis of symmetry OZ of the hump convexity) (Figs. 3 and 4)'>:
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Fig. 2. Satellite mechanism type 4 x 6: C — curvature, R - rotor, S - satellite, HPC - high-pressure working

cAhamber, LPC - low-pressure working chamber, A, . - area of the chamber with minimum volume V.

i . . 34,44
h.max — area of the chamber with maximum volume V, %%,

IC S\f) X
ey e p——  Ep—— T T ——

5‘(2)

| I —— /7 iy ., I

Fig. 3. Satellite mechanism type 4 x 6: B, and B, - characteristics angle of the rotor R and curvature
(description in the text), S =510 _ gatellites, IC — inflow channel, OC - outflow channel, Py - high pressure,
p;, - low pressure, p,; - medium pressure, a, — angle of the rotor (shaft) rotation, a, , — angle of rotor rotation
for change from V_, toV_ . w - angular velocity of the rotor, I + X - working chambers. (created in Autodesk
Autocad 2024, https://www.autodesk.com/)

By — 180° @)

nR

« B - the central angle that covering one half of the cycle of the curvature pitch curve (the angle between the
axis of symmetry of the hump concavity and the axis of symmetry of the hump convexity) (Fig. 3)'*:

B, = 180 3)

ng

o A, ... —areaof the chamber with minimum volume V. (Figs. 2 and 3),

e A, ... — area of the chamber with maximum volume V- (Figs. 2 and 3).

In a satellite mechanism, the number n, of working chambers is equal to the number ng of satellites, that is
(Figs. 2 and 3)™5:

Neh = Ns = NE + NR (4)
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Fig. 4. Parameters of the rolling line of the rotor of the 4 x 6 type mechanism: OZ - axis of symmetry of

the hump lift, OR - axis of symmetry of the hump rebate, D - diameter of the base circle of the rotor, A, B -
amplitudes of the cosine function (formula (1)), R - radius of the rotor corresponding to the angle a (formula
(1)). (created in Autodesk Autocad 2024, https://www.autodesk.com/)

"R ng Zs ZR Zg

4 6 10 44 66

B, By A B D

30° 45° 1.937 mm | 0.339 mm | 31.0 mm

m ch-min Adhomax H 9

0.75mm | 23.96 mm? | 76.38 mm? | 15 mm 18.87 cm®/rev.

Table 1. Basic parameters of the satellite mechanisms.

Volume of the working chambers

In satellite mechanisms the volume V,, of the chamber changes as the rotor rotates from a value of V, . toa
value of V, . These volumes are expressed by the formulae®>?:
‘/chf'maz =H- Achfmaz (5)
Veh—min = H - Ach—min (6)
The total change in the volume of the working chamber is therefore®>34:
A Vch =H- (Ach—ma:c - Ach—min) (7)
The change in working volume AV, from V. toV, take place over the following range of the rotor
angle of rotation:
Nch o
—A= = —— 180
ap-Aa=pp+Bpr P (8)
However, the entire cycle of the change in chamber volume, i.e. from V. throughV, toV_ . takes
place within the angle range:
QAQR-B=2 - 0R-A 9)

During one complete rotation of the shaft (a, = 360°), the one working chamber therefore performs the following
number of filling and emptying cycles:
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360° ng - MR
nNER = = (10)
QR-B Nch
If during the rotation of the rotor, each working chamber changes its volume from V. toV,  (formula

(7)), then the number n__ of cycles of volume change of all working chambers during one complete rotation of
the rotor (360° rotation) is as follows:

Nye = NER * Nyh = NE * NR (11)
The total volume change of all working chambers per one full rotation of the shaft (a, =360°) is therefore:

Qg = Nwe+ AVep [mS/rev] (12)

The geometric working volume q_ of the mechanism is, therefore, a constant value and does not depend on
the angle of rotation a; of the rotor (shaft) of the machine, but only depends on the number n__ of cycles of
volume changes of all working chambers and on the difference between the maximum and minimum volume
of the working chamber. Formulae (11) and (12), but without proof, have already been described in earlier
publications, e.g. in3334,
The start of the filling of each successive chamber (e.g. chamber I next to chamber II - Fig. 3) occurs after the
rotor has turned through an angle of:
1 o
aro2=fp=—- 360 (13)
ne

According to***, it is assumed that the field of the chamber for the angle of rotation of the rotor a, =0 has

a minimum value, i.e. A, . . Therefore, for the field A of the working chamber a,>0 changes its value
depending on the rotor rotation angle a; according to**>*:

Ach = 0.5+ (Ach—maz — Ach—min) - (1 —cos (o r - nER)) + Ach—min (14)
Therefore, the volume V, of the working chamber also changes depending on the rotor rotation angle a,, i.e.:
Ve =H - Acp, (15)
So, if:

a. aRé€ (ﬁ - 360°; 2]'1}::7:;1 . 1800), where k=0,1,2,.... - an increase in the chamber volume takes place,

i.e. a filling process;
b. are€ (22% - 180°; b+l 3600) - a reduction in the chamber volume takes place, i.e. an emptying

n ngRr
process;
_ _k o . . .. .
¢ ar= — - 360° - the volume of the working chamber is minimal (V. );
d ar= 2;127;1 - 1807 - the volume of the working chamber is maximal (V,, ).

Figure 5 shows the characteristics of the volume of the one working chamber of the satellite mechanism as a
function of the angle of rotation ay of the rotor determined according to formulas (14) and (15).

Formula (15) can be generalized for each chamber. This means that the volume of the working chamber with
the number i, for a certain angle of rotation a; of the rotor is:

Vch(ich) =H- [05 . (Ach,fmruc - Ach—min) : [1 — COs ((O( R—2- B R" (i(:h, - 1)) : nER)} + Ach—’m,in} (16)

Figure 6 shows the volume characteristics of all working chambers of the satellite mechanism as a function of
the rotor rotation angle oy, which is determined according to Eq. (16).
The sum of the volumes of all working chambers assumes a certain value, i.e.:

V= Z ;lcc}f?l‘/eh(iich) =05 H: nep - (Achfma,z + Achfmin) (17)

This means that the sum of the volumes of all the working chambers of the satellite mechanism is constant and

independent of the angle of rotation a;, of the shaft. For the satellite mechanism considered here, it is V=13.045
3

cm’.

The volumes V. of all filled chambers and the volumes V.

according to relationships (16) and (17), provided that:

an_out ©Of all emptied chambers can be calculated

a. for filled chambers:

k . . 9. k+1
anc (T 360° + 8 - (ien —1)- (k+1); —~+1

IS0+ B o= 1) (1)) (8)
ER NER
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Fig. 9. Volume V__ . of the filled working chambers as a function of the angle of rotation oy of the rotor
(within one complete rotation of the rotor — a, =360°).
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Fig. 10. Volume V_ of the emptied working chambers as a function of the angle of rotation a of the rotor
(within one complete rotation of the rotor — a =360°).
where n,_, is the number of dead chambers (i.e. the number of chambers with a maximum volume V,, __or
a minimum volume V. ):
Nch—d = NC — NR (21)
For example:
1. for each angle a, € (0;15°):
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« six chambers are filled simultaneously, i.e. chambers I, III, V, VI, VIII and X;
« four chambers are emptied simultaneously, i.e. chambers II, IV, VII and IX;

2. for each angle a, € (15%30°):

« only four chambers are filled simultaneously, i.e. chambers I, III, VI and VIII;
« six chambers are emptied simultaneously, i.e. chambers IL, IV, V, VII, IX and X.

Flow rate in the satellite mechanism.
The flow rate Q_, in the one working chamber (the so-called absorption capacity of the working chamber) is:

d‘/ch . dAch

ch = = f{~ 22
Qe dr Y da R @2
where w is the angular velocity of the shaft (rotor). Therefore:

Qch =05-H w- (Ach—maac - Ach—min) - MER - Sin (a R nER) (23)

Figure 11 shows the flow rate Q , in the one working chamber as a function of the angle of rotation a; of the
rotor, calculated according to formula (23).

For any chamber with the number i, for a given angle of rotation ay, of the rotor, the above formula (23)
takes the form:

ch’

Qch(ich) =05-H w- (Achfmaa: - Achf'min) * NER - COS((Q R — 2- ,B R (ich - 1)) . nER) (24)

Formulae (23) and (24) describe the flow rate of the liquid booth in the process of filling chambers (positive
values of Q , i.e.: Q4 > 0) and in the process of emptying chambers (negative values of Q_,, i.e.: Q < 0). The
process of filling the chambers takes place when the angle of rotation a; of the shaft fulfills the condition given
in formula (18). The process of emptying the chambers takes place if the angle of rotation aj of the shaft fulfills
the condition given in formula (19). Figures 12 and 13 show the liquid flow rate Q_, -, . in the filled chambers and
the liquid flow rate Q- .. in the emptied chambers, respectively.

The total flow rate Q_ in the working mechanism is zero, i.e.:

Qms = Y 1 Qengiy) = 0 (25)

The basic quantity defined in the theory of positive displacement machines is the delivery or absorptivity. The
term delivery refers to pumps and denotes the volumetric quantity of liquid pumped by the pump per unit time
(output flow rate)?. In contrast, the term absorptivity refers to motors and also denotes the volumetric quantity
of liquid but absorbed by the motor per unit of time (derived inlet flow rate)*%°. Therefore, Eq. (25) cannot be a

________ n=1rpm

§ i § i § ! 5 i | (#=1.047rad/s) || i i
fillingprocess [\ - P | b [ . i

! ! ! ! ! ; ! ! i ! i e L ag [

i i i i T T T T T T T T T T
) 10 20 30 40 50 60 70 N0 90 100 1j0 120 130 140 /150

ToR b, T

T

Fig. 11. Characteristics of the flow rate Q_, in the one working chamber as a function of the angle of rotation
ag, of the rotor (shaft).
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Qi = Z ;Lcc;,:1 ‘QCh(iich)‘ (27)

Since the flow in the one working chamber depends on the angle of rotation aj of the shaft (formula (24))
formulas (26) and (27) define the instantaneous flow rate Q; in the entire working mechanism. The instantaneous
value of Q; changes from the minimum value Q,__. to the maximum value Q,_,_ . The number of cycles of
change from Q,_ . to Q,__  isequal to the number n _(formula (11)). The flow rates Q, Q,_, ., Q, . .and Q
for the satellite mechanism operating as a pump (at a constant angular velocity of the shaft w=1.047 rad/s) are
shown in Fig. 14.

The instantaneous geometric working volume

The flow rate Q in a positive displacement machine is also defined as?®333%54;

30
QZQg'n:?'Qg'w (28)

where n is the rotational speed of the shaft (rotor) in [rpm] and the geometric working volume q_ is described
by formula (12). The geometric working volume q_ is assumed to be a constant value that is independent of
the angle a; of rotation of the shaft. However, a comparison of formulae (24), (26) (or (27)) and (28)) shows
something different. This means that the geometric working volume of the mechanism changes its value
depending on the angle of rotation a of the shaft. This means that for each angle of rotation a; of the shaft,
there is an instantaneous value q,, of the geometric working volume. This value can be calculated by shifting and
transforming the formulae (24),g(26) and (28) accordingly, i.e.:

™ h—in .

dgi = % - H- (Achfmaz - Achfmin) * NER - Z ZL}:—inzlcos ((a R — 5 E (lchfin - 1)) : nER) (29)
where i, . is the number of the filling chamber. Thus, it can be concluded that the geometric working volume
q,is the average of the instantaneous geometric working volumes Qi

[ B
Q=75 Z ki1 Ggi(k;) = const. 0)

1
where ki =1,2,...%, s the number of values q ; from a specific interval of the angle of rotation a

It can be seen from Fig. 14 that the values of Qi should be calculated for angles of rotation o
any interval 35—00

ve

r of the shaft.
r of the shaft from
. The characteristics of the instantaneous geometric working volume q; are shown in Fig. 15.

The results of the analyses prove that the instantaneous q,, value of the geometric working volume varies from a
minimumvalueof Qgi-mintO@Maximum valueofq ; dependingontheangleofrotationa,oftheshaft. Thevalueof

occurswhenin the formula (29) the term imﬁ“h’_“‘:lcos ((ar =B g+ (ich—in — 1)) - nER) = Mmax.

tch—in

qgi—max
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\/ \J/ \/ \/ \/ \J/ \J/ \/ \/ \/ \J/ \J/ \/ \/ \J/ \/ \/ \/ \/ \/ \/ \/ \J/
..................... VX .V VY ¥ ¥ N NNV NNV NN VN
| ' ' | ' ’\ | ' ' ' ' | ' ' | ' ' | ' | ' ' |
! ! ' ! i ' ! | ' | ' [ ! ! ! | ' —Q —Q !
. S B | SRt G RS | i RERaea ot P, P T s ey | e femmmymm——— resanymad | SR At
cemedacad Joemm = bcccclaaaada coccdeccadl o L R — Lbececdaaa.d : Z—— | RO PRSI S —— Lecccdaccadaa S daca-d
i i i i i Q i i Q i i i . . . . . i i i i
I ' i ' i min i i -max I I ' ' ' ' '
S SV U S SNV | NG U S SO O L PSS Su n rp S P S S —
b o o oy o iy vy il (0=1.047radfs) |1 7
S S | B R ] I Ty o N i e YromE e T rm—— S te G B S = == e
SO SN SN SO SUONRS S| NSNS ISRt SO SO USSP SR S SV SO SUUONS: AU SO AU SO SO SO
SN N 3 T N 2 N N
T T 1 T 1 1 T 1 T T 1 T 1 1 T 1 1 T 1 T T 1 T

0 15 30 45 60 75 90 105120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360

a, [°]

Fig. 14. Characteristics of instantaneous flow rate Q, and average flow rate Q in the satellite mechanism as a
function of the angle of rotation ay, of the rotor (within one complete rotation of the rotor - a, =360°).
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Fig. 15. Characteristics of the instantaneous geometric working volume q_; and the average geometric working
volume q, of the satellite mechanism as a function of the angle of rotation a; of the rotor (within one complete
rotation of the rotor - a, =360°).

, while the value q giomin takes place if ) ; Chh IL:—ICOS ((ar — B g (ich—in — 1)) - ngr) = min. From the

characteristics shown in Fig. 15, it can be seen that the value of Qgi_min OCCUTS forap=k- 360 , while the

vsalue Qgi-max takes place for a g = % (1+2- k), where k=0,1,2,.... The number of cycles of change

ng
from Qyi-min to Qyicmax is equal to the number of n__ (formula (11)).

The instantaneous delivery of the pump and the irregularity (pulsation) of delivery
The rotational speed n of the shaft is the independent parameter for each positive displacement pump*7+3.
Therefore, if n=const. (w=const.), the the geometric working volume q, changes depending on the angle of
rotation ay of the shaft and thus the pump delivery changes also. In other words, the instantaneous delivery Q,
of the pump occurs (Fig. 14), that is :

Qi = qgi - N F# const. (31)

A ssociated with the concept of instantaneous delivery Q, of the pump is the concept of the 1rregular1ty 6 of the
delivery of this pump (or, in other words, pulsation of the delivery of the pump), defined as*

6 0= 100 . Qifmaz é Qi*'min [%} (32)

Taking into account formulae (29), (30) and (31), the pulsation of the delivery can be defined as®%:

5o =100- Qgi—mazq— Qgi—min (%) (33)
9

The instantaneous rotational speed of the hydraulic motor and the irregularity
(pulsation) of the rotational speed

The flow rate Q (absorption) is the independent parameter for each hydraulic motor®*40, So, if Q=const.,
the change in the geometric working volume q, as a function of the angle of rotation a; of the shaft leads to a
change in the rotational speed of the shaft. In other words, the instantaneous rotational speed n, of the motor
shaft occurs, i.e.:

n; = Q # const. (34)
dgi

From this, it can be concluded that the rotational speed n of the hydraulic motor shaft is the average of the
instantaneous rotational speeds n.:
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ki=z; _
n=g Z ki1 Mi(k;) = const. (35)
where ki =1,2,....x; s the number of values q ; from a specific interval of the angle of rotation ag of the shaft. It
can be seen from Fig. 14 that the values of n; should be calculated for angles of rotation a, of the shaft from any
interval %. The characteristics of the instantaneous rotational speed n, and the average speed n at Q = const.
are shown in Fig. 16.

Associated with the concept of instantaneous rotational speed n, of the motor shaft is the concept of the

irregularity 6_ of the motor rotational speed (or, in other words, pulsation of the motor rotational seed), defined
as:

5, =100- "Z*m‘”—;n’*mm (%] (36)

Taking formulae (29), (30) and (34) into account, the pulsation of the rotational speed §  can be defined as:

5, = 100- q, - dgi—maz — qgi—min [%} 37)

Qgifmaz ‘ qgifmin

Torque on the pump shaft and irregularity (pulsation) of the torque
In hydraulic positive displacement machines without energy losses, the mechanical power is converted into
hydraulic power (in the pump) or vice versa (in the motor)?, i.e.:

g9 -n- (pu—pL)=2-7 -M-n (38)
The relationship between the pressure difference in the working chambers and the torque on the shaft of the
positive displacement machine is therefore as follows:

1

M =
2.7

“qg - (pH —DPL) (39)

In the pump, the pressure py, in the high-pressure working chamber HPC (Figs. 2 and 3) is the result of the
hydraulic system load and the pressure drop in the internal channel of the pump connecting the HPC chamber
to the external pump connection. On the other hand, the pressure p; in the low-pressure working chamber LPC
(Figs. 2 and 3) is the result of the pressure drop on the way from LPC chamber to the tank. The pressure increase
in the pump is therefore a parameter independent of the pump. The torque M required to drive the pump is
the effect of the pressure increase in this pump and depends on the geometric working volume q_ (formula
(39)). Because the geometric working volume q, assumes a constant value (qg = const.), regardless of the angle
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Fig. 16. Characteristics of instantaneous rotational speed n, and the average rotational speed n of the rotor
(shaft) as a function of the angle of rotation ay, of the rotor (within one complete rotation of the rotor -
a, =360°).
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of rotation a; of the shaft, the torque M on the pump shaft is also constant (M = const.) according to the above
formula (39) and represents an average value.

The torque M required to drive the pump can also be determined as an average value of the values of the
instantaneous torques M,. The instantaneous torque M, is the torque generated by the working mechanism for a
certain angle of rotation a, of the shaft (rotor). Therefore:

1 j=z;
M= D k=M, (0
J

where k = 1,2,3,...,x. is the number of values of the instantaneous torque M, within one full rotation of the shaft.

In order to calculate the instantaneous values of the torque M, on the pump shaft for given constant values
of pressure p; and p,, it is necessary to calculate the values of the torque M_ . ,, “generated” by each working
chamber as a function of the angle of rotation a; of the shaft. That is, the instantaneous torque M; can be
calculated as:

M, = 1o Mg, = Micure + Mioiec (a)

ch=
where:

e My(,,) - the torque “generated” by the working chamber (numbered i, ):

My ) = Mgy —r + Mw(ig)-s1 + My ) -s2

Mu(igp)-s

—_—

e My(,,)—r - the torque “generated” by the action of pressure in the chamber number i, on the rotor;
—_

o My(,,)—s1 - the torque “generated” by the action of pressure in the chamber number i , on the first satellite;
—_—

o My(,,)—s2 — the torque “generated” by the action of pressure in the chamber number i, on the second

satellite, adjacent to the first satellite;
o M, g PG - the torque “generated” by the high pressure p,; in all high-pressure chambers (HPC);
e M;_rpc - the torque “generated” by the low pressure p; in all low-pressure chambers (LPC).

The values of the torques mentioned above can be calculated as follows:

1. The torque “generated” by the rotor

X =X (g2)
My(ip)—r = Pliy) - H - / rr- R dx (43)

X = (s1)
where (Fig. 17):

* Pichy=Pp OF P =Py, — the pressure in the chamber with the number i ;;

o R - the radius of the rotor according to formula (1);

« 1, - the distance between the centre of rotation of the rotor (with the coordinates x ,y ) and the straight line
defining the direction of the force dF (respectively dFy ,; for the high-pressure chamber HPC and dF |
for the low-pressure chamber LPC):

rR = \/(xF —xo)2—|—(yF —y0)2 (44)
oo L miens - (@r1 A TR2) F YRty .
=5 YR1I—YR2 | ZTR1I—TR2

TR1—TR2 YR1—YR2

1 TRl + T2+ TBEEB2 . (ypy 4+ yYRo)

—_ . YR1“YR2 46
yr 2 YR1TYR2 TR1—-TR2 ( )
TR1~TR2 YR1~YR2

o Xpp Y and x — the coordinates of the points on the rotor for the angle a and for the angle a+da
respectively;

the torque “generated” by the first satellite:

r2 YR2

Scientific Reports |

(2025) 15:12593 | https://doi.org/10.1038/541598-025-96889-5 nature portfolio


http://www.nature.com/scientificreports
http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

www.nature.com/scientificreports/

X
. T -
Fig. 17. The basic parameters of the satellite mechanism for calculating the torque. Description in the text.
(created in Autodesk Autocad 2024, https://www.autodesk.com/)
1 2 2
My(ipy-s1= 5 Pagy H- | (xray = xgn) " + (3’ Fy — Y E(l)) "Ts1 (47)
Fs1
rs1 = \/(l'Fl — $o)2 + (yr1 — yo)2 (48)

where (Fig. 17):

* Xg and y, - the coordinates of the point F located on the pitch line of the rotor and can be calculated using
the formula (1) assuming a=a,;

o x;, and y;, - the coordinates calculated according to the method described in'>.
the torque “generated” by the second satellite:

1 2
=_. - H - — 2 — .
Mw(ich)—SZ_ > p(ich) H \/(xFZ Xg2)” + (ypz yEZ) Ts2 (49)
Fs2
rs2 = \/ (xr2 — 20)” + (yr2 — Yo)® (50)
where (Fig. 17):
* Xp,andyp, - the coordinates of the point F located on the pitch line of the rotor and can be calculated using

formula (1) assuming a=aq,;
« X, and yg, - the coordinates calculated according to the method described in'>.

The characteristics of the torques M y-se My )52 M, ).sand M, “generated” by the pressure in the

V-R’
first working chamber (chamber No.I-i h—ls are shown in Figs. 18 19 and 20.
Analysing the results of the torque calculations shows that in the satellite mechanism:

a. during the filling of the chamber (high pressure p,,) (Figs. 18 and 20):

o the maximum value of the torque “generated” by the rotor occurs for the angle of rotation of the shaft
ozR:180°~(—+k )wherek 0,1,2,.

« the lowest value of the torque “generated” by the ﬁrst satellite occurs for the angle of rotation of the shaft
ap=k- %, where k=0,1,2,...;

« the highest value of the torque “generated” by the second satellite occurs for the angle of rotation of the
shaft a p = 1807 - (——l—k )wherek 0,1,2,.

b. during the emptying of the chamber (low pressure p; ) (Figs. 19 and 20):
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Fig. 22. Characteristics of the torque “generated” by the low-pressure working chambers (M, | ;) and the
high-pressure working chambers (M, ;;,). Characteristics of the instantaneous torque M, and the average
torque M as a function of the angle of rotation ay, of the rotor (within one complete rotation of the rotor -

a, =360°).

The results of the analyses show that the instantaneous value of the torque M, is a function of the angle of
rotation a, of the shaft and varies from a minimum value of M, to a maximum value of M. (Fig. 22).

i-min i—max
_ 1. 180° _ 360° ]
The value M, . occurs for a g = k et but the value M, occurs for a g = +k-Bg

(ng+nr) nr
m . (% +nr- (Br—Bg))+k- B g where k=0,1,2,.... The number of cycles of

change from M, . toM, isequalto “<.
Associated with the concept of instantaneous torque M, on the pump shaft is the concept of the torque
irregularity 8, (or in other words the pulsation of the torque), defined as:
Mifmaz — Mifmin

§ v =100 - i [%] (51)

and a g =

Since the value of the torque on the pump shaft changes from M, . to M, . according to formula (39), for p,
= const. and p; = const. there is a change in the working volume from q ;. 10 Qi oy I CONtrast to the
K ! | X 1gi(M)-min i(M)—max’ :
instantaneous geometric working volume Qgp the working volume Qi 19 referred to be called the instantaneous
torque working volume.

The instantaneous torque working volume q,, can therefore be determined from the calculated
instantaneous torque M, using formula (39) after a suitable transformation, i.e.:

M.
Qgirry =2+ T - ——— (52)
b —PL

Thus, it can be concluded that the torque working volume Qv I8 the average of the instantaneous working
volumes Qyicny’

1 kj=x
do(M) = 7 Z b1 dgi(k;) = const. (53)

gdzie k, = 1,2,....x, is the number of values of Qion from a specific range of the shaft rotation angle ay. It can
be seen from Fig. 22 that the values of Qi shouid be calculated for angles of rotation ay, of the shaft from any
interval %. The characteristics of the instantaneous torque working volume Qicvr) and the average value Qgm)

are shown in Fig. 23.
The analyses show that the torque working volume of the tested satellite mechanism is Qe = 18.81 cm®/rev.
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Fig. 23. Characteristics of the instantaneous torque working volume q_,,, and the average torque working
volume q, ) as a function of the angle of rotation a, of the rotor (within one complete rotation of the rotor -
a,=360°).

R

Pressure in the working chambers of the hydraulic motor and the irregularity
(pulsation) of the pressure

In a hydraulic motor, the torque M is the load acting on this motor and is therefore a motor-independent
parameter®>*44%, On the other hand, the pressure p,, in the high-pressure working chamber HPC is the effect of
the load M of this motor and also depends on:

1. the geometric working volume q_;
2. the pressure p; in the low-pressure working chamber LPC. This pressure is the effect of the pressure drop on
the way from the LPC chamber to the liquid reservoir.

Assuming that there are no energy losses in the motor the pressure in the HPC chamber after the transformation
of Eq. (39) is therefore:

M
PH=2-T- - — +pL (54)
qg

If M=const.,, q, = const. and p; = const. then also p;; = const. and it is an average value.

If, for a hydgraulic motor, M = const. (a motor-independent parameter, as mentioned above), the pressure p,
in the HPC chamber changes as a result of the change in the geometric working volume (as a function of the
angle of rotation ay, of the shaft). In the HPC chamber of the motor there is therefore an instantaneous pressure

Ppp Viz.:

pHi=2- T - + pL # const. (55)

dgi(M)

The characteristics of the instantaneous p;, and the average p,; pressure in the high-pressure chamber HPC at
M=const. and p; = const. are shown in Fig. 24.
Since the instantaneous pressure p; in the high-pressure chamber HPC is influenced by the instantaneous

torque working volume Qimy the following applies:

a. the minimum values of the instantaneous pressure PHimin OCCUr for a g = 711800 - (14+2- k), where
- ER
k=0,1,2,....

. . o
b. the maximum values of the instantaneous pressure p;;. = occur for a g = k - 360

nERr’

On the other hand, the concept of instantaneous pressure py,, in the high-pressure chamber HPC of a hydraulic
motor is associated with the concept of pressure irregularity 6, (or otherwise pressure pulsation), defined as:
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Fig. 24. Characteristics of the instantaneous p,;; and the average pressure p,; as a function of the angle of
rotation a, of the rotor (within one complete rotation of the rotor — a, =360°).

5 p=100- PHi—max PHi—min [%] (56)
b

Tested satellite machine

The satellite pump shown in Fig. 25 was the subject of the study. The working mechanism of this pump is shown
in Fig. 26. Figure 27 shows the commutation plates as key elements adjacent to the working mechanism. The
principle of operating of the satellite pump has been described in detail in the publicly available literature, for
example in#>4748,

The theoretical working volume of the pump is q, = 18,87 cm?/rev.

Test rig

The experimental investigation of the satellite pump was carried out on the test rig shown in Figs. 28 and 29.
This stand is equipped with a self-braking worm gear WG (Figs. 28 and 29 (grey)). This gear unit enables the
maintance of a constant rotational speed of the shaft of the tested machine TM. The rotation of the shaft of the
tested machine TM is possible only when the electric motor E, is started. The speed n of the shaft of the tested
machine TM can be set by adjusting the rotational speed of the electric motor E, using a current frequency
converter. The range of the rotational speed n can be set in the range of n=0.5+15 rpm.

The constant pressure drop Ap in the connections of the tested machine TM was maintained by setting the
speed of the pump P (and thus its displacement accordingly), the safety valve SV and accumulator A (Fig. 28).

As the displacement machine TM is tested at very low speeds, the flow rate Q_ in this machine will be very
small and therefore the pressure drop Ap, , in the internal channels of this machine can be neglected (Ap, , = 0).
Then p; = p, and p; = p,.

The measured parameters at the test stand are listed in Table 2.

In the above-mentioned test stand, it is not possible to set and maintain a constant torque on the shaft of the
tested machine working as a motor. It is also not possible to test the irregularity of the motor rotational speed at
a constant flow rate supplying this motor, as the worm gear maintains a constant speed (n=const.).

The working liquid in the test stand was mineral oil Total Azolla ZS 46.

Results of laboratory tests
The test of the satellite displacement machine was carried out at a low constant speed (n=1 rpm) and two
different pressure values p, (p, =5 MPa and p, =10 MPa). For comparison purposes, the tests were carried out
for both operation as a pump and operation as a motor. The viscosity of the mineral oil was maintained at a
constant level v=40+2 cSt. The following parameters were recorded during the tests:

a. the flow rate Q_ in the machine operating as a pump (Figs. 30) and operating as a motor (Fig. 31) as a
function of the angle of rotation oy of the shaft;

b. the torque M_ on the shaft of the machine operating as a pump (Fig. 32) and operating as a motor (Fig. 33)
as a function of the angle of rotation ay, of the shaft.
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Fig. 25. Tested pump (satellite pump): E - external gear (curvature), S — satellite, R - rotor, 1 - shaft, 2 and
3 - housing, 4 - suction (inflow) manifold, 5 - pumping (outflow) manifold, 6 — high-pressure commutation
(compensation) plate, and 7 - low-pressure commutation (compensation) plate, 8 — cover of the shaft chamber.
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Discussion
In the satellite working mechanism, the sum of the volumes of all working chambers is constant and independent
of the angle of rotation a; of the shaft (formula (17)) In the satellite mechanism presented in this article, the
volume of all working chambers is V=13.045 cm®.

In the satellite mechanism, the number of filled chambers at the same time is equal to either the number of
humps on the rotor or the number of humps on the curvature. In the considered mechanism type 4 x 6:

a. if four chambers are filled then:

o six chambers are emptied,
« or four chambers are emptied and the other two chambers are dead (i.e. with maximum or minimum
volume);

b. if six chambers are filled, then four chambers are always emptied.

The analysis proves that in the satellite mechanism during the rotation of the rotor (shaft), the value of the
working volume changes from the minimum value q,_ . to the maximum value q,_ . (according to formula
(29)).

For a satellite mechanism operating as a pump, the rotational speed of the shaft of the pump is constant
(Q=const.). Therefore, because of the instantaneous geometric working volume 9y the displacement Q of the
pump will change from the minimum value Q,__. to the maximum value Q,__ %s a function of the angle of
rotation a;, of the shaft. This means there is an instantaneous delivery Q; of the pump (formulae (26) and (27)).
The number of cycles of change of these values is equal to the number of cycles n__ of change of the volume of
all working chambers (formula (11)). The relative change in the value of the delivery was called the pulsation of
the delivery 6 (formula (33)). The value of this pulsation is the theoretical value and represents the maximum

value for the pump

If the flow rate is constant (Q=const.) in the satellite mechanism operating as a motor then due to the
existence of the instantaneous geometric working volume q,,, the change in the rotational speed of the shaft will
occur (as a function of angle of rotation a; of the shaft). That is, will be the instantaneous rotational speed n, of
the motor shaft (formula (34)), the value of which changes fromn, . ton, . The relative change in the value
of this speed was called the pulsation of the rotational speed §  (formula (37)). The value of this pulsation is the
theoretical value and represents the maximum value for the hydraulic motor.

The results of the analysis show, that in the satellite mechanism:
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Fig. 26. Satellite mechanism of the tested satellite pump

1. the value of pulsation of the rotational speed § (formula (37))is greater than the value of pulsation of
the displacement 6Q (formula(33)). For the satellite mechanism presented in this paper is 6Q:4.95% and
8, =5.04%;

2. the value of pulsation of the torque 8, (formula (51)) is greater than the value of pulsation of the pressure (SP
(formula (56)). For the satellite mechanism presented in this paper is §,,=4.56% and §_=3.1%.

In the real positive displacement machines (pump and motor) the pressure difference in the working mechanism
has an influence on the real values of pulsations. The most important influencing factors are the compressibility
of the liquid and leakages in the gaps of the working mechanism. The leakages in the satellite pump and in the
motor are described in detail in*’ ®446 respectively.

To summarise, it can be concluded that:

+ on the pulsation of the delivery of the pump 3,

« on the pulsation of the torque on the pump shaft §,,

« on the pulsation of the pressure in the motor inflow port § ,
« on the pulsation of the rotational speed of the motor shaf § .
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Fig. 27. Commutation plates: high-pressure commutation plate (left) - position 6 in Fig. 25, low-pressure
commutation plate (rightt) — position 7 in Fig. 25.

influences the following parameters:

the number of the humps n;, of the rotor,
the number of the humps nj; of the curvature,
the minimum A, . and maximum A, values of the working chamber area,

the height H of the satellite mechanism.

In the satellite mechanism, all pulsations (8, 8, , 8, 6,) will decrease when the number of the working chambers,
i.e. the number nj, of curvature humps and Qhe number n, of rotor humps increases. For the satellite mechanisms
presented in the publication'®, the lowest pulsation occurs for the mechanism type 8 x 10 (n,=8, n;=10).

Equation (41)+(50) show that the instantaneous value of the torque M__, ;) »generated” by the one working
chamber does not depend on the volume of this chamber, but on the shape of the pitch line of the rotor (i.e.
the rotor outline). In each working chamber, the torque from the one satellite is added to the torque from the
rotor, but the torque from the second satellite is subtracted (Figs. 18 and 19). This means that the second satellite
»lowers” the value of the torque “generated” by the working chamber.

The working volume of the satellite mechanism calculated according to formulae (52) and (53), i.e. based
on the torque generated by the working mechanism at certain constant pressures py; and p; in the working
chambers, is proposed to call the torque working chamber q_, ;. The analyses show that the average value of
the torque working volume of the considered satellite mechanism is equal to the geometric working volume (i.e.
Qe = 9y) (Fig. 34). This proves that the theoretical analyses were performed out correctly.

"l)he results of the experiment confirmed the results of the theoretical analyses regarding the torque on the
pump shaft, i.e. the value of the torque on the pump shaft:

a. is a function of the angle of rotation oy of the shaft;
b. reaches a minimum every 15° and also a maximum every 15° (Figs. 22 and 31).

If the value of the torque M changes during the rotation of the shaft at a constant rotational speed (n=const.)
and at a constant inflow pressure (p, = const.), this indicates a change in the value of the volume of the working
chamber during this rotation. This in turn confirms the results of theoretical analyses (Figs. 15 and 23). Therefore,
if q,= f(ag) then also for n=const. is Q= f(aR) (Fig. 14). The results of the experiment (Figs. 30 and 32) do not
show this clearly because the actual flow rate in the positive displacement machine is:

szqg'niQL
Q

« »

(57)

« o«

where Q; is the volumetric loss (leakage), the sign “+” refers to the hydraulic motor, and the sign “~“ refers to the
pump. The volumetric losses Q; are mainly leakages in the timing gaps (leakages in the commutation unit) and
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Fig. 28. The test stand - hydraulic system and measuring system: P — pump, TM - tested machine (pump

or motor), IP — impeller pump (centrifugal pump), SV - safety valve, F - filter, TA - tank, WG - self-locking
worm gear, E; and E, - electric motors with frequency converters, E, - electric motor, DR - data recorder, p »
p, — pressure transducers, t, t,, t; — temperature transducers, Q_ - flowmeter, FT - force transducer for torque
M measurement, n — inductive sensor for rotational speed measurement. (created in Autodesk Autocad 2024,
https://www.autodesk.com/)

in the flat gaps of the satellite mechanism. At a very low rotational speed of the shaft, the proportion of this loss
Q is quite large, especially the loss resultlng from leakages in timing gaps (Figs. 30 and 32). The process of these
leakages has been described in detail in®® and leakages in flat gaps in*/4°.

Theoretical analyses show that for p, =5 MPa is M=14.7 Nm and for p, =10 MPa is M=29.4 Nm (Fig. 22).
However, the experimental results showed, that the average value of the torque on the shaft of the machine:

1. operating as a pump is greater than the theoretical value of the torque M and is M, =237 Nm for p, =5 MPa
and M_ = 42,6 Nm for p, =10 MPa (Fig. 31).

2. operating as a hydraulic motor is lower than the theoretical value of the torque M and is M, =87 Nm for
p,=5MPaand M, =224 Nm for p, =10 MPa (Fig. 33).

The relationship between the value of the torque M, resulting from the experiment and the theoretical value of
the torque M is as follows:

M, =M+ My (58)

«_» « «

refers to the pump.

where M is the loss of the torque, the sign “~” refers to the hydraulic motor, and the sign “+
48,49

The loss of the torque M, in the satellite pump and the satellite motor has been described in detail in

Summary

The mathematical relationships presented in this article make it possible to calculate the basic operating
parameters of hydraulic pumps and motors equipped with any type of satellite mechanism. The correctness of the
theoretical analyses of flow rate and torque in the satellite mechanism has been confirmed experimentally. It has
also been shown that testing both the pump and the motor at constant speed allows not only the determination
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Fig. 29. View of the test stand with worm gear (grey colour) (left) and the satellite pump on the test stand

(right).

Denotatin | Measuring instrument Range Class

P, 0+25MPa | 0.3
Pressure strain gauge transducer

P, 0+2.5MPa | 0.3
Flow rate Q mass flowmeter 0+61/min | 0.1

FT strain gauge force transducer 0+100N | 0.02
Torque

A arm fixed to the tested machine body | 0.5 m +0.1 mm
Rotational speed | n inductive sensor 60.000 rpm | acc. of meas. £0.01 rpm
Temperature tand t, RTD temperature sensor 180 °C A

Table 2. Measured parameters and measurements instrument of the test stand (Fig. 28).

of torque and flow rate pulsations but also the observation of the volumetric and mechanical losses that occur in
the working mechanism. It can be concluded that low constant speed testing can be considered a fundamental
test for prototype hydraulic pumps and motors.

Based on the analyses carried out in this paper, it can be concluded that the satellite mechanisms with the
highest number of humps on both the rotor and the curvature will have the best operating characteristics.
Therefore, it is advisable to develop and build a displacement machine in the future that contains a satellite
mechanism of the 8 x 10 type. 80 cycles of filling and emptying the working chambers correspond to one full
rotation of the rotor of such a mechanism. Such a machine will be therefore characterised by the lowest pressure
and speed pulsation (in the case of motor operation) and the lowest capacity and torque pulsation (in the case
of pump operation).
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Fig. 31. Characteristics of the actual flow rate Q_ in the machine working as a motor as a function of the angle
of rotation ay, of the rotor (within one complete rotation of the rotor — a,
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The theoretical analyses presented in this paper form the starting point for the development of a mathematical
model of rotational speed and pressures in a multi-speed satellite motor, i.e. the so-called digital satellite motor.
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Fig. 32. Characteristics of the torque M_ on the shaft of the machine working as a pump as a function of the
angle of rotation ay, of the rotor (within one complete rotation of the rotor — a, =360°). The pressure loading
the pump: p, =5 MPa and p, =10 MPa.
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Fig. 33. Characteristics of the torque M_ on the shaft of the machine working as a motor as a function of the
angle of rotation ay, of the rotor (within one complete rotation of the rotor — a, =360°). The pressure in the
inflow port of the motor: p, =5 MPa and p, =10 MPa.
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Fig. 34. Comparison of the instantaneous and average torque working volume (q ;\;, and q,,,)) with the
instantaneous and average geometric vorking volume (qgi and qg) calculated according to formulae (29) and
(30).
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