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Abstract: The article describe the design and operation of a prototype of satellite pump and a prototype of satellite motor. In both 
machines, the operating mechanism consists of a non-circular gear with external teeth (rotor), non-circular gear with internal teeth 
(curvature), and ten gear wheels which cooperate with the rotor and the curvature. The differences between the commutation unit in the 
pump and the commutation unit in the motor are described. The principle of axial clearances compensation in the pump and in the motor is 
also presents. The article contains the values of the losses and the efficiency of these machines supplied with rapeseed oil, HFA-E emulsion 
and pure tap water. The results of durability tests of motor supplied with HFA-E emulsion and rapeseed oil are also presented. 
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1. Introduction 
In recent years, at the Gdansk University of Technology, started 

research work on first satellite pump (marked PSM) with axial 
clearance compensation (Fig. 1). The developmental research of 
satellite motor (marked SM) with small geometrical displacement 
(5÷34 cm3/rev) are also conducted (Fig. 1). Production of the SM 
motors was undertaken by Stosowanie Maszyn company [13]. 

In Poland are already produced and well-known low-speed (to 
400 rev/min), high-torque hydraulic satellite motors (marked HS) 
with geometrical displacement 0,4÷6,3 dm3/rev (Fig. 2) [12]. 

  
Fig. 1. General view of the newest satellite motor type SM (on the left) and 
the newest satellite pump type PSM (on the right) [5]. 

 
Fig. 2. General view of satellite motor type HS [2]. 

 
The research problems stemmed from the requirement to 

develop and implement new constant displacement self-priming 
satellite pumps and satellite motors mostly useful for driving 
systems and low mechanization of mining equipment in the mining 
industry. Due to fire safety non-flammable liquids are used in coal 
mines. The most commonly used liquid is emulsion of oil in water 
type HFA-E, which contains from 95-99% of water. In extreme 
situations pure water applications may occur, such as mine rescue 
equipment or other devices. Motors with a small geometrical 
displacement are also needed to drive the devices and portable tools 
in the food industry. Therefore, it is recommended testing the 
engine fed with vegetable oil. In Gdansk University of Technology 
the research of the lubricating properties was conducted. Refined 
rapeseed oil (edible) showed a good lubricating property [3].  

2. Satellite working mechanisms 
The working mechanism of HS motor, the working mechanism 

of SM motor and pump PSM are different gear mechanism. In HS 
motor applied mechanism, which consist of internally toothed eight-
hump curvature, externally toothed six-hump rotor and fourteen 
satellites (Fig. 3). And in the motor SM applied mechanism, which 

consist of six-hump curvature, four-hump rotor and ten satellites 
(Fig. 4). 

 
Fig. 3. HS motor satellite working mechanism: C – curvature, R – rotor, 
S - satellite [2]. 

 
Fig. 4. Satellite working mechanism of the motor type SM and the  pump 
type PSM [8,9,10] 

Working chambers are created by the curvature, the rotor and 
every two neighboring satellites. The satellites act as movable 
sealed baffles between the chambers. The working chambers in 
satellite mechanism are closed by two commutation plates (Fig. 5). 
These plates are made of sintered carbide. In these plates we can 
find the inflow and outflow holes. The number of these holes is 
equal to the number of humps on the curvature.  

 
Fig. 5. Commutation plate of satellite motor [1]. 

The pressure of the working medium causes the satellites roll 
around the stationary curvature. The effect of the pressure in the 
working chamber is a force which does not pass through the axis of 
the rotor. This creates a torque which forces the rotation of the 
rotor. The particular configuration of the rotor humps and the 
curvature humps causes during rotation of the rotor chamber 
periodically change their working volume. Supplied chambers 
increase the volume, while the chambers reducing the volume 
extruding the working fluid. 

The satellites act as inflow and outflow distributors. The 
satellite close corresponding holes in the commutation plates at the 
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time of the transition of the chamber from the filling phase to the 
extrusion phase. 

Number of working chambers and number of satellite is equal 
to the sum of curvature humps and rotor humps. Number of cycles 
of filling and emptying chambers, per one rotation of the shaft, is 
equal to the product of the number of humps of the curvature and 
rotor. So, in the working mechanism of the HS motor the number of 
cycles is 48 and in the mechanism of SM motor (and PSM pump) 
the number of cycle is 24. 

Geometrical displacement of satellite working mechanism 
depends on the teeth module and the height of mechanism. In HS 
motors are used modules 1,5 mm and 2,5 mm. While in the SM 
motors and PSM pumps are applied teeth modules: 0,4 mm, 0,5 
mm, 0,6 mm and 0,75 mm. 

In HS motors are applied mechanisms with involute tooth 
profile or circular-arc tooth profile (Fig. 6). 

  
Fig. 6. Involute (on the left) and circular-arc tooth profile (on the right). 

For mechanism with the involute profile nominal working 
pressure is only 20 MPa. The working mechanism with circular-arc 
tooth profile has been developed to increase the nominal working 
pressure up to 35 MPa. However, as research has shown, the 
mechanism with circular-arc profile of tooth is characterized by 
accelerated wear. The reason is too large the surface pressure of 
cooperation teeth. It turned out, that the permissible surface 
pressure is higher for teeth with involute profile. Therefore the 
optimal solution is involute-arc profile of tooth. Such a profile of 
the tooth is a hybrid [4,6]. In the area of tooth contact the profile is 
involute. But in the remaining area the tooth profile is arched (Fig. 
7). The tooth with involute-arc profile characterized the greater 
bending strength than the tooth with involute profile. The FEM 
calculation results showed a difference about 30%. 

 
Fig. 7. The satellite with involute-arc profile of the teeth [7]. 

The operating mechanism with involute-arc profile teeth is 
making by spark machining method. This mechanism is made from 
tool steel Nimax and sulfonitrided [16]. 

In satellite working mechanism the most unfavorable position 
of the satellite relative to the rotor is in area of five teeth on the 
rotor hump (Fig. 8). In this area the pitch diameter PD-R of the 
rotor is smallest. Due to the small number of teeth (ten) on the 
satellite receives a small tooth contact ratio. This affects the 
unfavorable distribution of inter tooth force. 

 
Fig. 8. The characteristic position of the rotor and satellites: RT – rotor 
teeth most loaded, HPC – supply channel (high pressure), LPC – outflow 
channel (low pressure), PD-R – pitch diameter of the rotor hump, PD-S – 
pitch diameter of the satellite. 

Satellite is pressed against the rotor and the curvature with a 
force resulting from the pressure difference ∆p. At ∆p = 25 MPa the 
nominal force acting on the tooth is 1500 N. Numerical calculations 
of tooth were performed, assuming that the mechanism is 
stationary. The calculation results showed that the stresses at the 
base of the tooth are 500 MPa (Fig. 9). The contact stresses at the 
contact point of teeth reach a value of 2000 MPa. Furthermore, after 
the load of motor shaft, deforms both the shaft and the planet. 

  
Fig. 9. Stress distribution at the contact point of the rotor with satellite (on 
the left) and stress distribution along the length of the tooth (on the right). 

During the motor operation, the teeth of operating mechanism 
are subject to variable loads. It was calculated that: 
a) allowable stress σFp for fatigue break the tooth are 520 MPa; 
b) allowable stress σHp for fatigue tooth surface amounts to 710 

MPa. 
So the condition for the fatigue strength of the surface has not 

been met. Furthermore, it should be noted that the satellites are 
moving freely in the tip clearances. Thus, as a result of the pressure 
difference, in the teeth cooperation area occurs slippage. This is an 
additional reason for accelerating the process of tooth wear. In the 
operating mechanism, on one shaft revolution, the number of loads 
of each tooth is: 
a) 4 – for curvature (equals the number of the humps on the rotor); 
b) 6 – for rotor (equals the number of the humps on the curvature); 
c) 5 – for satellite (equals the average of the amount of humps of 

the rotor and the curvature). 

The conclusion is that the rotor teeth will use up the fastest.  In 
the engine running at 1500 rev/min for one hour the number of load 
cycles of each tooth of the rotor is 540 thousand. In addition, on the 
durability of the operating mechanism has an impact rotational 
speed. When rotor speed is 1500 rev/min, then satellites move with 
flat, with variable speed, in the range of 2849 ÷ 3501 rev/min. This 
causes additional forces of inertia loading teeth. 

3. Satellite motor type SM 
The overall view of the newest satellite motor is presented in 

Fig. 2 and the cross-section is presented in Fig. 10. In this motor is 
applied working mechanism with involute-arc teeth.  

 
Fig. 10. Cross section of the satellite motor type SM [5]: C – curvature, 
S – satellite, R – rotor, 1 – shaft, 2 – body, 3 – front body, 4 – rear body, 
5,6 – in- or outflow manifold, 7,8 – commutation (compensation plate). 

In motor satellites and rotor are lower than curvature with value 
of 5±1 µm (Fig. 11a) parameter A). Motor operating mechanism 
includes axial clearances compensation of rotor and satellites (Fig. 
11). On the one side of the compensation plate acts pressure from 
working chambers and on the other side acts pressure from inflow 
manifold channel. The force of compensation Pc is bigger than the 
force given by working chambers (Pwc+Pgr+Pgs) and then the 
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compensation plates is bending down. In this way total axial 
clearances are lower, internal leakage is lower and volumetric 
efficiency higher in effect. 

 
Fig. 11. Idea of axial compensation in satellite motor: a) state before 
tighten up of clamp (X – high of curvature, A – axial clearance of satellites 
and rotor, Di – inside diameter of compensation area, Do – outside diameter 
of compensation area); b) state after tighten up of clamp and under load 
(B – value of decrease of high of curvature after tighten up of clamp, A’ – 
real axial clearance in loaded motor, C – value of bend of compensation 
plate, Fs – force of press down curvature generated by clamp, Pc – pressure 
in exhaust manifold, Pwc – pressure in working chambers, Pgs – pressure in 
satellite gaps, Pgr – pressure in rotor gap) [8,9]. 

Between the rotor and compensation plates there are no leek 
stoppers. Thus, existing leakage goes from working chambers to the 
chamber of shaft. Then the leakage drains to outflow manifold 
channel. Therefore, the pressure in the shaft chamber is higher than 
in the motor outlet port. It was found that especially in hydraulic 
mining installations, the pressure in the outflow port can be up to 2 
MPa. In addition, at the shaft speed of 1500 rev / min, the speed of 
shaft spigot surface relative to the seal is more than 2 m/s. 
Consequently shaft seals are exposed to rapid destruction.  

Experimental studies have shown that the best shaft seals for 
satellite motor should be the seal named TurnRing or R9 (Fig. 12) 
[6]. The sealed surface of the shaft spigot should have a low 
roughness – Ra=0,1 being the best. It is also recommended to cover 
the shaft spigot surface with the low friction, hard coating, like 
Balinit C [15]. Balinit C is a low-friction coating, made on the basis 
of amorphous carbon with the addition of tungsten (designation of 
the coating material: WC / C (aC: H: W)) with a micro-hardness 
1500HV. 

 
Fig. 12. The seal TurnRing [14] and R9 [15]. 

4. Satellite pump type PSM 
The newest satellite pump (Fig. 2) was built based on the 

satellite motor design. The newest construction of satellite pump is 
showed in Fig. 13. Construction of the high side of the pump is the 
same as in the motor. And different is the design of the low pressure 
side (suction side in pump). Moreover, another is in the shape of 
holes in compensation plate 7 (Fig. 13). In this plate are the 
noncircular holes SH. In pumping plate 6 are circular holes like in 
the motor SM. The field of the suction hole SH is 25% greater than 
the outflow hole in plate 6. The commutation plates 6 and 7 play the 
role of the compensation plates simultaneously. In this way the 
satellite pump includes axial clearances compensation. Construction 
and principle of operation the compensation on the pressure side is 
the same as in the engine (Fig. 11). 

In contrast to the engine was designed and applied 
compensation on the suction side of the pump. In the suction port 3 
was placed compensation chamber CC. This chamber has the shape 
of a ring having an outer diameter D2 and inner diameter D1. The 
compensation chamber CC is connected at least one compensation 

hole CH to the high pressure working chambers. Laboratory results 
have shown, that at a pump speed 1500 rev/min, the pressure in the 
compensation chamber CC is about 20% lower than the discharge 
pressure. 

    
Fig. 13. Cross section of the newest satellite pump PSM: C – curvature, 
S – satellite, R – rotor, 1 – shaft, 2 – body, 3 – front body, 4 – rear body 
(suction port), 5 – pumping manifold, 6 – pumping commutation plate, 
7 – suction commutation plate, detail A – construction of compensation on 
suction side, SH – non circular suction hole, CH – compensation hole, 
CC – compensation chamber, CA – compensation area. 

Application of compensation to the suction side is only possible 
in the pump due to the constant fluid flow direction. 

5. Test results of SM motor and PSM pump  
Laboratory test of the motor SM-0,6/20 and the pump PSM-

0,75/15 have been carried out. These machines parameters are given 
in Tab. 1.  

Table 1: Parameters of tested motor and pump 
 SM-0,6/20 PSM-0,75/15 

Tooth module 0,6 mm 0,75 mm 
Height of the operating mechanism 20 mm 15 mm 

Theoretical displacement 16,7 cm3/rev 18,6 cm3/rev 
 

Prior to designing the satellite motor assumed nominal working 
pressure 25 MPa. However, calculations have shown that for 
pressure 25 MPa the condition is satisfied only for tooth bending. 
That is the working pressure of 25 MPa can be intermittent or 
instantaneous pressure. Losses and efficiencies of tested motor and 
pump, for ∆p=25MPa, are given in Tab. 2. 

Table 2: Losses and efficiencies of tested motor and pump. 

W – tap water 
E – HFA-E emulsion* 

RO – rapeseed oil 
Viscosity of RO: µ=40cSt C
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Motor 
SM-0,6/20 

n=1500 rpm;  
∆p=25 MPa 

W 7 / 6,7 4,5 0,83 6,1 0,90 
E 6 / 4,5 4,2 0,84 12,3 0,81 

RO 4,5 / 6,2 1,5 0,94 10,4 0,83 
Pump 
PSM-

0,75/15 

n=750 rpm; 
∆p=25 MPa 

W 5 / 4,5 3,2 0,77 10,9 0,87 
E 5 / 4,5 3,2 0,77 10,0 0,88 

RO 5,4 / 5,8 1,8 0,88 7,5 0,90 
*) 1% concentrate ISOSYNTH VX110-BF in tap water 

Nevertheless it was decided, to check what will be the durability 
of the operating mechanism of motor at the pressure 20 MPa. For 
comparison, it was decided to check the durability of the engine at a 
lower load, corresponding to a pressure of 15 MPa. The elements of 
SM-0.6/20 engines which were running in different mode were 
studied. Modes were marked as: “A”, “B” and “C” and their 
characteristic was showed below in Tab. 3.  
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Table 3: Various engine operating modes 
Mode Working fluid Speed Decrease 

pressure 
A 1% emulsion HFA-E*) 1500 rpm 20 MPa 
B 

refined rapeseed oil 1500 rpm 
20 MPa 

C 15 MPa 
D 10 MPa 

*) 1% concentrate ISOSYNTH VX110-BF in tap water 
Laboratory tests showed low durability of rotor teeth. Time 

after which occurred the destruction of mechanism is for mode: 
a) A – 4 hours (2,16 million load cycles of the rotor teeth); 
b) B – 35 hours (18,9 million load cycles of the rotor teeth); 
c) C – 46 hours (24,8 million load cycles of the rotor teeth); 

For mode D after 111 hours test was discontinued. There was 
no destruction of working mechanism. 

Fig. 14 (on the left) shows an example of tooth wear on the 
rotor hump. Further exploitation leads to breaking the tooth and 
clutch action of the entire mechanism (Fig. 14 on the right). 

  
Fig. 14.  Tooth wear on the rotor hump (on the left) and destroyed elements 
of the working mechanism (on the right). 

The durability test of motor, for mode D, has shown interesting 
property of rapeseed oil. On the end of surface of the rotor forms a 
layer of scorched oil (Fig. 15). The thickness of this layer 
corresponds to the height of the gap between the rotor and the 
compensation plate. On the compensation plate is created 
distinctive annular discoloration. The result of this phenomenon is 
to reduce the leakage from the working chambers to the chamber of 
shaft. 

  
Fig. 15.  Scorched rapeseed oil on the end face of the rotor (on the left) and 
distinctive annular mark on the surface of the plate (on the right). 

6. Summary 
The compensation plates are made of sintered carbide. The 

satellite mechanism is made of special tool steel and sulfonitrided. 
Therefore satellite pumps and motors can work not only with 
mineral oil but also with other liquid like vegetable oils, emulsions 
and tap water.  

The experimental research shows that the satellite mechanism is 
characterized by a very low durability under overload condition. 
Application of liquid with poor lubricant properties (like water and 
HFA-E emulsion) causes accelerated wear of the working 
mechanism teeth. The following factors on the durability of the 
motor operating mechanism have an impact: 
a) the construction of the operating mechanism; 
b) the type of steel used for the elements of the mechanism; 
c) the kind and quality of the thermo-chemical treatment; 
d) the working fluid. 

In hydraulics, it is assumed that the durability of the hydraulic 
motor should be about 10 thousand hours. Assuming that the engine 
is running at a speed of 1500 rev/min, the durability of the teeth 
should be at least 900 million cycles. Thus, the stability under 
overload conditions, at the pressure drop in the engine 20 MPa, is at 
least 36 times less than the nominal. Therefore, should be lowered 
rated working pressure of the engine, reduce its speed and should be 
chosen of higher strength steel with a suitably chosen heat 
treatment. At this stage, in order to maintain proper engine 
durability, it is proposed to reduce the operating pressure up to 10 
MPa and the speed to 400 rev/min. 

The great advantage of satellite motors and pumps are their 
small size. Satellites motors can be an excellent alternative to 
orbital motors. The dimensions and weight of these engines are 
similar. And the motor efficiency of satellite is greater. Moreover, 
the orbit motors are not suitable for operation with water and HFA-
E emulsion. 
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