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Abstract: Through experimental tests and numerical simulations the authors of this paper demonstrate a 
method of reducing energy consumption on the endurance stands of rotary and linear positive displacement 
machines. The method is based on mechanical compensation of power losses, achieved by coupling the 
drive shafts of two positive displacement machines, a pump and a rotary motor, with pump capacity greater 
than motor capacity and equal rotary speeds. The method can be applied in the simultaneous endurance 
tests on the two rotary positive displacement machines, and by extension, on the endurance test stands 
designed for hydraulic cylinders.  
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1. Introduction  

Mechanical compensation of power losses [1] can be done on the power recirculation stand in the 
Figure 1, used for endurance tests on rotary positive displacement machines, and also on the power 
recirculation stand in the Figure 2, used for endurance tests on linear positive displacement machines. 

 

Fig. 1. Power recirculation at endurance tests on 
rotary positive displacement machines:  

1=tank; 2=fixed pump; 3= two-axis electromotor; 
4=hydraulic motor; 5= pressure control valve;      

6= return filter; 7=pressure gauge  

 

Fig. 2. Power recirculation at endurance tests on 
linear positive displacement machines 

 
The tank, pump, electromotor, hydraulic motor, control valve, filter and pressure gauge which make 
up the stand in the Figure 1 can also be found in the structure of the stand in the Figure 2. For both 
stands the capacity of the pump is higher than the capacity of the hydraulic motor, and the rotary 
speeds are equal.  
In addition, the stand in the Figure 1 also contains the following parts [2]: 5= non-return valve for 
supplying the hydraulic motor in the "non-actuated" position of the hydraulic directional valve with 
electrical control 14; 8.1, 8.2, 8.3, 8.4= non-return valves for supplying / discharging the chambers 
of the load cylinder 9; 10, 12=stroke limiters; 11=coupling; 13=test cylinder. 
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For the stand in the Figure 1 a demonstrative experimental module has been developed in order to 
promote the method of compensation for power losses at the stands for endurance tests, with low 
energy consumption, of rotary and linear positive displacement machines.  

2. Experimental determinations of recovered energy in endurance tests on positive 
displacement machines   

2.1. The demonstrative experimental module 

The hydraulic basic diagram of a small demonstrative stand is shown in the Figure 3 and it 
comprises: a fixed positive displacement pump with a capacity of 6 cm3/rev (2) and a fixed positive 
displacement motor (3), with a capacity of 4 cm3/rev, both coupled to an electric motor (1), of 0.37 
kW, with a constant rotary speed of 1375 rev/min; a pressure control valve (4); a 4/3 hydraulic 
directional valve, with electric control (5), a pressure gauge (6) and an oil tank (7). 
Physical development of the experimental demonstrative module, which in order to couple the 
electromotor to the pump and hydraulic motor axes uses a gear transmission, with 1:1 
transmission ratio, is shown in the Figure 4. 

 

 

Fig. 3. Hydraulic diagram of the 
experimental demonstrative module 

 

Fig. 4. Physical development of the experimental demonstrative 
module 

 
In order to test the energy recovery system only the extreme switch positions of the sliding valve of 
the 4/3 hydraulic directional control valve are used (excluding the center position).    
When the electromagnet “b” of the directional control valve is actuated, there is achieved the 
distribution “P” to “A” (a plug was fitted on “A”) and “B” to “T”, the entire flow of the pump is 
discharged through the valve to the oil tank, the hydraulic motor feeds from the tank, being driven 
at the same time with the pump by the electric motor, but it does not generate a mechanical torque 
and does not “help” the electric motor which drives the two positive displacement machines.  
When the electromagnet “a” of the directional control valve is actuated, there is achieved the 
distribution “P” to “B” and “A” to “T”, (the plug remains fitted on “A”). The discharged flow of the 
pump is divided into: 5.5l/min, entering the hydraulic motor, and 2.75l/min, conveyed through the 
pressure control valve. The hydraulic motor is supplied by the pump and it is driven, 
simultaneously with the pump, by the electromotor. In this situation the hydraulic motor contributes 
to the production of part of the mechanical torque required to actuate the positive displacement 
pump.  

2.2. Experimental results 

By using the test stand shown in the Figure 4 there have been measured: pump discharge 
pressure - p (bar); single phase electric current absorbed by the motor - I (A) and electric motor 
speed - nme=np=n (rev/min).  
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To plot the experimental characteristics there have been calculated: hydraulic power 
generated by the pump - Ph (W); power absorbed by the electric motor - Pa (W); power output 
generated by the electric motor - Pu (W) and mechanical power generated by the hydraulic motor - 
Pmh (W). 
The following equations have been used: 

   
       

      
                                                                         (1) 

where: Ph – hydraulic power (W); Vp -  pump capacity (cm3/rev); np – pump speed, which is equal 
to hydraulic motor speed nmh (rev/min); p – pump discharge pressure (bar); ηp – total pump 
efficiency (-); 612 – dimensionless factor (-).  

                                                                          (2)                                                                                             

where: Pa – power absorbed by the electric motor (W); U – phase voltage (V); I – electric current 
intensity (A);            

                                                                    (3) 

where: Pu  – power output generated by the electric motor (W);    – electric motor efficiency (-).  

 

I 
[A] 

 
p[bar] 

Fig. 5. The I=f(p) characteristic 

Series 1: P to A; Series 2: P to B 

n 
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Fig. 6. The n=f(p) characteristic 

Series 1: P to A; Series 2: P to B 
 

Ph 
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Fig. 7. The Ph=f(p) characteristic 

Series 1: P to A; Series 2: P to B 

Pa 
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Fig. 8. The Pa=f(p) characteristic 

Series 1: P to A; Series 2: P to B 
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                                                                (4) 

where: Ph – hydraulic power (W);  Vmh -  hydraulic motor capacity (cm3/rev); nmh – hydraulic motor 
speed nmh  (rev/min); p – hydraulic motor intake pressure (bar); ηmh – total hydraulic motor 
efficiency (-); 612 – dimensionless factor (-).  
The figures 5...8 depict four characteristics determined experimentally, namely: variation of the 
current absorbed by the electric motor I [A] (Fig. 5), variation of electric motor speed n[rev/min] 
(Fig. 6), variation of hydraulic power generated by the pump Ph [W] (Fig. 7), variation of power 
absorbed by the electric motor Pa [W] (Fig. 8), all depending on pump discharge pressure p[bar].  

2. Numerical simulations on energy recovery in endurance tests on positive displacement 
machines  

2.1. Simulation model in AMESim  

To study the dynamics of the energy recovery experimental demonstrative module the simulation 
model in AMESim [3] shown in Figure 9 has been used.  

 

Fig. 9. Simulation model in AMESim 
 

The AMESim model includes an inductive electric motor, to which a load has been introduced to 
simulate the inertial torque of the rotor and friction in the electric machine. To simulate system 
operation, in versions with and without energy recovery, a friction coupling has been introduced, 
which can be opened or closed, depending on the value of the excitation signal (0, and 
respectively 1). 
For the hydraulic motor there is also the possibility of changing the load value, by changing the 
parameters of the inertial mass attached to its shaft.  
Connecting and disconnecting the hydraulic circuit of the rotary positive displacement motor is 
carried out via the hydraulic directional control valve, and pressure in the system is set through the 
valve. 
The two operating modes of the system are: with the hydraulic motor connected (with energy 
recovery) and with the hydraulic motor disconnected (without energy recovery).  
In "connected" operating mode the signal "1" is sent to the coupling and the normally closed valve 
is set to the value of 30 bar.  
In "disconnected" operating mode the excitation signal of the coupling is set to the value "0", to 
interrupt the mechanical connection between the electric motor and the hydraulic motor. The 
pressure in the system is then increased so that to the hydraulic motor shaft there is obtained the 
same rotational speed as for the "connected" hydraulic motor. Thus it is possible to compare the 
torques to the electric motor shaft, in the two operating modes, under the same loading conditions 
for the consuming positive displacement machines. 
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2.2. Results of numerical simulations  

In the graph depicted by the Figure 10 one can notice that the torque of the electric motor drops 
after the hydraulic motor speed becomes equal to the electric motor speed (lag of 0.1 s).   

Electric motor torque [Nm] 

 
Time [s] 

Fig. 10. Variation over time of electric motor (EM) torque, disconnected (1) / connected (2) from / to the 
hydraulic motor 

In the graph depicted by the Figure 11 one can notice that the torque to the shaft attached to the 
reducer drops after the hydraulic motor speed becomes equal to to the electric motor speed (lag of 
0.1 s).    

Transmission shaft torque [Nm] 

 
Time [s] 

Fig. 11. Variation over time of torque to the reducer shaft; the EM disconnected (1) / connected (2) from / to 
the HM 

In the graph depicted by the Figure 12 one can identify the time after which the hydraulic motor 
speed is equal to the electric motor speed (0.1 s - "connected", and respectively 0.4 s -  
"disconnected" from /to the electric motor). 

Hydraulic motor speed [x 10
3
 rpm] 

 
Time [s] 

Fig. 12. Variation over time of hydraulic motor (HM) speed; disconnected (1) / connected (2) from / to the HM  
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In the Figure 13 one can notice the variation in flow through the pump, hydraulic motor and 
normally closed valve. 

Flow in the pump-valve-hydraulic motor node [l/min] 

 
Time [s] 

Fig. 13. Flow variation in the pump (1,2)–valve (3,4)-hydraulic motor (5,6) node 

 
In the Figure 14 one can notice pressure variation in the pump-valve-directional control valve node. 

Pressure in the pump-valve-directional control valve node [bar] 

 
Time [s] 

Fig. 14. Pressure variation in the pump-valve-directional control valve node; the EM disconnected (1)  
/ connected (2) from / to the HM 

Conclusions 

Experimental tests performed on the demonstrative module shown in Fig. 4 have demonstrated the 
efficiency of energy recovery, based on mechanical compensation of power losses, namely: 

- powering of the hydraulic motor coupled to the electric motor results in the doubling of the 
pressure produced by the demonstrative stand, for the same current absorbed by the 
electric motor. For instance, for I=2A, there results p=36 bar, when the hydraulic motor is 
not powered by the pump, and respectively p=80 bar, when the hydraulic motor is powered 
by the pump (Fig. 5); 
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- powering of the hydraulic motor coupled to the electric motor results in the doubling of the 
pressure produced by the demonstrative stand, for the same speed of the electric motor. 
For instance, for n=1300 rpm, there results p=20 bar, when the hydraulic motor is not 
powered by the pump, and respectively p=40 bar, when the hydraulic motor is powered by 
the pump (Fig. 6);  

- pump maximum hydraulic power and maximum pressure produced by the stand are: 
Ph=480 W; p=48 bar, when the hydraulic motor is not powered, and respectively 
Ph=1040W; p=90 bar, when the hydraulic motor is powered (Fig. 7); 

- powering of the hydraulic motor coupled to the electric motor results in the doubling of the 
pressure produced by the demonstrative stand, for the same power absorbed by the 
electric motor. For instance, for Pa=800 W, there results p=25 bar, when the hydraulic 
motor is not powered by the pump, and respectively p=60 bar, p when the hydraulic motor 
is powered by the pump (Fig. 8).  

Numerical simulations performed on the AMESim model shown in Fig. 9 have demonstrated the 
dynamic performance of the energy recovery system based on mechanical compensation of power 
losses, namely:   

- connecting of the hydraulic motor to the shaft of the reducer (with 1:1 transmission ratio) 
results in lower torque developed by the electric motor, following a lag of 0.1 s (Fig. 10); 

- connecting of the hydraulic motor to the shaft of the reducer results in lower torque 
developed by the electric motor, after the moment when the speeds of the two motors 
become equal, with a lag of 0.1s (Fig. 11);  

- the time in which the hydraulic motor speed equals the electric motor speed is of 0.1 s, 
when the hydraulic motor is connected to the electric motor, and respectively 0.4 s, when 
the hydraulic motor is disconnected from the electric motor (Fig. 12);   

- after 0.3 s from connecting the hydraulic motor to the electric motor pump flow is equal to 
the sum of flow through the hydraulic motor and flow through the pressure control valve 
(Fig. 13);  

- speed achieved by the hydraulic motor at a pressure of 40 bar when it is mechanically 
connected to the electric motor is equal to hydraulic motor speed at a pressure of 120 bar 
when it is mechanically disconnected from the electric motor (Fig. 14).  

All the conclusions listed, demonstrating the benefits of energy recovery by mechanical 
compensation for power losses, have applicability to the endurance stands of rotary and linear 
positive displacement machines (pumps, hydraulic motors, hydraulic cylinders).   
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