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Abstract: To avoid the flow asymmetry of a closed circuit pump-controlled asymmetric cylinder system, an efficient open circuit 
pump-controlled asymmetric cylinder system (OPACS) with an independent displacement volume-in and volume-out (VIVO) 
control method is proposed. The energy transmission path of the OPACS was analyzed, and an energy calculation model was built. 
A position-pressure combined control method was adopted to validate the proposed OPACS. Based on a 0.6-MN open circuit 
pump-controlled forging press system, a series of experiments with different return cylinder pressures were conducted. The ex-
perimental results confirmed that the proposed OPACS with the position-pressure combined control method was able to recover 
energy to reduce the installment power without sensitivity to the return cylinder’s pressure variation and that the position accuracy 
and rapidity could be improved by increasing the pressure in the return cylinder. 
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1  Introduction 

 
With growing concerns over energy shortage and 

environmental issues, the use of energy-saving 
hydraulic systems is becoming more urgent than ever. 
Thus, pump-controlled hydraulic systems have been 
attracting more attention in recent years due to their 
high transmission efficiency, simple structure, and 
low cooling power (Quan, 2008; Chiang, 2011).  

Pump-controlled hydraulic systems have been 
investigated for decades and have been widely 

applied in engineering machinery, including vibration 
rollers, cement mixers, and asphalt pavers (Rose and 
Ivantysynova, 2011). Generally, pump-controlled 
hydraulic cylinder systems can be divided into two 
categories: a pump-controlled symmetrical cylinder 
system, such as a ship’s rudder (Su and Jiang, 2010), 
and a pump-controlled asymmetric cylinder system, 
such as wheel-loaders, injection molding machines, 
and skid-steer loaders (Imamura et al., 2008; Peng et 
al., 2014). The pump-controlled symmetrical cylinder 
system has been extensively studied because of its 
flow control performance and high transmission 
efficiency. The idea that a hydraulic symmetrical 
linear cylinder could be driven directly combined 
with a direct-drive electric actuator has been proposed 
(Habibi and Goldenberg, 2000). An electric motor- 
pump compound control aircraft actuator system was 
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analyzed in order to improve the reverse relationship 
between its efficiency and rapidity (Sha and Li, 
2004), improving its overall performance. Asymmet-
ric cylinders play a crucial role in engineering due to 
their large carrying capacity, simple structure, and 
low cost. As a result, a half closed circuit pump- 
controlled asymmetrical cylinder system (HCPACS) 
was proposed, as shown in Fig. 1. The Maha Fluid 
Power Research Center, Germany has investigated an 
HCPACS, utilizing displacement control (DC) to 
control multi-actuator motion and optimize its power 
management (Zimmerman and Ivantysynova, 2010; 
Hippalgaonkar and Ivantysynova, 2016a, 2016b), and 
it has been implemented in off-highway machines and 
excavators. This technology has demonstrated energy- 
savings, reductions in cooling power requirements, 
and improvements in control (Busquets and Ivanty-
synova, 2015a, 2015b). Additionally, another appli-
cation of the HCPACS–direct drive volume control 
fuel injection system greatly improves the control of 
ship speed (Zheng et al., 2010; Sanada and Miyazaki, 
2016). However, flow asymmetry characteristics of 
the differential cylinder (Quan and Lian, 2005; Ge et 
al., 2015), which lead to poor control and increased 
energy losses (Zhao et al., 2013; Wang et al., 2016), 
are still a big challenge for HCPACS. Several control 
methods such as the discrete-time sliding mode con-
trol method (Liu and Söffker, 2007) and a combina-
tion of robust nonlinear control and the feedback 
linearization method (Cho and Helduser, 2008) have 
been designed and investigated, and have improved 
control characteristics. An additional problem facing 
closed circuit pump-controlled asymmetrical cylinder 
system (CPACS) is cavitation damage. To prevent this 
damage, the fluid is delivered into the circuit by an 
anti-cavitation valve. Furthermore, CPACS require a 
charge pump for leakage and flushing, which leads to 
increased energy consumption. 

 
 
 
 
 
 
 
 
 
 

To address the above issues, a novel open circuit 
pump-controlled asymmetric cylinder system (OPACS) 
is proposed, and a position-pressure combined control 
strategy, based on independent volume-in and  
volume-out (VIVO) control, is designed. In this study, 
the energy consumption characteristics and system 
control features of the proposed system are experi-
mentally evaluated. 
 
 
2  OPACS configuration 

 
This study takes a fast-forging press utilizing an 

OPACS as the applied subject. The OPACS schematic 
is depicted in Fig. 2, where the key components are 
two bi-directional variable displacement pumps 1 and 
2, each with different displacements, supplied by the 
Moog Company, USA. The pumps connect the rod-
less cavity and the rod cavity of the asymmetric dif-
ferential cylinder 5, respectively, and the relief valve 
6 is used to limit the maximum safety pressure of this 
system. The gear pump 3 is used to supply flow to 
pilot servo valves of the bi-directional variable dis-
placement pumps 1 and 2, and the maximum control 
pressure depends on the relief valve 7. The coaxial 
bi-directional variable displacement pumps 1 and 2 
and gear pump 3 connect with the electric motor 4 
mechanically. Thus, the system employs triple-link 
pumps, which reduces installation space and cost.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Regardless of whether the asymmetric cylinder 5 
is in the down-stroke or up-stroke position, one 
bi-directional variable pump is in a pumping condi-
tion and takes oil from the reservoir and delivers fluid 
into the asymmetric cylinder, while the other bi- 
directional variable pump is in the motor condition as 

Fig. 2  Schematic diagram of the OPACS 

Fig. 1  Schematic diagram of the HCPACS (m is the mass 
of load) 
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an actuator that recovers the hydraulic energy from 
the asymmetric cylinder. 

In OPACS, the flow rate pumped to the cylinder 
chamber or delivered to the bi-directional variable 
pump can be controlled independently by adjusting 
the displacement of the corresponding bi-directional 
variable pump. We call this structure an independent 
displacement VIVO control system. 

Compared with the HCPACS shown in Fig. 1, 
the main distinguishing factor is that an OPACS 
pumps the total flow from the reservoir, while the 
return oil from the cylinder is not fed back to the 
pump. Additionally, in the OPACS, because of the 
independent displacement VIVO configuration, there 
are no anti-cavitation valves or low pressure and large 
flow filling systems required. The OPACS not only 
reduces the cooling power but also enhances energy 
efficiency. 

Of further importance is that the independent 
displacement VIVO system removes the inlet and 
outlet load coupling of a variable displacement pump 
and supplies more control freedom than the HCPACS, 
and so contributes to increased precision of control 
and to energy efficiency. Moreover, the OPACS not 
only supplies energy from the pump as it is consumed 
by the cylinder but also recovers energy from an as-
sistant load, which decreases the installed power. 
 
 
3  Energy transmission model 
 

The energy conversion process of the OPACS is 
shown in Fig. 3. The electric motor gets active power 
P from the power grid. Then, one bi-directional var-
iable pump converts mechanical energy P4 into hy-
draulic energy (P11, P21), another bi-directional var-
iable pump working as a motor recovers energy (P22, 
P12) from the actuator. The hydraulic energy (P11, 
P21) is used to overcome the total load power PL, 
which consists of the external load force, friction, 
inertia force, and back-pressure. The gear pump 
constantly functions as an energy dissipation device 
and supplies power to control the variable displace-
ment pumps 1 and 2 (pump 1 and pump 2 for short). 

When the asymmetric cylinder is in the down- 
stroke, the bi-directional variable displacement 
pumps 1 and 2 are in the pump condition and motor 
condition, respectively. The output power (P11) of 

pump 1 and the recovered power (P22) of pump 2 can 
be described as 

 

p1 p1 1 6
11 10 ,

60

p D n
P

   
                      (1) 

6m2 m2
22 10 ,

60

p D n
P  

                     (2) 

 
where pp1 is the pump 1 outlet pressure in the pump 
condition, pm2 is the pump 2 inlet pressure in the 
motor condition, Dp1 and Dm2 are the displacements 
of pumps 1 and 2 in the pump and motor conditions, 
respectively, n is the speed of the co-axial electric 
motor and pumps, and η1 is the volume efficiency of 
pump 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Similarly, in the up-stroke stage, the bi- 
directional variable displacement pump 1 is in the 
motor condition, whereas pump 2 is also in the pump 
condition. The recovered power (P12) of pump 1 and 
the output power (P21) of pump 2 can be respectively 
described as 

 

6m1 m1
12 10 ,

60

p D n
P  

                        (3) 

p2 p2 2 6
21 10 ,

60

p D n
P

   
                  (4) 

 
where pm1 is the pump 1 outlet pressure in the motor 
condition, pp2 is the pump 2 inlet pressure in the 
pump condition, Dm1 and Dp2 are the displacements 
of pumps 1 and 2 in the motor and pump conditions, 
respectively, and η2 is the pump 2 volume efficiency. 

The gear pump input power (P3) can be de-
scribed as 

LP

11P

21P

12P

22P

4P
3P

1

2

LF

P 3

Fig. 3  Energy flow diagram of the OPACS (FL is the force 
of total load; other variables are explained in the text) 
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where p3 is the gear pump outlet pressure, D3 is the 
displacement of the gear pump, and η3 is the volume 
efficiency of the gear pump. 

For the cylinder, the total input power is equal to 
the output power in the down-stroke stage and up- 
stroke stage, shown respectively in Eqs. (6) and (7): 

 

11 1 22 2 1 1 2 2 L/ ( ) ,P P p A p A v P                (6) 

21 2 12 1 2 2 1 1 L/ ( ) ,P P p A p A v P                  (7) 

 
where p1 and p2 are the pressures of the rodless cavity 
and rod cavity, A1 and A2 are the areas of the rodless 
cavity and rod cavity, respectively, v is the load ve-
locity, and PL is the consumed power of the total load.  

In a working cycle, the electric motor receives 
the active energy E, and the energy transmission 
efficiency is η. The gear pump energy consumption 
E3 is a constant. According to the energy conserva-
tion law and neglecting pipeline losses, the rela-
tionship between the output power of the electric 
motor and the total consumption power can be de-
scribed as 

 

4 11 21 12 22 3 L· ,E E E E E E E E              (8) 
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From Eq. (8), the output energy of the electric 

motor E4 is used by gear pump E3, pump 1 E11, and 
pump 2 E21. Concurrently, the output energy of the 
electric motor E4 is reduced due to the variable dis-
placement pumps 1 and 2 working in the motor con-
dition; the recovered energy (E21, E22) contributes to a 
decrease in the installation power of the OPACS. 

This paper takes a traditional and typical posi-
tion control fast-forging hydraulic system as an ex-
ample; the fast-forging velocity variation is almost the 
same in the down-stroke stage and the up-stroke 

stage. Generally, accumulators are connected directly 
with the rod-cavity to stabilize its pressure and to 
improve the speed of a traditional fast-forging hy-
draulic system. From Eq. (8), if the rod-cavity pres-
sure p2 remains unchanged, then the recovered energy 
E22 approximately equals the consumed energy E21. 
Therefore, the value of the pressure in the rod cavity 
has a little effect on the input power of the OPACS on 
the premise that p2 remains unchanged. From the 
perspective of energy-saving and control accuracy, 
the rodless cavity adopts closed-loop position control 
and achieves position accuracy; meanwhile the rod 
cavity pressure closed-loop control is designed to 
validate the finding discussed above. The position- 
pressure combined method control chart is shown in 
Fig. 4. Moreover, to determine how this pressure 
variation in the rod cavity influences the control 
characteristics, further experimental research must be 
completed with different pressures in the rod cavity.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
4  Test platform 
 

To evaluate the characteristics of the proposed 
OPACS, experiments on its control performance and 
energy consumption were conducted on a 0.6-MN 
fast-forging system in our laboratory, as shown in 
Fig. 5. The press system consists of two parts: a press 
body with a displacement sensor (Fig. 5a) and a hy-
draulic system (Fig. 5b). The maximum output force 
of the forging capacity is 0.6 MN. The body utilizes a 
pre-stressed structure with three beams and four 
pillars. The main specifications of the press are listed 
in Table 1. 

High-response bi-directional servo variable dis-
placement pumps in series (Fig. 5b) from the Moog 
Company were used to support the OPACS. A coaxial 

Fig. 4  Position-pressure combined control for the OPACS
yin: signal of displacement; y: actual displacement; pin: signal 
of pressure; p: actual pressure 
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gear pump connected with a variable displacement 
pump supplies control fluid to the pilot valves of the 
variable displacement pumps. 

An xPC-Target Data control & acquisition sys-
tem with a 1-ms sample time was used in the electri-
cal control system. The position-pressure combined  
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

control strategy based on MATLAB/Simulink was 
programmed and downloaded to xPC-Target. xPC- 
Target then controlled the servo variable pumps by 
ACL6126 (D/A conversion). The displacement and 
pressure signals were collected by PCL1716 (A/D 
conversion). Interface software was developed using 
Labview to accomplish the key parameters real-time 
set and display the values of the press.  

 
 

5  Results and discussion 
 
According to previous experiments and inves-

tigation, the pressure in the return cylinders was set 
about 9 MPa and could overcome external load force, 
friction, inertia force, back-pressure, etc. If the 
pressure in the return cylinders has a lower value, it 
would take a long time to reach system pressure and 
have bad effect on rapidity. Therefore, in order to 
evaluate how the different return cylinder pressure 
values influence the position control and energy 
consumption, in the following experiments, a sinus-
oid with a 1 Hz forging frequency and a 10 mm am-
plitude was set for the position control system. The 
return cylinder pressures were set as 9 MPa, 12 MPa, 
and 15 MPa. In the experiments, blocks of lead were 
used to simulate load variation of the heated forging 
work piece. The length, breadth, and height of the 
forging workpiece were 300 mm, 40 mm, and 
40 mm, respectively.  

5.1  Control characteristics analysis 

The displacement of the working cylinder, the 
pressure in the return cylinder, and the pressure in the 
working cylinder using the new control strategy are 
shown in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Hydraulic system parameters of 0.6-MN forging press 

Parameter  Value Note 

Working cylinder diameter (m) 0.1  

Return cylinder diameter (m) 0.045  

Bi-directional variable pump 1 displacement (ml/r) 80 50 ms to 80 ms 

Bi-directional variable pump 2 displacement (ml/r) 45 50 ms to 80 ms 

Gear pump displacement (ml/r) 8  

Electric motor power (kW) 30  

Electric motor torque (N·m) 191  

Pressure transmitter (MPa) 0–40 ±0.1% 

Displacement sensor (mm) 700 16-bit accuracy 

Fig. 5  Test bench of the open circuit hydraulic pump-
controlled forging press system 
(a) 0.6-MN fast-forging system; (b) Moog triple-link pumps 
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In Fig. 6a, it can be seen that increasing the 
pressure p2 in the return cylinder from 9 MPa to 
12 MPa and ultimately to 15 MPa decreased the 
position error (the difference between the input set-
ting yin and the real displacement y in the down-stroke 
stage) from 0.8 mm to 0.4 mm. Additionally, the 

maximum phase lag was approximately 0.08 s, which 
indicated not only that the press successfully tracked 
the required forging input but also that the higher 
pressure in the return cylinder resulted in higher 
precision and faster response. 

From Fig. 6b, by using closed-loop pressure 
control, the maximum pressure error of the return 
cylinder was limited to 0.5 MPa in the down-stroke 
stage and 1 MPa in the up-stroke stage. Fig. 6c shows 
that the pressure in the working cylinder increases 
with an increase in the return cylinder pressure. 
Higher back-pressure in the return cylinder results in 
a higher load on the working cylinder. 

5.2  Energy analysis 

Eqs. (1)–(4) can be used to calculate the power 
of the two bi-directional variable displacement pumps 
under different return cylinder pressures in one 
working cycle, as shown in Fig. 7. When the power 
has a positive value, the pump supplies power to the 
system. When the power has a negative value, it re-
covers energy from the system. 

Fig. 7 shows that in the down-stroke stage, with 
the return cylinder’s pressure p2 increasing from 
9 MPa to 12 MPa and ultimately to 15 MPa, the var-
iable pump 1 needs to supply more power to over-
come the back-pressure load, and thus, the output 
power of pump 1 grows. While pump 2 is in the motor 
condition, more power is supplied and more power is 
recovered by pump 2. In the up-stoke stage, pump 1 is 
in the motor condition, while the pump 2 is in the 
pump condition. When the back-pressure increases, 
both increase.  

Based on Eqs. (1)–(8) and considering a single 
forging cycle, the electric motor output energy, the 
total consumption energy including the variable 
pumps and the gear pump, and the total recovered 
energy in the motor condition were calculated, as 
shown in Fig. 8. It can be seen that with an increase in 
pressure in the return cylinder p2, the pump con-
sumption energy and the recovered energy increased. 
However, the electric motor output energy remained 
nearly unchanged, with 1268 J, 1271 J, and 1272 J 
corresponding to the return cylinder pressure p2= 
9 MPa, 12 MPa, and 15 MPa, respectively. Therefore, 
the pressure in the return cylinder has little effect on 
the open circuit pump-controlled forging press hy-
draulic system. 
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Fig. 6  Comparison of the position of the pressure in the 
return cylinder and the working cylinder with different 
back-pressures 
(a) Working cylinder displacement response curve; (b) Return 
cylinder pressure curve; (c) Working cylinder pressure curve 
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6  Conclusions 
 

With respect to energy saving in pump- 
controlled systems, a more efficient OPACS has been 
proposed to improve the control freedom and realize 

energy recovery. To validate the control characteris-
tics and energy consumption of the proposed OPACS, 
a position-pressure combined control method was 
adopted. Based on a 0.6-MN forging press, a series of 
experiments were conducted, and the test results 
confirmed that the OPACS control accuracy and ra-
pidity improved by increasing the pressure in the 
return cylinder. However, the electronic input power 
of the OPACS changed little, indicating that the 
OPACS is effective at reducing the installed power as 
well as improving control characteristics. 

Despite the fact that the independent VIVO 
control method of the OPACS shows great potential 
in control characteristics and energy savings, some 
challenges, including parameter coupling between the 
position control system and the pressure control sys-
tem, as well as the high cost of variable pumps com-
pared to valve-controlled systems, will be investi-
gated in future research. 
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中文概要 
 

题 目：开式泵控非对称缸负载容腔独立控制系统 

目 的：为减少能量排放和提升节能效果，并解决非对称

缸系统的流量不对称问题，本文对开式泵控非对

称缸负载容腔独立控制系统的控制特性及能耗

特性进行了深入的研究，以期为其实际应用提供

理论支撑。 

创新点：1. 提出开式泵控非对称缸负载容腔独立控制系

统，建立其能量传输模型；2. 以压机为对象进行

实验研究，采用位置压力负载容腔独立控制方

法，获得其能耗与控制特性。 

方 法：1. 介绍开式泵控非对称缸负载容腔独立控制系统

的构型；2. 通过理论推导，建立能量传输模型，

得到具有能量回收功能的系统；3. 通过实验研究

和分析，验证所提系统和方法的有效性。 

结 论：1. 基于能量传输模型得到的系统具有较好的节能

特性；2. 开式泵控非对称缸负载容腔独立控制系

统增加了系统控制自由度，验证了负载容腔独立

控制方法的有效性；3. 开式泵控非对称缸负载容

腔独立控制系统采用无杆腔位置控制和有杆腔

压力控制组合的控制方法；随着有杆腔压力的提

高，在不增加系统能耗的前提下该方法改善了系

统的位置控制精度。 

关键词：泵控系统；非对称缸；能耗；位置压力组合控制； 

负载容腔独立控制 

 
 


