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Abstract: The multi-actuator load-sensitive (LS) system has gained widespread usage in 

engineering machinery applications due to its energy efficiency, exceptional composite 

action performance, and precise tuning capabilities. However, when the demand for load 

flow exceeds the supply of hydraulic pumps, flow saturation conditions may arise in 

hydraulic pumps, thereby impacting the coordination of multi-actuator actions and 

diminishing the load sensitivity characteristics of the system. To address this issue, scholars 

have proposed anti-flow saturation technology. Currently effective solutions include 

reducing the set pressure of pressure compensator valve springs and decreasing the opening 

degree of each main valve. Anti-flow saturation technologies for multi-actuator load-

sensitive systems can be classified into three types based on the location of pressure 

compensators in different circuits: pre-valve; post-valve and outlet pressure compensation 

anti-saturation, as well as a novel type known as independent metering (IM) technology. This 

article provides an overview of significant accomplishments in these three types of anti-

saturation technologies before introducing IM technology and discussing research focal 

points for various types of load-sensitive systems as well as how anti-saturation technologies 

impact their energy efficiency. Finally, future directions for development in flow saturation 

resistant technologies within muti-actuators load sensing systems are explored. 

1. Introduction 

As a major energy consuming, China has always focus on researching energy conservation in the 

field of engineering machinery. Hydraulic systems in engineering machinery have evolved from 

open-center to closed-center and then further developed into the current load-sensitive systems[1-5]. 

Load-sensing hydraulic systems offer advantages such as low energy consumption, high efficiency, 

and flow distribution that depends only on the opening of the main valve. Compared to traditional 

open-center and closed-center systems, load-sensitive systems have made significant progress in 

saving energy. However, when the demand for load flow exceeds the supply capacity of the hydraulic 

pump, flow saturation can occur[6-8] . 

In general, engineering machinery operates under complex conditions and often requires multiple 

actuators to work simultaneously. The work objects in these machines vary, and the working loads 
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can fluctuate greatly. In traditional load-sensitive systems, pressure feedback based on the maximum 

load pressure is used to achieve closed-loop control of system pressure, ensuring the required flow 

rate and pressure. When the demand flow rate of all participating actuators exceeds the maximum 

supply flow rate of the hydraulic pump, oil is first supplied to the low-pressure actuators due to 

parallel oil supply[9-11]. This satisfies the needs of the low-pressure actuators, and the pressure drop 

across the low-pressure control valve reaches the compensating pressure, at that point, the pressure 

compensator valve controls the flow rate. In other words, when the pump flow rate is insufficient, it 

first ensures the supply to the low-pressure actuators, and then supplies the excess oil to the high-

pressure actuators. However, at this point, the flow rate to the high-pressure actuator control valve is 

insufficient to activate the pressure compensator valve. As a result, there is a reduced speed of high-

pressure actuators operation or even complete stoppage. This phenomenon is known as flow 

saturation in multi-actuator load-sensitive systems[12-17]. It significantly affects the normal operation 

of hydraulic equipment, increases maintenance costs, and limits the application prospects of load-

sensitive systems. Therefore, research on flow saturation resistance control in load-sensitive hydraulic 

systems is necessary to ensure that the system can maintain good flow distribution characteristics and 

actuator coordination even under flow saturation conditions[18-20]. Flow saturation resistance 

techniques effectively address the coordination issue between output power and load characteristic 

curves in load-sensitive systems, reducing flow loss and pressure loss, and improving system 

coordination. 

In summary, the research on flow saturation resistance methods and strategies for load-sensitive 

systems has significant theoretical significance and practical engineering application value, 

considering the causes and hazards of flow saturation in load-sensitive systems. This paper focuses 

on analyzing the research achievements and features of flow saturation resistance techniques carried 

out by domestic and foreign scholars in pre-valve, post-valve and outlet pressure compensation 

aspects. The potential research directions for flow saturation resistance in load-sensitive systems are 

proposed. 

2. Pre-valve compensation technologies for flow saturation resistance 

Pre-valve compensated load-sensitive hydraulic systems are commonly used in hydraulic control. 

They primarily regulate the flow into the actuator and reduce the impact of load variations on actuator 

performance by using a pressure differential compensator installed before the actuator. However, due 

to flow limitations within the system, issues with flow saturation can arise, which affect system 

performance and stability. 

2.1. Flow saturation resistance control based on priority pressure compensation 

In 1969, Allen proposed the concept of priority-based pressure compensation[21]. The idea is to 

assign priority levels to each actuator based on its flow demand utilizing priority valves with pressure 

compensation capabilities. When flow saturation occurs, the flow rate to each actuator is sequentially 

reduced in order of priority, from high to low. 

However, in systems with priority-based pressure compensation involved in complex operations, 

lower priority actuators may stop working. To ensure that even the lower priority actuators continue 

to function, even when the pump's output flow is severely limited, it is sometimes necessary to 

weaken the priority of the pressure compensation. This requires the use of pressure compensation 

based on the pressure differential across the variable throttle. 
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2.2. Flow saturation resistance control based on shunt ratio adjustable pressure compensation 

In 1974, Malott and Paul introduced the concept of ratio-regulated pressure compensation[22]. 

When the system experiences flow saturation, the flow rate of each actuator decreases proportionally 

by adjusting the pressure differential at the throttle to maintain a certain proportional relationship 

between the actuator speeds. This type of pressure compensation, where the pressure differentials at 

both ends of the throttle need to be equal, is known as ratio-regulated pressure compensation. 

Based on this principle, the Linde company developed the Synchronization Control (LSC) System, 

which is a typical flow saturation resistance circuit consisting of sliding valves[23,24]. As shown in 

figure 1, this is a one-way pressure compensator valve in Linde's flow saturation resistant load-

sensitive system. The left end of the pressure compensator valve is subjected to the oil pump pressure 

(Pp) and the load pressure (PL). The right end is subjected to the pre-pressure of the control valve (Pm) 

and the maximum load pressure (PL1) introduced by the shuttle valve (assumingPL1>PL2, PL1=PLmax). 

To achieve force balance for pressure compensator valve 1 (assuming the left and right areas of the 

valve spool are equal), we have: 

Pp+PL1=Pm1+PL1                                                            (1) 

 
(a)                                       (b) 

Figure 1: (a) LSC system one compensation valve; (b) LSC system dual pressure compensation. 

So Pp=Pm1, the oil flow through the pressure compensation valve without pressure difference. 

Differential pressure ∆P1=Pm1-PL1=P-PL1 at inlet and outlet of control valve 1. Similarly, the pressure 

compensation valve 2 takes the force balance. 

Pp-Pm2=PL1-PL2                                                              (2) 

The differential pressure of oil flow through pressure compensation valve 2 is PL1-PL2, which 

exactly compensates the difference of pressure load between the two actuators.  

Control valve 2 inlet and outlet differential pressure: 

∆P2=Pm2-PL2=Pp-PL1=∆P1=∆P                                              (3) 

That is, the inlet and outlet pressure difference of all valve stems is equal, which is the difference 

between the outlet pressure of the oil pump and the maximum load pressure. The flow through the 

two joysticks is that. 

Q
1
=K1√∆P                                                              (4) 

Q
2
=K2√∆P                                                              (5) 

Each valve is the same, and the flow to each actuator depends only on the stroke of each valve 

stem (K1, K2). Under this pressure difference, each valve stem adjusts the flow rate of the actuator 

through the throttle size of the valve stem opening, which has nothing to do with the actuator load. 
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When the actuators operate at the same time, there is no influence on each other, and the flow rate is 

distributed proportionally according to the stroke of each valve stem.  

When each valve stem is in A large opening, flow saturation, Pp<PLmax+Fs/A, the oil pump is at 

the maximum displacement, the pressure difference of the control valve drops ∆P<Fs/A, but the 

pressure difference of the control valve stem inlet and outlet is still equal, so the flow of each way is 

still proportional to the valve stroke. 

2.3. Anti-saturation control based on adjustable compensation of differential pressure at ends 

of the throttle port 

According to the two anti-saturation control concepts mentioned above, the shunt control concept 

of adjustable pressure compensation at both ends of the throttle is proposed. This shunt control is 

based on the requirements of different working conditions by external adjustment of the pressure 

difference at both ends of the throttle and can also improve the adaptation performance of the 

composite action of the system. Then even if the pressure compensator is set upstream of the control 

orifice, the flow saturation can be achieved.  

Based on the principle of adjustable pressure compensation for the pressure difference between 

the two ends of the throttle, Vickers proposed a power matching (TM) system in 1981 to 

independently adjust the oil inlet and outlet of the actuator[25]. In the case of flow saturation, the pilot 

pressure can be adjusted to achieve shunt regulated pressure compensation. Hitachi proposed a 

scheme in 1985 in which an external electrical appliance controlled the pressure difference at both 

ends of the throttle. In the case of flow saturation, anti-flow saturation control was realized by 

adjusting the given value of the pressure difference[26].  

There are also relevant studies in China. For example, Yang H Y et al. designed an anti-flow 

saturation controller of the pressure compensation system in front of the valve, so that the LS system 

has the function of anti-flow saturation[27]. 

 As shown as in the Figure 2, Yuan D et al. of Yanshan University proposed an anti-flow saturation 

strategy based on the electro-hydraulic flow matching control system with variable speed[28]. The 

method realizes the inhibition of flow saturation by dynamically modifying the flow rate of the 

hydraulic cylinder. Specifically, the method first determines whether the flow saturation phenomenon 

occurs by detecting the theoretical speed and the maximum speed of the motor. If there is a flow 

saturation, the flow of the hydraulic cylinder will be dynamically adjusted according to the actual 

demand, and the secondary flow distribution of each joint actuator will be carried out to ensure the 

normal operation of the system. 
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Figure 2: Variable speed electro-hydraulic flow matching system[0]. 
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In summary, the anti-flow saturation technology of pre-valve compensation mainly focuses on two 

aspects: optimizing the structure of pressure compensators and using control strategies. Pre-valve 

compensation load-sensitive systems have good speed regulation performance and relatively low cost, 

but flow saturation is unavoidable. However, current methods for anti-saturation pre-valve 

compensation increase system costs and complexity while having lower energy efficiency. Therefore, 

there is still significant room for development in terms of system structure and energy efficiency. In 

future research, it will be possible to further optimize and improve the pressure compensation 

characteristics of the system to reduce pressure loss; combine pressure-sensitive and proportional 

control technologies with load-sensitive systems to reduce hydraulic transmission pressure drops and 

signal delays; furthermore, global power matching between motors, pumps, and loads will receive 

widespread attention instead of just local power matching based on flow rates between hydraulic 

pumps and loads. 

3. Post-valve compensation technology for flow saturation resistant 

The most intuitive change in the post valve compensation structure and pre-valve compensation 

load-sensitive hydraulic system is the position of the pressure compensator, one in front of the 

reversing valve, one after the reversing valve, in fact, the pressure compensator structure in the two 

systems is different, which mainly uses the pressure compensation valve to achieve stable operation 

of the actuator. By setting a pressure compensation valve behind the actuator to control the flow out 

of the actuator in the system, the flow control and the ability to resist flow saturation are realized [29].  

The representative product of the post-valve compensation LS system is the Load independent 

flow distribution (lastdruck unabhängige durchfluss verteilung, LUDV) system for post-valve 

pressure compensation developed by German Rexroth Company, which has anti-saturation 

function[30,31]. Under the action of the pressure compensator, the pressure after the valve of each 

coupling orifice in the LUDV system is equal, so that the pressure difference between the two ends 

of the valve is equal[32,33]. Therefore, even when the flow is saturated, the system can still shunt 

according to the joint valve port area controlled by the control rod, maintain the synchronization of 

the action, and have the function of anti-flow saturation. As shown in the figure 3, one end of the 

spool of the pressure compensation valve is acted on by the inlet and outlet pressure of the control 

valve, and the other end is acted on by the spring force and the maximum load pressure introduced 

through the shuttle valve (𝑃𝐿1 > 𝑃𝐿2) to balance the pressure compensation valve 1. 

(Pm1-PL1)A=FS                                                             (6) 

Pm1=
FS

A
+PL1                                                                (7) 

 
(a)                                                     (b) 

Figure 3: (a) LUDV system pressure compensation valve 1; (b) LUDV system pressure 

compensation valve 2. 

Force balance on pressure compensation valve 2. 

(Pm2-PL1)A=FS                                                            (8) 
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Pm2=
FS

A
+PL1                                                                (9) 

In the design, if the two pressure compensation valves Fs/A are equal, then Pm1=Pm2, where Pm1，
Pm2 are the outlet oil pressure of the control valve 1 and 2 respectively; PL1 is maximum load pressure; 

FS is spring force; A is pressure compensation valve spool pressure area. The inlet of each control 

valve is the pressurePp of the pump, and the outlet pressure is Pm1 and Pm2 respectively, which are 

equal, so the inlet and outlet pressure difference of each control valve is equal. If the load pressure of 

each actuator is different, and the oil supply pressure of the pump is certain, the inlet and outlet 

pressure difference of the control valve is also equal, obviously the pressure compensation valve plays 

a compensation role, and the throttle degree is different, resulting in different pressure differences, to 

achieve the purpose of balancing the load. Where the differential pressure at pressure compensation 

valve 1: 

Pm1-PL1=FS/A                                                               (10) 

Pressure drops of pressure compensation valve 2: 

Pm2-PL2=
FS

A
+（PL1-PL2）                                                    (11) 

Obviously, the pressure compensation valve compensates exactly the difference between the 

pressure load of the two actuators. 

4. Outlet pressure compensation anti-flow saturation technology 

The outlet pressure compensation LS system arranges pressure compensation valves on the outlet 

of each oil return circuit, representing Toshiba's innovation breed-off load sensing system[34].  

The outlet pressure compensation LS system introduces the highest load signal and the connected 

load signal into the pressure compensator, causing it to adjust the opening degree accordingly to 

create throttling. This ensures that the pressure difference at both ends of the control valve remains 

equal, giving the outlet pressure compensation LS system anti-flow saturation capability. As shown 

in figure 4, balance is achieved through the pressure compensation valve: 

PLA+F=PLmaxA                                                                 (12) 

 

Figure 4: Outlet pressure compensation load-sensing hydraulic system pressure compensation 

valve. 

In the formula, PL is the load pressure of each valve, PLmax is the maximum load pressure, F is the 

spring force, and the spring force can be ignored by using weak spring.  

PL=P
Lmax

                                                                (13) 

The load pressure of each actuator is equal to ∆P=Pm-PL=Pm-PLmax; where Pm is the inlet pressure 
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of each valve, and 𝑃𝐿 is the load pressure. Since each valve ∆P is equal, the flow through each valve 

stem is only related to the stem stroke and has anti-saturation function.  

The advantage of putting the pressure compensation valve on the oil return circuit is that the 

throttle compensation effect of the pressure compensation valve can be used to prevent the excessive 

drop or vacuum due to the action of gravity, and it is easy to use gravity to form a regenerative circuit. 

For regenerative oil supply, a regenerative check valve can be set on the oil circuit. 

5. IM technology for flow saturation resistant 

Due to the issue of repetitive throttling losses caused by load-sensitive systems, some scholars 

have proposed the use of IM control as a solution, as mentioned in references[35,36]. IM technology is 

a new type of technology where the throttle area of inlet and outlet control valves can be 

independently adjusted[37-39]. In general, multiple spools are used to independently adjust the oil flow 

in both inlet and outlet circuits. There are two common layout forms: two three-way three-position 

valves or four two-way two-position valves, as shown in the figure 5. 

 
(a)                                                  (b) 

Figure 5: (a) Schematic diagram of type 4-2/2 system; (b) Schematic diagram of type 2-3/3 system 
[0]. 

IM system is a new type of hydraulic control system (Figure 6 a), it breaks the restriction of the 

linkage adjustment of the inlet and outlet orifice area of the traditional valve control system (Figure 

6 b)[40,41]. By adjusting the inlet and return valve openings respectively, the pressure of the two 

cavities of the actuator is no longer coupled with the flow rate, thus significantly improving the energy 

saving and control performance of the traditional valve control system. Zhang et al[42]. developed a 

load-sensitive hydraulic system that incorporates both load-sensing technology and inlet/outlet flow 

control technology to achieve independent flow control. The system can regulate oil outlet pressure 

to its minimum state, thereby reducing power loss at the oil outlet while maintaining optimal 

performance levels. 

 
(a)                                           (b) 

Figure 6: (a) Load-sensing independent Metering control system; (b) Traditional three-position 

four-way valve control system[39]. 

Due to the high energy efficiency and low pressure loss of IM technology, some scholars have 

proposed applying this technology to LS systems. Liu K L et al.[43] improved the traditional per-valve 
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compensation LS system to address flow saturation issues in LS systems and proposed an active anti-

saturation control strategy. Zeng Y S[44] from Hefei University of Technology applied independent 

metering control technology to load-sensitive systems and designed a flow saturation-resistant system 

based on outlet pressure compensation for IM as shown in the figure 7. When there is flow saturation, 

the system also proportionally distributes the flow to each actuator, thereby giving it anti-flow 

saturation functionality. Unlike LUDV systems that directly maintain a constant pressure difference 

in the inlet oil circuit, here it indirectly controls the main valve pressure difference by controlling 

backpressure in the oil return circuit. 

controller

 

Figure 7: Schematic of the 1-actuator IM system Schematics[0]. 

6. Conclusions 

With the increasing application of load-sensitive systems, their performance requirements are 

constantly improving. The improvement in lightweight and energy efficiency also relies on the 

support of anti-flow saturation technology. The existing methods for solving flow saturation in multi-

actuator systems mainly rely on LS technology. However, there are still unresolved issues in 

traditional LS system such as large throttle loss, complex control of electro-hydraulic differential 

compensator, non-proportional distribution of flow, and failure when there is a significant difference 

in pressure among different loads. In addition, even for IM technology, although it improves system 

energy efficiency and reduces throttle loss, it still cannot fully utilize the output power of the motor 

and there is still some power loss. Therefore, future global power matching technology will receive 

more attention. 

In conclusion, the current anti-saturation technology that can be applied in engineering practice is 

very limited and not ideal. Therefore, the development direction of anti-flow saturation technology 

of load sensitive system is to effectively meet the requirements of a single pump driven multi-actuator 

load sensitive system to ensure the coordination of composite action under any circumstances. With 

the aim of improving the performance requirements of load sensitive system, it is necessary to carry 

out research from the following aspects. 

1) Accurate prediction of complex loads: When the system is faced with complex load changes, 

accurate prediction of the required hydraulic flow remains a challenge. In some construction 

machinery applications, the characteristics of the load may change dynamically over time or involve 

the interaction of multiple loads. The accurate load flow prediction under such complex conditions 

still needs further research.  
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2) High-speed motion and high load control: Under high-speed motion or high load conditions, 

the control of load-sensitive hydraulic systems is still challenging. This involves the dynamic 

performance of hydraulic components, flow distribution and pressure control. How to achieve stable 

flow and pressure control under high speed and high load conditions still needs further research.  

3) Energy efficiency optimization: Load-sensitive hydraulic systems face energy efficiency 

problems in anti-flow saturation technology. In order to avoid flow saturation, the system usually 

needs to stabilize the load through energy consumption. However, this also results in a loss of energy 

and a reduction in the overall energy efficiency of the system. Therefore, how to optimize the energy 

while ensuring the stability of the system is still a difficulty.  

4) Overall system integration and optimization: In practical applications, load-sensitive hydraulic 

systems need to be integrated and optimized with other components and systems. This involves the 

selection of hydraulic components, the design of control systems, the layout of sensors and so on. 

How to realize the cooperative work of the whole system and system-level performance optimization 

still need to be further studied. 
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