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Abstract: Hydrostatic actuation has gained interest from both academia and industry due to the
unquestionable energetic advantages when compared to valve-controlled actuators; the main feature
being the absence of throttling losses due to the direct control of the cylinder by the pump. However,
the fact that the great majority of applications are based on single-rod cylinders has been both a
challenge and a source of inspiration for a variety of different circuit designs. In an attempt to
compensate for the uneven flows coming in and out of differential cylinders, several solutions have
been proposed, including the use of hydraulic transformers, individual pumps connected to the
cylinder ports or pumps with unmatched input and output flows. The simplest approach, however,
seems to be the use of compensation valves in the circuit, which is the focus of this paper. Here,
we analyse some representative circuits proposed along the years in a direct and elucidative manner,
showing that the definitive solution to the single-rod actuator control problem has been established,
paving the road for introducing stable and trustworthy circuits, which can be commercially used in
the near future.
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1. Introduction and Problem Definition

It has been reported that the power transfer between pump and cylinder in pump-controlled
actuators can be nearly 100% efficient, in comparison with the relatively poor efficiency of
valve-controlled actuators (e.g., 67% efficiency reported in [1]). This fact alone makes pump-controlled
actuators energetically superior when compared to valve-controlled actuators. In addition,
the possibility of coupling an electric motor directly to a hydraulic pump without control valves
or oil reservoirs allows for the building of compact units, which are particularly useful for the
aeronautical industry.

Focusing on pump-controlled actuators, we are faced with the problem of the differential cylinder
areas. Figure 1 shows what happens when one tries to connect a pump and a differential cylinder in
a direct manner. Pressures and the areas at the cap and rod-sides of the cylinder are pp, Ap, pa and
Aa, respectively. In the first case (Figure 1a), the flow into the cylinder is higher than the flow out of
the cylinder. As a result, there is not sufficient fluid to feed the pump at the input port. The pressure
pa, in this case, would soon become too low and the circuit would become impractical. If the pump
displacement is reversed as in Figure 1b, the opposite situation happens as a higher flow is forced into
the pump input, increasing the pressure pp. There is a need for a circuit that supplies the missing flow
into the cylinder rod-side when the pump operates as in Figure 1a and removes the excess flow from
the cylinder cap-side when the pump operates as in Figure 1b.
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Figure 1. The problem of unmatched flows in single-rod actuators: (a) pump starvation during 
extension; (b) cap-side pump overflow during retraction. 

Several designs aiming to fulfil the above requirement have been proposed through the years. 
Briefly, the solutions can be divided into two categories: Valve compensation and pump 
compensation. 

Valve-compensated circuits are those in which the circuit flows are matched by connecting the 
cylinder ports to a low-pressure reservoir (or to any kind of charge circuit) using valves. Pump-
compensated circuits, on the other hand, employ pumps to provide the matching flow into or out of 
the circuit as needed. In this paper we only address valve-compensated circuits. 

2. Basic Designs 

Attempts to solve the flow-matching problem in single-rod actuators have been made for a long 
time. Frankenfield [2], for example, proposed the circuit shown in Figure 2a. The quotation is, in fact, 
a reprint of a first edition published in 1979, which, to the best of our knowledge, is the first reference 
to a circuit of that kind. In Figure 2a, the cylinder is connected to the variable-displacement pump in 
a closed circuit and can be driven in both directions by adjusting the pump flow. Two relief valves, 
R1 and R2, are placed in the circuit for pressure spike protection. These valves are mandatory for every 
hydrostatic actuator, although they will not be represented in the remaining circuits of this paper for 
the sake of clarity. The check valves C1 and C2 connect both sides of the cylinder to the tank, keeping 
the circuit pressure above a minimum value. 

Figure 2b shows the external force versus velocity diagram, which can be divided into four 
operational quadrants, characterized by the directions of the velocity, 𝑣, and the external force, 𝐹. 
Thus, considering that the velocity is positive when the cylinder is extending and that the force is 
positive when it pushes against the cylinder rod, the following combinations give the operational 
quadrants, I, II, III and IV, in a sequence: (+𝑣, +𝐹); (+𝑣, −𝐹), (−𝑣, −𝐹) and (−𝑣, +𝐹). Given this 
division, it has been common sense that when the signs of 𝑣  and 𝐹  are opposite, energy is 
transferred from the load to the pump and the actuator operates in motoring mode. Otherwise, it 
operates in pumping mode. As seen later in Section 5, we do not favor such division.  

Figure 1. The problem of unmatched flows in single-rod actuators: (a) pump starvation during
extension; (b) cap-side pump overflow during retraction.

Several designs aiming to fulfil the above requirement have been proposed through the years.
Briefly, the solutions can be divided into two categories: Valve compensation and pump compensation.

Valve-compensated circuits are those in which the circuit flows are matched by connecting
the cylinder ports to a low-pressure reservoir (or to any kind of charge circuit) using valves.
Pump-compensated circuits, on the other hand, employ pumps to provide the matching flow into or
out of the circuit as needed. In this paper we only address valve-compensated circuits.

2. Basic Designs

Attempts to solve the flow-matching problem in single-rod actuators have been made for a long
time. Frankenfield [2], for example, proposed the circuit shown in Figure 2a. The quotation is, in fact,
a reprint of a first edition published in 1979, which, to the best of our knowledge, is the first reference
to a circuit of that kind. In Figure 2a, the cylinder is connected to the variable-displacement pump in
a closed circuit and can be driven in both directions by adjusting the pump flow. Two relief valves,
R1 and R2, are placed in the circuit for pressure spike protection. These valves are mandatory for
every hydrostatic actuator, although they will not be represented in the remaining circuits of this paper
for the sake of clarity. The check valves C1 and C2 connect both sides of the cylinder to the tank,
keeping the circuit pressure above a minimum value.Actuators 2019, 8, x 3 of 20 
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Figure 2. (a) Frankenfield’s circuit; (b) external force versus velocity quadrant representation. 

The circuit shown in Figure 2a can operate in quadrants I, II and III, but operation in the fourth 
quadrant is poor. Figure 3 shows how the circuit behaves at different quadrants. Observe that during 
the fourth quadrant, a flow, 𝑣𝐴୮, is forced into the pump. Since the pump output and input flows 
must be the same, the same flow, 𝑣𝐴୮, is sent into the rod-side. At some point, the pressures at both 
sides of the circuit rise because the flow coming from the pump cannot be taken in by the rod-side 
chamber. As the pressures at the rod-side and cap-side rise simultaneously, the directional valve, V, 
eventually opens up and the cylinder accelerates to the left without control. In the sequence, the 
directional valve closes again because of the pressure drop at the rod-side. In the end, the result is an 
uncontrolled and jolty fourth-quadrant operation. Note the crucial role of the directional valve, V, 
which is responsible for compensating the uneven flows into and out of the pump. We therefore find 
it appropriate to use the term compensation valve to denote valve V.  

The design shown in Figures 2a and 3 holds some characteristics that are present in many other 
circuits proposed since then. First, we note that the change in the compensation valve position is 
carried out automatically by directly sensing the pressure at the rod-side. Second, we note that it is 
possible to have the load driving the pump in the second quadrant, but not in the fourth quadrant. 
Thus, we may term this actuator as partially motored, meaning that the pump can be motored by the 
load, but not in every operational quadrant. Following this rationale, we may classify hydrostatic 
actuators as unmotored and motored. Unmotored actuators are not able to recover energy in any 
motoring quadrant, while motored actuators can be used to recover energy in both motoring 
quadrants (II and IV in Figure 3). 
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Figure 2b shows the external force versus velocity diagram, which can be divided into four
operational quadrants, characterized by the directions of the velocity, v, and the external force, F. Thus,
considering that the velocity is positive when the cylinder is extending and that the force is positive
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when it pushes against the cylinder rod, the following combinations give the operational quadrants, I,
II, III and IV, in a sequence: (+v,+F); (+v,−F), (−v,−F) and (−v,+F). Given this division, it has been
common sense that when the signs of v and F are opposite, energy is transferred from the load to the
pump and the actuator operates in motoring mode. Otherwise, it operates in pumping mode. As seen
later in Section 5, we do not favor such division.

The circuit shown in Figure 2a can operate in quadrants I, II and III, but operation in the fourth
quadrant is poor. Figure 3 shows how the circuit behaves at different quadrants. Observe that during
the fourth quadrant, a flow, vAp, is forced into the pump. Since the pump output and input flows
must be the same, the same flow, vAp, is sent into the rod-side. At some point, the pressures at both
sides of the circuit rise because the flow coming from the pump cannot be taken in by the rod-side
chamber. As the pressures at the rod-side and cap-side rise simultaneously, the directional valve,
V, eventually opens up and the cylinder accelerates to the left without control. In the sequence,
the directional valve closes again because of the pressure drop at the rod-side. In the end, the result is
an uncontrolled and jolty fourth-quadrant operation. Note the crucial role of the directional valve, V,
which is responsible for compensating the uneven flows into and out of the pump. We therefore find it
appropriate to use the term compensation valve to denote valve V.
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The design shown in Figures 2a and 3 holds some characteristics that are present in many other
circuits proposed since then. First, we note that the change in the compensation valve position is carried
out automatically by directly sensing the pressure at the rod-side. Second, we note that it is possible to
have the load driving the pump in the second quadrant, but not in the fourth quadrant. Thus, we may
term this actuator as partially motored, meaning that the pump can be motored by the load, but not
in every operational quadrant. Following this rationale, we may classify hydrostatic actuators as
unmotored and motored. Unmotored actuators are not able to recover energy in any motoring quadrant,
while motored actuators can be used to recover energy in both motoring quadrants (II and IV in
Figure 3).

Observe that a sound fourth-quadrant operation of the circuit in Figure 3 would require the
directional valve, V, to be closed while draining the excess of fluid coming from the rod-side to the tank.
Figure 4 shows one possible solution, where the additional valve, V2, sensing the cap-side pressure,
connects the rod-side to the tank.



Actuators 2019, 8, 59 4 of 20

Actuators 2019, 8, x 4 of 20 

 

Observe that a sound fourth-quadrant operation of the circuit in Figure 3 would require the 
directional valve, V, to be closed while draining the excess of fluid coming from the rod-side to the 
tank. Figure 4 shows one possible solution, where the additional valve, V2, sensing the cap-side 
pressure, connects the rod-side to the tank. 

 
Figure 4. Alternative circuit using two 2 × 2 valves. 

Hewett [3] proposed the design shown in Figure 5, where we also illustrate its four-quadrant 
operation. Although nothing is said about the way in which the compensation valve is controlled in 
the original patent, we just assume that V is solenoid activated. Clearly, some kind of input must be 
read from the circuit to activate the compensation valve. The pressures on the cap and rod-side of the 
cylinder are typically used as inputs although other information, such as the cylinder rod position 
and speed, may be adopted as well [4]. The circuit shown in Figure 5 is an example of a motored 
actuator. 

 
Figure 5. Four-quadrant operation of Hewett’s circuit. 
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whose pressure is limited by the relief valve R. When the cap-side pressure is higher than the rod-

Figure 4. Alternative circuit using two 2 × 2 valves.

Hewett [3] proposed the design shown in Figure 5, where we also illustrate its four-quadrant
operation. Although nothing is said about the way in which the compensation valve is controlled in
the original patent, we just assume that V is solenoid activated. Clearly, some kind of input must be
read from the circuit to activate the compensation valve. The pressures on the cap and rod-side of the
cylinder are typically used as inputs although other information, such as the cylinder rod position and
speed, may be adopted as well [4]. The circuit shown in Figure 5 is an example of a motored actuator.
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Motored and partially motored actuators can also be classified into regenerative and non-regenerative.
The actuators introduced so far are examples of non-regenerative actuators because they do
not regenerate energy during motoring quadrants. Regenerative designs have been reported in
References [5–7].

Figure 6 shows a circuit using piloted check valves [8–10]. The two check valves, C1 and C2,
sense the rod and cap-side pressures, respectively, connecting the cap and rod-sides to the charge
circuit whose pressure is limited by the relief valve R. When the cap-side pressure is higher than the
rod-side pressure, valve C2 opens, connecting the rod-side to the charge circuit. When the rod-side
pressure is higher than the cap-side pressure, valve C1 opens, connecting the charge circuit to the
cap-side. This is an example of a motored circuit because the pump absorbs energy from the load in
both quadrants II and IV.
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Observe that in the circuits shown in Figures 4, 6 and 7, the compensation valves (V1, V2, C1, C2 
and VC) are switched by directly sensing the pressure on the cap and rod sides. We therefore think it 
is appropriate to coin the term direct sensing (DS) to categorize circuits using this kind of 
compensation as opposed to indirect sensing (IS) circuits, where the compensation valve is activated 
by means of an external stimulus, as in Figure 5. DS systems have also been termed type A switched 

Figure 6. Circuit with piloted check valves.

Figure 7a shows another circuit [11] where a 3 × 3 directional valve (VC) compensates for
the uneven cap and rod-side flows (the cracking pressures at each side of the valve, pcrp and pcra,
are different). Two externally activated 2 × 2 valves are added to dampen out pressure oscillations.
The circuit in Figure 7b, proposed in [12], is almost identical to the one in Figure 7a; the only difference
being in the central position of the 3 × 3 directional valve, which allows for a limited leakage between
the high-pressure line and the charge circuit. The addition of leakage in the central position of the
directional valve in Figure 7b aims to correct some pressure oscillations caused by commuting between
the charge circuit and the two sides of the cylinder.
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proposed in Reference [12].

Observe that in the circuits shown in Figures 4, 6 and 7, the compensation valves (V1, V2, C1,
C2 and VC) are switched by directly sensing the pressure on the cap and rod sides. We therefore
think it is appropriate to coin the term direct sensing (DS) to categorize circuits using this kind of
compensation as opposed to indirect sensing (IS) circuits, where the compensation valve is activated
by means of an external stimulus, as in Figure 5. DS systems have also been termed type A switched
systems, following the nature of the system dynamics [13]. Likewise, IS systems can be identified as
type B switched systems.
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All the circuits so far have shown an oscillatory behaviour in some region of operation [11,14].
Attempts have been made to create a fully functional design by improving on these circuits.
Basically, the problem lies in the shifting between cap and rod-side connections to the charge
circuit. Although some improvements have been made, we observe that it is impossible to build
a stable circuit based on the quadrant division defined in Figure 2b. Recently, a new design was
proposed to solve the instability problem [15] by re-defining the operational quadrants according to
the net pressure force acting on the cylinder (cylinder force). The proposed DS hydraulic circuit is
shown in Figure 8 and requires an amplifier, I, whose gain is given by the piston-to-annulus area ratio
of the hydraulic cylinder, Ap/Aa. The circuit also separates flow compensation and signal (pressure)
processing. As seen in this paper, this recently published design represents the best approach to the
differential area problem in single-rod hydrostatic actuators.
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Apart from the circuit shown in Figure 8, all solutions introduced so far are unstable at some point.
In this paper, we prove that building upon the old concepts is not effective to substantially improve
performance. Therefore, the circuit in Figure 8 should be viewed not only as another attempt to create a
stable actuator but indeed a starting point for every stable valve-compensated design moving forward.

3. Flow Commutation in Valve-Compensated Circuits

We have seen that single-rod hydrostatic actuation circuits must contain a means of shifting
the connection between the charge circuit and the lines linking the pump to the cylinder. For DS
circuits, pressure signals coming from different parts of the circuit are responsible for activating the
compensation valves. As an example, the piloted check valves C1 and C2 in Figure 6 need information
from pressures pa, pp and pc, simultaneously, when operating in pilot mode, i.e., when valves C1 and
C2 are opened by the pressure acting on their pilot ports. On the other hand, they need information
from pa and pc or from pp and pc when operating in normal mode, i.e., when valves C1 and C2 are
opened due to the pressure differential between their input and output ports. Likewise, valves V1 and
V2 in Figure 4 need information from pressures pa and pp independently. Finally, the circuits shown in
Figure 7 need information from

(
pp − pa

)
to connect the charge circuit to the main lines. Out of the

three sources of pressure information, pa, pp and pc, only the charge circuit pressure, pc, can be known
in advance.

Now, consider a force balance on the single rod cylinder shown in Figure 9

m
.
v = ppAp − paAa − Ff − F =

(
ppα− pa

)
Aa − Ff − F (1)

whereα = Ap/Aa; Ff is the resistive friction force and m is the combined mass of the piston, rod and load.
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From Equation (1), we obtain

ppα− pa =
FR

Aa
(2)

where FR = m
.
v + Ff + F and represents all the forces acting on the cylinder.

The force FR has been designated cylinder force, in contrast to the external force, F, shown in
Figure 2b. Indeed, FR more appropriately defines the quadrant operation of hydrostatic actuators,
as seen in the following section.

3.1. New Definition of Operational Quadrants

The proposed division shown in Figure 10 captures the energetic exchanges between pump and
cylinder, constituting the only basis on which the terms “motoring mode” and “pumping mode” can
be defined. In fact, if we multiply both sides of Equation (2) by the rod-side flow, qa, we obtain

(
ppα− pa

)
qa = ppαqa − paqa = ppqp − paqa =

FRqa

Aa
= FRv (3)
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Observe that the left-hand side of Equation (3) represents the net balance of hydraulic power
through the cylinder. Therefore, we see that

(
ppqp − paqa

)
> 0 in the first and third quadrants in

Figure 10 (energy flows from the pump to the load) and
(
ppqp − paqa

)
< 0 in the second and fourth

quadrants in Figure 10 (energy flows from the load to the circuit). This representation is far better than
the v versus F diagram shown in Figure 2b, which does not guarantee that the geometrically bounded
quadrants coincide with the mode of operation (see, for example, Reference [14]).
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The division between pumping and motoring mode has also been done in terms of the signs of the
pressure differential across the pump, ∆p =

(
pp − pa

)
, and the pump flow, qp, defined as positive when

circulating from rod-side to cap-side, through the pump. In this sense, it has been stated that pumping
mode occurs when the signs of ∆p and qp coincide, otherwise the circuit operates in motoring mode.
Such division would naturally attribute a special meaning for ∆p = 0. For instance, the external load,
F, for which pa = pp = pc has been identified as the “critical load”, Fcr [11,14]. This so-called “critical
load” has then been used to establish limits for pumping and motoring quadrants and, since Fcr is
different for different circuit configurations, the quadrant division can become complex, such as the
one shown in Figure 11 where four critical loads, Fcr1 through Fcr4, define two distinct critical zones for
the circuit shown in Figure 6.
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The presence of critical zones plus the non-geometrical “operational quadrants” make the whole
diagram in Figure 11 extremely difficult to comprehend. This is particularly discouraging if we add the
fact that the critical zones are directly affected by friction forces and other energy losses. Since friction is
a complex and difficult phenomenon to be precisely modelled, it turns out that we cannot know for sure
the location of the borderlines between pumping and motoring regions. On the other hand, the division
defined in Figure 10 is precise, where each operational quadrant coincides with a geometrical quadrant
on the v versus FR plane.

3.2. Instability during Flow Commutation

The causes of undesired oscillations in single rod actuators have been assigned to several factors.
For instance, it has been reported that the cylinder velocity is a discontinuous function of the operational
quadrant and, as a result, whenever the operation shifts from pumping to motoring, oscillations are
likely to take place [16]. We state that the cause of oscillations in the circuit is the misbehaviour of the
compensation valves due to insufficient or incorrect control information. This is illustrated next.

Consider as an example the circuit shown in Figure 6 and reproduced in Figure 12. The numbers
near the valves represent their cracking pressures. The graph on the right shows the regions where
the check valves open by the action of the pressure differential (not the pilot pressure). Clearly, if the
cracking pressures are 3 bar and the charge circuit is kept at 15 bar, the check valves open when the
pressures at their opposite ports become smaller than 12 bar, as indicated by the grey area in the pp

versus pa diagram.
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Figure 12. Example of compensation valves misbehaviour.

Suppose that the pump delivers a flow, q, into the cylinder as its rod pushes an assistive load,
F. Now, consider that at some point during the cylinder extension, the force, F, becomes very low,
causing the pressures at the cap and rod-sides to drop down to values lower than 12 bar. Under this
circumstance, there is no change in the operation mode. However, both check valves open, causing the
cylinder to accelerate downwards, demanding a higher flow at the cap-side (1.5q). On the other hand,
the flow coming from the rod-side (0.75q) needs to be matched to enter the pump. Again, the charge flow
supplies the needed share (0.25q). During this time and as long as the load remains low, the cylinder is
not controlled by the pump. If, eventually, one of the check valve closes, a sudden variation on the
cylinder velocity occurs. This is basically the cause of the observed oscillatory behaviour at low loads.

In what follows, we study the flow distribution between the charge circuit and the cylinder for
the different designs introduced in Section 2.

4. Flow Compensation Using Pilot-Operated Check Valves

Consider the check valves C1 and C2 in the circuit shown in Figure 6, reproduced in Figure 13.
Let us disregard conduit losses in the circuit and study the behaviour of these valves when subjected to
the pilot pressures pp (valve C2) and pa (valve C1). Assuming an on-off operation for the check valves,
it is possible to write that valve C2 opens when [14] pp ≥

pcr+pa+pc(Kp−1)
Kp

; piloted mode

pc − pa ≥ pcr; normal mode
(4)

where Kp and pcr are the check valve pilot ratio and cracking pressure, respectively. Likewise,
the following conditions must be fulfilled for the opening of valve C1{

pa ≥
pcr+pp+pc(Kp−1)

Kp
; piloted mode

pc − pp ≥ pcr; normal mode
(5)
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Using inequalities (6) and (7), it is possible to study how valves C1 and C2 change their status
according to the pressures on the cap- and rod-sides of the cylinder. We do this in the following section.

Rearranging Equations (4) and (5), one can obtain the following conditions for the opening
of valves C1 and C2 in pilot operation (inequalities 1P and 2P, respectively) and normal operation
(inequalities 1N and 2N, respectively)

(1P) pa ≥
pp
Kp

+
[

pcr+pc(Kp−1)
Kp

]
(1N) pp ≤ pc − pcr

(2P) pa ≤ Kppp −Kp

[
pcr+pc(Kp−1)

Kp

]
(2N) pa ≤ pc − pcr

(6)

As an example, assume that pc = 10 bar, pcr = 3 bar and Kp = 3. Inserting these values into (6),
we obtain 

(1P) pa ≥
pp
3 + 7.66

(1N) pp ≤ 7
(2P) pa ≤ 3pp − 23
(2N) pa ≤ 7

(7)

Figure 14 shows inequalities (7) in a graphical manner. In the figure, we identify three regions;
two of these regions represent the ideal circuit status where only one valve is open. The other regions,
marked as A1, A2 and B, indicate instabilities in the circuit, where both valves are open or closed at the
same time. According to (7), valve C1 is open in the region above line 1P and to the left of line 1N.
On the other hand, valve C2 is open in the region below lines 2P and 2N.
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Figure 14. Status of check valves C1 and C2 as functions of the cap and rod-side pressures.

In the passage between quadrants I and II as well as between quadrants III and IV, the pressures
pp and pa are reduced. From Figure 14, we observe that, in this case, it is easy to reach region B,
where both valves, C1 and C2, are simultaneously closed. The situation is also unfavourable when the
cap and rod-side pressures are high, causing both valves to open. This may well be the case during
motoring quadrants if a higher than usual pressure is chosen for the charge circuit.

Figure 15 shows an example of a circuit operating a load in the first and fourth quadrants. First,
the cylinder extends against a resistive force, F(θ), as the pendulum mass moves to the left (first
quadrant). When the cylinder reaches the end of its stroke, the mass returns to its original position,
and the force, F(θ), becomes assistive (fourth quadrant). Given that F varies from zero to a maximum,
the cap-side pressure, pp, also changes between zero and a maximum.
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Figure 15. External force on the cylinder rod (first and fourth quadrants).

The situation represented by Figure 15 implies that valve C1 must remain closed while C2 is open
during the whole operation. However, given that pp continuously changes from zero to a maximum
value, this ideal situation is not likely to happen. Figure 16 shows three possible paths to be taken by
the pressure, pp, when the same settings used for the diagram in Figure 14 are applied. Depending on
the charge pressure value (note that pa = pc during operation), the cap-side pressure might change
along lines L1, L2 or L3. In the first case, represented by line L1, region A1 is crossed and, for a moment
in time, both valves C1 and C2 are simultaneously open. If line L2 is chosen, region B is reached and,
for a moment, valves C1 and C2 are closed. If we choose to increase the charge pressure even more
(line L3), we cross region A2, where C1 and C2 are open. In summary, there is absolutely no way to
obtain a sound operation of the circuit in Figure 15. This circuit does not work anyway, regardless of
how you operate the valves; one way or another, they fail.
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Although it is not possible to completely eliminate the zones where valves C1 and C2 do not
operate as expected, we might still be able to improve the circuit performance. Figure 17 shows one
solution to shift the operation zone to the right during the first and fourth quadrants [14].
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With reference to Figure 17, the role of the counterbalance valves, V1 and V2, is to set a minimum
pressure at both sides of the cylinder, below which no motion takes place. This way, we can shift the
operation zone to the right. Take, for example, line L2 in Figure 16, represented again in Figure 18.
If the minimum cap-side pressure is set to 15 bar, the circuit operates along the zone where C1 is
closed and C2 is open, which fulfils the requirement for a sound circuit operation. The minimum
cap-side pressure is set by sensing the rod-side pressure, pa. Since the cylinder will not move before
the opening of valves V1 and V2 (Figure 17), we can write that pp = pa/α. Thus, when pa reaches
a minimum value, valve V2 opens, unblocking the flow coming from the rod-side during the first
quadrant. A similar situation happens in the fourth quadrant. Figure 18 shows the operation in the
first and fourth quadrants of the circuit shown in Figure 17.
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It is worth noting that even the circuit in Figure 17 can become unstable if the charge pressure is
increased. For instance, the same inferior limit for the cap-side pressure, pmin, would not have worked
for line L3 in Figure 16. In that case, pmin should increase to escape the region where both valves,
C1 and C2, are open. Furthermore, depending on the value of the external force, F, the cylinder may
not complete its stroke during the fourth quadrant of operation. In fact, at some point during the
pendulum swing in Figure 15, the external force, F(θ), becomes low enough to render pp < pmin. As a
result, the piston stops before completing its stroke.



Actuators 2019, 8, 59 13 of 20

5. Flow Compensation Using Directional Valves

We have seen that flow compensation using check valves creates regions where both sides of the
cylinder are either closed or simultaneously connected to the charge circuit. In this section, we analyse
the case where two 2 × 2 directional valves are used (see Figure 4). This configuration is an extended
version of the circuit shown in Figure 2a. Figure 4 is now represented by Figure 19, which includes the
possibility of a different charge pressure, pc, and a moving mass attached to the cylinder rod, as in
Figure 15.
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In Figure 19, we represent the cracking pressures of valves V1 and V2 as pcr1 and pcr2, respectively.
The following conditions must be fulfilled for each valve to be activated{

pa ≥ pcr1; valve V1 opens
pp ≥ pcr2; valve V2 opens

(8)

Figure 20 shows a graphical representation of inequalities (8) where we have assumed that the
two valves, V1 and V2, are identical (pcr1 = pcr2 = pcr). We also consider that pcr = 6 bar, a typical
cracking pressure for this type of valve. Lines L1 and L2 represent two possible variations of the
cap-side pressure, pp, as the circuit operates between the first and fourth quadrants. Note that the
only operation path acceptable is the one along line L1, crossing a large region where valve V2 is open,
connecting the rod-side to the charge circuit, and valve V1 is closed. However, for smaller values of
pp, both valves are closed. In the first quadrant, the cylinder extends anyway because of the check
valve C2, connecting the rod-side to the charge circuit. In the fourth quadrant, since valve C2 remains
closed, the cylinder will stop moving at point A, where the cap-side pressure reaches 6 bar. As a result,
the weight will move in a full swing to the left (first quadrant) but will stop before returning to the
upright position on its way back (fourth quadrant).

Figure 21 shows another circuit using a single 2 × 2 directional valve [17]. Following the idea
introduced in reference [18], two in-line piloted check valves, I1 and I2, are placed at the cap and
rod-side of the cylinders, dividing the pump-cylinder lines into two parts. The inline check-valve
concept resembles the counterbalance valves of the circuit shown in Figure 17.
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The circuit in Figure 21 was designed to operate in pumping mode only. Instead of a charge
circuit, two anti-cavitation valves, C1 and C2, and a relief valve, R, were added to keep the lowest
circuit pressure within acceptable levels. First quadrant operation only requires that the cap-side
pressure becomes high enough to open valve I2. As soon as the cylinder starts extending, the low
pressure created at the rod-side opens the anti-cavitation valve C2. In the third quadrant, the 2 × 2
valve, V, is activated by the pressure differential between the pump ports, ppi and ppo, so that the
cap-side pressure is set by the relief valve, R, when the following inequality is satisfied

ppi ≥ pcrv + ppo (9)

where pcrv is the cracking pressure of valve V.
Another circuit [19], similar to the one in Figure 21, makes use of counterbalance valves instead of

inline piloted-check valves, as shown in Figure 22. The externally controlled valve, V0, replaces valves
V and R in Figure 21, to make third quadrant operation possible. Although there is practically no
conceptual difference between the designs in Figures 21 and 22, we note that the circuit in Figure 22
allows for motoring operation in the second quadrant. In that case, the counterbalance valve V2 opens
directly by the rod-side pressure. According to our previous classification, this circuit is partially
motored, since it cannot operate in the fourth quadrant.
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6. Flow Compensation Using Single-Directional Valve

We have seen in the solutions presented so far that each compensation valve used the pressure at
the opposite hydraulic line as a triggering signal to connect the charge circuit to the cylinder. However,
if we look at the circuits in Figure 7, we see that we might as well use the pressure differential,
∆p =

(
pp − pa

)
, to decide on which line needs to be connected to the charge circuit. In fact, in every

single-rod actuator, the rod-side of the cylinder needs to connect to the charge circuit in quadrants I and
IV, whereas the cap-side of the cylinder needs to connect to the charge circuit in quadrants II and III.

Assuming an on-off operation of the 3 × 3 directional valves in Figure 7a,b, the pressures, pp and
pa, needed to connect the cap and rod sides of the cylinder to the charge circuit must satisfy the
following inequalities{

pa ≥ pp + pcrp; cap− side to charge circuit connected
pa ≤ pp − pcra; rod− side to charge circuit connected

(10)

Figure 23 shows the graphic representation of the inequalities (10) for pcrp = pcra = 6 bar.
Because of the fact that only one valve is present, we simply mention the cylinder side that is connected
to the charge circuit in the diagram. In the figure, we note the existence of a region where the valve
spool is centred. We also see two possible paths, L1 and L2, along the first and fourth quadrants. In both
cases, there is a region where communication between the charge circuit and the cylinder is either
blocked (Figure 23a) or partially opened (Figure 23b). Such region has been called “critical” [11] and,
apparently, should be minimized for a smooth circuit operation. As seen in this paper, although such
condition improves the circuit performance, the instabilities are not completely eliminated even when
the critical region is reduced to zero.
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Aiming at reducing the critical region, a series of hydraulic circuits have been patented [20].
One of the proposed circuits uses different cracking pressures pcrp and pcra, on either sides of the 3 × 3
valve of the circuit shown in Figure 7a to somehow balance out the differential cylinder areas. Thus,
considering again the inequalities (10), we can make pcra = pcr and then pcrp = αpcr:{

pa ≥ pp + αpcr; cap− side to charge circuit connected
pa ≤ pp − pcr; rod− side to charge circuit connected

(11)

Note that the equivalent choice pcrp = pcr and pcra = pcr/α would have produced the following
inequalities instead {

pa ≥ pp + pcr; cap− side to charge circuit connected
pa ≤ pp − pcr/α; rod− side to charge circuit connected

(12)

Figure 24 represents the inequalities (11) and (12) for pcr = 6 bar and α = 2. We see that the
choice pcra = pcr/α is better than the choice pcrp = αpcr. However, none of these choices eliminate the
critical region.
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Figure 25 shows one circuit where a logic hydraulic valve (AND) was used as the compensation 
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Figure 25 shows one circuit where a logic hydraulic valve (AND) was used as the compensation
element [4]. Apart from the counterbalance valves, the circuit shown in Figure 25 is functionally
identical to the circuits in Figure 7; the difference being the replacement of the 3 × 3 directional valves
with the logic valve V0, which does not have either a central position or a spring element whose
cracking force needs to be overcome.
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Figure 26 shows the flow compensation diagram for the circuit shown in Figure 25, obtained by
making pcr = 0 in inequalities (10). No critical region exists, however, as duly explained in Section 7,
as operation along line L1 is poor. In fact, as the circuit operates between points A and B, the rod-side
is disconnected from the charge circuit and, since we do not know for sure where the borderline
between quadrants II and I is located, it is possible to have the rod-side disconnected from the charge
circuit in the first quadrant with the risk of pump starvation. In fact, the only guarantee of a smooth
operation with no ambiguous shift between quadrants would be along line L2 in Figure 26, for which
the rod-side pressure, pa, is zero. This would be achieved by connecting the compensation valve to
the tank, as opposed to the accumulator in Figure 25. However, such arrangement would result in a
considerably low rod-side pressure, with an inherent risk of cavitation.
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We have seen so far that all the attempts to produce an oscillation-free single-rod actuator has not
been fully satisfactory. In fact, there is one piece of the puzzle that is lacking for a successful solution.
There is a need for a new approach to correctly define the operational quadrants. The theory behind
this approach has been disclosed in References [15,21] and is discussed next.

7. Solving the Flow Distribution Problem

The circuit shown in Figure 25 showed a great advantage when compared to the circuits in
Figure 7, eliminating the “critical region” where flow compensation is imprecise. However, all previous
circuits have one negative characteristic in common: All of them are based on incorrect information
when it comes to sensing the right operational quadrant. This happens due to an incorrect definition of
the operational quadrants, founded on poorly defined quadrant boundaries. Thus, using a correct
operational quadrant definition is of paramount importance. In this respect, the division shown in
Figure 10 should be our starting point. Based on that division, we argue that:

(a) Neither the individual values of pressures pp and pa nor the pressure differential
(
pp − pa

)
can be

correctly used as an indicator for the operational quadrant;
(b) The only correct indicator for the operational quadrant is the cylinder force,

(
αpp − pa

)
.

Given the arguments above, we started building a fully functional circuit right from the correct
triggering signal for the compensation valve (or valves). Figure 27 shows one possible triggering
circuit that uses a hydraulic intensifier, I, and a memory type 4 × 2 valve, M.
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Figure 27. Signal generator for correctly determining the operation quadrant.

With regards to Figure 27, the amplified pressure signal coming from the intensifier, αpp,
is compared to the rod-side pressure, pa. If αpp > pa, the pressure at port a is set to the charge circuit
pressure, pc, while the pressure at port b is set to zero. The opposite happens when αpp < pa.

Although we could use the pressure signals in ports a and b to determine the connections between
cylinder and charge circuit, we observe that the memory valve, M, cannot give the correct information
when both cap and rod-side pressures are zero. This means that at the beginning, when pp = pa = 0,
M might be incorrectly positioned and therefore unable to indicate the right operational quadrant.
One solution to this problem is shown in Figure 28, where two 3 × 2 directional valves are placed
between the memory output and the circuit lines. Note that now, port a is pressurized only if the
memory is correctly set (αpp > pa) and the cap-side pressure, pp, becomes sufficiently high to overcome
the cracking pressure of valve, Va, otherwise the pressure at port a is set to zero. A similar reasoning
can be applied to port b.
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The circuit shown in Figure 28 is the core of what can be seen as the general solution to the
single-rod actuator problem. All that is needed now is to add the right compensation valves. These,
in turn, must be placed in the circuit in such a way that when port a is pressurized (first or fourth
quadrants), the rod-side of the cylinder connects to the charge circuit. Likewise, when port b is
pressurized, the cap-side of the cylinder is connected to the charge circuit. Note that it is impossible to
have both ports a and b pressurized at the same time. Figure 8 shows one oscillation-free solution for
single-rod actuators. The cracking pressures of the 2 × 2 valves, V1 and V2, must be smaller than the
charge pressure, pc, so that they are fully open as soon as the triggering pressure signal is received.
Although it is not shown in the figure, there is absolutely no need for the charge circuit to feed both
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the compensation valves and the signal circuit simultaneously, as they work independently from
one another.

Figure 29 shows how the status of valves V1 and V2 in Figure 8 change with the cap and rod-side
pressures. For instance, following line L, suppose that the load is initially pulling the cylinder rod in
such a way that pp > αpa (operating point 1). In this case, we have that FR < 0 and v > 0, which means
that the actuator operates in the second quadrant (Figure 10). Valve V1 then opens up, connecting the
cap-side to the charge circuit while valve V2 remains closed, as expected. As the cap-side pressure
rises past point 2, FR becomes positive and the circuit enters into pumping mode. As a result, valve V1

closes while valve V2 opens, as is expected for first quadrant operation.
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Figure 29. Compensation flow connections for the circuit in Figure 8.

Figure 29 also helps us understand why the operation along line L1 in Figure 26 could not be
altogether smooth. Observe that line L in Figure 29 coincides with line L1 in Figure 26. Thus, if we
follow line L in Figure 29, we see that, in the stretch between operating points 2 and 3, we would have
had the cap-side connected to the charge circuit in Figure 26 (note the dashed line pa = pp is the same
line dividing the two regions in Figure 26). However, the cap-side connection between points 2 and 3
would have happened in the first quadrant, causing the circuit to misbehave. This is why eliminating
the “critical region”, as defined in Section 6, does not solve the problem.

The quadrant division proposed in Figure 10, which led to the solution shown in Figure 8,
has been provisionally patented [21] and a similar circuit using electro-valves has been successfully
experimented [15]. The results obtained were so encouraging that we truly believe that no other
attempt to solve the differential area problem will be necessary any longer.

8. Conclusions

In this paper, we have analysed the latest solutions to the problem of differential flows in single-rod
hydrostatic actuators. The conclusion we have arrived at is that the root of the problem lies on the
basic definition of pumping and motoring quadrants. To this end, we have shown that every previous
attempt produced circuits with limited stability that cannot be used with confidence in real-life
applications. We further showed that a new circuit design, based on a correct definition of pumping
and motoring quadrants, has come to solve the compensation flow instabilities and provide the basis
for the development of commercially viable circuits.
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