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Abstract: As a typical single-pump multi-actuator system, the hydraulic manipulator faces the flow
saturation problem when moving at a high speed to track a desired trajectory. To overcome this
problem, this paper proposes a real-time anti-saturation flow optimization algorithm based on the
gradient projection method. By projecting the gradient of the demand flow in the null space of the
task Jacobians, this algorithm can reduce the flow demand while enforcing a global volumetric flow
limit in real time. The model of a 7-degree-of-freedom (DOF) hydraulic redundant manipulator
was established to carry out theoretical derivation and algorithm design. Then, the experimental
verification was completed on the real manipulator platform. Experimental results show that this
algorithm reduces average demand flow by 9.85% and average power consumption by 310.3 W
under no saturation condition. When flow saturation occurs, the algorithm can increase the average
endpoint velocity by 7.52% and reduce the maximum directional error by 71.73% with an average
calculation time step of 3 ms. The average trajectory position error can also be reduced by 42.59%
compared with the anti-saturation algorithm. Therefore, the proposed algorithm can achieve real-
time optimization to reduce flow consumption and achieve anti-saturation in practical applications
of redundant hydraulic manipulator.

Keywords: redundant hydraulic manipulator; flow optimization; gradient projection method;
flow saturation

1. Introduction

Hydraulic manipulators have been used for decades in a variety of areas (e.g., construc-
tion, mining, and forestry) due to their larger power-to-weight ratio and higher robustness
compared with electric manipulators (e.g., industrial robots) [1]. However, in contrast
with electric manipulators with a high level of automation, most commercial hydraulic
manipulators (e.g., excavators) still use traditional manual operation, which needs a human
to operate each hydraulic actuator separately to control the end-effector velocity so that
it requires high proficiency of the operator. Therefore, the industry and academia areas
have been committed to the research on the coordinated control of hydraulic manipulators
to directly guide the end-effector trajectory [2-4], which means that the inverse kinematic
relationship should be established between the joint space and task space.

However, general inverse solutions used for industrial robots are designed [5-7]
without considering the flow constraint of the hydraulic manipulators [8,9], which will
lead to flow saturation that the demand flow exceeds the maximum flow provided by the
system in practical applications. At this point, the least loaded actuator will receive the flow
primarily, while the most loaded actuator cannot track the desired trajectory, resulting in
undesired motion of the end-effector. This is a very dangerous condition for a heavy-duty

Actuators 2021, 10, 11. https:/ /doi.org/10.3390/act10010011

https:/ /www.mdpi.com/journal/actuators


https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://doi.org/10.3390/act10010011
https://doi.org/10.3390/act10010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10010011
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/2076-0825/10/1/11?type=check_update&version=2

Actuators 2021, 10, 11

20f19

manipulator, which may cause serious safety incidents and should be avoided to the utmost.
Consequently, the commercial solutions generally set the velocity of the end-effector to a
small enough value so that no operation will cause the flow limit to be exceeded, but a
large motion potential cannot be exploited since the maneuverability varies dramatically
in different manipulator configurations [10]. For this reason, Lampinen et al. [11] proposed
an on-line trajectory scaling method considering the volumetric flow limit. Essentially, the
method always maintains achievable velocity according to the maximum supply flow of
the system. Similar velocity scaling algorithms are also mentioned in the literature [12,13].
They all use a scaling factor to reduce the velocity of the end-effector so that the flow is
limited within the boundary before flow saturation occurs. Compared with commercial
solutions, these algorithms improve efficiency while ensuring tracking accuracy. However,
one problem is that none of them reduces the demand flow during the movement of the
manipulator.

Due to the complexity of operation in an unstructured environment, the general
hydraulic manipulators are equipped with redundant joints. Accordingly, in the process
of executing the same trajectory-tracking task, the velocity distribution of each joint can
be different, which leaves room for further improvements in the manipulator’s work
efficiency. Referring to the methods of electric manipulators using redundant joints for
motion planning [14-18], there is also some related research on hydraulic manipulators. For
example, Ortiz Morales et al. [19] addressed the joint-limited minimum-time redundancy
resolution of hydraulic manipulators, and Lofgren [20] studied redundancy resolution,
which maximizes load capacity. In addition, Beiner et al. [21] proposed a pseudo-inverse
method for redundancy resolution to minimize the cylinder velocity norm in the hydraulic
manipulator’s actuator space. Nurmi et al. [22,23] derived an algorithm using dynamic
programming for global energy optimization of a redundant manipulator. Nevertheless,
to the best of the author’s knowledge, an algorithm aimed at reducing the demand flow
during the movement of redundant manipulators has not been addressed in the existing
literature. Although the minimum energy is equivalent to the minimum flow in a constant
pressure system, the application of dynamic programming is limited in unstructured
environments, which need real-time trajectory generation.

Therefore, this paper proposes a real-time anti-saturation flow optimization algorithm
based on gradient projection method, which can reduce the demand flow without affecting
the endpoint velocity of the manipulator. Compared with the existing anti-saturation
algorithm, our approach can further improve the operating efficiency of the manipulators
while reducing energy consumption. Furthermore, the algorithm can be applied to actual
human operation due to its real-time performance. In this paper, a 7-degree-of-freedom
(DOF) hydraulic redundant manipulator was used as an example to carry out theoretical
derivation and algorithm design, and finally, the experimental verification was completed
on the real manipulator platform.

2. Model of Hydraulic Manipulator
2.1. Forward Kinematics Model

The structure of the 7-DOF hydraulic manipulator studied in this paper is shown in
Figure 1. Its shoulder yaw, arm roll, and wrist roll joints are driven by swing cylinders,
while the arm pitch, elbow pitch, wrist pitch, and wrist yaw joints are driven by linear
cylinders. The standard Denavit-Hartenberg (D-H) parameter method [24] is used to
establish the forward kinematics model of the manipulator. The D-H parameters of the
model are shown in Table 1, and the corresponding D-H coordinate system is shown in
Figure 2 (the configuration of the manipulator shown in Figure 2 is the joint null position).
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Figure 1. 7-degree-of-freedom (DOF) redundant hydraulic manipulator.

Table 1. The D-H parameters of manipulator.

Joint Number 0;(°) d;(mm)  a;(mm) «;(°)  Joint Limit (°) Joint Name
1 g1 —90 1015 55 —-90 [—45, 45] Should yaw
2 g2 — 90 0 225 90 [—60, 40] Arm pitch
3 g3 846 0 —90 [—45, 45] Arm roll
4 qs — 90 0 360 0 [0, 120] Elbow pitch
5 qs 0 0 —-90 [—40, 40] Wrist pitch
6 g6 +90 464 0 90 [—40, 40] Wrist yaw
7 07 277 0 0 [—135, 135] Wrist roll
x> A“x : y4(zs) Ys Y7
C¢ >
22 3 N x4(x5) Zs Z7
X A
E ) Endpoint
Vi
20

Yo

Figure 2. The D-H coordinate system of the manipulator.

In Table 1, 6;, d;, a;, «; and gq; denote the joint angle, link offset, link length, link twist,
and joint position, respectively (a nomenclature section is given in Appendix A). Then the
homogeneous transformation from the link coordinate frame to the coordinate frame {i}
can be expressed as:

Al (8;,d;, a5, 0;) = Tro(6;) To (i) T (a;) Tre (1), (1)
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It can be expanded into:

cosf; —sinf;coswa; sinf;sina;  a;cos0;
Al — sinf; cosb;cosa; —cosf;sina; a;sinb; @)
i-1 0 sin a; COS «; d; :
0 0 0 1

Therefore, the homogeneous transformation of the endpoint coordinate frame relative
to the base coordinate frame is:

T) = AYAZASARAS ASA, @)

2.2. Hydraulic Cylinder Driving Model

Each joint of the manipulator is driven by a hydraulic cylinder. To control the trajectory
of the endpoint, it is necessary to establish the movement relationship between each joint
and its driving mechanism. In this manipulator, the 2nd, 4th, 5th, and 6th joints are all
driven by a single-rod linear cylinder, and the driving mechanism is a typical rotating
guide-bar mechanism, as shown in Figure 3.

Figure 3. Driving mechanism of the manipulator linear cylinder.

In Figure 3, the unified model representation of four joint drive mechanisms is pre-
sented in the lower left corner. Point C; represents the hinge point between link i and link
+ 1. Point D; denotes the hinge point between the drive hydraulic cylinder and link i, and
point B; represents the hinge point between the other end of the hydraulic cylinder and
link i + 1. The lengths of the segments C;B; and C;D; are b; and c;, respectively. The angle
between the segment C;B; and C;D; is ;, and B; is the sum of joint position g; and joint
offset ¢; (for the joints driven by the swing cylinder, j3; is the swing angle). The relationship
between g; and the total cylinder length /; can be established according to the law of cosine,
which can be expressed as:

ll‘z = blz + CZ-2 — 2bjc; cos B;, 4)

Then the joint position can be expressed as:

b2+ 2 —I?
g; = arccos (%) — @i (5)
1
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Taking the derivative on both sides of Equation (4), the relationship between cylinder
velocity v; and joint velocity g; can be obtained:

2[1'01' = 2bici sin(goi + 91’)‘71’/ (6)
Combining Equations (4) and (6), the equation can be written as:

bicisin(¢; + 0;)q;

v; =
\/bl-Z + ¢;2 — 2bic; cos(@; + q;)

=i (4i)4;- @)

From Equation (7), it can be known that the cylinder velocity v; is affected by the
structural design parameters of the manipulator (b;, c;, ¢;), the joint position g; and the
joint velocity g;.

For the remaining three joints, since they are directly driven by a swing cylinder and
the joint offset is 0, their joint position and velocity can be expressed as:

qi = &, (8)

q; = &, )

In Equations (8) and (9), g; and g, represent the position and velocity of the i-th joint,

respectively, and «; and «; denote the swing angle and velocity of the i-th swing cylinder,

respectively (i = 1, 3, and 7). Combining Equations (7) and (9), the unified expression
between the velocity of each joint and the velocity of the hydraulic cylinder is:

v = fi (4)q; (10)

where:
1 i=1,37
i (i) = L . 11
fi (@) { vi (q:) , 1=2,4,5,6 ()
3. Anti-Saturation Flow Optimization Algorithm
3.1. Inverse Kinematics and Flow Analysis

According to Equations (1) and (3), the forward kinematics equation of the manipulator
can be expressed as:

x = f(q). (12)

In Equation (12), x denotes the coordinates of the endpoint in the Cartesian space, and
q is the coordinates in the joint space. Taking the derivative on both sides of Equation (12),
the relationship between endpoint velocity x and joint velocity g can be obtained:

x=](q)q, (13)

where: J(q) = 9f/dq is the Jacobian matrix of manipulator.
If the endpoint velocity x is known, the joint velocity g of the manipulator can be
obtained by the pseudo-inverse method [25]:

q=]"%, (14)

where [© = JT(J]T) s the pseudo-inverse of the Jacobian matrix.

For hydraulic manipulators, the joint space should be further converted into the
cylinder space to control the endpoint velocity, and thereby, the hydraulic cylinder driving
model of Section 2.2 is used in this chapter.
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By observing Equation (7), it can be seen that the joint velocity has a nonlinear
relationship with the linear cylinder velocity. In the hydraulic system, the cylinder velocity
is related to the flow rate, and its expression is:

Qi = |vilAi = fi (1) Aild;|, (15)

where Q; denotes the flow of the i-th hydraulic cylinder, and A; is the corresponding
displacement of the swing cylinder or the effective area of the linear cylinder. The relevant
parameters of each joint driving mechanism of the manipulator are shown in Table 2.

Table 2. The relevant parameters of each joint driving mechanism of the manipulator.

Joint Number b;(cm) ¢;(cm) @i (°) Aji(cm?) Ajp(cm?)

1 - - 0 552 cm?®/° 1

2 20 80.126 102.83 31.172 21.551
3 - - 0 124 cm®/°

4 15 67.319 21.95 31.172 21.551
5 10 41.445 80.28 15.904 8.836

6 10.2 41.775 90 15.904 10.996
7 - - 0 124 cm3/°

1 For the swing cylinder, A; is the effective displacement (A; = A;; = Ajp). For the linear cylinder, A;; is the
hydraulic cylinder areas without the rod, and A;, is the hydraulic cylinder areas with the rod.

According to Equation (15), further analysis shows that when the endpoint velocity
is given, different actuators require different flows. For the same actuator, even if the
joint velocity is the same, the required flow varies with the change of joint angle and the
direction of motion.

In order to express the corresponding relationship between the joint velocity and the
actuator flow, the flow consumption rate (FCR) is introduced:

Gi = fi (q:) A;. (16)

The joint’s flow consumption is greater with a greater FCR under the same joint
velocity. According to the parameters in Table 3, the FCR of each joint can be drawn with
the change of joint angle and motion direction, as shown in Figure 4. In Figure 4, different
joints are distinguished by different colors. For the linear cylinders, the negative direction
of their movement is the retracting direction of cylinder, which is distinguished by dotted
lines.

Table 3. PID parameters of each joint in the test.

PID Parameters

Joint Number Joint Name
P I D
2 42 1.07 0 Arm pitch
4 22 227 0.06 Elbow pitch
5 19 0.77 0.2 Wrist pitch

It can be seen from Figure 4 that Joint 2 has the largest flow consumption, followed
by Joint 4, and the FCR of joints 5 and 6 is relatively small and close under the same joint
velocity. For these four joints driven by linear cylinders, there is an obvious non-linear
relationship between FCR and joint angle.
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Figure 4. Flow consumption rate (FCR) varies with the change of joint position and motion direction.

3.2. Anti-Flow Saturation Algorithm

In the single-pump multi-actuator hydraulic system, the maximum supply flow Qjuax
is usually limited by the maximum flow of the pump. When the endpoint moves too fast,
flow saturation will occur because the demand flow Q) is greater than Qjux. To address
this problem, an anti-flow saturation algorithm is used to constrain the demand flow within
the maximum supply flow. The demand flow of the system is:

Qi=0Qn+Qp (17)

where: ;
Qu=Y_0Qi(q:,4;), (18)

i=1

Q; is the total leakage flow, and # is the number of joints. According to Equation (15)
and Table 2, the flow of the i-th joint can be derived as:

ooy fi(gi)Ang; .9, =0
Qi(gi,4;) —{ C A, 6 <0 (19)

When Q; > Qpax, flow saturation occurs. Consequently, the correction coefficient is
introduced:
Qf

T Q-9
where Q s the flow threshold, and its value is slightly less than Q. (it can avoid the

impact of fluctuation of supply flow on joint velocity while ensuring a high utilization rate
of flow). Then, the corrected joint velocity is:

kn (20)

. = knq, (21)
and the system flow after the joint velocity is corrected can be expressed as:
1 .
Qrn = Y, Qi(qi,qi) + Q1. (22)

i=1

It can be proved that no matter how large Q; is, the flow of the system will never
exceed Qr + Q. The proof is as follows:

Qn = Y Qi(qiknd) + Q1 = kn(Qi — Q1) + Qi = Qs + Q- (23)
iz
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By substituting Equation (19) into Equation (13), the corrected endpoint velocity can
be obtained:

xx = J(q)qy = knx. (24)

According to Equations (17)—(24), the anti-flow saturation algorithm ensures that the
demand flow does not exceed the maximum supply flow by decreasing the velocity of
each joint in an equal proportion. In this condition, the velocity direction of the endpoint
does not change, which will not cause the abrupt change and disorder of the endpoint
trajectory. However, the velocity is lower than expected, which will reduce the efficiency of
the manipulator.

Furthermore, in some scenarios where the velocity direction is constantly changing
(such as master-slave control), the manipulator will have large trajectory errors due to
the reduction of velocity, and the error will increase with the increase in velocity error.
Therefore, it is necessary to improve the endpoint velocity on the basis of the anti-flow
saturation algorithm.

3.3. Anti-Saturation Flow Optimization Algorithm

According to Equations (18) and (22), to increase the endpoint velocity when flow
saturation occurs without changing the system hardware, a feasible scheme is to reduce
the flow demand of the manipulator. Since the demand flow is mainly determined by the
joint velocity, reducing the joint velocity is equivalent to reducing the flow.

The joint velocity obtained by the pseudo-inverse method is the minimum norm
solution. However, it can be seen from Figure 4 that the FCR varies greatly with the
change of actuators and joint positions, so the smallest joint velocity norm does not mean
the smallest flow. Therefore, the gradient projection method can be used to optimize the
distribution of joint velocity according to the FCR of the manipulator.

When x is given, the general inverse solution can be obtained by solving Equation
(13):

q=4q,+4q,=]"x+k(I-J"])VH, (25)

where g, is the special solution of Equation (13), which can complete the main task of
tracking the given velocity x, and gj, is the projection of the gradient V H of the performance
optimization index function in the null space, which can be used to perform some secondary
optimization tasks. In addition, I — J*] is the null space projection matrix, and k is the
optimization coefficient. The gradient projection method [18] can optimize performance
indicators without affecting endpoint velocity by solving Equation (25).

In order to optimize the flow distribution, the demand flow can be used as the objective
function to optimize the joint velocity distribution using the gradient projection method.
Therefore, according to Section 3.2, the flow optimization performance index can be set as:

H=) Qi(q:4;) + Q. (26)
i=1

By taking the partial derivative of H for each joint, the gradient VH used for optimiza-
tion can be obtained. However, the question here is whether to take the partial derivative
of the joint position or the joint velocity.

Usually, optimization algorithms take partial derivatives of joint positions, but this
is not suitable for flow optimization of hydraulic manipulators. The reason can be easily
found by analyzing Figure 4. According to Equations (16), (19), and (26), the partial
derivative of the joint position i is:

9H _ 0G,
dq; g

4] 27)

For the swing cylinder, G; is a constant, so 9H/dq; = 0 has no effect on the velocity of
the swing cylinder. For the linear cylinder, dH/dq; has a sign change when G,; reaches the
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maximum value, so 0H /9dq; may increase the joint velocity of a linear cylinder during the
movement. Based on the above analysis, taking the partial derivative of the joint velocity
may be a more feasible solution. Then, the gradient of H can be written as:

T
va= |28 oH oH 28)
99, 94, 94,
where:
oH/oq; = f; (9i)A;. (29)

According to the gradient projection method, the joint velocity along the direction of
VH is the direction that makes the flow increase the fastest. By making k a negative value,
this direction can be changed to the direction where the flow decreases fastest. However,
when the special solution g, obtained from Equation (25) is small, the homogeneous
solution g, may still be large, which may cause the algorithm fail to achieve flow reduction.
For this, the parameter k in Equation (25) is modified to the flow-adaptive coefficient
matrix:

K =k-diag[qy,qp, ..., 4q,] (30)

By substituting Equations (28) and (30) into Equation (25), the optimized joint velocity
solved by the flow optimization algorithm can be written as:

g, =] x+ (I-J"])K- VH. (31)

In the actual motion of the manipulator, the workspace of each joint is limited by the
mechanical structure, but the gradient projection method does not take this into considera-
tion. In order to prevent the manipulator from exceeding the joint limit, it is also necessary
to introduce the joint limit avoidance index:

=1 (qimﬂx — qimin)2
M=) -~ , 32
; n (qmmx - ‘71')(‘71‘ - EIimin) ( )

where gi;;5 and ;i are the upper limit and the lower limit of the joint position g;,
respectively. Its gradient can be expressed as:

_[om oM oM]T

VM= |—,—,...,
991" 992 oqn

, (33)

where dM/0dq; is the partial derivative of M with respect to q;, which has a larger value
only near the joint limit. Combining Equations (31) and (33), the gradient of avoiding the
joint limit avoidance index is also projected into the null space, and the final output joint
velocity can be expressed as:

g, =T x4+ (I-J*])(K- VH —ky - VM) (34)

where k;, is joint limit avoidance coefficient, and Equation (35) can be proved:

x=Jq, =] x4+ (I=J])(K-VH—=ky- VM)) =x+ (] — ])(K- VH = ky, - VM), (35)

Therefore, theoretically, the endpoint velocity after optimization is the same as before
optimization.

When there is no flow saturation, the application of Equation (34) can reduce the
flow demand of the system without affecting the endpoint velocity, and reduce the energy
consumption of the system. When flow saturation occurs, the anti-saturation algorithm
can be applied after the flow optimization algorithm is applied to increase the velocity of
the endpoint. This is the real-time anti-saturation flow optimization algorithm proposed in
this article, and its algorithm block diagram is shown in Figure 5.
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Figure 5. Block diagram of real-time anti-saturation flow optimization algorithm.

4. Experimental Verification
4.1. Introduction of the Experimental Platform

The schematic diagram of the experimental platform of the hydraulic manipulator
used in this article for algorithm verification is shown in Figure 6. In Figure 6, the hydraulic
system is composed of hydraulic cylinders, servo valves, and a hydraulic power station
(HPS). The hydraulic cylinders of each joint are controlled by three-position four-way servo
valves and supplied by an electronically controlled pump. The maximum supply flow of
the HPS can be set by changing the pump displacement, and the system pressure can be
changed by a proportional relief valve. The nominal flow and pressure in the system are
62 L/min and 35 MPa, respectively. A flow meter and a pressure sensor are installed at the
outlet of the HPS, which can monitor the system flow and pressure in real time. The control
system consists of a host computer, an electrical control cabinet, and sensors. The target
computer, servo amplifier and interaction panel are installed in the electric control cabinet,
and absolute encoders are installed to obtain joint position and velocity information.

The host computer runs the motion planning algorithm in the Simulink environment,
calculates the desired joint position according to the current joint position collected by
the target computer, and sends the desired joint position to the target computer by using
the user datagram protocol (UDP) communication. The target computer is an industrial
computer with a Simulink real-time operating system, which can receive the desired joint
position from the host computer and calculate the servo valve control signal by the PID
control algorithm (the corresponding PID parameters are shown in Table 3).

In order to avoid different target trajectories in the experiment due to manual opera-
tion, which may affect the experimental results, the experimental target trajectory in this
article is automatically generated by using the following Equation:

x(t) = xp
y(t) = yo + R;cos(wt) , (36)
z(t) = zo + R; sin(wt)

where ¢ is the algorithm execution time, R is the radius of the target trajectory, w is the
angular velocity of the target trajectory, (xo, Yo, zo) is the coordinates of the circle center,
and (x(t), y(t), z(t)) is the coordinates of the target point at time ¢.
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Figure 6. System diagram of 7-DOF hydraulic manipulator experimental platform.

The desired velocity of the endpoint is generated by the artificial potential field
algorithm, and its expression is:

x(t) = ko - (x:(8) = xc(1)), (37)

where x;(t) denotes the coordinates of the target point, x.(t) represents the coordinates of
the endpoint, and k; is the scaling factor. In the experiment, to improve the maneuverability,
the task is to control the endpoint velocity, so the corresponding task’s Jacobian matrix
only retained the first three rows of the complete Jacobian matrix.

4.2. Experiment for the Flow Optimization Algorithm

In this chapter, the experiments using the pseudo-inverse method and the flow opti-
mization algorithm were carried out separately under the condition of no flow saturation.
The joint velocities in the two experiments were calculated by Equations (14) and (34),
respectively. For the safety of the experiments, the maximum supply flow of the HPS was
set to 26.5 L/min, and the system pressure was set to 12 MPa. Equation (37) was used to
calculate the desired velocity of endpoint to track a trajectory described by Equation (36)
(where (x9,y0,2z0) = (0, 14m, 1.4m), R =04 m, w = 1.27 rad/s), and the experiment
sampling time is 10 ms.

At the beginning of each experiment, the manipulator quickly reached the initial joint
coordinates (0°, —30°, 0°, 60°, 0°, 0°, 0°). The experimental algorithm started from ¢t = 10's,
and the manipulator stopped moving after 30 s. In each experiment, the joint position,
joint velocity, and system flow of the manipulator were recorded. The experimental results
are shown in Figures 7-10. Substituting the two sets of joint positions collected in the
experiment into Equation (3) for forward kinematics calculation, the trajectory of the
endpoint in the basic coordinate frame can be found. By plotting the endpoint trajectory in
a stable period, a comparison diagram of trajectory is presented in the plane of x = 0, as
shown in Figure 11a. Since only the 2nd, 4th, and 5th joints are used for the motion of the
manipulator in the x = 0 plane, the other joints are not given.

From Figures 7-9, it can be seen that the angle variations and velocities of the 2nd
and 4th joints using the flow optimization algorithm are reduced compared with those
of the pseudo-inverse method. Within 10 s to 40 s, the average actual velocities of Joint
4 in the two experiments are 13.57 °/s and 7.56 °/s, respectively (decreasing 6.01 °/s),
while Joint 2 only has a small partial reduction. However, the average velocities of Joint
5 are 7.84 °/s and 15.29 °/s, respectively, with a significant increase of 7.45 °/s. Since
the FCR of Joint 5 is much smaller than G, and Gy, the flow consumption of the flow
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optimization algorithm is dramatically reduced compared with the pseudo-inverse method.
According to Figure 8, the theoretical average joint flow of the two experiments can be
calculated as 12.654 L/min and 11.120 L /min from Equation (18), respectively (reduced by
12.12%). As shown in Figure 10, from 10 s to 40 s, the average system flow decreases from
15.687 L/min to 14.197 L/min (9.85% reduction). When t = 12.25 s, the maximum flow
reduction reached about 9.27 L/min. Compared with the theoretical data, the actual flow
optimization effect is worse due to the influence of poor dynamic property of hydraulic
system [26-28]). Nevertheless, it can be seen from Figure 11a that the trajectory of the
endpoint was almost unchanged.

120

—Joint 2 —Joint 4 Joint 5 (Pseudo-inverse method)
Joint 2 —Joint 4 —Joint 5 (Flow optimization algorithm)

100

P AVAVAVAVAVAY

10

Joint position (°)

0
Time (s)

Figure 7. Flow optimization algorithm experiment—the comparison diagram of joint position.

40 \ \ ‘
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30 ---Joint 2 - - -Joint 4 - - -Joint 5 (Flow optimization algorithm) |

20 .
3
10
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=20

-30 I I I I I
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Figure 8. The desired joint velocity calculated according to the pseudo-inverse method and the flow
optimization algorithm in the experiments.
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Figure 9. The actual joint velocity according to the pseudo-inverse method and the flow optimization
algorithm in the experiments.
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Figure 10. Flow optimization algorithm experiment—the comparison diagram of system flow.

Furthermore, in a constant pressure system that does not consider pressure and flow
loss, energy consumption can be calculated by the following formula:

2
Ee= [ pa(tiat, 38)
1

where t; and t; are the start and end time respectively, p represents the system pressure
(12 MPa in this article), Q(t) is the volumetric flow function. Then, substituting the
cumulative flow of the two experiments into Equation (38), it can be calculated that the
energy consumptions from 10 s to 40 s are 94.490 k] and 85.182 k], respectively, and
it reduced average power consumption by about 310.3 W (9.85%) under no saturation
condition.

In the experiments, when Joint 5 was close to the joint limit, its velocity decreased
rapidly due to the influence of the joint limit. At that time, the velocity of Joint 4 suddenly
increased to ensure that the velocity of endpoint was not affected, which caused the flow
to spike. Because the algorithm did not consider the dynamic model for the time being,
the abrupt change of velocity also resulted in the local error between the two experimental
trajectories.



Actuators 2021, 10, 11

14 of 19

1 = Pseudo-inverse method (No saturation) 17- —Pseudo-inverse method (No saturation) |
N ——Flow optimization algorithm (No saturation) . ——Pseudo-inverse method (saturation)

1.6 1.6-
15 ~1.5"-
E E
Nqg N4

1.3 13-

1.2 1.2-

11 12 13 14 15 16 17 117 12 13 14 15 16 1.7
y (m) y (m)
(a) (b)
17 —Pseudo-inverse method (No saturation) 17 ——Pseudo-inverse method (No saturation)
. — Anti-saturation algorithm (Saturation) « I | =——Anti-saturation flow optimization algorithm (Saturation)

16 16+
~15 ~15
E E
N4 N4t

13- 1.3

1 2 r 1 2 L

11 12 13 14 15 16 1.7 1.1 12 13 14 15 16 17
y (m) y (m)
(© (d)

Figure 11. Comparison diagram of the endpoint trajectory in a same stable period. (a) Trajectory
comparison of the flow optimization algorithm experiment; (b) trajectories comparison of the pseudo-
inverse method experiment; (c) trajectory comparison of the anti-saturation algorithm experiment;
(d) trajectory comparison of the anti-saturation flow optimization algorithm experiment.

4.3. Anti-Saturation Flow Optimization Algorithm Experiment

The anti-saturation flow optimization algorithm experiment was carried out under
the condition of flow saturation, and the maximum supply flow of the HPS was set to
17 L/min. The experiment was carried out three times in total, including the pseudo-inverse
method experiment, the anti-saturation algorithm experiment, and the anti-saturation flow
optimization algorithm experiment. The joint velocity of the manipulator was calculated by
Equations (14), (21), and (34). In addition, the flow threshold in the experiment was set to
15 L/min. Other experimental conditions were the same as the flow optimization algorithm
experiment. The comparison diagram of the endpoint trajectory in a same stable period
is shown in Figure 11b—d, and the comparison diagram of the system flow in the three
experiments is shown in Figure 12. In addition, the endpoint velocity can be obtained by
differentiating the trajectories, and the comparison diagram of the endpoint velocity after
mean filtering using three algorithms is shown in Figure 13. According to the trajectories
in Figure 11, the endpoint position error and velocity direction error of the trajectories of
the three algorithms can be calculated when flow saturation occurs, which is shown in
Figure 14.
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Figure 12. System flow comparison diagram-anti-saturation flow optimization algorithm experiment.

450 A T T T T T
g4oo - 1
S0 M"Y (W (W (W
~ I\ T T N A 08Tl d A
£ 300r | dik \ } kATl Ak (A J i
C | Yol | I | \ \‘ | ! 1 | |y \
250t || By | (S A
% r \H / \\\/’ L‘LM \\// mwH \ / \\v/ \ J \\/ \\/ \vx’/ \
8200F LM\ y \J v |
[
Z 150 1
.2100 —Pseudo-inverse method (No saturation) E
T ——Anti-saturation algorithm (Saturation)
w S0f —Anti-saturation flow optimization algorithm (Saturation)
0 1 1 1 1 1
10 15 20 25 30 35 40

Time (s)

Figure 13. Comparison diagram of the endpoint velocity norm after mean filtering using three
algorithms.

It can be seen from Figure 12 that the system flow peak of the pseudo-inverse method
is limited by the maximum supply flow and cannot reach 23.5 L/min (where there is no
flow saturation). Therefore, flow saturation occurs at that time, and the lower right corner
of the corresponding trajectory clearly deviates from the normal trajectory (as shown in
Figure 11b). Figure 14 shows that the maximum position error of the pseudo-inverse
method at saturation reaches 91.61 mm. In addition, the endpoint velocity direction (along
the tangent of the trajectory) also deviates significantly from the normal direction, and
the maximum velocity direction error reaches 28.97° (as shown in Figure 14). If there are
obstacles outside the normal trajectory, it may cause some serious accidents.

The anti-saturation algorithm limits the system flow within the maximum flow by
reducing the endpoint velocity to avoid flow saturation, and its trajectory is shown in
Figure 11c. However, it can be seen from Figure 11c that the trajectory size is clearly reduced
due to the decrease in the endpoint velocity, and it can be calculated from Figure 14 that
the maximum error and average error of its endpoint position are 90.51 mm and 42.83 mm,
respectively. This is because the anti-saturation algorithm reduces the average velocity of
the endpoint from the original value 308.05 mm/s to 267.48 mm/s from 10 s to 40 s.
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Figure 14. Comparison diagram of the position error and velocity direction error of the endpoint
trajectories in the same stable period when flow saturation occurs.

When the anti-saturation flow optimization algorithm is applied, the system flow
is still limited within the maximum flow, but the average endpoint velocity increased to
287.60 mm/s (an increase of 20.12 mm/s, about 7.52%) because the algorithm reduces the
flow demand of the system. Therefore, the trajectory size is obviously increased compared
to the anti-saturation algorithm in Figure 11d, which is also closer to the normal one. It
can be seen from Figure 14 that the maximum endpoint velocity direction error of the
anti-saturation flow optimization algorithm is 8.19° (reduced by 71.73% compared with the
pseudo-inverse method), and the maximum error and average error of its endpoint position
are 71.88 mm and 24.59 mm, respectively (reduced by 20.58% and 42.59% compared with
the anti-saturation algorithm). As the extent of flow saturation increases, it is predicted
that the optimization effect will be more significant.

Substituting the cumulative flow measured in experiments using the anti-saturation
algorithm (6677.3 mL) and anti-saturation flow optimization algorithm 6386.9 mL) into
Equation (38), the corresponding energy consumptions are calculated as 80.128 k] and
76.643 k], respectively. The data show that the anti-saturation flow optimization algorithm
can only reduce energy consumption by 4.37%, which is due to flow saturation during
the experiment. Compared with the energy consumption reduction in Section 4.2, the
anti-saturation flow optimization algorithm has a better energy-saving effect when there is
no flow saturation.

In addition, for the dynamic programming algorithm [23], a complete calculation of a
working cycle is required before execution, and the calculation is time-consuming (about
20 min for the same desired trajectory given in Equation (35)). In contrast, our algorithm can
achieve real-time calculations with an average time step of 3 ms on our computer (with an
Intel Core i7 processor, 2.6 GHz). This is quite critical in practical applications because most
hydraulic manipulators require real-time operation under unstructured environments.

Therefore, it can be concluded that the anti-saturation flow optimization algorithm
can effectively improve the work efficiency and reduce the trajectory tracking error in real
time when the flow saturation occurs.

5. Conclusions

When the flow saturation occurs, the turbulence of the working trajectory will affect
the normal operation of the manipulator and even cause serious accidents. The traditional
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anti-flow saturation algorithm only restricts the flow within the maximum flow of the sys-
tem by reducing the operating velocity but does not further optimize the flow distribution.
To solve this problem, this article proposes a real-time anti-saturation flow optimization
algorithm based on the gradient projection method. By projecting the gradient of the
demand flow in the null space of the task Jacobians, the flow demand can be reduced
significantly without affecting the endpoint velocity performance in real time. Furthermore,
when flow saturation occurs, the endpoint velocity can be further improved.

Experimental results show that this algorithm reduces the average demand flow and
energy consumption by 9.85% under no saturation conditions. When flow saturation
occurs, the algorithm can reduce the maximum directional error by 71.73% compared with
pseudo-inverse method. Meanwhile, compared with the anti-saturation algorithm, it can
increase the average endpoint velocity by 7.52% and reduce the average track position
error by 42.59% and the maximum track position error by 20.58%. Moreover, the algorithm
can always ensure good real-time performance during execution (the average time step is
3 ms).

Since the load of hydraulic manipulators is usually much greater than that of electric
manipulators, the algorithm proposed in this paper needs to consider the dynamic model
to obtain better motion performance in practice. Moreover, since the gradient projection
method can also handle multi-priority tasks, the performance of the manipulator can be
further improved by adding other objective functions (for example, obstacle constraints
and acceleration constraints) based on the algorithm proposed in this paper. These are the
works we are committed to in the future.
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Appendix A

Table A1. Main parameter used in this paper.

Name Description and Unit
0; Joint angle (rad)
d; Link offset (mm)
a; Link length (mm)
o; Link twist (rad)
qi Joint position (rad)
b; Length of the segments C;B; (mm)
C; Length of the segments C;D; (mm)
Qi Joint offset (rad)
Bi Sum of joint position g; and joint offset ¢; (rad)
I; Total line cylinder length (mm)

v; Velocity of the hydraulic cylinder (mm/s or rad/s)
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Table A1l. Cont.

Name Description and Unit
q Joint velocity calculated by pseudo-inverse method (rad/s)
An Hydraulic cylinder areas without the rod (ecm?)
Ap Hydraulic cylinder areas with the rod (cm?)
A; Effective displacement of cylinder (cm?)
Q; Flow of the i-th hydraulic cylinder (L/min)
Qn Demand flow of joints (L/min)
Q Total leakage flow (L/min)
Qu Demand flow of the system (L/min)
ky Correction coefficient
Qr Flow threshold (L/min)
qx Corrected joint velocity (rad/s)
Qkn System flow after the joint velocity is corrected (L/min)
Xk Corrected endpoint velocity (mm/s)
K Flow adaptive coefficient matrix
. optimized joint velocity solved by the flow optimization algorithm
1o (rad/s)
km Joint limit avoidance coefficient
q, Final output joint velocity (rad /s)
t Algorithm execution time (s)
w Angular velocity of the target trajectory (rad/s)
R Radius of the target trajectory (mm)
(x0,Y0,20) Coordinates of the circle center (mm)
x¢(t) Coordinates of the target point (mm)
xc(t) Coordinates of the endpoint (mm)
x(t) Desired velocity of the endpoint at time t (mm/s)
p System pressure (MPa)
E. Energy consumption (kJ)
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