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Abstract


Multi-joint hydraulic robotic arms are core equipment in intelligent mining, yet their performance is often limited by strong dynamic coupling and nonlinear hydraulic effects. Traditional control methods struggle to achieve high-precision trajectory tracking and coordinated motion under high loads and flow-coupling constraints. To address these challenges, this paper establishes a coupled hydraulic–mechanical dynamic model for a multi-joint robotic arm. The mechanical dynamics are derived using the Lagrangian formulation, while the hydraulic dynamics account for flow coupling among cylinders. An improved deviation coupling control (IDCC) strategy is proposed, integrating feedforward–feedback compensation, coupling error regulation, and a flow-limiting correction term. Co-simulation in Simulink (2024b) and Amesim (2020) shows that under flow-saturation conditions, the improved strategy reduces the peak trajectory errors by approximately 47.88%, 28.08%, and 49.89% for Joints 1–3, respectively, and shortens the settling time by 27.93%. Experimental results from a three-joint hydraulic test platform confirm error reductions of 10.20–15.58% and a 31.50% decrease in overall adjustment time. The study demonstrates that the proposed control strategy effectively suppresses multi-joint coupling interferences, enhances trajectory tracking accuracy, and improves the adaptability of hydraulic robotic arms under flow-limited conditions, providing a viable solution for high-precision control in intelligent mining applications.






Keywords:


hydraulic robotic arm; multi-joint coupling; deviation coupling control; flow limitation; dynamic modeling; trajectory tracking












1. Introduction


Current mechanized mining operations are characterized by high labor intensity, low production efficiency, and significant safety risks, which severely constrain the sustainable development of the industry [1,2,3]. Intelligent transformation has become an inevitable choice for addressing the dual challenges of safety and efficiency [4,5,6]. Robotic arms, as critical equipment in intelligent mining, primarily undertake high-intensity tasks such as loading/unloading, drilling, crushing, and material handling [7,8,9]. Their operational efficiency, safety, and precision directly impact overall operational safety and production efficiency. Hydraulic drive systems have become the predominant actuation solution in mining and other engineering fields due to their prominent advantages, including high power density, strong load capacity, robustness, and low cost. However, the inherent strong nonlinearities, parameter uncertainties, and susceptibility to external environmental disturbances of hydraulic systems make traditional control methods inadequate for meeting the demands of high dynamic response and adaptive capability in the unstructured underground coal mine environment [10,11,12]. These challenges are particularly pronounced in multi-joint serial robotic arms during complex working conditions and multi-task cooperative operations, where the dynamic coupling of the hydraulic system between joints becomes a critical bottleneck for achieving high-precision, coordinated motion [13,14,15,16]. Therefore, research on the multi-joint coupling mechanisms and motion control methods for hydraulic robotic arms is not only key to enhancing equipment performance but also serves as vital technical support for advancing smart mining construction and industry-wide intelligent transformation.



For hydraulic robotic arm systems exhibiting nonlinearity, parameter uncertainties, and multi-joint coupling, traditional single-joint control methods struggle to satisfy the requirements for high-precision, coordinated motion control under high-load, dynamic environments. Consequently, researchers have continuously explored improvements and novel strategies based on traditional control algorithms. For instance, Ren et al. [17] proposed an adaptive sliding mode control method based on reinforcement learning (ASMRL), which employs a proportional-integral sliding mode (PISM) controller to address system nonlinearities while leveraging the adaptive characteristics and autonomous learning capabilities of the Deep Deterministic Policy Gradient (DDPG) algorithm to conduct parameter learning for the PISM controller. Simulation results demonstrate that this method effectively enhances trajectory tracking performance, validating the effectiveness of reinforcement learning in adaptive control of robotic manipulators. Karahan et al. [18] proposed a robust fractional-order fuzzy PID sliding mode control method for 6-DOF robotic manipulators. A hybrid tuning method integrating gray wolf optimization and particle swarm optimization (GWO-PSO) was applied to optimize controller parameters. Simulation results demonstrated that the fractional-order fuzzy PIDSMC controller achieved 91.93% improvement in mean absolute error compared to conventional PIDSMC. Wei et al. [19] proposed a hybrid neural network adaptive fuzzy sliding mode online compensatory control method with global stability for nonlinear robot systems subject to uncertainties and external disturbances. The method ensures globally uniform ultimate boundedness of all closed-loop signals and achieves convergence of neural network weights to ideal values. Simulation results showed an integral squared error of 3.24 × 10−5 rad under internal uncertainty and maximum friction disturbance, substantially improving dynamic tracking performance. Sutyasadi [20] et al. proposed a hybrid strategy integrating H∞ robust control with iterative learning control. This scheme ensures robust stability against uncertainties like load variations via the H∞ controller while utilizing iterative learning control to enhance trajectory tracking precision. Experiments showed that compared to traditional PID control, this method reduced the maximum error in sinusoidal trajectory tracking from 15° to 4°, proving particularly suitable for cost-sensitive industrial education scenarios.



However, traditional control algorithms often neglect the dynamic coupling effects of the hydraulic system between joints, leading to reduced tracking accuracy, poor synchronization, and even instability. Recently, some scholars have introduced strategies like synchronization control and cross-coupling control to address coordination issues among multiple joints of hydraulic manipulators [21,22,23]. Mu et al. [24] proposed an improved deviation coupling control method for multi-motor speed synchronization in welding robot arms. To address the complexity of the compensation mechanism in traditional deviation coupling structures, they integrated average speed and sub-average speed to optimize the speed compensator, reducing synchronization adjustment time. Research indicates that the deviation coupling control method shows promise by actively compensating for synchronization errors between joints. However, its conventional forms (typically based on PD architectures) lack the capability to handle the pronounced nonlinearities of hydraulic actuators and do not account for critical system-level constraints, most notably hydraulic flow coupling [25,26]. During the coordinated motion of multiple joints, this can lead to severe performance degradation or even complete stagnation of one or more joints, a problem not systematically addressed by existing DCC frameworks.



Although substantial research exists on the mechanical dynamics of multi-body systems [27,28,29] and the dynamics of hydraulic components [30,31], there is a notable scarcity of studies on coupled hydraulic–mechanical system models that consider the coupling within multi-joint mechanical–hydraulic systems. Beyond the control challenges, mechanical vibrations in serial robotic structures can couple with fluid-borne noise in hydraulic systems, significantly impacting tracking accuracy [32]. Moreover, proportional valves exhibit inherent nonlinearities such as dead zone and nonlinear flow–pressure characteristics [33], which are not captured by simple linear models. These factors must be considered when designing high-performance controllers for hydraulic manipulators. Establishing such a model is crucial for investigating the dynamic interaction mechanisms between hydraulic cylinder thrust maps and joint torques, and joint motion conversely affects hydraulic pressures and flows. A coupled hydraulic–mechanical system model for multi-joint hydraulic robotic arms forms the theoretical foundation for high-precision coordinated motion control. To bridge these gaps, this paper first considers the flow-coupling effects among the cylinders of different joints to establish a coupled hydraulic–mechanical dynamic model for multi-joint hydraulic robotic arms. Subsequently, an improved deviation coupling control (IDCC) strategy is proposed. This strategy integrates a feedforward–feedback composite controller to compensate for key nonlinearities and innovatively incorporates a flow correction term to dynamically adjust control gains. Finally, co-simulation and experimental tests on a three-joint hydraulic robotic arm are conducted to validate the effectiveness of the proposed modeling and control approaches in terms of trajectory tracking accuracy and coordinated motion performance. The research presented in this paper contributes to improving the trajectory tracking and coordinated motion capabilities of multi-joint hydraulic robotic arms, thereby enhancing their adaptability in complex working conditions.




2. Dynamic Modeling of Multi-Joint Robotic Manipulators


2.1. Mechanical Dynamic Modeling for Multi-Joint Robotic Manipulators


For multi-degree-of-freedom robotic manipulators, strong interactions between joints often result in complex inertial coupling, Coriolis forces, and gravitational effects, rendering the direct application of Newton’s equations cumbersome. Therefore, this paper adopts the Lagrangian method to establish the mechanical dynamic model of the multi-joint manipulator system. First, the Lagrangian function L of the system is constructed, which is defined as the difference between the total kinetic energy and the total potential energy of the system [34]:


  L = T − V  



(1)




where  T  and  V  represent the total kinetic energy and potential energy of the system, respectively. According to the Alembert principle, the system’s dynamic equations can be derived from the Lagrange equation:


    d  d t         ∂ L   ∂   q ˙  i       −    ∂ L   ∂  q i     =  τ i   



(2)




where    q i    represents the generalized coordinates of the system, which for the robotic arm correspond to its joint angles    θ i   ;     q ˙  i    is their first derivative with respect to time, i.e., the generalized velocities     θ ˙  i    representing the joint angular velocities of the robotic arm.    τ i    denotes the generalized forces, which for the robotic arm are the joint driving torques supplied by hydraulic cylinders, serving as the joint input torques.



Assuming the robotic arm consists of n joints, with each link i having mass mᵢ and moment of inertia Iᵢ, the system kinetic energy includes both translational and rotational components. The translational kinetic energy of a rigid body is


   T  t r a n s , i   =   1 2    m i   v i 2   



(3)




where    v i    is the velocity of the center of mass of the i-th link, computable via forward kinematics. The rotational kinetic energy of a rigid body is as follows:


   T  r o t , i   =   1 2    I i    θ ˙  i 2   



(4)




where    I i    is the inertia tensor of the link about its center of mass.



Thus, the total kinetic energy of the robotic arm is


  T =   ∑  i = 1  n      1 2   m i   v i 2  +  1 2   I i    θ ˙  i 2       



(5)







For the hydraulic robotic arm studied in this paper, which can be regarded as a three-link manipulator, the velocity of the center of mass can be expressed as follows:


   v i 2  =   θ ˙  1 2   f 1   θ  +   θ ˙  2 2   f 2   θ  +   θ ˙  3 2   f 3   θ  + 2   θ ˙  1    θ ˙  2   f  12    θ  + 2   θ ˙  1    θ ˙  2   f  13    θ  + 2   θ ˙  2    θ ˙  3   f  23    θ   



(6)




where    f i   θ    is a function determined by the geometric relationship of the robotic arm.



The potential energy is primarily composed of gravitational potential energy:


  V =   ∑  i = 1  n    m i  g  h i     



(7)




where    h i    is the height of the center of mass of the i-th link, typically calculated from the geometric parameters of the robotic arm.



Substituting Equations (5) and (7) into Equation (2) yields the mechanical dynamic equation of the robotic arm:


  M  θ   θ ¨  + C   θ ,  θ ˙     θ ˙  + G  θ  = τ  



(8)




where   M  θ    is the inertia matrix, describing the mass distribution and inertial coupling among the joints;   C   θ ,  θ ˙      is the Coriolis and centrifugal force matrix;   G  θ    is the gravity vector, representing the gravitational effects on the system; and  τ  is the vector of external input torques, provided by the hydraulic drive in the hydraulic robotic arm.



For the three-joint robotic arm studied in this paper, the expanded component form of its dynamic equations is as follows:


       M  11     θ ¨  1  +  M  12     θ ¨  2  +  M  13     θ ¨  3  +  C  11     θ ˙  1  +  C  12     θ ˙  2  +  C  13     θ ˙  3  +  G 1  =  τ 1       M  21     θ ¨  1  +  M  22     θ ¨  2  +  M  23     θ ¨  3  +  C  21     θ ˙  1  +  C  22     θ ˙  2  +  C  23     θ ˙  3  +  G 2  =  τ 2       M  31     θ ¨  1  +  M  32     θ ¨  2  +  M  33     θ ¨  3  +  C  31     θ ˙  1  +  C  32     θ ˙  2  +  C  33     θ ˙  3  +  G 3  =  τ 3       



(9)







In the inertia matrix:


       M  11   =  I 1  +  m 1   l  c 1  2  +  m 2   l 1 2  +  m 3   l 1 2       M  12   =  M  21   =  m 2   l 1   l  c 2   cos    θ 2    +  m 3   l 1   l 2  cos    θ 2         M  13   =  M  31   =  m 3   l 1   l  c 3   cos    θ 2  +  θ 3         M  22   =  I 2  +  m 2   l  c 2  2  +  m 3   l 2 2       M  23   =  M  32   =  m 3   l 2   l  c 3   cos    θ 3         M  33   =  I 3  +  m 3   l  c 3  2       



(10)




where    M  i i     is the equivalent moment of inertia of joint i;    M  i j     represents the inertial coupling between joint i and joint j;    l  c i     is the distance from the center of mass of the i-th link to joint I;    m i    is the mass of the i-th link;    l i    is the length of the i-th link; and    θ i    is the rotation angle of the i-th joint.



The Coriolis matrix is calculated via partial derivatives of the inertia matrix, and its components are as follows:


   C  i j   =   ∑  k = 1  3    1 2      ∂  M  i k     ∂  θ j    +   ∂  M  j k     ∂  θ i    −   ∂  M  i j     ∂  θ k          θ ˙  k   



(11)







It can be obtained that


       C  11   = −  m 2   l 1   l  c 2   sin    θ 2      θ ˙  2  −  m 3   l 1   l  c 3   sin    θ 2  +  θ 3        θ ˙  2  +   θ ˙  3         C  12   = −  m 2   l 1   l  c 2   sin    θ 2      θ ˙  1       C  13   = −  m 3   l 1   l  c 3   sin    θ 2  +  θ 3      θ ˙  1       C  21   =  m 2   l 1   l  c 2   sin    θ 2      θ ˙  2       C  22   = −  m 3   l 2   l  c 3   sin    θ 3      θ ˙  3       C  23   = −  m 3   l 2   l  c 3   sin    θ 3        θ ˙  2  +   θ ˙  3         C  31   =  m 3   l 1   l  c 3   sin    θ 2  +  θ 3      θ ˙  1       C  32   =  m 3   l 2   l  c 3   sin    θ 3      θ ˙  2       C  33   = 0      



(12)




where    C  i i     represents the Coriolis contribution of joint i to itself, and    C  i j     represents the Coriolis contribution of joint j to joint i.



The gravity terms Gi are, respectively,


       G 1  =    m 1   l  c 1   +  m 2   l 1  +  m 3   l 1    g cos  θ 1       G 2  =    m 2   l  c 2   +  m 3   l 2    g cos  θ 2       G 3  =  m 3   l  c 3   g cos  θ 3       



(13)








2.2. Hydraulic Dynamics Modeling of Multi-Joint Robotic Manipulator Systems


In multi-joint systems, multiple hydraulic cylinders share a common hydraulic pump, leading to flow-coupling effects among the cylinders. Due to varying loads and flow demands across the cylinders, the actual flow may deviate from the desired flow, thereby affecting the system’s control accuracy and dynamic response characteristics. Therefore, it is essential to account for the mutual interactions among multiple hydraulic cylinders and establish a hydraulic system model suitable for multi-joint applications.



The hydraulic system is driven by a motor–gear pump unit. Considering the dynamic characteristics of the motor and the mechanical properties of the gear pump, the relationship between the electromagnetic torque and the rotational speed of the motor is given by the following [35]:


   J m     d  ω p    d t    =  T m  −  D p     P p  −  P t    −  B v   ω p   



(14)




where    J m    is the total moment of inertia of the motor rotor and the pump;    T m  =  K t  i   is the motor driving torque, with Ki as the torque constant and i as the armature current;    D p    is the displacement of the gear pump;    P p    is the pump outlet pressure;    P t    is the tank pressure (usually set to 0);    B v    is the viscous friction coefficient; and    ω p    is the rotational speed of the pump.



Considering the global pressure model with multi-actuator coupling:


     d  P p    d t    =     β e     V t        Q p  −   ∑  i = 1  3    Q i    −  Q  l e a k      



(15)




where    β e    is the effective bulk modulus of the hydraulic fluid, which is assumed to be constant in this model due to the limited variation within the typical operating pressure range (5–10 MPa) [36];    V t    is the total oil-containing volume of the system;    Q i    is the flow demand of the i-th actuator; and    Q  l e a k   =  K s   P p    represents the total system leakage flow, with    K s    as the leakage coefficient.



The system state variables are defined as follows:


  X =      ω p  ,  P p  ,  P  L 1   ,  P  L 2   ,  P  L 3   ,  L 1  ,  L 2  ,  L 3  ,  v 1  ,  v 2  ,  v 3     T   



(16)







The nonlinear state equations of the system are established as follows:


   X ˙  =        d  ω p    d t    =    K t  i −  D p   P p  −  B v   ω p    /  J m         d  P p    d t    =     β e     V t        D p   ω p  −   ∑  i = 1  3    C d   ω i   x i     2 ρ     P p  −  P  L i                  d  P  L i     d t    =     β e     A i   L i        Q i  −  A i   v i  −  C  i p      P  L i   −  P  L j               d 2   L i    d  t 2     =    A i   P  L i   −  B i   v i  −  K i   L i  −  F c    /  M i       



(17)




where    F c    is the coupling force term:


   M i    L ¨  i  +  B i    L ˙  i  +  K i   L i  +  F c  =  A i   P  L i    



(18)






   F c  =   ∑  j ≠ i     K  i j      L i  −  L j      +  C  i j       L ˙  i  −   L ˙  j     



(19)







The flow–pressure coupling matrix is as follows:


       ∂  Q i    ∂  P p       =           C d   ω 1   x 1      2 ρ    P p  −  P  L 1             0   0     0        C d   ω 2   x 2      2 ρ    P p  −  P  L 2             0     0   0        C d   ω 3   x 3      2 ρ    P p  −  P  L 3                 



(20)








2.3. Dynamics of the Coupled Model for the Hydraulic–Mechanical System with a Multi-Joint Robotic Manipulator


The dynamics model of the mechanical system describes the motion characteristics of each joint, including the effects of inertia, damping, gravity, and other factors on joint motion, while the dynamics model of the hydraulic system involves factors such as hydraulic pumps, hydraulic cylinders, and valve-controlled flow rates, which determine the thrust provided by the hydraulic cylinders and their dynamic response. Since the motion of the hydraulic cylinders directly drives the joints of the robotic arm, and their thrust is transmitted through linkage mechanisms to produce joint torques, it is necessary to establish the mapping relationship between the thrust of the hydraulic cylinders and the motion state of the joints. The thrust provided by the hydraulic system can be converted into an equivalent torque acting on the joints via the Jacobian matrix, which is then substituted into the dynamics equations of the mechanical system to model the coupling relationship between the hydraulic and mechanical systems.



Let the variables of the three joints be   q =    θ 1  ,  θ 2  ,  θ 3      and the lengths of the three links be    L 1   ,    L 2   ,    L 3   . Within the working plane of the three joints, the end-effector position     x , y     can be computed through forward kinematics:


      x =  L 1  cos  θ 1  +  L 2  cos    θ 1  +  θ 2    +  L 3  cos    θ 1  +  θ 2  +  θ 3        y =  L 1  sin  θ 1  +  L 2  sin    θ 1  +  θ 2    +  L 3  sin    θ 1  +  θ 2  +  θ 3         



(21)







The Jacobian matrix  J  is composed of the partial derivatives of the position with respect to the joint angles:


  J =    ∂ ( x , y )   ∂ (  θ 1  ,  θ 2  ,  θ 3  )    =          ∂ x   ∂  θ 1            ∂ x   ∂  θ 2            ∂ x   ∂  θ 3              ∂ y   ∂  θ 1            ∂ y   ∂  θ 2            ∂ y   ∂  θ 3            



(22)







Taking partial derivatives of x and y:


      ∂ x   ∂  θ 1     = −  L 1  sin  θ 1  −  L 2  sin    θ 1  +  θ 2    −  L 3  sin    θ 1  +  θ 2  +  θ 3          ∂ x   ∂  θ 2     = −  L 2  sin    θ 1  +  θ 2    −  L 3  sin    θ 1  +  θ 2  +  θ 3          ∂ x   ∂  θ 3     = −  L 3  sin    θ 1  +  θ 2  +  θ 3          ∂ y   ∂  θ 1     =  L 1  cos  θ 1  +  L 2  cos    θ 1  +  θ 2    +  L 3  cos    θ 1  +  θ 2  +  θ 3          ∂ y   ∂  θ 2     =  L 2  cos    θ 1  +  θ 2    +  L 3  cos    θ 1  +  θ 2  +  θ 3          ∂ y   ∂  θ 3     =  L 3  cos    θ 1  +  θ 2  +  θ 3      



(23)







Substituting into Equation (22) yields the final Jacobian matrix. The defining equation for the Jacobian matrix is as follows:


   x ˙  = J  q ˙   



(24)




where   x ˙   is the end-effector velocity, and   q ˙   is the angular velocity.



By transposing the Jacobian matrix, the coupling relationship between the hydraulic system and the mechanical system is established through Equation (24):


  τ =  J T  F  



(25)




where  τ  is the torque exerted by the hydraulic cylinders on the joints, and  F  is the thrust provided by the hydraulic cylinders:


   F i  =  P  L i    A i  −  P  B i    A  B i   −  F  f i    



(26)




where    F i    is the thrust exerted by the i-th hydraulic cylinder on the mechanical system,    P  L i     and    P  B i     are the pressures in the two chambers of the cylinder,    A i    and    A  B i     are the effective piston areas on the respective sides, and    F  f i     represents frictional forces.



Therefore, the dynamics equation of the multi-joint robotic arm system can be expressed as follows:


  M  θ   θ ¨  + C   θ ,  θ ˙     θ ˙  + G  θ  =  J T  F  



(27)







Through the above equation, the mechanical system and the hydraulic system are integrated, achieving system modeling for the multi-joint hydraulic robotic arm.





3. Design of Improved Deviation Coupling Control Strategy


3.1. Design of the Controller


In the synchronous control of multi-joint robotic arms, deviation coupling control is a method that reduces synchronization error by introducing error coupling terms between joints. It not only controls the motion error of each joint individually but also prioritizes the joint with the largest error, guiding the errors of other joints to converge toward it, thereby minimizing the overall synchronization deviation of the system. This control strategy calculates the control errors of all joints, compares them mutually, and feeds the resulting information back as compensation to each joint’s controller. The motion state of each joint is dynamically adjusted according to these compensation signals, ensuring the overall coordination and stability of the robotic arm’s movement.



In the three-joint robotic arm studied in this paper, each joint is driven by a corresponding hydraulic cylinder. The control objective is to ensure that each joint’s angular displacement    θ i    i = 1 , 2 , 3     follows the desired trajectory    θ  d i     i = 1 , 2 , 3     while reducing the relative errors between joints. The tracking errors for the three joints are as follows:


       e 1  =  θ  d 1   −  θ 1       e 2  =  θ  d 2   −  θ 2       e 3  =  θ  d 3   −  θ 3       



(28)







When controlling the system, it is necessary to consider not only the tracking error of each joint but also the mutual influence among the three joints. When one joint deviates from its desired trajectory due to various disturbances, the other two joints in the system are also affected and need to adjust their motion to minimize the impact of the disturbance as much as possible. Let the synchronization error between two joints  i  and  j  be    ε i   :


  ε = T e =      1    − 1    0     0   1    − 1       − 1    0   1             e 1         e 2         e 3         



(29)







Define the coupled error as follows:


  E = e + β ε  



(30)







Substituting Equation (29) into Equation (30) yields


  E =   I + β T   e  



(31)




where I is the identity matrix and  β  is the coupling compensation coefficient matrix.



When   0 < β ≤ 1  , a larger  β  indicates a stronger synchronization control effect. If  E  can converge to 0, then  e  and  ε  can also converge to 0, indicating that the goal of system synchronization control can be achieved.



The traditional PD-based deviation coupling control structure is shown in Figure 1. Compared to the traditional deviation coupling control, this paper designs a deviation coupling control strategy based on feedforward–feedback composite control and introduces a correction term under flow limitation to optimize flow distribution and improve control precision. The control strategy consists of three parts: feedforward–feedback composite control, deviation coupling control, and the flow limitation correction term.



Feedforward–Feedback Composite Control Design



For a single-joint hydraulic system, considering nonlinear factors such as the dead zone of the proportional directional valve and load disturbances, a feedforward–feedback composite control is adopted:


   τ i  =  u c  +  u i  f f   +  u i  f b    



(32)




where the feedforward control term    u c    is primarily used to compensate for dead zone nonlinearity and improve response speed. The feedforward control term    u i  f f     is mainly used to compensate for the impact of load disturbances on system control, enhancing the system’s anti-disturbance capability.



The feedback control term    u i  f b     employs PD control:


   u i  f b   =  K  p i    e i  +  K  d i     e ˙  i   



(33)




where    K  p i     is the proportional gain and    K  d i     is the derivative gain.



Introducing coupling gains    K  c i     for error compensation on the coupled error  E :


   τ i  =  u c  +  u i  f f   +  u i  f b   +  K  c i    E i   



(34)







Due to the total flow limitation of the hydraulic system, it cannot guarantee sufficient flow for all joints simultaneously. Therefore, a flow allocation correction term is added to the controller. The system’s total flow demand    Q t    is as follows:


   Q t  =   ∑  i = 1  3    Q i     



(35)







The system’s maximum supply flow is    Q m   . Calculate the flow adjustment coefficient:


  λ = min   1 ,     Q m     Q t        



(36)







When the system’s supply flow is sufficient, i.e.,    Q t  ≤  Q m   , κ = 1, indicating that the hydraulic pump’s supply capacity is sufficient. All hydraulic cylinders can obtain the required flow without adjustment. When the system’s supply flow is insufficient, i.e.,    Q t  >  Q m   , κ < 1, indicating that the hydraulic pump’s supply capacity is insufficient. It is necessary to proportionally reduce the flow demand of all hydraulic cylinders to adapt to the pump’s maximum supply capacity. The control gains are corrected as follows:


   K  c i  n  =  K  c i   · λ  



(37)







The final control input is


   τ i  =  u c  +  u i  f f   +  u i  f b   +  K  c i  n   E i   



(38)







Here, when flow is sufficient, the control law remains unchanged. When flow is limited, the control gains for all joints are automatically reduced to prevent the total flow from exceeding the capacity. This action effectively limits the commanded velocities, preventing abrupt flow starvation that could cause pressure spikes. By smoothing the gain transition (κ varies continuously), the controller avoids inducing shock waves in the hydraulic circuit.




3.2. Stability Analysis


The system error equation is


   e i  =  θ  d i   − θ  



(39)







Combining the derived dynamic equation and the control input yields the following:


   M i    θ ¨  i  +  C i    θ ˙  i  +  K i   θ i  =  u c  +  u i  f f   +  u i  f b   +  K  c i  n   E i   



(40)




where    K i    represents the stiffness term, used to simulate the effect of gravity.



Rewriting it as an error equation:


   M i    e ¨  i  +  C i    e ˙  i  +  K i   e i  =  u c  +  u i  f f   +  K  p i    e i  +  K  d i     e ˙  i  +  K  c i  n   E i   



(41)







Constructing a Lyapunov function:


  V =   1 2     ∑  i = 1  3      M i    e ˙  i 2  +  K i   e i 2       



(42)







Taking the derivative with respect to time and simplifying yields the following:


   V ˙  =   ∑  i = 1  3   −  C i    e ˙  i 2  +  K  p i    e i    e ˙  i  +  K  d i     e ˙  i 2  +  K  c i  n   E i    e ˙  i     



(43)







When constructing a Lyapunov function, if    C i  > 0  ,    K  d i   > 0  , and    K  p i     is chosen appropriately, then    V ˙  ≤ 0  , indicating that the error ultimately converges and the system is stable. Therefore, using the Lyapunov method, it can be proven that with reasonable selection of control gains, the system error can converge, i.e., the joint synchronization error eventually tends to zero, ensuring high-precision synchronous control of the robotic arm. In practical hydraulic systems, sensor acquisition and controller computation introduce delays that may affect stability margins. However, because the proposed IDCC incorporates feedforward compensation and the gain scaling κ is updated slowly relative to the system bandwidth, the closed-loop system retains robustness against small delays.



In the case of flow saturation, the gain scaling factor κ becomes time-varying (κ(t) ≤ 1). Since κ(t) is bounded and its variation rate is limited by the physical dynamics of the hydraulic system, the Lyapunov function derivative   V ˙   remains negative provided the baseline gains    K  p i     and    K  d i     are sufficiently large. The term (1 − κ(t)) acts as a temporary reduction in the effective gains, but it does not destroy the sign-definiteness of   V ˙   because κ(t) never exceeds 1. Therefore, the system remains asymptotically stable even under flow-limited conditions, though the convergence rate may temporarily decrease.





4. Simulation Analysis of Multi-Joint Synchronous Control Strategy


To verify the effectiveness of the improved deviation coupling control strategy designed earlier, a co-simulation model of the multi-joint system using Simulink (2024b) and Amesim (2020) was used, as shown in Figure 2. In Simulink, the dynamics model of multi-joint robotic manipulators was established based on the derived dynamic equations in this paper (Figure 2a). Figure 2b shows a multi-joint hydraulic model in Amesim, which is driven by a single pump that operates three hydraulic cylinders. The relevant parameters of components such as the hydraulic pump, motor, and proportional valve are listed in Table 1.



Using the planned displacement curves (Figure 3) for each joint as the motion control target for the robotic arm, a Simulink–Amesim co-simulation was performed on the established robotic arm model. The trajectory deviation is shown in Figure 4. For Joint 1 of the robotic arm, using deviation coupling control, at the start of control, the driving hydraulic cylinder’s displacement oscillates, and the error fluctuates up and down, showing an overall increasing trend. At 1.84 s, the error reaches 6.60 mm, then stabilizes around 6.60 mm. Using the improved deviation coupling control, at the start of control, the driving hydraulic cylinder’s displacement also oscillates. At 0.4 s, it reaches the maximum deviation of 3.44 mm, after which the error gradually decreases. The improved deviation coupling control reduces the peak error of Joint 1 by approximately 47.88%. For Joint 2 of the robotic arm, both the original and improved deviation coupling control show a trend of the trajectory deviation first increasing and then decreasing. Using the original deviation coupling control, at 2.28 s, the trajectory deviation of Joint 2 reaches its maximum value of 5.77 mm. Using the improved deviation coupling control, at 1.16 s, the trajectory deviation of Joint 2 reaches its maximum value of 4.15 mm. The improved deviation coupling control reduces the peak error of Joint 2 by approximately 28.08%. For Joint 3 of the robotic arm, the absolute value of the trajectory deviation under both control methods shows a trend of first increasing, then decreasing, and then increasing again. Using the original deviation coupling control, the deviation reaches its maximum value of 4.67 mm at 1.57 s. Using the improved deviation coupling control, the deviation reaches its maximum value of 2.34 mm at 0.57 s. The improved deviation coupling control reduces the peak error of Joint 3 by approximately 49.89%.



Figure 5 shows the flow curves for multi-joint motion control. It can be seen from the figure that throughout the entire motion control simulation process, the total flow demand of the three joints never exceeds the system’s limit of 15 L/min. From the previous simulation, it is known that when step signals are simultaneously set for all three robotic arm joints, the system experiences insufficient supply flow. To verify the effectiveness of the designed control method when flow demand exceeds the system supply limit, a motion control simulation is performed with step signals simultaneously input to all three hydraulic cylinders.



The simulation results for all three hydraulic cylinders using step signals as control signals are shown in Figure 6 and Figure 7. The deviation curve introduced due to joint coupling is shown in Figure 8. From the trajectory curves in Figure 6 and the flow curves in Figure 7, it can be concluded that when using the deviation coupling control method, due to insufficient system flow supply, the control system fails to promptly capture this critical information and make compensations. Joint 1 remains stagnant for a long time. Only when the flow demands of Joints 2 and 3 decrease does Joint 1 receive a portion of the flow and begin to move. Finally, at 6.66 s, all three joints reach their desired positions. When using the improved deviation coupling control method, the system can promptly compensate for Joint 1, avoiding the situation where one joint stagnates due to insufficient flow. The system finally completes the action at 4.8 s, reducing the overall system settling time by 1.86 s, which is a 27.93% reduction compared to the original control method.




5. Experimental Verification


To validate the proposed control method, an experimental platform for an electro-hydraulic proportional control system was developed using the boom cylinder of a compact excavator, as illustrated in Figure 9. The hydraulic circuit of the experimental setup is shown in Figure 10. The three cylinders depicted correspond to the excavator’s boom, bucket, and arm functions. Power was supplied by an electric motor driving a gear pump via coupling, with hydraulic oil directed to the cylinder through a proportional directional valve. The signal control subsystem comprised an upper computer, a Siemens S7-1200 PLC (PLC, manufactured by Siemens AG, Munich, Germany), a signal conditioning board, the proportional directional valve, and a displacement transducer. The displacement transducer captured the real-time position of the cylinder rod, and the signal was fed through the conditioning board and PLC to the upper computer. Based on the acquired displacement data, the upper computer generated a command signal, which was then transmitted to the PLC. The PLC output, after amplification by the signal conditioning board, regulated the spool position of the proportional directional valve, thereby modulating the flow direction and rate of the hydraulic oil to achieve precise extension and retraction of the cylinder.



The results of the linear trajectory planning were used as the input signal for the control system. The trajectory curves and deviation curves for the multi-joint motion control experiment are shown in Figure 11 and Figure 12, respectively. For Joint 1 of the robotic arm, when using deviation coupling control in the experiment, the error rises rapidly at the beginning, reaching 4.90 mm at 2.81 s, and then stabilizes around 4.90 mm. Using the improved deviation coupling control, the error also rises at the beginning, reaching 4.40 mm at 1.23 s, and then stabilizes around 4.40 mm. The peak error is reduced by approximately 10.20%. For Joint 2 of the robotic arm, both the original and improved deviation coupling control show a trend of the trajectory deviation first increasing and then decreasing. Using deviation coupling control, the trajectory deviation of Joint 2 reaches its maximum value of 5.99 mm at 2.14 s. Using the improved deviation coupling control, the trajectory deviation of Joint 2 reaches its maximum value of 5.19 mm at 4.02 s. The peak error is reduced by approximately 13.36%. For Joint 3 of the robotic arm, using deviation coupling control, the deviation reaches its maximum value of 3.08 mm at 0.78 s, and the absolute value of the deviation shows an overall trend of first increasing, then decreasing, and then increasing again. Using the improved deviation coupling control, the deviation reaches its maximum value of 2.60 mm at 4.79 s. The peak error is reduced by approximately 15.58%.



From the previous simulation, it is known that during linear trajectory tracking, the system’s flow supply can meet the demand. To verify the effectiveness of the control strategy when the system flow supply is insufficient, an experiment was conducted where all three joints simultaneously tracked step signals. The trajectory curves for each joint are shown in Figure 13. The deviation caused by joint coupling is shown in Figure 14. Due to insufficient system flow supply, it can be seen that when using deviation coupling control, after the step input is applied, Joints 2 and 3 begin to move immediately. At 2.68 s, because the flow demands of the other two joints gradually decrease, Joint 1 obtains sufficient flow to drive its motion and begins to move slowly. Finally, Joints 1, 2, and 3 reach their desired positions at 7.35 s, 5.81 s, and 3.94 s, respectively. The settling times for the three joints are 6.35 s, 4.81 s, and 2.94 s, respectively. When using the improved deviation coupling control, after the step input is applied, Joints 1, 2, and 3 can all start moving immediately and finally reach their desired positions at 5.35 s, 5.05 s, and 4.70 s, respectively. The settling times for the three joints are 4.35 s, 4.05 s, and 3.70 s, respectively. Although the settling time for Joint 3 is extended by 0.76 s, the settling times for Joints 1 and 2 are significantly reduced. The overall adjustment time of the robotic arm is reduced from 6.35 s to 4.35 s, a reduction of 2 s, or 31.50%. Therefore, it can be concluded that the improved deviation coupling control strategy is effective.



The experimental improvements in peak tracking error (10.20–15.58%) are less pronounced than those of the simulation results (up to 49.89%). This discrepancy can be attributed to several factors: (1) the simulation model assumes idealized hydraulic dynamics with constant bulk modulus and perfect flow distribution, while the experimental setup inevitably includes friction, leakage, temperature effects, and valve dead zone nonlinearities; (2) sensor noise and quantization errors in the displacement transducer degrade the feedback signal quality; and (3) controller gains in the experiment were limited by the actuator’s physical constraints to avoid instability, whereas in simulation they could be tuned more aggressively. Despite these differences, the experimental results consistently demonstrate that the proposed IDCC outperforms the traditional DCC, confirming its practical viability.




6. Conclusions


(1) An improved deviation coupling control (IDCC) strategy is proposed for multi-joint hydraulic robotic arms. This strategy integrates feedforward–feedback compensation, synchronous error coupling, and a flow-limiting correction term, and demonstrates superior performance in suppressing inter-joint coupling interference and enhancing trajectory tracking accuracy compared to traditional methods.



(2) Simulation and experimental results validate the effectiveness of the proposed approach. The controller significantly reduces the peak trajectory error by up to 49.89% for the three joints, improves the system’s adaptability under flow-saturation conditions, and decreases the overall adjustment time by 27.93% in simulation and 31.50% in experiments.



(3) This study provides a practical and effective control solution for achieving high-precision trajectory tracking of hydraulic robotic arms in complex and dynamic application scenarios such as intelligent mining. The established coupled dynamic model and the proposed control framework lay a solid foundation for related research and applications in this field.
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Figure 1. Deviation coupling control structure diagram. 
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Figure 2. Co-simulation model of the multi-joint system using Simulink and Amesim: (a) deviation coupling control simulation model in Simulink; (b) multi-joint hydraulic model in Amesim. 
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Figure 3. Multi-joint motion control trajectory curves: (a) Joint 1, (b) Joint 2, (c) Joint 3. 
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Figure 4. Deviation curves of multi-joint motion control trajectory: (a) Joint 1, (b) Joint 2, (c) Joint 3. 
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Figure 5. Multi-joint motion control flow curves: (a) improved deviation coupling control; (b) deviation coupling control. 
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Figure 6. Multi-joint motion control trajectory curves with step signal input: (a) deviation coupling control; (b) improved deviation coupling control. 
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Figure 7. Multi-joint motion control flow curves with step signal input: (a) deviation coupling control; (b) improved deviation coupling control. 
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Figure 8. Simulation curves of deviation caused by joint coupling. 
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Figure 9. Small excavator experimental platform. 
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Figure 10. Hydraulic schematic diagram of excavator. 
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Figure 11. Trajectory curves of multi-joint motion control experiment: (a) Joint 1, (b) Joint 2, (c) Joint 3. 
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Figure 12. Deviation curves of multi-joint motion control experiment: (a) Joint 1, (b) Joint 2, (c) Joint 3. 
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Figure 13. Experimental trajectory curves of multi-joint motion control under step signal input: (a) deviation coupling control; (b) improved deviation coupling control. 
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Figure 14. Experimental curves of deviation caused by joint coupling. 
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Table 1. Amesim simulation parameters for multi-joint system.
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	Parameter
	Value





	Motor RPM (r/min)
	1500



	Pump Displacement (cc/rev)
	10



	Proportional Valve Pressure Drop (bar)
	10



	Relief Valve Cracking Pressure (Mpa)
	8
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