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Abstract

:

This study designs and implements a wheeled bipedal robot (WBR) that combines the mobility of wheeled robots and the dexterity of legged robots. The designed WBR has extra knee joints to maintain body balance when encountering uneven terrain. Because of the robot’s highly nonlinear, dynamic, unstable, and under-actuated nature, an intelligent motion and balance controller (IMBC) based on a fuzzy logic approach is proposed to maintain the balance of the WBR while it is standing and moving on the ground. It should be emphasized that the proposed IMBC system does not require prior knowledge of system dynamics and the controller parameters are tuned using the qualitative aspects of human knowledge. Furthermore, a 32-bit microcontroller that has memory, programmable I/O peripherals, and a processor core is used to implement the IMBC method. Finally, moving and rotating, height-changing, posture-keeping, and “one leg on slope” movement scenarios are tested to demonstrate the feasibility of the proposed IMBC system. The experimental results show that, by using the proposed IMBC system, the WBR can not only balance and move well both on flat ground and in complex terrain but also extend each leg independently to maintain body balance.






Keywords:


fuzzy control; balance control; movement control; wheeled bipedal robot












1. Introduction


Automation has become an integral part of all kinds of work, touting the benefits of not only reducing personnel costs but also maintaining the quality of the work done. In the past, industrial robots and human workers worked independently of each other in the workspace; however, robots and human workers will need to interact more directly in the future. Mechanisms for robot motion can be divided into two main domains: wheel-based approaches [1,2,3] and leg-based approaches [4,5,6]. Wheeled robots can change their position easily and quickly and their cost is lower; however, they cannot handle uneven terrain. Legged robots can travel almost anywhere but require heavy computational processing to actuate such complex movements. As they can achieve the advantages of both wheel- and leg-based designs, wheel-legged robots have attracted much attention [7,8,9,10,11,12]. The wheel-legged robot can move fast on flat ground and pass over uneven terrain, thereby improving the robot’s adaptability in application scenarios. It also allows the robot’s height to be changed to avoid collisions when it needs to pass under low obstacles.



Both academia and industry have conducted extensive research on self-balancing two-wheeled robots [13,14,15]. These have become an important member of the family of autonomous service robots, thanks to their good movement speed, load capacity, and terrain adaptability, and the concept has been successfully applied to transport robots [16] and hospitality robots [17,18]. Considering the diversity of locations, the wheeled bipedal robot (WBR) [19,20], which has two legs and two wheels (with the wheels installed on each foot), has more degrees of freedom than self-balancing two-wheeled robots [13,14,15,16,17,18] in the vertical direction. By achieving a higher movement speed and a larger movement range, it is designed to be flexible even in the variable terrain of indoor environments. The most famous WBRs are “Handle” from Boston Dynamics and “Ascento” from ETH Zurich, which can move quickly on flat terrain, go down stairs, and jump through obstacles. However, because there are only two contact points between the robot and the ground, the ability to balance plays a key role in the practical application of WBRs.



Recently, there is increasing interest in studying the design, modeling, and control of WBRs. Traditional control schemes have been employed to solve the balance and height control issues [21,22,23,24,25,26,27,28,29,30,31,32]. A linear quadratic regulator (LQR) controller was designed to implement stabilization and driving control, and a proportional-integral-derivative (PID) controller was designed to synchronize the two leg motors in order to change the height of the robot [21]. However, these control gains needed to be pre-constructed using a tuning procedure. A cascade PID controller was proposed as the movement control system of a WBR [22]. Although it could achieve satisfactory balancing motion performance, it did not take into account how the WBR could pass over rough terrain. An easy-to-implement LQR-based control system was proposed [23,24,25,26]. However, the control performance degrades in the case of WBR operating point changes. An inverse dynamics controller was designed to consider the full dynamics of the WBR without neglecting any nonlinear dynamics terms [27]. However, these system uncertainties are unavoidable in a real WBR. A whole-body control frame was proposed for a WBR so that it could not only accelerate and decelerate along the forward direction and balance dynamically but also withstand disturbances more efficiently [28,29,30,31,32]. However, its control performance was highly dependent on the accuracy of the WBR’s dynamic model.



The parameters of the model-based controller in recent studies [21,22,23,24,25,26,27,28,29,30,31,32] have had to be manually adjusted to ensure effective control when the physical parameters of the WBR change, such as robot height and payload weight. To overcome this shortcoming as well as solve the WBR balance problem, intelligent control schemes have been proposed [33,34,35]. A cascade PID controller was proposed for the path tracking of a WBR in which a reinforcement learning method automatically obtained optimal gains for the control law in a simulation [33]. Although the obtained controller gains could be directly applied in real-world scenarios without any re-training, the effect of robot height variation on the control response was not considered. A learning-based solution was proposed based on adaptive optimal control, where the controller parameters could be learned directly from the input-state data in the Gazebo robotic simulator [34]. However, it required heavy computational processing. An intelligent adaptive sliding-mode controller was proposed for the trajectory tracking and stability of a WBR, where a fuzzy-basis-function-network was used to approximate the system dynamics online [35]. However, the controller did not consider the effect of WBR height variation on the system response.



Fuzzy control (FC) using linguistic information can model the qualitative aspects of human knowledge and possesses several advantages, such as robustness, being model-free, and being a rule-based algorithm [36,37,38]. Most of the operations in an FC use error and change-of-error as the fuzzy input variables, where the rules table is constructed in a two-dimensional input space, which cause difficulties in implementation. It can be found that the rule tables have the skew–symmetry property, where the absolute magnitude of the control input is proportional to the distance from its main diagonal line in the normalized input space. To reduce the complexity of the implementation, a single-input fuzzy controller (SFC) was proposed based on the sliding-mode control scheme, where a new fuzzy input variable (called the signed distance) was derived [39,40,41,42]. Compared to FC system, the total number of fuzzy rules used in SFC system is greatly reduced, so the control rules can be easy to generate and adjust. However, due to the linguistic expression of the FC and SFC systems, it has not been easy to guarantee the stability and robustness of the closed-loop control systems.



This study proposes a WBR that consists of a body and two legs with wheels where each leg can be independently extended and retracted by driving a motor mounted on the hip of the body. It has the advantages of both leg and wheel movement, with good maneuverability and a high load capacity. The height of the proposed WBR can be adjusted through the realization of a four-bar linkage. Since the four-bar linkage approximates the linear motion of the wheels perpendicular to the ground, the WBR can traverse simple terrain in the same manner as wheeled robots and adjust its posture to the shape of uneven ground.



To overcome the highly dynamic and under-actuated nature of the proposed WBR’s behavior, this study proposes an intelligent motion and balance control (IMBC) system that comprises fuzzy movement balancing control (FMBC), fuzzy yaw steering control (FYSC), and fuzzy roll balancing control (FRBC). The FMBC, based on a dual-loop control structure, is designed to cope with the under-actuated nature problem of the WBR and allow the WBR to move at the desired velocity command while maintaining balance. The FYSC is a compensated speed control signal for the WBR that can rotate about its vertical axis, and the FRBC extends each leg independently to change the robot’s height and altitude when driving over challenging terrain. Since the proposed IMBC method was designed based on the SFC method, it does not require complex analysis or heavy computational processing. A low-cost 32-bit STM32F446RE microcontroller is used to implement the control method for the WBR. Finally, four experimental scenarios are tested to explore the stability performance of the proposed IMBC system. The experimental results show that the proposed IMBC system is feasible and effective for robot motion on both flat and complex terrain.



The contribution of this study can be summarized as follows: (1) The mechanical structure of the WBR, which has two legs and two wheels (with the wheels installed on each foot), is designed and implemented. (2) An experimental setup is presented for the WBR using a low-cost 32-bit STM32F446RE microcontroller. (3) The IMBC system is shown to be able to maintain the balance of the WBR while standing and moving on the ground. (4) The IMBC system is shown to be able to independently control two leg motors to change the robot’s height and attitude and allow the WBR to move over challenging terrain.



The remainder of this study is outlined as follows. In Section 2, the design and dynamic model of the WBR is presented. In Section 3, the structure of the IMBC system is presented. Experimental tests are presented in Section 4, and conclusions are given in Section 5.




2. System Structure and Modeling of the WBR


2.1. Mechanical Design


Figure 1 shows the mechanical structure of the WBR: Figure 1a shows the leg components and Figure 1b shows the kinematic models. The developed WBR, which consists of a body and two legs with wheels, is a promising way to improve the performance of bipedal robots in terms of flexibility, movement speed, and energy efficiency. By adding wheels to the ends of the legs, each leg can be independently extended and retracted by driving a leg motor mounted on the hip of the body. The torsion springs installed in the inner joints (see Figure 1a) are used to counteract the weight of the WBR itself, which can reduce the control effort of the leg motors when driving or standing to improve the overall efficiency of the robot. The total height of the WBR can be adjusted between 26 cm and 33 cm through the realization of a four-bar linkage.



In order to illustrate the relationship between the leg length of the WBR and the angle of the leg motor, part of the right leg is considered as shown in Figure 1b. The length between the pin joint and the inner joint,    L  k R    , can be found according to the Cosine law as follows:


   L  k R   =    L 1 2  +  L 2 2  − 2  L 1   L 2  cos  θ  k R      



(1)




where    L 1    is the length between the pin joint and the knee joint,    L 2    is the length between the pin joint and the leg joint, and    θ  k R     is the leg motor angle of the right leg. The torsion spring angle    θ  t R     and the length    L R    of the right leg of the WBR can be found as follows:


   θ  t R   = π −   cos   − 1    (     L 1 2  +  L  k R  2  −  L 2 2    2  L 1   L  k R      )  −   cos   − 1    (     L 3 2  +  L  k R  2  −  L 1 2    2  L 3   L  k R      )   



(2)






   L R  =    L 1 2  +  L 4 2  − 2  L 1   L 4  cos (  θ  t R   )    



(3)




where    L 3    is the length between the knee joint and the inner joint and    L 4    is the length between the inner joint and the wheel motor. The height of the right side of the WBR is given as:


   h R  =  L R  + R  



(4)




where  R  is the wheel radius. Similarly, the height of the left side of the WBR,    h L   , can be obtained using the leg motor angle of the left leg    θ  k L     as follows:


   h L  =    L 1 2  +  L 4 2  − 2  L 1   L 4  cos (  θ  t L   )   + R  



(5)




in which


   θ  t L   = π −   cos   − 1    (     L 1 2  +  L  k L  2  −  L 2 2    2  L 1   L  k L      )  −   cos   − 1    (     L 3 2  +  L  k L  2  −  L 1 2    2  L 3   L  k L      )   



(6)






   L  k L   =    L 1 2  +  L 2 2  − 2  L 1   L 2  cos  θ  k L      



(7)




where    θ  t L     is the torsion spring angle and    L  k L     is the length between the pin joint and the inner joint of the left leg of the WBR, respectively. Thus, the joint angles are adjusted to produce a change in the lengths of both sides of the robot (   h R    and    h L   ) when the two leg motors are driven (   θ  k R     and    θ  k L    ).




2.2. Hardware and Software


Figure 2 shows the photographs of the WBR: Figure 2a shows the WBR platform and Figure 2b shows the hardware connection diagram. The hardware connection diagram is composed of a STM32F446RE microcontroller, a MPU 6050, two wheel motors with optical encoders, and two leg motors. The MPU 6050, consisting of a 3-axis accelerometer and a 3-axis gyroscope, is located at the center of the robot body, the STM32F446RE microcontroller is placed on the upper body, and the motor drives are located on the lower body. The leg motor is a Dynamixel motor (MX-64) made by ROBOTIS, which can provide enough power for a leg to adjust the height of the robot. The wheel motor is a geared DC motor (GM25-370) made by ChiHai MOTOR, which can provide smooth stabilization and counteract disturbances to the tilt angle of the system. An encoder is installed behind the wheel motor to provide information on the robot’s translational velocity and position. The MPU 6050 is used to measure the roll and pitch angles of the robot tilt. The STM32F446RE microcontroller, which is coded by Keil C, is used as a platform for the implementation of control algorithms; it has a Cortex-M4 core, a processor clock frequency of up to 180 MHz, and a rich set of IO ports for connecting to various sensors and motors. The microcontroller, leg motors, wheel motors, and remaining electronic devices are powered by a 3-cell LiPo Battery.




2.3. Modeling


In order to manipulate the WBR, it is necessary to build a mathematical model that allows the robot and the designed controller to successfully achieve the desired control goals. Figure 3 shows the coordinate systems of the WBR and Appendix A lists all the symbols used and their definitions. The robot’s position can be measured as    θ w  =  1 2  (  θ R  +  θ L  )   and the robot’s body yaw angle  ψ  can be given as:


  ψ =  R  2 W   (  θ R  −  θ L  )  



(8)




where    θ R    is the rotary angle of the right wheel motor and    θ L    is the rotary angle of the left wheel motor. The dynamic model of the WBR for the pitch axis can be described as [43]:


   E   [        θ ¨  w        θ ¨      ]  +  F   [        θ ˙  w        θ ˙      ]  +  G   [       θ w       θ     ]  =  H   [       v L         v R       ]  +  D   



(9)




where   E   is the inertia matrix,   F   is the matrix of centripetal and Coriolis forces,   G   is the gravity matrix,   H   is the gain matrix,   D   is the lump of uncertainties matrices (including the external disturbances and parameter uncertainties), and    v L    and    v R    are the input voltages of the left and right wheel motors, respectively. These matrices can be found by considering the limits   θ → 0  ,   sin θ → θ   and   cos θ → 1   as:


  E =  [    ( 2 m + M )  R 2  + 2  J w  + 2  J m    M L R − 2  J m            M L R − 2  J m      M  L 2  +  J ψ  + 2  J m     ]   



(10)






  F = 2  [       K t   K b     R m      −    K t   K b     R m        −    K t   K b     R m         K t   K b     R m       ]   



(11)






  G =  [    0     0     0   − M g L    ]   



(12)






  H =  [       K t     R m           K t     R m        −    K t     R m      −    K t     R m       ]   



(13)







Equation (9) can be divided into two subsystems: one is the velocity control subsystem and the other is the balancing control subsystem. The velocity control subsystem is used to allow the WBR to move at the desired velocity command, and the balancing control subsystem is used to maintain the WBR’s balance. Meanwhile, the dynamic model of the WBR for the yaw axis can be expressed as [43]:


   ψ ¨  = −  J I  +  [  −  K I     K I   ]   [     v L       v R     ]   



(14)




where   I = 2 m  W 2  +  J ϕ  +   2  W 2     R 2    (  J w  +  J m  )  ,   J =   2  W 2     R 2       K t   K b     R m     , and   K =  W R     K t     R m     . The robot body roll angle can be given as:


  ϕ =   tan   − 1   (    h L  −  h R    2 W   )  



(15)







When the robot’s two legs are on the ground. From (9), (14) and (15), it shows the nonlinear and under-actuated nature of the WBR system. Since these robot parameters and the uncertainties matrix are unknown or perturbed in real WBR applications, a model-free control scheme should be designed that not only accelerates and decelerates along the forward direction and balances dynamically but is also robust to uncertainties.





3. Controller Design for the WBR


A dual-loop control structure was proposed to cope with the under-actuated nature problem of a self-balancing two-wheeled robot moving and turning while maintaining the robot’s balance [43]. Extending the design ideas, this study proposes an IMBC system for the WBR, as shown in Figure 4. It comprises three controllers: FMBC, FYSC, and FRBC. It is similar to [43], where the FMBC designed using a dual-loop control structure allows the WBR to move at the desired velocity command while maintaining balance and the FYSC can control the WBR to rotate about its vertical axis. Unlike [43], the FRBC is a novel design that independently controls two leg motors to change the robot’s height and altitude and allows the WBR to travel over challenging terrain.



3.1. FMBC Design


The FMBC should control the WBR to move at the desired velocity command and remain balanced even in the height variation of the WBR. A dual-loop control scheme is utilized, where the outer-loop controller (for the velocity control subsystem) is used to calculate the desired robot pitch angle for tracking velocity commands and the inner-loop controller (for the balancing control subsystem) is applied to keep the body balanced with the desired robot pitch angle. Thus, the advantage of the FMBC scheme lies in its simplicity and robust performance, compared to some other existing schemes [23,24,25,26,27,28,29,30,31,32]. According to the velocity command     θ ˙   w c     given by the users, an outer-loop sliding index is designed as [43]:


   s w  =  e w  +  λ 1     ∫ 0 t    e w  d τ     



(16)




where    e w  =   θ ˙   w c   −   θ ˙  w    is the translational velocity error and    λ 1    is a positive constant. In order to converge the translational velocity error of the robot to zero quickly and have an excellent system response such as a faster rising time and smaller overshoot, each fuzzy rule of the outer-loop controller is given as follows:


   IF    s w      is    F  s w  i    ,   THEN    θ c      is    F  θ c  i    ,   for   i = 1 , 2 , … , 7   



(17)




where    F  s w  i    are the labels of the fuzzy sets,    F  θ c  i    are the singleton control actions, and    θ c    is the desired robot pitch angle. The fuzzy rules base of the outer-loop controller is given in Table 1, where the fuzzy labels are negative big (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM), and positive big (PB), as shown in Figure 5a, where the membership functions of the fuzzy sets are given in a triangular form. The fuzzy rules in Table 1 are constructed using the idea that the outer-loop sliding index    s w    can quickly reach zero via a time-consuming trial-and-error tuning procedure. The adopted outer-loop sliding index reduces the number of fuzzy rules, thus reducing the complexity of adjustment. It shows that the translational velocity error    e w    will converge to zero when the outer-loop sliding index converges to zero. The outer-loop controller allows the WBR to move at the desired velocity command; thus, the velocity control subsystem can be asymptotically stable under the action of the outer-loop controller.



To cope with the system uncertainties caused by the changes in robot height, each fuzzy rule of the inner-loop controller is given as follows:


  IF   h    is    F h j    ,   THEN    v b      is     k  j T    e  θ    ,   for   j = 1 , 2 , … , 3   



(18)




where the robot height can be measured as   h =  1 2  (  h R  +  h L  )  ,    F h j    are the labels of the fuzzy sets,    e θ  = θ −  θ c    is the error of the body pitch angle,     e  θ  =   [  e θ  ,     e ˙  θ  ]  T    is the error vector, and     k  j    is the control gains vector of the inner-loop controller. The fuzzy labels used in this study are low (LO), medium (MD), and high (HI), as shown in Figure 5b, where the membership functions of the fuzzy sets are given in a triangular form. It is known that the outer-loop controller obtains the virtual angle command by defining the outer-loop sliding index and the inner-loop controller tracks the virtual angle command by defining the robot angle error. Thus, the balancing control subsystem can be asymptotically stable under the action of the inner-loop controller.




3.2. FYSC Design


FYSC is designed to control the WBR so that it can rotate along its vertical axis. The speed control signals applied to the right or left driving wheels are obtained as follows:


   v L  =  v b  +  v y   



(19)






   v R  =  v b  −  v y   



(20)




where    v b    is the FMBC output and    v y    is the FYSC output. According to the velocity command     ψ ˙  c    given by the users, a yawing sliding index is designed as [43]:


   s ψ  =  e ψ  +  λ 2     ∫ 0 t    e ψ  d τ     



(21)




where the yaw speed error    e ψ  =   ψ ˙  c  −  ψ ˙    and    λ 2    are positive constants. Each fuzzy rule of the FYSC is given as follows:


   IF    s ψ      is    F  s ψ  i    ,   THEN    v y      is    F  v y  i    ,   for   i = 1 , 2 , … , 7   



(22)




where    F  s ψ  j    are the labels of the fuzzy sets as shown in Figure 5a and    F  v y  i    are the singleton control actions. The fuzzy rules base of the FYSC is shown in Table 2, where it is constructed using the idea that the yawing sliding index    s ψ    can quickly reach zero via a time-consuming trial-and-error tuning procedure. The adopted yaw sliding index reduces the number of fuzzy rules, thus reducing the complexity of adjustment. It shows that the yaw speed error    e ψ    will converge to zero when the yaw sliding index converges to zero. The FYSC allows the WBR to rotate along its vertical axis at the desired velocity command. Thus, it can be asymptotically stable under the action of the FYSC.




3.3. FRBC Design


When the ground is rough or the robot’s legs are not of equal length, the FRBC is designed to control the WBR and maintain its horizontal posture and height by adjusting the length of its legs. Due to the hardware limitation, the WBR’s leg length cannot be extended or shortened indefinitely. In the proposed WBR, the length of its legs can be adjusted between    h  max   = 161.1   mm and    h  min   = 93.7   mm through the realization of a four-bar linkage. When the leg length of the WBR is within the limitation, the FRBC is designed for posture control, and when the leg length of the WBR is on the limitation, the FRBC is designed for height control. First, considering the robot height is between    h  max     and    h  min    , the FRBC is designed to control the WBR to maintain its horizontal posture. In the posture controller design, a rolling sliding index is designed as:


   s ϕ  =  ϕ ˙  +  λ 3  ϕ  



(23)




where    λ 3    is a positive constant. Each fuzzy rule of the posture controller is given as follows:


   IF    s ϕ      is    F  s ϕ  i    ,   THEN   Δ  θ  k L       is    F  ϕ L  i      and   Δ  θ  k R       is    F  ϕ R  i    ,   for   i = 1 , 2 , … , 7   



(24)




where    F  s ϕ  i    are the labels of the fuzzy sets as shown in Figure 5a and    F L i    and    F R i    are the singleton control actions. The fuzzy rules base of the posture controller is shown in Table 3a, where it is constructed using the idea that the rolling sliding index    s ϕ    can quickly reach zero via a time-consuming trial-and-error tuning procedure. The adopted rolling sliding index reduces the number of fuzzy rules, thus reducing the complexity of adjustment. It shows that the roll angle of the robot body  ϕ  will converge to zero when the rolling sliding index converges to zero. Thus, the FRBC allows the WBR to control two leg motors independently so as to maintain its horizontal posture.



Secondly, given that the height of either leg of the robot is at the limitations    h  max     or    h  min    , the FRBC is designed to adjust the length of its legs to maintain its height. In order to ensure that the WBR can be kept at the setting height    h  s e t    , each fuzzy rule of the height controller can be designed as follows:


   IF    e L      is    F  e L  i    ,   THEN   Δ  θ  k L       is    F  h L  i    



(25)






   IF    e R      is    F  e R  i    ,   THEN   Δ  θ  k R       is    F  h R  i    



(26)




where    e L  =  h L  −  h  s e t     and    e R  =  h R  −  h  s e t     are the height errors,    F  e L  i    and    F  e R  i    are the labels of the fuzzy sets as shown in Figure 5a, and    F  h L  i    and    F  h R  i    are the singleton control actions. The fuzzy rules base is shown in Table 3b, where it is constructed using the idea that the height errors (   e L    and    e R   ) can quickly reach zero by a time-consuming trial-and-error tuning procedure. This allows the WBR to control two leg motors independently in order to change the height of the robot while it is asymptotically stable under the action of FRBC. Thus, the motor angle of the left leg and the right leg are updated as follows:


   θ  k L   ( N + 1 ) =  θ  k L   ( N ) + Δ  θ  k L    



(27)






   θ  k R   ( N + 1 ) =  θ  k R   ( N ) + Δ  θ  k R    



(28)




where  N  denotes the number of iterations.





4. Experimental Results


The controller parameters of the IMBC system were selected as    λ 1  = 0.01  ,    λ 2  = 0.125  ,    λ 3  = 0.5  ,     k  1  =   [ 130 ,   10 ]  T   ,     k  2  =   [ 125 ,   10 ]  T   , and     k  3  =   [ 120 ,   10 ]  T   , considering the stability requirements and possible operating conditions. Generally, these control parameters require some trial-and-error tuning procedures to determine. To show the effectiveness of the IMBC system, a comparison between the cascade PID control [22] and the proposed IMBC system is presented. Four experimental scenarios (namely moving and rotating, height-changing, posture-keeping, and one leg on slope movement) were tested to explore the stability performance of the controllers. Figure 6 shows four photographs of the experiments, and the experimental results are discussed below.



4.1. Moving and Rotating Scenario


In this scenario, the WBR started by balancing in its initial posture at the setting height and staying at the setting height. The tests were then carried out, including self-balancing, station-keeping, anti-interference, moving, and rotating tests. The experiment was performed by executing three actions to demonstrate the flexibility of the WBR. Two external forces were pushed on both sides of its body by human hands at approximately the 3rd and 6th second. The WBR was then ordered to go forward for 3 s at the 12th second and turn right in place for 3 s at the 17th second. The experimental results of the moving and rotating scenario are shown in Figure 7a,b for the cascade PID control [22] and the IMBC system, respectively. These figures show that both the cascade PID control and the IMBC system are sufficiently robust against external disturbances and can perfectly perform tasks such as moving and rotating in place while maintaining good balance.




4.2. Height-Changing Scenario


In this scenario, the WBR started balancing in its initial posture at the minimum height. The experiment was performed by increasing the height of the robot to the maximum height starting at approximately the 2nd second and then changing the height of the robot to the minimum height at approximately the 4th second. The experimental results of the height-changing scenario are shown in Figure 8a,b for the cascade PID control [22] and the IMBC system, respectively. It can be seen that when the robot height command is changed, the length of both legs increases or decreases at the same time. Comparing Figure 8a,b shows that the WBR was able to stay in place without generating significant motion when using the proposed IMBC system. However, when using the cascade PID control, the robot could not stay in its original position, owing to the change in height of its center of gravity. This result demonstrates that the proposed IMBC system can effectively overcome the effects of system uncertainties caused by robot height variations.




4.3. Posture-Keeping Scenario


The robustness of the IMBC system was tested when one wheel was slightly off the ground. The purpose of the experiment was to test whether the leg strategy controller could maintain the robot’s height when it was disturbed by human hands. The experiment was performed by lifting the right foot of the WBR by hand at approximately the 2nd second and putting it down at approximately the 6th second, and then lifting the left foot of the WBR by hand at approximately the 12th second and putting it down at approximately the 16th second. The experimental results of the posture-keeping scenario are shown in Figure 9a,b for the cascade PID control [22] and the IMBC system, respectively. They show that the proposed IMBC system can maintain the horizontal posture of the WBR during the leg lifting process, and when the single leg on one side of the leg lift reaches its limit, the other side can be extended or retracted to compensate for the error of the horizontal angle. Because the cascade PID controller cannot independently control two leg motors to change the robot’s attitude, the horizontal posture of the WBR cannot be maintained during the leg lifting process.




4.4. One Leg on Slope Movement Scenario


The WBR moved on a small slope of approximately 12° on one side and 8° on the other side, with the left leg on the small slope and the right leg on the flat ground. The purpose of the experiment was to test whether the leg strategy controller could keep the robot horizontal when it was disturbed by terrain. The experiment had the robot move forward at approximately the 5th second with the left foot on the ramp but the right foot on the ground and then move backward to its original position at approximately the 7th second. The experimental results of the posture-keeping scenario are shown in Figure 10a,b for the cascade PID control [22] and the IMBC system, respectively. These results show that the proposed IMBC system can adjust the height of the left and right legs in time to avoid the robot falling over as a result of a change in height of the left and right leg positions. However, the cascaded PID controller cannot adjust the height of the left and right legs independently, so when the WBR is disturbed by terrain changes, its balance can easily fail.





5. Conclusions


Due to the non-linear and under-actuated nature of the wheeled bipedal robot (WBR) system, this study presented an intelligent motion and balance control (IMBC) method based on the fuzzy logic approach. It should be emphasized that the IMBC system allows for stability and drive control and does not require the same system dynamics and system parameters of a WBR. Besides the simplicity of design, many other advantages are offered by the proposed control method (such as robustness against external disturbance and parameters variation). Four experimental scenarios, namely moving and rotating, height-changing, posture-keeping, and one leg on slope movement, were tested to explore the stability performance of the IMBC system for the WBR. The experimental results showed that the proposed IMBC system is capable of providing appropriate control outputs to maintain the body balance of the robot, as well as the motion and steering control of the robot, even under variable environmental terrain and with changing robot height. Meanwhile, the video showing the IMBC system for WBR can be found at https://www.youtube.com/watch?v=AR6yP99sSjs (accessed on 20 November 2022). However, the IMBC system depends to a large extent on the expert’s knowledge or on trial and error. It was not easy to guarantee the stability and robustness of the closed-loop control systems.



Future works in this study may focus on: (1) Giving a more systematic way to apply external forces to provide a more specific description of performance comparisons. (2) Utilizing Type-2 fuzzy systems [44] to handle the rule uncertainties when it is hard to exactly determine the grade of membership functions. (3) Auto-tuning a fuzzy controller [45,46], whose fuzzy rules can be tuned online without requiring time-consuming adjustments, is developed to ensure the stability of the closed-loop system. (4) Detecting dynamic obstacle and road features using LiDAR and CCD images to develop an autonomous navigation framework [47,48] that interacts with humans.
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Appendix A




	  θ  
	body pitch angle



	  ψ  
	body yaw angle



	  ϕ  
	body roll angle



	    θ w    
	robot position



	    θ R    
	rotary angle of the right wheel motor



	    θ L    
	rotary angle of the left wheel motor



	  R  
	wheel radius



	  W  
	half of body width



	  L  
	distance of CoG from the wheel axle



	  m  
	wheel weight



	  M  
	body weights



	    J W    
	wheel inertia moment



	    J θ    
	body pitch inertia moment



	  g  
	gravity acceleration



	    R m    
	wheel motor resistance



	    K t    
	wheel motor torque constant



	    K b    
	wheel motor back electromotive force coefficient



	    J m    
	wheel motor inertia moment



	    L 1    
	length between the pin joint and the knee joint



	    L 2    
	length between the pin joint and the leg joint



	    L 3    
	length between the knee joint and the inner joint



	    L 4    
	length between the inner joint and the wheel motor



	  h  
	robot height



	    h L    
	height of the left side of the WBR



	    h R    
	height of the right side of the WBR



	    θ  k L     
	rotary angle of the left leg motor



	    θ  k R     
	rotary angle of the right leg motor
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Figure 1. Mechanical structure. (a) Leg components. (b) Kinematic model of the right leg. 
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Figure 2. Photographs of the WBR. (a) WBR platform. (b) Hardware connection diagram. 
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Figure 3. Generalized coordinates of the system. (a) Side view. (b) Top view. (c) Front view. 
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Figure 4. The block diagram of the IMBC system for the WBR. 
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Figure 5. Membership functions. (a) FMBC and FRBC; (b) FYSC. 
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Figure 6. Photographs of the experiments: (a) moving and rotating; (b) height-changing; (c) posture-keeping; (d) one leg on slope movement. 
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Figure 7. Results of moving and rotating. (a) Cascade PID control; (b) the IMBC system. 
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Figure 8. Results of height changing. (a) Cascade PID control; (b) the IMBC system. 
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Figure 9. Results of body balancing. (a) Cascade PID control; (b) the IMBC system. 
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Figure 10. Results of one leg on slope moving. (a) Cascade PID control; (b) the IMBC system. 
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Table 1. The fuzzy rules for the FMBC.
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	     s w     
	NB
	NM
	NS
	ZO
	PS
	PM
	PB





	    F  θ c  i    
	−15.0
	−8.5
	−5.4
	0.0
	5.4
	8.5
	15.0
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Table 2. The fuzzy rules for the FYSC.
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	     s ψ     
	NB
	NM
	NS
	ZO
	PS
	PM
	PB





	    F  v y  i    
	−0.8
	−0.3
	−0.1
	0.0
	0.1
	0.3
	0.8
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Table 3. The fuzzy rules for the FRBC.
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(a) posture control




	
    s ϕ    

	
NB

	
NM

	
NS

	
ZO

	
PS

	
PM

	
PB




	
   Δ  θ  k L     

	
−2.0

	
−1.5

	
−0.7

	
0.0

	
0.7

	
1.5

	
2.0




	
   Δ  θ  k R     

	
2.0

	
1.5

	
0.7

	
0.0

	
−0.7

	
−1.5

	
−2.0




	
(b) height control




	
    e L  ,  e R    

	
NB

	
NM

	
NS

	
ZO

	
PS

	
PM

	
PB




	
   Δ  θ  k L   , Δ  θ  k R     

	
−10

	
−7.5

	
−3.0

	
0.0

	
3.0

	
7.5

	
10
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