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Abstract: With the widespread application of robotic arms in industrial automation, and
medical and service robots, improving their precise control capabilities has become a
technical problem that needs to be solved urgently. Traditional control methods have
limitations in dealing with target object deviation and motion accuracy, especially in complex
tasks. To solve this problem, this paper proposes an innovative robotic arm motion
optimization method, the "somersault" method, which significantly improves the grasping
accuracy and motion stability of the robotic arm by decomposing the large-angle rotation of
the robotic arm chassis into multiple small-angle continuous rotations. Especially when the
target object is located on the negative semi-axis, it can effectively expand the grasping range
of the robotic arm. This paper also optimizes the inverse kinematics, spatial solution and PID
control algorithms of the robotic arm, and realizes efficient image processing and real-time
control through FPGA. Experimental results show that after adopting the "somersault"
method, the accuracy and stability of the robotic arm in complex environments are
significantly improved, and it can quickly switch between multiple targets and accurately
complete the grasping task. This method not only improves the control accuracy of the robotic
arm, but also provides a new technical path for future applications in industrial automation,
intelligent manufacturing.
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1. Introduction

With the widespread application of robotic arms in the fields of industry, medical treatment, service
robots, etc., how to improve the control accuracy and motion flexibility of robotic arms has become
an important research topic. The efficient and precise control of multi-degree-of-freedom robotic
arms depends on advanced algorithms and hardware technologies. Especially in complex dynamic
environments, how to ensure that the robotic arms can accurately perform grasping tasks has become
a technical challenge that needs to be solved in the field of automation[1]. At present, the motion
control of robotic arms mainly relies on inverse kinematics algorithms, PID control, and spatial
solution technologies. However, in practical applications, traditional control methods still have
limitations in dealing with the position deviation and motion accuracy of target objects[2].

This paper proposes an innovative robotic arm motion optimization method, the "somersault"
method, which overcomes the accuracy problem caused by large-angle rotation in traditional methods
by decomposing the rotation action of the robotic arm chassis into multiple small-angle continuous
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rotations. Unlike the traditional single large-angle rotation, the "somersault" method enables the
robotic arm to achieve more precise control in the entire workspace through small-angle
decomposition, especially in the grasping of target objects in the negative semi-axis area, which
significantly improves the grasping stability and positioning accuracy of the robotic arm[1].

In addition, this paper also optimizes the image recognition, inverse kinematics, and PID control
algorithms of the robot arm, and realizes real-time image processing and motion control through
FPGA hardware acceleration[3]. Through the combination of these technologies, the system designed
in this paper shows good accuracy and stability in multi-target grasping and dynamic environments,
providing a new solution for the future application of robot arms in the fields of industrial automation
and service robots.

2.  System overview

The system is based on the FPGA development kit. It processes and analyzes the image of the target
object, calculates the position and posture of the object, and then uses inverse kinematics and spatial
solution to control the robotic arm to complete the specified action. The system mainly includes
modules such as image acquisition, image processing, robotic arm control and host computer
communication. In terms of hardware, the system uses an FPGA development board and a servo
controller. The image acquisition module uses a camera sensor and realizes image display through a
VGA interface. A variety of algorithms are used in the design, including the PID control algorithm
for robotic arm position calibration and the CORDIC algorithm for trigonometric function calculation.
All functional modules are implemented on the FPGA to ensure the real-time and reliability of the
system[3].

3.  System architecture analysis
3.1. System composition

The system is mainly composed of image acquisition, image processing, data processing algorithm
(CORDIC), robotic arm control algorithm, image display and other additional functions such as host
computer[4].

3.2. Functional module introduction

The system designed in this paper is used to control the precise movement of the robot arm through
image processing technology. The system architecture mainly includes the following modules: First,
the image acquisition module is responsible for the register configuration of the camera and reads the
image data collected by the camera in real-time to provide basic information for subsequent
processing[5]. Secondly, the image processing module pre-processes the collected image and
distinguishes the thin sheet according to the color and shape of the image to identify the characteristic
information of the target object. Then, the control module solves the three-dimensional coordinates
of the robot arm through the image coordinate information, calculates the preset angle of the servo,
and then controls the movement of the robot arm according to the calculation results. In order to
improve the user-friendliness and accuracy of the system, the system also designs additional
functional modules, including an image display module, host computer interface and angle calibration.
The image display module outputs image information intuitively by reading the image data in the
cache and driving the VGA display; the host computer interface displays the status information of the
system in real-time, which is convenient for the operator to monitor and adjust; the angle calibration
module ensures the accuracy of the robot arm by maintaining or automatically correcting the servo
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angle[6][7]. The system's modular design improves its stability and flexibility, which helps achieve
high-precision robot arm control.

4. Theory and methods

Inverse kinematics is the core task of manipulator control, which is used to calculate the joint angle
according to the target position. However, the traditional solution method consumes a lot of
computing resources in FPGA implementation, especially floating-point operations. This design uses
a spatial solution iterative algorithm to gradually approach the target angle to reduce resource
consumption and improve real-time performance([7].

In order to achieve precise control of the manipulator, this paper adopts a step-by-step
simplification and optimization scheme. First, the model simplification part uses the Denavit-
Hartenberg (DH) parameter method to represent the joint position of the manipulator and simplifies
it into a three-axis model. Only the angles of the upper arm and the lower arm need to be calculated,
which significantly reduces the computational complexity. Then, in the initial angle estimation, the
initial angle of the end position of the manipulator is estimated through the preliminary information
of'the target position as a reference value for an iterative solution. In the iterative approximation stage,
the error is calculated and the angle is corrected for each iteration until the error is less than the set
threshold. This process uses the CORDIC algorithm to calculate the trigonometric function value,
which is implemented by shifting, addition, and subtraction without floating-point operations. Finally,
the result storage and reading module stores the final angle solution result in the ROM of the FPGA,
and the state machine controls the process of each iteration to ensure efficient solutions in complex
environments.

4.1. DH parameters

A robot can be made up of a series of joints and links. The joints can be sliding or rotating, and their
order and plane can be arranged arbitrarily. The length and shape of the links are also flexible.
Therefore, any set of joints and links can constitute a robot. When describing a robotic arm, the joints
are usually rotating. To model a robot, people first need to specify a reference coordinate system for
each joint, and then describe the coordinate transformation steps from one joint to the next. By
combining all these transformations from the base to the end effector, you can get the total
transformation matrix of the robot[8]. The DH model reduces two degrees of freedom by restricting
the origin position and the direction of the X-axis, so only four parameters are needed to describe the
original six-degree-of-freedom joint coordinate transformation,as shown in figure 1.
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Figure 1: Polar coordinate system of the robotic arm
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Formula conversion of robot arm coordinates and parameters:

cosb; —sinéb; 0 ai-1
i-17 — cosa;_,sinf; cosa;_,cosO; —sina;_; —d;Sina;_q (1)
' sina;_,sin@; sina;_jcos@; cosa;_y  d;cosa;_,
0 0 0 1

Key code implementation

// Simplified example code for angle correction

while (error > threshold) {
currentAngle = CORDIC_Calculate(currentX, currentY); / CORDIC calculate
error = calculateError(currentAngle, targetAngle);
adjustAngle(); // Correct the angle according to the error

}

4.2. Spatial solution iterative algorithm
4.2.1.Simplified robotic arm structure

According to the principle of inverse kinematics, we simplified the structure of the robot arm and
used a three-axis robot arm to increase stability. The improvement is shown in Figure 2 below. The
original 01, 02, and 63 are changed to only 61 and 62.

— I | C

Figure 2: Simplified schematic diagram of the structure

If a traditional 4-axis robot is used, not only will the amount of calculation be large and the internal
resources occupied, but it may also cause the overall shaking of the robot arm, greatly reducing the
accuracy of the grasping[9]. When a 3-axis robot grasps an object, it only needs to adjust the arm axis
and let the robot arm fall freely, which can reduce the complexity of the system and improve the
accuracy of the grasping. According to the above inverse kinematics principle, the angle formula of
the improved 3-axis robot arm can be calculated:

In space, the calculation formula of the extension distance L of the robot arm and the base axis 6o
is:

L=x%+y? (2)
_ Y
0, = atan (x) (3)

Here, x and y are the horizontal and vertical coordinates of a point in space.
Convert the robot arm from a three-dimensional concept to a two-dimensional concept and
calculate the formula for the upper arm angle and the lower arm angle:
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zZ = lO + ll COS(Ql) + lz COS(Ql + 92) (5)
By simplifying the equation, we can get the various values of the robot arm angles.

4.2.2.1terative thinking of spatial solution

Utilizing the aforementioned technique to compute the angle of the robotic arm will need a substantial
quantity of multipliers and logic units within the FPGA[9]. To conserve resources, akin to the
CORDIC algorithm, the time-for-space method is employed to iteratively refine the angle value of
the robotic arm, progressively converging on the most accurate value.

Figure 3: Schematic diagram of spatial solution

According to Figure 3 above, for given x, y, and z, the extension distance L of the robot arm and
the rotation angle 8 of the chassis can be calculated, which is the same as the inverse kinematics of
the robot arm.

L=x%+y? (6)
0, = atan (%) (7)

The angle of the robot arm to the ground is denoted by a 62, which we provide. From this angle,
we can determine the height H of the robotic arm and the horizontal projection length x2 of the arm
onto the ground:

H = l,cos6, (8)
xZ = llsinez (9)
The length of 12 may then be calculated by taking its square root.

L =/(L—x)%+ (h— 2)2 (10)

After obtaining l2, we compare the value of I with the actual length of the boom. If it is greater
than the actual length, we need to increase the angle 62 to move the upper end of the forearm away
from the base, which is equivalent to increasing 1;[8]. Conversely, reducing the angle 6, will reduce
l> until I approaches the actual length of the boom. Finally, based on the iteratively obtained xo,
calculate the boom angle 01:

L - xZ
= 11
6, = arctan ( T h) (11D
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4.2.3.Spatial solving iterative algorithm - FPGA implementation

To conserve FPGA logic resources, the iteration angle is stored in ROM and accessed via its address.
Concurrently, a state machine governs the execution of each calculation step, while reused modules
(such as multipliers, dividers, and CORDIC calculation units) are employed to minimize resource
wastage. The subsequent diagram illustrates the iterative approach for our spatial solution, in figure
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Iteration completes
calculation of 81 value

End

Figure 4: Flowchart of spatial solution algorithm

The iterated value is stored in ROM. After each iteration, the address needs to be incremented to
get the next iteration[9].

4.3. CORDIC algorithm design

CORDIC algorithm is the abbreviation of coordinate rotation digital calculation. It was originally
used for the coordinate transformation of trigonometric functions. After some promotion, it can also
be used to calculate linear functions and hyperbolic functions (square root). The CORDIC algorithm
only performs shift operations and addition and subtraction operations, so it is very suitable for use
in hardware.

The algorithm consists of two parts: the circular system and the hyperbolic system. Here we mainly
discuss the circular system, which has two modes: rotation mode and vector mode.
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4.3.1. CORDIC algorithm - FPGA implementation

A substantial quantity of inverse tangent, square root, sine, and cosine computations is necessary for
the calculation of the robot arm's position. To achieve robot arm posture computation with minimal
resources, we integrated the circular and vector modes ofthe CORDIC algorithm into a single module,
developed in a non-pipelined manner.

The module algorithm flow is shown in Figure 5:
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Figure 5: CORDIC algorithm flow chart

In the iterative process, the value of tan® is difficult to determine, so the iterative angle is advanced
from 45, 25.5... to 45, 26.565, 14.036... Through this transformation, the value of tanf decreases by
2-1, which can be solved by simple shift operations in Verilog, greatly reducing the complexity of the
system.

4.4. “The "somersault'" method

In practical applications, the chassis of the robot arm usually moves within a semicircle. When the
target is located on the negative semi-axis, a single large-angle rotation often causes motion instability
and large positioning errors, affecting the grasping accuracy[10]. This design proposes a "somersault"
method, which ensures the flexibility and stability of the chassis by decomposing a large-angle
rotation into multiple small-angle rotations.

4.4.1. Angle decomposition and path planning

First, determine the required rotation angle of the chassis according to the position ofthe target object.
If the angle is large (for example, more than 180°), decompose it into several small-angle rotations,
usually between 20° and 30°, to ensure that the displacement changes brought by each rotation are
smooth and reduce the impact of the accumulated rotation error. Ensure the order and direction of
each small-angle rotation through path planning[10]. Taking the target object on the negative half
axis as an example, when using the "somersault" method: the chassis first performs multiple small-
angle rotations to allow the robot arm to gradually approach the negative half axis target. When
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approaching the target position, the end of the robot arm is gradually adjusted to the specified position
to ensure accurate grasping.

4.4.2.Small angle control and PID regulation

During each small-angle rotation, PID control is applied to further reduce error accumulation:

Proportional control (P): Adjust the rotation speed according to the current error so that the robot
arm gradually approaches the target angle.

Integral control (I): Eliminate the long-term accumulated errors in the system to ensure the position
accuracy of the robot arm after the rotation is completed.

Differential control (D): Adjust the rotation speed at the beginning and end of the rotation to avoid
instability caused by sudden speed changes. PID adjustment ensures the smoothness and accuracy of
each small-angle rotation, allowing the robot arm to successfully complete the full path control.

When the robot arm approaches the target in the negative semi-axis area, the "somersault" method
can keep the robot arm in a stable rotation range without having to rotate at a large angle at one time,
thereby improving the positioning accuracy and grasping effect. This method is particularly suitable
for the robot arm to efficiently complete the grasping task of the negative semi-axis target when the
chassis rotation range is limited[10].

4.4.3.PID algorithm classification

In actual programming applications, it is necessary to use a discrete PID algorithm to adapt to the
computer's usage environment. PID algorithms are generally divided into two types: positional and
incremental algorithms. This design uses the positional PID algorithm. The following takes motor
speed control (speed loop) as an example to explain the principle of the positional PID algorithm.

The position PID algorithm performs PID control based on the deviation between the actual
position of the current system and the expected position to be achieved. The parameter definitions are
shown in Table 1 below, and the algorithm flow is shown in Figure 6 .

Table 1: PID control parameter definition

PID parameters Variable name Detailed explanation
Proportion P e(k) Current error

Integral | >e(i) Accumulation of errors
Differential D e(k) - e(k-1) This error - last error

Integral |
Differential D to motor

Set speed +’Q e(kL Proportion P | y(k PWM output | Motor rotation

Encoding speed test
(feedback)

>

u(k) = Kp-e(k) + Ki- 32,0 (i) + Kp- [e(k) — e(k — 1)]

Figure 6: Position PID algorithm flow
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4.4.4.PID algorithm - FPGA implementation

In the code, in order to calibrate the angle of the robot arm, the serial port module needs to be used to
send and read the read and write instructions of the robot arm. Therefore, the state machine is used to
control the serial port module to send and receive different instructions to achieve the control and
calibration of the robot arm. The Figure 7 is the module block diagram of the module:

| Enter angle information |

)

Step1
Send robot arm control
instructions

[

Step2
Send the robot arm
readback command

¥

Step3

Read back robot data 1

Continue to read back
the next servo data
Reading completed?

Record the current error Less than Record the current error
and perform PID calibration More than and perform PID calibration
P . ! : [——s the data equal to the target value — P orat
output minus the output plus the calibration
calibration value value

Calibration times
exceed 6¢i

Figure 7: PID algorithm flow chart

During the PID parameter modification procedure, to enhance system stability and optimize FPGA
resource use, we selected the proportionate integral value as 0.25. This process can be achieved by
shifting to minimize the utilization of multiplier resources[11].

4.4.5.Method advantages

The "somersault" method avoids the error problem caused by large-angle rotation by decomposing it,
allowing the robot arm to complete the task with high precision and high flexibility when grasping in
the negative semi-axis area,in figure 8. Compared with traditional methods, its movement is more
stable and significantly improves the grasping efficiency in complex environments.
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Figure 8: Schematic diagram of robot arm motion optimization

5.  System performance analysis

Through experimental verification, the target locking time of the system is about 51.2ms, and it can
complete the task of grasping and placing 12 objects within 1 minute and 30 seconds. The experiment
shows that the average grasping position offset of the system is within 3mm, with high positioning
accuracy. In addition, by adjusting the speed setting of the robot arm, the system optimizes the
operation speed while ensuring accuracy, so that the robot arm can quickly complete the specified
task.

The system also conducts a detailed performance evaluation in terms of hardware resource
utilization and computing efficiency[11]. The logic resource utilization rate of the FPGA is controlled
within 80%, and the hardware implementation of the CORDIC algorithm effectively reduces the
demand for multipliers and other complex computing units. In the process of PID control
implementation, the application of fixed-point number operations reduces the hardware complexity
and improves the real-time performance of the control. In the dynamic response test of the robot arm,
the system shows good anti-interference ability, and the robot arm can quickly return to the
predetermined trajectory when disturbed by the outside world.

6. Conclusion

This design demonstrates the potential of FPGA-based precise control systems for robotic arms in
industrial automation. Through reasonable algorithm selection and hardware resource optimization,
the system achieves precise control of multi-DOF robotic arms. Image processing and control
algorithms used in the design process, such as median filtering, color gamut conversion, inverse
kinematics, spatial solution, and PID control, all support the efficient operation of the system. The
hardware implementation ensures the real-time and accuracy of the system through the close
integration of FPGA and servo. The system provides a useful reference for future research and
development in the fields of industrial automation, robotic control, etc., and has the potential for
further optimization and commercial application.
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