


A Review of Control Strategies for Three-Axis Turntables


Abstract
This paper provides a review of the modeling methods and control strategies for three-axis turntables, focusing on the application requirements and technical challenges in inertial navigation, aircraft attitude simulation, and electro-optical tracking. It begins with an introduction to the kinematic and dynamic modeling of the system and the multi-axis coupling characteristics, which lay the foundation for controller design. Subsequently, it evaluates the principles, advantages, disadvantages, and applicable scenarios of traditional PID control, robust control (H∞ and sliding mode), intelligent control (fuzzy and neural networks), and active disturbance rejection control (ADRC). Finally, it summarizes the current research advancements and shortcomings in accuracy, robustness, and real-time performance, and proposes future development directions such as adaptive intelligence, multi-model fusion, hardware-algorithm collaboration, and multi-source information integration. The main contribution of this paper is the establishment of a systematic comparative framework for three-axis turntable control strategies, clearly indicating that interdisciplinary technology integration is a key pathway to enhancing overall performance.
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1 Introduction
1.1 Research Background
The three-axis turntable, as a core executive component in key equipment such as inertial navigation system testing, missile flight control attitude simulation, and electro-optical tracking platforms, its control accuracy, attitude stability, and dynamic response characteristics directly determine the overall performance and experimental effectiveness of the system [1]. In practical applications, the three-axis turntable not only undertakes the tasks of high-precision attitude simulation and dynamic environment reconstruction, but also needs to meet the real-time response requirements under high-speed and high-frequency changing conditions [11]. Therefore, the design and optimization of its control system play a crucial role in the entire system construction. With the rapid development of aerospace technology and the continuous improvement of test and simulation accuracy by high-end manufacturing and intelligent unmanned systems, the performance indicators of three-axis turntables are facing more stringent challenges [12]. At present, higher comprehensive performance requirements have been put forward for the three-axis turntable control system, mainly reflected in the following aspects: Firstly, the turntable needs to have a wide dynamic range, capable of covering the full working condition simulation from minor attitude disturbances to large-scale high-speed rotations; Secondly, the system needs to have high robustness and be capable of maintaining good control performance under uncertain factors such as modeling errors, parameter disturbances, and external disturbances [13, 14]. Secondly, strong anti-disturbance capability is a key ability to ensure its long-term stable operation in complex environments, especially its performance under high-frequency random disturbances or impact loads. Finally, high-precision tracking performance is the foundation for achieving precise attitude control and target simulation, and it is directly related to the accuracy of measurement and control as well as the reliability of simulation results. To meet the above requirements, researchers have continuously optimized and innovated in aspects such as control algorithms, system structures, and executive mechanisms. In terms of control methods, traditional PID control has gradually expanded to modern control theories (such as robust control, adaptive control, sliding mode control and predictive control). In terms of structural design, the application of integrated, high-rigidity and lightweight materials has enhanced the stability and dynamic response capability of the system [15]. In terms of actuator selection, the combination of torque motors and high-resolution Angle encoders provides a guarantee for high-precision control. These advancements have laid a solid technical foundation for the wide deployment of three-axis turntables in high-end application scenarios [16].
1.2 Current research status at home and abroad
As an important device for high-precision attitude simulation and testing, the control strategy research of the three-axis turntable has received extensive attention both at home and abroad. Research in this field was carried out earlier abroad, and a relatively mature control system has been formed. Advanced methods such as robust control, adaptive control, H∞ control, and model predictive control are adopted to enhance the system's resistance to interference and parameter uncertainties, and significant achievements have been made in improving the system's response speed and control accuracy[2]. In recent years, with the development of embedded technology and servo systems, domestic scholars have also made significant progress in the control strategies of three-axis turntables, gradually evolving towards high-performance, multi-model collaboration, nonlinear compensation, and multi-input and multi-output system control [17]. Considering the strong coupling, nonlinear dynamic characteristics and time-varying parameters existing in the three-axis structure, researchers generally adopt multi-axis joint modeling and decoupling control technology, and combine the observer design and feedforward compensation method, which effectively improves the dynamic performance and steady-state accuracy of the system [18]. Overall, the current research on control strategies is continuously deepening towards intelligence, adaptability and high integration. Robust control and real-time optimization control technologies for complex application scenarios will be important development trends in the future.
1.3 Research Significance
The research on advanced control strategies applicable to three-axis turntables is of great significance for enhancing their system response capability and high-precision attitude tracking performance. As an important platform for dynamic attitude simulation and real-time feedback control, the three-axis turntable's control system needs to achieve stable and precise motion control under complex conditions such as multiple degrees of freedom, high coupling, and nonlinear interference. Therefore, developing efficient and robust control algorithms can not only effectively enhance the attitude control accuracy and system response speed of the turntable, but also improve its operational stability and anti-interference ability in highly dynamic and strongly disturbed environments. In response to the nonlinear disturbances, system parameter uncertainties, and multi-axis coupling issues faced by three-axis turntables in practical applications, researchers have successively introduced various control strategies, such as robust control, adaptive control, sliding mode control, H∞ control, and optimal control based on model prediction, etc.[3],In order to achieve a good balance between control accuracy and system stability. These strategies not only enhance the dynamic tracking capability of the turntable during rapid attitude transformation, but also improve the system's fault tolerance and robustness under external disturbances and modeling errors, significantly broadening its application scope in complex environments. Furthermore, for application scenarios such as unmanned aerial vehicles (UAVs), missile guidance systems, and virtual simulation and hardware-in-the-loop (HIL) test platforms that impose strict requirements on attitude control accuracy and response speed, the three-axis turntable, as a key motion simulation and signal simulation device, its performance directly affects the credibility of the overall system test and the validity of the simulation results. Therefore, continuously and deeply exploring control strategies with greater adaptability, real-time performance and intelligent optimization capabilities is not only a necessary way to enhance the core performance of the three-axis turntable, but also a technical guarantee for promoting its wide application in modern high-end equipment and simulation systems.
2 Modeling of three-axis turntable system
2.1 System Structure
The three-axis turntable is composed of three rotational degrees of freedom: roll, pitch and yaw, and generally adopts a nested structure [19]. Each axis is typically driven by a servo motor or torque motor, equipped with a high-precision encoder and gyroscope for attitude detection, as shown in Figure 1. There is a significant inertial coupling effect among the three axes, and its interference compensation needs to be considered.
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Figure 1 UOO type three-axis turntable
2.2 Modeling assumptions
To simplify the analysis and controller design, the following assumptions are usually established for the three-axis turntable system:
1. Rigid body assumption: Each turntable frame and the loaded object (such as inertial navigation equipment) are regarded as rigid bodies and do not undergo elastic deformation.Impact: This assumption ignores flexible vibration and structural dynamic effects, simplifying the inertia matrix to a constant value. However, in high-speed motion or large-sized turntables, the flexibility of the frame will introduce additional vibration modes, which may lead to a decline or even instability in the performance of the controller at high frequencies.
2. Friction model assumption: The friction torque is composed of two parts: Coulomb friction and viscous friction.Impact: When the nonlinear part of the frictional force is ignored, low-speed tracking may experience lag or micro-vibration, especially in high-precision positioning tasks, which can reduce steady-state accuracy.
3. The actuator dynamics hypothesis actuator (such as torque motor) as a first-order inertia link:

Among them,  is the gain and  is the time constant. Ignore the saturation and time-varying characteristics of the actuator.Impact: The simplified model neglects torque fluctuations, saturation limits, and thermal effects, which may cause the actual response to be slower than predicted by the model under significant acceleration instructions, thereby reducing the rapidity of the controller.
4. Measurement noise assumption: The measurement signal of the attitude sensor (encoder, gyroscope) is superimposed with Gaussian white noise

Impact: Noise can limit the estimation accuracy of state observers (such as ESO and Kalman filters). In a high-gain controller, noise amplification will introduce chattering
2.3 Kinematical Modeling
The kinematics of the system can be modeled through Euler angles or quaternions [20]. The Euler Angle method is suitable for small-angle scenarios. Its rotation sequence is fixed, and the conversion formula is as follows:
​
​ 
Here,is the transformation matrix,ωis the angular velocity.
2.4 Dynamic modeling
The dynamic modeling of the turntable can be based on the Lagrange method or the Newton-Euler equation, taking into account factors such as the motor model, friction, and load variations, and is expressed as:

Where is the  moment of inertia matrix, is the damping matrix, is interference torque, is motor output torque[4].
2.5The impact of modeling assumptions on controller performance
1.The influence of the rigid body assumption advantages: reducing model complexity, facilitate analytical derivation and the control law design. Disadvantages: ignore could lead to a high bandwidth controller flexible modes in actual system oscillation or unstable.
2. The influence of friction model simplified advantages: easy to compensate in the controller (e.g., friction feedforward compensation). Weakness: the nonlinear friction (such as the Stribeck effect) is ignored, low-speed tracking accuracy decline.
3. The influence of actuator first-order approximate advantages: easy to closed-loop stability analysis. Disadvantages: ignore saturated and nonlinear effect can lead to performance degradation under large acceleration command controller.
4. The influence of noise assumption advantages: can use kalman filter or ESO is used to estimate the optimal. Disadvantages: if the noise characteristics and assume (such as low frequency drift), influence the accuracy of state estimation, which influence the closed loop performance.
2.6 Multi-axis coupling analysis
In a three-axis turntable system, there is a significant interaction of coupling torque and moment of inertia among the axes. During the operation of the system, the motion state of one axis can interfere with other axes, especially when undergoing high-speed or large-angle attitude changes, the coupling effect between axes is particularly significant. With the dynamic changes of the gyroscopic effect, Coriolis force and the moment of inertia tensor, the motion characteristics of the three-axis turntable exhibit a high degree of nonlinearity and time-varying, which in turn poses higher complexity challenges to the control system. To accurately describe this complex dynamic behavior, it is necessary to construct a complete multi-axis joint model. In the process of model establishment, the theory of rigid body dynamics is usually adopted, combined with attitude representation forms such as Euler angles or quaternions, to systematically reflect the interaction relationship between each axis. This model not only covers the basic angular momentum changes, but also includes coupling terms of each axis and external disturbance inputs, serving as the foundation for subsequent controller design and performance analysis. The traditional single-axis independent control method has become difficult to achieve high-precision control targets in such coupled systems. The mutual influence among control inputs is prone to cause system response delay, increased attitude deviation and even instability. To overcome this problem, control systems typically adopt a multiple-input multiple-output (MIMO) structure and introduce control strategies oriented towards the characteristics of strongly coupled and nonlinear systems, such as robust control, adaptive control, sliding mode control, and model predictive control, etc. These methods can effectively handle the uncertainty of system parameters and external disturbances, achieve dynamic compensation and decoupling of coupling effects, and thereby significantly improve control accuracy and dynamic response capability.Driven by both complex environments and high-performance indicators, the modeling and control of three-axis turntables have become a key research direction in high-end equipment attitude simulation systems, which is of crucial significance for enhancing the stability and accuracy of the overall system.
3 Analysis and Design of Control Strategies
3.1 PID control
PID is the most widely used linear control strategy. Its advantages include a simple structure and easy implementation. However, when there is system nonlinearity and external interference, its performance drops significantly. Parameter optimization needs to be carried out by means of tuning methods (such as Ziegler-Nichols).


Figure 2 Schematic diagram of the principle of the simulated PID control system
A PID regulator is a linear regulator that linearly combines the ratio (P), integral (I), and differential (D) of the deviation between the given value of r(t) and the actual output c(t) to form a control quantity, thereby controlling the controlled object[5].
The PID regulates the functions of each unit
1. Proportional unit P: It responds proportionally to the deviation signal e(t) of the control system in real time. Once a deviation occurs, the regulator immediately takes control action to reduce it.
2. Integration unit I: Mainly used to eliminate static tolerance and improve the accuracy of the system. The strength of the integration action depends on the integration time constant TI. The larger TI is, the weaker the integration action is; conversely, the smaller Ti is, the stronger the integration action is.
3. Differential unit D: It can reflect the changing trend (rate of change) of the deviation signal and introduce an effective early correction signal into the system before the value of the deviation signal becomes too large, thereby accelerating the system's action speed and reducing the adjustment time.
3.2 Robust control method
In a three-axis turntable system, there exist non-ideal factors such as structural coupling, model uncertainty, and external disturbances. A single classical control strategy is difficult to simultaneously ensure the stability and dynamic performance of the system on a global scale. Therefore, introducing robust control methods has become an effective way to improve the control performance of the system. Among them, H∞ control and sliding mode control, as two typical robust control strategies, have good anti-interference ability and modeling error tolerance, and have been widely applied in nonlinear coupled systems.
3.2.1  H∞ Control Method
H∞ control is based on the worst-case design concept, aiming to minimize the maximum output response of the system under all bounded energy disturbance inputs. The core idea is to transform the disturbance suppression problem into a H∞ norm optimization problem, thereby enhancing the system's robustness against uncertainties and external disturbances.
Consider the state space model of the following uncertain system:

Among them , is the system status， is the control input.， is the perturbation input，s performance output.
The control objective of H∞ is to design a dynamic output feedback controller:

The transfer function  of the closed-loop system from disturbance  to performance output  must satisfy:

The norm   denotes the   norm of the system, and  is the predefined performance index. The controller parameters are typically obtained by solving a Linear Matrix Inequality (LMI) or an Algebraic Riccati Inequality.。
3.2.2 Sliding mode control method
Sliding Mode Control (SMC) is a typical nonlinear robust control method [6], which has strong robustness against perturbations of system parameters and external disturbances. It is particularly suitable for control problems of systems with uncertain structures or disturbed systems. The basic idea is to achieve the desired dynamic behavior of the system by constructing a sliding surface and designing a control law that enables the system's state trajectory to enter and remain on this sliding surface within a limited time.
Consider the following uncertain order input system:

 Among as the system status,  is control the input,  is a known nonlinear function, is a bounded perturbation.
First, define the sliding mode surface:

Here,  represents the tracking error, where  is the desired trajectory, and  are the coefficients that ensure the sliding surface polynomial is Hurwitz stable.。
The sliding mode control law often takes the following form:

The term   denotes the equivalent control, which is used to maintain the system’s motion on the sliding surface. The parameter  represents the sliding gain, and the sign function introduces a discontinuous control component to drive the system toward the sliding surface.
To mitigate the chattering phenomenon, continuous approximation functions are typically employed in place of the sign function, such as the saturation function:

Where  is the boundary layer thickness.
Sliding mode control achieves strong robustness against uncertainties and external disturbances by introducing a nonlinear switching function to establish invariance conditions. This makes it particularly suitable for fast dynamic tracking and disturbance rejection in three-axis turntable systems.
3.2.3 Performance comparison and analysis (external disturbances)
To verify the advantages of H∞ control in a three-axis turntable, simulations and comparisons were conducted using PID, sliding mode control (SMC), and H∞ control for models with ±5% parameter uncertainty and ±2 Nm external disturbances. The results are shown in the table below:
Table 1: Performance comparison and analysis (external disturbances)
	Control strategy

	steady state error
 (°)
	overshoot (%)
	risetime(s)
	Jitter amplitude (°)
	Disturbance suppression ratio(%)

	PID
	0.035
	18.2
	0.42
	0.021
	65.3

	SMC 
	0.022
	9.6
	0.39
	0.011
	83.7

	H∞ control
	0.011
	4.8
	0.37
	0.006
	92.5



3.3 Intelligent control method
With the increasing complexity and dynamic uncertainty of control systems, traditional model-driven control methods face limitations in terms of robustness and adaptability. For this reason, intelligent control methods have gradually become a research hotspot in the control strategies of nonlinear, multivariable, and coupled systems. This type of method, by introducing artificial intelligence technologies such as fuzzy logic and neural networks, endows the control system with characteristics such as knowledge expression, self-learning, and self-adaptation. Among them, fuzzy control and neural network control are the two most widely used intelligent control strategies, which have achieved good application results in fields such as three-axis turntables, servo systems, and aircraft attitude control.
3.3.1 Fuzzy control approach
Fuzzy Control, based on fuzzy set theory and fuzzy language rules, imitates human control experience and achieves effective control of complex systems without relying on precise mathematical models[7].The core lies in mapping the input variables into language variables through fuzzification, generating fuzzy control outputs after fuzzy rule reasoning, and then converting them into actual control quantities through defuzzification.
Fuzzy control systems generally consist of three main links: fuzzification, inference engine, and defuzzification. Taking a typical single-input single-output system as an example, its basic structure can be expressed as:
Controller Input: The control input is based on the error  and its rate of change  .
Fuzzy Rule Structure:
IF  AND THEN  is 。
The input–output mapping of the fuzzy controller can be simplified into the following mathematical expression:

where  represents the firing strength (activation degree) of the -th rule, and is the corresponding control output.
This structure exhibits strong disturbance rejection capability and is well suited for systems with large parameter variations and imprecise models.
3.3.2Neural network control method
Neural Network Control utilizes the powerful nonlinear approximation ability of Artificial Neural Networks (ANN), providing an effective means for system dynamic modeling, controller design and online regulation[8]The principle is to learn the mapping relationship or control law of the system through training samples, construct the nonlinear functional relationship between input and output, and achieve the modeling and control of unknown systems or nonlinear systems.Take the most commonly used feedforward neural network as an example. Its basic structure consists of three layers (input layer, hidden layer, and output layer), and the controller form can be expressed as:

Let  denote the system input (e.g., error, state, etc.),  be the neural network mapping function, and  represent the set of network parameters, including weights and biases.

Neural networks are typically trained using an error minimization criterion, with the objective function defined as:

The network parameters are updated using gradient descent or its improved variants (such as the backpropagation algorithm or Adam optimizer):

where  is the learning rate. After training, the neural network can be used either as a Direct Neural Network Controller or for Model-based Neural Network Control.
The neural network controller enables nonlinear approximation of control laws, adaptive adjustment, and control design under unknown model conditions. It is particularly suitable for highly coupled systems such as three-axis turntables.
3.4 Active Disturbance Rejection Control (ADRC)
In complex dynamic systems, modeling errors, external disturbances, and uncertainties of system parameters often pose challenges to control performance. Active Disturbance Rejection Control (ADRC), as a novel robust control strategy, was proposed by Professor Han Jingqing. It emphasizes achieving coordinated control of system states and uncertainties by actively observing and compensating for internal and external disturbances of the system without relying on precise mathematical models[9].Due to its excellent real-time performance and anti-interference ability, ADRC has been widely applied in motor control, inertial navigation, aircraft attitude control and three-axis turntable systems.
An ADRC is typically composed of three parts: Tracking Differentiator (TD), Extended State Observer (ESO), and Nonlinear State Error Feedback control law (NLSEF) The core idea is to introduce a "total disturbance" estimation in the controller and actively offset it in feedback control[10].
3.4.1System modeling and disturbance modeling
Consider an N-order single-input system, whose general form is:

Let  denote the system output, and  represent the system state vector. The function  describes the unknown internal dynamics of the system, denotes the external disturbance, and  is the input gain of the system.
By defining the combined term  as the total disturbance:

the system can be rewritten in the following form:

3.4.2Extended State Observer (ESO)
To estimate the unknown disturbance , the Active Disturbance Rejection Control (ADRC) introduces an extended state variable , thereby augmenting the original system into an n+1-order state-space model:

At this point, an Extended State Observer (ESO) can be designed to estimate the states  as follows:

where is the observer gain vector. The gains are selected based on a certain bandwidth criterion to ensure rapid convergence of the estimation error.
3.4.3 State Error Feedback Control Law (NLSEF)
After obtaining the state estimation in ESO, the controller can be designed using the nonlinear error feedback control law:

Here,  represents the output of the reference trajectory generator (which can be generated using a Tracking Differentiator, TD), and  denotes the estimated total disturbance, which is used for real-time disturbance compensation.
The Nonlinear State Error Feedback (NLSEF) is commonly implemented using a combination of nonlinear functions, typically expressed as:

where:
is the error between the reference and estimated value of the i-th state.
is a nonlinear error function defined as:

This function enables a smooth transition between large and small error regions, improving both transient response and steady-state accuracy.
3.4.4 Performance comparison and analysis(sliding mode control)
To verify the advantages of ADRC, ±10% parameter uncertainty and ±2 Nm external disturbance were applied to the three-axis turntable model. Simulation comparisons were conducted using PID, sliding mode control (SMC), and ADRC respectively. The results are as follows:
Table 2: Performance comparison and analysis (sliding mode control)
	Control strategy

	steady state error
 (°)
	overshoot (%)
	risetime(s)
	Jitter amplitude (°)
	Disturbance suppression ratio(%)

	PID
	0.035
	18.2
	0.42
	0.021
	65.3

	SMC
	0.022
	9.6
	0.39
	0.011
	83.7

	ADRC
	0.009
	4.3
	0.36
	0.004
	94.1



3.5 Comparative analysis of control strategies
There are various control strategies for three-axis turntables, each with its own advantages and disadvantages. Traditional PID control, due to its simple structure and convenient implementation, is often used for the control of linear and small-disturbance systems. However, its performance drops significantly in nonlinear coupling and multi-disturbance environments. Sliding mode control (SMC) has strong robustness and good dynamic response capability, especially suitable for high-precision demand scenarios, but it has chattering phenomena. H∞ control performs well in dealing with system modeling errors and external disturbances, and is suitable for complex and uncertain systems. However, its design and implementation are relatively complex. Fuzzy control does not rely on precise models, has strong adaptability, and is suitable for systems with drastic parameter changes or where models are difficult to obtain. However, its control accuracy and stability depend on rule setting and experience. Neural network control has the ability of nonlinear approximation and learning, and is suitable for adaptive control of complex dynamic systems. However, it has problems such as long training cycle and poor real-time performance. Active Disturbance Rejection Control (ADRC) can effectively suppress external disturbances and internal uncertainties without relying on precise models, taking into account both control accuracy and robustness. It is one of the most promising control strategies in recent years and is particularly suitable for high-speed and high-precision control scenarios. Overall, various control strategies should be reasonably selected and combined based on system characteristics, control objectives and resource conditions. The comparative analysis is shown in the table below.
	control strategy
	merit
	drawback
	applicable scene

	PID Control 
	Simple and practical, easy to adjust
	It is difficult to deal with strong interference and nonlinearity
	Linear small-scale system

	Sliding Mode Control (SMC)
	Strong robustness, good dynamic performance
	Chattering phenomenon, model-dependent
	High-precision experimental platforms

	H∞ Control
	Good robustness, strong theoretical foundation
	Complex implementation, difficult parameter tuning
	Systems with complex uncertainties

	Fuzzy Control
	Model-free, easy to implement
	Rule-based on experience, potential instability
	Systems with highly variable environments

	Neural Network Control
	Can approximate any nonlinear function
	Long training time, poor generalization
	Intelligent and adaptive scenarios

	Active Disturbance Rejection Control (ADRC)
	Strong disturbance rejection, low parameter dependency
	Complex debugging, configuration challenges
	High-dynamic systems


Table 3 Comparison of Control Strategies
4 Conclusion
This review systematically examines the modeling methods and mainstream control strategies of three-axis turntables. From traditional PID to robust control, active disturbance rejection and intelligent control methods, each has demonstrated its own applicable scenarios and pros and cons. The development trends of future control strategies will mainly focus on the following aspects:
1. Adaptive intelligence: Integrating artificial intelligence to achieve online learning of the system and self-adjustment of controller parameters;
2. Multi-model fusion control: Design switching controllers for different working states of the system to achieve wide-area robustness;
3. Hardware collaborative optimization: Control algorithms need to be coordinated with high-performance processors and real-time operating systems to enhance response speed.
Multi-source information fusion: Integrating various sensors such as gyroscopes, encoders, and vision sensors to enhance the system's state perception capability and control accuracy. Therefore, the control strategy research of the three-axis turntable is still a challenging and extremely high engineering value direction, need to continue to promote interdisciplinary collaboration and technology innovation.
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