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Abstract: A new servo system is designed based on the ADRC control mechanism and the mathematical model of the 

permanent magnet synchronous motor (PMSM), replacing the traditional PID controller with a speed loop controller and a 

current loop controller. The ADRC improves the immunity of the system to load disturbance, improves the robustness and control 

accuracy, and effectively suppresses the generation of current harmonics. The simulation results show that compared with the 

traditional PID-controlled servo system, the system has a faster response, smaller overshoot, and higher control accuracy when 

the load torque changes, and the system is almost unaffected when the internal parameters of the motor change. 
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1. Introduction 

PMSM have been widely used in modern AC drive systems 

due to their advantages of simple structure, high power 

density, high reliability, and easy maintenance, especially in 

robotics, aerospace, CNC machine tools, and other fields that 

require high motor performance and control accuracy [1-2]. 

However, PMSM is a typical nonlinear multivariable strongly 

coupled system, which is affected by external disturbances, 

parameter uptake and magnetic field nonlinearity, so the 

PMSM control system needs to be further optimized in terms 

of robustness and anti-disturbance [3-4]. Conventional PID 

controllers are "error-based feedback to eliminate errors" 

control methods, which can suppress constant or slow-

varying disturbances to a certain extent [5]. However, if the 

whole system is to achieve a rapid, accurate, and micro-

overshooting dynamic response to sudden load perturbations, 

the traditional PID controller cannot satisfy [6-7]. 

ADRC theory adopts the control idea of "disturbance 

feedforward compensation", which combines system input 

and output to achieve a reasonable distillation of system 

disturbance information, and compensates to the control 

system to achieve disturbance offset, so as to improve the 

system control performance [7-8]. At present, scholars at 

home and abroad have conducted a lot of research on ADRC. 

In the literature [9], a third-order linear ADRC is proposed to 

design the current loop, and the study shows that the control 

scheme has good current tracking and disturbance 

suppression performance, but there are problems such as 

excessive parameter gain. In [10], a nonlinear ADRC was 

proposed to design the current loop of the PMSM speed 

control system, but it has the shortcoming of difficult 

parameter tuning. In [11], a fractional-order integral control 

method is proposed to replace the state error feed-back 

control rate in ADRC, which has a better control effect, but 

the algorithm is too complex and difficult to be adjusted. 

In this paper, we adopt ADRC control strategy to design 

PMSM speed-loop controller, improve the expanded state 

observer (ESO) part for the control characteristics of PMSM 

speed control system, and design the improved speed-loop 

self-rejecting controller (IADRC). Finally, the effectiveness 

of the control strategy is verified by simulation and 

experiment. 

2. Mathematical model of PMSM 

The PMSM is assumed to be an ideal motor, without losses 

and saturation, and the current is a three-phase symmetric sine 

wave [12]. Then, the stator voltage equation in d-q 

synchronous rotating coordinate system is 
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Where: ud , uq are d and q axis voltages, respectively; id , 

iq are d and q axis currents, respectively; ψd , ψq are d and q 

axis magnetic chains, respectively; Ld , Lq are d and q axis 

inductances, respectively; ωe is the motor rotor electric 

angular velocity. 

The equation of the motor stator magnetic chain is 
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Where: ψf is the magnetic chain of permanent magnets. 

The motor torque equation is given by 
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Where: Te is the electromagnetic torque; Pn is the number 

of motor pole pairs. 

Taking the table-mounted permanent magnet synchronous 

motor as the object of study, there is Ld = Lq , and the control 

strategy of id = 0 is used, at which point equation (3) can be 

approximated and rewritten as follows 
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The equation of motion of the motor is 

m
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Where: TL is the load torque; J is the rotational inertia; B 

is the viscous coefficient; ωm is the mechanical angular 
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velocity. 

3. Speed control system ADRC design 

3.1. Introduction to ADRC 

A typical self-resistant controller consists of 3 parts, which 

are a tracking differentiator, an expansive state observer, and 

a nonlinear state error feedback control law. The structure is 

shown in Figure 1. 

 

Fig. 1 ADRC structure 

Among them, TD processes the input signal v to achieve a 

fast and overshoot-free tracking of the input signal by v1 , 

while v2 is the approximate differentiation of the input signal; 

ESO observes the real-time state variables of the system, z1 

is the tracking signal of the output y, z2 is the approximate 

differentiation of the output y, and z3 is the observed value of 

the total system perturbation; v1 , v2 and z1 , z2 are 

differenced to obtain e1 , e2 as the input of the NLSEF, and 

in the NLSEF The corresponding output signal u0 is obtained 

by introducing an appropriate nonlinear function to process 

the input signal, and the system is transformed into a standard 

integrator series type system [13]. 

The second-order fastest discrete TD expression is as 

follows: where: v0 is the system input; x1 is the tracking value 

of the system input; x2 is the approximate differentiation of v: 
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The ESO formulation algorithm for the observation of 

second-order systems is as follows: 
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In the above equation: e is the error valuation; y is the 

controlled object output value; z1 is the controlled object 

output estimate; z2 is the differential signal of z1; z3 is the 

estimated value of internal and external disturbances of the 

system; α1, α2, α3 are the nonlinear factors; β1, β2, β3 are the 

output error correction gains; b is the system disturbance 

compensation coefficient; δ is the filtering factor [12-14]. 

fal(e, α,δ) is expressed as follows: 
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The NLSEF equation constituted by the selected fal 

function is as follows. 
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The non-linear combination of multiple reference 

quantities from TD and ESO real-time monitoring can 

significantly reduce the system steady-state error and avoid 

the steady-state high-frequency chattering. 

The control volume after introducing perturbation 

estimation compensation: 
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In summary, the ESO can be used to monitor and 

compensate the load changes synchronously, which can 

linearize the system dynamic compensation. Then, according 

to the separation principle of ADRC design, TD, ESO and 

NLSEF can be designed separately and combined into a 

complete ADRC. 

3.2. TD design 

The design equation for the speed loop TD is as follows: 
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Where: v0 is the given speed or current; v1 (k) is the speed 

or current of the kth cycle of the actual operation;h is the value 

of the operation cycle;r is the value of the tracking speed 

decision. 

3.3. ESO design 

The design equation for the ESO of the speed ring is as 

follows: 
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Where: y is the detected system speed; z1 (k) is the system 

speed; z2 is the observed value of the internal and external 

disturbance for the whole speed loop; β1, β2 are the 

parameters of the speed or current observer. 

3.4. NLSEF design 

The speed loop NLSEF design equation is as follows, 

where β3 is the control gain of the speed loop  
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The equation of the perturbation compensation process is 

as follows, where u is the control quantity of the final output 

of ADRC; b is the perturbation compensation coefficient, b = 

1.2/L. 
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Combining the above three parts, the final control output is 

achieved by the disturbance compensation process. 



 

12 

 

Fig. 2 First-order ADRC speed loop structure 

4. Simulation and experimental results 
analysis 

In this section, the rated speed response, anti-load torque 

disturbance speed response, response robustness under 

different speed settings and other motor performance indexes 

under rated speed with load are compared and analyzed for 

the PMSM speed loop under the traditional PI controller and 

nonlinear self-turbulent controller to verify the effectiveness 

and feasibility of the nonlinear self-turbulent controller and to 

show that the nonlinear self-turbulent The controller can 

make the motor speed response fast and overshoot-free, with 

better anti-load disturbance capability and good robustness of 

speed response than the traditional PI controller. 

4.1. Simulink model building 

To verify the effectiveness of the ADRC controller, the 

model is built in MATLAB/Simulink. Its basic block diagram 

is shown in Figures 3 and 4. 

 

Fig. 3 Block diagram of PMSM control system based on self-anti-
disturbance control 

The parameters of the PMSM in the simulation are as 

follows: number of pole pairs Pn = 4; cross and straight axis 

inductance Ld = Lq = 6.5 mH, stator resistance Rs = 1.96  , 

permanent magnet chain f  = 0.23 Wb, rotational inertia J 

= 0.003 kg-m2 , viscous coefficient B = 0.008 N-m2 , rated 

speed 1000 r/s, and frontal voltage 311 V. To verify the above 

theory, this paper compares the conventional PI control with 

the ADRC-based controller. In order to verify the above 

theory, the conventional PI control is compared and analyzed 

with the ADRC-based controller. 

 

Fig. 4 Simulink simulation block diagram of ADRC closed-loop 
control system 

4.2. Simulation results and analysis 

The waveform comparison of the speed simulation results 

of ADRC and PI control in the rated speed response graph is 

shown below. Given a rated speed of 1000r/min, it can be seen 

that under ADRC control, the motor reaches the specified 

speed in 0.03s with no significant overshoot. The 

conventional PI controller has significant overshoot. Since 

the tracking differentiator in the speed loop ADRC controller 

arranges the transition process, the start-up speed under PI 

control is slightly higher than that under ADRC control. It is 

also due to the presence of the tracking differentiator that the 

contradiction between system response speed and overshoot 

is solved. 

 

Fig. 5 Speed tracking waveform at rated speed 

As shown in Fig. 6, in the experimental verification of the 

anti-disturbance of load torque, the absolute value of the 

speed fluctuation under the self-turbulent controller is much 

smaller than that of the PI controller when a load of 10 N-m 

is suddenly added at 0.2s with other parameters unchanged, 

and the recovery time to the rated speed is shorter, which 

indicates that the control strategy still has a good anti-

disturbance performance with load. 

 

Fig. 6 Sudden load speed response waveform 
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In order to investigate the performance of the two 

controllers more deeply, the simulated waveforms of PMSM 

torque, d-axis current and three-phase current are compared 

under the two control strategies at rated speed with load, 

respectively. Figure 7 and Figure 8 show the comparison 

curves of the response waveforms of the motor 

electromagnetic torque and the output waveforms of the 

actual d-axis current of the motor under ADRC and 

conventional PI control, respectively. 

As can be seen from the figure, the torque waveform under 

ADRC control is smoother and the starting maximum torque 

is smaller, showing better starting performance. d-axis current 

value fluctuates in the range of [-1,3], while the d-axis current 

value fluctuates in the range of [-4,4] for the conventional PI 

controller. Therefore, it can be seen from the figure that the 

actual performance of the d-axis current loop is better than 

that of the PI controller with the ADRC controller designed in 

this paper. 

 

Fig. 7 Waveform of electromagnetic torque response under rated 
speed load 

 

Fig. 8 Waveform of d-axis current under rated speed load 

The actual output waveforms of the three-phase currents of 

the PMSM under the two control schemes of ADRC and PI 

are shown in Fig. 9. As can be seen from the figure, the peak 

three-phase currents are smaller under the ADRC controller 

designed in this paper, and the output waveforms of the three-

phase currents are close to sinusoidal when the steady state is 

reached, which can better generate the rotating magnetic 

momentum. 

The above experimental simulation results show that the 

ADRC-based PMSM speed control strategy proposed in this 

paper is more effective than the PI controller, which not only 

improves the anti-interference capability of the system and 

solves the contradiction between fast response and speed 

overshoot, but also has stronger robustness. 

 

Fig. 9 PMSM three-phase current waveform under rated speed load 

5. Conclusion 

In this paper, from the perspective that the traditional PI-

controlled PMSM servo system has a large overshoot in the 

speed response and poor anti-interference capability, the self-

interference controller is introduced into the speed loop 

according to the self-interference control mechanism, and the 

general design method of a typical speed loop self-

interference controller is given, and the self-interference 

control strategy is compared and studied with the traditional 

PI control strategy. Simulation and experimental results show 

that the self-turbulent controller proposed in this paper is 

applied to the speed loop and solves the problem of 

overshooting the speed response, and has a certain anti-

disturbance capability and strong robustness. It shows that the 

control strategy has some practical application value and is an 

effective strategy for speed regulation of permanent magnet 

synchronous motor. However, this control strategy has room 

to improve the system response under the disturbance such as 

sudden load change, and the anti-disturbance ability still 

needs to be strengthened. 
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