


Simulink Modeling of Dual-Loop Speed Control for Permanent Magnet Synchronous Motors
Abstract:
This study designs a dual-loop speed control system for PMSMs on the Simulink platform, employing vector control with SVPWM to decouple current and speed. The model integrates the PMSM, coordinate transformations, PI controllers, and inverter. Simulations show rapid speed tracking with steady-state error under 5% and recovery time below 0.1 s under load disturbances, validating the control strategy and model accuracy.
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0 Introduction
0.1 Permanent Magnet Synchronous Motor
Permanent Magnet Synchronous Motor (PMSM) is a highly efficient and high power density AC motor that uses permanent magnets for excitation. The rotor of a PMSM is excited by permanent magnets, eliminating the need for additional excitation current. Compared to induction motors and electrically excited synchronous motors, PMSMs exhibit lower losses and higher efficiency[1]. Moreover, PMSMs adopt Field-Oriented Control (FOC) strategies, which enable precise torque and speed regulation [16]. They feature simple structure, reliable operation, fast dynamic response, and high efficiency, making them widely applied in electric vehicles [2], industrial servo systems[3], aerospace, wind power generation[4], and other fields.
In speed control systems, PMSMs typically employ a dual closed-loop control scheme (current loop + speed loop) combined with Space Vector Pulse Width Modulation (SVPWM) technology to achieve high dynamic response and stable operation[5][21]. 
0.2 Current status of research
Yuan et al[6] reviews simulation-based control strategies for PMSM speed regulation. Common approaches such as Id=0, maximum torque per ampere (MTPA), and field-weakening with leading angle are analyzed within the synchronous reference frame [17]. A modular MATLAB/Simulink framework integrating coordinate transformation, SVPWM, PI regulators, MTPA, and field-weakening is presented, alongside an App Designer–based interface for real-time monitoring and parameter tuning. Simulation scenarios—including startup, speed variation, load torque surges, and high-speed operation—are used to compare strategies [18]. Results reported in the literature indicate that MTPA enhances startup torque and inverter efficiency, while field-weakening extends speed capability to high rotational ranges with strong disturbance rejection. The leading-angle approach enables smooth transitions between control modes, broadening the PMSM’s operational envelope. 
Shi, Liangtong[7] adopted an improved adaptive super-twisting sliding mode observer combined with a third-order extended state observer to enhance speed buffering and position tracking accuracy of medium–high-speed PMSMs. The method adaptively adjusted the sliding mode coefficient and back-EMF to suppress harmonics and treated rotor position error as a disturbance for improved estimation. MATLAB simulations showed stable operation over a wide speed range, with velocity and position errors reduced to 6.7 rpm and 0.0005 rad, respectively, and enhanced anti-interference capability. 
Chen, Aoran[8] adopted a moving horizon estimation (MHE) approach, combined with a model reference adaptive system for online parameter identification, to improve the accuracy of rotational speed and rotor position estimation in sensorless PMSM control. By optimizing the MHE computation through the Hessian matrix and gradient vector, the method reduced computational load while maintaining constraint-based single-step iterations. Simulation results showed that, compared with conventional control structures, the proposed method significantly decreased estimation errors, improved adaptability, and enhanced the robustness of the PMSM control system.
P Poletto[9] investigated the development of accurate evaluation tools for hybrid and electric vehicle powertrain control systems. Using the Hardware-in-the-Loop (HiL) technique, they achieved verification, validation, and virtual calibration without physical plants, reducing cost and time. The study highlighted that FPGA-based simulation is essential for precise modeling of electromagnetic phenomena and emphasized the importance of thermal modeling to support advanced thermal management strategies, improving efficiency and preventing motor damage.
Cao, XA[10] addresses sensorless control techniques for permanent magnet synchronous motors (PMSMs) focusing on adaptive back-EMF observers to improve control accuracy amid motor parameter variations [19]. It summarizes coordinate transformation-based mathematical modeling, online flux linkage identification, and adaptive observer design for precise rotor position and speed estimation [20]. Comparative simulation studies verify the performance improvements of adaptive observers over traditional methods. Experimental validations on PMSM control platforms further confirm the effectiveness of adaptive back-EMF observers in maintaining accurate control despite parameter changes during operation.
0.3 Study Objectives
In summary, despite the increasing variety of control strategies and continuous improvements in simulation and implementation techniques, practical applications still face challenges in response speed, robustness, efficiency, and adaptability. Therefore, establishing a reliable speed control system for PMSMs remains critically important. This study contributes to the academic community by providing a systematic modeling approach, implementing a dual-loop control strategy combined with advanced modulation techniques, and offering simulation results that can serve as a theoretical basis and practical reference for further research on high-performance PMSM drive systems.
1 Control System Principles
1.1 Mathematical Model of Permanent Magnet Synchronous Motor
In vector control, the Permanent Magnet Synchronous Motor (PMSM) is typically modeled in the rotating reference frame (dq coordinate system) [11]. In this coordinate system, the stator voltage equations and electromagnetic torque equation are simplified as shown in Equation (1):

where ud​ and uq denote the stator voltages along the d-axis and q-axis, respectively; id​ and iq represent the currents in the d-axis and q-axis; Ld​ and Lq are the inductances of the d-axis and q-axis; R is the stator resistance; ωe is the electrical angular velocity; and ψf denotes the flux linkage produced by the rotor permanent magnets.
The electromagnetic torque of the permanent magnet synchronous motor is expressed as:

For surface-mounted structure (Ld=Lq), Equation (2) can be simplified as:

From Equation (3), it can be seen that the electromagnetic torque is proportional to the q-axis current, which is the key parameter for regulating the output torque in the vector control strategy[12].
1.2 Coordinate Transformation of Permanent Magnet Synchronous Motor
In the simulation of Permanent Magnet Synchronous Motors (PMSMs), coordinate transformations between the three-phase stationary reference frame (abc) and the two-phase rotating reference frame (dq) are commonly employed to achieve decoupled control of currents and voltages[13].
A) Clarke Transformation
The Clarke transformation is a method that converts the current or voltage signals in the three-phase stationary reference frame (abc) into the two-phase orthogonal stationary reference frame (α–β), simplifying the analysis and control of three-phase systems [14]. In PMSM control, the Clarke transformation constitutes the first step of implementing vector control and provides the basis for the subsequent Park transformation. By applying this transformation, three-phase AC variables are projected onto the α and β axes, reducing the three-phase variables into two-dimensional variables, which facilitates the controller’s simplified handling of physical quantities such as currents and voltages. The Clarke transformation formula is shown in Equation (4).

B) Park Transformation
The Park transformation converts the variables in the two-phase stationary reference frame (α–β), obtained from the Clarke transformation, into the rotating reference frame (dq), allowing the three-phase AC signals to appear as DC quantities in the dq frame [15]. This transformation uses the electrical angle of the motor rotor as a reference to align the stator variables with the rotor magnetic field, thereby achieving decoupled control of current and torque. In PMSM control, the Park transformation is a critical step in implementing vector control and is often combined with a PI controller to enhance control accuracy and response speed. The Park transformation formula is shown in Equation (5).

C) Inverse Park Transformation in Motor Simulation
The inverse Park transformation converts the voltage or current components from the rotating dq reference frame back to the stationary αβ reference frame. In the vector control strategy of permanent magnet synchronous motors (PMSMs), this transformation is the final computational step before generating the stationary reference frame signals for modulation. The mathematical expression of the inverse Park transformation is given by:

where Vd and Vq are the quantities in the rotating reference frame, Vα and Vβ are the corresponding stationary frame quantities, and θ represents the instantaneous rotor electrical angle.
In PMSM simulation, the inverse Park transformation enables the controlled d and q-axis voltages—optimized for decoupled torque and flux control—to be mapped back to the stationary reference frame. This allows direct integration with Space Vector Pulse Width Modulation (SVPWM) or other modulation schemes, ensuring accurate reproduction of three-phase drive signals in the motor model.
1.3 Theoretical Analysis and Calculation of PI Controller Gains
In a dual closed-loop speed control system, both the speed and current loops utilize proportional-integral (PI) controllers. The PI controller's gain parameter directly affects the system's response speed, overshoot, and steady-state error. Therefore, properly selecting this gain parameter is crucial for ensuring system performance. Furthermore, the sampling period significantly impacts system stability and performance. Excessively long sampling periods can lead to system lag, slow response, and even cause oscillation. Excessively short sampling periods increase the controller's computational burden, impacting real-time performance.
1.3.1 System Model and Parameters
The motor current dynamics are primarily governed by the stator circuit. The current loop can be approximated by a first-order inertial system with the following transfer function:

where L is the motor inductance, R is the resistance, and Iq and Vq​ represent the q-axis current and voltage, respectively. The static gain of the system is given by:

In the speed loop model, the mechanical subsystem dynamics are determined by the rotor inertia and mechanical damping, and can be approximated as a first-order inertial system:

where J is the rotor moment of inertia, B is the mechanical damping coefficient, and ω and Te​ represent the rotor speed and electromagnetic torque, respectively.
1.3.2 Bandwidth Design Principles
A) Speed Loop Bandwidth Design
The speed loop bandwidth should meet actual speed response requirements while ensuring system stability. Typically, the speed loop bandwidth is selected to be within the frequency characteristics of the motor's mechanical system and less than one-tenth to one-fifth of the current loop bandwidth to ensure stable inner-loop control. The mechanical time constant calculation formula is:

where J is the rotor inertia of the mechanical system, valued at 1.21×10−3kg⋅m2, and B is the mechanical damping coefficient, valued at 1×10−3. According to the formula, the mechanical time constant Tm ​ is calculated as 1.21s. The bandwidth of the mechanical system is given by:

Since the closed-loop control of the speed loop can increase the bandwidth, the speed loop bandwidth is generally selected within the range of 1–20Hz. Based on system response requirements and experimental experience, this paper chooses approximately 20Hz, corresponding to an angular frequency of:

B) Current Loop Bandwidth Design
The current loop directly controls the motor current, with its inherent response speed determined by the inductance and resistance. The current loop bandwidth should be at least ten times greater than that of the speed loop to ensure rapid regulation of the current by the inner loop.
The time constant of the current loop is given by:

where Ls​ is the stator inductance with a value of 5×10-5 H, and Rs ​ is the stator resistance with a value of 0.003 Ω. Thus, the time constant Ti is calculated as 0.0167ms. Although the current loop theoretically can achieve a very high bandwidth, practical limitations such as digital controller sampling and PWM switching frequency constrain it. Typically, the current loop bandwidth is set between several hundred to one thousand hertz. In this paper, the current loop bandwidth is chosen to be ten times that of the speed loop bandwidth, approximately 200 Hz, corresponding to an angular frequency ωci​ of 1256.64 rad/s.
[bookmark: _Hlk205910933]1.3.3 Controller Gain Calculation
For the current loop, the controller takes the form:

[bookmark: _Hlk205911252]Based on bandwidth matching and symmetrical tuning methods, the PI parameters can be approximately calculated using frequency domain conditions:

The speed loop controller is expressed as:

According to the pole placement method with a damping ratio ζ=0.707, the PI parameters for the speed loop are:

1.4 Sampling Period Selection
In a dual closed-loop control system, the choice of sampling period significantly affects system stability and performance. An excessively large sampling period leads to system delay, reduced response speed, and even oscillations, whereas an overly small sampling period increases the computational burden on the controller and affects real-time operation.
According to the sampling theorem and empirical design guidelines, the sampling frequency should be at least 10 to 20 times the system bandwidth to ensure the closed-loop system`s dynamic performance and robustness.
A)Current Loop Sampling Period Ts,i
The current loop has a high bandwidth, typically 5 to 10 times that of the speed loop. The sampling frequency is required to satisfy:

where fc,i is the bandwidth of the current loop. Selecting a sampling period Ts,i≤100us ensures real-time response of the current loop and synchronization with the PWM modulation frequency, simplifying controller design.
B)Speed Loop Sampling Period Ts,s
The speed loop has a lower bandwidth and slower response speed, allowing for a relatively lower sampling frequency that satisfies the following condition:

where fc,s​ is the bandwidth of the speed loop. Based on the designed speed loop bandwidth of approximately 20Hz, the sampling period is set to 1ms, which meets the control performance requirements while reducing the computational burden on the processor.
Additionally, the choice of sampling period must also consider hardware factors such as ADC conversion time, PWM cycle, controller processing capability, and bus communication delays. In practical applications, the current loop sampling is typically synchronized with the PWM sampling to ensure consistent timing of signal acquisition, while the speed loop sampling frequency is lower to appropriately reduce controller computation load.
In summary, the current loop sampling period is set to Ts,i=100us, and the speed loop sampling period is set to Ts,s=1 ms, ensuring the system achieves good response speed and computational efficiency.
2 Simulink Model Construction
This chapter presents the development of a high-precision control system simulation model for the Permanent Magnet Synchronous Motor (PMSM) based on the Matlab/Simulink environment. Using a modular decomposition approach, the system is divided into four core modules: power electronic inverter, space vector pulse width modulation (SVPWM), motor body, and coordinate transformation. A collaborative operation mechanism among these modules is established. The model focuses on simulating the SVPWM algorithm, parameterized motor modeling, and the implementation of coordinate transformations. The overall Simulink simulation model is shown in Figure 1.
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Figure 1 Simulink Overall Model
2.1 Motor Body Module
In the simulation model of the Permanent Magnet Synchronous Motor (PMSM) control system, the motor body is the most critical component. This study employs the Permanent Magnet Synchronous Machine block from the SimPowerSystems/Machines library. This block utilizes a physics-based modeling approach, enabling accurate simulation of both the electromagnetic and mechanical characteristics of the PMSM. Additionally, the block communicates input and output signals via bus interfaces, allowing flexible selection of the required output signals through bus selectors. The selected output signals in this work include the electromagnetic torque (Te ​, N·m), rotor position (θ, rad), rotational speed (ω, rad/s), and three-phase stator currents (Ia ​, Ib ​, Ic ​). The motor parameter settings are listed in Table 1.
Table 1 Motor Parameter Settings
	Parameter
	Value

	Stator phase resistance
	1.5Ohm

	Armature inductance
	2.5x10-5H

	Inertia
	1.21 x10-3J(Kg .m2)

	pole pairs
	4


2.2 Inverter Module
The inverter module utilizes the Universal Bridge block from the SimPowerSystems (SPS) toolbox, with the power electronic device configured as an IGBT. The inverter circuit is powered by a DC Voltage Source block, supplying an input voltage of 48 V. The inverter configuration diagram is shown in Figure 2.
[image: ]
Figure 2 Inverter Circuit Configuration Diagram
2.3 Coordinate Transformation Module
In the modeling and control of Permanent Magnet Synchronous Motors (PMSMs), to achieve coordinate transformations from the three-phase stationary reference frame to the two-phase stationary reference frame (Clarke transformation) and further to the rotating reference frame (Park transformation), this model employs the Fcn block to implement the mathematical expressions of the coordinate transformations. The structural diagram is shown in Figure 3.
[image: ]
Figure 3 Schematic Diagram of Coordinate Transformation Structure
2.4 SVPWM Module
To achieve efficient control of the Permanent Magnet Synchronous Motor (PMSM), the simulation system employs Space Vector Pulse Width Modulation (SVPWM) technology to drive and control the inverter. The overall structure of the SVPWM module is shown in Figure 4.
[image: ]
Figure 4 Schematic Diagram of the SVPWM Module Structure
The block diagram shown in Fig. 4 illustrates the overall structure of the Space Vector Pulse Width Modulation (SVPWM) implementation used in the motor control simulation. The inputs to the system are the stationary reference frame voltage components Vα and Vβ​, obtained from the inverse Park transformation, the DC bus voltage Udc ​, and the sampling period Ts​. 
2.4.1 Sector Identification Module
The sector identification module designed in this study, as shown in the figure, employs a logical judgment method to map the voltage components α and β in the two-phase stationary reference frame to one of six spatial sectors. The sector is determined based on the following three sets of conditions:

The above conditions are computed using three separate Fcn blocks, each compared against zero to generate three Boolean values (true as 1, false as 0). Finally, the target sector number is determined using Equation (7):

2.4.2 SVPWM Vector Action Time Calculation Module
This module calculates the action times of the two adjacent active voltage vectors (T1​ and T2​) and the zero voltage vector (T0​) required for the SVPWM control strategy. The computation is based on the stationary reference frame voltage components (Vα,Vβ), the sampling period Ts, and the DC bus voltage Udc. The objective is to synthesize the desired reference voltage vector within each sampling interval by appropriately allocating the durations of the selected vectors.
Mathematically, the action times can be derived from the geometric projection of the reference vector onto the two active vectors defining the current sector. For a given sector N, the conduction times T1​ and T2 are calculated as:

where ϕ1 and ϕ2 represent the phase angles of the two adjacent active vectors. The zero vector time is then obtained from:

By ensuring that T1 and T0​ are symmetrically distributed within the sampling period, this module minimizes switching losses, reduces harmonic distortion, and fully utilizes the DC bus voltage. In the context of simulation, it enables precise reconstruction of the reference vector trajectory, ensuring accurate torque and flux control in the motor model.
2.4.3 Sector Conduction Time Calculation Module
According to the six-sector switching strategy of the SVPWM algorithm, this module allocates the calculated active vector times T1​ and T2​ to the three-phase bridge arms, thereby determining the conduction times Ta ​, Tb​, and Tc​ for each phase within a sampling period. The allocation process ensures that the synthesized voltage vector maintains a symmetrical distribution around the center of the sampling interval, which is essential for minimizing harmonic distortion and reducing switching losses.
To achieve fast and deterministic execution, the mapping from vector action times to phase conduction times is implemented in a lookup table form. For each of the six possible sectors, the table stores the corresponding time combination (Ta,Tb,Tc),derived from the relationships:

where T0​ is the zero vector duration, and the arrangement of T1​ and T2​ among the phases varies according to the sector number N.
The output conduction times are subsequently used to generate symmetrical SVPWM waveforms for the inverter, ensuring maximum DC bus voltage utilization while preserving the desired voltage vector trajectory in both simulation and hardware implementations.
2.4.4 PWM Signal Generation Module
This module receives the three-phase conduction times Ta​, Tb​, and Tc​ calculated in the previous stage and, together with the sampling period Ts​, generates the corresponding three-phase PWM signals within each control cycle. Its primary function is to convert the conduction time information into the binary switching signals Sa​, Sb​, and Sc​ that directly control the three inverter bridge arms.
The generation process is based on a symmetrical PWM strategy, in which the conduction times are centered within the sampling period to reduce harmonic distortion. For each phase, the switching state is determined by comparing the phase’s conduction time with a carrier triangular waveform of period Ts​. Mathematically, the switching signal for phase x (x∈{a,b,c}) is defined as:

where Tx denotes the conduction time of the corresponding phase.
By arranging the switching transitions symmetrically with respect to the midpoint of the sampling interval, this module minimizes switching losses and ensures balanced operation of the inverter. The resulting PWM signals Sa ​, Sb ​, and Sc​ are then applied to the gate drivers of the inverter power devices, producing the desired output voltages that synthesize the reference voltage vector computed by the control algorithm.
In the simulation model, this module not only replicates the real-time hardware PWM generation process but also enables accurate assessment of the modulation performance, harmonic content, and switching behavior under various operating conditions.
3 Simulation Results
Based on the PMSM simulation model established in MATLAB/Simulink, simulation experiments were carried out for the speed–current dual closed-loop control system. In the simulation, the proportional and integral gains of the speed PI controller were set to Kp = 0.214 and Ki = 19.11, respectively, with a saturation limit of ±160. For the current PI controller, the parameters were set to Kp = 0.063 and Ki = 7.93, and the output was constrained within ±48 by the saturation block.
3.1 No-Load Speed Response
This experiment aims to evaluate the steady-state performance of the motor under no-load conditions and to verify the basic tracking capability of the speed control system. By applying a constant reference speed and removing mechanical load torque, the system’s behavior without external disturbances can be observed, enabling assessment of its steady-state accuracy and dynamic response.
In the simulation, the motor starts from standstill, and a constant reference speed command of n = 500 r/min is applied at t = 0 s. A dual closed-loop control strategy is adopted, consisting of an outer speed loop and an inner current loop, to ensure fast dynamic response and minimal steady-state error.
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Figure 5 Speed Response Curve
From the simulation results, it can be observed that the motor speed rises rapidly and stabilizes near the given reference value. The overshoot remains within 10%, and no significant oscillation is observed, indicating that the control system exhibits good speed regulation performance and steady-state stability under no-load conditions.
[bookmark: _Hlk205921211]Table 2 Response Index
	index
	Overshoot
	Adjustment time
	Steady-state error

	value
	9.8%
	0.039s
	＜0.3%


3.2 Speed Step Response
This experiment aims to evaluate the motor control system’s response to a step change in the reference speed, focusing on its dynamic performance and tracking accuracy. By applying a step variation to the reference speed, key performance indicators such as acceleration/deceleration behavior, overshoot, settling time, and steady-state error can be observed, which help assess the appropriateness of the controller parameter design and the overall stability of the system.
In this simulation, the motor initially operates at a reference speed of n = 1000 r/min. At t = 0.3 s, the reference speed is suddenly increased to n = 1500 r/min to simulate a speed-up condition under varying load demand. This experiment primarily investigates the system's dynamic response during the speed transition, including response time, overshoot, and steady-state recovery performance.
[image: ]
Figure 6 Speed Response Curve
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Figure 7 Electromagnetic Torque Curve
As shown in the simulation waveforms in Figures 6 and 7, the results are consistent with theoretical expectations. Under the reference speed of n = 1000 r/min, the motor responds rapidly and smoothly, with an overshoot of less than 5%. At t = 0.3 s, the reference speed increases to n = 1500 r/min, and the motor quickly stabilizes within approximately 0.07 seconds. In steady-state operation, no speed error is observed.
In the electromagnetic torque curve (Figure 7), a noticeable torque fluctuation occurs at t = 0.3 s during the speed transition. This is mainly attributed to the frequent switching behavior of the current PI controller in response to the sudden change in operating conditions.
Table 3 Response Index
	Target speed
	Overshoot
	Adjustment time
	Steady-state error

	1000rpm
	4.3%
	0.098s
	＜0.3%

	1500rpm
	2.8%
	0.065s
	＜0.3%


3.3 Load Disturbance Response
The load disturbance experiment is designed to evaluate the motor control system’s dynamic response and robustness under sudden changes in external mechanical load. By applying a step disturbance in load torque, the resulting speed fluctuation, transient behavior, and steady-state recovery can be observed, allowing for assessment of the control strategy's disturbance rejection capability.
In this simulation, the motor operates at a constant speed of n = 1000 r/min. At t = 0.3 s, the external load torque abruptly changes from 0.5 N·m to 1.5 N·m, simulating a sudden load increase in practical applications. All other parameters remain unchanged throughout the experiment.
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Figure 8 Electromagnetic Torque Response Curve
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Figure 9 Speed Response Curve
As illustrated in Figures 8 and 9, the waveforms are consistent with theoretical expectations. Under the reference speed of n = 1000 r/min, the motor responds quickly and maintains a stable speed. At t = 0.3 s, a load disturbance causes a temporary fluctuation in speed, but the system recovers rapidly and returns to a steady-state condition within approximately 0.015 seconds, with no steady-state error observed.
In the electromagnetic torque response curve (Figure 8), the torque increases smoothly to match the new load torque following the disturbance at t = 0.3 s. The torque remains stable afterward without significant oscillations, indicating that the control system effectively compensates for the sudden load change.
4 Conclusion
This paper presents the modeling and simulation of a dual closed-loop speed control system for a Permanent Magnet Synchronous Motor (PMSM) based on the Simulink platform. By adopting a vector control strategy that integrates both current and speed loops, and combining it with the Space Vector Pulse Width Modulation (SVPWM) technique, effective decoupled control of motor speed and current is achieved.
Simulation results demonstrate that the designed control system exhibits excellent dynamic response and steady-state regulation performance. The motor speed can track the reference commands rapidly and accurately, with the steady-state error maintained within 5%. Under speed and load step disturbances, the system recovers to steady-state within 0.1 seconds, indicating strong robustness and anti-disturbance capability.
Moreover, the system is characterized by a well-defined architecture, tunable parameters, and high scalability, demonstrating substantial practical engineering value. It serves as both a theoretical foundation and a simulation platform for advancing research on high-performance control strategies of permanent magnet synchronous motors. Nevertheless, the current design has yet to integrate advanced techniques—such as adaptive control, feedforward compensation, or model predictive control—which limits its ability to maintain control precision and intelligence under complex operating conditions.
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