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Introduction

Modern electric drives are increasingly moving towards lightweight, high �performance, and maintenance �free 

solutions. One of the most compelling trends in this arena is the use of sensorless permanent magnet synchronous 

motors (PMSMs). By eliminating mechanical sensors, designers can reduce cost, improve reliability, and shrink the 

overall footprint of the drive. However, sensorless control introduces new challenges, especially in accurately 

estimating the rotor position and speed. A critical component that addresses these challenges is the flux observer, 

which reconstructs the magnetic flux linkage from measured voltages and currents. In this article, we explore an 

improved flux observer for sensorless permanent magnetmotors, detailing its theoretical foundations, practical

implementation, and performance benefits. We aim to provide engineers, researchers, and students with a

comprehensive resource that blends technical depth with readability.

Understanding Sensorless Permanent Magnet Motors

What Are PMSMs?

A permanent magnet synchronous motor uses permanent magnets on the rotor to create a magnetic field, while

the stator windings generate a rotating field through AC excitation. This configuration offers high efficiency, high

power density, and excellent dynamic response. In a typical PMSM, the rotor position is critical for optimal torque

production, and most commercial drives rely on Hall sensors or resolvers to provide this information.

Why Go Sensorless?

Removing sensors offers several advantages:

•  Cost Reduction: Fewer components mean lower BOM and assembly costs.

•  Improved Reliability: Sensors are subject to wear, temperature drift, and mechanical shock.

•  Compact Design: Eliminating sensor wiring frees up space and simplifies packaging.

•  Reduced Electromagnetic Interference: Fewer signal cables reduce EMI concerns.

However, sensorless control must infer rotor position from electrical measurements alone, which is inherently more

complex and sensitive to disturbances.

Flux Observers: The Core of Sensorless Control

Basic Concept

A flux observer reconstructs the stator flux linkage vector by integrating the voltage equation and subtracting the

back �EMF component. The observer typically uses the motor model:

Flux Equation: <e÷2�Ò�"²‡e÷2�Ò�%÷2�•÷2’�G@

where v_s is the stator voltage, R_s the stator resistance, and i_sthe stator current. By projecting the flux onto the

rotor axis, the observer estimates the rotor position.



Common Challenges

•  Parameter Variations: Temperature changes alter resistance and inductance.

•  Back �EMF Non �Linearities: Saturation and magnetic hysteresis can distort the back �EMF.

•  High �Speed Operation: At high speeds, the back �EMF dominates, making it hard to separate from voltage 

drops.

•  Noise: Sensor noise and switching ripple interfere with accurate estimation.

Traditional flux observers often struggle under these conditions, leading to position errors, torque ripple, and even

instability.

Designing an Improved Flux Observer

Key Objectives

The improved observer aims to:

•  Enhance accuracy across a wide speed range.

•  Robustly handle parameter variations.

•  Minimize computational load for real �time implementation.

•  Provide fast convergence after startup or fault.

Model �Based Approach with Adaptive Parameters

One effective strategy is to use an adaptive observer that continuously estimates motor parameters. The observer 

incorporates a parameter adaptation law based on the error between measured and estimated currents:

1.  Compute the flux estimate <c�_s using the voltage integration.

2.  Predict the stator current i0%÷2�Ò�Æ0%÷2�ò�Å÷2�‡v†W&R�Å÷2�—2�7F�F÷"�–æGV7F�æ6R’à

3.  Calculate the current error e_i = i_s - i0%÷0.

4.  Update the parameter estimate using a gradient descent rule: 9DÅ÷2�Ò�Ó³ e_i <c�_s, where ;2�—2���GVæ–ær�v�–âà

By adjusting L_s on the fly, the observer compensates for temperature drift and magnetic saturation.

Incorporating a Kalman �Filter �Based Estimator

For environments with significant noise, a Kalman filter can be integrated into the observer. The filter treats the flux

linkage as a state vector and models the process and measurement noise covariances. The Kalman update

equations are:

•  Prediction: <c�_k { = <c�_{k-1} + 9GB�‡e÷2�Ò�%÷2�•÷2•

•  Measurement Update: <c�_k = <c�_k { + K_k (i_s - i0%÷2•

where K_kis the Kalman gain computed from the error covariance matrices. This approach yields statistically

optimal estimates under Gaussian noise assumptions.

Hybrid Observer Design

A hybrid observer blends the strengths of both adaptive and Kalman filter techniques. It uses a high �gain observer

for rapid convergence during startup and a low �gain Kalman filter for steady �state operation. The observer switches

between modes based on a predefined criterion, such as the magnitude of the current error or the estimated speed.

Algorithm Implementation

Software Architecture

The observer is typically implemented in a microcontroller or DSP running a real �time control loop. The software



architecture consists of the following modules:

1.  Signal Acquisition: ADC sampling of stator voltages and currents.

2.  Pre �Processing: Filtering and compensation for ADC offset.

3.  Flux Observer: Core estimation algorithm.

4.  Parameter Adaptation: Update rules for resistance and inductance.

5.  State Estimation: Kalman filter or high �gain observer.

6.  Control Law: Field �weakening, torque control, and speed regulation.

7.  Diagnostics: Fault detection and logging.

Computational Considerations

To meet real �time constraints, the algorithm must be optimized:

•  Use fixed �point arithmetic where possible.

•  Employ lookup tables for trigonometric functions.

•  Pre �compute constants and store them in read �only memory.

•  Schedule the observer to run at a high frequency (e.g., 20–30 kHz).

Parameter Tuning

Key tuning parameters include:

•  Adaptive Gain (;2“  Determines how quickly the observer adjusts inductance. A typical value is between 0.01 

and 0.1.

•  Kalman Process Noise (Q): Reflects the expected variation in flux. A small Q (e.g., 1e �6) assumes a stable 

system.

•  Kalman Measurement Noise (R): Represents current sensor noise. Adjust based on the ADC resolution.

•  Observer Gain (k): For the high �gain mode, a larger k improves startup convergence but may amplify noise.

Iterative tuning, aided by simulation and hardware-in-the-loop (HIL) testing, yields the best performance.

Simulation and Validation

MATLAB/Simulink Model

A typical simulation workflow involves:

1.  Creating a PMSM plant model with realistic parameters.

2.  Adding the improved flux observer block.

3.  Simulating various operating conditions: startup, steady �state, load torque changes, and temperature 

variations.

4.  Analyzing the observer error, torque ripple, and speed tracking.

Results often show a reduction in position error by over 50% compared to conventional observers, especially at

high speeds.

Hardware �in �the �Loop Testing

HIL setups validate the observer under real switching conditions. The key metrics to monitor are:

•  Estimation Error: Difference between estimated and actual rotor position.

•  Response Time: Time to converge after a sudden speed change.

•  Robustness: Stability under sensor noise and parameter drift.

•  Computational Load: CPU usage and memory footprint.



Successful HIL tests confirm that the observer can be deployed on commercial microcontrollers.

Practical Applications

Electric Vehicles (EVs)

EV traction drives benefit from sensorless control to reduce cost and improve reliability. The improved flux observer

ensures accurate torque control during acceleration, regenerative braking, and high �speed cruising.

Industrial Automation

Robotic arms, CNC machines, and conveyor systems often operate at varying speeds and loads. The observer’s

robustness to parameter variations ensures smooth motion and reduces maintenance.

Renewable Energy

Wind turbines and solar tracking systems use PMSMs for pitch control and power conversion. Sensorless operation

mitigates sensor wear in harsh environments.

Consumer Electronics

High �efficiency appliances like washing machines and HVAC systems can integrate sensorless drives to enhance

user experience and reduce energy consumption.

Benefits of the Improved Flux Observer

•  Higher Accuracy: Better rotor position estimation leads to smoother torque production.

•  Wide Speed Range: Maintains performance from zero to high speeds.

•  Parameter Robustness: Adapts to temperature and load variations.

•  Reduced Torque Ripple: Enhances product quality and user comfort.

•  Lower Cost: Eliminates mechanical sensors and simplifies wiring.

•  Scalable Implementation: Suitable for low �cost microcontrollers and high �performance DSPs.

Future Trends

Machine Learning Integration

Emerging research explores using neural networks to predict motor parameters and refine flux estimates. These

data �driven models can complement traditional observers, especially in highly nonlinear regimes.

Advanced Sensorless Techniques

Techniques such as sliding �mode observers, adaptive sliding �mode observers, and high �frequency injection methods

are being refined to push the limits of sensorless control.

Embedded AI and Edge Computing

With the rise of edge computing, observer algorithms can be distributed across multiple cores, enabling parallel

processing and faster convergence.

Conclusion

Sensorless permanent magnet synchronous motors represent a pivotal shift toward smarter, more economical 

electric drives. At the heart of this shift lies the flux observer, which reconstructs rotor position and speed from 

electrical measurements alone. By incorporating adaptive parameter estimation, Kalman filtering, and hybrid 

observer strategies, the improved flux observer for sensorless permanent magnetmotors delivers



unprecedented accuracy, robustness, and speed performance. Engineers adopting this observer can expect

smoother torque, reduced torque ripple, and reliable operation across a broad range of conditions—all while cutting

cost and simplifying design. As the electric drive industry continues to evolve, such advanced observer techniques

will play an essential role in enabling the next generation of high �efficiency, sensorless motor applications.
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