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Research Background and Objectives

 Non-idealities in PMSMs

– A limited number of stator and rotor core slots result in 

non-uniform air-gap lengths causing machine 

parameters to have harmonic components [1]

– Non-uniform magnetic saturation causes cross-

coupling of inductance between d- and q-axes and 

varying magnet flux linkage with motor current [2]

– Nonideal characteristics become severe in low-cost or 

medium voltage motor applications with full-pitch and 

concentric coils

 Related Research Topic

1. Torque ripple reduction (Low speed)

- Optimal design of the stator and rotor [3]-[5]

- Optimal current reference and its control [6]-[10]

2. Harmonic loss reduction control [8]

3. Position sensorless control



Research Background and Objectives

 Objectives

– Experimental identification of machine non-idealities

– Sinusoidal current control scheme

1) Efficiency improvement

2) Improvement in angle estimation performance in EEMF based 

sensorless control



Nonideal PMSM Model

 Nonideal IPMSM Model

• The triplen harmonics are absent in a Y-connected balanced 3-phase circuit

• Other harmonics in order of (6𝑛𝑛±1) in abc frame are presented as multiples of 6th order 

harmonics in SRF



Nonideal PMSM Model

 Simplified Nonideal IPMSM Model

• If the motor is manufactured with a high-coercive PM, the effect of the inductance harmonics 

and mutual inductance is negligible compared to that of rotor magnet flux linkage harmonics 

[6], [11]

• Assuming 
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Harmonic Identification of Back-EMF

 Offline Harmonic Identification

• The saturation effect cannot be considered with offline method

• Online identification is available in [12]

:Unit Wb t∗ −



Harmonic Identification of Back-EMF

 Rotor Magnet Flux Linkage Representation in SRF
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Current Control of PMSMs with Non-sinusoidal Back-EMF

 Conventional PI

• Controller mainly serves for the control of 

fundamental frequency components

• Multiples of 6th harmonic components cannot 

be handled properly < Tested with various 𝑇𝑇𝑒𝑒 >



Current Control of PMSMs with Non-sinusoidal Back-EMF

 Proposed Controller

• Harmonic voltage injection loop appears as a feed-forward term

• 6th and 12th harmonic voltages are injected

* PIR controller is available in [12]



Impact on THD

 THD Improvement

< Proposed Control >< Conventional PI >



Impact on Power Loss

 Power Loss Improvement

∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡= ∆𝑃𝑃𝑐𝑐𝑐𝑐 + ∆𝑃𝑃𝑖𝑖𝑟𝑟𝑡𝑡𝑖𝑖 ∆𝜂𝜂 = ∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑃𝑃𝑖𝑖𝑖𝑖

𝑃𝑃𝑖𝑖𝑖𝑖 𝑃𝑃𝑡𝑡𝑐𝑐𝑡𝑡

𝑃𝑃𝑐𝑐𝑐𝑐 = 𝑅𝑅𝑠𝑠 𝐼𝐼𝐴𝐴𝑟𝑟𝐴𝐴𝑠𝑠2
+ 𝐼𝐼𝐵𝐵𝑟𝑟𝐴𝐴𝑠𝑠2

+ 𝐼𝐼𝐶𝐶𝑟𝑟𝐴𝐴𝑠𝑠2𝑃𝑃𝑖𝑖𝑟𝑟𝑡𝑡𝑖𝑖 + 𝑃𝑃𝐴𝐴𝑒𝑒𝑐𝑐𝑚 = 𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑡𝑡𝑐𝑐𝑡𝑡 − 𝑃𝑃𝑐𝑐𝑐𝑐



Impact on EEMF-Based Sensorless Control

 Angle Estimation Improvement [13]

Conventional 

Proposed ↓



Ongoing Research

 Injecting optimal 6th and 12th harmonic currents to reduce torque ripple in low-

speed range [10]

 Current control for minimizing cross-coupling effect [14]

 Sensorless control for low-speed range 

 Experimental harmonic identification of self- and cross-coupling inductance



1. G. Dajaku and D. Gerling, “Stator slotting effect on the magnetic field distribution of salient pole synchronous permanent-magnet machines,” IEEE Trans. Magn., vol. 46, no. 9, pp. 3676-3683, 

Sep. 2010.

2. K. Yamazaki and M. Kumagai, “Torque Analysis of Interior Permanent-Magnet Synchronous Motors by Considering Cross-Magnetization: Variation in Torque Components With Permanent-

Magnet Configurations,” IEEE Trans. Ind. Electron., vol. 61, no. 7, pp. 3192-3201, Jul. 2014.

3. L. Parsa and L. Hao, “Interior Permanent Magnet Motors With Reduced Torque Pulsation,” IEEE Trans. Ind. Electron., vol. 55, no. 2, pp. 602-609, Feb. 2008.

4. R. Islam, I. Husain, A. Fardoun, and K. McLaughlin, “Permanent-Magnet Synchronous Motor Magnet Designs With Skewing for Torque Ripple and Cogging Torque Reduction,” IEEE Trans. Ind. 

Appl., vol. 45, no. 1, pp. 152-160, Jan./Feb. 2009.

5. M. A. Khan, I. Husain, M. R. Islam, and J. T. Klass, “Design of Experiments to Address Manufacturing Tolerances and Process Variations Influencing Cogging Torque and Back EMF in the Mass 

Production of the Permanent-Magnet Synchronous Motors,” IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 346-355, Jan./Feb. 2014.

6. S. Chung, H. Kim, C. Kim, and M. Youn, “A New Instantaneous Torque Control of PM Synchronous Motor for High-Performance Direct-Drive Applications,” IEEE Trans. Power Electron., vol. 13, 

no. 3, pp. 388-400, May 1998.

7. G. Lee, S. Kim, J. Hong, and J. Bahn, “Torque Ripple Reduction of Interior Permanent Magnet Synchronous Motor Using Harmonic Injected Current,” IEEE Trans. Magn., vol. 44, no. 6, pp. 1582-

1585, Jun. 2008.

8. P. Kshirsagar and R. Krishnan, “High-Efficiency Current Excitation Strategy for Variable-Speed Nonsinusoidal Back-EMF PMSM Machines,” IEEE Trans. Ind. Appl., vol. 48, no. 6, pp. 1875-1889, 

Nov./Dec. 2012.

9. N. A. Qamar and C. J. Hatziadoniu, “Cancellation of Torque Ripples in PMSM via a Novel Minimal Parameter Harmonic Flux Estimator,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 2553-

2562, Mar. 2019.

10. H. Cho, Y. Kwon, and S. Sul, “Optimal Current Trajectory Control of IPMSM for Minimized Torque Ripple,” IEEE ITEC, Detroit, MI, USA, 2019, pp. 1-6.

11. B. H. Ng, M. F. Rahman, and T. S. Low, "An Investigation into the Effects of Machine Parameters on Torque Pulsation in a Brushless DC Drive," in Proc. IEEE IECON, Singapore, Singapore, 

1988, pp. 749-754.

12. H. Kim, Y. Han, K. Lee, and S. Bhattacharya, “A Sinusoidal Current Control Strategy Based on Harmonic Voltage Injection for Harmonic Loss Reduction of PMSMs With Non-Sinusoidal Back-

EMF,” IEEE Trans. Ind. Appl. vol. 56, no. 6, pp. 7032-7043, Nov.-Dec. 2020.

13. H. Kim, K. Lee, and S. Bhtattacharya, “Improved EEMF-Based Position Sensorless Control for Non-Sinusoidal Back-EMF PMSMs,” J. Electr. Eng. Technol. 17, 1229–1238 (2022).

14. K. Lee, J. Ha, and D. V. Simili, “Analysis and Suppression of Slotting and Cross-Coupling Effects on Current Control in PM Synchronous Motor Drives,” IEEE Trans. Power Electron., vol. 34, no. 

10, pp. 9942-9956, Oct. 2019.

References



Q & A


	PMSM Control Strategies in Consideration of Machine Nonidealities
	Outline
	Research Background and Objectives
	Research Background and Objectives
	Nonideal PMSM Model
	Nonideal PMSM Model
	Harmonic Identification of Back-EMF
	Harmonic Identification of Back-EMF
	Current Control of PMSMs with Non-sinusoidal Back-EMF
	Current Control of PMSMs with Non-sinusoidal Back-EMF
	Impact on THD
	Impact on Power Loss
	Impact on EEMF-Based Sensorless Control
	Ongoing Research
	References
	Q & A

