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Abstract 

This thesis presents the loss minimization strategies utilizing improved torque 
and flux control for interior permanent magnet synchronous machines 
(IPMSMs). As a loss minimization method of the system based on the control 
strategy, the widely accepted direct torque control (DTC), field oriented control 
(FOC) and finite control set model predictive torque control (FCS-MPTC) are 
investigated and analyzed. Meanwhile, a nonlinear loss model control (LMC) is 
developed and integrated into the control strategies. Furthermore, a novel 
discrete-time machine model which is based on improved Euler method and an 
alternative deadbeat (DB)-MPTC with FCS are developed. 

The first part of the thesis deals with the key point and the improvement of the 
conventional control strategies. For DTC, while the torque ripple reduction is 
still a challenge for researchers, the possible reasons of the torque ripple are 
investigated and analyzed based on stator flux, stator current and the stator flux 
observer. The principle and the implementation of the FOC and FCS-MPTC are 
carried out for novel prototypes of IPMSMs. 

This thesis lays the foundation of a flux linkage-based machine loss model of 
IPMSMs. An improved nonlinear LMC is developed and verified by finite 
element method (FEM), which considers the nonlinear machine inductance, iron 
loss resistance and permanent magnet loss resistance. Then the improved LMC 
method is integrated into DTC, DTC with space vector modulator (SVM) and 
FCS-MPTC method as a stator flux reference to achieve the minimum copper 
loss, iron loss and permanent magnet (PM) loss of the system in every operating 
condition. 

Until now, the calculation effort of the long horizon prediction controllers is 
still a challenge. Two proposed solutions are proposed in this thesis. An 
improved discrete-time machine model of IPMSMs for low switching frequency 
is developed based on trapezoidal Euler method. Another solution is that the 
proposed prediction model utilizes the deadbeat strategy to optimize the process 
of the switching selection of the inverter without modulator. To avoid the 
complete enumeration of all the voltage vectors, a branch and bound voltage 
sector (deadbeat sector) which consists the desired voltage vector is predicted. 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Acknowledgements 

This research work has been carried out during the years 2010-2014 in the 
Institute for Electrical Drives and Automation at the University of Federal 
Defense Munich.  

First, I would like to express my sincere thanks to my supervisor, Prof. Dr.-Ing. 
Dieter Gerling, for his valuable comments and guidance throughout the work as 
well as for allowing me a high degree of freedom in my research activities. His 
inspiring guidance and encouragement are always giving me enormous-impetus. 

I wish to express my gratitude to the committee of this thesis, Prof. Dr.-Ing. 
Ralph M. Kennel, and Prof. xxxx for their support and advice. 

To all the staff of the Institute during these years, I wish to send my warmest 
thanks for making the atmosphere as a family. 

I would like to thank Chinese Scholarship Council (CSC) for granting me the 
highly competitive scholarship and the Institute for Electrical Drives and 
Actuators of University of Federal Defence Munich and Forschungszentrum für 
Elektrische Antriebstechnik und Aktorik München GmbH (FEAAM) for giving 
me the financial support during my study in Germany.  

I am deeply indebted to my family for giving me all best for a good life basis 
and encouraged me during my work. Thanks also to my father Guangrong Xie 
and mother Junying Wang; this thesis is dedicated to you. 

Finally, I would like to thank my wife xiaocan for her love, understanding and 
support, and our two years old lovely son binyu leon for his big smiles. 

 

 

 

Neubiberg, 19.06. 2015 

Wei Xie 

 



  

 



   

Contents 

1 Introduction ········································································ 1 
1.1 Background ······································································· 1 
1.2 Permanent magnet synchronous machines (PMSMs) ······················ 3 
1.3 Control strategies for PMSM drive systems ································· 4 

1.3.1 Direct torque control (DTC) ············································· 4 
1.3.2 Field oriented control (FOC) ············································· 6 
1.3.3 Model predictive torque control (MPTC) ······························ 7 

1.4 Loss minimization strategies of electrical drive systems ··················· 8 
1.5 The description of test benches ·············································· 10 
1.6 Outline and main contributions ·············································· 13 

2 The control schemes ···························································· 17 
2.1 Mathematical model of PMSMs ············································· 17 
2.2 DTC for IPMSMs ······························································ 23 

2.2.1 Torque ripple ····························································· 23 
2.2.2 Stator flux ripple ························································· 27 
2.2.3 Stator current ripple ····················································· 29 
2.2.4 Flux observer investigation ············································ 30 
2.2.5 Experimental results of DTC ··········································· 32 

2.3 FOC for IPMSMs ······························································ 34 
2.3.1 The principle of SVM ··················································· 34 
2.3.2 Experimental results of FOC ··········································· 38 

2.4 Finite control set (FCS) MPTC for IPMSMs ······························ 40 
2.4.1 The principle of FCS-MPTC ··········································· 40 
2.4.2 Experimental results of FCS-MPTC ·································· 43 

2.5 Conclusions ···································································· 44 
3 Loss minimization strategies ·················································· 47 

3.1 Loss model control (LMC) ··················································· 47 
3.1.1 Loss model of IPMSMs ················································· 47 
3.1.2 LMC with optimal stator flux reference ······························ 48 
3.1.3 Improvement of LMC ··················································· 52 

3.2 Maximum torque per ampere (MTPA) ····································· 56 
3.2.1 The principle of MTPA ················································· 56 
3.2.2 MTPA with torque and flux control··································· 60 

3.3 Conclusions ···································································· 64 
4 DTC and DTC-SVM with LMC ·············································· 67 

4.1 Structure of DTC with LMC ················································· 67 
4.2 Structure of DTC-SVM with LMC ·········································· 68 
4.3 Experimental results ··························································· 69 



  

4.3.1 Steady-state performance ··············································· 69 
4.3.2 Dynamic performance ··················································· 71 
4.3.3 Efficiency evaluation ···················································· 73 

4.4 Conclusions ···································································· 75 
5 FCS-MPTC with LMC ························································· 77 

5.1 The discrete model of long horizon FCS-MPTC ·························· 77 
5.2 The inverter loss model ······················································· 78 
5.3 The algorithm of FCS-MPTC with LMC ·································· 79 
5.4 Experimental results ··························································· 79 

5.4.1 Steady-state performance ··············································· 80 
5.4.2 Dynamic performance ··················································· 81 
5.4.3 Efficiency evaluation ···················································· 83 

5.5 Conclusions ···································································· 84 
6 Low switching frequency machine model ·································· 87 

6.1 Improved Euler function ······················································ 87 
6.2 Novel discrete machine model ··············································· 88 
6.3 Simulation results ······························································ 91 
6.4 Conclusions ···································································· 94 

7 Deadbeat (DB)-MPTC with FCS ············································· 97 
7.1 The calculation effort of exhaustive exploration of FCS-MPTC ······· 98 
7.2 The algorithm of DB-MPTC ················································· 99 

7.2.1 The optimized exploration of DB-MPTC ···························· 99 
7.2.2 The implementation of DB-MPTC ··································· 103 

7.3 Evaluation results ····························································· 104 
7.3.1 Computation time ······················································· 104 
7.3.2 Drive performance ······················································ 105 

7.4 Conclusions ··································································· 109 
8 Conclusions and recommended future work ····························· 111 

8.1 Conclusions ··································································· 111 
8.2 Recommended future work ·················································· 112 

Reference ··············································································· 115 

List of publications ··································································· 125 

List of symbols and acronyms ····················································· 127 

Appendix ··············································································· 131 

 


