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中文摘要 

本論文主旨在於使用功率硬體迴路(Power Hardware-in-the-Loop, PHIL)技術，

實現對於表面式永磁同步馬達 (Surface Permanent Magnet Synchronous Motor, 

SPMSM)在不同故障情境下的實時模擬。論文主要分為兩個部份，第一部分是針對

SPMSM常見的故障情境，包含電阻不平衡(Resistance Unbalance, R-Unbalance)、欠

相故障(Open-Phase Fault, OPF)以及匝間短路故障(Inter-Turn Short-Circuit Fault, 

ISCF)，進行模型的建立以及簡化。 

第二部分則是當待測馬達驅動器(Motor driver Under Test, MUT)使用磁場導向

控制(Field-Oriented Control, FOC)時， PHIL會經由故障情境之馬達模型產生具有

諧波成分的參考電流。由於此參考電流無法只透過比例積分(Proportional-Integral; 

PI)控制器達成無穩態誤差，因此本文提出了具耦合項之比例積分諧振(Coupling-

Proportional-Integral-Resonant, CPIR)控制器，以改善 PHIL電流控制器的效能。 

最後，這些論述的成果將透過MATLAB & Simulink模擬進行初步驗證，並同

時在硬體實驗上取得相對應的成果，以證明實作及模擬皆與理論相符。本論文從實

測數據驗證了 PHIL 在使用 CPIR 控制後，直交軸上兩倍頻電流的誤差在 R-

Unbalance情境下從 17.64%降到 0.43%，在 OPF情境下從 17.21%降到 0.39%，在

ISCF情境下從 15.70%降到 0.47%。另外，實測結果的三相電流及數值模擬的三相

電流之均方根誤差(Root-Mean-Square Error, RMSE)，在使用了 CPIR 控制後，R-

Unbalance情境下從 18.31%降到 14.36%，OPF情境下從 17.21%降到 7.94%，ISCF

情境下從 20.29%降到 18.34%。此外，為了公正評估 PHIL模擬實際馬達的能力，

本論文提出了使用總諧波失真再加上雜訊 (Total Harmonic Distortion plus 

Noise,THD+N)來進行計算的相似指數(Simularity Index, SI)。透過 SI可比較實測結

果的三相電流以及數值模擬的三相電流的相似程度。在使用了 CPIR 控制後，R-

Unbalance情境下 SI從 86.42%升到 97.33%，OPF情境下 SI從 55.64%升到 84.31%，

ISCF 情境下 SI 從 61.43%升到 64.07%。透過上述三種比較數據可驗證使用 CPIR

控制的 PHIL在故障情境下的實時模擬效能。 

 

關鍵字：功率硬體迴路、電子式馬達模擬器、動態馬達模擬器、永磁同步馬達、電

阻不平衡、欠相故障、匝間短路故障、馬達驅動器、磁場導向控制 
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ABSTRACT 

The objective of this thesis is to realize the emulation of Surface Permanent Magnet 

Synchronous Motor (SPMSM) under different fault scenarios using Power Hardware-in-

the-Loop (PHIL) technology. This thesis is divided into two main parts. The first part 

involves the development and simplification of models for common SPMSM fault 

scenarios, including Resistance Unbalance(R-Unbalance), Open-Phase Fault (OPF), and 

Inter-Turn Short-Circuit Fault (ISCF). 

The second part focuses on the emulation of faulty motors using a Motor Driver 

Under Test (MUT) with Field-Oriented Control (FOC). The motor model considering 

fault conditions generates the reference currents with harmonic components, where the 

conventional Proportional-Integral (PI) control cannot achieve zero steady-state error. To 

improve the performance of the PHIL current control, this thesis proposes a new method 

called Coupling-Proportional-Integral-Resonant (CPIR) control. 

Finally, the derived PMSM fault models and the proposed CPIR control are 

preliminarily verified using MATLAB & Simulink simulations. Also, hardware 

experiments are conducted to validate that both simulation and experiment results are 

consistent. Furthermore, this thesis provides a comprehensive analysis of the error at 

second order harmonic of the controller. It is evident that the implementation of CPIR 

control leads to a significant reduction in the error at second order harmonic in various 

fault scenarios. Specifically, in the case of R-Unbalance scenario, the error drops from 

17.64% to 0.43%, in the OPF scenario, it decreases from 17.21% to 0.39%, and in the 

ISCF scenario, it diminishes from 15.70% to 0.47%. Additionally, a comparison is 

conducted between the root-mean-square errors (RMSE) of the three-phase current 

measured from hardware experiments and the three-phase current obtained from 
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numerical simulation. The results demonstrate notable improvements with the application 

of CPIR control. In the R-Unbalance scenario, RMSE decreases from 18.31% to 14.36%, 

in the OPF scenario, it drops from 17.21% to 7.94%, and in the ISCF scenario, it goes 

from 20.29% to 18.34%. To further assess the effectiveness of the PHIL-based motor test-

bench, this thesis proposes the use of the Similarity Index (SI), calculated based on the 

Total Harmonic Distortion plus Noise (THD+N), to quantify the similarity between the 

three-phase currents of experimental and numerical simulation. The results reveal 

substantial enhancements in similarity with the adoption of CPIR control. In the R-

Unbalance scenario, the SI increases from 86.42% to 97.33%, in the OPF scenario, the SI 

rises from 55.64% to 84.31%, and in the ISCF scenario, it elevates from 61.43% to 

64.07%. These three hardware result comparisons confirm the effectiveness of PHIL 

under fault scenarios. 

 

Keywords: Power hardware-in-the-loop (PHIL), Electric motor emulator (EME), 

Dynamic motor emulator (DME), Permanent magnet synchronous motor (PMSM), 

Resistance unbalance (R-Unbalance), Open-phase fault (OPF), Inter-turn short-circuit 

fault (ISCF), Motor driver, Field-oriented control (FOC)  



doi:10.6342/NTU202302551

 

VI 

 

Table of Contents 

口試委員審訂書 ............................................................................................................... I 

致謝 ................................................................................................................................. II 

中文摘要 ........................................................................................................................ III 

ABSTRACT .................................................................................................................. IV 

Table of Contents .......................................................................................................... VI 

List of Figures ............................................................................................................... IX 

List of Tables ........................................................................................................... XVIII 

Chapter 1 Introduction ................................................................................................... 1 

1.1 Background .......................................................................................................... 1 

1.2 Paper review and Motivation ............................................................................... 2 

1.3 Outline ................................................................................................................. 4 

Chapter 2 Motor Models of SPMSM ............................................................................. 6 

2.1 Surface Permanent Magnet Synchronous Motor ................................................. 6 

2.1.1 Introduction to SPMSM............................................................................ 6 

2.1.2 Park Transfromation ................................................................................. 9 

2.1.3 Derivation of dq-axis motor model ........................................................ 11 

2.2 R-Unbalance Motor Model ................................................................................ 13 

2.2.1 Introduction to R-Unbalance Scenario ................................................... 13 

2.2.2 Derivation of R-Unbalance Motor Model .............................................. 13 

2.3 OPF Motor Model ............................................................................................. 15 

2.3.1 Introduction to OPF Scenario ................................................................. 15 

2.3.2 Derivation of OPF Motor Model ............................................................ 16 

2.4 ISCF Motor Model ............................................................................................ 17 



doi:10.6342/NTU202302551

 

VII 

 

2.4.1 Introduction to ISCF Scenario ................................................................ 17 

2.4.2 Derivation of ISCF Motor Model ........................................................... 18 

2.5 Numerical Methods ........................................................................................... 22 

Chapter 3 Control Methods of PHIL ........................................................................... 25 

3.1 PHIL Control Plant ............................................................................................ 25 

3.1.1 Coupling Network .................................................................................. 25 

3.1.2 Derivation of dq-axis Control Plant ....................................................... 26 

3.2 Traditional PI Control ........................................................................................ 29 

3.2.1 Introduction to Decoupling PI Control ................................................... 29 

3.2.2 PI Control Design ................................................................................... 30 

3.3 Proposed CPIR Control ..................................................................................... 34 

3.3.1 Introduction to DSRF Control Methodology ......................................... 34 

3.3.2 Derivation of CPIR Control .................................................................... 37 

3.4 Digital Control Implementation ........................................................................ 45 

Chapter 4 Computer Simulations ................................................................................ 53 

4.1 Simulation Environment .................................................................................... 53 

4.2 Simulation under R-Unbalance Scenario .......................................................... 56 

4.2.1 R-Unbalance Simulation with PI Control ............................................... 56 

4.2.2 R-Unbalance Simulation with CPIR Control ......................................... 60 

4.3 Simulation under OPF Scenario ........................................................................ 64 

4.3.1 OPF Simulation with PI Control ............................................................ 64 

4.3.2 OPF Simulation with CPIR Control ....................................................... 68 

4.4 Simulation under ISCF Scenario ....................................................................... 72 

4.4.1 ISCF Simulation with PI Control ........................................................... 72 

4.4.2 ISCF Simulation with CPIR Control ...................................................... 76 



doi:10.6342/NTU202302551

 

VIII 

 

Chapter 5 Experiment Verifications ............................................................................ 80 

5.1 Test-bench Implementation ............................................................................... 80 

5.1.1 Hardware Development .......................................................................... 80 

5.1.2 Firmware Development .......................................................................... 83 

5.2 Experiment under R-Unbalance Scenario ......................................................... 86 

5.2.1 R-Unbalance Experiment with PI Control.............................................. 86 

5.2.2 R-Unbalance Experiment with CPIR Control ........................................ 90 

5.3 Experiment under OPF Scenario ....................................................................... 94 

5.3.1 OPF Experiment with PI Control ........................................................... 94 

5.3.2 OPF Experiment with CPIR Control ...................................................... 98 

5.4 Experiment under ISCF Scenario .................................................................... 102 

5.4.1 ISCF Experiment with PI Control ........................................................ 102 

5.4.2 ISCF Experiment with CPIR Control ................................................... 106 

5.5 Comparative Data ............................................................................................ 110 

5.5.1 Second Order Harmonic ....................................................................... 110 

5.5.2 Root-Mean-Square Error ...................................................................... 111 

5.5.3 Total Harmonic Distortion Plus Noise ................................................. 112 

Chapter 6 Summary and Future Works ................................................................... 115 

6.1 Conclusions and Major Contributions ............................................................. 115 

6.2 Suggestions for Future Research ..................................................................... 117 

Appendix ...................................................................................................................... 118 

A. Field-Oriented Control for Motor Driver ......................................................... 118 

B. Motor Driver Control Verification Example .................................................... 119 

Reference ...................................................................................................................... 120 



doi:10.6342/NTU202302551

 

IX 

 

List of Figures 

Fig. 1.1   The block diagram of PHIL-based motor test-bench. ..................................... 2 

Fig. 2.1   The sectional view of a SPMSM showing mechanical angle (𝜃𝑚) and the 

electrical angle (𝜃𝑒). ....................................................................................... 7 

Fig. 2.2   The three-phase SPMSM equivalent circuit.................................................... 8 

Fig. 2.3   The equivalent circuit of dq-axis motor model. ............................................ 12 

Fig. 2.4   The three-phase SPMSM equivalent circuit under R-Unbalance. ................ 14 

Fig. 2.5   The three-phase SPMSM equivalent circuit under OPF. .............................. 16 

Fig. 2.6   The three-phase SPMSM equivalent circuit under ISCF. ............................. 18 

Fig. 2.7   The class diagram of common numerical methods. ...................................... 23 

Fig. 3.1   The abc-axis equivalent circuit of the PHIL test-bench. ............................... 27 

Fig. 3.2   The block diagram of PHIL control plant. .................................................... 28 

Fig. 3.3   The closed-loop current control block diagram. ........................................... 29 

Fig. 3.4   The simplified closed-loop current control block diagram. .......................... 30 

Fig. 3.5   The simplified closed-loop current control block diagram with time delay. 31 

Fig. 3.6   The root locus plot of the dq-axis current control loop. ................................ 32 

Fig. 3.7   The control design using root locus. ............................................................. 33 

Fig. 3.8   The open-loop bode plot of the dq-axis current control loop. ....................... 34 

Fig. 3.9   The block diagram of DSRF control. ............................................................ 35 

Fig. 3.10  The transform process of the feedback current in DSRF control. ................. 37 

Fig. 3.11  The bode plot of an integral term. ................................................................. 43 

Fig. 3.12  The bode plot of a resonant term. .................................................................. 43 

Fig. 3.13  The block diagram of CPIR control. ............................................................. 45 

Fig. 3.14  The block diagram of a PI controller in the time domain. ............................ 47 

Fig. 3.15  The block diagram of the self-resonant controller. ....................................... 49 



doi:10.6342/NTU202302551

 

X 

 

Fig. 3.16  The block diagram of the coupling resonant controller................................. 51 

Fig. 4.1   Simulation diagram of PHIL-based motor test-bench................................... 54 

Fig. 4.2   Simulation diagram of motor test-bench with ideal motor model. ............... 55 

Fig. 4.3   The load profile of the motor test-bench. ...................................................... 56 

Fig. 4.4   The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under R-Unbalance simulation with PI 

control (a) The three-phase current comparison between ideal currents and 

model currents (b) The αβ-axis current comparison between ideal currents 

and model currents (c) The three-phase current comparison between model 

currents and PHIL currents (d) The αβ -axis current comparison between 

model currents and PHIL currents. ............................................................... 57 

Fig. 4.5   The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance simulation 

with PI control (a) The d-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of d-axis current comparison in the time domain (c) The d-axis reference 

current in the frequency domain (d) The d-axis feedback current in the 

frequency domain. ......................................................................................... 58 

Fig. 4.6   The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance simulation 

with PI control (a) The q-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of q-axis current comparison in the time domain (c) The q axis reference 

current in the frequency domain (d) The q-axis feedback current in the 

frequency domain. ......................................................................................... 59 

Fig. 4.7   The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under R-Unbalance simulation with CPIR 

control (a) The three-phase current comparison between ideal currents and 

model currents (b) The αβ-axis current comparison between ideal currents 

and model currents (c) The three-phase current comparison between model 

currents and PHIL currents (d) The αβ -axis current comparison between 

model currents and PHIL currents. ............................................................... 61 



doi:10.6342/NTU202302551

 

XI 

 

Fig. 4.8   The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance simulation 

with CPIR control (a) The d-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of d-axis current comparison in the time domain (c) The d-axis reference 

current in the frequency domain (d) The d-axis feedback current in the 

frequency domain. ......................................................................................... 62 

Fig. 4.9   The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance simulation 

with CPIR control (a) The q-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of q-axis current comparison in the time domain (c) The q-axis reference 

current in the frequency domain (d) The q-axis feedback current in the 

frequency domain. ......................................................................................... 63 

Fig. 4.10  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under OPF simulation with PI control (a) The 

three-phase current comparison between ideal currents and model currents (b) 

The αβ-axis current comparison between ideal currents and model currents 

(c) The three-phase current comparison between model currents and PHIL 

currents (d) The αβ -axis current comparison between model currents and 

PHIL currents. ............................................................................................... 65 

Fig. 4.11  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under OPF simulation with PI 

control (a) The d-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of d-axis 

current comparison in the time domain (c) The d-axis reference current in the 

frequency domain (d) The d-axis feedback current in the frequency domain.

 ....................................................................................................................... 66 

Fig. 4.12  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under OPF simulation with PI 

control (a) The q-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of q-axis 

current comparison in the time domain (c) The q-axis reference current in the 



doi:10.6342/NTU202302551

 

XII 

 

frequency domain (d) The q-axis feedback current in the frequency domain.

 ....................................................................................................................... 67 

Fig. 4.13  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under OPF simulation with CPIR control (a) 

The three-phase current comparison between ideal currents and model 

currents (b) The αβ -axis current comparison between ideal currents and 

model currents (c) The three-phase current comparison between model 

currents and PHIL currents (d) The αβ -axis current comparison between 

model currents and PHIL currents. ............................................................... 69 

Fig. 4.14  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under OPF simulation with 

CPIR control (a) The d-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of d-

axis current comparison in the time domain (c) The d-axis reference current 

in the frequency domain (d) The d-axis feedback current in the frequency 

domain. .......................................................................................................... 70 

Fig. 4.15  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under OPF simulation with 

CPIR control (a) The q-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of q-

axis current comparison in the time domain (c) The q-axis reference current 

in the frequency domain (d) The q-axis feedback current in the frequency 

domain. .......................................................................................................... 71 

Fig. 4.16  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under ISCF simulation with PI control (a) 

The three-phase current comparison between ideal currents and model 

currents (b) The αβ -axis current comparison between ideal currents and 

model currents (c) The three-phase current comparison between model 

currents and PHIL currents (d) The αβ -axis current comparison between 

model currents and PHIL currents. ............................................................... 73 

Fig. 4.17  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF simulation with PI 

control (a) The d-axis current comparison between the reference current and 



doi:10.6342/NTU202302551

 

XIII 

 

the feedback current in the time domain (b) The zoom-in version of d-axis 

current comparison in the time domain (c) The d-axis reference current in the 

frequency domain (d) The d-axis feedback current in the frequency domain.

 ....................................................................................................................... 74 

Fig. 4.18  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF simulation with PI 

control (a) The q-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of q-axis 

current comparison in the time domain (c) The q-axis reference current in the 

frequency domain (d) The q-axis feedback current in the frequency domain.

 ....................................................................................................................... 75 

Fig. 4.19  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under ISCF simulation with CPIR control (a) 

The three-phase current comparison between ideal currents and model 

currents (b) The αβ -axis current comparison between ideal currents and 

model currents (c) The three-phase current comparison between model 

currents and PHIL currents (d) The αβ -axis current comparison between 

model currents and PHIL currents. ............................................................... 77 

Fig. 4.20  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF simulation with 

CPIR control (a) The d-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of d-

axis current comparison in the time domain (c) The d-axis reference current 

in the frequency domain (d) The d-axis feedback current in the frequency 

domain. .......................................................................................................... 78 

Fig. 4.21  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF simulation with 

CPIR control (a) The q-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of q-

axis current comparison in the time domain (c) The q-axis reference current 

in the frequency domain (d) The q-axis feedback current in the frequency 

domain. .......................................................................................................... 79 

Fig. 5.1   The schematic diagram of PHIL-based motor test-bench. ............................ 82 



doi:10.6342/NTU202302551

 

XIV 

 

Fig. 5.2   The prototype of PHIL-based motor test-bench. ........................................... 83 

Fig. 5.3   The flowchart of PHIL firmware. .................................................................. 85 

Fig. 5.4   The oscilloscope screenshot of three-phase currents under R-Unbalance 

experiment with PI control. ........................................................................... 87 

Fig. 5.5   The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under R-Unbalance experiment with PI 

control (a) The three-phase current comparison between actual currents and 

ideal currents (b) The αβ-axis current comparison between actual currents 

and ideal currents. ......................................................................................... 87 

Fig. 5.6   The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance experiment 

with PI control (a) The d-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of d-axis current comparison in the time domain (c) The d-axis reference 

current in the frequency domain (d) The d-axis feedback current in the 

frequency domain. ......................................................................................... 88 

Fig. 5.7   The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance experiment 

with PI control (a) The q-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of q-axis current comparison in the time domain (c) The q-axis reference 

current in the frequency domain (d) The q-axis feedback current in the 

frequency domain. ......................................................................................... 89 

Fig. 5.8   The oscilloscope screenshot of three-phase currents under R-Unbalance 

experiment with CPIR control. ..................................................................... 91 

Fig. 5.9   The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under R-Unbalance experiment with CPIR 

control (a) The three-phase current comparison between actual currents and 

ideal currents (b) The αβ-axis current comparison between actual currents 

and ideal currents. ......................................................................................... 91 

Fig. 5.10  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance experiment 



doi:10.6342/NTU202302551

 

XV 

 

with CPIR control (a) The d-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of d-axis current comparison in the time domain (c) The d-axis reference 

current in the frequency domain (d) The d-axis feedback current in the 

frequency domain. ......................................................................................... 92 

Fig. 5.11  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under R-Unbalance experiment 

with CPIR control (a) The q-axis current comparison between the reference 

current and the feedback current in the time domain (b) The zoom-in version 

of q-axis current comparison in the time domain (c) The q-axis reference 

current in the frequency domain (d) The q-axis feedback current in the 

frequency domain. ......................................................................................... 93 

Fig. 5.12  The oscilloscope screenshot of three-phase currents under OPF experiment 

with PI control. .............................................................................................. 95 

Fig. 5.13  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under OPF experiment with PI control (a) 

The three-phase current comparison between actual currents and ideal 

currents (b) The αβ -axis current comparison between actual currents and 

ideal currents. ................................................................................................ 95 

Fig. 5.14  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under OPF experiment with PI 

control (a) The d-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of d-axis 

current comparison in the time domain (c) The d-axis reference current in the 

frequency domain (d) The d-axis feedback current in the frequency domain.

 ....................................................................................................................... 96 

Fig. 5.15  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under OPF experiment with PI 

control (a) The q-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of q-axis 

current comparison in the time domain (c) The q-axis reference current in the 

frequency domain (d) The q-axis feedback current in the frequency domain.

 ....................................................................................................................... 97 



doi:10.6342/NTU202302551

 

XVI 

 

Fig. 5.16  The oscilloscope screenshot of three-phase currents under OPF experiment 

with CPIR control. ........................................................................................ 99 

Fig. 5.17  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under OPF experiment with CPIR control (a) 

The three-phase current comparison between actual currents and ideal 

currents (b) The αβ -axis current comparison between actual currents and 

ideal currents. ................................................................................................ 99 

Fig. 5.18  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under OPF experiment with 

CPIR control (a) The d-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of d-

axis current comparison in the time domain (c) The d-axis reference current 

in the frequency domain (d) The d-axis feedback current in the frequency 

domain. ........................................................................................................ 100 

Fig. 5.19  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under OPF experiment with 

CPIR control (a) The q-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of q-

axis current comparison in the time domain (c) The q-axis reference current 

in the frequency domain (d) The q-axis feedback current in the frequency 

domain. ........................................................................................................ 101 

Fig. 5.20  The oscilloscope screenshot of three-phase currents under ISCF experiment 

with PI control. ............................................................................................ 103 

Fig. 5.21  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under ISCF experiment with PI control (a) 

The three-phase current comparison between actual currents and ideal 

currents (b) The αβ -axis current comparison between actual currents and 

ideal currents. .............................................................................................. 103 

Fig. 5.22  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF experiment with PI 

control (a) The d-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of d-axis 

current comparison in the time domain (c) The d-axis reference current in the 



doi:10.6342/NTU202302551

 

XVII 

 

frequency domain (d) The d-axis feedback current in the frequency domain.

 ..................................................................................................................... 104 

Fig. 5.23  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF experiment with PI 

control (a) The q-axis current comparison between the reference current and 

the feedback current in the time domain (b) The zoom-in version of q-axis 

current comparison in the time domain (c) The q-axis reference current in the 

frequency domain (d) The q-axis feedback current in the frequency domain.

 ..................................................................................................................... 105 

Fig. 5.24  The oscilloscope screenshot of three-phase currents under ISCF experiment 

with CPIR control. ...................................................................................... 107 

Fig. 5.25  The comparison diagram for three-phase currents in the time domain and αβ-

axis currents in stationary frame under ISCF experiment with CPIR control 

(a) The three-phase current comparison between actual currents and ideal 

currents (b) The αβ -axis current comparison between actual currents and 

ideal currents. .............................................................................................. 107 

Fig. 5.26  The comparison diagram for the d-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF experiment with 

CPIR control (a) The d-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of d-

axis current comparison in the time domain (c) The d-axis reference current 

in the frequency domain (d) The d-axis feedback current in the frequency 

domain. ........................................................................................................ 108 

Fig. 5.27  The comparison diagram for the q-axis reference current and feedback current 

in the time domain and the frequency domain under ISCF experiment with 

CPIR control (a) The q-axis current comparison between the reference current 

and the feedback current in the time domain (b) The zoom-in version of q-

axis current comparison in the time domain (c) The q-axis reference current 

in the frequency domain (d) The q-axis feedback current in the frequency 

domain. ........................................................................................................ 109 

Fig. 5.28  The diagram of the error index with the aspect of second order harmonic. 110 

Fig. 5.29  The diagram of the error index with the aspect of RMSE. ......................... 111 



doi:10.6342/NTU202302551

 

XVIII 

 

Fig. 5.30  The procedure for the Similarity Index calculation. ................................... 112 

Fig. 5.31  The diagram of the Similarity Index (SI) with the aspect of THD+N. ....... 114 

Fig. A1   The schematic diagram of Field-Oriented Control ...............................118 

Fig. B1   The comparison diagram for three-phase currents under R-Unbalance scenario 

with different control in MUT (a) PI control (b) CPIR 

control……………………………………………….................................119 

Fig. B2   The comparison diagram for dq axis reference currents and feedback currents 

under R-Unbalance scenario with different control in MUT (a) PI control (b) 

CPIR control……………...…………………………………………........119 

 

List of Tables 

Table 4.1   Specification of the PHIL-based motor test-bench. .................................... 53 

Table 4.2   Specification of the emulated SPMSM. ...................................................... 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



doi:10.6342/NTU202302551

 

1 

 

Chapter 1 Introduction 

1.1 Background 

Power Hardware-in-the-Loop (PHIL) is a technology that allows engineers to 

evaluate the dynamic performance of a physical system, especially for electric motor, 

without using the real physical system. By using PHIL instead of the real motor, several 

advantages can be obtained. First, PHIL can achieve energy recovering by utilizing 

common-DC-bus structure, which means that the total loss of energy is highly reduced 

by using PHIL. For applications such as burn-in test, performing the test with PHIL is a 

great alternative to a real motor from the perspective of saving energy. Second, PHIL 

offers substantial time and cost savings in the testing and validation of real-world 

electromechanical systems. By providing a virtual motor, engineers can quickly and 

easily test different scenarios and configurations without wasting time to replace the 

specific machine. Third, PHIL allows engineers to conduct comprehensive tests on 

complex electromechanical systems, including challenging scenarios like fault 

conditions, transient response analysis to sudden load changes, and evaluation of system 

behavior under extreme environmental conditions. Such tests may not be feasible or safe 

to conduct on the physical system due to the risk of damage, potential safety issues, or 

the high building cost of the systems for special purpose. With the discussion above, it 

can be concluded that PHIL technology offers a more efficient, cost-effective, and secure 

approach to testing. That is also why PHIL is a blooming research topic in the Power 

Electronics area. 

The block diagram in Fig. 1.1 illustrates a motor drive test-bench using PHIL 

technology. In this test-bench, the motor drive being tested is referred to as the Motor 

Driver Under Test (MUT), while the PHIL serves as the electronic testing equipment. 
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The PHIL can be divided into four main components. 

First, the power stage is the primary part of the PHIL that is responsible to produce 

an output voltage that controls the flow of currents through the coupling network, 

allowing for precise emulation of the reference currents calculated by the motor model, 

and the power stage draws the power from the MUT. Second, the coupling network is 

responsible for separating the power stage of PHIL from the MUT, while also working as 

the control plant for the PHIL. Additionally, different topologies of coupling network 

may reduce current harmonics and increase the accuracy of emulation. Next, the voltage 

signals sensed at the interface are transmitted to the motor model. Based on the 

mathematical model of the selected scenario, the motor model calculates the reference 

currents, such as dq-axis currents, for the current control. The motor model also generates 

additional information about the motor, such as angular velocity and rotor angle. Lastly, 

the current controller generates gate signals that control the power stage, enabling the 

PHIL to emulate the behavior of a motor based on the commands calculated by the motor 

model. 

 

Fig. 1.1 The block diagram of PHIL-based motor test-bench. 

 

1.2 Paper review and Motivation 

Nowadays, research in the field of PHIL can be roughly categorized into three areas: 

power stage topologies, control system, and modeling for different types of motors and 
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mechanical load conditions.  

First, the power stage of the PHIL is commonly implemented using a three-phase 

three-wire inverter due to its simplicity, as noted in [1], [2]. However, to ensure the power 

stage can operate under all possible scenarios, the power rating of the PHIL must be equal 

to or higher than that of the motor driver. To achieve this, researchers have proposed 

various improvements. For instance, in [3], a multilevel inverter for PHIL implementation 

is presented, while [4] proposes the adoption of multilevel double-star chopper-cell 

inverter for PHIL. 

 Next, there are two different aspects for the control system in the PHIL: coupling 

network, which is the control plant for the PHIL, and the controller. For the coupling 

network, RL filter is the most commonly-used topology in the PHIL, as noted in [5]. 

However, to further reduce the current harmonics produced by the inverter of PHIL, other 

coupling network topologies such as LC filter, LCL filter, and transformer-based 

coupling network are discussed in [6]. For the controller, the well-known decoupling 

Proportional-Integral (PI) control in dq frame is the most used and easy way to implement. 

To eliminate the nonlinear effect of different coupling network, state feedback 

linearization and coupling network state equation control are adopted, as noted in [1]. 

 Last, the modeling of different motors, such as PMSM, reluctance motor, and 

induction motor are presented in [8]-[10]. Moreover, different mechanical load conditions 

are discussed in [11]-[13]. However, there are just a few papers discuss about the fault 

scenario, as noted in [14] and [15], and the implementation of the fault emulation usually 

requires a look-up table, which makes the calculation of the motor model complicated. 

Therefore, the objective of this thesis is to implement the simplified dynamic models 

of various faults through numerical method to compute the reference currents, and to 

propose a new control that enhances the performance compared to the traditional one. 
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1.3 Outline 

This thesis can be divided into six chapters and an appendix, where the contents of 

each sections can be briefly described as follows: 

In Chapter 2, Surface Permanent Magnet Synchronous Motor (SPMSM) is first 

introduced. The dq-axis SPMSM model is derived by utilizing the Park Transform. This 

chapter provides an overview of different common faulty motor scenarios and presents 

derivations for each scenario. These scenarios include Resistance Unbalance (R-

Unbalance), Open-Phase Fault (OPF), and Inter-Turn Short-Circuit Fault (ISCF). 

In Chapter 3, the PHIL control plant in dq-axis is derived in the first part. Afterward, 

a design procedure for the traditional decoupling PI control is provided. Then, the basic 

concepts of Dual Synchronous Reference Frame (DSRF) control and the derivation of the 

proposed Coupling-Proportional-Integral-Resonant (CPIR) control is presented. 

Eventually, how to digitalize and implement the controllers used in the proposed CPIR 

control is shown in the last part. 

In Chapter 4, the simulation environment of the motor driver test-bench using PHIL 

is introduced. More importantly, the simulation results for different scenarios using PI 

and CPIR control are shown. 

In Chapter 5, the implementation of the motor driver test-bench using PHIL, 

including hardware and firmware development, is presented. Afterward, the experiment 

results for different scenarios using PI and CPIR control are shown. 

In Chapter 6, the achievements of this thesis are briefly summarized. Besides, the 

research possibilities for the future are also presented as future works. 

Last but not least, Appendix provides an overview of the widely-used control 

method for motor driving called Field-Oriented Control (FOC). Moreover, an example of 

utilizing the PHIL-based test-bench to verify the control design for a motor driver is 
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presented. This demonstrates how the PHIL-based test-bench can greatly facilitate test 

for engineers, providing faster and more efficient way to perform the test compared to 

traditional methods. 
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Chapter 2 Motor Models of SPMSM 

2.1 Surface Permanent Magnet Synchronous Motor 

2.1.1 Introduction to SPMSM 

SPMSM is a synchronous motor configuration characterized by a rotor featuring 

permanent magnets mounted on its surface, which is integrated with a stator comprising 

windings. The rotor utilizes permanent magnets to create a magnetic field around the 

rotor, and the stator winding generates a rotating magnetic field, interacting with the 

permanent magnets in the rotor to produce torque. 

 SPMSM have various favorable characteristics, such as high power density, high 

efficiency, and versatility in different industries, including electric vehicles, industrial 

machinery, and household appliances. In order to operate in high-performance 

applications, accurate speed and torque control are necessary. Therefore, a mathematical 

model of SPMSM is required to implement a precise control design. 

Refers to the contents in [16], the three-phase voltages across the stator windings 

can be expressed as: 

[

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] +
𝑑

𝑑𝑡
[

𝜑𝑎
𝜑𝑏
𝜑𝑐
] + [

𝑣𝑛
𝑣𝑛
𝑣𝑛
] (2.1) 

where 𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐 , 𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐 , 𝑅𝑠 ,  𝜑𝑎 ,  𝜑𝑏 ,  𝜑𝑐 , and 𝑣𝑛  are the three-phase stator 

voltage, stator current, stator resistance, magnetic flux, and neutral voltage, respectively. 

Additionally, the magnetic flux in each phase can be further expressed as: 

[

𝜑𝑎
𝜑𝑏
𝜑𝑐
] = [

𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐
𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐
𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝜑𝑎𝑚
𝜑𝑏𝑚
𝜑𝑐𝑚

] (2.2) 

where 𝐿𝑎𝑎 , 𝐿𝑏𝑏, and 𝐿𝑐𝑐  are the self-inductance, 𝐿𝑎𝑏 , 𝐿𝑎𝑐 , 𝐿𝑏𝑎 , 𝐿𝑏𝑐 , 𝐿𝑐𝑎 , and 𝐿𝑐𝑏 

are the mutual inductance, and 𝜑𝑎𝑚, 𝜑𝑏𝑚, and 𝜑𝑐𝑚 are the magnetic fluxes produced by 
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the rotor. Note that for SPMSM, all the self-inductance values and mutual inductance 

values are equal to 𝐿𝑠 and 𝑀𝑠, respectively. 

 

Fig. 2.1 The sectional view of a SPMSM showing mechanical angle (𝜃𝑚) and the 

electrical angle (𝜃𝑒). 

The sectional view of a SPMSM is illustrated in Fig. 2.1. It can be seen that the 

SPMSM, as its name suggests, features permanent magnets mounted on the rotor surface. 

Moreover, the stator of the SPMSM contains three-phase coils that generate the necessary 

magnetic fields when supplied with three-phase currents. It is important to note that the 

mechanical angle (𝜃𝑚) is defined as zero degrees when the magnetic field produced by 

the permanent magnets aligns with the positive direction of the magnetic field, which is 

the reference axis in Fig. 2.1, generated by the A-phase current flowing through the A-

phase coils in this thesis. Additionally, the relationship between electrical angle (𝜃𝑒) and 

mechanical angle is shown in Fig. 2.1, where 𝑝 is the number of pole pairs for a SPMSM. 

Based on this definition, the magnetic fluxes produced by the rotor can be expressed 

as (2.3) with the assumption that the rotor only creates a sinusoidal-shaped magnetic field. 

[

𝜑𝑎𝑚
𝜑𝑏𝑚
𝜑𝑐𝑚

] = 𝜑𝑝𝑚 [

cos 𝜃𝑒
cos(𝜃𝑒 − 2𝜋 3⁄ )

cos(𝜃𝑒 + 2𝜋 3⁄ )
] = 𝜑𝑝𝑚 [

cos(𝑝𝜃𝑚)

cos(𝑝𝜃𝑚 − 2𝜋 3⁄ )

cos(𝑝𝜃𝑚 + 2𝜋 3⁄ )
] (2.3) 

where 𝜑𝑝𝑚, 𝜃𝑒, 𝑝, and 𝜃𝑚  are the flux linkage of permanent magnet, electrical angle, 
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pole pairs, and mechanical angle, respectively. 

 Substituting the results of (2.2) and (2.3) into (2.1) yields the abc-axis mathematical 

model of SPMSM which is represented as: 

[

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [
𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

]
𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝑒𝑎
𝑒𝑏
𝑒𝑐
] + [

𝑣𝑛
𝑣𝑛
𝑣𝑛
] (2.4) 

where the 𝑒𝑎, 𝑒𝑏, and 𝑒𝑐 are the three-phase back-EMF, and can be express as: 

[

𝑒𝑎
𝑒𝑏
𝑒𝑐
] =

𝑑

𝑑𝑡
[

𝜑𝑎𝑚
𝜑𝑏𝑚
𝜑𝑐𝑚

] = −𝜔𝑒𝜑𝑝𝑚 [

sin 𝜃𝑒
sin(𝜃𝑒 − 2𝜋 3⁄ )

sin(𝜃𝑒 + 2𝜋 3⁄ )
] = −𝑝𝜔𝑚𝜑𝑝𝑚 [

sin 𝜃𝑒
sin(𝜃𝑒 − 2𝜋 3⁄ )

sin(𝜃𝑒 + 2𝜋 3⁄ )
] . (2.5) 

Note that 𝜔𝑒  is the electrical angular velocity, and 𝜔𝑚 is the mechanical angular 

velocity. 

Based on (2.4), the three-phase SPMSM equivalent circuit can be illustrated in Fig. 

2.2. By utilizing the equivalent circuit, the precise physical meanings can be obtained, 

which will be beneficial for subsequent derivations and analyses. 

 

Fig. 2.2 The three-phase SPMSM equivalent circuit. 

 The electromagnetic torque (𝑇𝑒) is produced when the magnetic field of the rotor 

interacts with the magnetic field on the stator, which is generated by the flow of three-

phase AC current through the windings. Based on this, the electromagnetic torque can be 

expressed as: 
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𝑇𝑒 =
𝑒𝑎𝑖𝑎 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐

𝜔𝑒
. (2.6) 

By Substituting (2.5) into (2.6), the expression for electromagnetic torque in terms 

of three-phase current can be obtained: 

𝑇𝑒 = −p𝜑𝑝𝑚[𝑖𝑎 sin 𝜃𝑒 + 𝑖𝑏 sin(𝜃𝑒 − 2𝜋 3⁄ ) + 𝑖𝑐 sin(𝜃𝑒 + 2𝜋 3⁄ )]. (2.7) 

Once the electromagnetic torque is derived, the mechanical angular velocity (𝜔𝑚) 

can be determined by the SPMSM mechanical dynamic equation: 

𝑇𝑒 − 𝑇𝐿 = 𝐽
𝑑𝜔𝑚
𝑑𝑡

+ 𝐵𝜔𝑚 (2.8) 

where 𝑇𝐿 is the load torque caused by the mechanical system connected to the motor, 𝐽 

is the inertia of the motor, and 𝐵 is the friction coefficient. 

 

2.1.2 Park Transfromation 

In many research papers related to PMSM, the Park Transform, also known as 

Direct-Quadrature-Zero Transformation, is often employed to simplify the three-phase 

motor model and then using this results to implement the control design. This section 

provides a derivation of the dq-axis motor model. 

First, assuming that the three-phase voltage (𝑣𝑎𝑏𝑐) and current (𝑖𝑎𝑏𝑐) have the same 

amplitude and frequency, but each phase is shifted by 120 degrees relative to each other. 

Afterward, the time-domain functions can be expressed in (2.9) and (2.10), respectively: 

𝑣𝑎𝑏𝑐 = [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = √2𝑉𝑟𝑚𝑠 [

cos(𝜔𝑡)

cos(𝜔𝑡 − 2𝜋 3⁄ )

cos(𝜔𝑡 + 2𝜋 3⁄ )
] (2.9) 

𝑖𝑎𝑏𝑐 = [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = √2𝐼𝑟𝑚𝑠 [

cos(𝜔𝑡)

cos(𝜔𝑡 − 2𝜋 3⁄ )

cos(𝜔𝑡 + 2𝜋 3⁄ )
] (2.10) 

where ω is the angular velocity. For the motor driving application, ω is referred to the 
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electrical rotational velocity (𝜔𝑒), and ω𝑡, which is the angle for the three-phase voltage 

and current, is referred to the electrical angle (𝜃𝑒). 

Based on this definition, the Park Transform matrix (𝑷) can be written as: 

𝑷 =
2

3

[
 
 
 
 
 cos(𝜃𝑒) cos (𝜃𝑒 −

2𝜋

3
) cos (𝜃𝑒 +

2𝜋

3
)

− sin(𝜃𝑒) − sin (𝜃𝑒 −
2𝜋

3
) − sin (𝜃𝑒 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

. (2.11) 

By utilizing the Park Transform matrix (𝑷 ), the voltages and currents in dq0 

coordinates, 𝑣𝑑𝑞0 and 𝑖𝑑𝑞0, can be written as (2.12) and (2.13), respectively. 

𝑣𝑑𝑞0 = [

𝑣𝑑
𝑣𝑞
𝑣0
] = 𝑷𝑣𝑎𝑏𝑐 (2.12) 

𝑖𝑑𝑞0 = [

𝑖𝑑
𝑖𝑞
𝑖0

] = 𝑷𝑖𝑎𝑏𝑐 (2.13) 

To transfer the voltages and currents in dq0 coordinates back to abc coordinates, 

the Inverse Park Transform matrix (𝑷−1) is needed and presented as: 

𝑷−1 =

[
 
 
 
 

cos(𝜃𝑒) − sin(𝜃𝑒) 1

cos (𝜃𝑒 −
2𝜋

3
) − sin (𝜃𝑒 −

2𝜋

3
) 1

cos (𝜃𝑒 +
2𝜋

3
) − sin (𝜃𝑒 +

2𝜋

3
) 1]

 
 
 
 

. (2.14) 

By utilizing the Inverse Park Transform matrix (𝑷−1), the abc-axis voltage (𝑣𝑎𝑏𝑐) 

and current (𝑖𝑎𝑏𝑐) can be written as (2.15) and (2.16), respectively. 

𝑣𝑎𝑏𝑐 = [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = 𝑷−𝟏𝑣𝑑𝑞0 (2.15) 

𝑖𝑎𝑏𝑐 = [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = 𝑷−𝟏𝑖𝑑𝑞0 (2.16) 
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2.1.3 Derivation of dq-axis motor model 

Since the motor used in this thesis is a three-phase motor with three wires, there is 

no neutral line present. As a result, the zero-axis components can be neglected, and the 

constraint equation can be written as:  

𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 
𝑑𝑖𝑎
𝑑𝑡

+
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡

= 0. (2.17) 

The dq-axis motor model can be derived by applying the Park Transform matrix (𝑷) 

to the abc-axis model shown in (2.4). The derivation procedures are shown below: 

𝑷 [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = 𝑷 [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] +

𝑷
𝑑

𝑑𝑡
([

𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]) + 𝑷 [

𝑒𝑎
𝑒𝑏
𝑒𝑐
] + 𝑷 [

𝑣𝑛
𝑣𝑛
𝑣𝑛
] . (2.18)

 

For the resistance part, the results can be expressed as: 

𝑷 [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = (𝑷 [

𝑅𝑠 0 0
0 𝑅𝑠 0
0 0 𝑅𝑠

]𝑷−𝟏)(𝑷 [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]) = 𝑅𝑠 [
𝑖𝑑
𝑖𝑞
] . (2.19) 

Utilizing the product rule, the inductance part can be written as: 

𝑷
𝑑

𝑑𝑡
([

𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]) =
𝑑

𝑑𝑡
(𝑷 [

𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]) −

𝑑𝑷

𝑑𝑡
[
𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] . (2.20)

 

After that, the results of (2.20) can be further derived as: 

𝑑

𝑑𝑡
(𝑷 [

𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]) = (𝐿𝑠 +𝑀𝑠) [

𝑑𝑖𝑑
𝑑𝑡
𝑑𝑖𝑑
𝑑𝑡

] (2.21) 

𝑑𝑷

𝑑𝑡
[
𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = 𝑝𝜔𝑚(𝐿𝑠 +𝑀𝑠) [
−𝑖𝑞
𝑖𝑑
] . (2.22) 
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For the back-EMF and neutral voltage parts, the results can be expressed as: 

𝑷 [

𝑒𝑎
𝑒𝑏
𝑒𝑐
] = [

0
𝑝𝜔𝑚𝜑𝑝𝑚

] (2.23) 

𝑷 [

𝑣𝑛
𝑣𝑛
𝑣𝑛
] = [

0
0
] . (2.24) 

By combining the results from (2.18) to (2.24), the dq-axis motor model is yielded 

as shown in (2.25) and the equivalent circuit of dq-axis motor model is illustrated in Fig. 

2.3. 

[
𝑣𝑑
𝑣𝑞
] = 𝑅𝑠 [

𝑖𝑑
𝑖𝑞
] + (𝐿𝑠 +𝑀𝑠)

𝑑

𝑑𝑡
[
𝑖𝑑
𝑖𝑞
] + 𝑝𝜔𝑚(𝐿𝑠 +𝑀𝑠) [

−𝑖𝑞
𝑖𝑑
] + [

0
𝑝𝜔𝑚𝜑𝑝𝑚

] (2.25) 

 

Fig. 2.3 The equivalent circuit of dq-axis motor model. 

The primary advantage of dq-axis motor model is the simplicity. However, from the 

derivation above, it can be found that this advantage relies on the assumption of a 

balanced motor model. In the case of a fault scenario, the dq-axis model becomes more 

complex and lacks physical meaning compared to the abc-axis motor model. 

Due to this reason, the derivations of different fault scenarios in this thesis are all 

conducted in abc coordinates. 
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2.2 R-Unbalance Motor Model 

2.2.1 Introduction to R-Unbalance Scenario 

Resistance Unbalance (R-Unbalance) scenario is a common fault that can occur in 

PMSM, where the three-phase resistance are different from each other. In motor 

applications, the three-phase resistance can be divided into two part: the stator and the 

cables. 

For the stator, the most common reasons causing the unbalance are the inevitable 

manufacturing defects for all the motor manufactories and the unequal winding 

temperatures which may occur due to harsh working environment [17], [18]. 

On the other hand, for the cables, if the motor operates in special conditions such as 

a deep drilling platform, the three-phase cables connected to the motor may have different 

lengths, leading to unbalanced resistances [19]. 

The unbalanced resistances result in torque disturbance and unbalanced currents, 

which are commonly known as negative sequence current in the field of Power Systems 

[20]-[23]. It worth noting that the negative sequence current exists in the other two fault 

senarios due to the same reason. Moreover, the consequences of this fault can be severe, 

causing significant performance degradation and possible damage to the motor if left 

unaddressed. 

 

2.2.2 Derivation of R-Unbalance Motor Model 

For the R-Unbalance motor model, it is assumed that all the motor parameters, such 

as self-inductance and flux linkage of the permanent magnet, are the same as the ones 

under balanced scenario except the three-phase resistance. 

The three-phase SPMSM equivalent circuit under R-Unbalance scenario is 
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illustrated in Fig. 2.4. By utilizing the equivalent circuit, the mathematical equations can 

be written as (2.26). 

 

Fig. 2.4 The three-phase SPMSM equivalent circuit under R-Unbalance. 

[

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = [

𝑅𝑎 0 0
0 𝑅𝑏 0
0 0 𝑅𝑐

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [
𝐿𝑠 −𝑀𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠 −𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠

]
𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝑒𝑎
𝑒𝑏
𝑒𝑐
] + [

𝑣𝑛
𝑣𝑛
𝑣𝑛
] (2.26) 

where the three-phase back-EMF, 𝑒𝑎, 𝑒𝑏, 𝑒𝑐, are the same with the results shown in 

(2.5) and 𝑅𝑎, 𝑅𝑏, 𝑅𝑐 are the three-phase resistance. 

 Utilizing the constraint equation shown in (2.27), the neutral voltage (𝑣𝑛) can be 

derived as: 

𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 
𝑑𝑖𝑎
𝑑𝑡

+
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡

= 0 (2.27) 

𝑣𝑛 =
1

3
(𝑣𝑎 + 𝑣𝑏 + 𝑣𝑐) +

1

3
(𝑅𝑎 − 𝑅𝑏)𝑖𝑏 +

1

3
(𝑅𝑎 − 𝑅𝑐)𝑖𝑐 . (2.28) 

 Since numerical methods are employed to compute the reference current for PHIL 

in the MCU, a state-space form motor model is required for the implementation of 

numerical methods. Moreover, a further simplified model is preferred, which can 

conserve the computational resources of the MCU. 

Due to this reason, the simplified motor model for R-Unbalance scenario is derived 

in state-space form by combining (2.26), (2.27), and (2.28). The results can be expressed 

as: 
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{
 
 

 
 𝑑

𝑑𝑡
[
𝑖𝑏
𝑖𝑐
] = 𝑨 [

𝑖𝑏
𝑖𝑐
] + 𝑩 [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] + 𝑪

𝑑𝑖𝑎
𝑑𝑡

= −(
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡
)  

(2.29) 

where the A, B, and C matrices are shown in (2.30), (2.31), and (2.32), respectively: 

𝑨 =  

[
 
 
 
−2𝑅𝑏 − 𝑅𝑎
3(𝐿𝑠 +𝑀𝑠)

𝑅𝑐 − 𝑅𝑎
3(𝐿𝑠 +𝑀𝑠)

𝑅𝑏 − 𝑅𝑎
3(𝐿𝑠 +𝑀𝑠)

−2𝑅𝑐 − 𝑅𝑎
3(𝐿𝑠 +𝑀𝑠)]

 
 
 

(2.30) 

𝑩 =  

[
 
 
 −

1

3(𝐿𝑠 +𝑀𝑠)

2

3(𝐿𝑠 +𝑀𝑠)
−

1

3(𝐿𝑠 +𝑀𝑠)

−
1

3(𝐿𝑠 +𝑀𝑠)
−

1

3(𝐿𝑠 +𝑀𝑠)

2

3(𝐿𝑠 +𝑀𝑠) ]
 
 
 

(2.31) 

𝑪 = 
𝑝𝜔𝑚𝜑𝑝𝑚

𝐿𝑠 +𝑀𝑠
[
𝑠𝑖𝑛(𝜃𝑒 − 2 3⁄ 𝜋)

𝑠𝑖𝑛(𝜃𝑒 + 2 3⁄ 𝜋)
] . (2.32) 

 

2.3 OPF Motor Model 

2.3.1 Introduction to OPF Scenario 

Open-Phase Fault (OPF) is a severe type of fault that can cause significant 

performance degradation in PMSM, and this fault occurs when one of the three phases of 

the motor becomes disconnected, either due to a failure in the motor windings or in the 

power supply cables.  

When OPF occurs, the current in the open phase becomes zero, while the currents in 

the other two phases increase to maintain the output torque. As a result, the motor operates 

in a highly unbalanced state, leading to several issues such as overloading and overheating 

of the motor [24], [25]. 

In fact, OPF can be considered as one of the worst-case condition of R-Unbalance 

scenario. Therefore, the impacts of OPF can lead to greater mechanical stress on the 
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motor, and can cause the rotor to deviate from its optimal position, leading to a further 

decrease in motor efficiency. 

 

2.3.2 Derivation of OPF Motor Model 

For the OPF motor model used in this thesis, assuming that phase A is disconnected 

and all the motor parameters are the same as the ones under balanced scenario. 

The three-phase SPMSM equivalent circuit under OPF is illustrated in Fig. 2.5. By 

utilizing the equivalent circuit, the mathematical equations can be written as (2.33): 

 

Fig. 2.5 The three-phase SPMSM equivalent circuit under OPF. 

[
𝑣𝑏
𝑣𝑐
] = [

𝑅𝑠 0
0 𝑅𝑠

] [
𝑖𝑏
𝑖𝑐
] + [

𝐿𝑠 −𝑀𝑠

−𝑀𝑠 𝐿𝑠
]
𝑑

𝑑𝑡
[
𝑖𝑏
𝑖𝑐
] + [

𝑒𝑏
𝑒𝑐
] + [

𝑣𝑛
𝑣𝑛
] (2.33) 

where the B-phase and C-phase back-EMF, 𝑒𝑏, 𝑒𝑐, are the same with the results shown 

in (2.5). 

 Utilizing the constraint equations for OPF shown in (2.34), the neutral voltage (𝑣𝑛) 

can be derived as (2.35). 

{

𝑖𝑎 = 0

𝑖𝑏 + 𝑖𝑐 = 
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡

= 0
(2.34) 

𝑣𝑛 =
1

2
(𝑣𝑏 + 𝑣𝑐) (2.35) 

Due to the same reason as the one explained in Section 2.2.2 , the simplified motor 
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model for OPF is derived in state-space form by combining (2.33), (2.34), and (2.35). The 

results can be expressed as: 

{
 
 

 
 𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
] = 𝑨 [

𝑖𝑎
𝑖𝑏
] + 𝑩 [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] + 𝑪

𝑑𝑖𝑐
𝑑𝑡

= −
𝑑𝑖𝑏
𝑑𝑡

 

(2.36) 

where the A, B, and C matrices are shown in (2.37), (2.38), and (2.39), respectively: 

𝑨 =  [

0 0

0
−𝑅𝑠

(𝐿𝑠 −𝑀𝑠)
] (2.37) 

𝑩 = [

0 0 0

0
1

2(𝐿𝑠 −𝑀𝑠)
−

1

2(𝐿𝑠 −𝑀𝑠)
] (2.38) 

𝑪 = 
𝑝𝜔𝑚𝜑𝑝𝑚

𝐿𝑠 −𝑀𝑠
[

0
𝑠𝑖𝑛(𝜃𝑒 − 2 3⁄ 𝜋)

] . (2.39) 

2.4 ISCF Motor Model 

2.4.1 Introduction to ISCF Scenario 

Inter-Turn Short-Circuit Fault (ISCF) is the most common and the worst fault that 

can occur in PMSM, accounting for approximately 30-40% of all failures. This fault 

occurs when part of the turns in a specific winding slot become shorted, and the causes 

of this fault can be attributed to voltage stress, thermal stress, mechanical vibration, and 

insulation failure [26]. 

When ISCF occurs, an extremely high fault current flows through the shorted turns, 

resulting in circulating currents in a particular phase that can be more than 10 times higher 

than the rated current. This excessive current flow can cause a significant increase in 

temperature, which may demagnetize the permanent magnets irreversibly and further 

degrade the surrounding insulation material. Consequently, the winding may lose its 

insulation property, which can cause more severe damage to the motor. 



doi:10.6342/NTU202302551

 

18 

 

Currently, different modeling methodologies for ISCF have been presented and 

verified in previous studies [26]-[32]. However, the existing methods typically assume a 

sinusoidal-shaped phase voltage input, which cannot capture the presence of switching 

harmonics in the fault current [33]. Although switching harmonics may not be crucial for 

fault diagnosis in motor driving, they cannot be neglected for PHIL applications, where 

the goal is to emulate the motor as accurately as possible. Therefore, the motor model for 

ISCF derived in this thesis takes the effect of switching into account, and the results are 

presented in Chapter 4 and Chapter 5 . 

 

2.4.2 Derivation of ISCF Motor Model 

For the ISCF motor model in this thesis, it is assumed that the fault is occurred in 

phase A. That is to say, there is a shorted path between the turns in phase A. In this thesis, 

a resistor is chosen as the impedance model for the shorted path due to its simplicity 

Finally, the three-phase SPMSM equivalent circuit under ISCF can be illustrated as Fig. 

2.6. By utilizing the equivalent circuit shown in Fig. 2.6, the mathematical equations can 

be written as (2.40): 

 

Fig. 2.6 The three-phase SPMSM equivalent circuit under ISCF. 
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[

𝑣𝑎
𝑣𝑏
𝑣𝑐
0

] = 𝑹 [

𝑖𝑎
𝑖𝑏
𝑖𝑐
𝑖𝑠

] + 𝑳
𝑑

𝑑𝑡
[

𝑖𝑎
𝑖𝑏
𝑖𝑐
𝑖𝑠

] + 𝒆 + [

𝑣𝑛
𝑣𝑛
𝑣𝑛
0

] (2.40) 

where the is is the current flow in the short path and the 𝑹, 𝑳, and 𝒆 matrices are shown 

in (2.41), (2.42), and (2.43), respectively: 

𝑹 = 

[
 
 
 
𝑅𝑎ℎ + 𝑅𝑎𝑓 0 0 −𝑅𝑎𝑓

0 𝑅𝑏 0 0
0 0 𝑅𝑐 0
𝑅𝑎𝑓 0 0 −𝑅𝑓 − 𝑅𝑎𝑓]

 
 
 

(2.41) 

𝑳 =

[
 
 
 
 
𝐿𝑎ℎ + 𝐿𝑎𝑓 + 2𝑀𝑎ℎ−𝑎𝑓 𝑀𝑏−𝑎ℎ +𝑀𝑏−𝑎𝑓 𝑀𝑐−𝑎ℎ +𝑀𝑐−𝑎𝑓 −𝐿𝑎𝑓 −𝑀𝑎ℎ−𝑎𝑓

𝑀𝑏−𝑎ℎ +𝑀𝑏−𝑎𝑓 𝐿𝑏 𝑀𝑏−𝑐 −𝑀𝑏−𝑎𝑓

𝑀𝑐−𝑎ℎ +𝑀𝑐−𝑎𝑓 𝑀𝑏−𝑐 𝐿𝑐 −𝑀𝑐−𝑎𝑓

𝐿𝑎𝑓 +𝑀𝑎ℎ−𝑎𝑓 𝑀𝑏−𝑎𝑓 𝑀𝑐−𝑎𝑓 −𝐿𝑎𝑓

 

]
 
 
 
 

(2.42) 

𝒆 = [

𝑒𝑎ℎ + 𝑒𝑎𝑓
𝑒𝑏
𝑒𝑐
𝑒𝑎𝑓

 ] . (2.43) 

In the resistance matrix 𝑹, 𝑅𝑎ℎ, 𝑅𝑎𝑓, 𝑅𝑓, 𝑅𝑏, and 𝑅𝑐, are the A-phase resistance 

of remaining healthy coils, A-phase resistance of shorted turns, fault resistance in the 

short path, B-phase resistance, and C-phase resistance, respectively. 

In the inductance matrix 𝑳, 𝐿𝑎ℎ, 𝐿𝑎𝑓, 𝐿𝑏, 𝐿𝑐, 𝑀𝑎ℎ−𝑎𝑓, 𝑀𝑏−𝑎ℎ, 𝑀𝑏−𝑎𝑓, 𝑀𝑐−𝑎ℎ, 

𝑀𝑐−𝑎𝑓, and 𝑀𝑏−𝑐 are the A-phase self-inductance of remaining healthy coils, A-phase 

self-inductance of shorted turns, B-phase self-inductance, C-phase self-inductance, 

mutual inductance between healthy coils and shorted turns in phase A, mutual inductance 

between B-phase coils and healthy coils in phase A, mutual inductance between B-phase 

coils and shorted turns in phase A, mutual inductance between C-phase coils and healthy 

coils in phase A, mutual inductance between C-phase coils and shorted turns in phase A, 

and mutual inductance between B-phase coils and C-phase coils, respectively. 

In the back-EMF matrix 𝒆, 𝑒𝑎ℎ, 𝑒𝑎𝑓, 𝑒𝑏, and 𝑒𝑐 are the A-phase back-EMF of 
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remaining healthy coils, A-phase back-EMF of shorted turns, B-phase back-EMF, and C-

phase back-EMF, respectively. 

Assuming that 𝑁𝑓𝑎𝑢𝑙𝑡  turns have been shorted out of 𝑁𝑡𝑜𝑡𝑎𝑙  in phase A for the 

emulated SPMSM, and the fault index (Δ) is defined as: 

Δ =
𝑁𝑓𝑎𝑢𝑙𝑡

𝑁𝑡𝑜𝑡𝑎𝑙
. (2.44) 

 Utilizing the fault index (Δ ) with the basic concepts from Circuit Theory, the 

parameters in 𝑹, 𝑳, and 𝒆 matrices can be expressed as (2.45), (2.46), and (2.47), 

respectively: 

[

𝑅𝑎ℎ
𝑅𝑎𝑓
𝑅𝑏
𝑅𝑐

] = [

(1 − Δ)𝑅𝑠
Δ𝑅𝑠
𝑅𝑠
𝑅𝑠

] (2.45) 

[
 
 
 
 
 
 
 
 
 
 
𝐿𝑎ℎ
𝐿𝑎𝑓
𝐿𝑏
𝐿𝑐

𝑀𝑎ℎ−𝑎𝑓

𝑀𝑏−𝑎ℎ

𝑀𝑏−𝑎𝑓

𝑀𝑐−𝑎ℎ

𝑀𝑐−𝑎𝑓

𝑀𝑏−𝑐 ]
 
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
(1 − Δ)2 𝐿𝑠

Δ2𝐿𝑠
𝐿𝑠
𝐿𝑠

(1 − Δ)Δ𝐿𝑠
−(1 − Δ)𝑀𝑠

−Δ𝑀𝑠

−(1 − Δ)𝑀𝑠

−Δ𝑀𝑠

−𝑀𝑠 ]
 
 
 
 
 
 
 
 
 
 

(2.46) 

[

𝑒𝑎ℎ
𝑒𝑎𝑓
𝑒𝑏
𝑒𝑐

] =

[
 
 
 
 
−(1 − Δ)𝑝𝜔𝑚𝜑𝑝𝑚𝑠𝑖𝑛𝜃𝑒
−Δ𝑝𝜔𝑚𝜑𝑝𝑚𝑠𝑖𝑛𝜃𝑒

−𝑝𝜔𝑚𝜑𝑝𝑚𝑠𝑖𝑛(𝜃𝑒 − 2𝜋 3⁄ )

−𝑝𝜔𝑚𝜑𝑝𝑚𝑠𝑖𝑛(𝜃𝑒 + 2𝜋 3⁄ )]
 
 
 
 

. (2.47) 

 By substituting all the parameters shown above, the dynamic equations of ISCF can 

be written as: 
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[

𝑣𝑎
𝑣𝑏
𝑣𝑐
0

] = [

𝑅𝑠 0 0 −Δ𝑅𝑠
0 𝑅𝑠 0 0
0 0 𝑅𝑠 0
Δ𝑅𝑠 0 0 −𝑅𝑓 − Δ𝑅𝑠

] [

𝑖𝑎
𝑖𝑏
𝑖𝑐
𝑖𝑠

]

+ [

𝐿𝑠 −𝑀𝑠 −𝑀𝑠 −Δ𝐿𝑠
−𝑀𝑠 𝐿𝑠 −𝑀𝑠 Δ𝑀𝑠

−𝑀𝑠 −𝑀𝑠 𝐿𝑠 Δ𝑀𝑠

Δ𝐿𝑠 −Δ𝑀𝑠 −Δ𝑀𝑠 −Δ2𝐿𝑠

 ]
𝑑

𝑑𝑡
[

𝑖𝑎
𝑖𝑏
𝑖𝑐
𝑖𝑠

]

−𝑝𝜔𝑚𝜑𝑝𝑚 [

𝑠𝑖𝑛𝜃𝑒
sin(𝜃𝑒 − 2𝜋 3⁄ )

sin(𝜃𝑒 + 2𝜋 3⁄ )

Δ𝑠𝑖𝑛𝜃𝑒

] + [

𝑣n
𝑣n
𝑣n
0

] . (2.48)

 

 Utilizing the constraint equation shown in (2.49), the neutral voltage (𝑣𝑛) can be 

derived as (2.50): 

𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 
𝑑𝑖𝑎
𝑑𝑡

+
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡

= 0 (2.49) 

𝑣𝑛 =
1

3
(𝑣𝑎 + 𝑣𝑏 + 𝑣𝑐) +

Δ𝑅𝑠
3
𝑖𝑠 +

Δ

3
(𝐿𝑠 − 2𝑀𝑠)

𝑑𝑖𝑠
𝑑𝑡
. (2.50) 

After applying further simplification of the equations with the aid of (2.49), (2.50), 

the simplified state-space form motor model for ISCF is derived as: 

{
 
 

 
 𝑑

𝑑𝑡
[
𝑖𝑏
𝑖𝑐
𝑖𝑠

] = 𝑨 [
𝑖𝑏
𝑖𝑐
𝑖𝑠

] + 𝑩 [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] + 𝑪

𝑑𝑖𝑎
𝑑𝑡

= −(
𝑑𝑖𝑏
𝑑𝑡

+
𝑑𝑖𝑐
𝑑𝑡
)  

(2.51) 

where the 𝑨, 𝑩, and 𝑪 matrices are shown in (2.52), (2.53), and (2.54), respectively: 

𝑨 =  

[
 
 
 
 
 
 
−𝑅𝑠

𝐿𝑠 +𝑀𝑠
0

𝑅𝑓(𝐿𝑠 +𝑀𝑠) + Δ𝑅𝑠[(𝐿𝑠 +𝑀𝑠) − Δ𝐿𝑠]

Δ(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

0
−𝑅𝑠

𝐿𝑠 +𝑀𝑠

𝑅𝑓(𝐿𝑠 +𝑀𝑠) + Δ𝑅𝑠[(𝐿𝑠 +𝑀𝑠) − Δ𝐿𝑠]

Δ(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

0 0
Δ𝑅𝑠(2Δ − 3) − 3𝑅𝑓

Δ2(𝐿𝑠 − 2𝑀𝑠) ]
 
 
 
 
 
 

(2.52) 
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𝑩 = 

[
 
 
 
 
 
 

−𝐿𝑠
(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

(𝐿𝑠 −𝑀𝑠)

(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

𝑀𝑠

(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)
−𝐿𝑠

(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

𝑀𝑠

(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)

(𝐿𝑠 −𝑀𝑠)

(𝐿𝑠 − 2𝑀𝑠)(𝐿𝑠 +𝑀𝑠)
2

Δ(𝐿𝑠 − 2𝑀𝑠)

−1

Δ(𝐿𝑠 − 2𝑀𝑠)

−1

Δ(𝐿𝑠 − 2𝑀𝑠) ]
 
 
 
 
 
 

(2.53) 

𝑪 = 
𝑝𝜔𝑚𝜑𝑝𝑚

𝐿𝑠 +𝑀𝑠
[
𝑠𝑖𝑛(𝜃𝑒 − 2 3⁄ 𝜋)

𝑠𝑖𝑛(𝜃𝑒 + 2 3⁄ 𝜋)
0

] . (2.54) 

Another factor that differs from the other scenarios for the ISCF is electromagnetic 

torque (𝑇𝑒). Since the A-phase winding is separated into two different windings by the 

shorted turns, there are two back-EMF sources, 𝑒𝑎𝑓 and 𝑒𝑎ℎ, shown in Fig. 2.6. Based 

on the theorem in Section 2.1.1 , the electromagnetic torque can be expressed as: 

𝑇𝑒 =
𝑒𝑎ℎ𝑖𝑎 + 𝑒𝑎𝑓𝑖𝑓 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐

𝜔𝑒
. (2.55) 

By Substituting the results from (2.47) into (2.55), and using the relationship 

between 𝑖𝑓, 𝑖𝑎, and 𝑖𝑠 shown in (2.56), the expression for electromagnetic torque in 

terms of three-phase current can be expressed as (2.57). 

𝑖𝑓 = 𝑖𝑎 − 𝑖𝑠 (2.56) 

𝑇𝑒 = −p𝜑𝑝𝑚[(𝑖𝑎 − Δ𝑖𝑠) sin 𝜃𝑒 + 𝑖𝑏 sin(𝜃𝑒 − 2𝜋 3⁄ ) + 𝑖𝑐 sin(𝜃𝑒 + 2𝜋 3⁄ )] (2.57) 

 

2.5 Numerical Methods 

Once the motor model has been derived for each fault scenario, the dynamic 

equations can be expressed in state-space form. These equations can then be utilized for 

motor model calculations in simulations and MCU by employing numerical methods. 

With the help of numerical methods, the motor model can be effectively implemented, 

providing accurate and efficient calculations in both simulation environments and real-

time MCU applications. Consequently, the selection of an appropriate numerical method 
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is a crucial consideration for PHIL implementation. 

 The class diagram of common numerical methods is illustrated in Fig. 2.7. 

 

Fig. 2.7 The class diagram of common numerical methods. 

The numerical methods can be broadly classified into three groups: Runge-Kutta 

methods, linear multistep methods, and predictor-corrector methods [34]. Furthermore, 

the first two methods can be further categorized based on whether they are explicit or 

implicit. 

 In this thesis, the theoretical discussion on the selection of numerical methods will 

not be covered. However, it is important to note that the choice of a numerical method 

involves a trade-off between stability and accuracy of nonlinear effects, considering the 

limited computational resources available. That is to say, employing a more complex 

numerical method ensures accurate modeling of nonlinear effects, but it comes at the 

expense of increased computational resources. As a result, the time step of the numerical 

method needs to be larger, which may impact the stability and overall accuracy of the 

model. On the other hand, by employing a simpler numerical method, the time step can 
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be shortened as much as possible to enhance the stability and overall accuracy, despite 

the fact that the accuracy for nonlinear effects is reduced. 

By trial and error, the modified Euler's method, which is often referred to second 

order Runge-Kutta method, is adopted in this thesis [35]. The discrete-time expression 

can be expressed as: 

𝐾̃[𝑛] = 𝐾[𝑛] + ℎ𝑓(𝐾[𝑛])

𝐾[𝑛 + 1] = 𝐾[𝑛] +
ℎ

2
[𝑓(𝐾[𝑛]) + 𝑓(𝐾̃[𝑛])] (2.58)

 

where function 𝑓 is the derivative of the model and it can be simply expressed as:  

𝑓(𝐾) =
𝑑𝐾

𝑑𝑡
. (2.59) 

 Note that ℎ is the time step, 𝐾[𝑛] is the model result in current step, 𝐾̃[n] is a 

predicted result of the model, and 𝐾[𝑛]  is the model result in future step. Since the 

modified Euler's method use the predicted value to correct the result in future step, this 

method can also be regarded as a simple predictor-corrector method. 

Last but not least, it is important to note that with the numerical method presented 

in this section, the model calculation can be implement, which means the reference 

currents for the PHIL current control are obtained. Therefore, the subsequent step 

involves designing the PHIL current control. Moreover, to achieve a better performance 

of the motor emulation, a new control method is proposed and the discussions are 

presented in the next chapter. 
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Chapter 3 Control Methods of PHIL 

With the motor models derived in Chapter 2, the subsequent task involves selecting 

an appropriate control method to design the current controller for PHIL. It is worth noting 

that design the controller in dq-axis has several advantages, thus the control method 

discussed in this thesis is implemented in dq-axis [36]. In Chapter 3, the control plant for 

PHIL in the dq-axis is derived initially. Subsequently, a design procedure for the 

traditional decoupling PI control is outlined. The chapter then proceeds to introduce the 

fundamental concepts of DSRF control and derivation of the proposed CPIR control. The 

final section focuses on the digitalization and implementation aspects of the controllers 

used in the proposed CPIR control. 

 

3.1 PHIL Control Plant 

3.1.1 Coupling Network 

The Coupling network plays a crucial role in PHIL system as it directly affects the 

magnitude of Total Harmonics Distortion(THD) in the line current. Furthermore, the 

selection of the coupling network significantly influences the choice of the appropriate 

control methodology for PHIL implementation. 

 In [37]-[39], different coupling network topologies and the corresponding control 

methods for PHIL are discussed. Two popular topologies, RL filter and LCL filter, are 

compared in [40]. From these studies, a brief conclusion can be made that LCL filter is 

effective in reducing the THD of the line current, thereby enhancing the accuracy of the 

motor emulation. However, implementing a control design with LCL filter is more 

challenging due to complexity. Specifically, utilizing LCL filter introduced an additional 

state variable, which is the voltage of the capacitor (𝑣𝑐). In some cases, to reduce the cost 



doi:10.6342/NTU202302551

 

26 

 

of the system, sensorless control methodology is employed using state observer. By doing 

so, the complexity and the stability are significantly affected. 

Meanwhile, although using an RL filter leads to a higher THD and lower emulation 

accuracy compared to LCL filter, it is still the most commonly adopted coupling network 

in the field of PHIL research due to the simplicity of the control design and the stable 

characteristics of RL filter. Thus, an RL filter is adopted as the coupling network in this 

thesis. 

 

3.1.2 Derivation of dq-axis Control Plant 

To implement the control design in PHIL, the control plant should be derived first. 

In this thesis, the PHIL control plant is comprised of two parts: the coupling network 

and the three-phase Common-Mode Choke (CMC). In order to facilitate energy recovery 

within the PHIL-based test-bench, the common-DC-bus configuration is implemented, 

which leads to the flow of common-mode currents in each phase [41]. Thus, the 

consideration of zero-axis is needed.  

To suppress the low-frequency components in the common-mode current, a PI 

controller in zero-axis is adopted. On the other hand, a CMC is utilized to deal with the 

high-frequency components that exceed the bandwidth of the controller, and that is why 

in this thesis CMC is adopted.  

Due to this reason, the abc-axis equivalent circuit of the PHIL test-bench is 

illustrated in Fig. 3.1. Note that the assumption is made that all the parameters are 

balanced and the mutual inductance in the coupling network can be ignored. By utilizing 

the equivalent circuit, the abc-axis mathematical equations can be written as (3.1): 
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Fig. 3.1 The abc-axis equivalent circuit of the PHIL test-bench. 

[
𝑣𝑎.𝑀𝑈𝑇
𝑣𝑏.𝑀𝑈𝑇
𝑣𝑐.𝑀𝑈𝑇

] = [

𝑅𝑓 0 0

0 𝑅𝑓 0

0 0 𝑅𝑓

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]

+ [

𝐿𝑓 + 𝐿𝐶𝑀 𝐿𝐶𝑀 𝐿𝐶𝑀
𝐿𝑀 𝐿𝑓 + 𝐿𝐶𝑀 𝐿𝐶𝑀
𝐿𝑀 𝐿𝑀 𝐿𝑓 + 𝐿𝐶𝑀

]
𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝑣𝑎.𝑃𝐻𝐼𝐿
𝑣𝑏.𝑃𝐻𝐼𝐿
𝑣𝑐.𝑃𝐻𝐼𝐿

] (3.1)

 

where 𝑣𝑎.𝑀𝑈𝑇 , 𝑣𝑏.𝑀𝑈𝑇 , 𝑣𝑐.𝑀𝑈𝑇 , 𝑣𝑎.𝑃𝐻𝐼𝐿 , 𝑣𝑏.𝑃𝐻𝐼𝐿 , and 𝑣𝑐.𝑃𝐻𝐼𝐿  are the three-phase 

voltages produced by MUT and PHIL. 𝑅𝑓 , 𝐿𝑓 , and 𝐿𝑀  are the filter resistance, 

inductance, and CMC inductance, respectively. 

By utilizing the Park transform matrix (𝑷) presented in (2.11), the abc-axis equations 

can be transformed to dq0 coordinates. The results are shown in (3.2): 

[

𝑣𝑑.𝑀𝑈𝑇
𝑣𝑞.𝑀𝑈𝑇
𝑣0.𝑀𝑈𝑇

] = [

𝑅𝑓 0 0

0 𝑅𝑓 0

0 0 𝑅𝑓

] [

𝑖𝑑
𝑖𝑞
𝑖0

] + [

𝐿𝑓 0 0

0 𝐿𝑓 0

0 0 𝐿𝑓 + 3𝐿𝐶𝑀

]
𝑑

𝑑𝑡
[

𝑖𝑑
𝑖𝑞
𝑖0

]

+𝑝𝜔𝑚𝐿𝑓 [

−𝑖𝑞
𝑖𝑑
𝑖0

] + [

𝑣𝑑.𝑃𝐻𝐼𝐿
𝑣𝑞.𝑃𝐻𝐼𝐿
𝑣0.𝑃𝐻𝐼𝐿

] , (3.2)

 

where 𝑣𝑑.𝑀𝑈𝑇, 𝑣𝑞.𝑀𝑈𝑇, 𝑣0.𝑀𝑈𝑇, 𝑣𝑑.𝑃𝐻𝐼𝐿, 𝑣𝑞.𝑃𝐻𝐼𝐿, and 𝑣0.𝑃𝐻𝐼𝐿 are the dq0-axis voltages 

produced by MUT and PHIL. 

 With the Laplace transform, the transfer functions of the PHIL can be derived as 

(3.3): 
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{
  
 

  
 𝑖𝑑 = −

1

𝑠𝐿𝑓 + 𝑅𝑓
𝑣𝑑.𝑃𝐻𝐼𝐿 +

𝑝𝜔𝑚𝐿𝑓

𝑠𝐿𝑓 + 𝑅𝑓
𝑖𝑞 +

1

𝑠𝐿𝑓 + 𝑅𝑓
𝑣𝑑.𝑃𝐻𝐼𝐿

𝑖𝑞 = −
1

𝑠𝐿𝑓 + 𝑅𝑓
𝑣𝑞.𝑃𝐻𝐼𝐿 −

𝑝𝜔𝑚𝐿𝑓

𝑠𝐿𝑓 + 𝑅𝑓
𝑖𝑑 +

1

𝑠𝐿𝑓 + 𝑅𝑓
𝑣𝑞.𝑃𝐻𝐼𝐿

𝑖0 = −
1

𝑠(𝐿𝑓 + 3𝐿𝐶𝑀) + 𝑅𝑓
𝑣0.𝑃𝐻𝐼𝐿 +

1

𝑠𝐿𝑓 + 𝑅𝑓
𝑣0.𝑃𝐻𝐼𝐿

. (3.3) 

 Finally, the PHIL control plant block diagram is illustrated in Fig. 3.2. By utilizing 

the block diagram and the transfer functions shown in (3.3), the PHIL current control can 

be designed with various control methodologies. 

 

Fig. 3.2 The block diagram of PHIL control plant. 
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3.2 Traditional PI Control  

3.2.1 Introduction to Decoupling PI Control 

For the motor driver current controller, the most used method is called decoupling 

PI control [43], [43]. The main concept of this method, which is often referred as 

"decoupling", is to use the feedback signals and the parameters of the control plant to 

linearize the system. By doing this, the control plant will be linear and the classical control 

theory can be applied.  

By utilizing this method in the PHIL current control, the closed-loop current control 

block diagram in PHIL can be shown as Fig. 3.3: 

 

Fig. 3.3 The closed-loop current control block diagram. 

where 𝑖𝑑
∗ , 𝑖𝑞

∗ , and 𝑖0
∗ are the current reference of dq0-axis, respectively.𝐾𝑝 and 𝐾𝑖  are 

the proportional gain and integral gain for the PI control. 
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Assuming that the coupling network and three-phase common mode choke are ideal, 

and the measured parameters and sensors are all error-free. The closed-loop diagram can 

be simplified as shown in Fig. 3.4. 

 

Fig. 3.4 The simplified closed-loop current control block diagram. 

With the help of "decoupling ", the design procedures from the basic concepts of 

classical control theory can be applied for the PI control. 

 

3.2.2 PI Control Design 

 Unfortunately, in the reality, it is needed to consider the overall time delay of the 

system when implementing a control design. This time delay can be introduced by 

different sources, such as sensor delay and processing delay. For simplification, in this 
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thesis, the total delay for the PHIL is assumed as 1.5𝑡𝑠, where the 𝑡𝑠  is the processing 

time per period. The closed-loop block diagram with time delay can be shown as Fig. 3.5. 

 

Fig. 3.5 The simplified closed-loop current control block diagram with time delay. 

Since ts is relatively small in PHIL application, which is 10μs in this thesis, the first 

order Padé approximant can be utilized, which can be expressed as (3.4), to represent the 

delay term in s-domain. Then, the control gain can be obtained by using root locus. It is 

worth noticing that the delay term provides a Left Half-Plane(LHP) pole and a Right Half-

Plane(RHP) zero to the system. Put simply, the stability of the system is associated with 

the time delay. Thus, how to suppress the delay is another important research topic. 

𝑒−𝑇𝑠 =
1 −

𝑇
2 𝑠

1 +
𝑇
2 𝑠

(3.4) 
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With the help of MATLAB, the control design can be effortless since MATLAB 

already have included the functions of Padé approximant and root locus. The design 

procedure of dq-axis control shown below is an example of how to design the PI control 

for a first order system. 

 First of all, by utilizing the well-known technique called "pole-zero cancellation", it 

can be found that the ratio of integral gain and proportional gain can be expressed as (3.5): 

𝐾𝑖
𝐾𝑝

=
𝑅𝑓

𝐿𝑓
. (3.5) 

 In addition, the values of 𝐿𝑓  and 𝑅𝑓 are the measurements obtained from the real 

inductor used in the experiment, which are 2mH and 120mΩ , respectively. By 

substituting these parameters and utilizing the functions of Padé approximant and root 

locus, the root locus plot shown in Fig. 3.6 can be obtained. 

 

Fig. 3.6 The root locus plot of the dq-axis current control loop. 
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 Afterward, by using the root locus, the proportional gain can be found easily to 

match the desired performance, which is shown in Fig. 3.7. 

 

Fig. 3.7 The control design using root locus. 

 Finally, by using the results in Fig. 3.7, the proportional gain and integral gain are 

designed as (3.6), and the open-loop bode plot shown in Fig. 3.8 displays that the gain 

margin and the phase margin for the designed control loop are 11.4dB and 60deg, 

respectively. In this thesis, these control gains will be used in all the simulations and 

experiments. 

{
𝐾𝑝 = 70

𝐾𝑖 = 4200
(3.6) 
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Fig. 3.8 The open-loop bode plot of the dq-axis current control loop. 

 

3.3 Proposed CPIR Control  

3.3.1 Introduction to DSRF Control Methodology 

In addition to the normal operation of motors, negative sequence current present as 

a common feature of the three fault scenarios mentioned in this thesis. To deal with the 

negative sequence current, there are several control methodologies can suppress the 

negative current. The most used one is called Dual Synchronous Reference Frame 

(DSRF) control [44]-[48]. The block diagram of DSRF control is illustrated in Fig. 3.9, 

where 𝑖𝑑+
∗ , 𝑖𝑞+

∗ , 𝑖𝑑−
∗ , and 𝑖𝑞−

∗
 are the reference currents in positive and negative 

sequence, meanwhile 𝑖𝑑+, 𝑖𝑞+, 𝑖𝑑−, and 𝑖𝑞− are the feedback currents in positive and 

negative sequence. 



doi:10.6342/NTU202302551

 

35 

 

 

Fig. 3.9 The block diagram of DSRF control. 

The main procedure of DSRF control can be divided into three steps:  

First, the three-phase currents are transferred into positive reference frame and 

negative reference frame. This step first transfers the currents into stationary frame with 

αβ transform (𝑻𝜶𝜷), and then applies either positive dq transform (𝑻𝒅𝒒
+ ) or negative dq 

transform ( 𝑻𝒅𝒒
− ) to the previous results. The transform matrices for these three 

transformations are shown in (3.7), (3.8), and (3.9), respectively: 
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𝑻𝜶𝜷 =
2

3

[
 
 
 
 
 
 1 −

1

2
−
1

2

0
√3

2
−
√3

2

0 −
√3

2

√3

2 ]
 
 
 
 
 
 

(3.7) 

𝑻𝒅𝒒
+ = [

cos (𝜃) sin (𝜃)
−sin (𝜃) cos (𝜃)

] (3.8) 

𝑻𝒅𝒒
− = [

cos(𝜃) −sin(𝜃)

sin(𝜃) cos(𝜃)
] . (3.9) 

After applying the transformations for the feedback currents, it can be found that the 

transformed currents in positive reference frame consists of positive sequence current as 

DC term and negative sequence current as second harmonic term, and vice versa for the 

ones in negative reference frame. Thus, in this thesis, 𝑖𝑑
𝑝2𝑛

 and 𝑖𝑞
𝑝2𝑛

 are defined as the 

transformed dq-axis currents from positive sequence to negative sequence, and 𝑖𝑑
𝑛2𝑝

 

and  𝑖𝑞
𝑛2𝑝

 as the ones from negative to positive. By utilizing these definitions, the 

transformed currents can be expressed as: 

𝑻𝒅𝒒
+ 𝑻𝜶𝜷 [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] = [
𝑖𝑑+ + 𝑖𝑑

𝑛2𝑝

𝑖𝑞+ + 𝑖𝑞
𝑛2𝑝] (3.10) 

𝑻𝒅𝒒
− 𝑻𝜶𝜷 [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] = [
𝑖𝑑− + 𝑖𝑑

𝑝2𝑛

𝑖𝑞− + 𝑖𝑞
𝑝2𝑛] . (3.11) 

In the second step, the notch filter is utilized to filter out the second harmonic term, 

so that the filtered current only has the DC term which can be regulated without steady-

state error by a PI controller theoretically. The transform process of the feedback currents 

in DSRF control is depicted in Fig. 3.10. By referring to Fig. 3.10, a clearer understanding 

of the purpose and objectives of these transformations can be obtained.  
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Fig. 3.10 The transform process of the feedback current in DSRF control. 

Finally, using the traditional control design mentioned in Section 3.2 , the PI 

controller in each sequence can be well-designed and regulate the dq-axis feedback 

currents separately. 

DSRF methodology can be implemented in motor driver or grid-tie inverter, but it 

is not suitable for the PHIL application for many concerns. For example, the usage of 

notch filter limits the transient response performance for the current control, and DSRF 

methodology requires lots of computational resources in the MCU because the reference 

currents from motor model need to be separated into positive and negative sequence, too. 

That is to say, additional notch filters are needed for the sequence separation in the PHIL 

application. Therefore, an improved method called Coupling-Proportional-Integral-

Resonant (CPIR) control is proposed in this thesis to compensate the drawbacks of DSRF 

control methodology. 

 

3.3.2 Derivation of CPIR Control 

The most important idea about CPIR control is to utilize the structure of DSRF 

control mentioned in Section 3.3.1 . The PI controller in negative sequence is transformed 
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to positive sequence, and then the results are combined with the original PI controller in 

positive sequence to form a new controller. The overall derivation of CPIR is shown as 

follows: 

First of all, the negative-to-positive transform matrix (𝑻𝒏𝟐𝒑) and the inverse matrix, 

which is the positive-to-negative transform matrix (𝑻𝒑𝟐𝒏), are introduced in (3.12) and 

(3.13), respectively. It is worth noting that since the positive sequence rotates in the same 

direction as the motor, while the negative sequence rotates in the opposite direction. 

Consequently, the angular velocity difference between these two sequences is 2𝜔 . 

Moreover, by utilizing (3.12) and (3.13), (3.10) and (3.11) can be further expressed as 

(3.14). 

𝑻𝒏𝟐𝒑 = [
cos(2𝜔𝑡) − sin(2𝜔𝑡)

sin(2𝜔𝑡) cos(2𝜔𝑡)
] (3.12) 

𝑻𝒑𝟐𝒏 = (𝑻𝒏𝟐𝒑)−𝟏 = [
cos(2𝜔𝑡) sin(2𝜔𝑡)

− sin(2𝜔𝑡) cos(2𝜔𝑡)
] (3.13) 

[
𝑖𝑑𝑞+ + 𝑖𝑑𝑞

𝑛2𝑝

𝑖𝑑𝑞− + 𝑖𝑑𝑞
𝑝2𝑛] = [

𝑖𝑑𝑞+ + 𝑻
𝒏𝟐𝒑𝑖𝑑𝑞−

𝑖𝑑𝑞− + 𝑻
𝒑𝟐𝒏𝑖𝑑𝑞+

] (3.14) 

In order to transform the PI controller in the negative sequence to the positive 

sequence, it is necessary to apply the sequence transformations described in (3.12) and 

(3.13). Note that these sequence transformations are defined in the time domain. 

Therefore, prior to applying the sequence transformations, the PI controller in the s-

domain needs to be transformed into the time domain. The control outputs in negative 

sequence ,𝑣𝑑− and 𝑣𝑞−, are represented in both the s-domain and the time domain as 

shown in (3.15) and (3.16). In these equations, 𝑖𝑑𝑒−  and 𝑖𝑞𝑒−  represent the errors 

between the reference current and the feedback current in negative sequence. It is 

important to note that the representation of the PI controller is denoted as 𝐶(𝑠) in the s-

domain, and its representation in the time domain is given by 𝑐(𝑡). 
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[
𝑣𝑑−(𝑠)

𝑣𝑞−(𝑠)
] = [

𝐾𝑝 +
𝐾𝑖
𝑠

0

0 𝐾𝑝 +
𝐾𝑖
𝑠

] [
𝑖𝑑𝑒−(𝑠)

𝑖𝑞𝑒−(𝑠)
] = [

𝐶(𝑠) 0
0 𝐶(𝑠)

] [
𝑖𝑑𝑒−(𝑠)

𝑖𝑞𝑒−(𝑠)
] (3.15) 

ℒ−1 {[
𝑣𝑑−(𝑠)

𝑣𝑞−(𝑠)
]} = [

𝑣𝑑−(𝑡)

𝑣𝑞−(𝑡)
] = [

𝑐(𝑡) 0
0 𝑐(𝑡)

] ∗ [
𝑖𝑑𝑒−(𝑡)

𝑖𝑞𝑒−(𝑡)
] (3.16) 

Note that a multiplication in the time domain becomes a convolution in the s-domain. 

After the inverse Laplace transform, the negative-to-positive transform matrix (𝑻𝒏𝟐𝒑) can 

be applied to the time-domain control outputs, which is shown as: 

𝑻𝒏𝟐𝒑 [
𝑣𝑑−(𝑡)

𝑣𝑞−(𝑡)
] = 𝑻𝒏𝟐𝒑 [

𝑐(𝑡) 0
0 𝑐(𝑡)

] ∗ [
𝑖𝑑𝑒−(𝑡)

𝑖𝑞𝑒−(𝑡)
] . (3.17) 

In this thesis, the transformed dq-axis voltages and current errors from negative 

sequence to positive sequence are defined as 𝑣𝑑
𝑛2𝑝

, 𝑣𝑞
𝑛2𝑝

, 𝑖𝑑𝑒
𝑛2𝑝

, and 𝑖𝑞𝑒
𝑛2𝑝

. The definitions 

are shown in (3.18) and (3.19): 

[
𝑣𝑑
𝑛2𝑝(𝑡)

𝑣𝑞
𝑛2𝑝(𝑡)

] = 𝑻𝒏𝟐𝒑 [
𝑣𝑑−(𝑡)

𝑣𝑞−(𝑡)
] (3.18) 

[
𝑖𝑑𝑒
𝑛2𝑝(𝑡)

𝑖𝑞𝑒
𝑛2𝑝(𝑡)

] = 𝑻𝒏𝟐𝒑 [
𝑖𝑑𝑒−(𝑡)

𝑖𝑞𝑒−(𝑡)
] . (3.19) 

With these definitions, the equations shown in (3.17) can be rewritten as (3.20), and 

by substituting 𝑻𝒏𝟐𝒑 and 𝑻𝒑𝟐𝒏 matrix with the result shown in (3.12) and (3.13), the 

expanded equations can be obtained as (3.21) and (3.22). 

[
𝑣𝑑
𝑛2𝑝(𝑡)

𝑣𝑞
𝑛2𝑝(𝑡)

] = 𝑻𝒏𝟐𝒑 [
𝑐(𝑡) 0
0 𝑐(𝑡)

] ∗ (𝑻𝒏𝟐𝒑)−𝟏 [
𝑖𝑑𝑒
𝑛2𝑝(𝑡)

𝑖𝑞𝑒
𝑛2𝑝(𝑡)

] (3.20) 

𝑣𝑑
𝑛2𝑝(𝑡) = cos(2𝜔𝑡) 𝑐(𝑡) ∗ cos(2𝜔𝑡) 𝑖𝑑𝑒

𝑛2𝑝(𝑡)

− cos(2𝜔𝑡) 𝑐(𝑡) ∗ sin(2𝜔𝑡) 𝑖𝑞𝑒
𝑛2𝑝(𝑡)

+ sin(2𝜔𝑡) 𝑐(𝑡) ∗ sin(2𝜔𝑡)𝑖𝑑𝑒
𝑛2𝑝(𝑡)

+sin(2𝜔𝑡)𝑐(𝑡) ∗ cos(2𝜔𝑡) 𝑖𝑞𝑒
𝑛2𝑝(𝑡) (3.21)
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𝑣𝑞
𝑛2𝑝(𝑡) = −sin(2𝜔𝑡) 𝑐(𝑡) ∗ cos(2𝜔𝑡) 𝑖𝑑𝑒

𝑛2𝑝(𝑡)

+ sin(2𝜔𝑡) 𝑐(𝑡) ∗ sin(2𝜔𝑡) 𝑖𝑞𝑒
𝑛2𝑝(𝑡)

+ cos(2𝜔𝑡) 𝑐(𝑡) ∗ sin(2𝜔𝑡)𝑖𝑑𝑒
𝑛2𝑝(𝑡)

+cos(2𝜔𝑡)𝑐(𝑡) ∗ cos(2𝜔𝑡) 𝑖𝑞𝑒
𝑛2𝑝(𝑡) (3.22)

 

Next, the results from (3.21) and (3.22) can be transformed back to the s-domain, so 

that they can be combined with the original PI controller in positive sequence. 

By utilizing the Laplace transform of sine and cosine functions shown in (3.23) and 

(3.24), 𝑣𝑑
𝑛2𝑝(𝑡)  and 𝑣𝑞

𝑛2𝑝(𝑡)  can be transformed back to s-domain and get further 

simplified. The results after the simplification are expressed in (3.25) and (3.26). 

ℒ{cos(𝜔𝑡) ∙ 𝑓(𝑡)} =
𝑠

𝑠2 + 𝜔2
∗ 𝐹(𝑠) =

1

2
[𝐹(𝑠 + 𝑗𝜔) + 𝐹(𝑠 − 𝑗𝜔)] (3.23) 

ℒ{sin(𝜔𝑡) ∙ 𝑓(𝑡)} =
𝜔

𝑠2 + 𝜔2
∗ 𝐹(𝑠) =

𝑗

2
[𝐹(𝑠 + 𝑗𝜔) − 𝐹(𝑠 − 𝑗𝜔)] (3.24) 

ℒ{𝑣𝑑
𝑛2𝑝(𝑡)} =

𝑠

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

1

2
(𝑖𝑑𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

−
𝑠

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

𝑗

2
(𝑖𝑞𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) − 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

+
2𝜔

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

𝑗

2
(𝑖𝑑𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) − 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

+
2𝜔

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

1

2
(𝑖𝑞𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) + 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

=
1

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑑𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) + 𝑖𝑑𝑒
𝑛2𝑝(𝑠)]

+𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

−
𝑗

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑞𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) − 𝑖𝑞𝑒
𝑛2𝑝(𝑠)]

+𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) − 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

−
1

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑑𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) − 𝑖𝑑𝑒
𝑛2𝑝(𝑠)]

−𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) − 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

−
𝑗

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑞𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) + 𝑖𝑞𝑒
𝑛2𝑝(𝑠)]

−𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

=
1

2
[𝐶(𝑠 + 𝑗2𝜔) + 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑑𝑒

𝑛2𝑝(𝑠)

+
𝑗

2
[𝐶(𝑠 + 𝑗2𝜔) − 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑞𝑒

𝑛2𝑝(𝑠) (3.25)
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ℒ{𝑣𝑞
𝑛2𝑝(𝑡)} = −

2𝜔

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

1

2
(𝑖𝑑𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

+
2𝜔

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

𝑗

2
(𝑖𝑞𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) − 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

+
𝑠

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

𝑗

2
(𝑖𝑑𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) − 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

+
𝑠

𝑠2 + 4𝜔2
∗ {𝐶(𝑠) [

1

2
(𝑖𝑞𝑒
𝑛2𝑝(𝑠 + 𝑗2𝜔) + 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗2𝜔))]}

= −
𝑗

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑑𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) + 𝑖𝑑𝑒
𝑛2𝑝(𝑠)]

−𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

−
1

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑞𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) − 𝑖𝑞𝑒
𝑛2𝑝(𝑠)]

−𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑞𝑒
𝑛2𝑝(𝑠) − 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

+
𝑗

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑑𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) − 𝑖𝑑𝑒
𝑛2𝑝(𝑠)]

+𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑑𝑒
𝑛2𝑝(𝑠) − 𝑖𝑑𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

+
1

4
{𝐶(𝑠 + 𝑗2𝜔)[𝑖𝑞𝑒

𝑛2𝑝(𝑠 + 𝑗4𝜔) + 𝑖𝑞𝑒
𝑛2𝑝(𝑠)]

+𝐶(𝑠 − 𝑗2𝜔)[𝑖𝑞𝑒
𝑛2𝑝(𝑠) + 𝑖𝑞𝑒

𝑛2𝑝(𝑠 − 𝑗4𝜔)]}

= −
𝑗

2
[𝐶(𝑠 + 𝑗2𝜔) − 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑑𝑒

𝑛2𝑝(𝑠)

+
1

2
[𝐶(𝑠 + 𝑗2𝜔) + 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑞𝑒

𝑛2𝑝(𝑠) (3.26)

 

By substituting the definition of C(s) shown in (3.15) back to (3.25) and (3.26), the 

final form of the control outputs transformed from negative sequence to positive sequence 

can be obtained. The results are shown in (3.27) and (3.28). 

𝑣𝑑
𝑛2𝑝(𝑠) =

1

2
[𝐶(𝑠 + 𝑗2𝜔) + 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑑𝑒

𝑛2𝑝(𝑠)

+
𝑗

2
[𝐶(𝑠 + 𝑗2𝜔) − 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑞𝑒

𝑛2𝑝(𝑠)

=
1

2
[𝐾𝑝 +

𝐾𝑖
𝑠 + 𝑗2𝜔

+ 𝐾𝑝 +
𝐾𝑖

𝑠 − 𝑗2𝜔
] 𝑖𝑑𝑒
𝑛2𝑝(𝑠)

+
𝑗

2
[𝐾𝑝 +

𝐾𝑖
𝑠 + 𝑗2𝜔

− 𝐾𝑝 −
𝐾𝑖

𝑠 − 𝑗2𝜔
] 𝑖𝑞𝑒
𝑛2𝑝(𝑠)

= [𝐾𝑝 +
𝐾𝑖𝑠

𝑠2 + 4𝜔2
] 𝑖𝑑𝑒
𝑛2𝑝(𝑠) + [

2𝜔𝐾𝑖
𝑠2 + 4𝜔2

] 𝑖𝑞𝑒
𝑛2𝑝(𝑠) (3.27)
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𝑣𝑞
𝑛2𝑝(𝑠) = −

𝑗

2
[𝐶(𝑠 + 𝑗2𝜔) − 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑑𝑒

𝑛2𝑝(𝑠)

+
1

2
[𝐶(𝑠 + 𝑗2𝜔) + 𝐶(𝑠 − 𝑗2𝜔)]𝑖𝑞𝑒

𝑛2𝑝(𝑠)

= −
𝑗

2
[𝐾𝑝 +

𝐾𝑖
𝑠 + 𝑗2𝜔

− 𝐾𝑝 −
𝐾𝑖

𝑠 − 𝑗2𝜔
] 𝑖𝑑𝑒
𝑛2𝑝(𝑠)

+
1

2
[𝐾𝑝 +

𝐾𝑖
𝑠 + 𝑗2𝜔

+ 𝐾𝑝 +
𝐾𝑖

𝑠 − 𝑗2𝜔
] 𝑖𝑞𝑒
𝑛2𝑝(𝑠)

= [−
2𝜔𝐾𝑖

𝑠2 + 4𝜔2
] 𝑖𝑑𝑒
𝑛2𝑝(𝑠) + [𝐾𝑝 +

𝐾𝑖𝑠

𝑠2 + 4𝜔2
] 𝑖𝑞𝑒
𝑛2𝑝(𝑠) (3.28)

 

The control law of the original PI controller in positive sequence can be expressed 

in (3.29):  

[
𝑣𝑑+(𝑠)

𝑣𝑞+(𝑠)
] = [

𝐾𝑝 +
𝐾𝑖
𝑠

0

0 𝐾𝑝 +
𝐾𝑖
𝑠

] [
𝑖𝑑𝑒+(𝑠)

𝑖𝑞𝑒+(𝑠)
] . (3.29) 

Next, by combining (3.29) with (3.27) and (3.28), the control outputs in positive 

sequence can be expressed as: 

[
𝑣𝑑+(𝑠) + 𝑣𝑑

𝑛2𝑝(𝑠)

𝑣𝑞+(𝑠) + 𝑣𝑞
𝑛2𝑝(𝑠)

] = [
𝐾𝑝 0

0 𝐾𝑝
] [
𝑖𝑑𝑒+(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠)

𝑖𝑞𝑒+(𝑠) + 𝑖𝑞𝑒
𝑛2𝑝

(𝑠)
]

+ [

𝐾𝑖
𝑠

0

0
𝐾𝑖
𝑠

] [
𝑖𝑑𝑒+(𝑠)

𝑖𝑞𝑒+(𝑠)
]

+ [

𝐾𝑖𝑠

𝑠2 + 4𝜔2
2𝜔𝐾𝑖

𝑠2 + 4𝜔2

−
2𝜔𝐾𝑖

𝑠2 + 4𝜔2
𝐾𝑖𝑠

𝑠2 + 4𝜔2

] [
𝑖𝑑𝑒
𝑛2𝑝(𝑠)

𝑖𝑞𝑒
𝑛2𝑝(𝑠)

] . (3.30)

 

 Fig. 3.11 and Fig. 3.12 shows the bode plot of an integral term and a resonant term, 

where the word "resonant" is used to describe the phenomenon of increased magnitude 

that occurs when the frequency of an applied periodic force is equal or close to the natural 

frequency, which is often referred to the resonant frequency.  
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Fig. 3.11 The bode plot of an integral term. 

 

Fig. 3.12 The bode plot of a resonant term. 
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By analyzing  Fig. 3.11 and Fig. 3.12, it is evident that the contribution of second 

harmonic currents, which are 𝑖𝑑𝑒
𝑛2𝑝

 and 𝑖𝑞𝑒
𝑛2𝑝

, to the integral term is relatively small 

compared to the DC currents, which are 𝑖𝑑𝑒+ and 𝑖𝑞𝑒+, and vice versa for the resonant 

term. Therefore, the second harmonic currents and DC currents can be separately added 

to the integral term and resonant term without significantly impacting the results, which 

is shown as: 

[
𝑣𝑑+(𝑠) + 𝑣𝑑

𝑛2𝑝(𝑠)

𝑣𝑞+(𝑠) + 𝑣𝑞
𝑛2𝑝(𝑠)

] = [
𝐾𝑝 0

0 𝐾𝑝
] [
𝑖𝑑𝑒+(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠)

𝑖𝑞𝑒+(𝑠) + 𝑖𝑞𝑒
𝑛2𝑝(𝑠)

]

+ [

𝐾𝑖
𝑠

0

0
𝐾𝑖
𝑠

] [
𝑖𝑑𝑒+(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠)

𝑖𝑞𝑒+(𝑠) + 𝑖𝑑𝑒
𝑛2𝑝(𝑠)

]

+ [

𝐾𝑖𝑠

𝑠2 + 4𝜔2
2𝜔𝐾𝑖

𝑠2 + 4𝜔2

−
2𝜔𝐾𝑖

𝑠2 + 4𝜔2
𝐾𝑖𝑠

𝑠2 + 4𝜔2

] [
𝑖𝑑𝑒+(𝑠) + 𝑖𝑑𝑒

𝑛2𝑝(𝑠)

𝑖𝑑𝑒+(𝑠) + 𝑖𝑞𝑒
𝑛2𝑝(𝑠)

] . (3.31)

 

Finally, the control law of the proposed CPIR control can be expressed as: 

[
𝑣𝑑(𝑠)

𝑣𝑞(𝑠)
] = [

𝐾𝑝 +
𝐾𝑖
𝑠
+

𝐾𝑖𝑠

𝑠2 + 4𝜔2
2𝜔𝐾𝑖

𝑠2 + 4𝜔2

−
2𝜔𝐾𝑖

𝑠2 + 4𝜔2
𝐾𝑝 +

𝐾𝑖
𝑠
+

𝐾𝑖𝑠

𝑠2 + 4𝜔2

] [
𝑖𝑑𝑒(𝑠)

𝑖𝑞𝑒(𝑠)
] (3.32) 

where 

[
𝑣𝑑
𝑣𝑞
] = 𝑻𝒅𝒒

+ 𝑻𝜶𝜷 [

𝑣𝑎
𝑣𝑏
𝑣𝑐
] = [

𝑣𝑑+ + 𝑣𝑑
𝑛2𝑝

𝑣𝑞+ + 𝑣𝑞
𝑛2𝑝] (3.33) 

[
𝑖𝑑𝑒
𝑖𝑞𝑒
] = [

𝑖𝑑
∗

𝑖𝑞
∗] − 𝑻𝒅𝒒

+ 𝑻𝜶𝜷 [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = [
𝑖𝑑𝑒+ + 𝑖𝑑𝑒

𝑛2𝑝

𝑖𝑞𝑒+ + 𝑖𝑞𝑒
𝑛2𝑝] . (3.34) 

The block diagram of CPIR control is shown in Fig. 3.13. From Fig. 3.13, it is 

important to note that the CPIR control consists of two types of resonant controllers. The 

first one is the self-resonant controller, where the control input of each axis only affects 

the control output in its own axis. The second one is the coupling resonant controller, 
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where the control input of each axis influences the control output in the opposite axis, 

acting as a coupling term. This is also the reason why the proposed control method in this 

thesis is called Coupling-Proportional-Integral-Resonant (CPIR) control. 

 

Fig. 3.13 The block diagram of CPIR control. 

 Comparing Fig. 3.13 to the block diagram of DSRF control shown in Fig. 3.9, it is 

worth noting that there is no need to separate the control system into positive and negative 

sequence when the CPIR control is adopted, which means there is no need to apply any 

notch filter for the implementation of PHIL. Therefore, the computational resources are 

saved, and the performance of the current control is not affected by the notch filters 

anymore. 

 

3.4 Digital Control Implementation 

Since the PHIL current control is implemented in the MCU, it is necessary to 

digitalize the continuous-time control law. The most common approach, which is adopted 

in this thesis, is implementing the control design in s-domain first, and then utilizing the 



doi:10.6342/NTU202302551

 

46 

 

s-to-z transform to obtain the discrete-time control law. Although it is suggested that the 

digital control design should be implemented in the z-domain directly to make account of 

the sampling effect [49]. 

The fundamental concept of s-to-z transform can be regarded as the relation between 

s plane and z plane shown in (3.35), where T is the sampling time for the digitalization.  

z = 𝑒𝑠𝑇 (3.35) 

Note that it is considered not suitable for the digital implementation since the 

exponential operation is resource-consuming. Thus, there are lots of different methods to 

work as the approximated approaches [50], [51]. The most popular method is Tustin's 

method, which is often referred as Bilinear transform. The Bilinear transform can be 

expressed as:  

𝑠 =
2(1 − 𝑧−1)

𝑇(1 + 𝑧−1)
. (3.36) 

Once the Bilinear transform is applied to transform the control law from the s-

domain to the z-domain, the inverse Z-transform can be utilized to convert the control 

law from the z-domain to its discrete-time representation, which can be directly 

implemented in digital systems, such as microcontroller (MCU). The only inverse Z-

transform used in this thesis can be expressed as: 

𝑥[𝑛 − 𝑚] = 𝑧−𝑚𝑥[𝑛] (3.37) 

where 𝑥[𝑛] is a signal in current step, 𝑥[𝑛 − 1] is a signal in previous or future m step, 

and m can be any integer. 

From Fig. 3.13, it is evident that there are one PI controller and two different 

resonant controllers, namely the self-resonant controller and the coupling resonant 

controller, need to be converted. The converting results are shown as follows: 
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A. PI controller: 

To begin with, the block diagram of a PI controller in the time domain is shown in 

Fig. 3.14.  

 

Fig. 3.14 The block diagram of a PI controller in the time domain. 

 From Fig. 3.14, the equations of the P-control output (𝑦𝑝) and I-control output (𝑦𝑖) 

in the time domain can be expressed as: 

𝑦𝑝(t) = 𝐾𝑝𝑢(𝑡) (3.38) 

𝑦𝑖(t) = ∫𝐾𝑖 ∙ 𝑢(𝑡)𝑑𝑡 (3.39) 

where 𝑢 is the control input which can be referred as 𝑖𝑑𝑒 or 𝑖𝑞𝑒 shown in (3.34). 

Then, applying the Laplace transform to obtain the equations in the s-domain. The 

results can be shown as: 

𝑌𝑃(𝑠) = 𝐾𝑝𝑈(𝑠) (3.40) 

𝑌𝐼(𝑠) =
𝐾𝑖
𝑠
𝑈(𝑠) (3.41) 

where 𝑈(𝑠), 𝑌𝑃(s), and 𝑌𝐼(s) are the control input, the P-control output, and the I-

control output in the s-domain, respectively. 

Next, applying the Bilinear transform, which is shown in (3.36), to obtain the 

equations in the z-domain. The results can be obtained as: 

𝑌𝑃(𝑧) = 𝐾𝑝𝑈(𝑧) (3.42) 
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𝑌𝐼(𝑧) = 𝐾𝑖 [
𝑇

2

(1 + 𝑧−1)

(1 − 𝑧−1)
]𝑈(𝑧)

=
𝑇

2
𝐾𝑖(1 + 𝑧

−1)𝑈(𝑧) + 𝑧−1𝑌𝐼(𝑧) (3.43)

 

where 𝑈(𝑧), 𝑌𝑃(𝑧), and 𝑌𝐼(𝑧) are the control input, the P-control output, and the I-

control output in the z-domain, respectively. 

Subsequently, applying the inverse Z-transform, which is shown in (3.37), to obtain 

the discrete-time control outputs. The results can be expressed as: 

𝑌𝑃[𝑛] = 𝐾𝑝U[𝑛] (3.44) 

Y𝐼[𝑛] =
𝑇

2
𝐾𝑖(U[𝑛] + U[𝑛 − 1]) + Y𝐼[𝑛 − 1] (3.45) 

where U[𝑛], Y𝑃[𝑛], Y𝐼[𝑛] are the discrete-time control input, P-control output, and I-

control output in current step, respectively. Meanwhile, U[𝑛 − 1] and Y𝐼[𝑛 − 1] are the 

discrete-time control input and I-control output in previous step.  

 Eventually, the discrete-time control law of the PI controller can be obtained as:   

Y𝑃𝐼[𝑛] = 𝑌𝑃[𝑛] + Y𝐼[𝑛]

= 𝐾𝑝U[𝑛] +
𝑇

2
𝐾𝑖(U[𝑛] + U[𝑛 − 1]) + Y𝐼[𝑛 − 1] (3.45)

 

 

B. Self-resonant controller 

Next, the implementation of the self-resonant controller in this thesis is illustrated in 

Fig. 3.15.  
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Fig. 3.15 The block diagram of the self-resonant controller. 

The following derivation shows that Fig. 3.15 is equivalent to the definition shown 

in Fig. 3.13: 

 First of all, by using the block diagram shown in Fig. 3.15, the equations of 𝑤𝑠𝑟1 

and 𝑤𝑠𝑟2 in time domain can be written as:  

{
𝑤𝑠𝑟1(𝑡) = ∫ cos(2𝜔𝑡) ∙ 𝐾𝑖 ∙ 𝑢(𝑡) 𝑑𝑡

𝑤𝑠𝑟2(𝑡) = ∫sin(2𝜔𝑡) ∙ 𝐾𝑖 ∙ 𝑢(𝑡) 𝑑𝑡

(3.46) 

 Then, applying the Laplace transform to obtain the equations of 𝑊𝑆𝑅1 and 𝑊𝑆𝑅2 

in s-domain. The results can be shown as: 

{
ℒ{𝑤𝑠𝑟1(𝑡)} = 𝑊𝑆𝑅1(𝑠) =

𝐾𝑖
2𝑠
[𝑈(𝑠 + 𝑗2𝜔) + 𝑈(𝑠 − 𝑗2𝜔)]

ℒ{𝑤𝑠𝑟2(𝑡)} = 𝑊𝑆𝑅2(𝑠) =
𝑗𝐾𝑖
2𝑠
[𝑈(𝑠 + 𝑗2𝜔) − 𝑈(𝑠 − 𝑗2𝜔)]

(3.47) 

After that, the output equation can be written down in time domain according to Fig. 

3.15, and the results can be expressed as: 

𝑦𝑠𝑟(𝑡) = 𝑦𝑠𝑟1(𝑡) + 𝑦𝑠𝑟2(𝑡) = cos(2𝜔𝑡)𝑤𝑠𝑟1(𝑡) + sin(2𝜔𝑡)𝑤𝑠𝑟2(𝑡) (3.48) 

where 𝑦𝑠𝑟 is the control output of the self-resonant controller. 

Then, applying Laplace transform to obtain the control law of the self-resonant 

controller in s-domain. The results can be obtained as: 
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ℒ{𝑦𝑠𝑟(𝑡)} = 𝑌𝑆𝑅(𝑠) =
1

2
[𝑊𝑆𝑅1(𝑠 + 𝑗2𝜔) +𝑊𝑆𝑅1(𝑠 − 𝑗2𝜔)]

+
𝑗

2
[𝑊𝑆𝑅2(𝑠 + 𝑗2𝜔) −𝑊𝑆𝑅2(𝑠 − 𝑗2𝜔)]

=
𝐾𝑖

4(𝑠 + 𝑗2𝜔)
[𝑈(𝑠) + 𝑈(𝑠 + 𝑗4𝜔)]

+
𝐾𝑖

4(𝑠 − 𝑗2𝜔)
[𝑈(𝑠) + 𝑈(𝑠 − 𝑗4𝜔)]

+
𝐾𝑖

4(𝑠 + 𝑗2𝜔)
[𝑈(𝑠) − 𝑈(𝑠 + 𝑗4𝜔)]

+
𝐾𝑖

4(𝑠 − 𝑗2𝜔)
[𝑈(𝑠) − 𝑈(𝑠 − 𝑗4𝜔)]

= [
𝐾𝑖

2(𝑠 + 𝑗2𝜔)
+

𝐾𝑖
2(𝑠 − 𝑗2𝜔)

]𝑈(𝑠)

=
𝐾𝑖𝑠

𝑠2 + 4𝜔2
𝑈(𝑠) (3.49)

 

where the 𝑌𝑆𝑅(s) is the control output of the self-resonant controller in s-domain, and it 

can be found that the results from (3.49) is equivalent to the expression of the self-

resonant controller shown in Fig. 3.13. 

More importantly, by utilizing the block diagram shown in Fig. 3.15 and applying 

the same transformation procedures for the PI controller, the discrete-time control law of 

the self-resonant controller can be expressed as: 

Y𝑆𝑅[𝑛] = Y𝑆𝑅1[𝑛] + Y𝑆𝑅2[𝑛] = cos(2𝜃[𝑛])𝑊𝑆𝑅1[𝑛] + sin(2𝜃[𝑛])𝑊𝑆𝑅2[𝑛] (3.50) 

where 

W𝑆𝑅1[𝑛] =
𝑇

2
𝐾𝑖[cos(2𝜃[𝑛])U[𝑛] + cos(2𝜃[𝑛 − 1])U[𝑛 − 1]] + Y𝑆𝑅1[𝑛 − 1] (3.51) 

W𝑆𝑅2[𝑛] =
𝑇

2
𝐾𝑖[sin(2𝜃[𝑛])U[𝑛] + sin(2𝜃[𝑛 − 1])U[𝑛 − 1]] + Y𝑆𝑅2[𝑛 − 1]. (3.52) 

 

C. Coupling resonant controller 

Moreover, the implementation of the coupling resonant controller in this thesis is 

displayed in Fig. 3.16. 



doi:10.6342/NTU202302551

 

51 

 

 

Fig. 3.16 The block diagram of the coupling resonant controller. 

The following derivation shows that Fig. 3.16 is equivalent to the definition shown 

in Fig. 3.13: 

 First of all, by using the block diagram shown in Fig. 3.16, the equations of 𝑤𝑐𝑟1 

and 𝑤𝑐𝑟2 in time domain can be written as: 

{
𝑤𝑐𝑟1(𝑡) = ∫cos(2𝜔𝑡) ∙ 𝐾𝑖 ∙ 𝑢(𝑡) 𝑑𝑡

𝑤𝑐𝑟2(𝑡) = ∫sin(2𝜔𝑡) ∙ 𝐾𝑖 ∙ 𝑢(𝑡) 𝑑𝑡

(3.53) 

Then, applying the Laplace transform to obtain the equations of 𝑊𝐶𝑅1 and 𝑊𝐶𝑅2 

in s-domain. The results can be shown as: 

{
ℒ{𝑤𝑐𝑟1(𝑡)} = 𝑊𝐶𝑅1(𝑠) =

𝐾𝑖
2𝑠
[𝑈(𝑠 + 𝑗2𝜔) + 𝑈(𝑠 − 𝑗2𝜔)]

ℒ{𝑤𝑐𝑟2(𝑡)} = 𝑊𝐶𝑅2(𝑠) =
𝑗𝐾𝑖
2𝑠
[𝑈(𝑠 + 𝑗2𝜔) − 𝑈(𝑠 − 𝑗2𝜔)]

(3.54) 

After that, the output equation can be written down in time domain according to Fig. 

3.16, and the results can be expressed as: 

𝑦𝑐𝑟(𝑡) = 𝑦𝑐𝑟1(𝑡) − 𝑦𝑐𝑟2(𝑡) = sin(2𝜔𝑡)𝑤𝑐𝑟1(𝑡) − cos(2𝜔𝑡)𝑤𝑐𝑟2(𝑡) (3.55) 

where 𝑦𝑠𝑟 is the control output of the coupling-resonant controller. 

Then, applying Laplace transform to obtain the control law of the coupling resonant 

controller in s-domain. The results can be obtained as: 
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ℒ{𝑦𝑐𝑟(𝑡)} = 𝑌𝐶𝑅(𝑠) =
𝑗

2
[𝑊𝐶𝑅1(𝑠 + 𝑗2𝜔) −𝑊𝐶𝑅1(𝑠 − 𝑗2𝜔)]

−
1

2
[𝑊𝐶𝑅2(𝑠 + 𝑗2𝜔) +𝑊𝐶𝑅2(𝑠 − 𝑗2𝜔)]

=
𝑗𝐾𝑖

4(𝑠 + 𝑗2𝜔)
[𝑈(𝑠) + 𝑈(𝑠 + 𝑗4𝜔)]

−
𝑗𝐾𝑖

4(𝑠 − 𝑗2𝜔)
[𝑈(𝑠) + 𝑈(𝑠 − 𝑗4𝜔)]

+
𝑗𝐾𝑖

4(𝑠 + 𝑗2𝜔)
[𝑈(𝑠) − 𝑈(𝑠 + 𝑗4𝜔)]

−
𝐾𝑖

4(𝑠 − 𝑗2𝜔)
[𝑈(𝑠) − 𝑈(𝑠 − 𝑗4𝜔)]

= [
𝑗𝐾𝑖

2(𝑠 + 𝑗2𝜔)
−

𝑗𝐾𝑖
2(𝑠 − 𝑗2𝜔)

]𝑈(𝑠)

=
2𝜔𝐾𝑖

𝑠2 + 4𝜔2
𝑈(𝑠) (3.56)

 

where the 𝑌𝐶𝑅(s) is the control output of the coupling resonant controller in s-domain, 

and it can be found that the results from (3.56) is equivalent to the expression of the 

coupling resonant controller shown in Fig. 3.13. 

More importantly, by utilizing the block diagram shown in Fig. 3.16 and applying 

the same transformation procedures for the PI controller, the discrete-time control law of 

the coupling resonant controller can be expressed as: 

Y𝐶𝑅[𝑛] = Y𝐶𝑅1[𝑛] + Y𝐶𝑅2[𝑛] = sin(2𝜃[𝑛])𝑊𝐶𝑅1[𝑛] − cos(2𝜃[𝑛])𝑊𝐶𝑅2[𝑛] (3.57) 

where 

W𝐶𝑅1[𝑛] =
𝑇

2
𝐾𝑖[cos(2𝜃[𝑛])U[𝑛] + cos(2𝜃[𝑛 − 1])U[𝑛 − 1]] + Y𝐶𝑅1[𝑛 − 1] (3.58) 

W𝐶𝑅2[𝑛] =
𝑇

2
𝐾𝑖[sin(2𝜃[𝑛])U[𝑛] + sin(2𝜃[𝑛 − 1])U[𝑛 − 1]] + Y𝐶𝑅2[𝑛 − 1] (3.59) 

 Last but not least, it is important to highlight that the digital control implementation 

presented in this section enables the realization of both the traditional PI control and the 

proposed CPIR control. The subsequent step involves employing simulation tools to 

verify the improved performance of PHIL current control under different fault scenarios 

by adopting the CPIR control compared to the traditional PI control. 
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Chapter 4 Computer Simulations 

4.1 Simulation Environment 

MATLAB & Simulink is utilized to run the PHIL-based motor test-bench simulations 

and to verify the performance of the proposed CPIR control compares to the traditional 

PI control in different fault scenarios. The specification of the PHIL-based motor test-

bench and the emulated SPMSM can be found in Table 4.1 and  

Table 4.2. 

Table 4.1 Specification of the PHIL-based motor test-bench. 

Parameters Value 

DC-link Voltage 400V 

MUT Switching Frequency 9.5kHz 

PHIL Switching Frequency 100kHz 

Coupling Network Inductance 2mH 

Coupling Network Resistance 120mΩ 

Three-phase CMC Inductance 14mH 

Three-phase CMC Resistance 80mΩ 

 

Table 4.2 Specification of the emulated SPMSM. 

Parameters Value 

Stator Resistance 0.2648Ω 

Self-Inductance 1.27mH 

Mutual Inductance 0.64mH 

Flux Linkage 0.12414V·s/rad 

Inertia 0.0050kg·m2 

Friction Coefficient 0.0044kg·m2·s-1 

Number of Poles 8 

 

To verify the emulating performance, the simulation is divided into two parts: 

First, a MUT is connected with a PHIL to create a PHIL-based motor test-bench, as 
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shown in Fig. 4.1. For the MUT, FOC (see more in Appendix A.) is utilized to control the 

target motor in MUT, and then the control signals are sent to the MUT power stage, which 

is a three-phase inverter, to supply power to the motor. Simultaneously, the PHIL 

performs model calculations using a 312.5kHz modified Euler's method to compute the 

motor currents under different scenarios. After the calculations, the model currents serve 

as the reference signals for the PHIL current control, which employs various control 

methods. Eventually, the PHIL regulates the three-phase currents flowed through the 

PHIL power stage, consisting of a three-phase inverter, a coupling network, and a three-

phase CMC, to accurately emulate the electrical behavior of the target motor. 

 

Fig. 4.1 Simulation diagram of PHIL-based motor test-bench. 

Next, another MUT with identical specification is connected with a pure numerical 

model representing an ideal motor model, as depicted in Fig. 4.2. The MUT performs the 

same tasks as mentioned earlier. However, instead of being connected to a PHIL, it is 

connected to a motor model that uses a 4MHz forward Euler's method to calculate the 

model currents. This high calculating frequency ensures highly accurate model currents, 

as it is significantly higher than the switching frequency of the MUT. Therefore, the 
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calculated currents from this model can be regarded as the ideal currents, serving as a 

reference standard for comparing and verifying the performance of the PHIL-based motor 

test-bench in both simulation and experiment.  

 

Fig. 4.2 Simulation diagram of motor test-bench with ideal motor model. 

 Besides, the load profile for the tests in both simulation and experiment is shown in 

Fig. 4.3. The speed reference is chosen to be 1500 rpm since the rated speed for the 

emulated motor is 2000 rpm. Note that 1500 rpm is 100 Hz in electrical frequency with 

8-pole PMSM. Thus, the frequency of second order harmonic is referred to 200 Hz in this 

thesis. 
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Fig. 4.3 The load profile of the motor test-bench. 

4.2 Simulation under R-Unbalance Scenario 

In this section, the motor model under R-Unbalance, which is derived in Section 2.2.2 , 

is utilized and the performance of the traditional decoupling PI control and the proposed 

CPIR control are presented in Section 4.2.1 and Section 4.2.2 ,respectively. Note that 

the unbalanced three-phase resistance are set as shown in (4.1) and the other parameters 

are identical to the specification shown in  

Table 4.2. 

{

𝑅𝑎 = 10.2648Ω
𝑅𝑏 = 0.2648Ω
𝑅𝑐 = 0.2648Ω

(4.1) 

 

4.2.1 R-Unbalance Simulation with PI Control 

Fig. 4.4 shows the three-phase currents in the time domain and the αβ-axis currents 

in stationary frame under R-Unbalance simulation with PI control for the comparison, 

where 𝑖𝑎.𝑖𝑑𝑒𝑎𝑙 , 𝑖𝑏.𝑖𝑑𝑒𝑎𝑙 ,  𝑖𝑐.𝑖𝑑𝑒𝑎𝑙 , 𝑖𝑎.𝑚𝑜𝑑𝑒𝑙 , 𝑖𝑏.𝑚𝑜𝑑𝑒𝑙 , 𝑖𝑐.𝑚𝑜𝑑𝑒𝑙 , 𝑖𝑎.𝑃𝐻𝐼𝐿 , 𝑖𝑏.𝑃𝐻𝐼𝐿 , and 

𝑖𝑐.𝑃𝐻𝐼𝐿 are the three-phase currents calculated by the pure numerical model, referred to 

as ideal currents, the three-phase currents calculated by the motor model in the PHIL, 

referred to as model currents, and the three-phase currents flowing through the PHIL 

power stage, referred to as PHIL currents, respectively. 

 From Fig. 4.4(a) and Fig. 4.4(b), it can be found that the difference between the ideal 

currents and the model currents are unclear, mainly on the switching-related harmonics. 

However, it can be found that the difference between the model currents and the PHIL 

currents have some amplitude difference from Fig. 4.4(c). Therefore, the ellipses formed 

by the model currents and the PHIL currents, as shown in Fig. 4.4(d), are not identical. 

Fig. 4.5 and Fig. 4.6 show the dq-axis reference currents and feedback currents in 



doi:10.6342/NTU202302551

 

57 

 

the time domain and the frequency domain under R-Unbalance simulation with PI control 

for the comparison, where 𝑖𝑑
∗ , 𝑖𝑞

∗ , 𝑖𝑑 , and 𝑖𝑞  are the dq-axis reference currents and 

feedback currents, respectively. 

 From Fig. 4.5(a), Fig. 4.5(b), Fig. 4.6(a), and Fig. 4.6(b), it is evident that there is a 

noticeable error between the dq-axis reference currents and feedback currents in the time 

domain. Additionally, Fig. 4.5(c), Fig. 4.5(d), Fig. 4.6(c), and Fig. 4.6(d) show the main 

difference in dq-axis is attributed to the steady-state error in the second harmonic, which 

is the target of suppression through the implementation of the proposed CPIR control. 

 

(a)         (b) 

 

    (c)         (d) 

Fig. 4.4 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under R-Unbalance simulation with PI control (a) 

The three-phase current comparison between ideal currents and model currents (b) The 

αβ-axis current comparison between ideal currents and model currents (c) The three-
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phase current comparison between model currents and PHIL currents (d) The αβ-axis 

current comparison between model currents and PHIL currents. 

 

     (a)         (b) 

 

     (c)         (d) 

Fig. 4.5 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance simulation with 

PI control (a) The d-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of d-axis current comparison 

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-

axis feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.6 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance simulation with 

PI control (a) The q-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of q-axis current comparison 

in the time domain (c) The q axis reference current in the frequency domain (d) The q-

axis feedback current in the frequency domain. 
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4.2.2 R-Unbalance Simulation with CPIR Control 

Fig. 4.7 shows the three-phase currents in the time domain and the αβ-axis currents 

in stationary frame under R-Unbalance simulation with CPIR control for the comparison. 

 From Fig. 4.7(a) and Fig. 4.7(b), it can be found that the difference between the ideal 

currents and the model currents are similar to the ones with PI control. However, it can 

be found that the model currents and the PHIL currents are almost the same from Fig. 

4.7(c). Consequently, the ellipses formed by the model currents and the PHIL currents, 

as shown in Fig. 4.7(d), are nearly identical. 

Fig. 4.8 and Fig. 4.9 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under R-Unbalance simulation with CPIR 

control for the comparison. 

 Based on the observations from Fig. 4.8(a), Fig. 4.8(b), Fig. 4.9(a), and Fig. 4.9(b), 

it is obvious to note that the noticeable error between the reference currents and the 

feedback currents resulted from the usage of PI control is eliminated. Furthermore, the 

results depicted in Fig. 4.8(c), Fig. 4.8(d), Fig. 4.9(c), and Fig. 4.9(d) demonstrate that 

the proposed CPIR control achieves a second harmonic steady-state error of less than 1%, 

effectively suppressing its presence. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.7 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under R-Unbalance simulation with CPIR control (a) 

The three-phase current comparison between ideal currents and model currents (b) The 

αβ-axis current comparison between ideal currents and model currents (c) The three-

phase current comparison between model currents and PHIL currents (d) The αβ-axis 

current comparison between model currents and PHIL currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.8 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance simulation with 

CPIR control (a) The d-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of d-axis current comparison 

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-

axis feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.9 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance simulation with 

CPIR control (a) The q-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of q-axis current comparison 

in the time domain (c) The q-axis reference current in the frequency domain (d) The q-

axis feedback current in the frequency domain. 
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4.3 Simulation under OPF Scenario 

In this section, the motor model under OPF, which is derived in Section 2.3.2 , is 

utilized and the performance of the traditional decoupling PI control and the proposed 

CPIR control are presented in Section 4.3.1 and Section 4.3.2 ,respectively. Note that all 

the motor parameters remain identical to the specification provided in  

Table 4.2. However, it is worth mentioning that phase A is intentionally 

disconnected, resulting in the desired open circuit condition targeted by this scenario. 

 

4.3.1 OPF Simulation with PI Control 

Fig. 4.10 shows the three-phase currents in the time domain and αβ-axis currents in 

stationary frame under OPF simulation with PI control for the comparison. 

 From Fig. 4.10(a) and Fig. 4.10(b), it can be observed that the ideal currents and the 

model currents are almost identical. Furthermore, it is noteworthy that the αβ -axis 

currents in stationary frame appear as a straight line due to the absence of A-phase current 

caused by the open circuit condition. However, Fig. 4.10(c) shows that there is a 

significant disparity between the model currents and the PHIL currents. Thus, the graph 

formed by the PHIL currents in Fig. 4.10(d) does not exhibit a straight line shape. 

Fig. 4.11 and Fig. 4.12 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under OPF simulation with PI control for the 

comparison. 

 From Fig. 4.11(a), Fig. 4.11(b), Fig. 4.12(a), and Fig. 4.12(b), it is obvious that there 

is a considerable error between the dq-axis reference currents and feedback currents in 

the time domain. In addition, Fig. 4.11(c), Fig. 4.11(d), Fig. 4.12(c), and Fig. 4.12(d) 

show the difference in dq-axis is due to the steady-state error in the second harmonic. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.10 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under OPF simulation with PI control (a) The three-

phase current comparison between ideal currents and model currents (b) The αβ-axis 

current comparison between ideal currents and model currents (c) The three-phase current 

comparison between model currents and PHIL currents (d) The αβ -axis current 

comparison between model currents and PHIL currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.11 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under OPF simulation with PI 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.12 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under OPF simulation with PI 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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4.3.2 OPF Simulation with CPIR Control 

Fig. 4.13 shows the three-phase currents in the time domain and the αβ-axis currents 

in stationary frame under OPF simulation with CPIR control for the comparison. 

From Fig. 4.13(a) and Fig. 4.13(b), it can be observed that the difference between 

the ideal currents and the model currents remains consistent with that of the PI control. 

However, Fig. 4.13(c) illustrates that there is a negligible difference between the model 

currents and the PHIL currents when using the CPIR control. As a result, the graph 

illustrating the PHIL currents in Fig. 4.13(d) closely resembles a straight line, indicating 

improved performance and accuracy. 

Fig. 4.14 and Fig. 4.15 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under OPF simulation with CPIR control for 

the comparison. 

Based on the observations from Fig. 4.14(a), Fig. 4.14(b), Fig. 4.15(a), and Fig. 

4.15(b), it is evident that the CPIR control successfully reduces the significant error 

between the reference currents and the feedback currents, which is present when using 

the PI controller. Moreover, as shown in Fig. 4.14(c), Fig. 4.14(d), Fig. 4.15(c), and Fig. 

4.15(d), the CPIR control achieves an impressive suppression of the second harmonic 

with a steady-state error of approximately 2%. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.13 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under OPF simulation with CPIR control (a) The 

three-phase current comparison between ideal currents and model currents (b) The αβ-

axis current comparison between ideal currents and model currents (c) The three-phase 

current comparison between model currents and PHIL currents (d) The αβ-axis current 

comparison between model currents and PHIL currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.14 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under OPF simulation with CPIR 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.15 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under OPF simulation with CPIR 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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4.4 Simulation under ISCF Scenario 

In this section, the motor model under ISCF, which is derived in Section 2.4.2 , is 

utilized and the performance of the traditional decoupling PI control and the proposed 

CPIR control are presented in Section 4.4.1 and Section 4.4.2 ,respectively. Note that 

the fault resistance and the fault index are set as shown in (4.2) and the other parameters 

are identical to the specification shown in  

Table 4.2. 

{
𝑅𝑓 = 0.1Ω

Δ = 0.2
(4.2) 

 

4.4.1 ISCF Simulation with PI Control  

Fig. 4.16 shows the three-phase currents in the time domain and αβ-axis currents in 

stationary frame under ISCF simulation with PI control for the comparison. 

 From Fig. 4.16(a) and Fig. 4.16(b), it can be found that the ideal currents and the 

model currents exhibit a noticeable difference, especially for the switching-related 

harmonics. This is because the ideal currents are calculated at a frequency that is 10 times 

higher than the model currents obtained from the PHIL motor model. As a result, the ideal 

currents offer improved accuracy for capturing nonlinear effects, particularly the 

switching effect in this application. 

Fig. 4.16(c) shows that there is a significant disparity between the model currents 

and the PHIL currents. This can be attributed to the fact that the frequencies of the 

switching-related harmonics present in model currents exceed the bandwidth of the 

designed control. In other words, the control is only capable of regulating currents for 

relatively low frequencies, as evident from Fig. 4.16(d). 

Fig. 4.17 and Fig. 4.18 show the dq-axis reference currents and feedback currents in 
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the time domain and the frequency domain under ISCF simulation with PI control for the 

comparison. 

 From Fig. 4.17(a), Fig. 4.17(b), Fig. 4.18(a), and Fig. 4.18(b), it is apparent that there 

is a tremendous error between the dq-axis reference currents and feedback currents in the 

time domain. Furthermore, Fig. 4.17(c), Fig. 4.17(d), Fig. 4.18(c), and Fig. 4.18(d) 

indicate the difference in dq-axis is caused not only by the second harmonic but also by 

the near 9.5kHz and near 19kHz components. These additional components are attributed 

to the switching frequency of the MUT and twice the switching frequency, respectively. 

 

     (a)         (b) 

 

     (c)         (d) 

Fig. 4.16 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under ISCF simulation with PI control (a) The three-

phase current comparison between ideal currents and model currents (b) The αβ-axis 

current comparison between ideal currents and model currents (c) The three-phase current 
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comparison between model currents and PHIL currents (d) The αβ -axis current 

comparison between model currents and PHIL currents. 

 

     (a)         (b) 

 

     (c)         (d) 

Fig. 4.17 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF simulation with PI 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.18 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF simulation with PI 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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4.4.2 ISCF Simulation with CPIR Control 

Fig. 4.19 shows the three-phase currents in the time domain and αβ-axis currents in 

stationary frame under ISCF simulation with CPIR control for the comparison. 

 From Fig. 4.19(a) and Fig. 4.19(b), it can be observed that the difference between 

the ideal currents and the model currents remains consistent with that of the PI control. 

Moreover, Fig. 4.19(c) and Fig. 4.19(d) also illustrate that there is no noticeable 

difference between the model currents and the PHIL currents whether using the CPIR 

control or PI control. 

Fig. 4.20 and Fig. 4.21 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under ISCF simulation with CPIR control for 

the comparison. 

Based on the observations from Fig. 4.20(a), Fig. 4.20(b), Fig. 4.21(a), and Fig. 

4.21(b), it is difficult to discern any noticeable difference between the outcomes obtained 

with the CPIR control and the results obtained with the PI control. However, as depicted 

in Fig. 4.20(c), Fig. 4.20(d), Fig. 4.21(c), and Fig. 4.21(d), the CPIR control effectively 

suppresses the steady-state error in the second harmonic as expected. Nonetheless, it is 

worth noting that the errors arising from the near 9.5kHz, which is the switching 

frequency of the MUT, and near 19kHz, whitch is twice the switching frequency of the 

MUT, components remain unsolved. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.19 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under ISCF simulation with CPIR control (a) The 

three-phase current comparison between ideal currents and model currents (b) The αβ-

axis current comparison between ideal currents and model currents (c) The three-phase 

current comparison between model currents and PHIL currents (d) The αβ-axis current 

comparison between model currents and PHIL currents. 
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     (a)         (b) 

 

     (c)          (d) 

Fig. 4.20 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF simulation with CPIR 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 4.21 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF simulation with CPIR 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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Chapter 5 Experiment Verifications 

In the previous chapter, the simulation results are presented to demonstrate that the 

PHIL-based test-bench can emulate the motor under different fault scenarios. Moreover, 

it is evident that the proposed CPIR control can enhance the performance of motor 

emulation compared to the traditional PI control. Therefore, in Chapter 5, the goal is to 

implement the PHIL-based test-bench in real world, referred to Section 5.1 , and 

perform the experiments under different fault scenarios with the same specifications and 

load profile shown in Table 4.1,  

Table 4.2 and Fig. 4.3, referred to Section 5.2, 5.3, and 5.4, to verify that the results 

from experiments are similar to the corresponding simulation results. Additionally, a 

comprehensive comparison of the improvements achieved by implementing the CPIR 

control across each discussed fault scenario is provided in the end of Section 5.5. 

 

5.1 Test-bench Implementation 

5.1.1 Hardware Development 

Fig. 5.1 illustrates the schematic diagram of PHIL-based test-bench. It is worth 

noting that while the primary focus of this thesis is on the development of PHIL, it is 

essential to build our own motor driver to replicate the experimental setup as closely as 

possible to the simulation. The prototype of PHIL-based motor test-bench is shown in 

Fig. 5.2. 

 It is intuitive that the critical aspects of hardware development lie in the capability 

of the three-phase inverter and the selection of the MCU to effectively implement the 

PHIL functions. 

 For the three-phase inverter, the CAS120M12BM2 SiC Half-Bridge Power Module 
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from Wolfspeed combined with the ADuM4135 driver IC from Analog Devices are 

utilized. Note that the power module ensures stress capabilities with a minimum 

breakdown voltage of 1200V and a maximum output current of 150Arms at a switching 

frequency of 100kHz. These specifications make it well-suited for PHIL applications. 

The TMS320F28379D controlCard from Texas Instrument (TI) is adopted as the 

MCU for both the PHIL and the MUT. Along with the MCU, the interface board is 

designed to provide some key features, including the anti-aliasing filters for ADC inputs, 

the differential drivers and receivers for driver ICs and fault signals, the encoder emulator 

circuit designed for transmitting the angel and speed information to the motor driver, and 

the power supplies for the peripheral circuits and the MCU. 

 With the prototype shows in Fig. 5.2, a 30kW emulation using a balanced motor 

model is achieved, thereby ensuring that this experimental setup can withstand the current 

stress associated with the emulations for motor under different fault scenarios. 
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Fig. 5.1 The schematic diagram of PHIL-based motor test-bench.
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Fig. 5.2 The prototype of PHIL-based motor test-bench. 

 

5.1.2 Firmware Development 

The TMS320F28379D controlCard offers several notable features, with the Control 

Law Accelerator (CLA) and the presence of 4 12-bit ADC modules, each equipped with 

6 channels, for synchronized sampling being the most crucial ones. The CLA enables 

parallel computation alongside the CPU, while the 12-bit ADC modules ensure accurate 

and synchronized data acquisition. The flowchart of PHIL firmware is shown in Fig. 5.3 

and the overall process can be briefly described as follows: 

 Initially, the sensing signals can be separated into two groups. The switching node 

voltages used in the motor model calculation, namely 𝑣𝑎 , 𝑣𝑏 , and 𝑣𝑐 , are sampled 

synchronously with the same frequency utilized for model calculation, specifically 

312.5kHz, as the first group; meanwhile, the three-phase currents and the DC bus voltage 

used in the control programme and SPWM modulation, namely 𝑖𝑎, 𝑖𝑏, 𝑖𝑐, and 𝑉𝑑𝑐, are 



doi:10.6342/NTU202302551

 

84 

 

sampled synchronously at the switching frequency of the PHIL, specifically 100kHz, as 

the second group. 

When the end-of-conversion (EOC) flag of the first group is set, the CLA task is 

initiated. At the beginning of the CLA task, the 12-bit switching node voltages are 

converted into real values with the unit of volt. Subsequently, the motor model calculation 

commences. Once the calculation is completed, the obtained results, representing the 

future step of the model currents, are updated in the CLA memories as the current step. 

These updated values will be utilized for model calculation during the subsequent CLA 

task, thus concluding the current CLA task. 

Meanwhile, when the EOC flag of the second group is set, the ADC interrupt is 

initiated. The ADC interrupt begins by checking whether the PHIL is manually stopped 

or not; If it is stopped, all the output signals for the switches are pulled low, resulting in 

a complete shutdown of the inverter. Following this, the 12-bit three-phase currents and 

DC bus voltage are converted into real values with the unit of ampere and volt, 

respectively. The converted currents are then examined to determine if they exceed the 

current limit of the test-bench. If any of the currents surpass the limitation, the overcurrent 

protection (OCP) flag is set, and all switches are turned off. Subsequently, the CPU 

accesses the CLA memories to retrieve the switching node voltages and model currents 

obtained from the CLA. These data are then utilized within the ADC interrupt to execute 

the control programme. Once the control programme is completed, the resulting control 

outputs are updated in the memories as the previous step, ready for use in the next control 

programme. Last but not least, the control outputs are normalized by the sensed DC bus 

voltage. The normalized control outputs are then employed in SPWM modulation to 

generate the output signals for the switches. 
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Fig. 5.3 The flowchart of PHIL firmware. 
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5.2 Experiment under R-Unbalance Scenario 

5.2.1 R-Unbalance Experiment with PI Control 

First of all, Fig. 5.4 illustrates the oscilloscope screenshot of three-phase currents 

under R-Unbalance experiment with PI control. The acquired data from the oscilloscope 

can then be saved and further analyzed using MATLAB for detailed comparison. 

Fig. 5.5 shows the three-phase currents in the time domain and the αβ-axis currents 

in stationary frame under R-Unbalance experiment with PI control for the comparison. 

Note that the comparison for the experiment focuses on the difference between the ideal 

currents obtained from the corresponding simulation, 𝑖𝑎.𝑖𝑑𝑒𝑎𝑙 , 𝑖𝑏.𝑖𝑑𝑒𝑎𝑙 , and 𝑖𝑐.𝑖𝑑𝑒𝑎𝑙 ,  

and the real three-phase currents flowing through the power stage ,𝑖𝑎, 𝑖𝑏, and 𝑖𝑐, which 

are referred to as actual currents in this thesis. 

 From Fig. 5.5(a) and Fig. 5.5(b), it can be found that the difference between the ideal 

currents and the actual currents are unnoticeable, which is a decent result already. 

Fig. 5.6 and Fig. 5.7 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under R-Unbalance experiment with PI 

control for the comparison, where 𝑖𝑑
∗ , 𝑖𝑞

∗ , 𝑖𝑑, and 𝑖𝑞 are the dq-axis reference currents 

and feedback currents, respectively. 

 From Fig. 5.6(a), Fig. 5.6(b), Fig. 5.7(a), and Fig. 5.7(b), it is evident that there is a 

notable error between the dq-axis reference currents and feedback currents in the time 

domain. Moreover, Fig. 5.6(c), Fig. 5.6(d), Fig. 5.7(c), and Fig. 5.7(d) show the main 

difference in dq-axis is attributed to the steady-state error in the second harmonic, which 

is the same conclusion as the corresponding simulation. It is important to mention that in 

addition to the second harmonic, there is also the presence of the first harmonic (100Hz) 

in the experimental results. This first harmonic is primarily caused by the offset 
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differences between the switching node voltage sensors. Despite our initial calibration 

efforts, it is inevitable that the first harmonic exists in the experimental results for all 

motor models discussed in this thesis. 

 

Fig. 5.4 The oscilloscope screenshot of three-phase currents under R-Unbalance 

experiment with PI control. 

 

     (a)         (b) 

Fig. 5.5 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under R-Unbalance experiment with PI control (a) 

The three-phase current comparison between actual currents and ideal currents (b) The 

αβ-axis current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.6 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance experiment with 

PI control (a) The d-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of d-axis current comparison 

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-

axis feedback current in the frequency domain. 
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     (a)         (b) 

  

     (c)         (d) 

Fig. 5.7 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance experiment with 

PI control (a) The q-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of q-axis current comparison 

in the time domain (c) The q-axis reference current in the frequency domain (d) The q-

axis feedback current in the frequency domain. 
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5.2.2 R-Unbalance Experiment with CPIR Control 

Fig. 5.8 illustrates the oscilloscope screenshot of three-phase currents under R-

Unbalance experiment with CPIR control, and Fig. 5.9 shows the three-phase currents in 

the time domain and the αβ -axis currents in stationary frame under R-Unbalance 

experiment with CPIR control for the comparison. 

 From Fig. 5.9(a) and Fig. 5.9(b), it is evident that the improvement achieved by 

adopting the CPIR control is not significant, as the original results obtained with the PI 

control are already satisfactory. 

Fig. 5.10 and Fig. 5.11 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under R-Unbalance experiment with CPIR 

control for the comparison. 

 Based on the observations from Fig. 5.10(a), Fig. 5.10(b), Fig. 5.11(a), and Fig. 

5.11(b), it is evident that the considerable error between the reference currents and the 

feedback currents, which is present with the usage of the PI control, is completely 

eliminated with the adoption of the CPIR control. Additionally, the results depicted in 

Fig. Fig. 5.10(c), Fig. 5.10(d), Fig. 5.11(c), and Fig. 5.11(d) demonstrate that the proposed 

CPIR control achieves a steady-state error of less than 1% for the second harmonic, which 

is the same with the results shown in Section 4.2.2 . 
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Fig. 5.8 The oscilloscope screenshot of three-phase currents under R-Unbalance 

experiment with CPIR control. 

 

     (a)         (b) 

Fig. 5.9 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under R-Unbalance experiment with CPIR control 

(a) The three-phase current comparison between actual currents and ideal currents (b) The 

αβ-axis current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.10 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance experiment with 

CPIR control (a) The d-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of d-axis current comparison 

in the time domain (c) The d-axis reference current in the frequency domain (d) The d-

axis feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.11 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under R-Unbalance experiment with 

CPIR control (a) The q-axis current comparison between the reference current and the 

feedback current in the time domain (b) The zoom-in version of q-axis current comparison 

in the time domain (c) The q-axis reference current in the frequency domain (d) The q-

axis feedback current in the frequency domain. 
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5.3 Experiment under OPF Scenario  

5.3.1 OPF Experiment with PI Control 

Fig. 5.12 illustrates the oscilloscope screenshot of three-phase currents under OPF 

experiment with PI control, and Fig. 5.13 shows the three-phase currents in the time 

domain and the αβ-axis currents in stationary frame under OPF experiment with PI 

control for the comparison. 

From Fig. 5.13(a), it is apparent that there is a noticeable difference between the 

ideal currents and the actual currents. As a result, the graph illustrating the actual currents 

in Fig. 5.13(b) deviates from the desired straight line shape that is expected for the OPF 

scenario. 

Fig. 5.14 and Fig. 5.15 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under OPF experiment with PI control for the 

comparison. 

 From Fig. 5.14(a), Fig. 5.14(b), Fig. 5.15(a), and Fig. 5.15(b), it is clear that there is 

a significant error between the dq-axis reference currents and feedback currents in the 

time domain. Furthermore, Fig. 5.14(c), Fig. 5.14(d), Fig. 5.15(c), and Fig. 5.15(d) 

highlight that the difference in the dq-axis is primarily attributed to the presence of steady-

state error in the second harmonic as expect. 
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Fig. 5.12 The oscilloscope screenshot of three-phase currents under OPF experiment 

with PI control. 

 

    (a)         (b) 

Fig. 5.13 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under OPF experiment with PI control (a) The three-

phase current comparison between actual currents and ideal currents (b) The αβ-axis 

current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.14 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under OPF experiment with PI 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.15 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under OPF experiment with PI 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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5.3.2 OPF Experiment with CPIR Control 

Fig. 5.16 illustrates the oscilloscope screenshot of three-phase currents under OPF 

experiment with CPIR control, and Fig. 5.17 shows the three-phase currents in the time 

domain and the αβ-axis currents in stationary frame under OPF experiment with CPIR 

control for the comparison. 

From Fig. 5.17(a), it is evident that the difference between the ideal currents and the 

actual currents is dramatically reduced compared to the results obtained with the PI 

control. Consequently, the graph illustrating the actual currents in Fig. 5.17(b) closely 

approximates a straight line, indicating enhanced performance and increased accuracy. 

Fig. 5.18 and Fig. 5.19 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under OPF experiment with CPIR control for 

the comparison. 

 Based on the observations from Fig. 5.18(a), Fig. 5.18(b), Fig. 5.19(a), and Fig. 

5.19(b), it is obvious that the CPIR control effectively mitigates the substantial error 

observed between the reference currents and the feedback currents, which is present when 

using the PI control. Moreover, the results shown in Fig. 5.18(c), Fig. 5.18(d), Fig. 

5.19(c), and Fig. 5.19(d) demonstrate the achievement of the CPIR control in suppressing 

the second harmonic, with a steady-state error of approximately 3%. 
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Fig. 5.16 The oscilloscope screenshot of three-phase currents under OPF experiment 

with CPIR control. 

 

    (a)         (b) 

Fig. 5.17 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under OPF experiment with CPIR control (a) The 

three-phase current comparison between actual currents and ideal currents (b) The αβ-

axis current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.18 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under OPF experiment with CPIR 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.19 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under OPF experiment with CPIR 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 

 

 

 

 

 

 

 

 

 



doi:10.6342/NTU202302551

 

102 

 

5.4 Experiment under ISCF Scenario 

5.4.1 ISCF Experiment with PI Control 

Fig. 5.20 illustrates the oscilloscope screenshot of three-phase currents under ISCF 

experiment with PI control, and Fig. 5.21 shows the three-phase currents in the time 

domain and the αβ-axis currents in stationary frame under ISCF experiment with PI 

control for the comparison. 

From Fig. 5.21(a) and Fig. 5.21(b), it is clear that the difference between the ideal 

currents and the actual currents primarily occurs at the switching-related frequency, 

especially for A-phase current, where the short-circuit fault occurred. 

Fig. 5.22 and Fig. 5.23 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under ISCF experiment with PI control for the 

comparison. 

 Based on the observations from Fig. 5.22(a), Fig. 5.22(b), Fig. 5.23(a), and Fig. 

5.23(b), it is apparent that there is a notable error between the dq-axis reference currents 

and feedback currents in the time domain. These results differ from the simulation results 

shown in Fig. 4.17(a), Fig. 4.17(b), Fig. 4.18(a), and Fig. 4.18(b). To explain this 

difference, Fig. 5.22(c), Fig. 5.22(d), Fig. 5.23(c), and Fig. 5.23(d) are referred, where it 

is evident that the first harmonic contributes significantly to the dq-axis currents. 

Additionally, the magnitude of the components at switching-related frequencies, which 

are 9.5kHz and 19kHz, in the reference currents is considerably smaller compared to the 

simulation results. This difference may arise from the limited ability of the voltage 

sensors to fully capture the switching-related harmonics, likely due to the presence of 

anti-aliasing filters in the implementation. 
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Fig. 5.20 The oscilloscope screenshot of three-phase currents under ISCF 

experiment with PI control. 

 

     (a)         (b) 

Fig. 5.21 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under ISCF experiment with PI control (a) The three-

phase current comparison between actual currents and ideal currents (b) The αβ-axis 

current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.22 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF experiment with PI 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.23 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF experiment with PI 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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5.4.2 ISCF Experiment with CPIR Control 

Fig. 5.24 illustrates the oscilloscope screenshot of three-phase currents under ISCF 

experiment with CPIR control, and Fig. 5.25 shows the three-phase currents in the time 

domain and the αβ-axis currents in stationary frame under ISCF experiment with CPIR 

control for the comparison. 

From Fig. 5.25(a) and Fig. 5.25(b), it is clear that the current results obtained with 

the CPIR control suffer from the same issues as those obtained with the PI control, 

specifically the switching-related harmonics. 

Fig. 5.26 and Fig. 5.27 show the dq-axis reference currents and feedback currents in 

the time domain and the frequency domain under ISCF experiment with CPIR control for 

the comparison. 

 Based on the observations from Fig. 5.26(a), Fig. 5.26(b), Fig. 5.27(a), and Fig. 

5.27(b), there are no significant discernible differences between the outcomes obtained 

with the CPIR control and those obtained with the PI control. However, as shown in Fig. 

5.26(c), Fig. 5.26(d), Fig. 5.27(c), and Fig. 5.27(d), the CPIR control successfully 

suppress the steady-state error in the second harmonic, as expected. Nonetheless, it is 

important to note that the errors arising from the near 9.5kHz, which is the switching 

frequency of the MUT, and near 19kHz, whitch is twice the switching frequency of the 

MUT, components remain unsolved. 
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Fig. 5.24 The oscilloscope screenshot of three-phase currents under ISCF 

experiment with CPIR control. 

 

     (a)         (b) 

Fig. 5.25 The comparison diagram for three-phase currents in the time domain and 

αβ-axis currents in stationary frame under ISCF experiment with CPIR control (a) The 

three-phase current comparison between actual currents and ideal currents (b) The αβ-

axis current comparison between actual currents and ideal currents. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.26 The comparison diagram for the d-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF experiment with CPIR 

control (a) The d-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of d-axis current comparison in the 

time domain (c) The d-axis reference current in the frequency domain (d) The d-axis 

feedback current in the frequency domain. 
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     (a)         (b) 

 

     (c)         (d) 

Fig. 5.27 The comparison diagram for the q-axis reference current and feedback 

current in the time domain and the frequency domain under ISCF experiment with CPIR 

control (a) The q-axis current comparison between the reference current and the feedback 

current in the time domain (b) The zoom-in version of q-axis current comparison in the 

time domain (c) The q-axis reference current in the frequency domain (d) The q-axis 

feedback current in the frequency domain. 
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5.5 Comparative Data 

To showcase the performance of PHIL emulation utilizing CPIR control, a 

comprehensive comparison is needed apparently. Thus, in this section, three comparative 

data are provided to convince the readers from different aspects. 

 

5.5.1 Second Order Harmonic 

First, the most intuitive way to demonstrate the control performance is through the 

comparison of second order harmonic tracking ability between the traditional decoupling 

PI control to the proposed CPIR control, since the CPIR control is designed to track the 

second order harmonic with zero steady-state error. 

The diagram of the error index with the aspect of second order harmonic is shown 

in Fig. 5.28, where the error index is calculated based on the results from Fig. 5.6, Fig. 

5.7, Fig. 5.10, Fig. 5.11, Fig. 5.14, Fig. 5.15, Fig. 5.18, Fig. 5.19, Fig. 5.22, Fig. 5.23, Fig. 

5.26, and Fig. 5.27 while the error index is defined as (5.1). 

 

Fig. 5.28 The diagram of the error index with the aspect of second order harmonic. 

𝑒𝑟𝑟𝑜𝑟 𝑖𝑛𝑑𝑒𝑥(%) =
1

2
(|
𝑖𝑑@200𝐻𝑧
∗ − 𝑖𝑑@200𝐻𝑧

𝑖𝑑@200𝐻𝑧
∗ | + |

𝑖𝑞@200𝐻𝑧
∗ − 𝑖𝑞@200𝐻𝑧

𝑖𝑞@200𝐻𝑧
∗ |) ∙ 100% (5.1) 

From Fig. 5.28, it is clear that by adopting the CPIR control, the error index of 

second order harmonic can drop from roughly 16% to 0.4%, indicating the significant 

improvement for the control performance. However, for the emulation capability, it is 
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incomplete to just compare the performance of differen control method. The experiment 

results should be directly compared to the ideal currents obtained from the simulation 

shown in Fig. 4.2. Therefore, the next comparative data is provided. 

 

5.5.2 Root-Mean-Square Error 

To perform the comprehensive comparson for the emulation capability, the 

frequently used measure called Root-Mean-Square Error (RMSR) is applied to the three-

phase actual current and ideal current, which is obatained from experiment and 

simulation, respectively. The RMSE calculation in this thesis can be expressed as (5.2). 

𝑖𝑎𝑏𝑐.𝑅𝑀𝑆𝐸 =
√(𝑖𝑎𝑏𝑐.𝑖𝑑𝑒𝑎𝑙(𝑡) − 𝑖𝑎𝑏𝑐(𝑡))

2

𝑇
(5.2) 

By utilizing the RMSE, the diagram of the error index with the aspect of RMSE is 

shown in Fig. 5.29, where the error index can be calculated by (5.3). 

 

Fig. 5.29 The diagram of the error index with the aspect of RMSE. 

𝑒𝑟𝑟𝑜𝑟 𝑖𝑛𝑑𝑒𝑥(%) =
1

3
(
𝑖𝑎.𝑅𝑀𝑆𝐸

𝑖𝑎.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆
+

𝑖𝑏.𝑅𝑀𝑆𝐸
𝑖𝑏.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆

+
𝑖𝑐.𝑅𝑀𝑆𝐸

𝑖𝑐.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆
) ∙ 100%, (5.3) 

where 𝑖𝑎.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆 , 𝑖𝑏.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆 , and 𝑖𝑐.𝑖𝑑𝑒𝑎𝑙.𝑅𝑀𝑆  are the root-mean-square value of 

three-phase ideal current obtained from corresponding simulatios. 

From Fig. 5.29, it is evident that by adopting the CPIR control, the error index in the 

aspect of RMSE can be reduced. The most significant drop is observed in the OPF 
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scenario, decreasing from 17.26% to 7.94%. However, since the angular velocity has 

disturbance due to the fault condition, there is no way to match the phase between actual 

current and ideal current perfectly. Thus, this comparison is not accurate enough to stand 

for the emulation capability. Therefore, the next comparative data is provided. 

 

5.5.3 Total Harmonic Distortion Plus Noise 

To avoid the error resulted from the phase difference in the aspect of RMSE, the 

total harmonic distortion plus noise (𝑇𝐻𝐷 +𝑁) is utilized to calculate the proposed 

Similarity Index (SI) since the calculation is implemented in frequency domain. 

The SI is defined as the index of how similar the three-phase actual current obtained 

from experiment are compared to the ideal currents from corresponding simulation, and 

the procedure for the SI calculation is shown in Fig. 5.30. 

 

Fig. 5.30 The procedure for the Similarity Index calculation. 

The calculation process is shown as follows: 

First of all, the 𝑇𝐻𝐷 +𝑁 of the three-phase actual currents and the three-phase 

ideal currents are calculated, and the definition of 𝑇𝐻𝐷 + 𝑁 can be expressed as: 
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𝑇𝐻𝐷 + 𝑁(𝑖) = √
∑ 𝑖𝑛

2∞
𝑛=2 + 𝑖𝑛𝑜𝑖𝑠𝑒

2

𝑖1
2 = √

‖𝑖‖2 − ‖𝑖1‖2

‖𝑖1‖2
. (5.4) 

Next, the 𝑇𝐻𝐷 + 𝑁 of the three-phase actual currents and the three-phase ideal 

currents are averaged to obtained the averaged THD+N results, which can be shown as:   

𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑡𝑢𝑎𝑙 =
𝑇𝐻𝐷 + 𝑁(𝑖𝑎) + 𝑇𝐻𝐷 + 𝑁(𝑖𝑏) + 𝑇𝐻𝐷 + 𝑁(𝑖𝑐)

3
, (5.5) 

𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙 =
𝑇𝐻𝐷 + 𝑁(𝑖𝑎.𝑖𝑑𝑒𝑎𝑙) + 𝑇𝐻𝐷 + 𝑁(𝑖𝑏.𝑖𝑑𝑒𝑎𝑙) + 𝑇𝐻𝐷 + 𝑁(𝑖𝑐.𝑖𝑑𝑒𝑎𝑙)

3
, (5.6) 

where the 𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑢𝑡𝑎𝑙  and 𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙  are the averaged THD+N from 

experiment and the averaged THD+N from simulation, respectively. 

 Then, the Similarity Index (SI) can be obtained by finding the percentage ratio 

between the  𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑢𝑡𝑎𝑙 and 𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙. The expression can be shown as: 

𝑆𝐼 =

{
 

 
𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑢𝑡𝑎𝑙
𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙

∙ 100%, 𝑓𝑜𝑟 𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙 > 𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑢𝑡𝑎𝑙

𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑎𝑒𝑙
𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑡𝑢𝑎𝑙

∙ 100%, 𝑓𝑜𝑟 𝑇𝐻𝐷 + 𝑁𝑖𝑑𝑒𝑎𝑙 < 𝑇𝐻𝐷 + 𝑁𝑎𝑐𝑡𝑢𝑎𝑙

. (5.7) 

 Fig. 5.31 illustrates the diagram of the SI with the aspect of THD+N. It is worth 

noting that the R-Unbalance scenario with CPIR control achieves the highest SI of 

97.33%. On the other hand, the OPF scenario exhibits the greatest improvement from 

55.64% to 84.31% since the CPIR control can achieve effective tracking for the dominant 

second harmonic present in this scenario. However, the ISCF scenario has the lowest 

similarity index of 64.07%, primarily due to challenges in regulating the switching-

related harmonics. 



doi:10.6342/NTU202302551

 

114 

 

 

Fig. 5.31 The diagram of the Similarity Index (SI) with the aspect of THD+N. 

 

 Lastly, it is evident that the motor emulation exhibits superior performance for the 

motor under R-Unbalance scenario. As a result, an example of control verification for the 

motor driver is conducted with the PHIL-based motor test-bench under R-Unbalance 

scenario in this thesis. The details of the verification can be found in Appendix B, which 

reveals a substantial reduction in the second harmonic in the dq-axis. This reduction is 

attributed to the effective current control implemented in the MUT, further demonstrating 

the capability of the PHIL-based motor test-bench to validate the performance of the 

MUT. 
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Chapter 6 Summary and Future Works 

6.1 Conclusions and Major Contributions 

Power Hardware-in-the-Loop (PHIL) motor emulation is an emerging research area 

that offers significant advantages over traditional motor test-bench that employ real 

motors and dynamometers. One of the key advantages of PHIL is its ability to emulate 

motors under different fault scenarios without the risk of damaging a real motor.  

Therefore, this thesis focuses on demonstrating the PHIL emulations for Surface 

Permanent Magnet Synchronous Motors (SPMSM) under three different fault scenarios 

through computer simulations and real-world experiments. Furthermore, this thesis 

introduces a novel control method for PHIL current control, resulting in notable 

improvements in motor emulation performance under fault scenarios. Additionally, 

Appendix B showcases a control verification for the motor driver by using the PHIL-

based test-bench, serving as a compelling example that highlights the capabilities of the 

PHIL-based test-bench. 

The major contributions of this thesis can be summarized as follows:  

a. Some brief introductions are provided in this thesis, including the advantages for 

utilizing Power Hardware-in-the-Loop (PHIL) in motor test-bench, the basic 

concepts of PHIL, the basic Surface Permanent Magnet Synchronous Motor 

(SPMSM) model in abc-axis and dq-axis, and the traditional control design. 

b. Motor models of the most common fault scenarios, including Resistance 

Unbalance(R-Unbalance), Open-Phase Fault (OPF), and Inter-Turn Short-Circuit 

(ISCF) are derived in state-space form so as to utilize the numerical method to 

calculate the reference currents.  
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c. A new control method called Coupling-Proportional-Integral-Resonant (CPIR) 

control is proposed in this thesis. By employing this method, PHIL can achieve zero 

steady-state error for the negative sequence current without additional notch filters 

compares to the DSRF control methodology. 

d. A 30kW PHIL-based test-bench is implemented in this thesis so as to endure the 

current stress for the faulty motor emulation. By utilizing the TMS320F28379D 

MCU from Texas Instrument (TI), the CLA1 is set to calculate the motor model with 

312.5kHz, and set the CPU1 to process the ADC interrupt for performing the control 

routine to obtain the control signals for three-phase inverter with 100kHz. 

e. Simulation results are presented to demonstrate the emulation capabilities of the 

PHIL-based test-bench under different fault scenarios. Moreover, experiment results 

are provided to verify the feasibility of the CPIR control and assess its overall 

performance in real-world applications.  
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6.2 Suggestions for Future Research 

In addition to the research conducted in this thesis, several potential future research 

topics are suggested for further investigation: 

a. Advanced Control Methodologies: Develop and utilize advanced control methods, 

such as model predictive control (MPC), linear–quadratic–Gaussian (LQG) control, 

or adaptive control, to improve the performance and stability of the PHIL emulation. 

b. Fault Diagnosis and Fault-Tolerant Control: Investigate fault diagnosis techniques 

and develop fault-tolerant control algorithms for motor drivers, then utilizing PHIL-

based test-bench to verify the detecting ability of fault diagnosis and performance of 

fault-tolerant control. This research focuses on the motor driver side. However, it 

also showcases the ability of emulation a faulty motor for the PHIL. 

c. Multi-Physics Integration: Investigate the integration of multiple physical domains, 

such as thermal, mechanical, or electromagnetic aspects, with the electrical domain 

in PHIL-based test-bench. This research can provide a comprehensive understanding 

of the interactions and interdependencies between different physical phenomena and 

their impact on motor performance. 

d. Emulation Optimization: Explore methods for optimizing the Real-Time simulation 

performance of PHIL, whether through hardware or firmware approaches. These 

methods may result in improving sensor accuracy, reducing computational 

requirements, or enhancing the fidelity of the model iteration. 

e. PHIL Validation: Develop appropriate strategies for validating the accuracy and 

reliability of the PHIL-based test-bench, including benchmarking and comparison 

with the experimental results of real-world motors. 
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Appendix 

A. Field-Oriented Control for Motor Driver 

The schematic diagram of Field-Oriented Control (FOC) for implementing speed 

control in motor driver is illustrated in Fig. A1. 

Fig. A1 The schematic diagram of Field-Oriented Control. 

 It is worth noting that there are two control loop in this structure, namely the inner 

control loop and outer control loop. 

 The inner control loop, commonly referred to as the current control loop in motor 

driving, bears resemblance to the current control loop in PHIL discussed in this thesis. 

Therefore, the traditional decoupling PI control is widely utilized as the current control 

method. The design procedure for this is discussed in Section 3.2 , and the only difference 

is that the control plant is altered from Fig. 3.2 to Fig. 2.3. 

For the outer control loop, it is often referred to as the speed control loop for motor 

driving. The most important concept about this control loop is to design the current 

controller in the q-axis first, as it forms part of the control plant in speed control loop. 

Once the q-axis controller is designed, the PI controller can be designed for speed control. 
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B. Motor Driver Control Verification Example 

One of the most important applications for PHIL-based motor test-bench is the 

control verification for MUT. An example of MUT control verification under R-

Unbalance scenario is shown below. 

From Fig. B1 and Fig. B2, it is evident that if the motor driver employs the proposed 

CPIR control in the inner control loop of FOC, the severity of unbalance is significantly 

reduced, indicating a notable improvement in the performance of the motor driver.

 

     (a)         (b) 

Fig. B1 The comparison diagram for three-phase currents under R-Unbalance 

scenario with different current control in MUT (a) PI control (b) CPIR control. 

 

     (a)         (b) 

Fig. B2 The comparison diagram for the dq-axis reference currents and feedback 

currents under R-Unbalance scenario with different current control in MUT (a) PI control 

(b) CPIR control. 
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