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ABSTRACT 

This thesis is focused on the sensorless control of surface-mounted permanent magnet 

synchronous machines (SPMSM) at zero and low speed, with due account for rotor eccentricity. 

Based on magnetic saturation effect, short pulse injection based initial position estimation 

methods are systematically investigated. To obtain a reliable estimation, a voltage pulse 

selection strategy is presented by considering the measurement noise, torque production and 

rotor movement. A reliable selection area (RSA) is obtained which defines a selecting area for 

reliable estimation result. Two novel initial position estimation methods are proposed. The first 

one utilizes three-phase current responses so that only 3 pulses are required while maintaining 

30 degrees resolution as conventional methods which requires 4-6 pulses. Moreover, a 

boundary detection strategy (BDS) is presented which enhances the estimation against the 

measurement noise and further improves the resolution to 15 degrees. The second method 

utilizes the DC-link voltage response instead of the current response, which shows a better 

performance. Furthermore, initial position estimation under parameter asymmetry is considered. 

The influences of resistance and inductance asymmetries are illustrated and compensation 

strategies are proposed. 

A sensorless control method is proposed for start-up operation of SPMSMs which is always 

a challenge. By using a simplified fundamental model, only stator current information is 

required for position estimation without the need of parameters and voltage information. With 

rotor initial position information, a stable start-up performance is achieved even under load. 

When the initial position is unavailable, a reverse rotation compensation method is developed 

which guarantees the correct rotation direction during starting. 

Finally, conventional sensorless control methods are based on a healthy and ideal condition 

of PMSMs. However, PMSMs are often non-ideal and the rotor eccentricity which is a common 

issue is considered in this thesis. The rotor eccentricity effect on PMSM characteristics is 

illustrated and its influence on fundamental model based sensorless position estimation is 

investigated. A modified back-EMF observer is proposed by adopting an adaptive notch filter 

which eliminates the harmonics in the position error caused by the rotor eccentricity. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Introduction 

In the last decades, permanent magnet (PM) synchronous machine (PMSM) drives have 

become increasingly attractive in both industrial and domestic applications. Especially 

accompanied by the development of PM materials, power electronics devices and 

microcontroller, PM synchronous machine drives nowadays have many advantages including 

high efficiency, high torque and power density, and good control performance. A general 

PMSM drive system is shown in Fig. 1.1.  

  

(a) (b) 

Fig. 1.1. Schematic of PM synchronous machine drive system. (a) Sensored. (b) Sensorless. 

As shown in Fig. 1.1, the drive system consists of a controller, a voltage source inverter 

(VSI) and a PMSM. In order to achieve a desirable torque and speed control performance of 

PMSM, accurate rotor position information is necessary. In general, physical position sensors, 

such as encoder and resolver, are often mounted on the shaft of the machine to measure the 

rotor position as shown in Fig. 1.1(a). However, the utilization of position sensors will increase 

the cost and system complexity and decrease the system reliability. Hence, sensorless control 

techniques are developed so that the physical position sensors can be eliminated as shown in 

Fig. 1.1(b). For the sensorless control techniques, the rotor position is estimated based on the 

current and voltage information of PMSM. 
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This chapter firstly introduces the main PMSM topologies as well as basic control strategies 

of PMSM, i.e. field-oriented control (FOC) and direct torque control (DTC). Then, sensorless 

control techniques are introduced. At the end of this chapter, the research scope and the 

contributions of this thesis are highlighted. 

 PMSM Topologies 

PMSMs are characterized by using PMs to produce magnetic field. According to [CHU13], 

there are various topologies of PMSMs and they can be briefly classified as Fig. 1.2. 

 

Fig. 1.2. Classification of PMSM topologies [CHU13]. 

Three different flux-path PM machines are shown in Fig. 1.3 as radial-field, axial-field 

[AYD06] [RAH06] [AYD07] [DON12] and transverse-flux PM machines [WEH86], [ZHA05]. 

Among them, the most popular one is the radial-field PM machines since they are simple, low 

cost and robust [CHU13]. 
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(a) (b) (c) 

Fig. 1.3. Flux path types of PM Machines. (a) Radial-field. (b) Axial-field. (c) Transverse-flux 

[CHU13].  

In case of the locations of PMs, there are mainly two groups: PMs on the stator and PMs on 

the rotor. Considering PMs on the stator, doubly-salient PM machines, flux-reversal PM 

machines and flux switching PM machines are mainly investigated, as depicted in Fig. 1.4.  

   
(a) (b) (c) 

Fig. 1.4. PM Machine topologies with PMs on the stator. (a) Doubly-salient. (b) Flux-reversal. (c) 

Flux switching [CHU13].  

For PMs on the rotor, in general there are three types, namely surface-mounted, inset and 

interior PM machines, as shown in Fig. 1.5. 

   
(a) (b) (c) 

Fig. 1.5. PM Machine topologies with PMs on the rotor. (a) Surface-mounted. (b) Inset. (c) Interior 

[CHU13].  



4 
 

Compared with stator PM type, the rotor PM type is simpler and more robust. For the same 

torque density, the rotor PM type requires less volumes of PM which reduces the cost. Therefore, 

rotor PM type machines are more popular in majority of various applications. Moreover, since 

the PM materials have the permeability close to that of the air. Consequently, among the rotor 

PM type machines, the surface-mounted PM machines have negligible geometric saliency 

while the other two have significant saliency effect due to the geometric anisotropy [LIU13]. 

According to the back-EMF waveforms, PMSMs can be categorized as brushless DC 

(BLDC) machines and brushless AC (BLAC) machines, as shown in Fig. 1.6(a). Moreover, in 

case of the current excitation, it can be divided into square wave current excitation and 

sinusoidal current excitation, as shown in Fig. 1.6(b). Normally, in order to obtain a better 

torque performance, BLAC machine is driven by sinusoidal wave current and BLDC is driven 

by square wave current. 

For this thesis, the main focus is on the surface-mounted BLAC machines with sinusoidal 

current excitation. 

  

(a) (b) 

Fig. 1.6. BLDC and BLAC machines. (a) Back-EMF. (b) Current excitation. 

 Control Strategy of PMSMs 

Field-oriented control (FOC), or vector control, was initially developed in early 1970s. By 

adopting the FOC, the three-phase alternative current (AC) motor can be controlled as a 

separately excited direct current (DC) motor. Based on the reference frame transformation, the 

three-phase sinusoidal stator currents are transformed into two orthogonal DC components: one 

defines the magnetic flux and the other defines the torque. With FOC, an excellent performance 

of PMSM drive is achieved. The PMSMs can operate over the full speed range and provide 

desirable torque at even zero speed. Besides, FOC shows a good dynamic performance and 

more control accuracy. The block diagram of a typical FOC used for PMSM speed control is 

BLDC machine

BLAC machine

e
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shown in Fig. 1.7. The stator q-axis current is related to the torque and d-axis current is related 

to the flux, and they can be regulated separately. 

 

Fig. 1.7. Block diagram of field-oriented control (FOC). 

Another well-known control strategy for PMSMs is called “Direct Torque Control (DTC)”. 

DTC control scheme is initially proposed for induction machines (IM) [TAK86] and is further 

extended to PMSMs [ZHO97] [PAC05] [FOO09] [ZHA11]. Different from FOC control 

scheme, DTC control scheme controls the flux directly. DTC offers a simple control structure, 

fast response and robust operation against machine parameters. The block diagram of a 

conventional switching table based DTC control scheme is given in Fig. 1.8. 

 

Fig. 1.8. Block of direct torque control (DTC). 

For a conventional DTC, the electromagnetic torque and stator flux are regulated using 

hysteresis controllers. A switching table is used to select the optimal voltage vector of VSI. 

Different from FOC, coordinate transformation and specific modulation techniques are 
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eliminated. Hence, the dynamic performance is significantly improved. However, inherent 

torque and flux ripples will lead to acoustic noise and deteriorate the control performance, 

especially in the low speed range. 

 

The overall comparison between FOC and DTC control schemes is summarized in TABLE 

1.1. 

TABLE 1.1 

OVERALL COMPARISON BETWEEN FOC AND DTC 

Method FOC DTC 

Parameter dependency Dependent Independent 

Switching frequency Constant Variable 

Sampling frequency Low High 

Switching loss Low High 

Computation burden High Low 

Modulation Yes No 

Implementation complexity Complex Easy 

Requirement of Rotor position Yes No 

Torque response Slower Faster 
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 Sensorless Control Techniques 

There are various sensorless control methods proposed in the past. They can be categorized 

into fundamental model based methods and saliency based methods. A brief classification of 

sensorless control techniques for BLAC machines is shown in Fig. 1.9. 

 

Fig. 1.9. Classification of sensorless control techniques for BLAC machines. 

For fundamental model based methods, since they are based on the back-EMF or flux-

linkage, accurate parameters and observable machine model are necessary. Therefore, they are 

more preferred in middle and high speed ranges. For saliency based methods, the PM machine 

saliency is independent of the rotor speed. This type of method can be used in zero and low 

speed range. However, as speed increases, the injected signal frequency will approach the 

fundamental current frequency, which will reduce the signal to noise ratio (SNR) of position 

dependent current responses. The detailed introduction of these two types of methods is 

illustrated in the following sections. 

1.2 Fundamental Model Based Sensorless Control Methods 

For fundamental model based sensorless control methods, the basic idea of is to estimate 

the back-EMF or flux-linkage based on the fundamental model of PM machines. Most of them 
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can fit into the frame as shown in Fig. 1.10. For each part of the frame, different types of method 

are shown in Fig. 1.11. 

 

Fig. 1.10. General frame of fundamental model based sensorless control techniques. 

 

Fig. 1.11. Classification of fundamental model based sensorless control techniques. 

For different methods, they can be characterised in terms of parts A, B and C in Fig. 1.11. 

In part A, the machine model coordinate based on which the sensorless control techniques is 

established is classified. Then, majority of the research focuses on part B. Different techniques 

are developed to estimate the back-EMF, flux-linkage or position error as shown in Fig. 1.11. 

For part C, after back-EMF, flux-linkage or position error is estimated, a position and speed 

observer is applied to generate the speed and position information. All three parts will be 

introduced in detail in this section. 
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 Machine Model Coordinate 

For the 3-phase PMSM, it can be modelled in different reference frames including ABC 

reference frame [ERT94], stationary reference frame (αβ0) [HU98] and synchronous reference 

frame (dq0) [CHE03]. Most of sensorless control methods are established based on stationary 

and synchronous reference frames which are transformed from ABC reference frame. 

A. Model in ABC reference frame 

In the ABC reference frame, the voltage equation is given by: 

൥

𝑣௔

𝑣௕

𝑣௖

൩ = ൥

𝑅௦ 0 0
0 𝑅௦ 0
0 0 𝑅௦

൩ ∙ ൥

𝑖௔

𝑖௕

𝑖௖

൩ + 𝑝 ൥

𝜓௔

𝜓௕

𝜓௖

൩ (1.1) 

where 𝑣௔, 𝑣௕, 𝑣௖, 𝑖௔, 𝑖௕, 𝑖௖, 𝜓௔, 𝜓௕ and 𝜓௖ are the 3 phase voltages, currents and flux-linkages, 

respectively. 𝑅௦ is the phase resistance, and 𝑝 is the derivative operator, i.e. 𝑝 = 𝑑 𝑑𝑡⁄ . 

The 3-phase flux-linkages can be written as: 

൥

𝜓௔

𝜓௕

𝜓௖

൩ = ൥

𝐿௔௔ 𝑀௔௕ 𝑀௔௖

𝑀௕௔ 𝐿௕௕ 𝑀௕௖

𝑀௖௔ 𝑀௖௕ 𝐿௖௖

൩ ∙ ൥

𝑖௔

𝑖௕

𝑖௖

൩ + 𝜓௠

⎣
⎢
⎢
⎢
⎡

cos 𝜃௥

cos ൬𝜃௥ −
2𝜋

3
൰

cos ൬𝜃௥ +
2𝜋

3
൰

⎦
⎥
⎥
⎥
⎤

 (1.2) 

where 𝐿௔௔ ,  𝐿௕௕ ,  𝐿௖௖ ,  𝑀௔௕ ,  𝑀௔௖ ,  𝑀௕௔ ,  𝑀௕௖ ,  𝑀௖௔  and  𝑀௖௕  are the 3-phase self- and mutual- 

inductances, respectively. 𝜓௠ is the PM flux-linkage. For the inductance matrix, it is given by: 

ቐ

𝐿௔௔ = 𝐿௦଴ − 𝐿௦ଶ cos 2𝜃

𝐿௕௕ = 𝐿௦଴ − 𝐿௦ଶ cos 2(𝜃 − 120°)

𝐿௖௖ = 𝐿௦଴ − 𝐿௦ଶ cos 2(𝜃 + 120°)

 (1.3) 

where 𝐿௦଴  and 𝐿௦ଶ  are the amplitudes of dc and the 2nd order harmonic component of self-

inductances, respectively. 

ቐ

𝑀௔௕ = 𝑀௕௔ = 𝑀௦଴ − 𝑀௦ଶ cos 2(𝜃 + 120°)
𝑀௕௖ = 𝑀௖௕ = 𝑀௦଴ − 𝑀௦ଶ cos 2𝜃

𝑀௖௔ = 𝑀௔௖ = 𝑀௦଴ − 𝑀௦ଶ cos 2(𝜃 − 120°)

 (1.4) 

where 𝑀௦଴ and 𝑀௦ଶ are the amplitudes of dc and the 2nd order harmonic component of mutual-

inductances, respectively. Furthermore, there is no 2nd order harmonic component in the non-

salient machines, i.e. 𝐿௦ଶ = 𝑀௦ଶ = 0. 
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From (1.1) to (1.4), it can be seen that the PMSM machine model in ABC reference frame 

is very complicated from the control aspect. Therefore, the machine model is normally 

transformed into the stationary reference frame and the synchronous reference frame. 

B. Model in stationary reference frame 

The machine model can be transformed from ABC reference frame to stationary reference 

frame by using the transformation matrix in equation (1.5) and (1.6). 

𝐶௔௕௖ିఈ =
2

3

⎣
⎢
⎢
⎢
⎢
⎡1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

2

1

2

1

2 ⎦
⎥
⎥
⎥
⎥
⎤

 (1.5) 

𝐶ఈఉ଴ି௔௕௖ =

⎣
⎢
⎢
⎢
⎡

1 0 1

−
1

2

√3

2
1

−
1

2
−

√3

2
1⎦

⎥
⎥
⎥
⎤

 (1.6) 

Besides, the relationship between ABC reference frame and stationary reference frame is shown 

in Fig. 1.12. 

 

Fig. 1.12. Relationship between ABC reference frame and stationary reference frame. 

After transformation, by neglecting the zero sequence component, the voltage and flux-linkage 

equations in the stationary reference frame are given by: 

൤
𝑣ఈ

𝑣ఉ
൨ = ൤

𝑅௦ 0
0 𝑅௦

൨ ൤
𝑖ఈ

𝑖ఉ
൨ + 𝑝 ൤

𝜓ఈ

𝜓ఉ
൨ (1.7) 

C

B

( )A 
O
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൤
𝜓ఈ

𝜓ఉ
൨ = ൤

𝐿ఈఈ 𝑀ఈఉ

𝑀ఉఈ 𝐿ఉఉ
൨ ൤

𝑖ఈ

𝑖ఉ
൨ + 𝜓௠ ൤

cos 𝜃௥ 
sin 𝜃௥

൨ (1.8) 

where 𝑣ఈ , 𝑣ఉ , 𝑖ఈ , 𝑖ఉ , 𝜓ఈ  and 𝜓ఉ  are the stator voltages, currents and flux-linkages in the 

stationary reference frame, respectively, 𝜔௥, 𝜃௥ are the electrical rotor speed and the electrical 

rotor position. 𝐿ఈఈ, 𝐿ఉఉ, 𝑀ఈఉ and 𝑀ఉఈ are the self- and mutual- inductances in the stationary 

reference frame, respectively. Furthermore, the inductances can be represented as: 

𝐿ఈఈ =
𝐿ௗ + 𝐿௤

2
+

𝐿ௗ − 𝐿௤

2
cos 2𝜃௥ (1.9) 

𝐿ఉఉ =
𝐿ௗ + 𝐿௤

2
−

𝐿ௗ − 𝐿௤

2
cos 2𝜃௥ (1.10) 

𝑀ఈఉ = 𝑀ఉఈ =
𝐿ௗ − 𝐿௤

2
sin 2𝜃௥  (1.11) 

where 𝐿ௗ and 𝐿௤ are the d- and q-axis inductances. If the machine is non-salient, i.e. SPMSM, 

the relationship of the inductances is then given by: 

𝐿ௗ = 𝐿௤ = 𝐿௦ (1.12) 

𝑀ఈఉ = 𝑀ఉఈ = 0 (1.13) 

𝐿ఈఈ = 𝐿ఉఉ (1.14) 

Hence, the voltage and flux-linkage equations for SPMSM are given by: 

൤
𝑣ఈ

𝑣ఉ
൨ = ൤

𝑅௦ + 𝑝𝐿௦ 0
0 𝑅௦ + 𝑝𝐿௦

൨ ൤
𝑖ఈ

𝑖ఉ
൨ + 𝜔௥𝜓௠ ൤

−sin𝜃௥ 
cos𝜃௥

൨ (1.15) 

൤
𝜓ఈ

𝜓ఉ
൨ = ൤

𝐿௦ 0
0 𝐿௦

൨ ൤
𝑖ఈ

𝑖ఉ
൨ + 𝜔௥𝜓௠ ൤

cos 𝜃௥  
sin 𝜃௥

൨ (1.16) 

C. Model in synchronous reference frame 

The machine model can be transformed from the ABC reference frame to the synchronous 

reference frame by using the transformation matrix as given by: 
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𝐶௔௕௖ିௗ௤଴ =
2

3

⎣
⎢
⎢
⎡

cos 𝜃௥ cos(𝜃 − 120°) cos(𝜃 + 120°)

− sin 𝜃௥ − sin(𝜃 − 120°) − sin(𝜃 + 120°)
1

2

1

2

1

2 ⎦
⎥
⎥
⎤

 (1.17) 

𝐶ௗ௤଴ି௔ = ቎

cos 𝜃௥ − sin 𝜃௥ 1

cos(𝜃 − 120°) − sin(𝜃 − 120°) 1

cos(𝜃 + 120°) − sin(𝜃 + 120°) 1

቏ (1.18) 

Besides, the relationship between ABC reference frame and synchronous reference frame is 

shown in Fig. 1.13. 

 

Fig. 1.13. Relationship between ABC reference frame and synchronous reference frame. 

After transformation, by neglecting zero sequence component, the voltage and flux-linkage 

equations in the synchronous reference frame are given by: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ 0
0 𝑅௦

൨ ൤
𝑖ௗ

𝑖௤
൨ + 𝑝 ൤

𝜓ௗ

𝜓௤
൨ + 𝜔௥ ൤

−𝜓௤

𝜓ௗ
൨ (1.19) 

൤
𝜓ௗ

𝜓௤
൨ = ൤

𝐿ௗ 0
0 𝐿௤

൨ ൤
𝑖ௗ

𝑖௤
൨ + 𝜓௠ ቂ

1 
0

ቃ (1.20) 

where 𝑣ௗ , 𝑣௤ , 𝑖ௗ , 𝑖௤ , 𝜓ௗ  and 𝜓௤  are the stator voltages, currents and flux-linkages in the 

synchronous reference frame, respectively. If the machine is non-salient, i.e. SPMSM, then, 

𝐿ௗ = 𝐿௤ = 𝐿௦. Hence, the voltage and flux-linkage equations for SPMSM are given by: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿௦ −𝜔௥𝐿௦

𝜔௥𝐿௦ 𝑅௦ + 𝑝𝐿௦
൨ ൤

𝑖ௗ

𝑖௤
൨ + 𝜔௥𝜓௠ ቂ

0 
1

ቃ (1.21) 
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൤
𝜓ௗ

𝜓௤
൨ = ൤

𝐿௦ 0
0 𝐿௦

൨ ൤
𝑖ௗ

𝑖௤
൨ + 𝜓௠ ቂ

1 
0

ቃ (1.22) 

Moreover, for a sensorless control system, the actual rotor position is unknown. Therefore, the 

voltage equation should be transformed into the estimated synchronous reference frame with 

the transformation matrix given by: 

𝑇(Δ𝜃௥) = ൤
cos (Δ𝜃௥) sin (Δ𝜃௥)

−sin (Δ𝜃௥) cos (Δ𝜃௥)
൨ (1.23) 

𝑇ିଵ(Δ𝜃௥) = ൤
cos (Δ𝜃௥) −sin (Δ𝜃௥)

sin (Δ𝜃௥) cos (Δ𝜃௥)
൨ (1.24) 

where Δ𝜃௥ is the rotor position error between the estimation and actual values. Besides, the 

relationship between the synchronous reference frame and the estimated synchronous reference 

frame is shown in Fig. 1.14. 

 

Fig. 1.14. Relationship between ABC reference frame and synchronous reference frame. 

Then, the voltage equation in the estimated synchronous reference frame is given by: 

൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿ௗ 𝑅௦ + 𝑝𝐿௤
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + 𝜔௥𝜓௠ ൤
−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ (1.25) 

The superscript sign ‘∧’ indicates the variables are in the estimated synchronous reference 

frame. Δ𝜔௥ is the rotor speed error between estimation and actual values, respectively. 

Overall, it can be seen that the machine models in stationary reference frame and 

synchronous reference frame are simpler than in the ABC reference frame. Therefore, 

conventional back-EMF and flux-linkage sensorless control methods are mainly proposed 

based on these two reference frames. 

C

B

( )A 
O

d
q

d̂

q̂ 

r

r r̂
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 Back-EMF Based Methods 

When there is a relative motion between the PMSM winding and PM magnetic field in the 

airgap, a voltage occurs in electrical machines, viz. back-EMF, and hence, back-EMF is directly 

proportional to the rotor speed. However, back-EMF is difficult to directly measure during 

machine operation. Instead, based on the fundamental model, back-EMF can be estimated from 

the stator voltage and current. Then, the back-EMF in the stationary reference frame can be 

calculated by: 

𝑒ఈఉ = 𝑉ఈఉ − 𝑅௦𝐼ఈఉ − 𝐿ఈఉ

𝑑𝐼ఈఉ

𝑑𝑡
 (1.26) 

ቂ
𝑒ఈ

𝑒ఉ
ቃ = 𝜔௥𝜓௠ ൤

−sin 𝜃௥

cos 𝜃௥
൨ (1.27) 

Different methods are developed to estimate the back-EMF, [MAT96] proposed two 

methods, the rotor position and speed are estimated from a voltage model and a current model, 

respectively. [MOR02] and [CHE03] developed a concept of extended 

EMF (EEMF). Using EEMF, salient motors such as interior PMSM (IPMSM) can be 

considered as a non-salient machine. Three classical methods are introduced in this section. 

A. Voltage model based method 

[MAT96] proposed a position estimation algorithm based on the voltage model. The rotor 

position is estimated by minimizing the reference voltage and the estimated voltage. 

 Assuming the estimated voltage model is identical with the real one, the estimated voltage 

and speed of voltage model are given by: 

൤
𝑣ොௗ,௏ெ

𝑣ො௤,௏ெ
൨ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿ௗ 𝑅௦ + 𝑝𝐿௤
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ൤
0

𝜔ෝ௥𝜓෠௠
൨ (1.28) 

𝜔ෝ௥,௙௙ =
𝑣ො௤ − (𝑅௦𝚤መ̇௤ + 𝐿௤𝑝𝚤መ̇௤)

𝐿ௗ𝚤መ̇ௗ + 𝜓௠

 (1.29) 

Then, the back-EMF can be estimated from the voltage difference by: 

Δ𝑣ොௗ = 𝑣ොௗ − 𝑣ොௗ,௏ெ = −𝜔𝜓௠ sin Δ𝜃௥ (1.30) 
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The overall sensorless control scheme is demonstrated in Fig. 1.15. 

 

Fig. 1.15. Position and speed observer of voltage model based method. [MAT96] 

B. Current model based method 

In [MAT96], a current model based method is introduced. Similar to voltage model one, the 

difference between the actual current and the calculated current from current model is regarded 

as the position error. 

The calculated current and back-EMF in the current model are expressed as: 

𝑑𝚤መ̇ௗ,஼ெ

𝑑𝑡
=

1

𝐿ௗ
(𝑣ොௗ − 𝑅௦𝚤መ̇ௗ + 𝜔ෝ௥𝐿௤𝚤መ̇௤) (1.31) 

𝑑𝚤መ̇௤,஼ெ

𝑑𝑡
=

1

𝐿௤
(𝑣ො௤ − 𝑅௦𝚤መ̇௤ − 𝜔ෝ௥𝐿ௗ𝚤መ̇ௗ − 𝜔ෝ௥𝜓௠)  

𝑒̂௖ = 𝜔ෝ௥𝜓௠  

The actual motor currents in the estimated reference frame are given by: 

𝑑𝚤መ̇ௗ

𝑑𝑡
=

1

𝐿ௗ
(𝑣ොௗ − 𝑅௦𝚤መ̇ௗ + 𝜔௥𝐿௤𝚤መ̇௤ + 𝜔௥𝜓௠ sin Δ𝜃௥) (1.32) 

𝑑𝚤መ̇௤

𝑑𝑡
=

1

𝐿௤
(𝑣ො௤ − 𝑅௦𝚤መ̇௤ − 𝜔௥𝐿ௗ𝚤መ̇ௗ − 𝜔௥𝜓௠ cos Δ𝜃௥)  

The difference between (1.31) and (1.32) is used to produce the estimated rotor position and 

speed as given by: 

ቈ
∆𝚤መ̇ௗ

∆𝚤መ̇௤

቉ = ቈ
𝚤መ̇ௗ

𝚤መ̇௤

቉ − ቈ
𝚤መ̇ௗ,஼ெ

𝚤መ̇௤,஼ெ

቉ = 𝜓௠𝑇௦ ቎

𝜔௥ sin Δ𝜃௥ / 𝐿ௗ

−𝜔௥ cos Δ𝜃௥ +
𝜔ෝ௥

𝐿௤

቏ ≈ 𝜓௠𝑇௦

⎣
⎢
⎢
⎢
⎡
𝜔௥Δ𝜃௥

𝐿ௗ

−
∆𝜔௥

𝐿௤ ⎦
⎥
⎥
⎥
⎤

 (1.33) 

The control scheme of the current model based method is illustrated in Fig. 1.16. 

PI 1/SK r̂

ˆr

,ˆr ffˆ
r

ˆdv r̂
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Fig. 1.16. Position and speed observer of current model based method. [MAT96] 

C. Extended back-EMF method 

[MOR02] and [CHE03] introduced the Extended back-EMF based method. By using EEMF, 

salient machines (IPMSM) can be treated as a non-salient machine which simplifies the control 

algorithm in the implementation. The voltage equation is given as: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ൤

𝑖ௗ

𝑖௤
൨ + ൤

0
𝐸௘௫

൨ (1.34) 

where 𝑣ௗ  and 𝑣௤  are the d- and q-axis stator voltages, 𝑖ௗ  and 𝑖௤  are the d- and q-axis stator 

currents, 𝐿ௗ  and 𝐿௤  are the d- and q-axis inductances respectively. The EEMF, i.e.  𝐸௘௫ =

𝜔௥𝜓௠ + (𝐿ௗ − 𝐿௤)(𝜔௥𝑖ௗ − 𝑝𝑖௤). It is worth noting that for SPMSM, 𝐿௦ = 𝐿ௗ = 𝐿௤ . Then, 

(1.34) is modified as: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿௦ −𝜔௥𝐿௦

𝜔௥𝐿௦ 𝑅௦ + 𝑝𝐿௦
൨ ൤

𝑖ௗ

𝑖௤
൨ + ൤

0
𝜔௥𝜓௠

൨ (1.35) 

For a sensorless control system, the actual rotor position is unknown. Therefore, the above 

equations should be transformed into the estimated synchronous reference frame. Then, the 

voltage equation in the estimated synchronous reference frame is given by: 

൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝐸෠ௗ

𝐸෠௤
቉ (1.36) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ = 𝐸௘௫ ൤

−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ + Δ𝜔௥𝐿ௗ ቈ

𝚤መ̇௤

−𝚤መ̇ௗ

቉ (1.37) 

The superscript sign ‘∧’ indicates the variables are in the estimated synchronous reference 

frame. Δ𝜔௥  is the rotor speed error between estimation and actual values, respectively. For 

SPMSM, (1.36) and (1.37) are modified as: 

r̂

ˆ
r

ˆce

d̂i

eK

K

1/S 1 m

1 sT

1/S
q̂i
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൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿௦ −𝜔௥𝐿௦

𝜔௥𝐿௦ 𝑅௦ + 𝑝𝐿௦
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝐸෠ௗ

𝐸෠௤
቉ (1.38) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ = 𝜔௥𝜓௠ ൤

−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ + Δ𝜔௥𝐿ௗ ቈ

𝚤መ̇௤

−𝚤መ̇ௗ

቉ (1.39) 

Then, the position error can be expressed in the following equations: 

Δ𝜃௥ = 𝑡𝑎𝑛ିଵ(−
𝐸෠ௗ

𝐸෠௤

) (1.40) 

Subsequently, as shown in Fig. 1.17, a position observer is applied to adjust the estimation 

position to minimize the position estimation error Δ𝜃௥ to make the estimated reference frame 

align with actual one. It is worth noting that in the implementation, since voltage information 

is not available, the reference voltage value 𝑣ௗ
∗  and 𝑣௤

∗ are used instead. 

 

Fig. 1.17. Extended back-EMF based position observer. [CHE03] 

 Flux-linkage Based Methods 

Flux-linkage estimation based sensorless control is also widely used and its basic idea is 

simple. Flux-linkage based method can be realized in both stationary reference frame [WU91] 

[HU98] [YOO09a] and the estimated synchronous reference [BOL08]. 

A. Open-loop estimation 

In the stationary reference frame, the stator flux-linkage can be calculated by integration of 

stator voltage as expressed by: 

sV


si


r̂je 

r̂je 

d̂qi

ˆdqv

ˆ
r qj L



s dR pL

LPF
ˆ

dqE
PLL r̂





18 
 

𝜓ఈఉ = න(𝑉ఈఉ − 𝑅௦𝐼ఈఉ) 𝑑𝑡 (1.41) 

൤
𝜓௠ఈ

𝜓௠ఉ
൨ = ൤

𝜓ఈ

𝜓ఉ
൨ − ൤

𝐿ఈ𝑖ఈ

𝐿ఉ𝑖ఉ
൨ = 𝜓௠ ൤

cos 𝜃௥

sin 𝜃௥
൨ (1.42) 

The flux-linkage is illustrated by the phasor diagram as shown in Fig. 1.18 which corresponds 

to (1.41) and (1.42). 

 

Fig. 1.18. Phasor diagram of flux-linkage of a PMSM. 

For the conventional flux-linkage calculation, it is worth noting that as expressed in (1.41), 

the pure integration process will cause drift and offset issues [CHE19]. For the offset issue, it 

can be solved by giving a known initial flux value 𝜓ఈఉ(0) as expressed by: 

𝜓ఈఉ = න(𝑉ఈఉ − 𝑅௦𝐼ఈఉ) 𝑑𝑡 + 𝜓ఈఉ(0) (1.43) 

For the drift issue, since there are a small amount of DC offset and errors exist during the 

current measurement, these dc offsets will be continuously accumulated by the integration and 

the drift on flux estimation will cause a divergence of integration process [HOL03] [CHE19]. 

In [TAJ93], a high-pass filter (HPF) is applied after the integration. Hence, after applying an 

HPF, the pure integration is equivalently replaced by a Low-pass filter (HPF) with cut-off 

frequency 𝜔௖, of which the transfer function is 1/(𝑠 + 𝜔௖). 

 

O

m

s

r

L i 

L i 
d









m

m

q
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B. Closed-loop estimation 

Introduction of LPF will cause inevitable phase delay during position estimation. In [HU98] 

[WIP09], a closed-loop flux-linkage estimator with a saturable feedback is presented as shown 

in Fig. 1.19. 

 

Fig. 1.19. Phasor diagram of flux-linkage of a PMSM. 

The output of the integrator is modified and can be expressed as: 

𝑦 =
1

𝑠 + 𝜔௖
𝑥 +

𝜔௖

𝑠 + 𝜔௖
𝑧 (1.44) 

With the compensation, the modified integrator can achieve a better performance than LPF 

while the issues associated with the pure integrator can also be avoided. 

C. Hybrid model method 

 In [YOO09a], a hybrid model based flux estimator is proposed. Different from conventional 

methods which only use the voltage model in (1.41) to estimate the flux, the current model is 

also involved. The voltage model dominates at higher speed and the current model dominates 

at lower speed so that speed range can be extended. The block diagram of the hybrid flux 

observer is shown in Fig. 1.20. 

 

Fig. 1.20. Block diagram of the hybrid flux observer. [YOO09a] 

1

cs 
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By involving current model, this method is equivalently utilizing the nominal PM flux-linkage 

value to compare with the estimated flux value by voltage model and the difference is used to 

correct the integration drift issue [YOO09a] and voltage error due to inverter nonlinearity 

[BOL08] by the closed-loop feedback. Hence, it can have a better performance at lower speed 

than the individual voltage model based flux-linkage estimation method. 

D. Active flux method 

Moreover, [BOL08] proposed a so-called ‘Active Flux’ concept. Similar to extended back-

EMF based method, the proposed method in [BOL08] unifies all the salient machines into 

fictitious non-salient machines and hence simplified the position estimation. The active flux 

(AF) is defined as: 

𝜓஺ி = 𝜓௠ + (𝐿ௗ − 𝐿௤)𝑖ௗ (1.45) 

For SPMSM, since 𝐿ௗ = 𝐿௤, the active flux is modified to: 

𝜓஺ி = 𝜓௠ (1.46) 

With the active flux, the flux equation can be generalized as: 

൤
𝜓ௗ

𝜓௤
൨ = ൤

𝐿௤ 0

0 𝐿௤
൨ ൤

𝑖ௗ

𝑖௤
൨ + ቂ

𝜓஺ி

0
ቃ (1.47) 

Since the rotor position is unknown in the practical sensorless control system, the flux-linkage 

should be transformed into the estimated reference frame: 

ቈ
𝜓෠ௗ

𝜓෠௤

቉ = ൤
𝐿௤ 0

0 𝐿௤
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝜓෠஺ிௗ

𝜓෠஺ி௤

቉ (1.48) 

where ൣ𝜓෠஺ிௗ 𝜓෠஺ி௤൧
்

 is the projected AF defined as ൣ𝜓෠஺ிௗ 𝜓෠஺ி௤൧
்

=

𝜓஺ி[𝑐𝑜𝑠Δ𝜃௥ 𝑠𝑖𝑛Δ𝜃௥]். Based on (1.48), the rotor speed and position can be estimated by an 

observer. The overall control scheme is shown in Fig. 1.21.  
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Fig. 1.21. Active flux based position observer. [BOL08] 

The estimated d-axis flux-linkage is expressed by: 

𝜓෠ௗ = න(𝑉ሬ⃗௦ − 𝑅௦𝐼௦ + 𝑉௖௢௠௣) 𝑑𝑡 − 𝐿௤𝐼௦ (1.49) 

As illustrated in Fig. 1.21, the same as method in [YOO09a], this algorithm [BOL08] also 

involves the nominal value of PM flux-linkage 𝜓௠ and compare it with the estimated flux by 

voltage model, the difference is regarded as an input of a PI controller. The output 𝑉௖௢௠௣ 

compensates the error caused by inverter non-linearity and integration issues. 

 

 Modern Control Theory Based Methods 

Many position estimation methods are proposed based on modern control theories, 

including sliding mode observer (SMO), Kalman filter (EKF) and model reference adaptive 

system (MRAS). This type of methods becomes increasingly popular due to their robustness, 

good dynamic performance and insensitivity to parameter variations. 

A. Sliding mode observer 

For the sliding mode observer [BEN99] [TUR00] [ZHA02], the error between the measured 

currents and the estimated current is used to re-construct the back-EMF [ZHA02]. For the 

sliding mode control system, the state variables are restricted on the sliding surface by changing 

the system structure dynamically [WAN13] [WAN14a]. As demonstrated in Fig. 1.22, a typical 

sliding mode control system includes two stages. The first stage is the path “AB” where the 

r̂je  r̂je 

[ 0]T
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

sR qL
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state starts to converge and arrives at the sliding surface. Then, the second stage is the path “BC” 

where the state arrives at sliding surface and moves around it. 

 

Fig. 1.22. Demonstration of the sliding mode control system. 

Sliding mode observer (SMO) is well-known for its robustness, simplicity and good 

dynamic performance. Thus, SMO is widely adopted in sensorless control in middle and high 

speed ranges. 

The SMO is designed using the extended EMF model of PMSMs as expressed by: 

൤
𝑣ఈ

𝑣ఉ
൨ = ቈ

𝑅௦ + 𝑝𝐿ௗ (𝐿ௗ − 𝐿௤)𝜔௥

(𝐿௤ − 𝐿ௗ)𝜔௥ 𝑅௦ + 𝑝𝐿ௗ
቉ ൤

𝑖ఈ

𝑖ఉ
൨ + 𝐸௘௫ ൤

−sin𝜃௥ 
cos𝜃௥

൨ (1.50) 

where 𝐸௘௫ = 𝜔௥𝜓௠ + (𝐿ௗ − 𝐿௤)(𝜔௥𝑖ௗ − 𝑝𝑖௤). It is worth noting that for a SPMSM, EMF 

model in (1.50) can be simplified by applying ൫𝐿ௗ − 𝐿௤൯ = 0 . The state equation of a 

conventional SMO can be expressed as follows: 

ଙ̇መ̇𝒔 = 𝑨ଙ̇መ𝒔 + 𝑩(𝒖𝒔 + 𝒍𝔃𝒆𝒒 + 𝔃) (1.51) 

where 

𝑨 = ቈ
−𝑅௦/𝐿ௗ −(𝐿ௗ − 𝐿௤)𝜔ෝ௥/𝐿ௗ

(𝐿௤ − 𝐿ௗ)𝜔ෝ௥/𝐿ௗ −𝑅௦/𝐿ௗ
቉ (1.52) 

𝑩 = ൤
1/𝐿ௗ 0

0 1/𝐿ௗ
൨ (1.53) 
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ଙ̇መ𝒔 = ቈ
𝚤መ̇ఈ

𝚤መ̇ఉ
቉ , 𝒖𝒔 = ቂ

𝑢ఈ

𝑢ఉ
ቃ (1.54) 

The symbol “∧” denotes the estimated value, 𝒍 is the feedback gain, 𝔃𝒆𝒒  is the equivalent 

control function, and 𝔃 is the sliding-mode control function defined as follows: 

𝔃 = ቐ

𝑘

𝛿
∙ ൫ଙ̇መ𝒔 − 𝒊𝒔൯  หଙ̇መ𝒔 − 𝒊𝒔ห < 𝛿

𝑘 ∙ sign൫ଙ̇መ𝒔 − 𝒊𝒔൯ หଙ̇መ𝒔 − 𝒊𝒔ห > 𝛿
 (1.55) 

where 𝑘 is the sliding mode gain, and 𝛿  is the boundary layer. From (1.51), the difference 

between the estimated stator current and the actual one is used to construct the sliding mode 

control function 𝔃. The sliding mode surface is defined as 𝑺 = 𝚤መ̇௦ − 𝑖௦. During the operation of 

SMO controller, the current difference will be controlled to zero and then the estimated position 

error is reduced to zero too. Hence, the state of SMO is then converged to 𝑺 = 0 and the back-

EMF is equivalently expressed as: 

𝒆𝒔 = −(1 + 𝒍)𝔃𝒆𝒒 (1.56) 

Therefore, the rotor position can be calculated from (1.56) by: 

𝜃௥ = tanିଵ(−
𝓏௘௤,ఈ

𝓏௘௤,ఉ
) (1.57) 

Due to the existence of noisy signal, the arc-tangent function will have a large estimation error 

when EMF crossing zero. Normally, (1.57) can be replaced by a phase-locked loop (PLL) 

[WAN13] [WAN14a]. Then, the overall block diagram of SMO is shown in Fig. 1.23. 

 

Fig. 1.23. Position and speed observer of SMO sensorless control method. [WAN13] 

Sliding mode observer has the advantages of robustness and simplicity. However, the 

conventional SMO methods has inherent chattering problems [JIN05] [FAN15] [LU18]. Hence, 
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a low-pass filter is applied as shown in Fig. 1.23. The LPF will bring calculation delay causing 

position errors [GON20]. Many papers [ZHA13a] [SAG15] [LU18][GON20] have been done 

by modifying the switching function so that the chattering effect is reduced and the influence 

of LPF is decreased correspondingly. 

B. Kalman filter 

Kalman filter is an optimal estimation algorithm based on the least-square variance 

estimation for linear systems. It can estimate some unknown variables by given the 

measurements observed over time, containing noises and other inaccuracies. Extended Kalman 

filter (EKF) is a nonlinear version for the Kalman filter [BOL99]. EKF based sensorless 

algorithm is less influenced by measurement noises and shows less affected by parameter 

inaccuracy than conventional fundamental model based methods [BOL99] [TER01] [RIV13]. 

However, EKF requires a heavy online calculation, and hence, it may be difficult to implement 

EKF based sensorless algorithms in some machine drive applications. In order to reduce the 

computation resources, the reduced order EKF is proposed providing some of the states are 

immune to noises [FUE11] [QUA14]. By using the reduced order EKF, the system order is 

reduced and the iteration process can be significantly simplified leading to savings of resource 

utility while high estimation performance is still maintained [QUA14]. 

However, the determination of noise covariance matrix and robustness of model 

uncertainties are still open issues in practice [YIN19]. In real applications, the random 

disturbance and measurement noise are unknown. Hence, the determinations of system noise 

and measurement noise are realized by experience or simulation. The convergence and 

estimation performance of EKF can be greatly influenced by tuning the covariance matrices. 

C. Model reference adaptive system 

Model reference adaptive system (MRAS) technique is another option for adaptive rotor 

position and speed estimation [FAN94] [PII08] [ORL10] [ZHA14a] [ZHA20]. MRAS has 

advantages of simple concept and lower computation requirement. The basic structure of a 

MRAS observer is shown in Fig. 1.24.  
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Fig. 1.24. MRAS block diagram. [ZHA13b] 

A MRAS consists of a reference model, an adjustable model and a correction controller 

based on adaption laws. The reference model represents the real plant model of which the 

parameters are all known. The adjustable model is established based on a fictitious 

mathematical model which contains uncertain parameters. Both two models have the same 

physical outputs. The error 𝑒 is the difference between the outputs of two models and is the 

input to the correction controller. Based on Adaption laws, the correction controller can adjust 

the adaptive model to minimize the error 𝑒 so that the adaptive model behaves the same as the 

reference model. For the correction controller of MRAS, it can be realized by conventional PI-

type controller, sliding mode controller (SMC) or fuzzy logic controller. Moreover, in order to 

achieve a satisfied performance of MRAS, determination of adaptive law is a key issue. The 

adaptive law can be determined in two mains  ways, one is based on a gradient method and 

another is using the stability theories [COM13]. 

 Speed and Position Observer 

Since the back-EMF, flux-linkage or position estimation are obtained, a position and speed 

observer is required to estimate the rotor position from them.  

A. Direct calculation 

The simplest way is the direct calculation using arc-tangent function [MOR02] as expressed 

by: 

𝜃௥ = tanିଵ ቆ−
𝑒ఈ

𝑒ఉ
ቇ       &   𝜃௥ = tanିଵ ൬

𝜓௠ఉ

𝜓௠ఈ
൰ (1.58) 

However, due to the existence of noisy signal, the arc-tangent function will have a large 

estimation error when back-EMF or flux-linkage crossing zero. An LPF should be applied 

which however adds phase lag to the estimate [KIM03]. 
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B. Phase-locked Loop 

Normally, (1.57) can be replaced by a phase-locked loop (PLL) [WAN13] [WAN14b] as 

shown in Fig. 1.25. The back-EMF and flux-linkage in stationary reference frame are the input 

of the PLL. 

 

Fig. 1.25. PLL block diagram. 

Take the back-EMF based sensorless control as an example, the error input of PLL 𝜀 can be 

expressed as: 

𝜀 = −𝑒ఈ cos 𝜃෠௥ − 𝑒ఉ sin 𝜃෠௥ ≈ 𝑘(𝜃௥ − 𝜃෠௥) (1.59) 

According to (1.59), the equivalent block diagram of PLL is shown in Fig.1.26.  

 

Fig. 1.26. Equivalent PLL block diagram. 

Therefore, the closed loop transfer function of the PLL can be given by: 

𝐻(𝑠) =
2𝜉𝜔௡𝑠 + 𝜔௡

ଶ

𝑠ଶ + 2𝜉𝜔௡𝑠 + 𝜔௡
ଶ
 (1.60) 

where 𝜉 = ඥ𝑘𝐾௜, 𝜔௡ =
௄೛

ଶ
ට

௞

௄೔
, 𝜔௡ is the natural frequency and can be used as the bandwidth 

of PLL. 𝜉 is the damping factor [GAR05]. A higher damping factor can reduce the overshoot 

but also sacrifice the dynamic performance. Then, the parameters of PLL can be initially 

designed based on classical control theory. 

C. PI-type position observer 

For sensorless control in the estimated synchronous reference frame, the estimated position 

error as expressed by 

PI

sin

cos

1/S
ˆr


r̂e

m

1/Sk PI
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Δ𝜃෠௥ ≈ ቆ−
𝐸෠ௗ

𝐸෠௤

ቇ        &     Δ𝜃෠௥ ≈ ቆ
𝜓෠௤

𝜓෠ௗ

ቇ (1.61) 

Then, a PI-type position observer can be used to estimate the rotor speed and position [LEE10] 

as shown in Fig. 1.27. 

 

Fig. 1.27. PI-type observer block diagram. 

D. Simplified EKF position observer 

In [HAR96], a simplified EKF algorithm is proposed to extract the position information 

from the noisy output of a resolver. It is further extended to sensorless control to estimate the 

rotor position [LIU04] [LIU06] [ALM14] [LIU15]. For the simplified EKF, the Kalman filter 

gain matrix of the conventional EKF is greatly simplified as follows: 

𝐾 = ൥

0 𝐾ଵ

0 𝐾ଶ

0 𝐾ଷ

൩ ∙ ቈ
cos 𝜃෠௥ sin 𝜃෠௥

− sin 𝜃෠௥ cos 𝜃෠௥

቉ (1.62) 

where 𝐾ଵ, 𝐾ଶ, 𝐾ଷ  are tuning parameters. The basic block diagram of the simplified EKF is 

shown in Fig. 1.28. 

 

Fig. 1.28. Simplified EKF block diagram. [ALM14] 

Compared to conventional arc-tangent method, the simplified EKF shows a smaller position 

error and its estimation accuracy is less affected by the back-EMF harmonics since it is less 

sensitive to such noises [ALM14]. 

 

PI 1/S
ˆr r̂r̂
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E. Mechanical model based position observer 

In [KIM03], a position observer is realized by involving mechanical model with zero-phase 

lag under the assumption of precise mechanical parameters by feed-forwarding the torque 

command 𝑇௘
∗ to the observer. The block diagram is shown in Fig. 1.29. 

 

Fig. 1.29. Block diagram of position observer with zero phase lag. [KIM03] 

Compared with conventional methods, such as direct arc-tangent calculation and PLL, the 

position observer in [KIM03] has zero-phase lag and also enhances the dynamic performance 

of sensorless control. 
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1.3 Saliency Based Sensorless Control Methods 

Due to the anisotropy property of PMSMs, there is geometric or magnetic saliency, which 

is a function of rotor position. Since the machine saliency is independent of the rotor speed, it 

can be exploited for sensorless position estimation at zero and low speed. Considering a salient 

machine (IPMSM), the inductance variation against rotor position is illustrated in Fig. 1.30. 

 

Fig. 1.30. Inductance variation against rotor position without considering armature reaction 

[KAN10]. 

In order to explicit the saliency to estimate the rotor position, various methods have been 

developed and the majority of saliency based methods can fit into the frame in Fig. 1.31. 

 

Fig. 1.31. General frame of saliency based sensorless control techniques. 

As shown in Fig. 1.31, there are 5 main parts of a saliency based method. For each part, the 

relevant main methods are also demonstrated in Fig. 1.32. 
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Fig. 1.32. Classification of saliency based sensorless control techniques. 

Part A represents the high-frequency (HF) machine model when a high frequency signal is 

injected. HF signals can be injected in the stationary reference frame and the estimated 

synchronous reference frame. For the injected high frequency signal in Part B, persistent carrier 

signal injection, transient pulse injection or PWM excitation are mainly utilized. For Part C, 

after injecting HF signals, the current response should be demodulated to remove the high 

frequency component and obtain the position dependent signal. In the following sections, the 

demodulation process is illustrated combining with corresponding injection methods. In Part D, 

the demodulated position dependent signal is used as an input of a speed and position observer 

to generate the rotor speed and position information. For saliency based method, the position 

observer is basically the same as introduced in Section 1.2.5 and hence not illustrated in this 

section. Next, for Part E, as indicated in Fig. 1.30, the inductance varies twice in one electrical 
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period and hence an extra polarity detection is necessary. At last, Part F compensates the 

position estimation error caused by cross-coupling inductance which will be illustrated 

afterwards. 

 HF Machine Model 

In the synchronous reference frame, the voltage equation of PMSM is given by: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ 0
0 𝑅௦

൨ ൤
𝑖ௗ

𝑖௤
൨ + 𝑝 ൤

𝜓ௗ

𝜓௤
൨ + 𝜔௥ ൤

−𝜓௤

𝜓ௗ
൨ (1.63) 

൤
𝜓ௗ

𝜓௤
൨ = ൤

𝐿ௗ 0
0 𝐿௤

൨ ൤
𝑖ௗ

𝑖௤
൨ + 𝜓௠ ቂ

1 
0

ቃ (1.64) 

When a high frequency signal is injected at zero or low speed, if the injection frequency is 

sufficiently higher than the fundamental excitation frequency, then a high frequency voltage 

model can be expressed by: 

ቂ
𝑣ௗ௛

𝑣௤௛
ቃ = ൤

𝐿ௗ௛ 0
0 𝐿௤௛

൨ 𝑝 ൤
𝑖ௗ௛

𝑖௤௛
൨ (1.65) 

where 𝐿ௗ௛ and 𝐿௤௛ are the high frequency incremental dq-axis inductances. 𝑣ௗ௛, 𝑣௤௛, 𝑖ௗ௛ and 

𝑖௤௛ are the high frequency voltage and current terms in d-q axes. It is worth noting that in (1.65), 

the back-EMF and the resistance voltage drop are neglectable and the PMSM can be regarded 

as a pure inductive load [RAC08]. When considering the cross-saturation effect [LI09], (1.65) 

is modified as expressed by: 

ቂ
𝑣ௗ௛

𝑣௤௛
ቃ = ൤

𝐿ௗ௛ 𝐿ௗ௤௛

𝐿௤ௗ௛ 𝐿௤௛
൨ 𝑝 ൤

𝑖ௗ௛

𝑖௤௛
൨ (1.66) 

where 𝐿ௗ௤௛  and 𝐿௤ௗ௛  are the high frequency incremental mutual inductances due to cross-

saturation effect. 

Generally, saliency tracking based method can be realized in either stationary reference 

frame or estimated synchronous reference frame. The relationship between different reference 

frames is shown in Fig. 1.33. 
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Fig. 1.33. Relationship between three reference frames. 

A. Stationary reference frame 

The voltage model in (1.66) can be transformed into the stationary reference frame by the 

transformation matrix given as: 

𝑇(𝜃௥) = ൤
cos 𝜃௥ −sin 𝜃௥

sin 𝜃௥ cos 𝜃௥
൨ (1.67) 

Then, the high frequency voltage model of PMSMs in the stationary reference frame is 

expressed by: 

൤
𝑣ఈ௛

𝑣ఉ௛
൨ = 𝑇(𝜃௥) ൤

𝐿ௗ௛ 𝐿ௗ௤௛

𝐿௤ௗ௛ 𝐿௤௛
൨ 𝑇ିଵ(𝜃௥) ∙ 𝑝 ൤

𝑖ఈ௛

𝑖ఉ௛
൨ (1.68) 

= ൤
𝐿௦௔ − 𝐿௦ௗ cos 2𝜃௥ − 𝐿ௗ௤௛ sin 2𝜃௥ −𝐿௦ௗ sin 2𝜃௥ + 𝐿ௗ௤௛ cos 2𝜃௥

−𝐿௦ௗ sin 2𝜃௥ − 𝐿ௗ௤௛ cos 2𝜃௥ 𝐿௦௔ + 𝐿௦ௗ cos 2𝜃௥ + 𝐿ௗ௤௛ sin 2𝜃௥
൨ ∙ 𝑝 ൤

𝑖ఈ௛

𝑖ఉ௛
൨ 

𝐿௦௔ =
𝐿ௗ௛ + 𝐿௤௛

2
 (1.69) 

𝐿௦ௗ = −
𝐿ௗ௛ − 𝐿௤௛

2
 (1.70) 

Then, by solving the voltage equation (1.68), the differential terms of high frequency current 

response in the stationary reference frame can be given by: 

𝑝 ൤
𝑖ఈ௛

𝑖ఉ௛
൨ =

⎣
⎢
⎢
⎢
⎡

1

𝐿௣
+

1

𝐿௡
cos(2𝜃௥ + 𝜃௠)

1

𝐿௡
sin(2𝜃௥ + 𝜃௠)

1

𝐿௡
sin(2𝜃௥ + 𝜃௠)

1

𝐿௣
−

1

𝐿௡
cos(2𝜃௥ + 𝜃௠)

⎦
⎥
⎥
⎥
⎤

∙ ൤
𝑣ఈ௛

𝑣ఉ௛
൨ (1.71) 
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𝜃௠ = tanିଵ ൬
−𝐿ௗ௤௛

𝐿௦ௗ
൰ (1.72) 

𝐿௣ =
𝐿ௗ௛𝐿௤௛ − 𝐿ௗ௤௛

ଶ

𝐿௦௔
, 𝐿௡ =

𝐿ௗ௛𝐿௤௛ − 𝐿ௗ௤௛
ଶ

ට𝐿௦ௗ
ଶ + 𝐿ௗ௤௛

ଶ 𝐿௦௔

 (1.73) 

From (1.71), it can be seen that the current response contains the rotor position information. 

Moreover, it is worth noting that there is a constant position error 𝜃௠ in (1.71) which is caused 

by cross-saturation effect. 

B. Estimated synchronous reference frame 

In a sensorless control system, the real position is unknown. Hence, the voltage model in 

(1.66) can be transformed into the estimated synchronous reference frame by the transformation 

matrix given as: 

𝑇(∆𝜃௥) = ൤
cos ∆𝜃௥ −sin ∆𝜃௥

sin ∆𝜃௥ cos ∆𝜃௥
൨ (1.74) 

where ∆𝜃௥ is the position error between real and estimated positions. Then, the high frequency 

voltage model of PMSMs in the stationary reference frame can be derived as: 

൤
𝑣ොௗ௛

𝑣ො௤௛
൨ = 𝑇(∆𝜃௥) ൤

𝐿ௗ௛ 𝐿ௗ௤௛

𝐿௤ௗ௛ 𝐿௤௛
൨ 𝑇ିଵ(∆𝜃௥) ∙ 𝑝 ቈ

𝚤መ̇ௗ௛

𝚤መ̇௤௛

቉ (1.75) 

= ൤
𝐿௦௔ − 𝐿௦ௗ cos 2∆𝜃௥ − 𝐿ௗ௤௛ sin 2∆𝜃௥ −𝐿௦ௗ sin 2∆𝜃௥ + 𝐿ௗ௤௛ cos 2∆𝜃௥

−𝐿௦ௗ sin 2∆𝜃௥ − 𝐿ௗ௤௛ cos 2∆𝜃௥ 𝐿௦௔ + 𝐿௦ௗ cos 2∆𝜃௥ + 𝐿ௗ௤௛ sin 2∆𝜃௥
൨ ∙ 𝑝 ቈ

𝚤መ̇ௗ௛

𝚤መ̇௤௛
቉ 

Further, the differential terms of high frequency current response in the estimated synchronous 

reference frame can be given by: 

𝑝 ቈ
𝚤መ̇ௗ௛

𝚤መ̇௤௛

቉ =

⎣
⎢
⎢
⎢
⎡

1

𝐿௣
+

1

𝐿௡
cos(2∆𝜃௥ + 𝜃௠)

1

𝐿௡
sin(2∆𝜃௥ + 𝜃௠)

1

𝐿௡
sin(2∆𝜃௥ + 𝜃௠)

1

𝐿௣
−

1

𝐿௡
cos(2∆𝜃௥ + 𝜃௠)

⎦
⎥
⎥
⎥
⎤

∙ ൤
𝑣ොௗ௛

𝑣ො௤௛
൨ (1.76) 

Similar to the stationary model, the carrier current responses in the estimated synchronous 

reference frame also have rotor position information and a position error 𝜃௠ caused by cross-

saturation effect. 
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C. Zero-sequence based method 

Apart from the aforementioned two models, the zero-sequence response can also be used 

for position estimation [CON00] [BRI05] [CON05] [XU16a]. Zero-sequence carrier voltage 

can be measured as shown in Fig. 1.34 [BRI05] [XU16a]. 

 

Fig. 1.34. Zero-sequence carrier voltage measurement [XU16a].  

According to [XU15], the zero-sequence carrier voltage can be derived as: 

𝑈ோே ≈
𝐿଴𝐿ଶ𝑈௛௙

2𝐿଴
ଶ −

1
2

𝐿ଶ
ଶ

cos(𝜔௛௙𝑡 + 𝜃෠௥) (1.77) 

where 𝜔௛௙ and 𝑈௛௙ are the frequency and amplitude of the injected high-frequency voltage.  

Compared with conventional current response based methods, the zero-sequence model 

based method requires extra voltage measurement which makes it less attractive than utilizing 

present current sensors based methods [BRI05]. Nevertheless, zero-sequence based method has 

two main benefits [BRI05][XU16a]. Firstly, the magnitude of the zero-sequence carrier-signal 

voltage is independent on the frequency of the injected carrier-signal [BRI04]. Hence a larger 

frequency signal can be injected leading to an increased system bandwidths and stability of the 

system [GAR07]. Moreover, the associated torque ripple and acoustic noise can be reduced 

[BRI05]. Secondly, it is easier to decouple the harmonics introduced in the carrier-signal 

voltage due to inverter nonlinearity [TES03][GUE05][GON11] from the zero-sequence carrier-

signal voltage and hence, improving the position estimation performance. 

 HF Signal Injection Methods 

For saliency based methods, in order to obtain the rotor position information from the 

saliency, an extra excitation signal is normally required to inject to the stator winding to 

modulate the saliency information. Then, a rotor position dependent response is demodulated 

to estimate the rotor speed and position. In the past, various methods have been proposed 

depending on different types of injection signals.  
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According to the injected signals, saliency based method can be divided into persistent 

carrier signal injection, transient pulse injection [SCH96] and PWM excitation [HOL05] 

[GAO07] [RAU08] [BOL11] [HUA11]. Moreoever, the persistent carrier signal injection 

method includes pulsating signal injection [COR98] [LIN02] [JAN03a] [LIU14] [XU16a], 

rotating signal injection [JAN95] [DEG98] [RAC10], square wave injection [HAM10] [YOO11] 

and random injection [WAN16] [WAN17a]. 

A. Pulsating signal injection 

For the pulsating signal injection based method [COR98] [LIN02] [JAN03a] [LIU14] 

[XU16], an additional high frequency sinusoidal voltage signal is injected to the stator windings 

as expressed by: 

ቂ
𝑣ௗ௛

𝑣௤௛
ቃ = 𝑈௛௙ ൤

cos(𝜔௛௙𝑡)

0
൨ (1.78) 

where 𝑈௛௙  and 𝜔௛௙  are the amplitude and frequency of the injected pulsating voltage, 

respectively. The injection is depicted in Fig. 1.35. 

 

Fig. 1.35. Conventional pulsting signal injection in the estimated d-axis. 

It is worth noting that, the pulsating signal can be injected in the estimated d-axis [LIN02] 

[JAN03a], the estimated q-axis [COR98] [LIN03] [YAN11] and the stationary reference frame 

[LIU14]. Injection in the estimated d-axis is normally used which however is sensitive to the 

inverter nonlinearity effect [LIN03] [GON11] and the q-axis injection is less sensitive but 

generates more torque ripples. Injection in the stationary reference frame [LIU14] offers a 

medium performance between these two methods, which however requires knowledge of 

parameters. Take the commonly used d-axis injection as an example and the injection is 

illustrated in Fig. 1.35. 

After injection, the carrier current responses in the estimated synchronous reference frame 

can be expressed by: 
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ቈ
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ቈ
𝚤መ̇ௗ௛

𝚤መ̇௤௛

቉ = ൤
𝐼௣ + 𝐼௡ 𝑐𝑜𝑠(2∆𝜃௥ + 𝜃௠)

𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠)
൨ ∙ 𝑠𝑖𝑛(𝜔௛௙𝑡) (1.80) 

𝐼௣ =
𝑈௛௙

𝜔௛௙𝐿௣
, 𝐼௡ =

𝑈௛௙

𝜔௛௙𝐿௡
 (1.81) 

Clearly, as shown in (1.80), the carrier current response, i.e. 𝚤መ̇௤௛  has the rotor position 

information. In order to extract the rotor position information, a demodulation process is 

required, as shown in Fig. 1.36, so that the high frequency component is filtered and the rotor 

position information is extracted. 

 

Fig. 1.36. Demodulation of pulsating signal injection based method. 

The demodulation process can be expressed by: 

ቈ
ห𝚤መ̇ௗ௛ห

ห𝚤መ̇௤௛ห
቉ = 𝐿𝑃𝐹(ቈ
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𝚤መ̇௤௛

቉ ∙ 2𝑠𝑖𝑛൫𝜔௛௙𝑡൯ = ൤
𝐼௣ + 𝐼௡ 𝑐𝑜𝑠(2∆𝜃௥ + 𝜃௠)

𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠)
൨ (1.82) 

Next, the magnitude of the q-axis carrier current is the input of a position observer. 

𝑓(∆𝜃௥) = ห𝚤መ̇௤௛ห = 𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠) (1.83) 

After the estimated q-axis current is minimized, the estimated position aligns with the actual 

position. 

𝑓(∆𝜃௥) = ห𝚤መ̇௤௛ห = 𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠) = 0 (1.84) 

In (1.84), an error angle 𝜃௠ is introduced by cross-coupling effect, the amplitude of this error 

mainly depends on the load, i.e. q-axis current. Several methods have been proposed to 

compensate for it and they will be introduced in Section 1.3.5. 
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B. Rotating signal injection based method 

For the rotating signal injection based method [JAN95] [DEG98] [RAC10], a balanced high 

frequency sinusoidal voltage vector is injected into the stationary reference as expressed by: 

൤
𝑣ఈ௛

𝑣ఉ௛
൨ = 𝑈௛௙ ቈ

cos(𝜔௛௙𝑡)

sin(𝜔௛௙𝑡)
቉ (1.85) 

where 𝑈௛௙  and 𝜔௛௙  are the amplitude and frequency of the injected rotating voltage, 

respectively. The injection is depicted in Fig. 1.37. 

 

Fig. 1.37. Conventional rotating signal injection injection in statinoary reference frame. 

After injection, the carrier current responses in the stationary reference frame can be expressed 

by: 

𝑝 ൤
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൨ (1.86) 
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൤
𝑖ఈ௛

𝑖ఉ௛
൨ = ൦
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𝜋

2
)

𝐼௉ sin(𝜔௛௙𝑡 −
𝜋

2
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𝜋

2
)

𝐼௡ sin(𝜔௛௙𝑡 + 2𝜃௥ + 𝜃௠ +
𝜋

2
)

൪ (1.88) 

The carrier current responses in stationary reference frame can be expressed by using complex 

vector as: 
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𝐼௛௙ = 𝐼௣𝑒௝(ఠ೓೑௧ି
గ
ଶ

) + 𝐼௡𝑒௝(ఠ೓೑௧ାଶఏೝାఏ೘ା
గ
ଶ

) (1.89) 

Clearly, as shown in (1.89), there are two main components in the carrier current response. The 

first component is a positive sequence which has the same frequency as the injected voltage 

signal. The second component is a negative sequence which has the rotor position information. 

Therefore, rotor position can be estimated by the negative sequence curent. 

In order to estimate the rotor position from the negative sequence carrier current response, 

a demodulation process is required. There are two typical demodulation methods, one is so-

called “Heterodyning method” shown in Fig. 1.38(a), the positive sequence component in the 

carrier current is shifted to the high frequency domain and easily filtered by an LPF and the 

negative sequence is obtained for position estimation [JAN95]. Another demodulation method 

is called “SRFF (synchronous reference frame filter) [DEG98] [GAR07] [RAC10] shown in 

Fig. 1.38(b). The basic idea of the SRFF is to transform the fundamental current component to 

a dc value and an LPF is applied to filter out the high frequency components, and thus, the 

fundamental current can be easily obtained by transforming inversely finally. 

 

(a) 

 

(b) 

Fig. 1.38. Demodulation of rotating signal injection based method. (a) Heterodyning method 

[JAN95]. (b) SRFF method [GON12]. 

After demodulation process, the negative sequence current 𝑖௡ can be expressed in the estimated 

reference frame by: 
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𝑖௡ = 𝐼௡𝑒௝(ଶ∆ఏೝାఏ೘) (1.90) 

𝑖௡ = ൤
𝑖௡ௗ

𝑖௡௤
൨ = ൤

𝐼௡ 𝑐𝑜𝑠(2∆𝜃௥ + 𝜃௠)

𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠)
൨ (1.91) 

Then, the magnitude of q-axis carrier current is the input of a position observer. 

𝑓(∆𝜃௥) = 𝑖௡௤ = 𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠) (1.92) 

After the estimated q-axis current is minimized, the estimated position aligns with the actual 

position. 

𝑓(∆𝜃௥) = 𝑖௡௤ = 𝐼௡ 𝑠𝑖𝑛(2∆𝜃௥ + 𝜃௠) = 0 (1.93) 

In (1.84), the same as the pulsating signal injection method, an error angle 𝜃௠ exists in the 

estimated rotor position. 

C. Square wave signal injection based method 

Similar to conventional pulsating signal injection scheme, in [YOO11], a pulsating square 

wave signal is injected into the stator windings [HAM10] [YOO11] [KIM12] [KIM16] 

[WAN20a]. The injected frequency can be much higher than rotating and pulsating injection 

schemes [WAN20a], and hence, the LPFs during demodulation process are eliminated, the 

bandwidth of position estimation is improved and the dynamic performance is greatly enhanced 

[HAM10]. Square wave signal can be injected into the estimated synchronous reference frame 

[KIM12][WAN20a] and the stationary reference frame [YOO11]. Take the estimated 

synchronous injection as an example, the square wave signal injected into the estimated d-axis 

is shown in Fig. 1.39. 

 

Fig. 1.39. Conventional square signal injection in estimated d-axis. 
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The injected square wave signal is expressed by: 

𝑣ොௗ௛ = ൜
𝑈௛௙ half duty

−𝑈௛௙ otherwise
 (1.94) 

where 𝑈௛௙ > 0  and 𝑣ො௤௛ୀ଴ . After injection, the differential carrier current responses in the 

estimated reference frame can be expressed by: 
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where ∆𝑇 is half period of the injected square wave voltage signal. The current response by 

normalizing the polarity is expressed by:  
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 (1.96) 

where ∆𝚤መ̇ௗ௛
ᇱ  and ∆𝚤መ̇௤௛

ᇱ  are the polarity normalized current responses. The signal process is 

described Fig. 1.40. 

 

Fig. 1.40. Signal processing of square wave signal injection based method. 

Similar to conventional methods, the current response ∆𝚤መ̇௤௛
ᇱ  is regarded as the input of position 

observer as: 

𝑓(∆𝜃௥) = ∆𝚤መ̇௤௛
ᇱ =

𝑈௛௙∆𝑇

𝐿௡
sin (2∆𝜃௥ + 𝜃௠) (1.97) 

In (1.97), the same as the pulsating signal injection method, an error angle 𝜃௠ exists in the 

estimated rotor position. 
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D. Random signal injection based method 

For conventional high frequency signal injection methods, the injected high frequency 

voltage signal has fixed frequency and amplitude. However, these methods with fixed signals 

suffer from acoustic noise [WAN16] and EMI issues [WAN17a]. Hence, methods by injecting 

non-fixed frequency or amplitude high frequency signals are proposed [JIA11] [TAN14] 

[WAN16] [WAN17a]. By injecting random voltage signals, the spectra of the induced currents 

can be extended, which will reduce the noises. In [JIA11], [TAN14], a high frequency pulsating 

voltage signal is injected but the frequency of the signal is changed randomly, the acoustic noise 

is reduced in sensorless control at low speed [JIA11]. Moreover, in [WAN16], a pseudo-random 

high frequency square wave voltage injection method is proposed. The high frequency signal 

is injected into the estimated synchronous reference frame as shown in Fig. 1.41. 

 

Fig. 1.41. Random injection in the estimated synchronous reference frame. 

The generating mechanism of the pseudo-random signal in [WAN16] is shown in Fig. 1.42. 

 

Fig. 1.42. Random signal generating mechanism [WAN16]. 

As shown in Fig. 1.42, two different voltage signals are selected randomly and hence outputs 

pseudo-random voltage signal. By injecting the pseudo-random signal, the distribution of 

injected high frequency and the induced current response in frequency domain is extended. As 

a consequence, the audible noise is reduced. 
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The comparison between different persistent signal injection methods are shown in TABLE 

1.2. 

TABLE 1.2 

COMPARISON OF PERSISTENT SIGNAL INJECTION BASED METHODS 

 Rotating Pulsating Square wave Random 

Coordinate Stationary 
Estimated 

synchronous 
Stationary 

Estimated 

synchronous 

Estimated 

synchronous 

Signal injection 

     

Injected signal  Rotating Pulsating Pulsating Square wave Square wave 

Current response Phase-modulated 
Amplitude-

modulated 

Amplitude-

modulated 

Amplitude-

modulated 

Amplitude-

modulated 

Cross-saturation 

position error  
−𝜃௠/2 −𝜃௠/2 −𝜃௠/2 −𝜃௠/2 −𝜃௠/2 

Demodulation Complex Medium Medium Simple Medium 

Bandwidth Low Medium Medium High High 

Torque ripple Large Medium Medium Small Small 

Audible noise Large Large Medium Medium Small 

Requirement of 

Parameter 
No No Yes No No 
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E. Transient pulse injection based method 

The rotor position can also be obtained from the current responses by injecting short period 

voltage vectors. A typical method is the so-called “INFORM (Indirect flux detection by online 

reactance measurement)” method [SCH96]. 

The main principle is to measure the current responses induced by the voltage vectors 

applied in different directions. During the null part of one PWM cycle, two opposite voltage 

vectors are injected. Three successive PWM cycles with one current response measurement per 

cycle are required to estimate the position. However, a major issue of INFORM method is the 

induced current disturbance due to extra injected voltage vectors. 

F. PWM excitation based method 

It is known that the voltage vectors used in transient voltage vector injection methods also 

exist in normal operations with standard PWM [LIU13]. Hence, it is possible to extract the rotor 

position information by measuring the current response introduced by the inherent PWM 

operations. Based on this, several methods without additional injection signals are proposed 

[HOL05] [GAO07] [RAU08] [BOL11] [HUA11]. By eliminating the requirement of additional 

voltage signal injection, the current or torque ripple and switching loss can be reduced. [HOL05] 

presented an extended modulation (EM) scheme to obtain the rotor position information by 

modifying the PWM excitation. Besides, [GAO07] [RAU08] [BOL11] [HUA11] estimate the 

position with the standard PWM. A typical and simple method called “ZVCD (zero vector 

current derivative)” is proposed in [RAU08], the current during zero voltage vector dwelling 

time is used to estimate the rotor position as expressed by: 

𝑑𝚤መ̇ௗ

𝑑𝑡
=

𝑅

2
ቆ

1

𝐿ௗ
−

1

𝐿௤
ቇ 𝚤መ̇௤ sin 2∆𝜃௥ −

𝜔௥𝜓௠

𝐿௤
sin ∆𝜃௥ (1.98) 

In (1.98), 𝚤መ̇ௗ is assuming to be zero. If the ∆𝜃௥ is zero then 
ௗప̇መ೏

ௗ௧
 goes to zero as well and hence 

ௗప̇መ೏

ௗ௧
 can be regarded as the input of position observer. However, the method has to be applied 

when 𝚤መ̇ௗ = 0. Besides, a long duration of zero voltage vector is necessary for measuring the d-

axis current derivative response. 

 

 

 



44 
 

Overall, the comparison between persistent signal injection, transient pulse injection, and 

PWM excitation is given in TABLE 1.3. 

TABLE 1.3 

COMPARISON OF PERSISTENT INJECTION BASED METHODS 

 Persistent signal Transient pulse PWM excitation 

Additional signal Yes Yes No 

Current measurement cost Low Medium High 

Torque ripple Large Medium Low 

Noise Large Medium Low 

Speed operation range Narrow Medium Wide 

Bandwidth of position estimation Low Medium High 
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 Polarity Detection 

For saliency based sensorless control methods, the polarity of magnet should be identified 

since the inductance varies twice in one electrical period causing an angle ambiguity of 180 

degrees. Otherwise, the starting torque cannot be guaranteed [JAN06]. The basic principle of 

detecting polarity is based on the magnetic saturation effect [SCH97][NAK00]. A positive d-

axis current will increase the saturation of stator iron core and therefore decrease the d-axis 

inductance, whereas a negative d-axis current decreases the saturation and increases the d-axis 

inductance. Basically, the magnetic polarity can be identified by short pulse injection [NOG98] 

[AIH99] [HAQ03] [HOL08] [WAN12a], secondary harmonics of carrier current response due 

to magnetic saturation [KIM04] [JEO05] [RAC10] [XU16b], or d-axis current injection 

[GON13]. 

For short pulse injection based method, two opposite pulses are injected and the difference 

indicates the magnetic polarity. Short pulse injection based method is simple, robust and 

reliable. However, it is executed as a separate process, the position estimation should be stopped 

when identifying the polarity [HOL08]. The secondary harmonics based methods is integrated 

with the position estimation [KIM04], but the SNR is limited due to small value of the 

secondary harmonics of carrier currents [XU16b]. In [GON13], a polarity detection method is 

proposed which can be seamlessly integrated with conventional carrier signal injection based 

method. A constant current is injected at the estimated d-axis, and then, the changes of high 

frequency current in the estimated d-axis is used to obtain the polarity information. The overall 

comparison between three types of method is shown Fig. 1.43 

 

Fig. 1.43. Comparison between different types of polarity detection methods [GON13]. 
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 Cross-coupling Effect and Compensation 

In [COR98], it was found experimentally that the position estimation error increases with 

load current. [BIA05] and [GUG06] states that it is the cross-coupling saturation between the d 

and q axes that caused the position error in carrier signal injection based methods. By 

considering the cross-saturation effect [LI09], the high frequency voltage model is expressed 

by: 

ቂ
𝑣ௗ௛

𝑣௤௛
ቃ = ൤

𝐿ௗ௛ 𝐿ௗ௤௛

𝐿௤ௗ௛ 𝐿௤௛
൨ 𝑝 ൤

𝑖ௗ௛

𝑖௤௛
൨ (1.99) 

where 𝐿ௗ௤௛  and 𝐿௤ௗ  are the high frequency incremental mutual inductances due to cross-

saturation effect and they are normally regarded as the same[LIN02] [LI07] [REI08], i.e. 

𝐿ௗ௤௛ ≈ 𝐿௤ௗ௛ . As illustrated in Section 1.3.3, for conventional carrier signal injection based 

methods, due to the cross-coupling effect, a position estimation error appears and can be 

expressed by: 

∆𝜃௥ = 𝜃௠ 2⁄ , 𝜃௠ = tanିଵ ൬
−𝐿ௗ௤௛

𝐿௦ௗ
൰ (1.100) 

This position error can be a critical issue which reduces the torque capability and reliability of 

the sensorless control. Hence, several methods are proposed to compensate for the cross-

coupling effect including offline based compensation method [ZHU07] [LI09] [GON11] and 

online based compensation method [WAN20b]. 

For the offline based compensation methods, the compensation coefficient or factors are 

measured or simulated offline. In [ZHU07], a straightforward method is proposed by simply 

compensating the position error refers to the load current. The compensation angle is expressed 

by: 

𝜃௖௢௠௣ ≈ 𝐾௖𝑖௤ (1.101) 

where 𝐾௖ is the compensation factor. The parameter 𝐾௖ should be measured in the offline test. 

Another offline compensation method for pulsating signal injection method is proposed in 

[LI09] by introducing a coupling factor between d- and q-axis currents as expressed by: 

𝜆 =
𝐿ௗ௤௛

𝐿௤௛
= −

𝑖௤௛

𝑖ௗ௛
 (1.102) 

By introducing the coupling factor 𝜆, the signal input of the position observer is modified as: 
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𝑓(∆𝜃௥) = ห𝚤መ̇௤௛ห + 𝜆ห𝚤መ̇ௗ௛ห ≈ 2𝐼௡ cos 𝜃௠ ∆𝜃௥ (1.103) 

In the steady state, 𝑓(∆𝜃௥) will be controlled to zero and hence the error introduced by cross-

coupling is eliminated. 

[GON11] proposed a compensation method for rotating signal injection method. Without 

compensation, the negative sequence current is expressed by: 

𝑖௡ = 𝐼௡𝑒௝(ఠ೓೑௧ାଶఏೝାఏ೘ା
గ
ଶ

) (1.104) 

In [GON11], the injected carrier voltage is phase shifted by 𝜃௠. Consequently, in the negative 

sequence the phase shift of 𝜃௠ is eliminated, as expressed by: 

𝑖௡ = 𝐼௡𝑒௝(ఠ೓೑௧ାଶఏೝା
గ
ଶ

) (1.105) 

Although offline measurement or FE simulation is required, both offline methods work 

effectively and show a satisfied compensation performance. 

Instead of offline based compensation method, an online compensation method is proposed 

in [WAN20b]. The load-dependent position error can be identified by simply varying the 

direction of the current vector based on the torque equation. However, this method has some 

limitations, it requires the knowledge of machine parameters, i.e. 𝐿ௗ, 𝐿௤ and 𝜓௠. Besides, the 

online identification requires steady state operation with a constant load torque. 

1.4 Sensorless Control of Surface-mounted PMSMs 

As introduced in previous sections, the sensorless control techniques can be divided into 

fundamental model based method and saliency based method. Specifically, considering the zero 

and low speed sensorless control of SPMSMs, it is still a challenge. For fundamental model 

based methods, they normally cannot be used in zero and low speed due to unobservable 

machine model. Besides, the lack of saliency of SPMSM increases the difficulty of using 

saliency based sensorless control methods. 

In order to realize sensorless control of SPMSM in zero and low speed, several potential 

methods are proposed based on fundamental model, magnetic saliency and resistive saliency. 
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 Fundamental Model Based Method 

For fundamental model based method, mainly back-EMF or flux-linkage is used for position 

estimation. It is known that back-EMF is proportional to speed, the SNR of EMF voltage 

decreases as the speed decreases [HAN00]. Apparently, back-EMF estimation cannot be used 

in zero speed. At the low speed, the back-EMF estimation is affected by resistance variation 

[FOO10] and voltage errors due to inverter nonlinearity [PEL10] [RAU10]. Different from 

back-EMF, flux-linkage is not related with rotor speed ideally. Potentially, it can provide a 

better estimation performance at low speed [WAN14b]. However, since the flux cannot be 

directly measured and has to be calculated from stator voltage and current, which is equivalently 

integration of back-EMF. Therefore, at low speed, it is still difficult to estimate the position 

using flux-linkage based methods. For the integration of back-EMF, dc-offset will be produced 

and normally an LPF is necessary to eliminate the dc-offset. However, introducing LPF will 

degrade the dynamic performance [CHE20]. Moreover, the same as back-EMF estimation, 

resistance deviation and inverter related voltage errors also induce errors in estimation of flux-

linkage. 

As stated in [PEL10] and [RAU10], the voltage errors due to inverter nonlinearity primarily 

affect the low speed estimation. Therefore, some work have been done to compensate the 

voltage errors due to inverter nonlinearity [HEJ11] [PAR12] [WAN14a]. After compensation, 

the low speed estimation performance can be improved. However, it is not easy to realize an 

accurate compensation due to strong nonlinearities and junction temperature variation 

[WAN18]. Moreover, using measured voltage [CHE15] [WAN17b] [SCH18] [CHE20] [WU20] 

can provide a better performance at lower speed rather than reference voltage. In [CHE20], an 

instantaneous voltage sensing method is proposed, after applying the measured voltage instead 

of command value, a lowest speed at 30rpm of sensorless operation is achieved. Besides, it is 

reported in [CHE20] that a closed-loop start-up and speed reverse under full load are realized 

by EMF estimation using measured voltage. However, the test is done only with a small position 

error before start. Furthermore, extra voltage sensing signal processing circuit is required which 

increases the cost and complexity and reduces the system reliability. 

As stated in [CHE20], although the fundamental model based sensorless control cannot 

estimate the rotor position at zero speed, it is still possible to converge the estimated position 

to the real one quickly once the rotor starts to rotate. Hence, fundamental model based 

sensorless control methods can be assumed as a possible solution to realize the startup and low 

speed sensorless control of SPMSM. 
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 Magnetic Saliency Based Method 

Due to the symmetrical structure of rotor, there is not enough geometric saliency in 

SPMSMs. Nevertheless, zero and low speed sensorless control of SPMSMs can be realized by 

the magnetic saliency due to the magnetic saturation effect [JAN03a] [SIL06] [HA08]. 

Magnetic saturation is introduced by two parts, one is PM flux and the other is coil flux. The 

PM flux creates an inductance variation against rotor position at twice frequency of electrical 

frequency of rotor. The coil flux produces an inductance variation against rotor position at same 

frequency as electrical frequency of rotor [LAI03]. The total flux depends on the directions 

between the PM flux and the coil flux. 

Based on magnetic saturation effect, initial position estimation of SPMSMs can be realized 

by short pulse injection based methods [MAT96] [SCH97] [NAK00] [LAI03] [TUR03] 

[LEE06] [CHA09]. Although estimation resolution may be lower than carrier signal injection 

based methods, short pulse injection based methods can still provide a reliable estimation with 

a satisfying signal-to-noise ratio (SNR) [GON13]. Since filters and signal demodulation 

processes are not necessary, short pulse injection based methods are more robust and simpler 

for implementation. Besides, there is no issue of audible noise. Moreover, compared with 

carrier signal injection based methods, injection of voltage pulses can enhance the saturation 

effect which can be beneficial to utilization of magnetic saliency. Therefore, they can be a 

desirable option for some applications using SPMSM.  

It is worth noting that a combination of an initial position estimation using short pulse 

injection and a proper fundamental model based method, the zero and low speed sensorless of 

SPMSMs can be possibly realized. 

 Resistive Saliency Based Method 

An alternative position estimation method for SPMSM at low speed by injecting high 

frequency voltage signals is proposed by [YAN12]. The method tracks the high frequency eddy 

current loss reflected resistive saliency to estimate the rotor position. 

In [YAN12], it is approved that the eddy current loss 𝑃௘ௗௗ௬ varies against the rotor position 

and its spatial variation can be enhanced by superimposing a high frequency voltage as shown 

in Fig. 1.44. 
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Fig. 1.44. HF losses versus position in the SPM machine [YAN12]. 

Hence, if there is some differences between d- and q-axis eddy current losses, the resistance in 

the stationary reference frame can be expressed by: 

𝑅ఈఉ = Σ𝑅 ቂ
1 0
0 1

ቃ + ∆𝑅 ൤
± cos(2𝜃ோ) ∓ sin(2𝜃ோ)

∓ sin(2𝜃ோ) ± cos(2𝜃ோ)
൨ (1.106) 

where Σ𝑅 and ∆𝑅 are the average and differential values of the asymmetric resistance and 𝜃ோ 

is the spatial information in the asymmetric resistance which is related to rotor position. The 

variation of asymmetric resistance against rotor position is shown in Fig. 1.45. 

 

Fig. 1.45. Spatial variation of asymmetric resistance 𝑅𝛼 [YAN12]. 

Although this method provides an alternative for SPM to estimate the position at low speed, 

several limitations exists. In [YAN12], the switching frequency is 25kHz and the injected 

voltage frequency is 2.5kHz, which are much higher compared to conventional carrier based 

methods, and hence increases the requirement of system cost. The feasibility of resistive 

saliency method also highly depends on the machine topology, especially eddy-current loss is 

often greatly minimized by laminations. 
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1.5 Sensorless Control Considering Rotor Eccentricity 

For most of the sensorless control techniques, they are normally developed under a healthy 

condition of PMSMs. However, in practice, the PMSMs are normally unideal due to 

manufacture imperfection. Rotor eccentricity is a common issue that exists in PMSMs. The 

effect of rotor eccentricity on the PMSM characteristics has been widely investigated in the past 

[HWA01] [EBR09] [DOR10] [WU10] [HON12] [ZHU13] [FIS17]. However, its relationship 

between sensorless control is discussed by only a few research. 

[FAI06] and [YAG14] discussed the rotor eccentricity effect on SRM sensorless control by 

FE simulation. However, only a few simple FE simulation results of flux-linkage or inductance 

change under rotor eccentricity are given, the relationship between sensorless control and rotor 

eccentricity is not explained mathematically or systematically. [HUR94] and [SON15] utilize 

the eccentricity induced current harmonics for speed estimation of an induction motor. However, 

the signal process and control strategy are very complex and the SNR of utilized harmonics 

may not be guaranteed. In [KWO15] and [KWO16], an IPMSM with eccentric rotor is designed 

for absolute position sensorless drive. The eccentric rotor creates a mechanical frequency 

component in the inductance so that can be utilized for absolute position estimation. 

1.6 Outline and Contributions of the Thesis  

Sensorless control methods for PM machines are extensively reviewed in this chapter. The 

major objective of the thesis includes: 

 Sensorless control of SPMSMs at zero speed and startup operation. 

 Investigation of conventional sensorless control under rotor eccentricity.  

The research structure is illustrated in Fig. 1.46.  
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Fig. 1.46. Research structure. 

 

The thesis is organized as follows: 

Chapter 2 introduces conventional short-pulse-injection based rotor initial position 

estimation techniques in details, and a comparative study is given. Besides, a voltage selection 

strategy is developed for a reliable rotor initial position estimation. 

Chapter 3 proposes a short-pulse-injection-based rotor initial position estimation technique 

using three-phase current for SPMSMs. Novel strategies are applied, and therefore, the 

efficiency of the method is improved in terms of reducing the pulse injection number and 

increasing the estimation resolution. 
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Chapter 4 proposes a novel short-pulse-injection-based rotor initial position estimation 

method utilizing DC-link voltage. By using the DC-link voltage variation as a rotor position 

dependent response, the estimation performance can be enhanced compared to conventional 

current response based methods. 

Chapter 5 investigates the influence of parameter asymmetry, including resistance and 

inductance asymmetries, on rotor initial position estimation by using short-pulse-injection-

based techniques, and proposes two compensation strategies for parameter asymmetry. 

Chapter 6 proposes a simplified fundamental model based sensorless control method for 

SPMSM. By simplifying the model, only stator current is required for sensorless control 

without any knowledge of parameters. By applying the proposed method, a satisfied low speed 

sensorless control performance is obtained and the machine is able to start up even under load. 

Moreover, the proposed method is extended to Siemens Wind Power Turbine for sensorless 

starting by hardware-in-loop (HIL) simulation. 

Chapter 7 investigates the conventional fundamental model based sensorless control under 

rotor eccentricity. The rotor eccentricity effect on PM machine is discussed. It is approved that 

mainly harmonics are introduced in position estimation errors. A modified back-EMF based 

position estimator incorporating with an adaptive notch filter is developed to eliminate the 

undesired harmonics. 

Chapter 8 summarizes the research work and discusses about some future 

work 

 

The major contributions of this thesis are: 

 Based on the magnetic saturation effect, conventional short-pulse-injection-based methods 

are comparatively studied, which has not been done in the past.  

 A voltage pulse selection strategy for short-pulse-injection-based rotor initial position 

estimation techniques is developed. Based on the proposed selection rules, a Reliable 

Selection Area (RSA) is introduced so that the reliable estimation performance is guaranteed. 

 A new short-pulse-injection-based rotor initial position estimation method using three-phase 

current is proposed. Compared with conventional methods which normally require 4-6 
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pulses for injection, the proposed method simplifies the injection procedure so that the total 

number of pulses is reduced to only 3 while achieving the same estimation resolution of 30 

degrees at least. Moreover, a “boundary detection strategy (BDS)” is introduced and the 

estimation performance can be enhanced against measurement noises. Furthermore, with 

BDS, the estimation resolution can be further improved to 15 degrees. 

 A novel short-pulse-injection-based rotor initial position estimation method using DC-link 

voltage is proposed. Different from conventional methods using current response. The 

proposed method uses the DC-link voltage response which is also rotor position dependent. 

By using the DC-link voltage response, the estimation performance can be improved 

compared with initial position estimation using current response. 

 Short-pulse-injection-based rotor initial position estimation under parameter asymmetries 

including both resistance and inductance asymmetries is investigated which has not been 

done in literature. Two compensation strategies are developed which effectively eliminate 

the influence from parameter asymmetry. 

 Sensorless control of PMSMs under rotor eccentricity is investigated which has not been 

done in the past. The rotor eccentricity effect on PMSM characteristics and sensorless 

control are discussed. It is shown that mainly the mechanical frequency and the 2nd order 

frequency harmonics are introduced in the position estimation error. An adaptive notch filter 

is introduced to eliminate the harmonics effectively. 

 

The publications originating from this PhD research work are listed in Appendix B. 
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CHAPTER 2 

VOLTAGE PULSE SELECTION STRATEGY FOR 

ROTOR INITIAL POSITION ESTIMATION 

2.1 Introduction 

For a SPM machine or an IPM machine, knowledge of rotor initial position at standstill is 

required, otherwise the starting performance is un-reliable. The rotor initial position may be 

obtained from magnetic saturation effect since the stator iron core will be saturated by the 

permanent magnet and the armature reaction together. Due to non-linear characteristics, the 

stator iron core under saturation will have smaller inductance than that of the linear case. One 

of the common approaches is to inject voltage pulses for estimating the rotor initial position 

from the current responses, which is called “Short-pulse-injection-based” method. 

Short-pulse-injection-based methods are a type of simple, robust and low cost approach to 

obtain rotor initial position information by utilizing magnetic saturation effect. For short-pulse-

injection-based methods, several short voltage pulses are injected into stator windings and rotor 

initial position can be obtained from the rotor position dependant current responses. 

Alternatively, it is possible to inject voltage pulses and extract rotor position from voltage 

responses. Although many techniques have been presented in the past 

[MAT96][SCH97][NAK00][LAI03][LEE06], few of them discuss the selection of voltage 

pulses including duration and magnitude when they are used for both brushless ac (BLAC) and 

dc (BLDC) drives. Therefore, it is worth investigating and developing a selection strategy of 

voltage pulses so that the estimation performance could be improved considering reliability and 

effectiveness. 

This chapter firstly explains the magnetic saturation effect and demonstrate the basic 

procedure of rotor initial position estimation based on the magnetic saturation effect. 

Introduction and validation of conventional methods are provided afterwards. Then, based on 

these conventional methods, a simple voltage pulse selection strategy is presented and a reliable 

selection area (RSA) is derived. Selecting voltage pulse within this RSA, reliable and effective 

rotor initial position estimation is guaranteed. Moreover, it is found out that outside the RSA, 

reliable results may also be obtained. In order to fully utilize the selection area, an extended 

reliable selection area (ERSA) is developed. Both RSA and ESRA are examined by experiments. 
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Furthermore, the selection strategy is extended to Siemens 3MW Wind Power PM generators 

and validated by FE based co-simulation. 

This chapter is based on the papers: 

[WU20a] X. M. Wu, and Z.Q. Zhu, “A simple voltage pulse selection strategy for rotor 

initial position estimation,” 10th IET International Conference on Power Electronics, Machines 

and Drives (PEMD2020), Nottingham, 2020, Accepted. 

[WU20b] X. M. Wu, and Z.Q. Zhu, “Comparative study of rotor initial position estimation,” 

10th IET International Conference on Power Electronics, Machines and Drives (PEMD2020), 

Nottingham, 2020, Accepted. 

2.2 Magnetic Saturation Effect 

The stator iron core is a non-ideal magnetic material, as the magnetic flux which carries 

increases, it begins to saturate resulting in the decrease of inductance as shown in Fig. 2.1. 

 

Fig. 2.1. Nonlinear magnetization characteristic and variation of inductance with saturation. 

[WU20a] 

In Fig. 2.2, a simplified schematic of a surface mounted permanent magnet synchronous 

machine is shown. 

 

 

(a) (b) 

Fig. 2.2. Simplified SPM schematic for polarity identification. (a) Alignment with north pole. (b) 

Alignment with south pole. [WU20a] 
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From Fig. 2.2, it can be seen that the magnetic flux that saturates stator iron core consists of 

two sources: PM and coil current. The total flux 𝜓ሬ⃗ ௧௢௧௔௟ is given by: 

𝜓ሬ⃗ ௧௢௧௔௟ = 𝜓ሬ⃗ ௉ெ + 𝜓ሬ⃗ ௖௢௜௟ (2.1) 

where 𝜓ሬ⃗ ௉ெ  is the flux produced by PM and 𝜓ሬ⃗ ௖௢௜௟  is the flux produced by coil current, i.e. 

armature reaction. Firstly, for the PM part, the stator iron core becomes strongly magnetized 

when it is close to rotor magnetic poles of PM causing inductance to decrease. As the rotor 

magnetic poles move away, the inductance will increase. Therefore, inductance will vary 

against rotor position as shown in Fig. 2.3. 

 

Fig. 2.3. Inductance variation against rotor position without considering armature reaction. 

However, PM has north pole and south pole which introduce same saturation level, and 

inductance will vary twice over one electrical period which can cause an ambiguity of 𝜋 in the 

rotor initial position estimation. As illustrated in Figs. 1(a) and 1(b), depending on the polarity 

of magnet, the flux in the coil can increase or decrease the total saturation level, resulting in 

different inductances as shown in Fig. 2.4.  

 

Fig. 2.4. Inductance variation against rotor position with armature reaction. 

2.3 Rotor Initial Position Estimation 

As described in the previous section, inductance varies against rotor position due to 

magnetic saturation effect. From this phenomenon, several voltage pulses are injected and the 
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current responses can be used for rotor initial position estimation. The basic estimation 

approach based on [SCH97] is introduced in this section to demonstrate the rotor initial position 

estimation procedure. 

Firstly, voltage pulses can be injected into 6 positions, with the same duration and 

magnitude, at selected 6 voltage vectors of a 3-phase inverter (V1~V6), as shown in Fig. 2.5. 

 

Fig. 2.5. Voltage vectors. [WU20a] 

In this case, these 6 injection positions are 0, 60, 120, 180, 240, 300 degrees, respectively. 

 For different voltage vectors, the excitation configuration is shown below: 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 2.6. Excitation configuration associated with voltage vectors. (a) V1. (b) V2. (c) V3. (d) V4. (e) 

V5. (f) V6. 
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Then, after excitation, the current response can be regarded as a step response: 

𝐼(𝑡) =
𝑉௉

𝑅௘௤
(1 − 𝑒

ି
௧

௅೐೜ ோ೐೜⁄ ) (2.2) 

where 𝐼 is the current response, 𝑡 is the time, 𝑉௉ is the voltage magnitude, 𝑅௘௤ and 𝐿௘௤ are the 

equivalent resistance and inductance in the excitation circuit. Since inductance varies against 

rotor position, current responses are rotor position dependent. A larger peak value of the current 

response indicates the voltage pulse injection position is closer to the rotor magnetic poles. 

Therefore, after injecting several voltage pulses at different positions, rotor initial position can 

be determined by comparing the peak values of current responses. Besides, as illustrated in Fig. 

2.2(a) and (b), depending on the polarity of magnet, the flux in the coil can increase or decrease 

the total saturation level, resulting in different inductances. Thus, a current difference associated 

with the south pole and the north pole will be introduced. Based on this, the polarity can be 

identified. 

 It is known that the current response is related with inductance and thereby rotor position 

dependent. Hence, by injecting voltage pulses at different rotor positions, the three-phase 

current responses can be modelled as a function of rotor position: 

𝐼஺ = 𝐼଴ + 𝐼ଵ cos(𝜃௥) + 𝐼ଶ cos(2𝜃௥)            

𝐼஻ = 𝐼଴ + 𝐼ଵ cos ൬𝜃௥ −
2𝜋

3
൰ + 𝐼ଶ cos ൬2(𝜃௥ −

2𝜋

3
)൰

𝐼஼ = 𝐼଴ + 𝐼ଵ cos ൬𝜃௥ +
2𝜋

3
൰ + 𝐼ଶ cos ൬2(𝜃௥ +

2𝜋

3
)൰

 (2.3) 

where 𝐼଴ is the DC-offset of current response, 𝐼ଵ is current change caused by armature reaction, 

𝐼ଶ is the current change due to PM and 𝜃௥ is the rotor position. Normally, 𝐼ଵ is much smaller 

than 𝐼ଶ. Therefore, according to [MAT96] and [SCH97], the model can be simplified as: 

𝐼஺ = 𝐼଴ + 𝐼ଶ cos(2𝜃௥)            

𝐼஻ = 𝐼଴ + 𝐼ଶ cos ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ = 𝐼଴ + 𝐼ଶ cos ൬2(𝜃௥ +
2𝜋

3
)൰

 (2.4) 

Then, the measured three-phase current responses against rotor position are shown in Fig. 

2.7. The measurement is taken from the prototype 3kW SPM motor, whose parameters are listed 

in the Appendix, by injecting three positive voltage pulses into three-phase windings. It can be 

seen from Fig. 2.7(a) that the measured current responses vary with rotor positions. Besides, in 
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Fig. 2.7(b), it is clear that there is a 0.5A difference between the north and the south poles of 

the rotor, which is large enough for polarity identification. 

 

(a) 

 

(b) 

Fig. 2.7. Measured current responses against rotor position. (a) Three-phase current responses. (b) 

Phase A current responses. 

2.4 Conventional Rotor Initial Position Estimation [WU20b] 

Based on the magnetic saturation effect, several rotor initial position estimation techniques 

have been proposed in the past [SCH97][NAK00][LEE06][LAI03]. Based on different 

measurement or component that are used for rotor initial position estimation, 4 classical 

conventional methods are introduced in this part.  

 Three-phase Current Based Method 

In [SCH97] [MAT96], the peak values of three-phase current responses are used to calculate 

the rotor initial position. At first, three negative voltage pulses and three positive voltage pulses 

are applied to the stator windings, i.e. a positive and a negative pulse are applied to each phase. 

After injection, the three-phase currents are modelled as: 

𝐼஺ = 𝐼଴ + Δ𝐼଴ cos(2𝜃௥)            

𝐼஻ = 𝐼଴ + Δ𝐼଴ cos(2𝜃௥ − 2𝜋 3⁄ )

𝐼஼ = 𝐼଴ + Δ𝐼଴ cos(2𝜃௥ + 2𝜋 3⁄ )
 (2.5) 

Δ𝐼஺ = 𝐼஺ − 𝐼଴

Δ𝐼஻ = 𝐼஻ − 𝐼଴

Δ𝐼஼ = 𝐼஼ − 𝐼଴

 (2.6) 

𝐼଴ = (𝐼஺ + 𝐼஻ + 𝐼஼)/3 (2.7) 
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where 𝐼଴ is the average value, Δ𝐼଴ is the offset and the actual rotor position is 𝜃. Δ𝐼஺, Δ𝐼஻ and 

Δ𝐼஼ are the differences between the three-phase currents and their average value. The phase 

current with the largest difference determines which region the rotor north pole is the closest 

to. The remaining two phase current differences are used to calculate the estimated rotor initial 

position. For example, if phase A current has the maximum difference, currents of phase B and 

phase C are used for rotor initial position estimation. The estimated rotor initial position 𝜃෠ is 

given by: 

𝜃෠ = 𝜅
Δ𝐼஼ − Δ𝐼஻

Δ𝐼஼ + Δ𝐼஻
 (2.8) 

where 𝜅 = 𝑐𝑜𝑠(2𝜋/3) /𝑠𝑖𝑛 (2𝜋/3). In all, according to the method in [SCH97], after injection 

of 6 voltage pulses into three-phase windings, a 24 degree resolution is obtained with ±12 

degrees error. 

 DQ Reference Frame Current Based Method 

Method in [NAK00] uses the current in the estimated D-Q reference frame. The basic idea 

is that the estimated d-axis current increases as the injection position approaches the north pole 

of the rotor. The estimation method is divided into two steps. In the first step, 12 voltage vectors 

are applied to stator windings as shown in Fig. 2.8(a). The maximum d-axis current is recorded. 

In this step, a 30-degree resolution is obtained with ±15 degrees error. 

 

 

(a) (b) 

 

 

(c) (d) 

Fig. 2.8. Estimation process. (a) Step I with 30-degree resolution, (b) Step II with 15-degree 

resolution, (c) Step II with 7.5-degree resolution, (b) Step II with 3.85-degree resolution. [WU20b] 
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In the second step, more vectors which are adjacent to the selected vector in step I are 

applied as shown in Fig. 2.8(b)-(d). At last, a 3.85-degree resolution is obtained. Overall, 

referring to [NAK00], this method estimates rotor initial position with ±3.8 degrees average 

estimation error and 18.75 degrees maximum estimation error. 

 DC-link Current Based Method 

Method in [LEE06] proposed a low cost method using only dc-link current to estimate the 

rotor initial position. The total estimation process has three steps shown below. 

   

(a) (b) (c) 

Fig. 2.9. Estimation process (a) Step I, (b) Step II, (c) Step III. [WU20b] 

In step I, two opposite voltage vectors (V1 and V4) are applied to gain a 180-degree 

estimation resolution at first as shown in Fig. 2.9(a). In step II, the two adjacent voltage vectors 

(V2 and V6) are applied and the current responses are utilized to obtain a 60-degree estimation 

resolution as shown in Fig. 2.9(b). Step III is shown in Fig. 2.9(c), after locating the north pole 

of rotor in a 60-degree sector, comparing the current responses of two adjacent voltage vectors 

(V2 and V6) can further improve the estimation resolution to 30 degrees. Ideally, only 4 voltage 

pulses are required. However, due to existing of sample noises, the results of first step can be 

distorted, another set of voltage pulses (V2 and V5) should be applied in step I as well. Hence, 

at least one more pulse is required in practical drive systems. In all, with 5 pulses injected, this 

method has a 30-degree estimation resolution with ±15 degrees estimation error. 

 Three-Phase Terminal Voltage Based Method 

Apart from utilizing current information, voltage information can also be measured and 

utilized for rotor initial position estimation. In [LAI03], a technique is proposed by measuring 

terminal three-phase voltages. This technique is based on freewheeling time. It is introduced in 

Section 2.2 that inductance varies against rotor position due to magnetic saturation. As indicated 

in Fig. 2.10, the greater inductance stores more electric energy and therefore increases the 

falling time of discharge after the voltage pulse is removed. 
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Fig. 2.10. Falling time comparison. [WU20b] 

 

Fig. 2.11. Illustration of terminal voltage detection. [WU20b] 

As indicated in Fig. 2.11, the terminal voltage across one phase during freewheeling stage 

is equal to (𝑉ௗ௖ + 0.7)𝑉. After the freewheeling stage, the terminal voltage goes down and is 

approximately equal to 0.5𝑉ௗ௖. The terminal voltage level is used for the detection of rotor 

initial position. In this chapter, three voltage pulses are applied to three-phase windings and the 

freewheeling times are measured to offer a 60-degree estimation resolution. It is worth 

mentioning that the method in [LAI03] only considered the saturation caused by armature 

reaction and there is no need of polarity identification. However, as discussed in Section 2.2, in 

this thesis, the magnetic saturation caused by PM flux is considered as the main source. 

Therefore, the method in [LAI03] should be modified with one more pulse injection in order to 

identify the polarity. In total, at least 4 pulses are required. 

t

t

V

I

Tsat

Tlinear

Saturated Linear

VC-N

VB-N

VA-N

t

t

t
Vdc

Vdc+0.7

Vdc+0.7

0.5Vdc

Excitation 
signal

measured 
signal

T1 T2



64 
 

 Simulation Validation 

In this section, both 4 conventional methods are validated by simulations based on 

Matlab/Simulink. The specifications of the prototype SPM-I are given in Appendix A. The real 

electrical rotor position is 120 degrees. Magnitude and duration of voltage pulses are 60V and 

5ms, respectively.  

A. Three-phase currents based method 

.  

Fig. 2.12. Simulation results of three-phase current responses based on the method in [SCH97]. 

The method in [SCH97] is simulated and the results of three-phase currents are shown in 

Fig. 2.12. It is found that current response of phase B has the largest magnitude. Then the 

estimated rotor initial position 𝜃෠௥ is calculated as 119.2 degrees and the estimation error is 0.8 

degrees. 

B. DQ reference frame current based method 

Simulation results of [NAK00] are given in Fig. 2.13, 18 voltage vectors are injected in total 

and the largest current response is found as the 13th one, and therefore, 𝜃෠௥ is estimated as 127.5 

degrees and the estimation error is 7.5 degrees. 

.  

Fig. 2.13. Simulation results of recorded d-axis current based on the method in [NAK00]. 
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C. DC-link current based method 

Simulation results of the method in [LEE06] are given in Fig. 2.14. In total, 4 voltage vectors 

are injected. It is found that the fourth dc-link current response is the largest and thus 𝜃෠௥ is 

estimated at 120 degrees and the estimation error is 0 degree. 

.  

Fig. 2.14. Simulation results of dc-link current responses based on the method in [LEE06]. 

D. Three-phase terminal voltage based method 

Fourthly, the method of [LAI03] is simulated and the results are shown in Fig. 2.15. In total, 

4 pulses are injected and the corresponding voltage levels during freewheeling stage are 

recorded and compared. After comparison, 𝜃෠௥ is estimated at 90 degrees and the estimation 

error is 30 degrees. 

.  

Fig. 2.15. Simulation results of terminal three-phase voltages based on the method in [LAI03]. 

0

2

4

6

8

0 0.1 0.2 0.3 0.4 0.5

D
C

-l
in

k 
cu

rr
en

t 
(A

)

Time (s)

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

VA-N

VB-N

VC-N

Vdc+0.7

0.5Vdc

0

Pulse 1 Pulse 2 Pulse 3 Pulse 4



66 
 

 Experimental Validation 

In this section, 4 methods are tested by experiments. Same as simulation, each method is 

tested by one example with real rotor position at 120 degrees and the corresponding current and 

voltage responses are given.  

A. Three-phase currents based method 

Firstly, the method in [SCH97] is tested by injecting 6 voltage pulses and the current 

responses are shown in Fig. 2.16. The peak values of the current responses are recorded and for 

position estimation. According to Section 2.4.1, the estimated rotor initial position 𝜃෠௥  is 

calculated as 123.23 degrees, the estimation error is 3.23 degrees. The experimental estimation 

performance is not as good as simulation. This is because the method [SCH97] is based on an 

ideal sinusoidal current response model. However, in the real drive system, the current response 

waveform against rotor position is not ideally sinusoidal containing harmonics and noises. 

Therefore, the experimental results could be affected. 

 

Fig. 2.16. Experiment results of three-phase current responses based on the method in [SCH97]. 

B. DQ reference frame current based method 

The method in [NAK00] is tested. 18 voltage pulses are injected and the peak values of each 

current response are recorded and shown in Fig. 2.17. The estimated position is 112.5 degrees 

with 7.5 degrees error. In practical system, due to existence of noise, although many voltage 

pulses are injected, the estimated position may not be as accurate as expected. Besides, pulse 

width modulation (PWM) strategies such as sinusoidal PWM (SPWM) and space vector PWM 

(SVPWM) are necessary for this method to generate the required voltage vectors as depicted in 

Fig. 2.8, which adds the control and implementation complexity in low cost applications. 
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Fig. 2.17. Experiment results of recorded d-axis current based on the method in [NAK00]. 

C. DC-link current based method 

The method in [LEE06] is tested and the measured dc-link currents are shown in Fig. 2.18. 

In total, only 4 voltage pulses are injected and the dc-link current responses are recorded. Their 

peak values are compared and the rotor initial position is estimated at 120 degrees. [LEE06] 

selects voltage vectors based on results of former step so that only 4 pulses are required ideally. 

 

Fig. 2.18. Experiment results of recorded d-axis current based on the method in [LEE06]. 

D. Three-phase terminal voltage based method 

The method in [LAI03] is tested by measuring terminal three-phase voltages. The measured 

terminal three-phase voltages are shown in Fig. 2.19. After excitations, the terminal three-phase 

voltages are measured and the freewheeling times are compared. The estimated rotor initial 

position is 150 degrees with an estimation error of 30 degrees. After injecting in one phase, the 

responses of other two phases are used for position estimation, and therefore, more information 

can be obtained based on one injection so that only 4 pulses are required. 
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Fig. 2.19. Experiment results of terminal three-phase voltages based on the method in [LAI03]. 

 Overall Comparison 

In all, 4 conventional methods are implemented and validated through both simulation and 

experiment. The simulation and experiment estimation results are summarized in Table 2.1. In 

the tested case, both methods estimate rotor initial position correctly and are align with their 

claimed estimation performance. 

TABLE 2.1 

ESTIMATION RESULTS 

Method Simulation Experiment 

 𝜃෠௥(°) Error(°) 𝜃෠௥(°) Error(°) 

[SCH97] 119.2074 0.8 123.23 2.23 

[NAK00] 127.5 7.5 112.5 7.5 

[LEE06] 120 0 120 0 

[LAI03] 90 30 150 30 

 

Furthermore, the overall estimation against rotor position is provided in Table 2.2. In Table 

2.2, the overall estimation results at different rotor positions are given. Both estimation 

resolutions and maximum estimation errors are shown. First of all, all 4 methods have achieved 

their claimed estimation performance. Then, according to Table 2.2, it can be summarized that 

[SCH97] has the best estimation performance with the least estimation error, so that the starting 

torque can be maximized. [LEE06] requires the smallest number of pulses which minimize the 

time consumption and losses. [LEE06] only need one sensor which can be a better option in 

low cost applications. Only [NAK00] requires PWM strategy to generate vectors adding control 
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and implementation complexity. At last, in order to find out the most cost-effective method 

considering the estimation performance and cost together, a cost-effective index 𝑆 is defined as: 

𝑆 = (𝐴𝐸 + 𝑀𝐸) ∗ 𝑁௉ ∗ 𝑁ௌ (2.9) 

where 𝐴𝐸  and 𝑀𝐸  are the average error and the maximum error, respectively. 𝑁௉  is the 

required pulse number and 𝑁ௌ is the required sensor number. Apparently, a smallest number of 

𝑆 indicates the most cost-effective method. It is shown in Table 2.2 that the method in [LEE06] 

is the most cost-effective selection, since only one dc-link current sensor is used and an 

estimation resolution of 30 degrees can be achieved with 5 pulses. Moreover, this summarized 

comparison could provide a comprehensive guideline in the selection of rotor initial position 

estimation methods. 

TABLE 2.2 

OVERALL COMPARISON 

Method [SCH97] [NAK00] [LEE06] [LAI03] 

Estimation resolution 

(degree) 
24 30 30 60 

Maximum estimation error 

(degree) 
15 18 15 30 

Required pulses 6 18 5 4 

Current sensor 3 3 1 0 

Voltage sensor 0 0 0 3 

Requirement of PWM No Yes No No 

Cost-effective index 392.4 1377 112.5 540 
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2.5 Proposed Simple Voltage Pulse Selection Strategy [WU20a] 

As introduced in Section 2.3, the current response after injecting voltage pulse is given as: 

𝐼(𝑡) =
𝑉௉

𝑅௘௤
(1 − 𝑒

ି
்ು

௅೐೜ ோ೐೜⁄ ) (2.10) 

It is obvious that the magnitude and duration of the voltage pulse can affect the value of 

current response and therefore the estimation performance. It is worth noting  that in this chapter, 

the DC-link voltage is assumed to be adjustable. Thus, in order to obtain a reliable estimation 

performance, it is necessary to develop a strategy to effectively select the magnitude and 

duration of voltage pulses, which has not been discussed in literature. In this part, the magnitude 

and duration of the voltage pulse are defined as 𝑉௉ and 𝑇௉. Besides, for some applications with 

fixed DC-link voltage, only duration of voltage pulse is to be adjusted by following the 

proposed method. 

 Magnitude and Duration Selection 

A. Selection rules 

In this section, a simple voltage pulse selection strategy including duration and magnitude 

is presented. Initially, there are two design rules for selection: 

The first rule is to limit the produced torque which may induce rotor movement and other 

undesired results including damage to rotor shaft and noise issues. Hence, a limitation of q-axis 

current, i.e. 𝐼௤_ெ஺௑ , should be given, depending on different applications. The first rule is 

associated with upper limitation during selection of 𝑉௉ and 𝑇௉. 

The second one is to make sure the current responses against rotor position are observable. 

The observable current responses guarantees a reliable estimation results and therefore a better 

start-up capability. The second rule is associated with lower limitation during selection of 𝑉௉ 

and 𝑇௉. 

B. Selection of duration 𝑻𝑷 

For the same voltage pulse magnitude, the current response will vary with duration. The 

desirable duration of voltage pulses can be selected by considering the large differences 

between the current responses associated with 6 vector positions (and also 6 rotor positions). It 

is obvious that a larger difference can improve the performance and guarantee a reliable start-

up of the motor. Therefore, selection of duration is to find out 𝑇௉_ெ஺௑  which generates the 

maximum difference between current responses. 
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First, considering two voltage pulses injected at two different positions, the corresponding 

current responses 𝐼ଵ  and 𝐼ଶ  are given in (2.11) and the difference Δ𝐼  between two current 

responses is calculated by (2.12). 

𝐼ଵ(𝑡) =
𝑉௉

𝑅௘௤
(1 − 𝑒

ି
்ು
ఛ೐భ)

𝐼ଶ(𝑡) =
𝑉௉

𝑅௘௤
(1 − 𝑒

ି
்ು
ఛ೐మ)

 (2.11) 

Δ𝐼(𝑡) =
𝑉௉

𝑅௘௤
(𝑒

ି
்ು
ఛ೐మ − 𝑒

ି
்ು
ఛ೐భ) (2.12) 

where 𝜏௘ଵ and 𝜏௘ଶ are the electrical time constants of two injection cases. 𝑅௘௤ is the equivalent 

resistance in the excitation circuit. The excitation configuration is referred to Fig. 2.6. The 

injection positions are different so that the saturation levels are different leading to different 

inductances and therefore electrical time constants. Then, by differential Δ𝐼(𝑡) by time 𝑇௉, the 

theoretical duration that produces the maximum difference can be obtained by: 

𝑇௉_ெ஺௑ =
𝜏௘ଵ𝜏௘ଶ𝑙𝑜𝑔

𝜏௘ଶ

𝜏௘ଵ

𝜏௘ଶ − 𝜏௘ଵ
 (2.13) 

By way of example, Fig. 2.20 illustrates that the maximum difference of two current 

responses occurs at 𝑇௉_ெ஺௑ according to (2.13).  

 

Fig. 2.20. Current responses and variation of current difference with duration. [WU20a] 

However, 𝑇௉_ெ஺௑ in (2.13) is too complicated for practical use. Therefore, an approximation is 

used instead. Define 𝜏௘ଶ = 𝜏௘ଵ + ∆𝜏, for a small ∆𝜏, 𝑇௉_ெ஺௑ can be approximated as 𝑇௉_ெ஺௑
ᇱ  

which is given by: 
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𝑇௉_ெ஺௑
ᇱ =

𝜏௘ଵ + 𝜏௘ଶ

2
≈ 𝜏௘ே (2.14) 

Fig. 2.21 demonstrates the relationship between ∆𝜏 and the difference between the theoretical 

duration 𝑇௉_ெ஺௑  and the approximated duration 𝑇௉_ெ஺௑
ᇱ . It is obvious that the difference 

between 𝑇௉_ெ஺௑ and 𝑇௉_ெ஺௑
ᇱ  is relatively small. Hence, the approximated duration 𝑇௉_ெ஺௑

ᇱ  can 

be used for easier implementation. Based on the above analyses, the duration 𝑇௉ can be selected 

around the nominal electrical time constant 𝜏௘ே  in order to achieve the maximum current 

difference. 

.  

Fig. 2.21. Duration difference against ∆𝜏. [WU20a] 

C. Selection of magnitude 𝑽𝑷 

For the magnitude of voltage pulses, there are two limitations, 𝑉௣_ெ஺௑ and 𝑉௣_ெூே, which 

should be determined for magnitude selection.  

First, the upper limitation 𝑉௉_ெ஺௑  limits the torque produced by voltage injection. Since 

there will be a q-axis current induced, which generates the impulse torque during injection and 

may cause rotor rotating or shaft damage. Hence, the upper limitation of voltage pulse can be 

calculated based on the torque/q-axis current limitation and the rotor movement limitation. 

(1) Torque/q-axis current limitation 

As some applications are restricted with the q-axis current or torque, it is necessary to limit 

the maximum voltage pulse by: 

𝑉௉

𝑅௘௤
= 𝐼 < 𝐼௤_ெ஺௑

↓
𝑉௉_ெ஺௑_ଵ < 𝑅௘௤𝐼௤_ெ஺௑

 (2.15) 
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In (2.15), a maximum q-axis current 𝐼௤_ெ஺௑ can be determined according to the requirement 

of real application. Furthermore, based on the selection of duration 𝑇௉, which is chosen around 

electrical time constant, a coefficient of 0.63 is applied to (2.16): 

𝑉௉

𝑅௘௤
(1 − 𝑒ିଵ) = 𝐼 ≤ 𝐼௤_ெ஺௑ 

        𝑉௉_ெ஺௑_ଵ ≤
ோ೐೜ூ೜_ಾಲ೉

(ଵି௘షభ)
     i.e.  𝑉௉_ெ஺௑_ଵ ≤

ோ೐೜ூ೜_ಾಲ೉

଴.଺ଷ
 

(2.16) 

(2) Rotor movement limitation 

Apart from induced torque limitation, the rotor movement should also be limited. By 

neglecting load torque and friction, the rotor movement can be calculated as: 

𝜃௥ =
3

2

𝑃ଶ

𝐽
𝜓௠

𝑉௉

𝑅௘௤
൭

𝑇௉
ଶ

2
− ቆ

𝐿௘௤

𝑅௘௤
ቇ

ଶ

𝑒
ି

்ು
௅೐೜ ோ೐೜⁄ ൱ (2.17) 

where 𝐽 is the inertia, 𝑃 is the number of pole pairs, 𝜃௥ is the electrical rotor position, 𝜓௠ is the 

permanent magnet flux-linkage. Furthermore, based on the selection of duration 𝑇௉, which is 

chosen around electrical time constant, (2.17) can be updated as: 

𝜃௥ ≈
1

5

𝑝ଶ

𝐽
𝜓௠

𝑉௉

𝑅௘௤
ቆ

𝐿௘௤

𝑅௘௤
ቇ

ଶ

 (2.18) 

The induced rotor movement is limited as: 

𝜃௥ ≈
1

5

𝑝ଶ

𝐽
𝜓௠

𝑉௉

𝑅௘௤
ቆ

𝐿௘௤

𝑅௘௤
ቇ

ଶ

≤ 𝜃௠௔௫ (2.19) 

Therefore, the maximum voltage pulse is: 

𝑉௉_ெ஺௑_ଶ ≤ 5
𝐽𝑅௘௤

𝑃ଶ𝜓௠
ቆ

𝑅௘௤

𝐽௘௤
ቇ

ଶ

𝜃௠௔௫ (2.20) 

It is worth mentioning that in the derivation of rotor movement, the load torque and friction are 

neglected, the induced rotor movement could be actually larger than calculated value.  

At last, the upper limitation of voltage pulse magnitude is given as: 
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𝑉௉_ெ஺௑ = min (𝑉௉_ெ஺௑_ଵ, 𝑉௉_ெ஺௑_ଶ) (2.21) 

Next, the lower limitation 𝑉௉_ெூே is defined to guarantee the rotor initial position estimation 

reliable. According to the magnetic saturation effect, in order to identify the polarity, enough 

voltage pulse should be given to produce sufficient armature reaction to produce an observable 

difference between north and south poles during polarity identifications. Otherwise, a reverse 

starting can happen with 180 degrees position error. Therefore, it is necessary to determine an 

appropriate 𝑉௉_ெூே during the selection of voltage pulse magnitude. In real application, during 

estimation, the current responses recorded in the controllers could be different from the actual 

values as shown by (2.22). This current recording error can affect the estimation performance. 

𝐼௥௘௖௢௥ௗ = 𝐼௥௘௔௟ + 𝐼௘௥௥௢௥ (2.22) 

The current recording error 𝐼௘௥௥௢௥ consists of several components and can be represented as: 

𝐼௘௥௥௢௥ = 𝜀௞ + 𝜀଴ + 𝜀஺஽஼ + 𝜀௡ + 𝜀ௗ + 𝜀௏೏೎
 (2.23) 

where 𝜀௞ is the measurement scaling error, 𝜀଴ is the measurement DC offset error and 𝜀஺஽஼ is 

the error due to ADC quantization. 𝜀௡  and 𝜀ௗ  are errors caused by noise and disturbance, 

respectively. 𝜀௏೏೎
 is the error caused by DC-link voltage variation. The value of 𝐼௘௥௥௢௥ should 

be determined based on the hardware. A simple way to determine the maximum value of 𝐼௘௥௥௢௥ 

is introduced here. Several voltage pulses with same magnitude and duration are injected at the 

same position, the difference between the maximum and average values of current responses 

are recorded and 𝐼௘௥௥௢௥ can be calculated by 

𝐼௘௥௥௢௥ ≥ 2(𝐼ெ஺௑ − 𝐼ொ஺ே) (2.24) 

Then, as shown in (2.25), two opposite voltage pulses are injected into one position, the 

difference between two current responses is recorded and compared with 𝐼௘௥௥௢௥. 

ቚห𝐼൫𝑉௉_ெூே൯ห − ห𝐼൫−𝑉௉_ெூே൯หቚ = Δ𝐼 > 𝐼௘௥௥௢௥ (2.25) 

According to (2.24) and (2.25), the minimum limitation of voltage pulse magnitude 𝑉௉_ெூே 

should be selected by ensuring Δ𝐼 > 𝐼௘௥௥௢௥. 
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 Reliable Selection Area (RSA) 

From the determined duration and magnitude of the voltage pulse, a reliable selection area 

(RSA) can be obtained as shown in Fig. 2.22. Selecting voltage pulse within this RSA, a more 

reliable and effective estimation performance can be guaranteed. 

 

Fig. 2.22. Reliable selection area. [WU20a] 

For pulse magnitude, it can be selected between 𝑉௣_ெூே and 𝑉௣_ெ஺௑. It is suggested to select 

the pulse duration around 𝜏௘ே  first. However, considering the variation of electrical time 

constant against rotor position, i.e. inductance changes, rather than to select a single duration 

value it is better to select a duration range between the maximum and minimum electrical time 

constants given by (2.26): 

𝜏௘_ெ஺௑ =
𝐿ெ஺௑

𝑅௘௤

𝜏௘_ெூே =
𝐿ெூே

𝑅௘௤

 (2.26) 

where 𝐿ெ஺௑  and 𝐿ெூே  are the maximum and minimum inductances respectively over all 

rotor positions. These two time constants can be obtained easily based on FE analyses or 

experiments according to current limitation. 

 Experimental Validation 

Based on a SPM-I test platform, the experiments are carried out to validate the proposed 

voltage pulse selection strategy and calculate the RSA region.  
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A. Selection of magnitude 𝑽𝑷 

As aforementioned, for the magnitude of voltage pulses, there are two limitations, 𝑉௉_ெ஺௑ 

and 𝑉௉_ெூே, that need to be determined for selection. Firstly, the upper limitation 𝑉௉_ெ஺௑ can be 

defined based on the machine parameters and the current limitation. At first, the current 

limitation is set as 6A. Then, the calculated upper limitation of voltage pulse magnitude is 

derived as: 

𝑉௉_ெ஺௑_ଵ <
𝑅௘௤𝐼௤_ெ஺௑

0.63
≈ 60𝑉 (2.27) 

The rotor movement limitation 𝜃௠௔௫ is set as 1 degree, then the calculated upper limitation 

of voltage pulse magnitude is derived as: 

𝑉௉_ெ஺௑_ଶ ≤ 5
𝐽𝑅௘௤

𝑃ଶ𝜓௠
ቆ

𝑅௘௤

𝐿௘௤
ቇ

ଶ

𝜃௠௔௫ ≈ 130𝑉 (2.28) 

Therefore, the finalised upper limitation of voltage pulse magnitude is selected as 60V. 

For the lower limitation 𝑉௉_ெூே , the current error 𝐼௘௥௥௢௥  needs to be determined firstly. 

Several voltage pulses with the same magnitude and duration are injected into the same position 

as shown in Fig. 2.23. In Fig. 2.23, the blue line indicates the average value of all the peak 

values. The difference between the mean value and the maximum value gives the measurement 

error 𝐼௘௥௥௢௥. 

 

Fig. 2.23. Determination of current error 𝐼௘௥௥௢௥. [WU20a] 

The current error can be determined from (2.24), as: 

𝐼௘௥௥௢௥ = 2(𝐼ெ஺௑ − 𝐼ொ஺ே) = 0.1𝐴 (2.29) 
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The measured current difference against voltage pulse magnitude is shown in Fig. 2.24. 

According to 𝐼௘௥௥௢௥ , the difference below 0.1A is unreliable. Thus, from (2.25), the lower 

limitation 𝑉௉_ெூே can be determined as 30V. 

 

Fig. 2.24. Current difference against voltage pulse magnitude 𝑉௉. [WU20a] 

B. Selection of duration 𝑻𝑷 

Referring to analyses before, two opposite voltage pulses with the same magnitude are 

injected at the same position. Fig. 2.25 illustrates the analytically calculated and measured 

variations of current response difference against voltage pulse duration. The analytical results 

are based on (2.11) and (2.12). It can be seen that the experimental results match well with 

analytical results. For both analytical and experimental results, a larger current difference can 

be obtained within the green dashed circle. Hence, according to experimental results, 𝜏௘_ெ஺௑ 

and 𝜏௘_ெூே can be determined as 4ms and 6ms. It is worth noting that although selection of 

duration outside the green dashed circle is also acceptable as long as the difference could be 

larger than the current error, better and more reliable performance could be obtained by 

choosing the duration 𝑇௉ within the green dashed circle which has the largest current response 

difference.  

 

Fig. 2.25. Current difference against voltage pulse duration 𝑇௉. [WU20a] 
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C. Reliable selection area 

From the results of previous sections, 𝑉௉_ெ஺௑, 𝑉௉_ெூே, 𝜏௘_ெ஺௑ and 𝜏௘_ெூே are obtained. By 

utilizing these four parameters, a reliable selection area RSA can be depicted, as presented in 

Fig. 2.26. Based on the estimation method described before, several tests are carried out to 

investigate the rotor initial position estimation performance. Different voltage pulse magnitude 

and duration combinations are considered, both inside and outside RSA. In Fig. 2.26, the blue 

circles indicate the acceptable estimation performance with correct estimation result and 

allowable q-axis current produced. Otherwise, the estimation performance is un-acceptable 

marking with a red cross. 

 

Fig. 2.26. Reliable selection area. [WU20a] 

Besides, from Fig. 2.26, four different cases are chosen to illustrate the measured results 

when selected voltage pulse is inside and outside RSA, Fig. 2.27(a)-(d). In Fig. 2.27, according 

to the real rotor initial position (117 electrical degrees), phase B current response of the 3rd 

pulse should be the largest, otherwise, the estimation will be incorrect. Besides, the produced 

q-axis current should not exceed 6A. 

Firstly, selected voltage pulses are outside RSA at a lower level which will result in a wrong 

estimation. An example is given in Fig. 2.27(a), the current response of the 5th pulse is the 

largest which is wrong. Then, selected voltage pulses are outside RSA at a higher level, 

although the estimation could be correct, the produced q-axis current will exceed the limit. For 

case II in Fig. 2.27(b), by calculation, the produced q-axis current (6.38A) is over the limit. 

Next, from case III in Fig. 2.27(c), selected voltage pulses are inside RSA, estimation 

performances are all acceptable. At last, it is worth mentioning that the proposed RSA is a 

simple and approximate selection strategy. From case VI in Fig. 2.27(d), although voltage pulse 
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is selected outside RSA, an acceptable estimation performance can also be obtained. 

Nevertheless, it can be concluded that by selecting the voltage pulse within RSA, reliable 

estimation performance is guaranteed. 

 

(a) 

 

(b) 

.  

(c) 

 

(d) 

Fig. 2.27. Measured current responses of typical injections. (a) Case I with wrong estimation outside 

RSA. (b) Case II with q-axis current over limit outside RSA. (c) Case III with acceptable estimation 

inside RSA (d) Case IV with acceptable estimation outside RSA. [WU20a] 
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 Summary 

For rotor initial position estimation, voltage pulse injection based methods are a popular 

option. A simple voltage pulse selection strategy is proposed and introduced, besides a reliable 

selection area (RSA) is obtained. The proposed RSA provides an effective and simple way to 

select the duration and magnitude of voltage pulses for rotor initial position estimation. By 

selecting voltage pulse within RSA, more reliable performance can be achieved, as validated 

by experiments. It is worth mentioning that based on the experiment results, acceptable 

estimation can also be obtained if voltage pulse is selected outside the RSA, and hence the 

selection area may not be fully utilized. Therefore, the overall selection of voltage pulse with 

all different combinations of magnitude and duration is investigated and a so-called “Extended 

RSA” is further developed in the next section. 

2.6 Overall Voltage Pulse Selection Investigation 

As discussed in Section 2.5, a simple voltage pulse selection strategy is introduced. 

However, it is found that reliable estimation results can also be obtained outside of the reliable 

selection area (RSA). Therefore, in this section, outside the RSA, all the other combinations of 

magnitude and duration are investigated by ways of simulation and experiment. In the 

investigation, several constraints are considered and defined initially in order to fulfil the 

requirement depends on the applications and obtain reliable results. In the investigation, all the 

parameters are based on the prototype machine and the practical test platform given in 

Appendix. 

 Constraints 

A. Reliable estimation 

A reliable estimation should be defined at first. By testing with different sets of magnitude 

and duration of voltage pulse, the current differences are calculated and compared with 

measurement noise. If the current difference is larger than the noise and gives the right result, 

then it is regarded as correct and reliable. 

B. Rotor movement constraints 

In the selection, the maximum rotor movement is considered which happens when voltage 

pulse is injected at q-axis. The rotor movement can be calculated as follows: 
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C. Maximum q-axis current 

As introduced in Section 2.5, the induced q-axis current should be limited depends on 

applications. Hence, in the simulation, for each set of magnitude and duration, the induced q-

axis current is calculated by (2.31) and a maximum q-axis current limitation curve can be 

obtained. 

𝑖௤(𝑡) =
𝑉௉

𝑅௘௤
ቆ1 − 𝑒

ି
்ು

௅೐೜ ோ೐೜⁄ ቇ (2.31) 

 Extended Reliable Selection Area (ESRA) 

A. Simulation results 

Based on the constraints introduced in previous section, simulation tests of different 

combinations of magnitude and duration are carried out and a reliable estimation map against 

voltage pulse magnitude and duration can be obtained as shown in Fig. 2.28. 

  
Fig. 2.28. Extended reliable selection area. 

In Fig.2.28, the yellow part is the reliable estimation area where the estimation is correct. 

The induced q-axis current curve is shown in the red dashed line and the rotor movement is 

shown in the blue solid line which both limit the voltage pulse selection area. Then, an 

intersection is shown in the shadow area indicating the reliable selection area. It can be seen 
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that the Reliable Selection Area (RSA) shown in green block is included in this intersected area. 

Hence, this intersected area is called “Extended Reliable Selection Area (ERSA)”. 

B. Experimental results 

Fig. 2.29 shows both the simulation and experiment results of voltage pulse selection results. 

 

(a) 

 

(b) 

Fig. 2.29. Voltage pulse selection area. (a) Simulation results. (b) Experimental results. 

As shown in Fig. 2.29(a) and (b), the simulation and experiment results do not align 

perfectly with each other. The main different case between the simulation and experiment 

results is shown within the green circle. It is found out that unreliable results are obtained in the 

experiment whereas reliable results are obtained in the simulation. This happens when the 

duration is relatively small. There are two main reasons: 
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(1) Limited sampling frequency: In the practical system, it is known that as duration 

decreases, the sampled points become less which affect the estimation performance. 

(2) Decayed current response: In the practical system, due to the existing DC-link 

capacitance, the applied voltage pulse will be decayed and therefore the current response will 

be influenced as well. Since the DC-link capacitance and resistance forms as low-pass filter, 

current response with smaller duration will be more decayed. 

Similar to simulation results, for the experiment results shown in Fig. 2.29(b), it is also 

found that the proposed reliable selection area (RSA) is included in the extended reliable 

selection area (ERSA), which aligns with the discussion in the previous section. Although some 

areas are not utilized, the proposed RSA provides a simple and approximate strategy for voltage 

pulse selection. 

 Application of ERSA in Siemens Wind Power PM Generators 

In order to verify the effectiveness and capability of rotor initial position estimation, the 

voltage pulse selection investigation is further extended to the Siemens 3MW wind power PM 

generator. The parameters and FE simulation results of the tested 3MW PM generator are given 

in Appendix. Due to limitation of practical test, the investigation is mainly focused on the 

simulation by FEA and Matlab/Simulink software. 

A. Co-simulation model 

Initially, a FE based 3MW PM generator model is built. In order to save the simulation time, 

flux-linkage and inductance against current information are calculated by FE software at first 

and are made as look-up table. Fig. 2.30 shows the flux variations against current in dq-axis. 

 

(a) 
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(b) 

Fig. 2.30. Flux-linkages against current map. (a) D-axis flux-linkage. (b) Q-axis flux-linkage. 

Furthermore, based on the relationship between flux and current, the inductances in dq-axis 

can be calculated as well. The calculated inductances in dq-axis are shown in Fig. 2.31. 

 

(a) 

 

(b) 

Fig. 2.31. Inductance against current map. (a) D-axis inductance. (b) Q-axis inductance. 
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Then, based on the FE results, the 3MW PM machine model is built in Matlab/Simulink 

environment incorporating with the inverter and control circuit parts. The simulation model 

block diagram is shown in Fig. 2.32. 

 

Fig. 2.32. FE based simulation model. 

B. Voltage pulse selection area 

Based on the built model of 3MW PM generator, voltage pulse selection area can be 

investigated. For the 3MW PM generator, the induced q-axis current is limited by 100A and the 

maximum measurement error of current is 1A. Then, the voltage pulse selection area is 

calculated and depicted in Fig. 2.33. 
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(b) 

Fig. 2.33. Voltage pulse selection area for 3MW PM generator. (a) Overall. (b) Zoom in. 

For the 3MW PM generators, due to very large inertia, rotor movement will only be induced 

when duration goes beyond 50ms, and therefore, the rotor movement constraint is not included 

in Fig. 2.33. It can be seen that the intersection between current limitation and correct estimation 

results is quite small but still exists. Compared with 3kW PM generator, the much smaller 

selection area of 3MW PM generator is caused by several reasons:  

a. Large current measurement error (1A) 

b. Small phase resistance (6mΩ) 

o A small resistance will cause large current induced including q-axis current so 

that to be limited. 

c. Small current limitation (100A) 

o The current limitation is set as 2% of the rated current. 

d. Small inductance variation against rotor position 

o Due to large airgap and open slot, the magnetic saturation effect may be less on 

the 3MW PM generator than 3kW PM generator. 

o The limited current will restrict the armature reaction. 
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2.7 Conclusion 

In this chapter, the short-pulse-injection-based rotor initial position estimation is introduced. 

Based on the magnetic saturation effect, several conventional methods are illustrated and 

validated. Since this type of methods relies on injecting voltage pulse to detect the rotor initial 

position, the selection of voltage pulse should be considered which will influence the estimation 

performance. Hence, a simple voltage pulse selection strategy is presented in this chapter and 

a reliable selection area (RSA) is obtained. Selection voltage pulse within this area, reliable 

estimation performance can be obtained. Furthermore, it is found out that outside the RSA, 

there are also some areas that provide reliable estimation results. Thus, in order to fully utilize 

the selection area, voltage pulse selection outside the RSA is also investigated and a so called 

“extended reliable selection area (ERSA)” is obtained which actually contains the RSA. The 

effectiveness of both RSA and ERSA is validated by experiment results. Moreover, the voltage 

pulse selection is further extended to the Siemens 3MW Wind Power PM Generator. For 3MW 

PM generators, it is found out that the available selection area is relatively small compared with 

the 3kW PM generator. 
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CHAPTER 3 

ROTOR INITIAL POSITION ESTIMATION METHOD 

BASED ON THREE PHASE CURRENT 

3.1 Introduction 

Based on the magnetic saturation effect, several short-pulse-injection-based methods 

[SCH97][NAK00][LAI03][LEE06][CHA09] are proposed for SPMs, which can be categorized 

as current-response-based and voltage-response-based methods. For current-response-based 

methods, in [SCH97], 6 voltage pulses are injected into stator windings, the current responses 

in ABC reference frame is used to estimate the rotor initial position. This method offers a 30-

degree resolution but consumes longer execution time due to 6 pulses. For [NAK00], the 

estimated d-axis current is used to estimate the rotor initial position with a 7.5-degree resolution. 

However, a large number of voltage pulses are necessary and the estimation resolution may not 

be guaranteed. In [LEE06], the rotor position is determined by utilizing dc-link current with a 

30-degree resolution. For voltage-response-based methods, [LAI03] estimates rotor initial 

position by comparing freewheeling time using three voltage sensors with a 60-degree 

resolution. [CHA09] utilizes both freewheeling period and dc-link current to determine the rotor 

initial position. A 30-degree resolution is achieved at the cost of 2 voltage sensors and 1 dc-link 

current sensor. For these conventional methods, in order to determine rotor initial position with 

an acceptable estimation resolution, many pulses or extra sensors are necessary, which may 

increase the cost and complexity to the sensorless drive system. 

In this chapter, a new simplified short-pulse-injection-based rotor initial position estimation 

method for SPMs is proposed. The proposed method shows more effective estimation 

performance than conventional methods by adopting three novel strategies. The first one is the 

utilization of three-phase current responses after one pulse while conventional methods only 

use the injected phase current. For the second aspect, conventional methods inject voltage 

pulses at some fixed positions, e.g. 0, 60, 120, 180, 240, 300 degrees, some of which are 

redundant. The proposed method selects injection position based on previous injection results 

in way of closed-loop selection. Based on first two strategies, the estimation process is 

simplified with only three pulses while achieving the desired estimation performance with at 

least 30-degree resolution at no cost of extra sensors. 
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The third one is the proposed boundary detection strategy (BDS). A so-called ‘boundary 

case’ is considered when the rotor magnetic pole locates around the boundary of two adjacent 

sectors resulting in low SNR current responses for estimation. For conventional methods which 

do not consider the boundary case, the estimation performance could be deteriorated. In order 

to solve this, either high voltage pulse level or extra pulse injection are required leading to extra 

complexity and loss to the system. In this chapter, a simple boundary detection strategy is 

introduced to solve the issue which improves the estimation performance. Furthermore, the 

concept of ‘boundary width’ is proposed and by selecting a proper boundary width during 

boundary detection, the estimation resolution can be further improved to 15 degrees. 

In this Chapter, firstly, the principle of the proposed method is illustrated in detail including 

the utilization of three phase current responses and the proposed voltage pulse selection process. 

Then, the proposed boundary detection strategy is presented. At last, experimental results are 

given to verify the effectiveness of the proposed method and followed by the conclusion. 

This chapter is based on the paper: 

[WU20c] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A novel rotor initial position estimation 

method for surface-mounted permanent magnet synchronous machine,” submitted to IEEE 

Transactions on Energy Conversion. 

3.2 Utilization of Three Phase Currents 

The first major novel strategy of the proposed method is the utilization of three-phase 

current responses after one voltage pulse is injected. The principle of three-phase current 

utilization is illustrated in this section. 

For a symmetrical three-phase PM machine, assuming one voltage pulse is injected in phase 

A, the three-phase current responses can be represented as: 

𝑖஺(𝑡) =
𝑉஺

𝑅஺
ቆ1 − 𝑒

ି
௧

௅ಲ ோಲ⁄ ቇ 

𝑖஻(𝑡) =
𝑉஻

𝑅஻
ቆ1 − 𝑒

ି
௧

௅ಳ ோಳ⁄ ቇ 

𝑖஼(𝑡) =
𝑉஼

𝑅஼
ቆ1 − 𝑒

ି
௧

௅಴ ோ಴⁄ ቇ 

(3.1) 

where 𝑉஺, 𝑉஻ and 𝑉஼ are the phase voltages across three-phase windings. 𝐿஺, 𝐿஻ and 𝐿஼ are the 

self-inductances of three-phase windings. 𝑅஺ , 𝑅஻  and 𝑅஼  are the phase resistances of three-

phase windings. 
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For the three-phase current responses, the phase A current is called “Primary current 

response” since the voltage pulse is injected in phase A with the largest amplitude of current 

response. The phase B and C currents are called “Secondary current responses”. Then, (3.1) is 

re-write as: 

𝑖஺
௉(𝑡) =

𝑉஺

𝑅
ቆ1 − 𝑒

ି
௧

௅ಲ ோ⁄ ቇ 

𝑖஻
ௌ (𝑡) =

𝑉஻

𝑅
ቆ1 − 𝑒

ି
௧

௅ಳ ோ⁄ ቇ 

𝑖஼
ௌ(𝑡) =

𝑉஼

𝑅
ቆ1 − 𝑒

ି
௧

௅಴ ோ⁄ ቇ 

(3.2) 

where the sign “𝑃” indicates the primary current response and “𝑆” indicates the secondary 

current response. 

For conventional methods, only the current of the injected phase, i.e. primary current 

response, is recorded and used for estimation. Therefore, several voltage pulses are necessary 

to be injected so that three-phase current responses can be obtained. However, as shown in (3.2) 

currents of the other two phases, i.e. secondary current responses, also contain the rotor initial 

position information which can be used for position estimation. 

An experimental example is given in Fig. 3.1. The rotor initial position is at 41 degrees and 

one voltage pulse is injected to phase A. The three phase current responses are shown in Fig. 

3.1. Apart from phase A current (primary current response), the other two-phase currents 

(secondary current responses) can be utilized as well. The peak value of the phase C current is 

larger than that of the phase B current, which indicates the rotor magnetic pole is closer to phase 

C than phase B which aligns with the real rotor position. 

 
Fig. 3.1. Experimental example of three-phase current utilization. [WU20c] 
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Furthermore, the mathematic model of the three-phase current responses associated with 

rotor position can be derived. Assuming one voltage pulse is injected to phase A, since the 

duration is small, the three-phase current responses can be modelled as: 

𝑖஺
௉(𝑡) = 𝐼௠(𝐿଴ + 𝐿ଶ cos(2𝜃௥)) 

𝑖஻
ௌ (𝑡) = −𝐼௠ ቆ

1

2
𝐿଴ + 𝐿ଶ cos ቆ2 ቀ𝜃௥ +

𝜋

6
ቁቇቇ 

𝑖஼
ௌ(𝑡) = −𝐼௠ ቆ

1

2
𝐿଴ + 𝐿ଶ cos ቆ2 ቀ𝜃௥ −

𝜋

6
ቁቇቇ 

(3.3) 

where 𝐼௠ =
ସ௏೏೎௧

ଽ(௅బ
మି௅మ

మ)
. 𝑉ௗ௖ is amplitude of the DC-link voltage, 𝑡 is the duration time, 𝐿଴ and 𝐿ଶ 

are the amplitudes of the dc and 2nd order harmonic components of three-phase self-inductances. 

From (3.3), the amplitude of dc component of primary current response is twice of the 

secondary current response one. Nevertheless, it is worth noting that the amplitude of the 2nd 

order harmonic component is the same for both primary and secondary current responses. 

Fig. 3.2 shows the measured results of three-phase current responses. Voltage pulse is 

injected at phase A and the three-phase current responses at different rotor position are 

measured and given in Fig. 3.2. Furthermore, in Fig. 3.3 the harmonic spectra of three-phase 

current responses is also given. Cleary, the measured results match well with (3.3), and apart 

from primary current response (𝑖஺
௉), the two secondary current responses (𝑖஻

ௌ  and 𝑖஼
ௌ) both vary 

with rotor position. The 2nd order harmonic component is the same for each phase current 

response. 

 

Fig. 3.2. Measured three-phase current responses against rotor position. 
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Fig. 3.3. Harmonic spectra of measured three-phase current response waveform. 

Therefore, for the proposed method, by utilizing both three-phase current responses, more 

information can be obtained within one pulse injection, which helps to reduce the number of 

voltage pulses required. 

3.3 Voltage Pulse Injection Process 

Based on utilization of both primary and secondary current responses, a specific voltage 

pulse injection process is proposed. During the injection process, the injection position is 

selected based on the results from the previous pulse. Consequently, only three voltage pulses 

in total are injected and a 30-degree estimation resolution can be achieved without extra cost of 

sensors.  

After injection of voltage pulses, the current responses are recorded and the peak values of 

current responses are used for rotor initial position estimation. For simplicity, |𝑖஺|, |𝑖஻|, |𝑖஼| 

represent the absolute peak values of current responses in three phases. |𝑖஺ା| and |𝑖஺ି| are the 

absolute peak values of positive and negative current responses in phase A, and they are same 

for phases B and C. Moreover, for the proposed method, the excitation configurations of all 

injection positions are shown in Fig.3.4. 
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(c) (d) 

  
(e) (f) 

Fig. 3.4. Excitation configurations associated with injection position. (a) A+. (b) C-. (c) B+. (d) A-. 

(e) C+. (f) B-. 

The whole process can be divided into 5 steps. In the first step, a positive voltage pulse is 

injected at phase A and the current responses in phase B and phase C are used to determine the 

injection position of the second voltage pulse in the next step. In the second step, based on the 

results of the first voltage pulse, a second voltage pulse will be injected at phase B or phase C. 

According to the results of first and second pulses together, the phase where the rotor magnetic 

pole is the closest to can be determined. Then, the third step is to identify the polarity. At this 

stage, a 60-degree resolution can be achieved. Next, the fourth step is to improve the estimation 

resolution from 60 degrees to 30 degrees by utilizing current responses from step 3. Meanwhile, 

there are some cases that the rotor magnetic pole locates at the boundary between adjacent 

sectors of which the estimation results are sensitive to noise, thus a boundary detection strategy 

is introduced to enhance the estimation accuracy. The whole estimation process is demonstrated 

by the flow chart in Fig. 3.6.  

 First Voltage Pulse Injection 

In the first step, a positive voltage pulse is injected at phase A. After injection of the first 

voltage pulse, three current responses of three phases, 𝑖஺ଵା, 𝑖஻ଵି, 𝑖஼ଵି, are recorded. Then, 𝑖஻ଵି 

and 𝑖஼ଵି are compared to determine whether the rotor magnetic pole is closer to phase B or 

phase C. This is demonstrated by Fig. 3.5(a), where only the phases with the solid black line 

are compared and the dashed grey lines are not. If |𝑖஻ଵି| > |𝑖஼ଵି|, the rotor magnetic pole is 

closer to phase B, then a positive voltage pulse will be injected at phase B in the next step. 
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Otherwise, |𝑖஻ଵି| < |𝑖஼ଵି|, the rotor magnetic pole is closer to phase C, a positive voltage pulse 

will be injected at phase C in the next step. 

 Second Voltage Pulse Injection 

For the second voltage pulse, the injection position is based on the results from step 1. For 

example, if it is known that |𝑖஻ଵି| > |𝑖஼ଵି| from the first pulse results, then a positive pulse is 

injected at phase B. After injection, there are three current responses, 𝑖஺ଶି, 𝑖஻ଶା, 𝑖஼ଶି. Then, as 

shown in Fig. 3.5(b), current responses in phase A and phase C are compared which are 

represented by solid black lines, i.e. 𝑖஺ଶି and 𝑖஼ଶି. An example is shown in Fig. 3.5(b). If 

|𝑖஺ଶି| < |𝑖஼ଶି|, it means that the rotor magnetic pole is closer to phase C than phase A. 

Combining the results from step 1, i.e. |𝑖஻ଵି| > |𝑖஼ଵି|, the rotor magnetic pole is closer to phase 

B than phase C. It can be determined at last that the magnetic pole of rotor is the closest to 

phase B, as shown in Fig. 3.5(c). Therefore, the phase where the rotor magnetic pole is the 

closest to can be identified in this step. Then, a corresponding negative voltage pulse will be 

injected at the selected phase in the next step to identify the polarity of rotor magnetic pole. The 

total estimation cases and injection phase selections are listed in TABLE 3.1. 

  
(a) (b) 

  
(c) (d) 

Fig. 3.5. Illustration of current responses between different phases. (a) Comparing phase B and 

phase C. (b) Comparing phase C and phase A. (c) Polarity determination. (d) North pole 

determined. [WU20c] 
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Fig. 3.6. Flow chart of the whole estimation process. [WU20c] 
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TABLE 3.1 
OVERALL ROTOR INITIAL POSITION DETERMINATION SCHEME 

Step 1  

Case 

Inject 

Phase 

Step 2  

Case 

Estimated 

Phase (Position)

Injection 

Phase 

Step 3  

Case 

Sector: 

60 degrees 

Step 4  

Case 

Sector: 

30 degrees 

𝑖஻ଵି > 𝑖஼ଵି B+ 

𝑖஺ଶି > 𝑖஼ଶି 

𝑖஺ଵା > 𝑖஻ଶା A A- 

𝑖஺ଵା > 𝑖஺ଷି 1 
𝑖஻ଷା > 𝑖஼ଷା 1a 

𝑖஻ଷା < 𝑖஼ଷା 1b 

𝑖஺ଵା < 𝑖஺ଷି 4 
𝑖஻ଷା > 𝑖஼ଷା 4a 

𝑖஻ଷା < 𝑖஼ଷା 4b 

𝑖஺ଵା ≈ 𝑖஻ଶା 
(*) 

150°, 330° B- 
𝑖஻ଶା > 𝑖஻ଷି 150° 

𝑖஻ଶା < 𝑖஻ଷି 330° 

𝑖஺ଵା < 𝑖஻ଶା B B- 

𝑖஻ଶା > 𝑖஻ଷି 3 
𝑖஺ଷା > 𝑖஼ଷା 3b 

𝑖஺ଷା < 𝑖஼ଷା 3a 

𝑖஻ଶା < 𝑖஻ଷି 6 
𝑖஺ଷା > 𝑖஼ଷା 6b 

𝑖஺ଷା < 𝑖஼ଷା 6a 

𝑖஺ଶି < 𝑖஼ଶି B B- 

𝑖஻ଶା > 𝑖஻ଷି 3 
𝑖஺ଷା > 𝑖஼ଷା 3b 

𝑖஺ଷା < 𝑖஼ଷା 3a 

𝑖஻ଶା < 𝑖஻ଷି 6 
𝑖஺ଷା > 𝑖஼ଷା 6b 

𝑖஺ଷା < 𝑖஼ଷା 6a 

𝑖஺ଶି ≈ 𝑖஼ଶି 

(*) 
B B- 

𝑖஻ଶା > 𝑖஻ଷି 120° 

𝑖஻ଶା < 𝑖஻ଷି 300° 

𝑖஻ଵି < 𝑖஼ଵି C+ 

𝑖஺ଶି > 𝑖஻ଶି 

𝑖஺ଵା > 𝑖஼ଶା A A- 

𝑖஺ଵା > 𝑖஺ଷି 1 
𝑖஻ଷା > 𝑖஼ଷା 1a 

𝑖஻ଷା < 𝑖஼ଷା 1b 

𝑖஺ଵା < 𝑖஺ଷି 4 
𝑖஻ଷା > 𝑖஼ଷା 4a 

𝑖஻ଷା < 𝑖஼ଷା 4b 

𝑖஺ଵା ≈ 𝑖஼ଶା 

(*) 
30°, 210° C- 

𝑖஼ଶା > 𝑖஼ଷି 210° 

𝑖஼ଶା < 𝑖஼ଷି 30° 

𝑖஺ଵା < 𝑖஼ଶା C C- 

𝑖஼ଶା > 𝑖஼ଷି 5 
𝑖஺ଷା > 𝑖஻ଷା 5a 

𝑖஺ଷା < 𝑖஻ଷା 5b 

𝑖஼ଶା < 𝑖஼ଷି 2 
𝑖஺ଷା > 𝑖஻ଷା 2a 

𝑖஺ଷା < 𝑖஻ଷା 2b 

𝑖஺ଶି < 𝑖஻ଶି C C- 

𝑖஼ଶା > 𝑖஼ଷି 5 
𝑖஺ଷା > 𝑖஻ଷା 5a 

𝑖஺ଷା < 𝑖஻ଷା 5b 

𝑖஼ଶା < 𝑖஼ଷି 2 
𝑖஺ଷା > 𝑖஻ଷା 2a 

𝑖஺ଷା < 𝑖஻ଷା 2b 

𝑖஺ଶି ≈ 𝑖஻ଶି 

(*) 
C C- 

𝑖஼ଶା > 𝑖஼ଷି 240° 

𝑖஼ଶା < 𝑖஼ଷି 60° 

𝑖஻ଵି ≈ 𝑖஼ଵି 

(*) 
B+ 

𝑖஺ଶି > 𝑖஼ଶି 0°, 180° A- 
𝑖஺ଵା > 𝑖஺ଷି 0° 

𝑖஺ଵା < 𝑖஺ଷି 180° 

𝑖஺ଶି < 𝑖஼ଶି 90°, 270° B- 
𝑖஻ଶା < 𝑖஻ଷି 270° 

𝑖஻ଶା > 𝑖஻ଷି 90° 

All current values are absolute value;  (*): boundary cases 
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 Polarity Determination 

After the identification of which phase the rotor magnetic pole is closest to in step 2, the 

polarity will be determined in this step. For the proposed method, the north pole of the magnet 

is to be identified. Based on the results from step 2, a corresponding negative voltage pulse is 

injected at the selected phase in this step. If the rotor magnetic pole is the closest to phase B, 

then a negative voltage pulse is injected at phase B in this step to determine the polarity. By 

way of example, Fig. 3.5(d) shows that it is determined the rotor north magnetic pole locates at 

the positive phase B, by only showing phase B with solid black lines. The other situations are 

similar and summarized in TABLE 3.1. By this step, a 60-degree estimation resolution is 

achieved, as shown in Fig. 3.7. 

 
Fig. 3.7. Sector associated with 60 degree resolution estimation result. [WU20c] 

 
Fig. 3.8. Sector associated with 30 degree resolution estimation result. [WU20c] 

 Improving Estimation Resolution 

In this step, the estimation resolution is improved from 60 degrees to 30 degrees as shown 

in Fig. 3.7 and Fig. 3.8. After injection of the third voltage pulse, there are three phase current 

responses. One of them is used for polarity determination in the previous step and another two 

will be subsequently used for improving estimation resolution in this step. By way of example, 

if the rotor magnetic pole locates at phase B, after injecting a negative voltage pulse at phase B, 

three current responses are recorded, i.e. 𝑖஺ଷା, 𝑖஻ଷି, 𝑖஼ଷା. After determination of polarity in the 

previous step, the rotor north magnetic pole is in sector 3 as shown in Fig. 3.7. If |𝑖஺ଷା| < |𝑖஼ଷା|, 
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then the rotor north magnetic pole locates at sector 3a as depicted in Fig. 3.8. Hence, a 30-

degree resolution estimation is obtained in this step. The overall process of rotor initial position 

estimation is demonstrated in TABLE 3.1. 

3.4 Boundary Detection Strategy 

In some cases, when the rotor magnetic pole locates at the boundary of two adjacent sectors 

shown by pink shadow areas in Fig. 3.9. The difference between two current responses may not 

be easily observed and become more sensitive to noise. Consequently, an estimation error will 

be introduced and affect the estimation accuracy. In order to solve this problem, higher level of 

voltage pulse or extra injections should be applied. However, these approaches consume more 

time and losses. Moreover, a higher level of voltage pulse may lead to rotor movement. 

Therefore, a simple boundary detection strategy (BDS) is proposed. With BDS, the estimation 

performance can be enhanced in two aspects, one is the reduction of the impact from current 

sampling noise to guarantee a reliable estimation. Another aspect is further improving the 

estimation resolution. In all, there are 12 boundary cases in total shown in Fig. 3.9 and included 

in TABLE 3.1 marked with a sign of star.  

 
Fig. 3.9. Overall boundary cases associated with estimation sector. [WU20c] 

 Noise Impact Reduction 

The first merit by applying BDS is the reduction of impact from noise during current 

sampling. In the real drive systems, due to existence of noises, the current recorded in controller 

may not be the same as the real current. Therefore, the recorded current 𝐼௥௘௖௢௥ௗ  can be 

represented as: 

𝐼௥௘௖௢௥ௗ = 𝐼௥௘௔௟ ± 𝐼௘௥௥௢௥ (3.4) 

where 𝐼௥௘௔௟ is the real current, 𝐼௘௥௥௢௥ is the error between real and recorded currents. The error 

current 𝐼௘௥௥௢௥ can come from several sources, such as measurement error, ADC quantization 

error and noises. 

A+A-

C+ B-

C-B+

1a

1b4a

4b

6a

3a
2a

2b
3b

5a
5b

6b

Boundary



99 
 

 
Fig. 3.10. Current responses at boundary. [WU20c] 

Fig. 3.10 shows an example, at the boundary between sector 1b and sector 2a, the current 

responses in phase B and phase C should be ideally equal. However, due to measurement error, 

these two values may be different. Besides, if the rotor magnetic pole is close to the boundary, 

the difference between two current responses can be very small and becomes more sensitive to 

noise, the sign of the difference may be opposite from actual value, which affects the estimation 

performance. 

In order to solve this issue, a threshold value of the current response difference ∆𝐼௧௛଴ is set, 

if the difference between two current responses is lower than the threshold value, the rotor 

magnetic pole is judged to be located at the boundary and an exact initial position can be 

estimated.  

The threshold ∆𝐼௧௛଴ considering only noise impact is determined through pre-test. The error 

𝐼௘௥௥௢௥ is measured initially. A simple way of obtaining this value is introduced in Section 2.5. 

After 𝐼௘௥௥௢௥ is obtained, the threshold considering noise impact is defined as: 

∆𝐼௧௛଴ = 𝐼௘௥௥௢௥ (3.5) 

 Estimation Performance Improvement 

The second merit by applying BDS is the improvement of estimation performance. A 

definition called “boundary width” is introduced in this section. Furthermore, it is found out by 

selecting a proper boundary width, the estimation performance can be improved from 30 

degrees estimation resolution to 15 degrees estimation.  

A. Primary and secondary three-phase current responses 

Firstly, according to the proposed estimation method introduced before, there will be 

primary current response in three-phase and secondary current response in three-phase as well. 

Hence, the primary responses of three-phase currents against rotor position are shown in Fig. 

3.11. Then, the absolute values of the difference between two secondary responses against the 

rotor position are also shown in Fig. 3.11. 
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Fig. 3.11. Three-phase primary current response and secondary current response difference against 

rotor position. 

Furthermore, according to TABLE 3.1, it is known that for each boundary case two 

secondary current responses are compared and used to estimate the rotor position. Hence, Fig. 

3.11 is modified to Fig. 3.12 by highlighting the difference used for each boundary cases. It can 

be seen in Fig. 3.12 the highlighted difference is in black and defined as |∆𝑖|. Then, based on 

Fig. 3.12, the difference |∆𝑖| can be approximately represented as: 

|∆𝑖| ≈ ቊ
𝑘𝜃௥ 15° > 𝜃௥ ≥ 0°

|∆𝑖|௠௔௫ − 𝑘(𝜃௥ − 15) 30° > 𝜃௥ ≥ 15° 

𝜃௥ = mod(𝜃௥ , 30°) 

(3.6) 

where 𝑘 = |∆𝑖|௠௔௫/15, |∆𝑖|௠௔௫ is the maximum value of |∆𝑖|. Clearly, at the boundary, the 

current difference |∆𝑖| is zero. 

 
Fig. 3.12. Highlighted secondary current response difference against rotor position. 

B. Boundary width 

A so called ‘boundary width’ i.e. 𝜃௪ is defined as the angle span of the boundary shown in 

Fig. 3.13. As aforementioned, ∆𝐼௧௛  is determined from noise. Apart from that, ∆𝐼௧௛  can be 
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further determined based on the boundary width 𝜃௪. Besides, the ’'boundary width’  𝜃௪ can be 

associated with the aforementioned current difference |∆𝑖|, which is shown in Fig. 3.14. 

 
Fig. 3.13. Boundary width associated with estimation sector. [WU20c] 

 
Fig. 3.14. Three-phase current responses and difference against rotor position with boundary width. 

Based on Fig. 3.14, the relationship between current difference threshold ∆𝐼௧௛ଵ and boundary 

width 𝜃௪ can be derived as: 

∆𝐼௧௛ଵ =
|∆𝑖|௠௔௫

15

𝜃௪

2
 (3.7) 

where the boundary width 𝜃௪ ≤ 30°. Threshold can be set according to boundary width 𝜃௪. 

C. Selection of boundary width 

Furthermore, 𝜃௪  should be selected appropriately so that the estimation performance can be 

optimized. In Fig. 3.15, different 𝜃௪ cases are illustrated with measured three-phase current 

responses against rotor positions.  

In the sector charts, the real position 𝜃௥௘௔௟  shown with red arrow is 25 degrees. After 

applying BDS with a 5-degree 𝜃௪ as depicted in Fig. 3.15(a), the estimated position 𝜃෠ shown 

with blue arrow is 15 degrees with 10 degrees error. Then, by using a 15-degree 𝜃௪ shown in 

Fig. 3.15(b), the estimated position 𝜃෠ is now 30 degrees with only 5 degrees error. For another 
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case with larger 𝜃௪ shown in Fig. 3.15(c), the real position 𝜃௥௘௔௟ is 20 degrees. After applying 

BDS with a 21-degree 𝜃௪, the estimated position 𝜃෠ is 30 degrees with 10 degrees error. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3.15. Illustration of boundary width selection. (a) 5-degree boundary width. (b) 15-degree 

boundary width. (c) 21-degree boundary width. [WU20c] 

Therefore, by properly selecting 𝜃௪, estimation performance can be optimized. Fig. 3.16 

shows the relationship between the maximum estimation error and the boundary width 𝜃௪. It is 

found out that with a 15 degrees boundary width, the estimation performance can be optimized 

in result of a maximum of 7.5 degrees estimation error.  
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Fig. 3.16. Maximum estimation error against boundary width. 

In all, theoretically, by applying the maximum 𝜃௪ of 15 degrees, the largest estimation error 

can be reduced from 15 degrees to 7.5 degrees.  

D. Determination of threshold 

The threshold value is determined in the pre-test. After applying a boundary width of 15 

degrees, the current difference threshold can be calculated by:  

∆𝐼௧௛ଵ =
|∆𝑖|௠௔௫

2
 (3.8) 

Therefore, the threshold value can be determined by measuring |∆𝑖|௠௔௫. According to Fig. 

3.12, |∆𝑖|௠௔௫ can be obtained in this pre-test at certain rotor positions, e.g. 15°. For example, 

at 15 degrees, voltage pulse is injected to phase A and the difference between phase B and phase 

C currents is recorded and regarded as |∆𝑖|௠௔௫. In order to reduce the impact from noise 𝐼௘௥௥௢௥, 

several voltage pulses are injected and the average value is used to calculate the ∆𝐼௧௛ଵ. 

∆𝐼௧௛ଵ =
1

2𝑛
෍|∆𝑖(𝑘)|௠௔௫

௡

௞ୀଵ

 (3.9) 

Therefore, the threshold value can be determined through pre-test by measuring the current 

difference at certain rotor positions. 

3.5 Experimental Validation 

Experiments are carried out to validate the proposed method based on a dSPACE platform. 

The parameters of the prototype SPM-I are shown in Appendix A. The duration time of voltage 

pulse applied in this test is 2ms and the magnitude of the voltage pulse is 230V. The duration 

time and voltage magnitude are chosen to avoid the rotor vibration and movement while the 

current response is large enough for estimation. Moreover, a longer time interval between each 
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pulse is used for a clear demonstration. In the experimental section, firstly, an example of rotor 

initial position estimation is provided to demonstrate the whole estimation process. Then, the 

overall estimation performance will be presented as well. Moreover, the investigation of the 

proposed BDS is carried out at last. 

 An Example of Proposed Rotor Initial Position Estimation 

At first, an estimation example is provided to validate the effectiveness of the proposed 

method and for a better illustration of the whole estimation process. The actual electrical rotor 

position is 41 degrees. The experimental results are demonstrated in Fig. 3.17 and Fig. 3.18. In 

Fig. 3.17, there are total three current responses corresponding to three applied voltage pulses.  

 

Fig. 3.17. Overall current responses during estimation. [WU20c] 

 
(a) 
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(b) 

 

(c) 

Fig. 3.18. Current responses during estimation. (a) First pulse. (b) Second pulse. (c) Third pulse. 

[WU20c] 

In Fig. 3.18(a)-(c), the voltage pulse and current responses of each pulse are shown. In 

addition, each sample point is marked. In Fig. 3.18(a), the current responses of the first voltage 

pulse show that |𝑖஻ଵି| < |𝑖஼ଵି|, indicating the rotor magnetic pole is more closer to phase C 

than phase B. Based on the proposed method, a positive voltage pulse will be injected at phase 

C in step 2, the current responses are shown in Fig. 3.18(b). It can be seen that |𝑖஻ଶି| < |𝑖஺ଶି| 

and |𝑖஺ଵା| < |𝑖஼ଶା|, and hence, the rotor magnetic pole is closest to phase C. In step 3, a 

negative voltage pulse is injected at phase C to identify the polarity, as shown in Fig. 3.18(c). 

The current responses in Fig. 3.18(c) show that |𝑖஼ଷି| < |𝑖஼ଶା|, and therefore, the rotor north 

pole is in sector 2. In the last step, the current responses from Fig. 3.18(c) are utilized to upgrade 

estimation resolution from 60 degrees to 30 degrees. It is shown that |𝑖஻ଷା| < |𝑖஺ଷା|. Therefore, 
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the rotor magnetic pole is closer to phase A, indicating the rotor north pole is in sector 2a, which 

is the same as the actual rotor position. 

 Overall Rotor Initial Position Estimation Performance  

For further illustration, the proposed method is tested over the whole range of rotor positions. 

During the tests, some random initial positions within the whole rotor position range are 

selected for estimation at standstill. The estimation results and estimation errors are shown in 

Fig. 3.19. The rotor initial position can be detected over the whole range of rotor positions. 

Majority of results are within 15 degrees. However, there are some cases that the errors are 

larger than 15 degrees due to smaller difference of current responses. Subsequently, the 

proposed boundary detection is applied and analysed in the next part. 

 

(a) 

 

(b) 

Fig. 3.19. Initial rotor position estimation results without applying BDS. (a) Estimated position 

against actual rotor position. (b) Estimation error. [WU20c] 
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 Boundary Detection Performance 

An example of the boundary case during estimation is shown in Fig. 3.20 and Fig. 3.21 for 

a better illustration.  

  
(a) (b) 

 
 

(c) (d) 

Fig. 3.20. Illustration of boundary case during estimation. (a) Actual rotor initial position. (b) 

Correct estimation without BDS under ideal condition. (c) Wrong estimation without BDS under 

practical condition. (d) Enhanced estimation with BDS under practical condition. [WU20c] 

In Fig. 3.20(a), the real rotor position is at 122 degrees. In this case, the magnitude of the 

current in phase A should be larger than that of the current in phase C. Thus, under the ideal 

condition without any noises, the north pole of rotor should be estimated at 135 degrees shown 

in Fig. 3.20(b). However, since the rotor north pole is around the boundary between two 

adjacent sectors, the two current responses have very similar magnitudes. Due to the existence 

of measurement error and noise, the recorded phase A current has a smaller magnitude than that 

of the current in phase C as shown in Fig. 3.21. In this case, the estimation is deteriorated as 

shown in Fig. 3.20(c), the estimation resolution drops from 30 degrees to 60 degrees. Then, 

estimation with BDS is shown in Fig. 3.20(d). Obviously, the estimation performance is 

enhanced and the error is only 3 degrees. 
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Fig. 3.21. Current responses during the boundary case. [WU20c] 

For the overall range of rotor initial position estimation shown in Fig. 3.19(b), there are 

some boundary cases that the estimation errors are larger than 15 degrees. After applying BDS 

during estimation, the improved results are shown in Fig. 3.22(a) and (b). 

 
(a) 

 

(b) 

Fig. 3.22. Initial rotor position estimation results with BDS. (a) ∆𝐼௧௛ considering noise only. (b) ∆𝐼௧௛ 

considering noise and maximum boundary width. [WU20c] 

In Fig. 3.22(a), ∆𝐼௧௛ is determined as 0.1A considering only the noise in current sampling. 

Then, in Fig. 3.22(b), by considering the maximum boundary width 𝜃௪ of 15 degrees and noise 
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together, according to (3.8), ∆𝐼௧௛ଵ  is determined as 0.7A in the pre-test. The maximum 

estimation error is further reduced to around 7.5 degrees. It can be concluded that by using BDS 

with a proper boundary width 𝜃௪  and the associated threshold ∆𝐼௧௛ଵ , the estimation 

performance can be enhanced. 

3.6 Conclusion 

In this chapter, a new short-pulse-injection-based rotor initial position estimation method 

for SPMs is proposed. Different from conventional rotor initial position estimation methods, 

the required voltage pulses for the proposed method are reduced to three pulses only, with a 30-

degree estimation resolution at no cost of extra voltage or current sensors. While for 

conventional methods, either extra voltage and current sensors or more voltage pulses are 

necessary to achieve at most 30-degree estimation resolution. The proposed method with fewer 

pulses can save the execution time, reduce the induced losses and reduce the cost. Moreover, a 

simple boundary detection strategy is proposed. The impact of current sampling noise on 

position estimation is reduced. Meanwhile, by selecting a proper boundary width, the estimation 

accuracy is improved from 30-degree to 15-degree estimation resolution. The proposed method 

is verified by experimental results. Furthermore, the proposed method is compared with several 

conventional methods. The overall comparison is shown in TABLE 3.2. The proposed method 

shows a comparative performance compared with conventional methods.  

 

TABLE 3.2 

OVERALL COMPARISON 

Method [SCH97] [NAK00] [LAI03] [LEE06] [CHA09] Proposed 

Estimation resolution 

(degree) 
24 30 60 30 30 15 

Maximum error (degree) 15 18 30 15 15 7.5 

Required pulses 6 21 4 5 3 3 

Current sensor 3 3 0 1 1 3 

Voltage sensor 0 0 3 0 2 0 

PWM Modulation No Yes No No No No 

Cost-effective index 392.4 1377 540 112.5 202.5 101.25 
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CHAPTER 4 

ROTOR INITIAL POSITION ESTIMATION METHOD 

BASED ON DC-LINK VOLTAGE 

4.1 Introduction 

For conventional methods, phase current [MAT96][SCH97][NAK00], DC-link current 

[LEE06] or terminal phase voltage [LAI03][CHA09] are normally used for position estimation. 

In this chapter, a new simple rotor initial position estimation method is presented. Different 

from conventional methods, only one DC-link voltage sensor is utilized to estimate the rotor 

initial position and a 30-degree estimation resolution can be achieved. Besides, practical issues 

are considered including DC-link voltage measurement errors, DC-link resistance, DC-link 

capacitance and DC-link voltage ripples. In order to obtain a more reliable estimation 

performance, a guideline of voltage pulse selection is also presented based on practical 

considerations. 

In this chapter, firstly the basic principle of utilizing DC-link voltage is explained. Then, a 

specific excitation configuration approach is presented and compared with conventional ones. 

Furthermore, by using the specific excitation configuration, a so-called ‘equivalent injection 

position’ is derived so that the estimation process could be simplified. Next, the overall injection 

procedure and estimation process are illustrated. Moreover, the impact of practical issues on 

rotor initial position estimation is analysed. Experimental results are provided to verify the 

effectiveness of the proposed method. At last, the estimation performance comparison between 

the proposed method and the conventional method is given and followed by the conclusion.  

 

This chapter is based on the papers: 

[WU19a] X. M. Wu and Z. Q. Zhu, “A novel rotor initial position detection method utilizing 

dc-link voltage sensor,” 2019 IEEE International Electric Machines & Drives Conference 

(IEMDC), San Diego, CA, USA, 2019, pp. 1093-1098. 

[WU20d] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A novel rotor initial position detection 

method utilizing DC-link voltage sensor,” submitted to IEEE Transactions on Industry 

Applications. 
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4.2 Utilization of DC-link Voltage 

Different from conventional methods by using measured current responses after applying 

voltage pulses, the variation of DC-link voltage is measured and used to estimate the rotor initial 

position for the proposed method. The principle of utilizing DC-link voltage variation is 

demonstrated in this section. 

Firstly, the DC-link voltage source can be approximately regarded as one internal DC-link 

resistor 𝑅ௗ௖  and a controlled voltage source 𝑉௖  in series as shown in Fig. 4.1. Next, an 

equivalent circuit during voltage pulse injection is also shown in Fig. 4.1, where 𝑅௘௤ and 𝐿௘௤ 

are the equivalent resistance and inductance in the circuit during excitation. 

 

Fig. 4.1. Illustration of DC-link voltage utilization. [WU20d] 

Based on Fig. 4.1, after injection of voltage pulse, there is a current 𝐼ௗ௖ flowing through the 

circuit and the measured DC-link voltage 𝑉ௗ௖ can be represented by: 

𝑉ௗ௖ = 𝑉௖ − 𝐼ௗ௖𝑅ௗ௖ (4.1) 

During the excitation, it can be seen that there is a voltage drop on the DC-link resistor, i.e. 

𝐼ௗ௖𝑅ௗ௖ causing a variation on the DC-link voltage, i.e. ∆𝑉ௗ௖. As introduced in Section 2.2, the 

induced current response 𝐼ௗ௖ reflects the rotor initial position, i.e. 𝐼ௗ௖(𝜃), so that the DC-link 

voltage variation also contains the rotor initial position information, i.e. ∆𝑉ௗ௖(𝜃). Therefore, 

rotor initial position can be estimated by utilizing DC-link voltage. It is worth noting that the 

value of DC-link resistance 𝑅ௗ௖ can be regarded as the gain of DC-link voltage variation which 

will influence the estimation performance. Therefore, the influence of this DC-link resistance 

will be discussed in Section 4.5 and investigated by experiments in Section 4.6 as well. 

DC-link PMSM
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4.3 Excitation Configuration Investigation 

In this section, the excitation configuration of conventional methods is firstly investigated 

and a specific excitation configuration for the developed method is then introduced and 

compared with the conventional ones. 

 Three-phase Based Excitation Configuration 

For conventional methods[SCH97][NAK00][LAI03][LEE06], both three-phase windings 

are connected and excited during excitation. An example is given in Fig. 4.2. 

 

Fig. 4.2. Conventional excitation configuration. [WU20d] 

For the conventional excitation configuration shown in Fig. 4.2, the equivalent inductance 

during injection is: 

𝐿௘௤ = 𝐿஺ +
𝐿஼𝐿஻

𝐿஼ + 𝐿஻
 (4.2) 

It is worth mentioning that the resistance part and mutual inductance part are relatively small 

and thus neglected in the derivation of equivalent inductance. Besides, the three-phase self-

inductances are represented as: 

𝐿஺ = 𝐿଴ + 𝐿ଶ𝑐𝑜𝑠 (2𝜃௥)

𝐿஻ = 𝐿଴ + 𝐿ଶ𝑐𝑜𝑠 (2(𝜃௥ −
2𝜋

3
))

𝐿஼ = 𝐿଴ + 𝐿ଶ𝑐𝑜𝑠 (2(𝜃௥ +
2𝜋

3
))

 (4.3) 

where 𝐿஺஻஼  is the three-phase self-inductance, 𝐿଴ and 𝐿ଶ are the DC component and the 2nd 

order harmonic component of the self-inductance, respectively.  
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 Two-phase Based Excitation Configuration 

For the proposed method, different from conventional methods shown in Fig. 4.2, only two 

phases in series are excited during each voltage pulse injection, which means that only two legs 

of inverter are operating during each voltage pulse injection. The upper and lower switches on 

the other leg are both turned off, and thus, the two excited phases are in series. In case of Fig. 

4.3, phases A and B are in series and excited at the same time. The upper and lower switches 

on inverter leg of phase C are both turned off.  

 

Fig. 4.3. Proposed excitation configuration. [WU20d] 

For the proposed excitation configuration shown in Fig. 4.3, the equivalent inductance is: 

𝐿௘௤ = 𝐿஺ + 𝐿஻ (4.4) 

 Comparison Between Three-phase and Two-phase Excitation 

It is known that due to magnetic saturation, a 2nd harmonic component appears in the 

inductance. Clearly, a larger magnitude of 𝐿ଶ makes the estimation performance better. Since 

the equivalent inductances are different due to different excitation configurations as shown in 

(4.2) and (4.4), a different value of the 2nd harmonic component in the equivalent inductance is 

also expected. 

Based on (4.2) and (4.4), the per-unit values of the 2nd order harmonic component in the 

equivalent inductance with different excitation configurations are given in Fig. 4.4. The original 

value of the 2nd order harmonic component in phase A self-inductance is also given for 

comparison. It can be seen that compared with conventional one, the proposed excitation 

configuration has a larger magnitude of the 2nd order harmonic component in the equivalent 

inductance which can obviously result in a better performance. 
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Fig. 4.4. Comparison of magnitude of 2nd order harmonic component in the inductance. [WU20d] 

 Equivalent Injection Position 

In case of the proposed excitation configuration, two phases in series are excited together, 

representing a sum of the two phase inductances, the rotor initial position information may not 

be obtained directly by comparing the sums. Thus, an equivalent injection position is derived 

based on the excited two phases, which simplifies the analysis process.  

Fig. 4.6 shows an example when a voltage pulse is injected to A+ and C- phases which are 

0 and 60 degrees respectively and the equivalent injection position can be obtained by sum of 

these two vectors as shown in Fig. 4.6. Hence, the equivalent injection position is 30 degrees.  

 

Fig. 4.5. An example of equivalent injection position. [WU20d] 

Furthermore, the equivalent injection position can be explained mathematically. In this 

injection case, the equivalent inductance is: 

𝐿௘௤ = 𝐿஺ + 𝐿஼ (4.5) 

(4.5) can be modified by substituting (4.3) as: 
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𝐿௘௤ = 2𝐿଴ − 𝐿ଶcos (2(𝜃௥ −
𝜋

6
)) (4.6) 

Clearly, the equivalent inductance in (4.6) also aligns with the equivalent injection position of 

30 degrees. 

Moreover, all the 6 equivalent injection positions are shown in Fig. 4.6 marking with red 

and described in TABLE 4.1 as well. 

 

Fig. 4.6. Overall equivalent injection positions. [WU20d] 

 

TABLE 4.1 
EQUIVALENT INJECTION POSITION OF EACH PULSE 

Voltage pulse 

number 

Excited 

phases 

Equivalent 

Inductance 𝐿௘௤ 

Equivalent injection 

position (degree)a 

1 A+, C- 𝐿஺ା + 𝐿஼ି 30 

2 B+, C- 𝐿஻ା + 𝐿஼ି 90 

3 A-, B+ 𝐿஺ି + 𝐿஻ା 150 

4 A-, C+ 𝐿஺ି + 𝐿஼ା 210 

5 B-, C+ 𝐿஻ି + 𝐿஼ା 270 

6 A+, B- 𝐿஺ା + 𝐿஻ି 330 
 

 

  

A+
A-

C-
B+

C+
B-
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4.4 Voltage Pulse Injection Process 

For the proposed method, 6 voltage pulses are injected to 6 equivalent positions in total. 

Then, the DC-link voltage variations are recorded. Based on the principle described before, the 

maximum DC-link voltage variation indicates where the north pole of rotor is closest to. Then, 

the rotor can be located in sectors of 60-degree resolution shown in Fig. 4.7. 

 
Fig. 4.7. 60 degrees resolution sector. [WU20d] 

Up to now, a 60-degree estimation resolution can be acquired. Next, the estimation 

resolution is improved to 30 degrees. An example is given here for a clear illustration which is 

shown as green areas in Fig. 4.8.  

 
Fig. 4.8. Sector demonstration. (a) 60-degree resolution estimation. (b) 30-degree resolution 

estimation. [WU20d] 

If the rotor position is estimated at 30 degrees, i.e. sector 1, then by comparing two adjacent 

DC-link voltage variations of voltage pulses injected in 90 degrees and 330 degrees. Supposing 

the variation of 90 degrees is larger than that of 330 degrees, rotor position is then estimated at 

45 degrees (sector 1b), otherwise it is 15 degrees (sector 1a), and other cases are similar. By 

doing this, a 30-degree estimation resolution can be obtained at last. The overall estimation 

process flow chart is given in Fig. 4.9. 
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Fig. 4.9. Overall estimation process flow chart. [WU20d] 

4.5 Consideration of Practical Issues 

As described in Section 4.4, 6 voltage pulses are injected and the corresponding 6 DC-link 

voltage variations are recorded and compared to obtain the rotor initial position. Hence, the 

differences between them are important to acquire the correct position information. However, 

the analyses of the proposed method in Section 4.3 are based on a simplified and ideal model. 

In practical applications, there are several factors including DC-link voltage measurement 

errors, DC-link capacitance, DC-link resistance and DC-link voltage ripples which may have 

impacts on DC-link voltage responses and the estimation results accordingly. 

Therefore, in this section, the impacts of these factors are investigated. By considering these 

factors, selection of voltage pulse is also discussed. For DC-link capacitance, due to the 

Start
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limitation of hardware system, it is mainly demonstrated by simulation. For the influence of 

DC-link resistance, both simulation and experiment results are provided. Both simulation and 

experiment share the same parameters given in Appendix. In the tests, the proposed method is 

executed. As described in Section 4.4, 6 voltage pulses are injected and 6 DC-link voltage 

variations are recorded. 

 DC-link Measurement Errors 

For both conventional and the proposed method, due to existing errors during measurement 

including scaling error and offset error, the estimation performance may be deteriorated. 

For the proposed method, an example is given here for illustration. Two measured DC-link 

voltage variations ∆𝑉ௗ௖ଵ and ∆𝑉ௗ௖  are shown in (4.7) and (4.8), their difference is given in 

(4.9). 

∆𝑉ௗ௖ଵ = (1 + 𝜀௦௖௔௟௘)∆𝑉ௗ௖ଵ_௢ + 𝜀௢௙௙௦௘௧ (4.7) 

∆𝑉ௗ௖ଶ = (1 + 𝜀௦௖௔௟௘)∆𝑉ௗ௖ଶ_௢ + 𝜀௢௙௙௦௘௧ (4.8) 

∆𝑉ௗ௖ଵ − ∆𝑉ௗ௖ଶ = (1 + 𝜀௦௖௔௟௘)(∆𝑉ௗ௖ଵ_௢ − ∆𝑉ௗ௖ଶ_௢) (4.9) 

where ∆𝑉ௗ௖ _௢  and ∆𝑉ௗ௖ଶ_௢  are the original values of DC-link voltage variation, 𝜀௦௖௔௟௘  and 

𝜀௢௙௙௦௘௧ are scaling and offset errors in the DC-link voltage measurement. 

For the proposed method, since only one DC-link voltage sensor is used, each response after 

excitation shares the same offset and scaling errors with each other. As shown in (4.9), the 

difference between two voltage responses is not affected by measurement errors. However, for 

conventional methods that using 2 or more sensors [SCH97][ANK00][LAI03][CHA09], the 

offsets and scaling errors can be different in different sensors, and therefore, the difference 

between different responses will be affected, leading to a deteriorated estimation. It is obvious 

that the proposed method shows the capability of being insensitive to DC-link voltage 

measurement errors. 

 DC-link Capacitance 

In Fig. 4.10(a), the basic principle of the proposed method is demonstrated. However, as 

depicted in Fig. 4.10(b), in practical system, a DC-link capacitor is normally required in the DC 
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power supply. The DC-link capacitor and the DC-link resistor together form a RC type low 

pass filter (LPF). Therefore, the influence of this LPF is discussed in this section. 

 

(a) 

 

(b) 

Fig. 4.10. Equivalent circuit during excitation. (a) Without DC-link capacitor. (b) With DC-link 

capacitor. [WU20d] 

Firstly, as depicted in Fig. 4.10(a), without considering DC-link capacitor, the DC-link 

voltage variation during excitation is given as: 

∆𝑉ௗ௖ = 𝐼௦𝑅ௗ௖ (4.10) 

where 𝐼௦ = 𝐼ௗ௖. 

Then, by considering the DC-link capacitor as shown in Fig. 4.10(b), the DC-link voltage 

variation given in (8) should be modified to: 

∆𝑉ௗ௖(𝑠) =
1

1 + 𝑅ௗ௖𝐶ௗ௖𝑠
∙ 𝐼௦(𝑠)𝑅ௗ௖ (4.11) 

where 𝐼௦ = 𝐼ௗ௖ + 𝐼௖ and 𝐶ௗ௖ is the DC-link capacitance. 

DC-link PMSM

DC-link PMSM
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According to (4.11), after considering the DC-link capacitor, the induced DC-link voltage 

response ∆𝑉ௗ௖ is filtered by the RC LPF. Moreover, referring to (4.11), the cut-off frequency 

of this RC LPF can be represented as: 

𝑓௖ =
1

2𝜋𝑅ௗ௖𝐶ௗ௖
 (4.12) 

Apparently, this cut-off frequency depends on the values of DC-link capacitance and DC-

link resistance together. It is worth noting that the magnitude of the DC-link voltage response 

may be decayed after filtering, resulting in a deteriorated estimation. 

Fig. 4.11 shows the simulation results of DC-link voltage variation by considering different 

value of 𝐶ௗ௖, i.e. cut-off frequency 𝑓௖. The DC-link resistance is kept same as 0.5ohm. Clearly, 

the increase of 𝐶ௗ௖ results in a more decayed voltage response in magnitude. 

 
Fig. 4.11. DC-link voltage variation against different DC-link capacitance. [WU20d] 

Furthermore, considering two DC-link voltage variations and their differences that are 

recorded, their filtered values and the original values are presented in Fig. 4.12. Apparently, as 

𝐶ௗ௖ increases, the responses and difference are reduced compared with original values. 

 
Fig. 4.12. DC-link voltage variations and the difference against different DC-link capacitance. 

[WU20d] 
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In other words, if 𝑓௖ is lower, the difference between two voltage variations becomes smaller, 

which will become vulnerable to noises and disturbances. Under this circumstance, the 

estimation may become unreliable. 

 DC-link Resistance 

As mentioned in Section 4.2, the variation of DC-link voltage ∆𝑉ௗ௖(𝜃) is proportional to 

DC-link resistance 𝑅ௗ௖  given in (4.10) without DC-link capacitance 𝐶ௗ௖ . In the simulation, 

considering different DC-link resistance, the proposed method using ∆𝑉ௗ௖ and the conventional 

method using current response 𝐼ௗ௖  [LEE06] are compared. The conventional method is 

introduced in Chapter 2. For both methods, after injecting 6 pulses into six positions, the 

differences between the maximum and minimum of DC-link voltage variations and current 

responses are compared in Fig. 4.13. Obviously, a larger difference indicates a better estimation 

performance. 

 
Fig. 4.13. Simulation results of DC-link resistance influence on response difference without DC-

link capacitor. [WU20d] 

From Fig. 4.13, it is noticed that as DC-link resistance increases, the conventional method 

utilizing current responses becomes worse due to the decreased current response difference. For 

the proposed method utilizing DC-link voltage variations, the difference between two DC-link 

voltage responses increases with DC-link resistance, and thus, a better estimation performance 

is expected with a larger DC-link resistance. It is worth noting that for some applications, the 

DC-link resistance is smaller than 1ohm. In this case, an external resistor can be added to the 

circuit and be switched off after estimation. 

However, as earlier mentioned, due to the existence of DC-link capacitance, the variation 

of DC-link voltage should be modified to (4.11). According to (4.11) and (4.12), as DC-link 

resistance increases, the cut-off frequency of the LPF decreases correspondingly. Fig. 4.14 
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shows both the simulation and experiment results of the DC-link voltage variation differences 

considering 𝐶ௗ௖. 

 
Fig. 4.14. Simulation and experiment results of DC-link resistance influence on response difference 

with DC-link capacitor. [WU20d] 

Obviously, with 𝐶ௗ௖, the induced voltage variation differences become smaller compared to 

the results without 𝐶ௗ௖. Moreover, as 𝑅ௗ௖ increases, the difference of ∆𝑉ௗ௖ firstly increases and 

then starts to saturate, due to the reduction of cut-off frequency leading to a more decayed 

magnitude of DC-link voltage response. Although after considering 𝐶ௗ௖, the difference of ∆𝑉ௗ௖ 

becomes smaller compared to that without considering 𝐶ௗ௖ , generally, a larger DC-link 

resistance still contributes to a larger difference and is beneficial to position estimation. 

 DC-link Voltage Ripple 

In some applications, there are some ripples existing in the DC-link voltage 

[LEE14][TAU17][ZHA17]. An example is given in Fig. 4.15, for a diode-based rectifier system, 

there could be a fluctuation in the DC-link voltage. 

 
Fig. 4.15. Diode rectifier bridge with ripple in the DC-link voltage. [WU20d] 

Meanwhile, some other noises may also cause ripples in the DC-link voltage. For the 

experimental platform in this chapter, ripples also exist in the DC-link voltage, the measurement 
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results are depicted in Fig. 4.16. After measurement, the peak-to-peak value of the DC-link 

voltage ripple is approximately 75mV. 

 
Fig. 4.16. Experiment results of DC-link voltage ripple. [WU20d] 

 

Fig. 4.17. Analytical results of DC-link voltage responses against electricl rotor position. [WU20d] 

Since DC-link voltage variation is utilized in this chapter, ripples and noises in DC-link 

voltage may affect the estimation performance. Clearly, since DC-link voltage variation is 

utilized, ripples and noises in DC-link voltage may affect the estimation performance. The peak 

to peak value of the DC-link voltage ripple is defined by 𝜀ோ௜௣௣௟௘. Assuming the DC-link voltage 

ripple exists, the analytical DC-link voltage responses against electrical rotor position can be 

drawn as shown in Fig. 4.17. The red line shows the ideal DC-link voltage response without 

any ripples. When considering ripples, the sampled DC-link voltage responses may vary within 
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ଶ
,
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ଶ
ቁ. Hence, the blue lines are the upper and lower limits of the noisy DC-link 

voltage responses. The width of upper and lower limits is 𝜀ோ௜௣௣௟௘. 

Ideally, without considering the DC-link voltage ripple, in order to obtain a 30 degree 

estimation resolution, the DC-link voltage response should meet two requirements as given by: 

∆𝑉ௗ௖|ఏೝୀ଴ − ∆𝑉ௗ௖|ఏೝୀగ > 0 (4.13) 
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(4.13) is used to guarantee that the coil excitation is enough so that the polarity identification 

result is reliable, otherwise there will be a 180-degree estimation error leading to startup failure 

or reversal. Furthermore, (4.14) guarantees the estimation resolution within 30 degrees. 

However, due to the existence of voltage ripples, for each sampled DC-link voltage response, 

it can vary within the blue lines as demonstrated in Fig. 17. Considering voltage ripples, the 

requirements of (4.13) and (4.14) are now modified as: 

∆𝑉ௗ௖|ఏೝୀ଴
୫୧୬ − ∆𝑉ௗ௖|ఏೝୀగ

୫ୟ୶ > 0 (4.15) 

∆𝑉ௗ௖|ఏೝୀ଴
୫୧୬ − ∆𝑉ௗ௖|

ఏೝୀ
గ
଺

୫ୟ୶ > 0 (4.16) 

Requirements of (14) and (15) can be fulfilled by selecting voltage pulses which will be 

discussed in the following section. Moreover, it is worth mentioning that for some lower cost 

applications using passive rectifier with small film DC-link capacitor, the DC-link voltage 

ripples become significant. It becomes unfeasible to estimate the rotor initial position. 

 Duration and Magnitude Selection of Voltage Pulse 

As discussed before, in practical applications, DC-link resistance, DC-link capacitance and 

DC-link voltage ripple have influence on the measured DC-link voltage response, which may 

affect the estimation performance. Therefore, in order to obtain reliable estimation results, 

magnitude and duration of voltage pulse should be selected appropriately. The basic goal of 

selection voltage pulse is to guarantee DC-link voltage responses are observable against rotor 

position while minimizing the induced movement. Besides, enough coil excitation is necessary 

to produce a difference between south and north poles for polarity identification. 

Duration of voltage pulse can be selected according to [LEE09]. In order to obtain a 

maximum response difference after excitation, an optimal duration of voltage pulse is suggested 

as around the electrical time constant of the machine as: 

𝑇௉ ≈
𝐿௘௤

𝑅௘௤
 (4.17) 

Furthermore, in the off-line test, this duration should be shortened if the rotor rotates. In this 

chapter, duration 𝑇௉ is initially selected as electrical time constant of the prototype machine. 

On the other hand, enough magnitude 𝑉௉ of the voltage pulse is necessary to obtain reliable 

estimation results. As aforementioned, due to existence of DC-link capacitance, DC-link 

resistance and DC-link voltage ripple, errors exhibit in the measured DC-link voltage. Hence, 

the measured DC-link voltage variation can be modified as: 
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∆𝑉ௗ௖ = 𝐾௅௉ி ∗ ∆𝑉ௗ௖଴ + 𝜀ோ௜௣௣௟௘ + 𝜀ே௢௜௦௘ (4.18) 

where 𝐾௅௉ி is the decay ratio due to LPF filtering and 𝐾௅௉ி ≤ 1, ∆𝑉ௗ௖଴ is the original DC-

link voltage variation, 𝜀௥௜௣௣௟௘ is the error caused by DC-link voltage ripple, 𝜀ே௢௜௦௘ is the error 

caused by noise during sampling.  

Based on (4.15), (4.16) and (4.18), considering both noises and voltage ripples, two 

modified requirements for selecting voltage pulse in the off-line test are given in (4.19) and 

(4.20). In (4.19) and (4.20), due to the existence of noise, multiple injections are taken and the 

average value of voltage responses are calculated. 

∆𝑉ௗ௖|∆ఏೝୀ଴
ୟ୴ୣ − ∆𝑉ௗ௖|∆ఏೝୀగ

ୟ୴ୣ > 𝜀ோ௜௣௣௟௘ + 𝜀ே௢௜௦௘ (4.19) 

∆𝑉ௗ௖|∆ఏೝୀ଴
ୟ୴ୣ − ∆𝑉ௗ௖|

∆ఏೝୀ
గ
଺

ୟ୴ୣ > 𝜀ோ௜௣௣௟௘ + 𝜀ே௢௜௦௘ (4.20) 

Firstly, the polarity identification is considered by (4.19) and sufficient coil excitation 

should be guaranteed. As shown in (4.19), two opposite pulses with 180 degrees difference are 

injected. The difference should be large enough to guarantee the polarity identification result 

as given in (4.19). Secondly, in order to achieve a 30-degree resolution estimation, another 

requirement should be met as expressed in (4.20). As illustrated by (4.20), two voltage pulses 

with 30 degrees difference are injected and the difference should fulfill the requirement of 

(4.20). 

In all, in the off-line test, duration 𝑇௉  and magnitude 𝑉௉  should be adjusted properly to 

ensure that the difference between different DC-link voltage variations is large enough for 

position estimation. 

4.6 Experimental Validation 

Experiments are carried out to verify the effectiveness of the proposed method. The 

experiment is based on a dSPACE system. The parameters of prototype SPM-I are shown in 

Appendix A. Besides, the parameters of experimental platform is also provided in Appendix. 

In this section, firstly, based on the hardware system, magnitude and duration of voltage pulse 

are selected. Then, the rotor initial position estimation process is demonstrated via one example, 

followed by the overall estimation against different rotor positions. At last, estimation 

performance against different DC-link resistance and comparison with conventional method 

using current responses are investigated. 
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 Voltage Pulse Selection 

As illustrated in Section 4.5, during the selection of voltage pulse, several practical issues 

should be considered including the DC-link resistance, DC-link capacitance and the DC-link 

voltage ripples. Therefore, magnitude and duration should be selected properly to make sure 

the estimation reliable. Based on the experimental platform, the error in the sampled DC-link 

voltage is measured as 37.5mV, then the difference between voltage variations should be at 

least larger than 75mV. The cut-off frequency of RC LPF is calculated as 212.2Hz. 

After testing, two different sets of the amplitude and duration of the voltage pulse are 

selected as 100V, 5ms and 230V, 3ms. Hence, the rotor movement or vibration is minimized 

and a large enough DC-link voltage response is also obtained for rotor initial position estimation. 

 An Estimation Example 

An example of rotor initial position estimation with the proposed method is shown in Fig. 

4.18.  

 
(a) 

 
(b) 

Fig. 4.18. Example of estimation. (a) 100V, 5ms. (b) 230V, 3ms. [WU20d] 
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The actual rotor position is at 103 degrees. Six voltage pulses are injected at first, following 

by injection sequence of 30, 90, 150, 210, 270 and 330 degrees. The DC-link voltage variations 

are recorded and compared. For both Figs. 4.18(a) and (b), it is found that the largest one is the 

2nd pulse indicating the rotor locates at 90 degrees. By now, a 60-degree resolution is obtained 

and the next step is to increase the estimation resolution by comparing the two neighbour 

voltage variations, i.e. the 1st and 3rd pulses, it is obvious that the 3rd one is larger than the 1st 

one, and therefore the rotor is closer to the position of the 3rd one. Hence, the new updated 

estimation position is 105 degrees. Compared with the actual position, the error is smaller than 

15 degrees, and therefore, a 30-degree resolution is obtained at last.  

 Overall Rotor Initial Position Estimation Performance  

The overall estimation performance over different rotor positions of the developed method 

is illustrated in Fig. 4.19(a) and (b). As can be seen, all the estimation errors of different 

positions are within 15 degrees, and therefore, a 30-degree resolution is acquired. 

 

(a) 

 

(b) 

Fig. 4.19. Overall estimation performance. (a) Position. (b) Error. [WU20d] 

0

60

120

180

240

300

360

0 60 120 180 240 300 360

Es
ti

m
at

ed
 p

os
it

io
n 

(d
eg

re
e)

Actual position (degree)

Actual
Estimated

-15

-10

-5

0

5

10

15

2 52 64 80 11
2

11
9

14
0

17
8

20
4

23
0

25
1

28
0

30
3

30
2

32
1

34
6

36
0

Es
ti

m
at

io
n 

er
ro

r 
(d

eg
re

e)

Rotor position (degree)



128 
 

 Comparison with Estimation Using Current Responses 

In this part, conventional estimation method [LEE06] using current response and the 

proposed estimation using DC-link voltage variation are compared considering different DC-

link resistance. 6 voltage pulses are injected to 6 positions, the peak values of phase current 

responses and the DC-link voltage variations are both recorded. In the test, 100V and 5ms 

voltage pulse is selected and the real rotor position is fixed at 90 degrees. The peak values of 

each case are presented in TABLE 4.2, Δ represents the difference between maximum and 

minimum values among the 6 responses in each case. A larger Δ indicates a better performance 

in terms of measurement noises or sensor resolution. In other words, a smaller Δ is more 

sensitive to measurement errors including noises and resolution. 

From TABLE 4.2, it can be concluded that as DC-link resistance increases, a larger 

difference is obtained with the proposed method and a better estimation performance is obtained 

compared with conventional current response based methods. 

TABLE 4.2 

PEAK VALUE COMPARISON BETWEEN PHASE CURRENT AND DC-LINK VOLTAGE VARIATION 

Injection position 
(degree) 30 90 150 210 270 330 Δ 

0.5Ω 
𝐼(A) 8.027 8.771 8.104 8.043 8.464 8.036 0.75 

∆𝑉ௗ௖(V) 3.58 3.94 3.6 3.59 3.81 3.58 0.36 

1Ω 
𝐼(A) 7.895 8.614 7.899 7.906 8.291 7.9 0.72 

∆𝑉ௗ௖(V) 7.06 7.85 7.09 7.10 7.53 7.06 0.79 

2Ω 
𝐼(A) 7.811 8.509 7.887 7.841 8.235 7.888 0.682 

∆𝑉ௗ௖(V) 9.49 10.58 9.56 9.60 10.26 9.6 1.09 

5Ω 
𝐼(A) 7.725 8.381 7.777 7.736 8.152 7.799 0.656 

∆𝑉ௗ௖(V) 12.2 13.32 12.25 12.04 13.12 12.13 1.12 

4.7 Conclusion 

In this chapter, a new simple rotor initial position estimation method is presented, which 

can be used for surface mounted PM machines including brushless dc machines and PMSMs. 

Different from the conventional methods using phase current sensors or phase voltage sensors, 
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only one DC-link voltage sensor is utilized. The method provides a 30-degree estimation 

resolution with maximum error of ±15° . For the proposed method, a specific excitation 

approach is used to enhance the performance and a so-called ‘equivalent injection position’ is 

developed to simplify the estimation. Practical issues in the real hardware system are analysed. 

It is shown that the proposed method is insensitive to sensor measurement errors and shows a 

better performance with a larger DC-link resistance compared with conventional methods. 

Finally, the proposed method is verified by experimental results.  
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CHAPTER 5 

ROTOR INITIAL POSITION ESTIMATION 

CONSIDERING PARAMETER ASYMMETRY 

5.1 Introduction 

Based on the magnetic saturation effect, several short-pulse-injection-based rotor initial 

position estimation methods [MAT96][SCH97][NAK00][LAI03][LEE06] [CHA09] are 

proposed. However, most of the existing methods are based on the symmetrical machine 

parameters including three-phase inductances and resistances. However, in practical, the three-

phase resistances or inductances can be asymmetric. Specifically, resistance asymmetry can be 

caused by cabling, inverter, and stator windings [REI10][XU16c]. For inductance asymmetry, 

it can be resulted from mechanical manufacturing tolerance, eccentricity, and winding fault 

[DEG98][XU16c]. However, for the short-pulse-injection-based rotor initial position 

estimation, the impact of machine parameter asymmetry is rarely investigated.  

Therefore, in this chapter, the rotor initial position estimation under both resistance and 

inductance asymmetries is investigated. Firstly, the mathematical model of current responses 

under parameter asymmetries is derived. Then, based on the developed model, the impact of 

parameter asymmetries on position estimation is discussed. Furthermore, an impact indicator 

called ‘feasible estimation area ratio’ is defined to quantify the impact of parameter 

asymmetries on position estimation. Moreover, two compensation methods are proposed 

considering parameter asymmetries. The first method can be used to reduce the impact of 

resistance asymmetry and the second one can be used for both inductance and resistance 

asymmetries. The effectiveness of these two methods are examined by simulation results. 

5.2 Current Response Model 

In this section, the current response model with both symmetrical and asymmetric 

parameters are derived. Based on the developed model, the impact of parameter asymmetry is 

then analysed. 
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 Parameter Symmetry 

For a symmetrical parameter system, the voltage model associating with arbitrary phase 

current at standstill is given by: 

𝑉஽஼ = 𝑅௘௤,௑𝑖௑ + 𝐿௘௤,௑

𝑑𝑖௑

𝑑𝑡
 (5.1) 

where 𝑋 represent the arbitrary phase, 𝐿௘௤,௑ and 𝑅௘௤,௑ are equivalent resistance and inductance 

of the arbitrary injected pulse. According to [MAT96], 𝐿௘௤,௑ and 𝑅௘௤,௑ of three-phase can be 

derived as: 

𝐿௘௤,஺ =
4

9

𝐿଴
ଶ − 𝐿ଶ

ଶ

𝐿଴ + 𝐿ଶcos (2𝜃௥)
 (5.2) 

𝐿௘௤,஻ =
4

9

𝐿଴
ଶ − 𝐿ଶ

ଶ

𝐿଴ + 𝐿ଶcos (2𝜃௥ + 2𝜋 3⁄ )
 (5.3) 

𝐿௘௤,஼ =
4

9

𝐿଴
ଶ − 𝐿ଶ

ଶ

𝐿଴ + 𝐿ଶcos (2𝜃௥ − 2𝜋 3⁄ )
 (5.4) 

𝑅௘௤,஺ = 𝑅௘௤,஻ = 𝑅௘௤,஼ =
3

2
𝑅 (5.5) 

where 𝐿଴ and 𝐿ଶ are the amplitudes of DC and the 2nd order harmonic components of self-

inductance, respectively. 𝑅 is the nominal value of phase resistance. 

For voltage pulse injection based method, the injected voltage can be assumed as a step 

input, then the phase current response is given by: 

𝑖௑(𝑡) =
𝑉஽஼

𝑅௘௤,௑
(1 − 𝑒

ି
௧

௅೐೜,೉ ோ೐೜,೉⁄ ) (5.6) 

However, current response in this nonlinear form is difficult for analysis. In order to simplify 

the analysis, according to [MAT96], three-phase current responses can be modelled as a 

function of rotor position in (5.7). Furthermore, the current response model considering 

parameter asymmetry will also be developed based on (5.7). 
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𝐼஺ = 𝐼଴ + 𝐼ଶ cos(2𝜃௥)            

𝐼஻ = 𝐼଴ + 𝐼ଶ cos ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ = 𝐼଴ + 𝐼ଶ cos ൬2(𝜃௥ +
2𝜋

3
)൰

 (5.7) 

where 𝐼଴ and 𝐼ଶ are the amplitudes of DC offset and the 2nd order harmonic components of the 

current response, respectively.  

Then, the simulated three-phase current responses with symmetrical parameters are shown 

in Fig. 5.1. 

 
Fig. 5.1. Current responses against electrical rotor position with symmetrical parameters. 

Normally, parameters including three-phase resistances and three-phase self-inductances 

are considered as balanced. Hence, the three-phase current responses are balanced as shown in 

Fig. 5.1. However, practically, the resistance and inductance may be asymmetric. Hence, the 

three-phase current responses under both resistance and inductance asymmetries are 

investigated in the next section. 

 Resistance Asymmetry 

Three-phase resistances can be asymmetric due to cabling, inverter, and stator windings. 

Under asymmetry, the three-phase resistances are represented as: 

𝑅஺ = 𝑅 + ∆𝑅஺

𝑅஻ = 𝑅 + ∆𝑅஻

𝑅஼ = 𝑅 + ∆𝑅஼

 (5.8) 

where 𝑅஺ , 𝑅஻  and 𝑅஼  are three-phase resistances, 𝑅  is the nominal value of three-phase 

resistances, ∆𝑅஺, ∆𝑅஻ and ∆𝑅஼ are the unbalance terms in the three-phase resistances. Then, 

under resistance asymmetry, the three-phase equivalent resistances in (5.5) are modified as: 
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𝑅௘௤,஺ = 𝑅஺ +
𝑅஻𝑅஼

𝑅஻ + 𝑅஼
= 𝑅 + ∆𝑅஺ +

(𝑅 + ∆𝑅஻)(𝑅 + ∆𝑅஼)

2𝑅 + ∆𝑅஻ + ∆𝑅஼
 (5.9) 

𝑅௘௤,஻ = 𝑅஻ +
𝑅஺𝑅஼

𝑅஺ + 𝑅஼
= 𝑅 + ∆𝑅஻ +

(𝑅 + ∆𝑅஺)(𝑅 + ∆𝑅஼)

2𝑅 + ∆𝑅஺ + ∆𝑅஼
 (5.10) 

𝑅௘௤,஼ = 𝑅஼ +
𝑅஺𝑅஻

𝑅஺ + 𝑅஻
= 𝑅 + ∆𝑅஼ +

(𝑅 + ∆𝑅஺)(𝑅 + ∆𝑅஻)

2𝑅 + ∆𝑅஺ + ∆𝑅஻
 (5.11) 

Then, simulation considering three-phase resistance asymmetry is carried out. In the 

simulation, both one-phase and two-phase resistance asymmetric cases are considered. For both 

cases, different levels of asymmetry are also simulated.  

Firstly, one-phase resistance asymmetry is considered. In this test, it is assumed that the 

unbalance component only exists in phase A. Moreover, different values of ∆𝑅஺ are simulated 

(∆𝑅஺ = 1Ω (25%𝑅), 2Ω (50%𝑅), 4Ω (100%𝑅)). The simulation results of current responses 

under one-phase resistance asymmetry are shown in Fig. 5.2. 

 
(a) 

 
(b) 
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(c) 

Fig. 5.2. Current responses against electrical rotor position with one-phase resistance asymmetry. 

(a) ∆𝑅஺ = 1Ω (25%𝑅). (b) ∆𝑅஺ = 2Ω (50%𝑅). (c) ∆𝑅஺ = 4Ω (100%𝑅). 

Then, the harmonic spectra of current responses with different ∆𝑅஺ are shown in Fig. 5.3. 

 
(a) 

 
(b) 

Fig. 5.3. Harmonic spetra of current responses with one-phase resistance asymmetry. (a) DC offset. 
(b) 2nd order hamronic. 

Based on the results in Fig. 5.2 and Fig. 5.3, it is found that for the phase A current response, 

the amplitudes of DC offset and the 2nd order harmonic decrease as ∆𝑅஺ becomes larger.  

Next, two-phase resistance asymmetry is considered. In the test, unbalance components 

exist in both phase A and B. Different values of ∆𝑅஺  and ∆𝑅஻  are simulated ( ∆𝑅஺ =
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1Ω (25%𝑅), ∆𝑅஻ = 0.5Ω (12.5%𝑅) , ∆𝑅஺ = 2Ω (50%𝑅), ∆𝑅஻ = 1Ω (25%𝑅) , ∆𝑅஺ =

4Ω (100%𝑅), ∆𝑅஻ = 2Ω (50%𝑅)). The simulation results of current responses under two-

phase resistance asymmetry are shown Fig. 5.4. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.4. Current responses against electrical rotor position with two-phase resistance asymmetry. 

(a) ∆𝑅஺ = 1Ω (25%𝑅), ∆𝑅஻ = 0.5Ω (12.5%𝑅). (b) ∆𝑅஺ = 2Ω (50%𝑅), ∆𝑅஻ = 1Ω (25%𝑅). (c) 

∆𝑅஺ = 4Ω (100%𝑅), ∆𝑅஻ = 2Ω (50%𝑅). 
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Then, the harmonic spectra of current response with different ∆𝑅஺ and ∆𝑅஻ are shown in Fig. 

5.5. 

 

(a) 

 

(b) 

Fig. 5.5. Harmonic spetra of current responses with two-phase resistance asymmetry. (a) DC offset. 

(b) 2nd order hamronic. 

Based the results shown in Fig. 5.4 and Fig. 5.5, the conclusions are similar to the one phase 

case. Higher unbalance level decreases the amplitudes of DC offset and the 2nd order harmonic 

in the unbalanced phase current response. 

Based on the simulation results, the current response model in (5.7) is modified considering 

resistance asymmetry. The equivalent mathematical model of the three-phase current responses 

under resistance asymmetry is derived as: 

𝐼஺ ≈ ∆𝐼ோಲ
+ 𝐼଴ + 𝐾∆ோಲ

∙ 𝐼ଶ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ ∆𝐼ோಳ
+ 𝐼଴ + 𝐾∆ோಳ

∙ 𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ ≈ ∆𝐼ோ಴
+ 𝐼଴ + 𝐾∆ோ಴

∙ 𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ +
2𝜋

3
)൰

 (5.12) 
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where ∆𝐼ோಲ
, ∆𝐼ோಳ

 and ∆𝐼ோ಴
 are DC offsets in the current responses due to resistance asymmetry. 

𝐾∆ோಲ
, 𝐾∆ோಳ

 and 𝐾∆ோಲ
 are the gains of current responses due to resistance asymmetry. Besides, 

for ∆𝐼ோಲ
, ∆𝐼ோಳ

, ∆𝐼ோ಴
, 𝐾∆ோಲ

, 𝐾∆ோಳ
 and 𝐾∆ோಲ

, their relationship with ∆𝑅஺ , ∆𝑅஻  and ∆𝑅஼  are 

given by: 

∆𝐼ோಲ
≈ 𝑘ோ଴ ∙ ∆𝑅஺       

∆𝐼ோಳ
≈ 𝑘ோ଴ ∙ ∆𝑅஻      

∆𝐼ோ಴
≈ 𝑘ோ଴ ∙ ∆𝑅஼       

 

(5.13) 

𝐾∆ோಲ
≈ 𝑘ோଶ/∆𝑅஺       

𝐾∆ோಳ
≈ 𝑘ோଶ/∆𝑅஻      

𝐾∆ோ಴
≈ 𝑘ோଶ/∆𝑅஼       

 

(5.14) 

where 𝑘ோ଴ is the equivalent gain of DC offset in current response due to resistance asymmetry 

and 𝑘ோ଴ < 0. 𝑘ோଶ is the equivalent gain of the 2nd order harmonic in current response due to 

resistance asymmetry. 

 Inductance Asymmetry 

Apart from resistance, inductance can also be asymmetric due to mechanical manufacturing 

tolerance, machine eccentricity and winding fault. Assuming that three-phase self-inductances 

are asymmetric and the inductance matrix can be expressed as: 

𝐿(𝑎, 𝑏, 𝑐) = ൥

𝐿஺஺ 𝑀஺஻ 𝑀஺஼

𝑀஻஺ 𝐿஻஻ 𝑀஻஼

𝑀஼஺ 𝑀஼஻ 𝐿஼஼

൩ + ൥

∆𝐿஺ 0 0
0 ∆𝐿஻ 0
0 0 ∆𝐿஼

൩ 

(5.15) 

𝐿஺஺ = 𝐿଴ − 𝐿ଶ cos(2𝜃௥)   

𝐿஻஻ = 𝐿଴ − 𝐿ଶ cos ൬2(𝜃௥ −
2𝜋

3
)൰

𝐿஼஼ = 𝐿଴ − 𝐿ଶ ൬2(𝜃௥ +
2𝜋

3
)൰

𝑀஺஻ = 𝑀஻஺ =
1

2
𝐿଴ − 𝐿ଶ ൬2(𝜃௥ +

2𝜋

3
)൰  

𝑀஻஼ = 𝑀஼஻ =
1

2
𝐿଴ − 𝐿ଶ cos(2𝜃௥)

𝑀஼஺ = 𝑀஺஼ =
1

2
𝐿଴ − 𝐿ଶ ൬2(𝜃௥ −

2𝜋

3
)൰

 

(5.16) 

where 𝐿஺஺, 𝐿஻஻ and 𝐿஼஼ are three-phase self-inductances. 𝑀஺஻, 𝑀஻஺, 𝑀஻஼ , 𝑀஼஻, 𝑀஼஺ and 𝑀஺஼  

are the three-phase mutual inductances. ∆𝐿஺, ∆𝐿஻ and ∆𝐿஼ are the unbalanced terms in three-

phase self-inductances. Similar to the resistance case, simulation is firstly carried out by 

considering different cases of inductance asymmetry. Based on the results, an equivalent 

mathematical model of current response under inductance asymmetry is then summarized. 
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Since the self-inductance is much larger than the mutual-inductance, the analysis is mainly 

based on self-inductance. Hence, one-phase and two-phase self-inductance asymmetric cases 

are considered. 

Firstly, one-phase self-inductance asymmetry case is simulated. In this case, unbalance 

component only exists in phase A. Different values of ∆𝐿஺  are simulated ( ∆𝐿஺ =

4𝑚𝐻(25%𝐿଴), ∆𝐿஺ = 8𝑚𝐻(50%𝐿଴) ). The simulation results of current responses under 

inductance asymmetry are shown in Fig. 5.6. 

 

(a) 

 

(b) 

Fig. 5.6. Current responses against electrical rotor position with one-phase self-inductance 

asymmetry. (a) ∆𝐿஺ = 4𝑚𝐻 (25%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴). 
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Then, the harmonic spectra of current responses with different ∆𝐿஺ are shown in Fig. 5.7. 

 
(a) 

 
(b) 

Fig. 5.7. Harmonic spectra of current responses with one-phase self-inductance asymmetry. (a) DC 
offset. (b) 2nd order hamronic. 

Based the results shown in Fig. 5.6 and Fig. 5.7, the conclusions are similar to the resistance 

asymmetry case. A higher unbalance level decreases the DC offset and the 2nd order harmonic 

of the unbalanced phase current response. Besides, as shown in Fig. 5.6, if ∆𝐿஺ is large enough, 

phase A current will be always smaller than the other two phase currents. Phase A current will 

be completely masked by the other two phase current responses in the estimation. Consequently, 

the estimation in the sectors related to phase A will be incorrect.  

Next, two-phase self-inductance asymmetric case is considered. In this case, unbalance 

components exist in both phase A and phase B. Different values of ∆𝐿஺ and ∆𝐿஻ are simulated 

( ∆𝐿஺ = 4𝑚𝐻 (25%𝐿଴), ∆𝐿஻ = 2𝑚𝐻 (12.5%𝐿଴) , ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴), ∆𝐿஻ =

4𝑚𝐻 (25%𝐿଴), ∆𝐿஺ = 16𝑚𝐻 (100%𝐿଴), ∆𝐿஻ = 8𝑚𝐻(50%𝐿଴)). The simulation results of 

current responses under two-phase self-inductance asymmetry are shown in Fig.5.8. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.8. Current responses against electrical rotor position with two-phase self-inductance 

asymmetry. (a) ∆𝐿஺ = 4𝑚𝐻 (25%𝐿଴), ∆𝐿஻ = 2𝑚𝐻 (12.5%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴), ∆𝐿஻ =

4𝑚𝐻 (25%𝐿଴). (c) ∆𝐿஺ = 16𝑚𝐻 (100%𝐿଴), ∆𝐿஻ = 8𝑚𝐻 (50%𝐿଴). 

Then, the harmonic spectra of current response with different ∆𝐿஺ and ∆𝐿஻ are shown in Fig. 

5.7. 
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(a) 

 

(b) 

Fig. 5.9. Harmonic spetra of current responses with two-phase self-inductance asymmetry. (a) DC 

offset. (b) 2nd order hamronic. 

For the two-phase inductance asymmetric case, higher unbalance component will make the DC 

offset and the 2nd order harmonic of the current response decrease in the unbalanced phase. 

Same as the one-phase case, when ∆𝐿஺ and ∆𝐿஻ are large enough, phases A and B currents will 

be always smaller than phase C current. The estimation in sectors related to phase A and B will 

be incorrect. 

Based on the phenomena of inductance asymmetry, the equivalent mathematical model of 

three-phase current responses under inductance asymmetry can be derived as: 

𝐼஺ ≈ ∆𝐼௅ಲ
+ 𝐼଴ + 𝐾∆௅ಲ

𝐼ଶ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ ∆𝐼௅ಳ
+ 𝐼଴ + 𝐾∆௅ಳ

𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ ≈ ∆𝐼௅಴
+ 𝐼଴ + 𝐾∆௅಴

𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ +
2𝜋

3
)൰

 (5.17) 

where ∆𝐼௅ಲ
, ∆𝐼௅ಳ

 and ∆𝐼௅಴
 are the DC offsets in the current responses due to inductance 

asymmetry. 𝐾∆௅ಲ
, 𝐾∆௅ಳ

 and 𝐾∆௅಴
 are the gains of the current responses due to inductance 

asymmetry. Besides, for ∆𝐼ோಲ
, ∆𝐼ோಳ

, ∆𝐼ோ಴
, 𝐾∆௅ಲ

, 𝐾∆௅ಳ
 and 𝐾∆௅಴

, they can be represented as: 
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∆𝐼௅ಲ
≈ 𝑘௅଴ ∙ ∆𝐿஺       

∆𝐼௅ಳ
≈ 𝑘௅଴ ∙ ∆𝐿஻      

∆𝐼௅಴
≈ 𝑘௅଴ ∙ ∆𝐿஼       

 (5.18) 

𝐾∆௅ಲ
≈ 𝑘௅ଶ/∆𝐿஺       

𝐾∆௅ಳ
≈ 𝑘௅ଶ/∆𝐿஻      

𝐾∆௅಴
≈ 𝑘௅ଶ/∆𝐿஼       

 
(5.19) 

where 𝑘௅଴ is the equivalent gain of DC offset in current response due to inductance asymmetry 

and 𝑘௅଴ < 0. 𝑘௅ଶ is the equivalent gain of the 2nd order harmonic in current response due to 

inductance asymmetry. 

 Summary 

Based on the current responses under resistance and inductance asymmetries, the general 

current response model under parameter asymmetry can be derived as: 

𝐼஺ ≈ ൫∆𝐼ோಲ
+ ∆𝐼௅ಲ

൯ + 𝐼଴ + ൫𝐾∆ோಲ
∙ 𝐾∆௅ಲ

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ ൫∆𝐼ோಳ
+ ∆𝐼௅ಳ

൯ + 𝐼଴ + ൫𝐾∆ோಳ
∙ 𝐾∆௅ಳ

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠 ቆ2 ൬𝜃௥ −
2𝜋

3
൰ቇ

𝐼஼ ≈ ൫∆𝐼ோ಴
+ ∆𝐼௅಴

൯ + 𝐼଴ + ൫𝐾∆ோ಴
∙ 𝐾∆௅಴

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠 ቆ2 ൬𝜃௥ +
2𝜋

3
൰ቇ

 (5.20) 

Then, (5.20) can be simplified as: 

𝐼஺ ≈ 𝐼஺଴
௨ + 𝐼஺ଶ

௨ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ 𝐼஻଴
௨ + 𝐼஻ଶ

௨ 𝑐𝑜𝑠 ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ ≈ 𝐼஼଴
௨ + 𝐼஼ଶ

௨ 𝑐𝑜𝑠 ൬2(𝜃௥ +
2𝜋

3
)൰

 (5.21) 

𝐼஺଴
௨ = 𝐼଴ + ∆𝐼ோಲ

+ ∆𝐼௅ಲ
       

𝐼஻଴
௨ = 𝐼଴ + ∆𝐼ோಳ

+ ∆𝐼௅ಳ
      

𝐼஼଴
௨ = 𝐼଴ + ∆𝐼ோ಴

+ ∆𝐼௅಴
      

 
(5.22) 

𝐼஺ଶ
௨ = 𝐾∆ோಲ

∙ 𝐾∆௅ಲ
∙ 𝐼ଶ      

𝐼஻ଶ
௨ = 𝐾∆ோಳ

∙ 𝐾∆௅ಳ
∙ 𝐼ଶ      

𝐼஼ଶ
௨ = 𝐾∆ோ಴

∙ 𝐾∆௅಴
∙ 𝐼ଶ     

 
(5.23) 

where 𝐼஺଴
௨ , 𝐼஻଴

௨  and 𝐼஼଴
௨  are the DC offsets in three-phase current responses under parameter 

asymmetries,  𝐼஺ଶ
௨ , 𝐼஻ଶ

௨  and 𝐼஼ଶ
௨  are the amplitudes of the 2nd order harmonic in three-phase 

current responses under parameter asymmetries. 

In summary, for both resistance and inductance asymmetries, the unbalanced phase will 

have reduced amplitudes of DC and the 2nd order harmonic. As the unbalance level increases, 
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there is more reduction. If the unbalanced level keeps increasing, the unbalanced phase current 

will be always smaller than other phase currents. The estimation in the sectors related to 

unbalanced phase will be incorrect in this case. 

5.3 Position Estimation under Parameter Asymmetries 

In this section, the impacts of parameter asymmetries on the rotor initial position estimation 

are investigated. The investigation is firstly based on a conventional method presented in 

[SCH97] by simulation. 

Firstly, voltage pulses are injected into 6 positions by selecting 6 voltage vectors of a 3-

phase voltage inverter (V1~V6), as shown in Fig. 2.5. Then, the estimated sector is determined 

by looking at the largest current response. For the conventional method, the estimation sectors 

are shown in Fig. 5.11.  

  

Fig. 5.10. Voltage vectors. Fig. 5.11. Estimation sectors. 

Then, the current responses against rotor position associated with the estimation sectors are 

shown in Fig. 5.12.  

 
Fig. 5.12. Current responses against electrical rotor position with symmetrical parameters. 
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sectors. If the parameters are symmetrical, the estimation sectors are distributed evenly by 60 

degrees for each sector. In each sector, only one phase current should be the largest so that the 

rotor initial position can be determined at the correct sector. 

Furthermore, the position estimation performance with symmetrical parameters is shown in 

Fig. 5.13. Under ideal condition, the maximum position estimation error is 30 degrees. 

 

Fig. 5.13. Current responses against electrical rotor position with parameter symmetry. 

However, under parameter asymmetries, as discussed in Section 5.2, the three-phase current 

responses are unbalanced. Therefore, the estimation sectors become unevenly distributed and 

the position estimation performance will be affected. In the following sections, the resistance 

and inductance asymmetry impact on position estimation will be investigated based on the 

simulation in this section. Moreover, an indicator called ‘feasible estimation area ratio’ is 

defined and used to simply quantify the impact of parameter asymmetry on position estimation. 

 Resistance Asymmetry 

Firstly, the impact of resistance asymmetry on position estimation is investigated. Both one-

phase and two-phase resistance asymmetric cases are considered. In Fig. 5.14, three-phase 

current responses under one-phase resistance asymmetry are shown first. Besides, the 

estimation performance is shown in Fig. 5.15. In Fig. 5.14, the pink dotted lines are the 

boundaries between unevenly distributed sectors due to parameter asymmetries. The interaction 

area between the black and pink lines is highlighted as pink blocks. If the rotor initial position 

locates in these pink block areas, the estimation will go wrong. The total angle span of all these 

pink block areas is defined as 𝐴ா௦௧_௪௥௢௡௚ (degree). Clearly, as 𝐴ா௦௧_௪௥௢௡௚  increases, the 

estimation performance will be more deteriorated, Fig. 5.15. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.14. Current responses against electrical rotor position with one-phase resistance asymmetry. 

(a) ∆𝑅஺ = 1Ω (25%𝑅). (b) ∆𝑅஺ = 2Ω (50%𝑅). (c) ∆𝑅஺ = 4Ω (100%𝑅) 
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(a) 

 

(b) 

 

(c) 

Fig. 5.15. Rotor position estimation with one-phase resistance asymmetry. (a) ∆𝑅஺ = 1Ω (25%𝑅). 

(b) ∆𝑅஺ = 2Ω (50%𝑅). (c) ∆𝑅஺ = 4Ω (100%𝑅) 

Then, in Fig. 5.16, three-phase current responses under two-phase resistance asymmetry are 

given. The estimation performance is shown in Fig. 5.17. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.16. Current responses against electrical rotor position with two-phase resistance asymmetry. 

(a) ∆𝑅஺ = 1Ω (25%𝑅), ∆𝑅஻ = 0.5Ω (12.5%𝑅). (b) ∆𝑅஺ = 2Ω (50%𝑅), ∆𝑅஻ = 1Ω (25%𝑅). (c) 

∆𝑅஺ = 4Ω (100%𝑅), ∆𝑅஻ = 2Ω (50%𝑅). 
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(a) 

 

(b) 

 

(c) 

Fig. 5.17. Rotor position estimation with two-phase resistance asymmetry. (a) ∆𝑅஺ =

1Ω (25%𝑅), ∆𝑅஻ = 0.5Ω (12.5%𝑅). (b) ∆𝑅஺ = 2Ω (50%𝑅), ∆𝑅஻ = 1Ω (25%𝑅). (c) ∆𝑅஺ =

4Ω (100%𝑅), ∆𝑅஻ = 2Ω (50%𝑅). 
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Clearly, for both one-phase and two-phase resistance asymmetric cases, as the resistance 

unbalance level goes higher, 𝐴ா௦௧_௪௥௢௡௚ becomes larger and therefore the position estimation 

performance is more affected. 

 Inductance Asymmetry 

Similarly, the inductance asymmetry impact is also investigated. Both one-phase and two-

phase self-inductance asymmetric cases are considered. Firstly, in Fig. 5.18, three-phase current 

responses under one-phase self-inductance asymmetry are shown. Besides, the estimation 

performance is shown in Fig. 5.20.  

 

(a) 

 

(b) 

Fig. 5.18. Current responses against electrical rotor position with one-phase self-inductance 

asymmetry. (a) ∆𝐿஺ = 4𝑚𝐻 (50%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴). 
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(a) 

 

(b) 

Fig. 5.19. Rotor position estimation with one-phase self-inductance asymmetry. (a) ∆𝐿஺ =

4𝑚𝐻 (50%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴). 

Then, in Fig. 5.20, three-phase current responses under two-phase self-inductance asymmetry 

are given. The estimation performance is shown in Fig. 5.21. 
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(b) 

 

(c) 

Fig. 5.20. Current responses against electrical rotor position with two-phase self-inductance 

asymmetry. (a) ∆𝐿஺ = 4𝑚𝐻 (25%𝐿଴), ∆𝐿஻ = 2𝑚𝐻 (12.5%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴), ∆𝐿஻ =

4𝑚𝐻 (25%𝐿଴). (c) ∆𝐿஺ = 16𝑚𝐻 (100%𝐿଴), ∆𝐿஻ = 8𝑚𝐻 (50%𝐿଴). 
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(b) 

 

(c) 

Fig. 5.21. Rotor position estimation with two-phase self-inductance asymmetry. (a) ∆𝐿஺ =

4𝑚𝐻 (25%𝐿଴), ∆𝐿஻ = 2𝑚𝐻 (12.5%𝐿଴). (b) ∆𝐿஺ = 8𝑚𝐻 (50%𝐿଴), ∆𝐿஻ = 4𝑚𝐻 (25%𝐿଴). (c) 

∆𝐿஺ = 16𝑚𝐻 (100%𝐿଴), ∆𝐿஻ = 8𝑚𝐻 (50%𝐿଴). 

Same as the resistance asymmetry, for both one-phase and two-phase self-inductance 

asymmetric cases, as the inductance unbalance level goes higher, 𝐴ா௦௧_௪௥௢௡௚ becomes larger 

and the position estimation performance is more deteriorated. 

 Feasible Estimation Area Ratio 

Based on 𝐴ா௦௧_௪௥௢௡௚ , an indicator called ‘feasible estimation area ratio’, i.e. 𝛼ா , is 

introduced and defined in (5.24). This ratio 𝛼ா is used to quantify the influence of parameter 

asymmetry on position estimation performance. 

𝛼ா =
360° − 𝐴ா௦௧_௪௥௢௡௚

360°
× 100% (5.24) 
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Clearly, for symmetrical case, the feasible estimation area ratio 𝛼ா is 100%. Then, the feasible 

estimation area ratio 𝛼ா considering different resistance and inductance asymmetric cases are 

calculated and shown in Fig. 5.22 and Fig. 5.23, respectively.  

 
(a) 

 
(b) 

Fig. 5.22. Feasible estimation area ratio with resistance symmetry. (a) One-phase resistance 

asymmetry. (b) Two-phase resistance asymmetry. 

 
(a) 

 
(b) 

Fig. 5.23. Feasible estimation area ratio with inductance symmetry. (a) One-phase self-inductance 

asymmetry. (b) Two-phase self-inductance asymmetry. 
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Clearly, for both resistance and inductance asymmetric cases, the feasible estimation area 

ratio decreases as the unbalanced level becomes higher. If the unbalanced level keeps increasing, 

the unbalanced phase current will be always smaller than the other phase currents. The 

estimation in the sectors related to unbalanced phase will be incorrect. The least 𝛼ா is 66.7% 

for one-phase asymmetry and 33.3% for two-phase asymmetry. 

 Summary 

Based on the results, several conclusions under parameter asymmetries can be drawn. Firstly, 

in parameter symmetrical case, the estimation sectors should be evenly distributed by 60 

degrees. However, in parameter asymmetric case, the estimation sectors are no longer evenly 

distributed. These uneven distributed sectors will cause position estimation error. Moreover, a 

higher level of asymmetry will decrease the feasible estimation area ratio 𝛼ா. For one-phase 

asymmetric case, the least 𝛼ா  is 66.7% and for two-phase asymmetry case, the least 𝛼ா  is 

33.3%. 

5.4 Compensation Methods for Parameter Asymmetries 

Discussed in the previous sections, parameter asymmetries will cause position errors for 

conventional methods. Hence, in this section, two compensation methods for rotor initial 

position estimation are proposed considering parameter asymmetries. 

 Adjustment of Voltage Pulse Duration 

According to the results in Section 5.3, it is found that the influence of inductance 

asymmetry is more significant than the resistance asymmetry. This is due to the short duration 

of voltage pulse leading to a large current change. Hence, the voltage drop on inductance is 

much more than the resistance one as shown in (5.25). 

𝑉஽஼ = 𝑅௘௤,௑𝑖௑ + 𝐿௘௤,௑

𝑑𝑖௑

𝑑𝑡
 (5.25) 

Therefore, the influence of resistance asymmetry on position estimation can be reduced by 

simply adjusting the duration of voltage pulse. Simulation results are given to verify the 

effectiveness of the proposed method. 

Firstly, under resistance asymmetry, the estimation performances with different voltage 

pulse durations are shown in Fig. 5.24. Then, the results for inductance asymmetric case are 

also shown in Fig. 5.25 for comparison with resistance asymmetric case. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.24. Rotor position estimation with one-phase resistance asymmetry (∆𝑅஺ = 4Ω) with 

different voltage pulse durations. (a) 𝑇௉ = 0.25ms. (b) 𝑇௉ = 1ms. (c) 𝑇௉ = 3ms. 

As shown in Fig. 5.24, as the duration increases, the impact of resistance asymmetry 

becomes more significant. Then, the inductance asymmetric case is shown in Fig. 5.25. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.25. Rotor position estimation with one-phase resistance asymmetry (∆𝐿஺ = 4mH) with 

different voltage pulse durations. (a) 𝑇௉ = 0.25ms. (b) 𝑇௉ = 1ms. (c) 𝑇௉ = 3ms. 

From the results shown in Fig. 5.25, it can be seen that the duration has negligible influence 

on inductance asymmetry. Furthermore, the feasible estimation area ratio 𝛼ா of both resistance 

and inductance asymmetric cases with different durations are calculated and shown in Fig. 5.26. 
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Compared with inductance asymmetry, the position estimation performance is less influenced 

by resistance asymmetry. By reducing the duration, the influence of resistance asymmetry on 

position estimation can be suppressed, while there is almost no effect on inductance asymmetry. 

Hence, only the impact of resistance asymmetry can be reduced by adjusting voltage pulse 

duration. 

 
Fig. 5.26. Feasible estimation area ratio with different voltage pulse duration. 

Then, considering different resistance asymmetry cases, simulation results of 𝛼ா with different 

durations are shown in Fig. 5.27 and Fig. 5.28. Clearly, under resistance asymmetry, by 

reducing the duration of voltage pulse, 𝛼ா can be increased effectively. 

 
Fig. 5.27. Feasible estimation area ratio with different voltage pulse duration under one-phase 

resistance asymmetry. 

 
Fig. 5.28. Feasible estimation area ratio with different voltage pulse duration under two-phase 

resistance asymmetry. 
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In summary, adjustment of voltage pulse duration can be used to compensate for resistance 

asymmetry. The impact of resistance asymmetry can be reduced by using a shorter duration 

pulse. However, reducing the duration indicates a smaller number of sample points of the 

current response. A higher sampling rate might be required. Thus, this compensation method 

may become unfeasible in some applications due to the limited sampling rate. 

 

 Current Response Compensation Method 

In Section 5.2, the current response models under resistance and inductance asymmetries 

are derived. Based on these models, a general current response model considering both 

resistance and inductance asymmetries can be given by: 

𝐼஺ ≈ ൫∆𝐼ோಲ
+ ∆𝐼௅ಲ

൯ + 𝐼଴ + ൫𝐾∆ோಲ
∙ 𝐾∆௅ಲ

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ ൫∆𝐼ோಳ
+ ∆𝐼௅ಳ

൯ + 𝐼଴ + ൫𝐾∆ோಳ
∙ 𝐾∆௅ಳ

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠 ቆ2 ൬𝜃௥ −
2𝜋

3
൰ቇ

𝐼஼ ≈ ൫∆𝐼ோ಴
+ ∆𝐼௅಴

൯ + 𝐼଴ + ൫𝐾∆ோ಴
∙ 𝐾∆௅಴

൯ ∙ 𝐼ଶ 𝑐𝑜𝑠 ቆ2 ൬𝜃௥ +
2𝜋

3
൰ቇ

 (5.26) 

Then, (5.26) can be simplified as: 

𝐼஺ ≈ 𝐼஺଴
௨ + 𝐼஺ଶ

௨ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻ ≈ 𝐼஻଴
௨ + 𝐼஻ଶ

௨ 𝑐𝑜𝑠 ൬2(𝜃௥ −
2𝜋

3
)൰

𝐼஼ ≈ 𝐼஼଴
௨ + 𝐼஼ଶ

௨ 𝑐𝑜𝑠 ൬2(𝜃௥ +
2𝜋

3
)൰

 (5.27) 

𝐼஺଴
௨ = 𝐼଴ + ∆𝐼ோಲ

+ ∆𝐼௅ಲ
       

𝐼஻଴
௨ = 𝐼଴ + ∆𝐼ோಳ

+ ∆𝐼௅ಳ
      

𝐼஼଴
௨ = 𝐼଴ + ∆𝐼ோ಴

+ ∆𝐼௅಴
      

 

(5.28) 

𝐼஺ଶ
௨ = 𝐾∆ோಲ

∙ 𝐾∆௅ಲ
∙ 𝐼ଶ      

𝐼஻ଶ
௨ = 𝐾∆ோಳ

∙ 𝐾∆௅ಳ
∙ 𝐼ଶ      

𝐼஼ଶ
௨ = 𝐾∆ோ಴

∙ 𝐾∆௅಴
∙ 𝐼ଶ     

 

(5.29) 

where 𝐼஺଴
௨ , 𝐼஻଴

௨  and 𝐼஼଴
௨  are the DC offsets in three-phase current responses under parameter 

asymmetries,  𝐼஺ଶ
௨ , 𝐼஻ଶ

௨  and 𝐼஼ଶ
௨  are the amplitudes of the 2nd order harmonics in three-phase 

current responses under parameter asymmetries. 
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Based on (5.30), a current response compensation method is developed. Current responses 

against rotor position are firstly measured in the pre-test. Then, the coefficients 𝐼஺଴
௨ , 𝐼஻଴

௨ , 𝐼஼଴
௨ ,𝐼஺ଶ

௨ , 

𝐼஻ଶ
௨  and 𝐼஼ଶ

௨  in (5.30) are calculated and used to compensate for the unbalanced three-phase 

current responses. The compensated three-phase current responses are given by: 

𝐼஺
௖ = (𝐼஺ − 𝐼஺଴

௨ ) ∙
𝐼ଶ_஺௏ா

𝐼஺ଶ
௨ + 𝐼଴_஺௏ா

𝐼஻
௖ = (𝐼஻ − 𝐼஻଴

௨ ) ∙
𝐼ଶ_஺௏ா

𝐼஻ଶ
௨ + 𝐼଴_஺௏ா

𝐼஼
௖ = (𝐼஼ − 𝐼஼଴

௨ ) ∙
𝐼ଶ_஺௏ா

𝐼஼ଶ
௨ + 𝐼଴_஺௏ா

 (5.30) 

𝐼଴_஺௏ா =
𝐼஺଴

௨ + 𝐼஻଴
௨ + 𝐼஼଴

௨

3

𝐼ଶ_஺௏ா =
𝐼஺ଶ

௨ + 𝐼஻ଶ
௨ + 𝐼஼ଶ

௨

3

 

(5.31) 

After compensation, the three-phase current responses become symmetrical and given by: 

𝐼஺
௖ = 𝐼଴ + 𝐼ଶ 𝑐𝑜𝑠(2𝜃௥)            

𝐼஻
௖ = 𝐼଴ + 𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ −

2𝜋

3
)൰

𝐼஼
௖ = 𝐼଴ + 𝐼ଶ 𝑐𝑜𝑠 ൬2(𝜃௥ +

2𝜋

3
)൰

 (5.32) 

Then, the proposed compensation method is validated by simulation. The simulation results 

are shown in Fig. 5.29. In Fig. 5.29, different asymmetry scenarios are considered. It can be 

seen that for both asymmetry cases, the feasible estimation area ratios 𝛼ா are largely increased 

to 100% after compensation. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5.29. Feasible estimation area ratio with different voltage pulse duration. (a) One-phase 

resistance asymmetry. (b) Two-phase resistance asymmetry. (c) One-phase self-inductance 

asymmetry. (d) Two-phase self-inductance asymmetry. 
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Besides, different from the first compensation method, the second compensation method 

can be used without the limitation of duration. As discussed before, the impact of resistance 

asymmetry can be significantly influenced by voltage pulse durations. Therefore, an example 

of compensation performance under one-phase resistance asymmetry (∆𝑅஺ = 4Ω, 100%R) is 

shown in Fig. 5.30. In the example, different voltage pulse durations are considered. Clearly, 

the second method shows no change in compensation effects regarding different durations. For 

the second current response compensation method, the three-phase current responses against 

rotor position are measured in the pre-test by injecting voltage pulses. In order to guarantee the 

compensation performance, in the position estimation, the magnitude and duration of the 

injected voltage pulse should be identical to the one used in the pre-test. 

 

Fig. 5.30. Feasible estimation area ratio with different voltage pulse duration under one-phase 

resistance asymmetry (∆𝑅஺ = 4Ω, 100%𝑅). 

In summary, by doing pre-test measurement of three-phase current responses against the 

rotor position, the unbalanced three-phase current responses can be compensated to be balanced 

again. The effectiveness of this compensation method is verified by simulation results. This 

method can be used for both resistance and inductance asymmetric cases. However, the main 

limitation of this method is the requirement of pre-test measurement of three-phase current 

responses. 

5.5 Conclusion 

In this chapter, rotor initial position estimation under both machine resistance and 

inductance asymmetries is investigated. The model of current responses under parameter 

asymmetries is developed and the impact of parameter asymmetries on position estimation is 

investigated. It is found that the current response of the unbalanced phase will have decreased 
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two-phase asymmetric case, the least feasible estimation area ratio 𝛼ா is only 33.3%. Moreover, 

two compensation methods are proposed which effectively reduce the impact of parameter 

asymmetries. Both methods are verified by simulation results. The first method relies on 

reducing the duration of voltage pulse so that the resistance impact is suppressed. Thus, this 

method is only suitable for compensating for the resistance asymmetry, not for the inductance 

asymmetry. As shown by simulation results, a satisfied compensation performance can be 

obtained with a very short duration of voltage pulse. However, shorter duration requires a higher 

sampling frequency, which can be limited in some applications. For the second method, based 

on the general model of current response under parameter asymmetry, a direct current response 

compensation method is developed. The current responses are measured in the pre-test and the 

asymmetry coefficients are obtained and used to compensate for the asymmetric three-phase 

current responses. After compensation, the three-phase current responses become symmetrical 

again. Therefore, the second method shows a satisfied compensation performance for both 

inductance and resistance asymmetries. However, this method requires pre-test measurement 

of the three-phase current responses. 
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CHAPTER 6 

A NEW SIMPLIFIED FUNDAMENTAL MODEL 

BASED SENSORLESS CONTROL FOR SURFACE-

MOUNTED PERMANENT MAGNET SYNCHRONOUS 

MACHINES 

6.1 Introduction 

Basically, sensorless techniques can be divided into fundamental model based techniques 

and saliency tracking based techniques. Fundamental model based methods utilizing back-EMF 

or flux-linkage have a good performance at middle and high speeds. Back-EMF and flux-

linkage can be estimated simply using phase-locked loop (PLL) or other observers including 

adaptive observer [PII08][YOO09a], sliding-mode observer (SMO) [CHI09] [KIM11], and 

extended Kalman filter (EKF) [BOL99]. However, the magnitude of back-EMF is proportional 

to the rotor speed, these methods present poor performance and cannot be employed in the zero 

and low speed range. In terms of saliency tracking based methods, which are more suitable in 

the zero and low speed range. Discrete voltage pulses [HOL05], PWM excitation [KIM12], or 

continuous carrier signal injection based methods [JAN95] [BRI04] are proposed and show 

effectiveness in the zero and low speed range. However, in case of surface-mounted permanent 

magnet synchronous machines, due to geometric characteristics, the inductance saliency is 

insufficient or none. Hence, saliency tracking based methods may not be employed for the 

SPMSM. Therefore, it is still a challenge for sensorless control of SPMSM at zero and low 

speed.  

Conventionally, in order to employ sensorless control techniques on SPMSM, an open-loop 

start-up process [WU91][FAT08][IEP12] is adopted to help the machine firstly reaching at a 

certain high speed so that the magnitude of back-EMF is large enough for position tracking. 

However, with load or load variations, the operation may become unstable so that the machine 

will lose its synchronism. A reverse rotation or oscillation can also happen during starting. In 

addition, the starting torque is not guaranteed to be its maximum value, which will significantly 

slow down the starting process. Moreover, extra control strategies are required to achieve a 

smooth transition from open-loop control to closed-loop control. 
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In this chapter, a solution is proposed for SPMSM sensorless control considering the starting 

process and low speed operation. In this chapter, a simplified fundamental model based 

sensorless control method for SPMSM is proposed. Based on the simplified model, the stator 

currents in the stationary reference frame can be directly utilized for position estimation, 

without the need of parameter and voltage information. Different from conventional 

fundamental model based methods calculating back-EMF or flux-linkage, the proposed method 

utilizes the rotor position information contained in the stator current. The stator currents are 

directly measured from the current sensors, and in the low speed range, sensorless control 

performance can be improved. For the starting part, obtaining the accurate rotor initial position 

or sector information before starting is favourable in order to avoid the reverse rotation and 

oscillation issues that could possibly happen during starting [BOL99][JAN06]. Methods based 

on magnetic saturation effect could be used [MAT96] [SCH97] [TUR03] [WAN10]. In this 

chapter, a rotor initial position detection method in [SCH97] is adopted, which guarantees a 

satisfied estimation performance at standstill, especially for SPMSM. With the knowledge of 

rotor initial position, the proposed method is able to start the machine from standstill against 

different load conditions without reverse rotation. The influence of inverter nonlinearity on the 

proposed rotor position estimation method is also discussed and the corresponding 

compensation is considered. 

This chapter is organized as follows: Firstly, the fundamental model of PMSM and 

conventional sensorless control methods are introduced. Then, the proposed method is 

illustrated including the mathematical model derivation, influence of inverter-nonlinearity and 

starting procedure. The proposed method is implemented on the dSPACE platform and its 

effectiveness is verified by the experiment results on two prototype SPMSMs. Moreover, the 

proposed method is applied to the Siemens wind power system and is verified by hardware-in-

loop (HIL) simulation. 

 

This chapter is based on the paper: 

[WU20e] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A new simplified fundamental model-based 

sensorless control method for surface-mounted permanent magnet synchronous machines,” 

submitted to IET Electric Power Applications. 
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6.2 Conventional Fundamental Model Based Sensorless Control 

Methods 

It is known that saliency tracking based methods cannot be applied to SPMSM due to the 

lack of rotor saliency, fundamental model based methods are the main way to realize sensorless 

control of SPMSM. For the fundamental model based sensorless control methods, rotor position 

estimation is based on calculating either back-EMF or flux-linkage. Hence, in this section, the 

basic approaches of utilizing back-EMF and flux-linkage for position estimation are 

demonstrated. 

 Back-EMF Based Sensorless Control Methods 

For back-EMF based sensorless control methods, back-EMF can be calculated based on the 

stationary reference frame or the estimated synchronous reference frame. Then, two different 

reference frames based sensorless methods for SPMSM are introduced in this part. 

A. Stationary reference frame 

The voltage equation for SPMSM in the stationary reference frame is given as: 

൤
𝑣ఈ

𝑣ఉ
൨ = ൤

𝑅௦ + 𝑝𝐿௦ 0
0 𝑅௦ + 𝑝𝐿௦

൨ ൤
𝑖ఈ

𝑖ఉ
൨ + 𝜔௥𝜓௠ ൤

−sin𝜃௥ 
cos𝜃௥

൨ (6.1) 

The right hand side term represents the back-EMF that contains the rotor position and speed 

information. Back-EMF terms can be calculated as: 

ቂ
𝑒ఈ

𝑒ఉ
ቃ = ൤

𝑣ఈ

𝑣ఉ
൨ − ൤

𝑅௦ + 𝑝𝐿௦ 0
0 𝑅௦ + 𝑝𝐿௦

൨ ൤
𝑖ఈ

𝑖ఉ
൨ (6.2) 

Then, the back-EMF terms are given as: 

ቂ
𝑒ఈ

𝑒ఉ
ቃ = 𝜔௥𝜓௠ ൤

−sin𝜃௥ 
cos𝜃௥

൨ (6.3) 

The rotor position can be calculated by: 

𝜃௥ = arctan (−
𝑒ఈ

𝑒ఉ
) (6.4) 

It is worth noting that in the implementation, since voltage information is not available, the 

reference voltage value 𝑣ఈ
∗  and 𝑣ఉ

∗  are used instead. 
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B. Estimated synchronous reference frame 

Rotor position can also be estimated based on calculating back-EMF in the estimated 

synchronous reference frame. [MOR02] and [CHE03] introduced the Extended Back-EMF 

based method, i.e. 𝐸௘௫, by which the voltage equation is given as: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ൤

𝑖ௗ

𝑖௤
൨ + ൤

0
𝐸௘௫

൨ (6.5) 

where 𝑣ௗ  and 𝑣௤ are the d-q axis stator voltages, 𝑖ௗ and 𝑖௤ are the d-q axis stator currents, 𝐿ௗ 

and 𝐿௤ are the d-q axis inductances respectively. 𝐸௘௫ = 𝜔௥𝜓௠ + (𝐿ௗ − 𝐿௤)(𝜔௥𝑖ௗ − 𝑝𝑖௤). It is 

worth noting that for SPMSM, 𝐿௦ = 𝐿ௗ = 𝐿௤. Then, (1.34) is modified as: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿௦ −𝜔௥𝐿௦

𝜔௥𝐿௦ 𝑅௦ + 𝑝𝐿௦
൨ ൤

𝑖ௗ

𝑖௤
൨ + ൤

0
𝜔௥𝜓௠

൨ (6.6) 

For a sensorless control system, the actual rotor position is unknown. Therefore, the above 

equations should be transformed into the estimated synchronous reference frame with the 

transformation matrix given by: 

𝑇(Δ𝜃௥) = ൤
cos (Δ𝜃௥) sin (Δ𝜃௥)

−sin (Δ𝜃௥) cos (Δ𝜃௥)
൨ (6.7) 

𝑇ିଵ(Δ𝜃௥) = ൤
cos (Δ𝜃௥) −sin (Δ𝜃௥)

sin (Δ𝜃௥) cos (Δ𝜃௥)
൨ (6.8) 

where Δ𝜃௥ is the rotor position error between the estimation and actual values. Besides, the 

relationship between the synchronous reference frame and the estimated synchronous reference 

frame is shown in Fig. 6.1. 

 

Fig. 6.1. Relationship between ABC reference frame and synchronous reference frame. 
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Then, the voltage equation in the estimated synchronous reference frame is given by: 

൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝐸෠ௗ

𝐸෠௤
቉ (6.9) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ = 𝐸௘௫ ൤

−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ + Δ𝜔௥𝐿ௗ ቈ

𝚤መ̇௤

−𝚤መ̇ௗ

቉ (6.10) 

The superscript sign ‘∧’ indicates the variables are in the estimated synchronous reference 

frame. Δ𝜔௥  is the rotor speed error between estimation and actual values, respectively. For 

SPMSM, (1.36) and (1.37) are modified as: 

൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿௦ −𝜔௥𝐿௦

𝜔௥𝐿௦ 𝑅௦ + 𝑝𝐿௦
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝐸෠ௗ

𝐸෠௤
቉ (6.11) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ = 𝜔௥𝜓௠ ൤

−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ + Δ𝜔௥𝐿ௗ ቈ

𝚤መ̇௤

−𝚤መ̇ௗ

቉ (6.12) 

Then, the position error can be expressed in the following equations: 

Δ𝜃௥ = 𝑡𝑎𝑛ିଵ(−
𝐸෠ௗ

𝐸෠௤

) (6.13) 

Subsequently, as shown in Fig. 1.17, a position observer is applied to adjust the estimation 

position to minimize the position estimation error Δ𝜃௥ to make the estimated reference fame 

align with actual one. It is worth noting that in the implementation, since voltage information 

is not available, the reference voltage value 𝑣ௗ
∗  and 𝑣௤

∗ are used instead. 

 

Fig. 6.2. Extended Back-EMF based position observer. [CHE03] 
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 Flux-linkage Based Sensorless Control Methods 

For flux-linkage based sensorless control methods, rotor position can also be estimated in 

the stationary reference frame or the estimated synchronous reference frame. Therefore, two 

different flux-linkage sensorless methods are introduced in this part. 

A. Stationary reference frame 

In the stationary reference frame, the flux-linkage can be calculated as follows, 

𝜓௠,ఈఉ = න(𝑣ఈఉ − 𝑅௦𝑖ఈఉ) 𝑑𝑡 − 𝐿௦𝑖ఈఉ (6.14) 

The flux-linkages are given as 

൤
𝜓௠ఈ

𝜓௠ఉ
൨ = 𝜓௠ ൤

cos𝜃௥

sin𝜃௥
൨ (6.15) 

Hence, the rotor position can be obtained as 

𝜃௥ = arctan
𝜓௠ఉ

𝜓௠ఈ
 (6.16) 

It is worth noting that in the implementation any dc offset or current measurement error will 

be continuously amplified by the pure integration until saturation. Therefore, a high-pass filter 

(HPF) is normally applied to the variables to be integrated. Since the transfer function of the 

pure integration is 1/𝑠, the equivalent replacement of pure integrator is same as a low-pass 

filter (LPF). 

B. Estimated synchronous reference frame 

Besides, rotor position can be estimated based on the flux-linkage in the estimated 

synchronous reference frame. [BOL08] proposed a so called ‘Active Flux’ concept. The active 

flux (AF) is defined as: 

𝜓஺ி = 𝜓௠ + (𝐿ௗ − 𝐿௤)𝑖ௗ (6.17) 

For SPMSM, since 𝐿ௗ = 𝐿௤, the active flux is modified to: 

𝜓஺ி = 𝜓௠ (6.18) 

With the active flux, the flux equation can be generalized as: 
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൤
𝜓ௗ

𝜓௤
൨ = ൤

𝐿ௗ 0
0 𝐿௤

൨ ൤
𝑖ௗ

𝑖௤
൨ + ቂ

𝜓஺ி

0
ቃ (6.19) 

Since the rotor position is unknown in the practical sensorless control system, the flux-linkage 

should be transformed into the estimated reference frame: 

ቈ
𝜓෠ௗ

𝜓෠௤

቉ = ൤
𝐿ௗ 0
0 𝐿௤

൨ ቈ
𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝜓෠஺ிௗ

𝜓෠஺ி௤

቉ (6.20) 

where ൣ𝜓෠஺ிௗ 𝜓෠஺ி௤൧
்

 is the projected AF defined as ൣ𝜓෠஺ிௗ 𝜓෠஺ி௤൧
்

=

𝜓஺ி[𝑐𝑜𝑠Δ𝜃௥ 𝑠𝑖𝑛Δ𝜃௥]் Based on (1.48), the rotor speed and position can be estimated by an 

observer. The overall control scheme is shown in Fig. 1.21. 

 

Fig. 6.3. Active flux based position observer. [BOL08] 

 Summary 

It is known that the conventional methods based on the fundamental model offer good 

performance in the middle and high-speed ranges. While in zero and low speed range, back-

EMF and flux-linkage are unobservable, besides there are also some other factors affecting the 

sensorless control performance including the parameter mismatch, inverter non-linearity, etc. 

Therefore, the conventional fundamental model based methods normally cannot be used in zero 

and low speed range. In order to solve this issue, a new sensorless control method based on the 

simplified fundamental model is proposed and introduced in the following section. 
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6.3 Proposed Simplified Fundamental Model Based Method for 

Starting and Low Speed Operation 

Based on the fundamental model in Section 6.2, a new simplified fundamental model based 

sensorless control method is introduced in this section. Instead of calculating back-EMF or flux-

linkage in conventional ways, only the measured stator currents are directly used to extract the 

rotor position information in the proposed method. Since currents are measured from physical 

sensors, comparing with conventional direct utilization of back-EMF or flux-linkage, the 

sensorless control performance can be improved in starting  and low speed range. In this section, 

the mathematical model derivation of the proposed simplified fundamental model is provided 

at first and including the demonstration of how to utilize stator current to estimate the rotor 

position. Furthermore, the influence of inverter nonlinearity is discussed as well. The overall 

sensorless control block diagram is illustrated in Fig. 6.4.  

 

Fig. 6.4. Overall sensorless control block diagram. [WU20e] 

 Simplified Model 

The proposed method is based on the fundamental model in the stationary reference frame. 

Firstly, re-arranging the voltage equations by moving current terms to the left side and the 

current terms are represented as: 

൤
𝑅௦ + 𝑝𝐿௦ 0

0 𝑅௦ + 𝑝𝐿௦
൨ ൤

𝑖ఈ

𝑖ఉ
൨ = ൤

𝑣ఈ

𝑣ఉ
൨ − 𝜔௥𝜓௠ ൤

−sin𝜃௥ 
cos𝜃௥

൨ (6.21) 

Besides, the stator voltages in the stationary reference frame can be represented as: 
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൤
𝑣ఈ

𝑣ఉ
൨ = ൤

cos𝜃௥ −sin𝜃௥

sin𝜃௥ cos𝜃௥
൨ ∙ ቂ

𝑣ௗ

𝑣௤
ቃ = ൤

−𝑉௠sin (𝜃௥ − 𝜃௩)

𝑉௠cos (𝜃௥ − 𝜃௩)
൨ (6.22) 

where 𝑣ௗ and 𝑣௤ are the d- and q-axis voltages in the synchronous reference frame, 𝑉௠ is the 

amplitude of stator voltage and 𝜃௩ = arctan (𝑣ௗ/𝑣௤). 

Substitute (6.22) into (6.21) and using Laplace transform to obtain the solution of stator 

currents shown in (6.23).  

൤
𝑖ఈ

𝑖ఉ
൨ =

ఠೝట೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
sin(𝜃௥ − 𝜃௣)

−cos(𝜃௥ − 𝜃௣)
቉  +

௏೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
−sin(𝜃௥ − 𝜃௩ − 𝜃௣)

cos(𝜃௥ − 𝜃௩ − 𝜃௣)
቉   +

𝜔௥𝜓௠𝑒
ି

ೃೞ
ಽೞ

௧
቎

ఠೝ௅ೞ

ோೞ
మାఠೝ

మ௅ೞ
మ

ோೞ

ோೞ
మାఠೝ

మ௅ೞ
మ

቏ −
௏೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

𝑒
ି

ೃೞ
ಽೞ

௧
ቈ

sin (𝜃௩ + 𝜃௣)

cos (𝜃௩ + 𝜃௣)
቉  

(6.23) 

From (6.23), it can be seen that the last two terms containing the transient part, i.e. 𝑒^(−𝑅௦/𝐿௦ ∙

𝑡). In the steady-state, this term can be neglected. In the transient state, during low speed or 

starting operation, there can be influenced only under the condition of 𝐿௦ ≫ 𝑅௦. Hence, these 

two terms are neglected in this section. Then (6.23) is simplified to (6.24). 

൤
𝑖ఈ

𝑖ఉ
൨ =

ఠೝట೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
sin(𝜃௥ − 𝜃௣)

−cos(𝜃௥ − 𝜃௣)
቉ +

௏೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
−sin(𝜃௥ − 𝜃௩ − 𝜃௣)

cos(𝜃௥ − 𝜃௩ − 𝜃௣)
቉  (6.24) 

where 𝜃௣ = arctan (𝜔௥𝐿௦/𝑅௦), 𝜃௩ = arctan (𝑣ௗ/𝑣௤). 

Obviously, in (6.24), there are two angles 𝜃௩  and  𝜃௣  introducing errors in position 

estimation when directly using stator currents to estimate the rotor position. As a consequence, 

in order to utilize the stator currents to estimate the rotor position, these two angles are 

necessary to be considered. 

As seen from (6.24), each term on the right side has the error angel 𝜃௣. Therefore, it is much 

more convenient to use the transformation method to compensate for this error angle. The 

transformation matrix and its inverse constituted by  𝜃௣ are given in (6.25) and (6.26). The 

transformation is illustrated in Fig. 6.5.  
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Fig. 6.5. Reference frame transformation. [WU20e] 

By applying (6.25) to (6.24), the influence of 𝜃௣ can be easily eliminated. 

𝑇൫𝜃௣൯ = ൤
co𝑠𝜃௣ sin𝜃௣

−sin𝜃௣ cos𝜃௣
൨ (6.25) 

𝑇൫𝜃௣൯
ିଵ

= ൤
cos𝜃௣ −sin𝜃௣

sin𝜃௣ cos𝜃௣
൨ (6.26) 

After transformation, (6.24) becomes (6.27), and the stator currents are transformed from the 

conventional 𝛼𝛽 stationary reference frame to a new so-called 𝛼௣𝛽௣ reference frame. 

ቈ
𝑖ఈ೛

𝑖ఉ೛

቉ =
1

ඥ𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ

ቈ൤
−𝑉௠ 𝑠𝑖𝑛(𝜃௥ − 𝜃௩)

𝑉௠ 𝑐𝑜𝑠(𝜃௥ − 𝜃௩)
൨ − 𝜔௥𝜓௠ ൤

−𝑠𝑖𝑛𝜃௥

𝑐𝑜𝑠𝜃௥
൨቉   (6.27) 

As shown in (6.27), in order to directly utilize stator currents to acquire rotor position 

information, the left error angle 𝜃௩ is to be compensated. According to (6.22), 𝜃௩ is directly 

controlled to zero by controlling the d-axis voltage to zero, i.e. 𝑣ௗ = 0. The control diagram of 

this part is shown in Fig. 6.4, a zero command is given to the d-axis voltage. Initially, there may 

be an error between the estimated and actual positions, and therefore, the following derivation 

can be based on the estimated reference frame. 

The d-axis voltage in the estimation reference frame can be represented as: 

𝑣ොௗ = 𝑅௦𝚤መ̇ௗ + 𝐿௦

𝑑𝚤መ̇ௗ

𝑑𝑡
− 𝜔௥𝐿௦𝚤መ̇௤ − 𝜔௥𝜓௠sinΔ𝜃௥   (6.28) 

p



 p

p
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In the control system, as illustrated by Fig. 6.4, the d-axis voltage in the estimation reference 

frame, i.e. 𝑣ොௗ, is controlled to zero, neglecting the transient part which is relatively small. Then, 

the equation in (6.28) becomes: 

𝑅௦𝚤መ̇ௗ − 𝜔௥𝐿௦𝚤መ̇௤  = 𝜔௥𝜓௠sinΔ𝜃௥ = 𝐸sinΔ𝜃௥  (6.29) 

With the definition of 𝜃௣ in (6.24), the left side of (6.29) can be re-arranged as: 

cos𝜃௣𝚤መ̇ௗ − sin𝜃௣𝚤መ̇௤ = 𝐴sinΔ𝜃௥  (6.30) 

where 𝐴 =
ா

ටோೞ
మାఠೝ

మ௅ೞ
మ
. 

Utilizing the transformation matrix in (6.25), (6.30) can be transformed into (6.31). 

𝑖ఈ೛
cos𝜃෠௥ + 𝑖ఉ೛

sin𝜃෠௥ = 𝐴sinΔ𝜃௥  (6.31) 

In (6.31), 𝜃෠௥ is the estimated rotor position. Obviously, it can be seen that when 𝑖ఈ೛
 and 𝑖ఉ೛

 

are the input of a phase-locked loop (PLL), the right side of (6.31) is equal to the error signal 

𝜀௉௅௅ of the PLL whose block diagram is shown in Fig. 6.6. 

 

Fig. 6.6. Block diagram of the Phase-locked Loop. [WU20e] 

The PLL used here is a conventional and common way to extract phase and frequency 

information from input signals. Now, (6.31) is represented as: 

𝑖ఈ೛
cos𝜃෠௥ + 𝑖ఉ೛

sin𝜃෠௥ = 𝜀௉௅௅ (6.32) 

After the error 𝜀௉௅௅  converges to zero, the position will be correctly tracked and position 

estimation error is zero, i.e. Δ𝜃௥ = 0. Then, combining the model in (6.27), the inputs of the 

PLL,  𝑖ఈ೛
 and 𝑖ఉ೛

 can be represented as: 

PI

sin

cos

1/S
r̂i ˆrPLL


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ቈ
𝑖ఈ೛

𝑖ఉ೛

቉ =
𝑉௠ − 𝜔௥𝜓௠

ඥ𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ

∙ ൤
−sin𝜃௥

cos𝜃௥
൨   (6.33) 

Since only the low speed range is concerned in this section, then (6.33) can be finalized as a 

simplified model in (6.34). Because when the rotor speed is low, it is assuming that 𝑅௦ ≫ 𝜔௥𝐿௦. 

According to (6.24), the influence of 𝜃௣ can be ignored, i.e. 𝜃௣ ≈ 0. 

൤
𝑖ఈ

𝑖ఉ
൨ =

𝑉௠ − 𝜔௥𝜓௠

ඥ𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ

∙ ൤
−sin𝜃௥

cos𝜃௥
൨   (6.34) 

The final simplified model in (6.34) states that the rotor position information can be directly 

extracted from stator current at low speed through a PLL or other observers. Clearly, the current 

information is provided by the current sensor. No parameters and voltage information is 

required. Thus, a good estimation performance is expected, especially in the low speed range. 

This benefit makes this proposed method effective and capable of position estimation in the 

low speed range and even starting from the standstill. 

 Phase-locked Loop 

As discussed in Section 6.3.1, a quadrature PLL is used to track the rotor position 

information from the stator currents. Based on (6.34), the equivalent block diagram of PLL is 

shown in Fig. 6.7.  

 

Fig. 6.7. Equivalent block diagram of the phase-locked loop. [WU20e] 

In Fig. 6.7, 𝑘 = ට𝑖ఈ
ଶ + 𝑖ఉ

ଶ which varies with different conditions. In order to fix the poles of 

the PLL transfer function at different conditions, it is necessary to normalize the input signals 

by dividing 𝑘. Then the normalized input error signal of PLL can be expressed as: 

𝜀௉௅௅,ே =
1

ට𝑖ఈ
ଶ + 𝑖ఉ

ଶ

(𝑖ఈ𝑐𝑜𝑠𝜃෠௥ + 𝑖ఉ𝑠𝑖𝑛𝜃෠௥)   
(6.35) 

Therefore, the closed loop transfer function of the PLL can be given by: 

1/Sk PI
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𝐻(𝑠) =
𝐾௣𝑠 + 𝐾௜

𝑠ଶ + 𝐾௣𝑠 + 𝐾௜
  (6.36) 

(6.36) can be re-arranged as: 

𝐻(𝑠) =
2𝜉𝜔௡𝑠 + 𝜔௡

ଶ

𝑠ଶ + 2𝜉𝜔௡𝑠 + 𝜔௡
ଶ

  (6.37) 

where 𝜔௡ = ඥ𝐾௜, 𝜉 =
௄೛

ଶ
ට

ଵ

௄೔
. 𝜔௡ is the natural frequency and can be used as the bandwidth of 

PLL. 𝜉  is the damping factor. A higher damping factor can reduce the overshoot but also 

sacrifice the dynamic performance. Then, the parameters of PLL can be initially designed. 

Furthermore, the stability of PLL should also be considered after determining the parameters 

of PLL. Since the PLL used in the chapter is a typical second-order PLL, according to [GAR05], 

this type of PLL is unconditionally stable for all positive values of parameters. 

 Speed Estimator 

Speed feedback is essential for the closed-loop speed control of PMSM drives. Normally, 

rotor speed is calculated by differentiating the estimated rotor position. However, calculation 

of speed from the differential of rotor position may be inappropriate for the feedback in the 

closed-loop system. Since the noise will be amplified by the differential operation. 

The rotor speed calculated from the differential of the estimated rotor position is given by: 

𝜔ෝ௥ =
𝜃෠௥(𝑘) − 𝜃෠௥(𝑘 − 1)

∆𝑇௦
  (6.38) 

where 𝜃෠௥(𝑘) and 𝜃෠௥(𝑘 − 1) are the instantaneous estimated rotor position at the starts of the 

𝑘th and (𝑘 − 1)th sample periods. ∆𝑇௦ is the duration of one sample period. However, this 

estimated speed 𝜔ෝ௥ cannot be directly used in the speed feedback, since the noise 𝑤(𝑘) in the 

estimated rotor position will be amplified with a small ∆𝑇௦ as shown by (6.39). 

𝜔ෝ௥ =
𝜃෠௥(𝑘) − 𝜃෠௥(𝑘 − 1)

∆𝑇௦
+

𝑤(𝑘)

∆𝑇௦
  (6.39) 

Therefore, the estimated speed should be filtered by a low-pass filter (LPF) as: 

𝜔ෝ௥_௅௉ி = 𝐿𝑃𝐹(𝜔ෝ௥) =
1

𝑇𝑠 + 1
𝜔ෝ௥  (6.40) 
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where 𝜔ෝ௥_௅௉ி is the estimated speed after filtering and 𝑇 is the time constant of the low-pass 

filter. The block diagram of the speed estimator is shown in Fig. 6.8. 

 

Fig. 6.8. Block diagram of speed estimator. 

 Inverter Nonlinearity Effect 

As mentioned in Section 6.3.1, in order to make 𝜃௩ zero, a zero command is given to d-axis 

voltage, which is shown in Fig. 6.4. However, it is worth noting that in practice, the output 

voltage of the inverter may be different from the reference voltage due to inverter-nonlinearity, 

of which the dead-time is the main contribution to the output voltage error. In this chapter, two 

machines are tested and take SPM-I as the example, the influence of inverter-nonlinearity on 

the proposed position estimation method is investigated. 

According to [JEO91][RAU10][GON11], the relationship between phase voltage error and 

phase current can be obtained due to inverter-nonlinearity. Then, the phase voltage error against 

the phase current is measured and shown in Fig. 6.9. It can be seen that the voltage error is 

relatively small compared to the rated terminal voltage of the tested SPMSM as shown in the 

Appendix. This is due to that the dead-time effect is less with a lower switching frequency. The 

sampling frequency and dead time settings of the test rig are 2.5 kHz and 2𝜇𝑠, respectively.  

 

Fig. 6.9. Measured voltage error against phase current. [WU20e] 
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Equation (6.41) illustrates that the actual d-axis voltage is different from the reference due 

to inverter-nonlinearity. 

𝑣ௗ
∗ = 𝑣ௗ + ∆𝑣ௗ (6.41) 

As mentioned in Part A before, 𝜃௩ is controlled to zero. Due to the existence of ∆𝑣ௗ, an error is 

therefore introduced in the angle 𝜃௩, which is shown in (6.42). 

∆𝜃௩  = arctan
∆𝑣ௗ

𝑣௤
   (6.42) 

Based on the simplified mathematical model presented, a non-zero 𝜃௩ will cause a position 

estimation error. However, it is obviously seen from (6.42) that a slight difference in 𝑣ௗ can be 

minimized by dividing 𝑣௤. In all, as shown in Fig. 6.10, with the original settings of dead time 

and switching frequency, position estimation error caused by this inverter nonlinearity can be 

ignored. Therefore, the compensation of inverter-nonlinearity may be unnecessary. 

However, if the inverter-nonlinearity effect becomes more significant, then the estimation 

error will increase so that it cannot be ignored as before. Therefore, corresponding 

compensations are necessary. In Fig. 6.10, the dead-time is intentionally increased to 

investigate its influence on position estimation error. Clearly, it can be seen that position error 

increases as the dead-time becomes larger. 

There are many methods [JEO91] [RAU10][GON11][PAR12][WAN14a] to solve the 

influence of inverter-nonlinearity effect, with which the influence can be solved properly. Based 

on the relationship between the measured voltage errors against current shown in Fig. 6.9, a 

compensation look-up table (LUT) is generated to solve the position estimation error due to 

inverter nonlinearity. According to [WAN14a], the generated compensation LUT can be 

represented as a nonlinear function between the output phase voltage error and the phase current, 

viz., 

∆𝑣௘௥௥௢௥ = 𝑓(𝑖௫) = 2∆𝑈 ൬
1

1 + 𝑒ି௞௜ೣ
−

1

2
൰ (6.43) 

where ∆𝑣௘௥௥௢௥ି௫  and 𝑖௫  are the arbitrary phase distortion voltage and phase current, 

respectively. ∆𝑈  and 𝑘  are the distortion voltage model parameters. A larger dead-time 

contributes to a larger ∆𝑈. Then, the voltage command is modified to: 
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𝑣∗∗ = 𝑣∗ + 𝑓(𝑖௫)  (6.44) 

The block diagram of the compensation is shown in Fig. 6.4. Fig. 6.10 shows that after 

compensation, the position error caused by inverter-nonlinearity is eliminated apparently. 

 

Fig. 6.10. Position estimation error against dead-times. [WU20e] 

 Starting Procedure 

For conventional fundamental model based methods, zero and low speed sensorless control 

performance is poor due to non-observable back-EMF. For the proposed method, the stator 

currents are directly used to estimate the position, the low speed sensorless control performance 

could be improved. Although for the proposed method, zero speed rotor position estimation is 

unfeasible, it is still possible to start the machine as long as the observer can quickly converge 

to the actual position after an initial rotation movement is produced. However, starting without 

the knowledge of rotor initial position information, the starting performance may not be 

satisfied and become even worse, e.g. reverse rotation issue [BOL99][JAN06], which is not 

allowed by some applications. In [BOL99], a countermeasure to reverse rotation during starting 

is proposed by looking at the estimated speed, a 180-degree compensation angle is compensated 

during reverse rotation. However, a large q-axis current impulse will be produced during the 

correction, producing harmful torque. Hence, before starting the rotor initial position 

information is obtained to improve the starting performance and prevent the reverse rotation. 

Rotor initial position estimation methods based on magnetic saturation effect 

[MAT96][SCH97][TUR03][WAN10][WU20c] are a satisfactory alternative and are employed 

in the section.  
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In this section, the method in [WU20c] is adopted to estimate the rotor initial sector. By 

using [WU20c], initial rotor position can be estimated with a maximum error of 15 degrees. 

With the knowledge of the rotor initial position sector, a more reliable starting performance can 

be achieved without reverse rotation, which will be verified by experimental results. 

 Experimental Validation 

The experiments are implemented on a dSPACE platform to validate the effectiveness of the 

proposed method on two prototype SPMSMs, i.e. SPM-I and SPM-II (their parameters are 

shown in Appendix A). Although SPM-I has a larger PM flux-linkage, the large inertia makes 

it more difficult to start up. SPM-II has a much smaller inertia but its PM flux-linkage is also 

much smaller than SPM-I. For SPM-I, a torque motor is connected to the test SPMSM through 

the shaft. The torque motor is operated in torque control mode to provide the desired load to 

the SPM-I. Both steady-state and dynamic performances are investigated. Moreover, the 

starting performance test is carried out. 

A. Steady-state Performance  

The steady-state sensorless control performance with the proposed method is illustrated in 

Fig. 6.11 and Fig. 6.12. The position estimation error is ∆𝜃௥. In the test, SPM-I and SPM-II are 

controlled at 5rpm and 25rpm, respectively, which are approximately the minimum speeds that 

give the reliable performance. Fig. 6.11 and Fig. 6.12 are the steady-state estimation 

performance with no-load and Fig. 6.13 and Fig. 6.14 are the ones with the full-load. It can be 

seen that the proposed method provides good performance with different load conditions at a 

low speed. Besides, the steady-state position estimation performance against different load 

conditions is also considered and illustrated in Fig. 6.15, together with the DC component of 

the position estimation error. It can be seen that there is a small increase in the position error 

with more load. This is due to the simplification of the model from (6.33) to (6.34). Besides, 

SPM-II has slightly larger error than SPM-I. According to (6.24), this is due to a smaller 

resistance of SPM-II. Besides, a slight larger inverter non-linearity effect of SPM-II platform 

also increases the error.  Nevertheless, the error is so small that can be ignored. 
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(a) 

 

(b) 

Fig. 6.11. No load steady-state performance at 5 rpm. (SPM-I) (a) Rotor position estimation. (b) 

Rotor speed and q-axis current. [WU20e] 
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(b) 

Fig. 6.12. No load steady-state performance at 25 rpm. (SPM-II) (a) Rotor position estimation. (b) 

Rotor speed and q-axis current. [WU20e] 

 

(a) 

 

(b) 

Fig. 6.13. Full load steady-state performance at 5 rpm. (SPM-I) (a) Rotor position estimation. (b) 

Rotor speed and q-axis current. [WU20e] 
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(a) 

 

(b) 

Fig. 6.14. Full load steady-state performance at 25 rpm. (SPM-II) (a) Rotor position estimation. (b) 

Rotor speed and q-axis current. [WU20e] 

 

Fig. 6.15. DC component of position error against different load conditions. [WU20e] 
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observed that the rotor is able to start from standstill well and then follow the given speed 

reference properly with the proposed method.  

 
(a) 

 
(b) 

Fig. 6.16. Dynamic performance under step speed. (SPM-I) (a) Rotor position estimation. (b) Rotor 

speed and speed reference. [WU20e] 
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(b) 

Fig. 6.17. Dynamic performance under step speed. (SPM-II) (a) Rotor position estimation. (b) Rotor 

speed and speed reference. [WU20e] 

The step load test of both SPM-I and SPM-II are shown in Fig. 6.18 and Fig. 6.19, it is 

shown that the proposed method gives a good position tracking performance when q-axis 

current changes rapidly from no-load to full-load.  

 
(a) 

 
(b) 

Fig. 6.18. Dynamic performance under step load. (SPM-I) (a) Rotor position estimation. (b) Rotor 

speed and q-axis current. [WU20e] 
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(a) 

 

(b) 

Fig. 6.19. Dynamic performance under step load. (SPM-II) (a) Rotor position estimation. (b) Rotor 

speed and q-axis current. [WU20e] 

Moreover, a variable load test at 5rpm and 10rpm are considered in Fig. 6.20 and Fig. 6.21. 

Due to hardware limitation, the variable load test is only carried out on SPM-I. A time-varying 

load is applied to the SPM-I. The load changes from no-load to full-load. It can be seen that a 

stable position tracking performance is achieved at both 5rpm and 10rpm. Therefore, it can be 

concluded that the proposed position estimation method presents a good dynamic performance.  
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(b) 

Fig. 6.20. Dynamic performance under variable load at 5rpm. (SPM-I) (a) Rotor position estimation. 

(b) Rotor speed and q-axis current. [WU20e] 

 

(a) 

 

(b) 

Fig. 6.21. Dynamic performance under variable load at 10rpm. (SPM-I) (a) Rotor position 

estimation. (b) Rotor speed and q-axis current. [WU20e] 

0 3 6 9 12 15
Time (s)

0

5

10

Iq (A)

Speed (rpm) 0

0 3 6 9 12
Time (s)

Estimated Actual

(rad)r
0

2π 

0

π/12

-π/12

0 3 6 9 12
Time (s)

0

5

10

Iq (A)

Speed (rpm) 0



187 
 

C. Starting Performance 

In this part, starting performance is examined. Firstly, in Fig. 6.22, a starting failure using 

the conventional back-EMF based method [CHE03] is shown. Next, as discussed in Section 

6.3.4, the rotor initial sector information can be favourable in a reliable starting performance. 

Fig. 6.23 shows the starting performance without the knowledge of rotor initial sector 

information, it can be seen that a reverse starting happens. 

 

Fig. 6.22. Starting failure with the conventional back-EMF method [CHE03]. [WU20e] 

 

Fig. 6.23. Reverse rotation during starting, without knowledge of rotor initial sector information. 

[WU20e] 
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performance. In case of starting with full-load, due to hardware limitation, the test is only 

carried out on SPM-I. The torque motor is set as zero speed with a 91Nm torque limit which is 

the rated torque of the prototype SPMSM. As long as the prototype SPMSM can provide a 

proper torque that is larger than 91Nm during starting, the machine can start to accelerate to the 

reference speed. As shown in Fig. 6.26 the proposed method is able to start the machine from 

standstill with full-load.  

 

(a) 

5  

(b) 

Fig. 6.24. Starting performance with no-load, with knowledge of rotor initial sector information. 

(SPM-I) (a) Rotor position estimation. (b) Rotor speed and q-axis current.  
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(a) 

5  

(b) 

Fig. 6.25. Starting performance with no-load, with knowledge of rotor initial sector information. 

(SPM-II )(a) Rotor position estimation. (b) Rotor speed and q-axis current.  
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(b) 

Fig. 6.26. Starting performance with the full-load, with knowledge of rotor initial sector 

information. (a) Rotor position estimation. (b) Rotor speed and q-axis current. [WU20e] 

6.4 Application of Proposed Simplified Fundamental Model Based 

Method in Wind Power System 

For wind power systems, both generating and motoring modes are necessary. In generating 
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starting operation is necessary. Especially, in the Siemens wind power system, a so-called 
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A. With rotor initial position estimation 

Firstly, the rotor initial position estimation method based on magnetic saturation introduced 

in Chapter 2 is applied at standstill. Then, the maximum rotor initial position error can be 

limited within ±15 degrees. In this case, the starting performance is shown in Fig. 6.27. It can 

be seen that the turbine can start smoothly and there is no oscillation in the actual speed. Besides, 

during starting the induced q-axis current is within 50A which is smaller than the limitation. 

 

(a) 

 

(b) 

Fig. 6.27. Starting performance with rotor initial position error of 15 degrees. (a) Rotor position. (b) 

Position estimation error. 
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(a) 

 

(b) 

Fig. 6.28. Starting performance with rotor initial position error of 15 degrees. (a) Rotor speed. (b) 

Q-axis current. 

Furthermore, the starting performance of the proposed method is compared with high 

frequency injection method. The high-frequency injection method used here is the conventional 

pulsating signal injection method. Both methods are tested with a 15-degree initial position 

error. The estimated position comparison is firstly shown in Fig. 6.29 and the estimation errors 

are given in Fig. 6.30. For both methods, the rotor position is estimated successfully and the 

turbine starts from standstill smoothly. 
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(a) 

 

(b) 

Fig. 6.29. Rotor position estimation comparison. (a) Proposed method. (b) High frequency injection 

method.  

 

(a) 
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(b) 

Fig. 6.30. Rotor position estimation error comparison. (a) Proposed method. (b) High frequency 

injection method.  

Then, the rotor speed comparison is shown in Fig. 6.31. Obviously, by applying both methods 

the turbine is able to start successfully and rotate in the correct direction. 

 
(a)  

 
(b) 

Fig. 6.31. Rotor speed comparison. (a) Proposed method. (b) High frequency injection method. 
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Fig. 6.32 shows the actual q-axis currents during the starting. It can be seen that for both 

methods, the q-axis current impulses during starting are within the limitation. 

 
(a) 

 
(b)  

Fig. 6.32. Q-axis current comparison. (a) Proposed method. (b) High frequency injection method. 

In summary, with the knowledge of rotor initial position, the starting performance of the 

proposed method is satisfied as the high frequency signal injection method. 

B. Without rotor initial position estimation 

As introduced in Chapter 2, in the rotor initial position estimation, voltage pulses are 

required and a certain amount of current response is necessary to saturate the iron core and 

therefore obtain reliable estimation performance. Inevitably, there will be current impulses in 

q-axis causing torque and noise, which may be limited by industrial requirement. Hence, in this 

part the proposed method is also tested without the rotor initial position estimation. 

As shown in Fig. 6.33, by applying the proposed method the turbine is able to start with a 

maximum of rotor initial position error of 90 degrees. It is worth noting that although estimated 

speed goes negative at beginning, the actual speed is not and does not have any oscillation. This 

will be further investigated in the next section. 
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(a) 

 
(b) 

Fig. 6.33. Starting performance with rotor initial position error of 90 degrees. (a) Rotor position. (b) 

Rotor speed. 

However, if the rotor initial position error is larger than 90 degrees, reverse rotation happens 

during starting. The reverse rotation can be explained in two aspects: 

Firstly, as introduced in Section 6.3.1, a conventional quadrature PLL is used to estimate 

the rotor position. The input error signal 𝜀௉௅௅ of PLL can be represented as: 

𝜀௉௅௅ = 𝐾௠ sin 𝜃௥ cos 𝜃෠௥ − 𝐾௠ cos 𝜃௥ sin 𝜃෠௥ = 𝐾௠ sin(𝜃௥ − 𝜃෠௥) ≈ 𝐾௠Δ𝜃௥ (6.45) 

where 𝐾௠ is the amplitude of input error signal 𝜀௉௅௅. According to [ZHA16], there are two 

equilibrium points for the PLL, i.e. 0 and 180 degrees. When the initial position error is larger 

than 90 degrees, the PLL input error signal will be converged to 180 degrees [OLI12].  

Secondly, for SPMSMs, the output torque is only produced by q-axis current which is given 

by: 

𝑇௘ =
3

2
𝑝𝜓௠𝑖௤ (6.46) 
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Currents in the estimated synchronous reference frame can be transformed into actual 

synchronous reference frame as given by: 

൤
𝑖ௗ

𝑖௤
൨ = ൤

cosΔ𝜃௥ −sinΔ𝜃௥

sinΔ𝜃௥ cosΔ𝜃௥
൨ ∙ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ (6.47) 

Then, the actual q-axis current can be represented as: 

𝑖௤ = 𝚤መ̇ௗ sin Δ𝜃௥ + 𝚤መ̇௤ cos Δ𝜃௥ (6.48) 

Since 𝚤መ̇ௗ is close to zero and can be neglected, (6.48) can be simplified as: 

𝑖௤ ≈ 𝚤መ̇௤ cos Δ𝜃௥ (6.49) 

Then, the electromagnetic torque is also simplified as: 

𝑇௘ ≈
3

2
𝑃𝜓௠𝚤መ̇௤ cos Δ𝜃௥ (6.50) 

Considering different values of Δ𝜃௥, the output electromagnetic torque is given by: 

𝑇௘ = ቐ

+𝑇      −90° < ∆𝜃௥ < 90°

0                   Δ𝜃௥ = ±90°

−𝑇         90° < ∆𝜃௥ < 270°

 (6.51) 

Obviously, a negative torque is produced when the position error is larger than 90 degrees, i.e. 

90° < ∆𝜃௥ < 270°, which also aligns with [BOL99]. 

In summary, if the rotor initial position error is larger than 90 degrees, after starting the PLL 

will converge to its 180 degrees equilibrium point causing a 180 degrees position error. In this 

case, a negative torque will be produced and the rotor rotates reversely. 

As shown in Fig. 6.34, the turbine starts to rotate reversely when the rotor initial position 

error is larger than 90 degrees. Both the actual speed and the q-axis current go negative. The 

position estimation error is 180 degrees during the reverse rotation. In this case, a reverse 

rotation compensation strategy should be developed to correct the rotation direction during the 

reversal, as will be shown in the next section. 
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(a) 

 

(b) 

 

(c) 

Fig. 6.34. Starting performance with rotor initial position error larger than 90 degrees. (a) Rotor 

position. (b) Estimation error. (c) Rotor speed. 
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 Reverse Rotation Compensation Strategy 

As described in the previous section, by applying the proposed method without the 

knowledge of rotor initial position, reverse rotation happens when rotor initial position error is 

large, i.e. 90° < ∆𝜃௥ < 270°. Hence, a reverse rotation compensation strategy is developed in 

this section. 

A. Estimated speed detection 

During the reverse rotation, the rotor speed is shown in Fig. 6.35. 

 

Fig. 6.35. Rotor speed during reverse rotation. 

It can be seen that during the reverse rotation, the estimated speed is the same as the actual one. 

Furthermore, according to Section 6.3, the estimated speed can be obtained by: 

𝜔ෝ௥ =
𝜃෠௥(𝑘) − 𝜃෠௥(𝑘 − 1)

∆𝑇௦
  (6.52) 

During the reverse rotation, the estimated position has a constant 180 degrees error. Hence, as 

given by (6.53) the estimated speed is the same as the actual speed. 

𝜔ෝ௥ =
(𝜃෠௥(𝑘) + 𝜋) − (𝜃෠௥(𝑘 − 1) + 𝜋)

∆𝑇௦
=

𝜃෠௥(𝑘) − 𝜃෠௥(𝑘 − 1)

∆𝑇௦
  (6.53) 

Based on this, reverse rotation can be detected by observing the sign of the estimated speed. 

B. Observer convergence detection 

The estimated speed is used for detection of reverse rotation. However, during starting, there 

will be a dynamic stage for the observer to converge (Stage 1) as shown in Fig. 6.36. In this 
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stage, the sign of the estimated speed can be negative even if the rotor rotates correctly 

afterwards (Stage 2). 

 
Fig. 6.36. Rotor speed during reverse rotation. 

Clearly, only after the convergence period of the observer (Stage 2), the sign of the estimated 

speed can be used for detecting reverse rotation. Thus, an additional detection of the 

convergence period is required. 

For the proposed method, the Phase-locked Loop (PLL) is used as the observer to estimate 

the rotor position and speed as shown in Fig. 6.6 and the input error signal of the PLL is 𝜀௉௅௅.  

During the starting, considering different rotor initial position error, there are 4 different 

cases in total as given by: 

⎩
⎪
⎨

⎪
⎧180° < ∆𝜃௥ < 270°        𝑅𝑒𝑣𝑒𝑟𝑠𝑎𝑙 𝑐𝑎𝑠𝑒 1

90° < ∆𝜃௥ < 180°         𝑅𝑒𝑣𝑒𝑟𝑠𝑎𝑙 𝑐𝑎𝑠𝑒 2

0° < ∆𝜃௥ < 90°           𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑐𝑎𝑠𝑒 1

270° < ∆𝜃௥ < 360°    𝐶𝑜𝑟𝑟𝑒𝑐𝑡 𝑐𝑎𝑠𝑒 2

   (6.54) 

The input error signals of PLL under different cases are shown in Fig. 6.37.  

 
Fig. 6.37. Error signals of Phase-locked Loop under different cases. 
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Clearly, for both cases, after the convergence period the input error signal 𝜀௉௅௅  will be 

minimized. Therefore, the input error signal of PLL 𝜀௉௅௅  can be used to detect the end of 

convergence. As given by (6.55), a threshold value is set, if 𝜀௉௅௅ is smaller than the value then 

the convergence is regarded as finished. 

|𝜀௉௅௅| < 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  (6.55) 

After that, the sign of the estimated speed is then detected to justify the rotation direction. 

If the estimated speed is negative, an angle of 180 degrees is compensated. The compensation 

flow chart is shown in Fig. 6.38. 

 

Fig. 6.38. Flow chart of reverse rotation compensation strategy. 

C. Compensation performance 

Fig. 6.39 shows the compensation performance of the presented strategy. In the test, the 

rotor rotates reversely at first with an error of 180 degrees. Then, the estimated position is 

compensated with 180 degrees and the rotation direction is corrected afterwards. 

Start

𝜔ෝ௥ < 0

𝜀௉௅௅ > 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝜃መ௥ = 𝜃መ௥ + 𝜋 𝜃መ௥ = 𝜃መ௥
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(a) 

 
(b) 

Fig. 6.39. Reverse rotation compensation performance (a) Rotor position. (b) Rotor speed. 

D. Q-axis current step mitigation 

Firstly, the compensation strategy is verified in Fig. 6.40.  

 
Fig. 6.40. Q-axis current step during reverse rotation compensation. 

However, as shown in Fig. 6.40, during the correction of reverse rotation there will be a 

large q-axis current step which should be limited according to industrial requirements. Hence a 

q-axis current step mitigation strategy is further developed to avoid the large q-axis current step. 
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Fig. 6.41 shows the original q-axis current reference change during the reverse rotation 

compensation. Clearly, the step change of the q-axis current reference will cause a step in the 

q-axis current. Therefore, the q-axis current reference can be adjusted to avoid the q-axis current 

step.  

 

Fig. 6.41. Original q-axis current demain during reverse rotation compensation. 

As shown in Fig. 6.42, a ramp demand of the q-axis current is applied instead of step change. 

Hence, the step of q-axis current can be avoided.  

 

Fig. 6.42. Improved q-axis current demain during reverse rotation compensation. 

By using the ramp demand of q-axis current, the q-axis current during the reverse rotation 

compensation is shown in Fig. 6.43. It can be seen that the q-axis current step change is now 

replaced by a ramp increase. 

 

Fig. 6.43. Q-axis current ramp during reverse rotation compensation. 
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6.5 Conclusion 

This chapter introduced a simplified fundamental model based sensorless control method 

for SPMSM in low speed range and considering the starting process. Instead of calculating 

back-EMF or flux-linkage as conventional methods, this proposed method directly uses stator 

currents in the stationary reference frame for rotor position estimation, providing a more 

effective way to estimation the rotor position. A good position estimation performance at low 

speed is achieved since the current information is directly obtained from the current sensors. 

Moreover, with the knowledge of the rotor initial position information before starting, the 

proposed method is able to provide a satisfied starting performance even with the load. The 

influence of inverter nonlinearity is also discussed and the corresponding compensation shows 

a satisfied performance when the inverter nonlinearity effect gets larger. The proposed methods 

are verified through experimental results, showing good position estimation performance under 

different operations. Furthermore, the proposed method is applied to Siemens wind power 

system to start the turbine from standstill. With the rotor initial position information, the 

proposed method shows a satisfied performance as conventional high frequency signal injection 

method. When rotor initial position information is not available, a reverse rotation 

compensation strategy is developed to guarantee a reliable starting performance. The proposed 

method is verified by hardware-in-loop (HIL) simulation of Siemens wind turbine. 
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CHAPTER 7 

SENSORLESS CONTROL OF PERMANENT MAGNET 

SYNCHRONOUS MACHINES CONSIDERING ROTOR 

ECCENTRICITY 

7.1 Introduction 

Basically, sensorless techniques can be divided into fundamental model based techniques 

[MOR02][CHE03][BOL08][YOO09a] and saliency tracking based techniques 

[JAN95][DEG98][BRI04][XU16a]. Fundamental model based methods utilizing back-EMF 

have a good performance at middle and high speeds. However, the magnitude of back-EMF is 

proportional to the rotor speed, these methods present poor performance and cannot be 

employed in zero and low speed regions. In terms of saliency tracking based methods, they are 

more suitable in zero and low speed ranges.  

However, most of the researches are based on a healthy condition of PMSM. On the contrary, 

in this chapter, sensorless control of PMSM under rotor eccentricity (RE) is considered. Caused 

by many sources [KRA04][RAJ07][ROU07][EBR09][DOR10] [HON12a] including 

manufacture tolerance, structure deformation and bearing wear, rotor eccentricity is an 

unavoidable issue, especially in mass production and real operation. Besides, it is prone to exist 

in large machines, such as wind turbine PM generators. The influence and principle of rotor 

eccentricity are exploited by a lot of researches [HON12b] [HSI13] [ZHU13] [LI15] [LIU17] 

[SON17]. Generally, PMSM characteristics including back-EMF, inductance, torque etc. can 

be influenced by rotor eccentricity. Hence, under rotor eccentricity, there exhibit parameter 

variation, unbalance and harmonics. For conventional fundamental model based sensorless 

control methods under rotor eccentricity, these undesired changes could affect the position 

estimation performance. 

Hence, in this chapter, the effect of rotor eccentricity on PMSM characteristics and its 

impacts on conventional fundamental model based sensorless control methods are investigated 

firstly. Combined with the conclusion in [WU19b], under rotor eccentricity, there will be 

mechanical frequency ripple in torque and power signals, unbalance in three-phase back-EMFs, 

flux-linkages and inductances and variations in inductance value. Then, impacts of these 

undesired phenomena on conventional fundamental model based sensorless control methods 
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are investigated. It is found that there will be mechanical frequency and the 2nd order harmonic 

exist in the position estimation error due to rotor eccentricity. For conventional back-EMF 

based sensorless control method, the phase-locked loop (PLL) technique is a suitable choice to 

extract the position from input [WAN14a]. However, since the bandwidth of PLL is generally 

designed widely in consideration of dynamic performance, it is difficult to effectively eliminate 

these low order harmonics. Therefore, an adaptive notch filter introduced in [WAN14a] is 

applied to a conventional back-EMF based sensorless control method [MOR02] [CHE03] to 

suppress these undesired harmonics.  

In this chapter, the rotor eccentricity is firstly explained and the experimental setup of rotor 

eccentricity is described. Then, the impacts of the rotor eccentricity on PMSM characteristics 

are summarized and demonstrated. Moreover, the impact of these undesired changes on 

sensorless control performance are analysed based on the conventional back-EMF based 

sensorless control method. Then, the adaptive notch filter is introduced and the modified back-

EMF based position estimator is demonstrated. Finally, rotor eccentricity effects on PMSM 

characteristics are examined by measurement results, and the modified back-EMF based 

sensorless control method is implemented on a dSPACE platform and its effectiveness are 

verified by experiments. 

This chapter is based on the papers: 

[WU19b] X. M. Wu, and Z. Q. Zhu, “A simple mechanical rotor position estimation method 

based on rotor eccentricity,” 2019 IEEE International Electric Machines and Drives 

Conference (IEMDC), San diego, CA, 2019. 

[WU20f] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “Analysis and Suppression of Rotor 

Eccentricity Effects on Fundamental Model Based Sensorless Control of Permanent Magnet 

Synchronous Machine,” IEEE Transactions on Industry Applications, In press. 
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7.2 Rotor Eccentricity 

In this section, the rotor eccentricity is firstly defined. Then, the experimental setup of rotor 

eccentricity is described including the modelling, measurement and tuning of the airgap length. 

 Definition 

Rotor eccentricity is caused by many reasons, such as manufacture tolerance, structure 

deformation and bearing wear which are unavoidable, especially in mass production and real 

operation. The principle and impact of rotor eccentricity are already exploited by a lot of 

researches. Basically, there are two types of eccentricity, static eccentricity (SE) and dynamic 

eccentricity (DE), which are illustrated in Fig. 7.1. For a healthy motor, the geometric and 

rotating centers of the rotor are aligned with the stator bores as illustrated in Fig. 7.1(a). For SE, 

the rotor rotates around its own geometry center, 𝑂௥, which is shifted in parallel to that of the 

stator, i.e. 𝑂௦, as illustrated in Fig. 7.1(b). For DE shown in Fig. 7.1(c), the geometry center of 

the rotor is also shifted but the rotor rotates around the geometry center of the stator, 𝑂௦ . 

Commonly, in real applications, these two types of eccentricities both exist at the same time, 

and both have impacts on machine characteristics leading to deteriorated sensorless control 

performance. 

 
(a) 

  
(b) (c) 

Fig. 7.1. Illustration of rotor eccentricity. (a) Concentric. (b) Static eccentric. (c) Dynamic eccentric. 

[WU20f] 
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 Experimental Setup 

The experimental setup of rotor eccentricity is then demonstrated in this part. A designated 

test platform with adjustable rotor eccentricity is shown in Appendix A. The rotor SE level can 

be adjusted and then fixed. However, during the operation, the prototype machine may also 

exhibit DE and hence a mixed eccentricity. Therefore, a rotor air-gap model under rotor 

eccentricity is defined firstly to quantify the level of SE and DE, independently. 

Based on [SON17], the air gap mathematic model is given by: 

g(𝜃௫, 𝜃ெ) = g଴ + g஽ா 𝑐𝑜𝑠(𝜃௫ − 𝜃ெ + 𝜑஽ா) + gௌா 𝑐𝑜𝑠(𝜃௫ + 𝜑ௌா) (7.1) 

𝜀஽ா =
g஽ா

g଴
× 100% , 𝜀ௌா =

gௌா

g଴
× 100% (7.2) 

where g is the air gap with mixed rotor eccentricity, g଴ is the length of the air gap,  g஽ா is the 

magnitude of dynamic eccentricity, gௌா  is the magnitude of static eccentricity, 𝜃௫  is the 

geometric angle from x-axis, 𝜃ெ is the rotating angle of the motor, 𝜑஽ா is the phase shift of 

dynamic rotor eccentricity and 𝜑ௌா is the phase shift of static rotor eccentricity, 𝜀ௌா and 𝜀஽ா are 

the relative magnitudes of static and dynamic eccentricities with respect to the length of air gap.  

By measuring air-gap length at multiple positions against 𝜃௫ and 𝜃௠, all the coefficients in 

(7.1) and (7.2) can be derived including the level of SE and DE. The coefficients are shown in 

TABLE 7.1. 

TABLE 7.1 

AIRGAP MODEL COEFFICIENTS 

Parameter Value 

g
଴
 1.557mm 

g
஽ா

 0.1564mm 

𝜀஽ா 10% 

g
ௌா

 0.4486mm 

𝜀ௌா 28.81% 

𝜑஽ா  13.16° 

𝜑ௌா 177.6° 

 

After measurement, the relative magnitude of dynamic eccentricity 𝜀஽ா is 10%. The relative 

magnitude of static eccentricity 𝜀ௌா is tuned from 0% to 45% in the test afterwards. 
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7.3 Rotor Eccentricity Effects on PMSMs 

In this section, the influence of rotor eccentricity on PMSM characteristics are generally 

discussed including three-phase back-EMF, flux-linkages, inductance and torque ripple. 

Besides, the mathematic model of PMSM under rotor eccentricity is derived. These impacts of 

rotor eccentricity on PMSM characteristics are demonstrated by examples of measurement 

results. More detailed measurement results are given in the experimental section. 

 Back-EMF and Flux-linkages 

Referring to [ZHU13] and [LI15], due to existence of rotor eccentricity including both static 

and dynamic ones, there will be unbalance in the three-phase back-EMF. Moreover, the 

unbalance level mainly depends on the machine configurations. Machines with rotating 

asymmetric winding has larger unbalance level than that of rotating symmetrical one [ZHU13], 

[LI15]. The rotating symmetry means that the machine configuration repeats every certain 

amount of angle. Fig. 7.2(a) shows one example of the measured three phase back-EMF 

waveforms of the prototype machine which is rotating symmetrical under a mixed rotor 

eccentricity (20% SE, 10% DE). Fig. 7.2(b) shows its harmonic spectrum which proves that 

there is unbalance in the three phase back-EMF waveforms under rotor eccentricity. 
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(b) 
Fig. 7.2. Three-phase back-EMFs with rotor eccentricity (20% SE, 10% DE). (a) Waveforms. (b) 

Spectra. [WU20f] 

The example in Fig. 7.2 demonstrates the existence of unbalance in the three-phase back-

EMF waveforms under rotor eccentricity. For unbalance case, the amplitudes of three-phase 

back-EMFs can be different. Then, the three-phase back-EMFs in ABC reference frame are 

given by: 

𝐸௔ = −𝜔௥(𝜓௠ + 𝛥𝜓஺) sin 𝜃௥

𝐸௕ = −𝜔௥(𝜓௠ + 𝛥𝜓஻) sin(𝜃௥ −
2𝜋

3
)

𝐸௖ = −𝜔௥(𝜓௠ + 𝛥𝜓஼) sin(𝜃௥ +
2𝜋

3
)

 (7.3) 

where 𝛥𝜓஺ , 𝛥𝜓஻  and 𝛥𝜓஼  represent the undesired unbalance flux-linkage terms caused by 

rotor eccentricity, 𝜔௥ is the rotor speed, 𝜃௥ is the rotor position, 𝜓௠ is the PM flux-linkage. 

Then, the unbalanced back-EMFs in the actual synchronous reference frame can be derived as: 

൤
𝐸ௗ

௨

𝐸௤
௨൨ = ൤

𝐸ௗ

𝐸௤
൨ +

𝜔௥

3
൤

0
𝛥𝜓஺ + 𝛥𝜓஻ + 𝛥𝜓஼

൨
ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ

஽஼

−
𝜔௥

3
൦

𝛥𝜓஺ 𝑠𝑖𝑛(2𝜃௥) − 𝛥𝜓஻ 𝑠𝑖𝑛 ቀ2𝜃௥ −
𝜋

3
ቁ − 𝛥𝜓஼ 𝑠𝑖𝑛 ቀ2𝜃௥ +

𝜋

3
ቁ

𝛥𝜓஺ 𝑐𝑜𝑠(2𝜃௥) − 𝛥𝜓஻ 𝑐𝑜𝑠 ቀ2𝜃௥ −
𝜋

3
ቁ − 𝛥𝜓஼ 𝑐𝑜𝑠 ቀ2𝜃௥ +

𝜋

3
ቁ

൪

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 
(7.4) 

൤
𝐸ௗ

𝐸௤
൨ = 𝜔௥𝜓௠ ቂ

0
1

ቃ (7.5) 

where 𝐸ௗ
௨ and 𝐸௤

௨ are unbalanced back-EMFs in the synchronous reference frame, 𝐸ௗ and 𝐸௤ 

are the original components of back-EMFs in the synchronous reference frame. Besides, in 

sensorless control system, the real rotor position is unknown, (7.4) should be transformed into 

the estimated synchronous reference frame by using the matrix below: 
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𝑇(∆𝜃௥) = ൤
𝑐𝑜𝑠∆𝜃௥ 𝑠𝑖𝑛∆𝜃௥

−𝑠𝑖𝑛∆𝜃௥ 𝑐𝑜𝑠∆𝜃௥
൨ (7.6) 

where Δ𝜃௥ is the position error. After transformation, (7.4) is modified to (7.7).  

ቈ
𝐸෠ௗ

௨

𝐸෠௤
௨቉

= ቈ
𝐸෠ௗ

𝐸෠௤

቉ +
𝜔௥

3
൦(𝛥𝜓஺ + 𝛥𝜓஻ + 𝛥𝜓஼) ൤

− 𝑠𝑖𝑛 𝛥𝜃௥

𝑐𝑜𝑠 𝛥𝜃௥
൨

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
஽஼

൪

−
𝜔௥

3
൦
−𝛥𝜓஺ 𝑠𝑖𝑛(𝛥𝜃௥ − 2𝜃௥) + 𝛥𝜓஻ 𝑠𝑖𝑛 ቀ𝛥𝜃௥ − 2𝜃௥ +

𝜋

3
ቁ + 𝛥𝜓஼ 𝑠𝑖𝑛 ቀ𝛥𝜃௥ − 2𝜃௥ −

𝜋

3
ቁ

𝛥𝜓஺ 𝑐𝑜𝑠(𝛥𝜃௥ − 2𝜃௥) − 𝛥𝜓஻ 𝑐𝑜𝑠 ቀ𝛥𝜃௥ − 2𝜃௥ +
𝜋

3
ቁ − 𝛥𝜓஼ 𝑐𝑜𝑠 ቀ𝛥𝜃௥ − 2𝜃௥ −

𝜋

3
ቁ

൪

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 

(7.7) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ = 𝜔௥𝜓௠ ൤

−sin𝛥𝜃௥

cos𝛥𝜃௥
൨ (7.8) 

where 𝐸෠ௗ
௨ and 𝐸෠௤

௨ are the unbalanced back-EMFs in the estimated synchronous reference frame. 

𝐸෠ௗ and 𝐸෠௤ are the original components of back-EMFs in the estimated synchronous reference 

frame. It can be seen from (7.4) and (7.7) that there are extra DC and the 2nd order harmonic 

components in the estimated back-EMFs.  

Furthermore, according to [ZHU13], the ideal relationship between additional flux-linkages 

𝛥𝜓஺, 𝛥𝜓஻ and 𝛥𝜓஼  caused by eccentricity can be derived as: 

൤
𝛥𝜓஻

𝛥𝜓஼
൨ = 𝛥𝜓஺ ∙

⎣
⎢
⎢
⎢
⎡
𝑐𝑜𝑠 (𝜃௫ − 120°)

𝑐𝑜𝑠 𝜃௫

𝑐𝑜𝑠 (𝜃௫ + 120°)

𝑐𝑜𝑠 𝜃௫ ⎦
⎥
⎥
⎥
⎤

 (7.9) 

From (7.9), it is also known that: 

𝛥𝜓஺ + 𝛥𝜓஻ + 𝛥𝜓஼ = 0 (7.10) 

Then, by substituting (7.9) into (7.7), the back-EMFs under rotor eccentricity are now given by: 

ቈ
𝐸෠ௗ

௨

𝐸෠௤
௨቉ = ቈ

𝐸෠ௗ

𝐸෠௤
቉ −

𝜔௥𝛥𝜓஺

2𝑐𝑜𝑠𝜃௫
൤
− 𝑠𝑖𝑛(𝛥𝜃௥ − 2𝜃௥ − 𝜃௫)

𝑐𝑜𝑠(𝛥𝜃௥ − 2𝜃௥ − 𝜃௫)
൨

ᇣᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 (7.11) 
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Apparently, according to (7.11), the additional DC component in back-EMF can be neglected 

under rotor eccentricity. Therefore, it is mainly the 2nd order harmonic that exists in the back-

EMF due to rotor eccentricity.  

Clearly, for flux-linkages, they are the same as the back-EMFs. The unbalanced flux-

linkages in the estimated reference frame are given by: 

ቈ
𝜓෠௠ௗ

௨

𝜓෠௠௤
௨ ቉ = ቈ

𝜓෠௠ௗ

𝜓෠௠௤

቉
ᇣᇤᇥ

ை௥௜௚௜௡௔௟

+
𝛥𝜓஺

2𝑐𝑜𝑠𝜃௫
൤
𝛥𝜓஺ 𝑐𝑜𝑠(𝛥𝜃௥ − 2𝜃௥ − 𝜃௫)

𝛥𝜓஺ 𝑠𝑖𝑛(𝛥𝜃௥ − 2𝜃௥ − 𝜃௫)
൨

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 
(7.12) 

ቈ
𝜓෠௠ௗ

𝜓෠௠௤

቉ = 𝜓௠ ൤
𝑐𝑜𝑠Δ𝜃௥

𝑠𝑖𝑛Δ𝜃௥
൨ (7.13) 

where 𝜓෠௠ௗ
௨  and 𝜓෠௠௤

௨  are the unbalanced PM flux-linkages in the estimated synchronous 

reference, 𝜓෠௠ௗ  and 𝜓෠௠௤  are the original PM flux-linkages in the estimated synchronous 

reference. Similar to unbalanced back-EMFs, it is mainly the 2nd order harmonic component 

appear in the estimated PM flux-linkages. 

 Inductance 

Under rotor eccentricity, unbalance also exists in three-phase inductances [DEG98], [XU16]. 

By way of example, Fig. 7.3(a) shows the measurement results of three-phase self-inductance 

under rotor eccentricity. The three-phase self-inductances are measured by an LCR meter at 

different electrical rotor positions. Clearly, there is an unbalance component in phase A which 

has a dc-offset compared with other two phases. It is also confirmed by harmonic spectra in Fig. 

7.3(b). It is clear that the average values of three-phase inductances are different. 
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(b) 

Fig. 7.3. Three-phase self-inductances under rotor eccentricity. (a) Waveforms. (b) Harmonic 

spectra. [WU20f] 

Similar to back-EMFs, the unbalanced inductances in synchronous reference frame can be 

simply modelled as: 

൤
𝐿ௗ

௨

𝐿௤
௨ ൨ = ൤

𝐿ௗ

𝐿௤
൨

ถ
ை௥௜௚௜௡௔௟

+ ൤
𝛥𝐿ௗ_஽஼

𝛥𝐿௤_஽஼
൨

ᇣᇧᇤᇧᇥ
஽஼

+ 𝛥𝐿ଶ௛ ൤
𝑐𝑜𝑠2𝜃௥

−𝑐𝑜𝑠2𝜃௥
൨

ᇣᇧᇧᇤᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 (7.14) 

where 𝐿ௗ
௨  and 𝐿ௗ

௨  are the unbalanced d-q inductances in the estimated synchronous reference, 

𝐿ௗ and 𝐿௤ are the original d-q inductances. Δ𝐿ௗ_஽஼ and Δ𝐿௤_஽஼ are the DC offsets caused by 

unbalance. Δ𝐿ଶ௛ is the amplitude of the 2nd order harmonic due to unbalanced inductance. It is 

worth mentioning that similar to back-EMFs, any change in one phase will often shift the other 

two phases in reverse direction. Therefore, the DC offset in (7.14) can be neglected and the 

unbalanced inductances are now given by: 

൤
𝐿ௗ

௨

𝐿௤
௨ ൨ ≈ ൤

𝐿ௗ

𝐿௤
൨

ถ
ை௥௜௚௜௡௔௟

+ 𝛥𝐿ଶ௛ ൤
𝑐𝑜𝑠2𝜃௥

−𝑐𝑜𝑠2𝜃௥
൨

ᇣᇧᇧᇤᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 (7.15) 

Furthermore, under rotor eccentricity the value of inductance also varies [HON12a] 

[HON12b] [LIU17] due to magnetic saturation. According to [HON12a], the d-axis inductance 

will decrease as level of rotor eccentricity becomes higher while for q-axis inductance, its 

change under rotor eccentricity will be much less than d-axis inductance. Experimental 

measurement will be given in Section 7.5 to verify this phenomenon. In summary, the d-q axis 

inductances under rotor eccentricity are given by: 
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ቈ
𝐿ௗ

ோா

𝐿௤
ோா቉ ≈ ൤

𝐿ௗ

𝐿௤
൨

ถ
ை௥௜௚௜௡௔௟

+ ቂ
Δ𝐿ௗ_஽஼

0
ቃ

ᇣᇧᇤᇧᇥ
஽஼

+ Δ𝐿ଶ௛ ൤
𝑐𝑜𝑠2𝜃௥

−𝑐𝑜𝑠2𝜃௥
൨

ᇣᇧᇧᇤᇧᇧᇥ
ଶ௡ௗ ு௔௥௠௢௡௜௖

 (7.16) 

where 𝐿ௗ
ோா  and 𝐿ௗ

ோா  are the d-q inductances under rotor eccentricity. Clearly, under rotor 

eccentricity, there will be DC offset and 2nd order harmonic differences between the nominal 

value and the actual value of the inductance.  

 Mechanical Frequency Torque Ripple 

According to [RAJ07] and [WU19b], due to the existence of dynamic eccentricity, there is 

a mechanical frequency component ripple in the output electromagnetic torque, which is shown 

in Fig. 7.4. As shown in Appendix A, the output torque is measured by a torque transducer 

mounted on the shaft. 

 
(a) 

 
(b) 

Fig. 7.4. Output torque against rotor mechanical position. (a) No load. (b) Full load. [WU19b] 

In Fig. 7.4, with a 10% DE, the measured torque curves against mechanical rotor position 

under no load and full load are provided. Furthermore, harmonic spectra of torque in Fig. 7.5 
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show the existence of torque component at rotor mechanical frequency 𝑓௠. Moreover, it can be 

seen from Fig. 7.4 and Fig. 7.5 that the load influence on mechanical frequency order 

component of torque can be ignored. 

 
Fig. 7.5. Spectra of no load and full load output torques. [WU19b] 

Besides, the torque ripple will also be reflected in the instantaneous power signal. The 

instantaneous real power 𝑃ଵ can be calculated from stator voltages and currents by: 

𝑃ଵ =
3

2
൫𝑣ఈ𝑖ఈ + 𝑣ఉ𝑖ఉ൯ (7.17) 

Then, 𝑃ଵ can be approximately represented as: 

𝑃ଵ = 𝑃଴ + 𝑃௠ (7.18) 

where 𝑃௠ is the mechanical frequency order component and the left components are represented 

as𝑃଴. 𝑃௠ is the required component that needs to be extracted from 𝑃ଵ. The original real power 

signal against rotor mechanical position is shown in Fig. 7.6. The harmonic spectra in Fig. 7.7 

indicate the existence of mechanical frequency order component in the power signal.  

 

Fig. 7.6. Real power signal against rotor mechanical position. [WU19b] 
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Fig. 7.7. Spectra of original and filtered real power signals. [WU19b] 

In order to simplify the analysis, this mechanical frequency ripple in power signal is 

assumed to be an equivalent harmonic in the back-EMF as given by: 

𝑃௠ = ∆𝑒௠𝐼௦ (7.19) 

𝑃௠ = 𝐼௦𝐸௠ cos(𝜃௠ + 𝜑௠) (7.20) 

where ∆𝑒௠ is the equivalent mechanical frequency order harmonic component in the back-

EMF, 𝐸௠ is the amplitude, 𝜃௠ is the mechanical angular position and 𝜑௠ is the phase angle. 

Therefore, this mechanical frequency ripple is regarded as the back-EMF harmonics in this 

chapter. Moreover, although this chapter focuses on the rotor eccentricity effects, it is still worth 

mentioning that apart from DE, mechanical load imbalance may also cause the mechanical 

frequency ripple in the torque and power signal [RAJ07]. Besides, according to [RAJ07], 

mechanical load imbalance may also cause additional eccentricity effects. 

 Summary 

In conclusion, under rotor eccentricity, unbalance appears in three phase back-EMFs, flux-

linkages and inductances. Besides, value of inductance changes as well. Besides, mechanical 

frequency torque ripple exists. These undesired phenomena together will produce position 

estimation errors for fundamental model based sensorless control methods. Therefore, in the 

next section position estimation error associated with rotor eccentricity and corresponding 

suppression strategy are shown. 
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7.4 Rotor Eccentricity Effects on Fundamental Model Based 

Sensorless Control 

Considering conventional fundamental model based sensorless control methods, normally 

flux-linkage [BOL08], [YOO09a] and back-EMF  are used for position estimation. Thus, in this 

chapter, the analysis is based on the typical back-EMF based method [MOR02], [CHE03]. 

According to [MOR02], [CHE03], machine parameters are required by fundamental model 

based sensorless control methods for rotor position estimation. Apparently, any parameter 

mismatch will affect the sensorless control performance. Besides, any distortion in back-EMF 

and flux-linkage will also affect the performance. Hence, based on the analysis of rotor 

eccentricity effects on PMSM characteristics, the impacts on fundamental sensorless control 

methods is derived in this section. 

 Conventional Back-EMF Sensorless Control 

[MOR02] and [CHE03] introduced the extended Back-EMF based method, i.e. 𝐸௘௫ , by 

which the voltage equation is given by: 

ቂ
𝑣ௗ

𝑣௤
ቃ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ൤

𝑖ௗ

𝑖௤
൨ + ൤

0
𝐸௘௫

൨ (7.21) 

where 𝑣ௗ  and 𝑣௤ are the d-q axis stator voltages, 𝑖ௗ and 𝑖௤ are the d-q axis stator currents, 𝐿ௗ 

and 𝐿௤ are the d-q axis inductances, respectively. 𝐸௘௫ = 𝜔௥𝜓௠ + (𝐿ௗ − 𝐿௤)(𝜔௥𝑖ௗ − 𝑝𝑖௤). 

For a sensorless control system, the actual rotor position is unknown. Therefore, the above 

equations should be transformed into the estimated synchronous reference frame: 

൤
𝑣ොௗ

𝑣ො௤
൨ = ൤

𝑅௦ + 𝑝𝐿ௗ −𝜔௥𝐿௤

𝜔௥𝐿௤ 𝑅௦ + 𝑝𝐿ௗ
൨ ቈ

𝚤መ̇ௗ

𝚤መ̇௤

቉ + ቈ
𝐸෠ௗ

𝐸෠௤
቉ (7.22) 

ቈ
𝐸෠ௗ

𝐸෠௤
቉ ≈ 𝐸௘௫ ൤

−𝑠𝑖𝑛Δ𝜃௥

𝑐𝑜𝑠Δ𝜃௥
൨ (7.23) 

where the superscript sign ‘∧’ indicates the variables in the estimated synchronous reference 

frame. Then, the estimated position error can be expressed in the following equations:  
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Δ𝜃෠௥ = 𝑡𝑎𝑛ିଵ(−
𝐸෠ௗ

𝐸෠௤

) (7.24) 

Subsequently, as shown in Fig. 7.8, a position observer, such as the phase-locked loop (PLL), is 

normally applied to adjust the estimated position to minimize the estimated position error Δ𝜃෠௥ 

to make the estimated reference frame align with the actual one. 

 

Fig. 7.8. Real power signal against rotor mechanical position [MOR02], [CHE03]. 

 Rotor Eccentricity Effects on Position Estimation 

Clearly, any parameter mismatch or harmonics in back-EMF will cause errors in (7.24). 

Based on the analysis in Section 7.3, under rotor eccentricity there will be errors in the estimated 

position error as given by: 

Δ𝜃෠௥ = tanିଵ(−
𝐸෠ௗ + ∆𝐸ௗ

𝐸෠௤ + ∆𝐸௤

) (7.25) 

where Δ𝜃෠௥ is the estimated position error, ∆𝐸ௗ and ∆𝐸௤ are errors in the estimated back-EMFs. 

According to [LEE15], regardless of the algorithms, the main goal of them is to nullify the 

estimated position error Δ𝜃෠௥ in (7.25). Since (7.25) is an arctangent function, nullifying ∆𝜃෠௥ is 

equal to ‘𝐸෠ௗ + ∆𝐸ௗ = 0’. Based on this conclusion, the steady-state position estimation error 

Δ𝜃௥ caused by rotor eccentricity can be derived as: 

Δ𝜃௥ = sinିଵ(
−𝜔ෝ௥∆𝐿௤ଶ௛𝚤መ̇௤ + 𝛥𝑒ௗଶ + 𝛥𝑒௠

𝐸௘௫
) (7.26) 

Clearly, it is revealed that rotor eccentricity will cause mainly harmonics in the position 

estimation. Although d-axis inductance will change under rotor eccentricity, it will not affect 

the sensorless control position estimation in the steady-state. 
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Furthermore, as mentioned earlier, a position observer such as the PLL is used to extract the 

rotor position. PLL is a practical and simple phase and frequency estimation method due to its 

insensitivity to noise and distortion [WAN14a]. However, in order to fulfil the dynamic 

performance, the bandwidth of PLL is tuned relatively wide. Hence, the low-order harmonics 

in (7.26) may be difficult to be eliminated effectively. 

Therefore, in the next section, according to (7.26), an adaptive notch filter (ANF) is applied 

to the typical back-EMF estimator to suppress these harmonic errors in the position estimation. 

 Suppression of Rotor Eccentricity Effects on Rotor Position 

Estimation 

In this section, an adaptive notch filter introduced in [WAN14a] is used to suppress the 

undesired harmonics due to rotor eccentricity. The adaptive notch filter is an attractive choice 

to detect harmonics in power quality mitigation. This adaptive notch filter can be used to 

eliminate the specified harmonics by self-tuning of filter parameters. The overall control 

diagram of ANF is given in Fig. 7.9. As described in Fig. 7.9, both the 2nd and mechanical 

frequency order harmonics are eliminated. In Fig. 7.9, P is the number of pole pairs. 

 

Fig. 7.9. Block diagram of ANF in the position observer. [WU20f] 

The transfer function of this ANF is given by: 

𝐺(𝑠) =
𝑠ଶ + 𝜔௛

ଶ

𝑠ଶ + 𝜇𝑠 + 𝜔௛
ଶ (7.27) 

where 𝜔௛ is the center frequency of the system, which specifies the order of harmonic to be 

suppressed. The bandwidth of ANF is 𝜇 , which is the only parameter to be tuned. This 
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parameter should be selected carefully, since as 𝜇 becomes larger, the dynamic response is 

faster but the steady-state error becomes larger too. The frequency response of ANF is shown 

in Fig. 7.11. 

 

Fig. 7.10. Frequency response of the ANF with different bandwidths [WU20f]. 

Then, the conventional back-EMF estimation method introduced in Section 7.4.1 is 

modified by adding an ANF in the position estimation. The overall block diagram of the 

modified back-EMF estimator is shown in Fig. 7.11. 

 
Fig. 7.11. . Block diagram of ANF based position estimator [WU20f]. 

7.5 Experimental Validation 

In this experiment section based on SPM-I, the PMSM characteristic changes due to rotor 

eccentricity are measured and shown at first. As a result of rotor eccentricity, position errors of 

the conventional back-EMF method are shown. Next, the ANF based back-EMF estimator is 

examined by eliminating the undesired harmonics in the position error. 
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 Machine Parameter Variation under Rotor Eccentricity 

Before testing the proposed hybrid sensorless control method, it is worthy to investigate the 

PMSM characteristic variations under different rotor eccentricity levels. In this part, the static 

rotor eccentricity level is tuned from 0% to 45%. During the tuning, the eccentricity angle is 

fixed at 0 degree, i.e. 𝜃௫ = 0, which aligns with phase A. In this part, considering different 

levels of SE, the inductance value variation is firstly measured by an LCR meter and then the 

unbalance level of three-phase inductances and back-EMFs are measured and shown too.  

Firstly, the average values and the 2nd order harmonic of three-phase self-inductances 

against SE level are measured and demonstrated in Figs. 12 and 13, respectively. 

 
Fig. 7.12. Average value of measured three-phase self-inductances against static eccentricity level. 

 

Fig. 7.13. Amplitude of 2nd order harmonics of measured three-phase self-inductances against static 

eccentricity level. 

It can be seen that the average value of three-phase self-inductance decreases as the SE level 

becomes higher, while the 2nd order harmonic increases with the SE level. It is worth 

mentioning here that if the motor operates in the linear magnetic region, the average value of 

inductance should increase as airgap length decreases, i.e. phase A inductance. However, in 
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fact, the open-circuit operating point is slightly below the knee of B-H curve. Due to rotor 

eccentricity, the decreased airgap length will make the stator iron core more saturated so that 

the inductance will decrease. 

Furthermore. the inductances in d-q reference frame are shown in Fig. 7.14. 

 

Fig. 7.14. Measured d-q axis inductances against static eccentricity level [WU20f]. 

Clearly, the d-axis inductance decreases with the SE level and the q-axis inductance only 

decreases slightly so that can be neglected. This can be explained by (7.28).  

൞
𝐿ௗ = 𝐿଴ + 𝑀଴ −

3

2
𝐿ଶ

𝐿ௗ = 𝐿଴ + 𝑀଴ +
3

2
𝐿ଶ

 (7.28) 

where 𝐿଴ and 𝑀଴ are the average values of self- and mutual- inductances, 𝐿ଶ is the amplitude 

of the 2nd order harmonic of self-inductance. According to Fig. 7.13, 𝐿଴ decreases with SE level 

and 𝐿ଶ increases with SE level, resulting in the decrease of 𝐿ௗ and negligible change of 𝐿௤. This 

is aligned with the conclusion of inductance variation due to rotor eccentricity in Section 7.3.2. 

Then, the unbalance level against SE level is investigated. Based on the rotor eccentricity 

setting mentioned before, the unbalance level of three-phase inductances and back-EMFs are 

defined as: 

𝑋௔ − 𝑀𝑒𝑎𝑛(𝑋௔, 𝑋௕ , 𝑋௖)

𝑀𝑒𝑎𝑛(𝑋௔, 𝑋௕, 𝑋௖)
× 100% (7.29) 

where X can be inductance or back-EMF. 

The experimental results of the unbalance level against different SE levels are given in Fig. 

7.15. It is obvious that the unbalance levels of both inductance and back-EMF increase with SE 
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level. Besides, as a result of the existing DE, there is still some unbalance in three-phase 

inductances and back-EMFs even without SE. Overall, these unbalance levels are quite small 

since the prototype machine is rotating symmetrical.  

 

Fig. 7.15. . Unbalance level against static eccentricity. [WU20f] 

In conclusion, with higher SE level, the inductance average value decreases while the 2nd 

order harmonic increases. In case of d-q axis inductances, d-axis inductance decreases with SE 

level and the change in q-axis inductance is negligible. Besides, the unbalance level also goes 

up with higher SE level. 

 Position Estimation under Rotor Eccentricity 

In this section, the compensation performance of the modified ANF based position 

estimation method is shown firstly. Next, considering the different SE levels, position 

estimation performance of both the conventional method and the modified method are shown. 

In the test, SE level is tuned from 0% to 45% with a fixed 10% DE level.  

An example is firstly given in Fig. 7.16 and Fig. 7.17. In this test, the rotor position is 

estimated under a 30% SE level. The motor runs at 20rpm at full load condition. At 20rpm, the 

back-EMF based method can provide a reliable estimation performance. 
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(a)  

 

(b) 

Fig. 7.16. The 2nd order harmonic errors in position estimation performance. (a) Conventional 

method. (b) Modified method [WU20f]. 
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(b) 

Fig. 7.17. The 2nd order harmonic errors in position estimation performance. (a) Conventional 

method. (b) Modified method [WU20f]. 

Estimated results  with conventional back-EMF based method are shown in Fig. 7.16(a) and 

Fig. 7.17(a). Proved by Fig. 7.16(a) and Fig. 7.17(a), there are the 2nd order and mechanical 

frequency order harmonics in the position estimation error due to rotor eccentricity. Then, by 

applying the modified ANF based position estimator introduced in Section 7.4.3, the estimation 

performance is shown in Fig. 7.16(b) and Fig. 7.17(b). Clearly, both the 2nd order and 

mechanical frequency harmonics in the position estimation errors are eliminated effectively. 

At last, the position errors caused by rotor eccentricity and the compensation performance 

against different SE level are shown in Fig. 7.18. The mechanical frequency harmonic error is 

shown in Fig. 7.18(a) and the 2nd order harmonic error is shown in Fig. 7.18(b). The motor runs 

at 20rpm with different load conditions. Clearly, compared with conventional back-EMF based 

method, the harmonics are suppressed effectively by the modified ANF based position 

estimator. 
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(b) 

Fig. 7.18. Position errors under different SE levels. (a) Mechanical frequency order harmonic errors. 

(b) 2nd order harmonic errors [WU20f]. 

In Fig. 7.18, it can be seen that there are mechanical frequency and 2nd order harmonics 

exist in the position estimation errors. However, the amplitudes of harmonics in the position 

error are not very significant. This is due to the prototype machine is rotating symmetrical and 

the unbalanced level is relatively small as shown in Fig. 7.18. Thus, the induced harmonics in 

the position error are relatively small for the prototype machine. Nevertheless, for other 

machines, especially for rotating asymmetric ones, the unbalance level would become much 

more significant due to rotor eccentricity [ZHU13], [LI15]. 

7.6 Conclusion 

This chapter firstly summarized the PMSM characteristic changes due to rotor eccentricity, 

including unbalanced back-EMFs, flux-linkages and inductances, variation of inductance value 

and mechanical frequency torque ripple. The rotor eccentricity effect on PMSM characteristics 

is verified by measurement results with different SE level. Then, mathematical derivation 

reveals that these rotor eccentricity effect will affect conventional back-EMF based sensorless 

control performance. It is found that mechanical frequency and the 2nd order harmonic errors 

are introduced in the position estimation. Therefore, an adaptive notch filter is applied to the 

conventional back-EMF based position estimator. Experiment results are provided showing the 

existence of mechanical frequency and the 2nd order harmonic position errors and these errors 

are effectively eliminated by the modified position estimator. 

Although the main focus of this chapter is on the fundamental model based method, it is 

worth mentioning that saliency tracking based method can also be affected by rotor eccentricity 

in way of inductance unbalance induced 2nd order harmonic error [XU16c].  
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CHAPTER 8 

GENERAL CONCLUSIONS AND FUTURE WORK 

8.1 Introduction 

First of all, the main contributions of this thesis can be grouped by three parts: 

 Rotor initial position estimation of SPMSM 

 Sensorless start-up operation of SPMSM 

 Sensorless control under rotor eccentricity 

The research structure linking these three parts is illustrated in Fig. 8.1. 

 

Fig. 8.1. Illustration of research structrue. 

For the initial position estimation at zero speed, the short pulse injection based method 

utilizing magnetic saturation effect is extensively investigated in this thesis. With the initial 

position information, a satisfied sensorless startup operation of SPMSM is achieved by the 

proposed simplified fundamental model based method in this thesis. Moreover, even without 

initial position information, sensorless startup operation can be realized with the reverse 

rotation compensation. Then, the rotor eccentricity effect on PMSMs and conventional 

fundamental model based sensorless control is investigated. It is found out that the rotor 

eccentricity can introduce harmonics in position estimation error, and meanwhile, rotor saliency 

is enhanced under rotor eccentricity which is beneficial to initial position estimation. 
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8.2 Rotor Initial Position Estimation 

Based on the magnetic saturation effect, short pulse injection based rotor initial position 

estimation is systematically investigated in this thesis. The overall structure of the short pulse 

injection based method can be divided into 4 parts as depicted in Fig. 8.2. 

 

Fig. 8.2. Overall structure of short pulse injection based method. 

(a) Voltage pulse selection 

Firstly, in order to obtain reliable estimation results, the duration and amplitude of the 

injected voltage pulse should be selected properly. A simple reliable selection area (RSA) is 

presented in the thesis. Selection by RSA guarantees a reliable estimation results by considering 

measurement noise, torque production and rotor movement. For the proposed method utilizing 

DC-link voltage responses, as discussed in Chapter 4, the pulse selection is additionally 

influenced by the DC-link capacitance and DC-link resistance which are related to the 

amplitude of DC-link voltage response. Moreover, for rotor initial position under parameter 

asymmetries, especially resistance asymmetry, the duration of pulse should be selected as short 

as possible to minimize the effect of resistance asymmetry. Then, the voltage pulse can be 

selected according to the proposed extended selection area (ESRA). Since ESRA has a wider 

and extended selection area which can clearly show if the voltage pulse with shorter duration 

and higher amplitude is available. 

(b) Injection procedure 

For the injection procedure, conventional methods inject voltage pulses into several fixed 

positions and some of them are actually redundant. Hence, in Chapter 3, a novel injection 

strategy is proposed by selecting injection position based on the previous injection results. The 

injection strategy has advantages of reducing 

 The required injected pulse number 

 The total power consumption 
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 The execution time 

(c) Position dependent response 

For the response part, different position dependent responses are utilized by conventional 

methods which are shown in TABLE 8.1. For conventional methods utilizing three-phase 

currents, only the injected phase current response is utilized after injection of voltage pulse. 

However, the other two phase current responses also contain the position information, and this 

phenomenon is utilized by the proposed method in Chapter 3, which helps simplify the 

estimation procedure. Moreover, another novel method is proposed in Chapter 4 which utilizes 

the DC-link voltage response for position estimation. It is found that the DC-link voltage 

response is proportional to DC-link resistance. Hence, the estimation performance becomes 

better as the DC-link resistance increases. 

(d) Position estimation 

Rotor initial position is estimated from the responses at the final step. For conventional 

methods, peak values of responses are compared and the maximum value indicates where the 

rotor north pole is. A so-called “boundary case” is introduced in Chapter 3, when the north pole 

is near or at the boundary between two sectors, the peak values of two responses are very close 

to each other and become sensitive to measurement noise. Hence, a boundary detection strategy 

(BDS) is developed which shows the following advantages: 

 The estimation error caused by the measurement noise is eliminated and the 

estimation resolution can be guaranteed at least 30 degrees 

 By proper selecting the boundary width, the estimation resolution can be further 

enhanced from 30 degrees to 15 degrees at least 

 The starting torque is increased to at most 99% of the rated value 

 The BDS can be applied to all the other existing methods for enhancement 

Moreover, considering the cases of parameter asymmetry described in Chapter 5, the three-

phase current responses are not symmetrical. Therefore, position estimation is deteriorated. 

Hence, a compensation strategy by correcting the current responses is proposed in Chapter 5. 

The three-phase current responses are measured in the offline test. Then, the asymmetric 

coefficients of the three-phase current responses are measured and calculated. During the 

estimation, the responses are corrected by these coefficients. Therefore, the influence of 

parameter asymmetry is eliminated. 
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For the two proposed methods in Chapters 3 & 4, i.e. [WU20c] and [WU20d], their 

comparison with conventional methods is shown in TABLE 8.1. 

TABLE 8.1 

OVERALL COMPARISON 

Method [SCH97] [NAK00] [LEE06] [LAI03] [WU20c] [WU20d] 

Response for position 

estimation 

Three-phase 

current 

DQ-axis 

current 

DC-link 

current 

Terminal 

phase 

voltage 

Three-phase 

current 

DC-link 

voltage 

Consideration of 

Boundary case 
No No No No Yes No 

Estimation resolution 

(degree) 
24 30 30 60 15 30 

Maximum estimation 

error (degree) 
15 18 15 30 7.5 15 

Maximum torque 

reduction (%) 
3.41 4.89 3.41 13.4 0.86 3.41 

Required pulses number 6 18 5 4 3 6 

Current sensor 3 3 1 0 3 0 

Voltage sensor 0 0 0 3 0 1 

Requirement of PWM No Yes No No No No 

8.3 Sensorless Start-up Operation of SPMSM 

Sensorless start-up operation is a challenge for SPMSMs. Due to negligible rotor saliency, 

saliency based methods, e.g. carrier signal injection based methods, cannot be applied. Under 

this circumstance, a fundamental model based method is a possible solution to realize the start-

up operation. In this thesis, a simplified fundamental model based sensorless control method is 

presented and the start-up operation is achieved even under load. Compared with conventional 

fundamental model based methods, the proposed method has the following advantages: 

 Only the measured stator current is used for position estimation 

 Capability of start-up operation under load 

 Improved low speed sensorless performance 

 Without the need of stator voltage information 

 Without the need of machine parameters 
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Due to simplification of the machine model at low speed, only stator current is used for 

position estimation, voltage and parameter information are not required. Hence, the estimation 

performance is enhanced for start-up and low speed operations. The comparison of the proposed 

method and conventional fundamental model based methods is shown in TABLE 8.2. 

TABLE 8.2 

COMPARISON OF FUNDAMENTAL MODEL BASED METHODS 

Method 
Back-EMF based 

method 

Flux-linkage 

based method 
Proposed method 

SPMSM start-up capability Poor Poor Good 

Low speed performance Poor Poor Good 

Requirement of machine 

parameter information 
Yes Yes No 

Requirement of stator voltage 

information 
Yes Yes No 

Requirement of integration No Yes No 

Sensitivity to machine parameter 

variations 
High High Low 

Sensitivity to inverter nonlinearity High High Low 

In the start-up operation, since the rotor initial position information is unknown, reverse 

rotation may happen. Two solutions are proposed in this thesis, including rotor initial position 

estimation and reverse rotation compensation. 

(a) Rotor initial position estimation 

Based on the magnetic saliency, rotor initial position can be estimated by using the methods 

introduced in the thesis. Initial position estimation is executed before starting and therefore the 

reverse rotation is avoided. Since the starting torque is maximized to at least 96% of the rated 

value, a satisfied start-up even with load can be achieved. Since an extra estimation method is 

required, overall system complexity is increased. 

(b) Reverse rotation compensation 

A reverse rotation compensation method is presented in the thesis. After rotor rotates 

reversely, a 180-degree angle is compensated so that the rotation direction is corrected. Clearly, 

this method is much simpler without the need of magnetic saliency and extra estimation 
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approach. However, it is limited by some applications of which the reverse rotation is not 

allowed. Since the starting torque is not guaranteed, the start-up performance under load is poor. 

The comparison between these two solutions is given in TABLE 8.3. 

TABLE 8.3 

COMPARISON OF SOLUTIONS TO REVERSE ROTATION ISSUSE 

Method 
Rotor initial position 

estimation 

Reverse rotation 

compensation 

Execution timing Pre Post 

Requirement of magnetic 

saliency 
Yes No 

Maximum starting torque 96% or above Not guaranteed 

Reverse rotation No Yes 

Complexity High Low 

Application limitation Less More 

Performance under load Good Poor 

8.4 Sensorless Control under Rotor Eccentricity 

Conventional sensorless control methods are mainly based on a healthy condition of 

PMSMs. However, the machine is normally non-ideal in reality. Rotor eccentricity, which is a 

common issue, is considered in the thesis. Under rotor eccentricity, changes in PMSM 

characteristics are summarized as follows: 

 Unbalanced three-phase back-EMF 

 Unbalanced three-phase flux-linkage 

 Unbalanced three-phase inductance 

 Torque ripple 

 Change in d-axis inductance amplitude 

These undesired effects are shown and discussed in this thesis and approved by experiment 

measurements. Based on these effects, the influence of rotor eccentricity on sensorless control 

is also summarized in TABLE 8.4. 
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TABLE 8.4 

ROTOR ECCENTRICITY EFFECTS ON POSITION ESTIMATION 

Methods Influence on position estimation 

Fundamental model based method  2nd order harmonic 

 Mechanical frequency order harmonic 

Carrier signal injection based method  2nd order harmonic 

 Increased SNR of current response 

Short pulse injection based method  DC error 

 Increased SNR of current response 

 
For fundamental model based method, mainly harmonics are induced in position estimation. 

Hence, a modified back-EMF estimator by adopting an adaptive notch filter is proposed which 

eliminates the harmonics effectively. 

Besides, the rotor eccentricity effect on saliency based method is also discussed briefly. For 

carrier signal injection based method, the 2nd order harmonic will also appear in the position 

estimation error due to inductance unbalance. Since only high frequency current response is 

used and hence the mechanical frequency order harmonic is negligible. For short pulse injection 

based method, rotor eccentricity will cause inductance asymmetry and hence affect the rotor 

initial position estimation as demonstrated in Chapter 5. Meanwhile, it is approved that the d-

axis inductance is greatly decreased compared with q-axis inductance under rotor eccentricity, 

which means the saliency is enhanced. Hence, it is potentially beneficial for saliency based 

methods under the rotor eccentricity. 

8.5 Future Work 

A. Magnetic saturation with coil flux only 

In Chapter 2, it is introduced that the magnetic saturation is caused by both PM flux and 

coil flux. For magnetic saturation effect on SPMSMs, it is normally assumed that the saturation 

is mainly caused by PM flux and the coil flux is only for polarity detection. However, for some 

SPMSMs, the air-gap is large or PM flux is weak. Hence, there is negligible magnetic saliency 

caused by the PM flux. In this situation, only coil flux can be utilized to provide an inductance 

variation against rotor position. It is worth noting that different from the PM flux, the coli flux 

will cause an inductance variation with same frequency as one electrical period. Investigation 
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of this situation can be carried out and the corresponding estimation methods may be developed 

in the future. 

B. Rotor initial position estimation under parameter asymmetries 

In Chapter 5, the short pulse injection based rotor initial position estimation is investigated 

under resistance and inductance asymmetries. However, the investigation is only done by 

simulation, experimental verification should be carried out in the future. 

C. Consideration of transient part during starting 

In Chapter 6, a simplified fundamental model based method is proposed. Before 

simplification, the full model is derived as: 

൤
𝑖ఈ

𝑖ఉ
൨ =

ఠೝట೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
sin(𝜃௥ − 𝜃௣)

−cos(𝜃௥ − 𝜃௣)
቉  +

௏೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

ቈ
−sin(𝜃௥ − 𝜃௩ − 𝜃௣)

cos(𝜃௥ − 𝜃௩ − 𝜃௣)
቉   +

𝜔௥𝜓௠𝑒
ି

ೃೞ
ಽೞ

௧
቎

ఠೝ௅ೞ

ோೞ
మାఠೝ

మ௅ೞ
మ

ோೞ

ோೞ
మାఠೝ

మ௅ೞ
మ

቏ −
௏೘

ටோೞ
మାఠೝ

మ௅ೞ
మ

𝑒
ି

ೃೞ
ಽೞ

௧
ቈ

sin (𝜃௩ + 𝜃௣)

cos (𝜃௩ + 𝜃௣)
቉  

(8.1) 

 𝜔௥𝜓௠𝑒
ି

ோೞ
௅ೞ

௧

⎣
⎢
⎢
⎡

𝜔௥𝐿௦

𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ

𝑅௦

𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ⎦

⎥
⎥
⎤

   (8.2) 

𝑉௠

ඥ𝑅௦
ଶ + 𝜔௥

ଶ𝐿௦
ଶ

𝑒
ି

ோೞ
௅ೞ

௧
ቈ

sin (𝜃௩ + 𝜃௣)

cos (𝜃௩ + 𝜃௣)
቉ (8.3) 

In the thesis, the transient parts, i.e. (8.2) and (8.3), are neglected. However, during the starting 

operation, these parts may become large, especially (8.2). Hence, it is worthy to investigate the 

transient parts as a future work. 

D. Saliency tracking based method under rotor eccentricity 

The saliency tracking based method under rotor eccentricity is only briefly discussed in this 

thesis. Investigation of saliency tracking based method under rotor eccentricity should be done 

experimentally in the future. 

E. Zero vector current derivative based method  

For SPMSMs, under the low speed, the fundamental model based methods are mainly 

affected by the distorted voltage due to inverter nonlinearity. Since the zero vector current 
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derivative (ZVCD) based method uses the current sampling during zero voltage vector dwelling, 

stator voltage is not required to estimate the rotor position. Hence, it may be possible to improve 

the estimation performance at low speed. 
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APPENDIX A DESCRIPTION OF EXPERIMENTAL 

PLATFORMS 

In the thesis, two test rigs are used, namely Test Rig I and Test Rig II. For both test rigs, the 

experiment platforms are based on the dSPACE1006 control system. The schematic setup of 

the overall experimental system is shown in Fig. A.1. It can be seen that the overall 

experimental platform generally consists of the DC power supply, the 2-level voltage source 

inverter, dSPACE control system, the test motor and load motor. For the test motor, three-phase 

stator currents and the DC-link voltage are measured by hall effect sensors. The rotor position 

and speed of the test motor are measured by an incremental encoder mounted on the shaft. 

Optionally, the output torque of the test motor can be measured by a torque transducer on the 

shaft. 

 

Fig. A.1. Schematic experimental platform setup. 

For the dSPACE control system, the DS1006 processor board is based on a 2.4GHz multi-

core AMD Opteron CPU, which is the heart of the real-time control system. The analog outputs 

of current and voltage sensors are converted to digital signals by DS2004 ADC board, and then 

transferred to the DS1006 processor board. The output of the incremental encoder is sent to 

DS3001 incremental encoder board and then transferred to DS1006 processor board. After 

receiving the PWM duty cycle information from DS1006 processor board, DS5101 board will 

output 6 channel PWM signals to the inverter module. At last, with the host interface board 

DS817, the real-time data from the platform can be transmitted to the PC interface software, 

the real-time data can be captured and monitored during the operation. 

 



262 
 

For Test Rig I, the overall experiment platform is shown in Fig. A.2. As shown in Fig. A.2, 

a load motor is connected to the test motor. The load motor is an induction motor driven by the 

Siemens servo drive S120, which can be controlled in a constant torque mode so that a desired 

load can be given. Moreover, the output torque of the test motor can be measured by a torque 

transducer mounted on the shaft of test motor. 

 

Fig. A.2. Overall experimental platform of Test Rig I. 

The test motor is a modular dual three-phase surface-mounted PMSM with 42 slots/32 poles, 

which is shown in Fig. A.2. The parameters of the test motor are given in TALBE A.1. Since 

the main topic is focus on the single three-phase SPMSM, only one channel of the test motor is 

used. 

TABLE A.1 

PARAMETERS OF THE TEST MOTOR I 
Parameters Value 

Pole pairs 16 

Resistance (Ω) 4.1 

Rated RMS current (A) 2.83 

Rated speed (rpm) 170 

Rated torque (Nm) 171 

No-load PM flux linkage (Wb) 0.98 

Rated power (kW) 3 

Synchronous Inductance (mH) 17.21 
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For Test Rig II, the overall experiment platform is shown in Fig. A.3. As shown in Fig. A.3, 

a load motor is connected to the test motor. The load motor is a brush DC motor. A DC voltage 

is applied to the load motor to provide a load torque. 

 

Fig. A.3. Overall experimental platform of Test Rig II. 

The test motor is a dual three-phase surface-mounted PMSM with 12 slots/10 poles, which 

is shown in Fig. A.3. The parameters of the test motor are given in TALBE A.2. Since the main 

topic is focus on the single three-phase SPMSM, only one channel of the test motor is used. 

TABLE A.2 

PARAMETERS OF THE TEST MOTOR II 
Parameters Value 

Pole pairs 5 

Resistance (Ω) 1.096 

Rated RMS current (A) 4 

Rated speed (rpm) 400 

Rated torque (Nm) 5 

No-load PM flux linkage (Wb) 0.0734 

Rated power (kW) 0.24 

Synchronous Inductance (mH) 2.142 
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