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ABSTRACT 

For many applications, such as electric vehicles and washing machines, flux-weakening 

control is required for permanent magnet synchronous machine (PMSM) drives to extend the 

operation speed range and maximize the power capability under the voltage and current 

constraints. Voltage magnitude feedback flux-weakening control is widely employed due to 

its advantages of simple and standard control structure, robustness against parameter 

variation, both linear and over modulation flux-weakening operation, and automatic flux-

weakening operation. However, stability problems are prone to occur in the flux-weakening 

region since the PMSM drive will operate on the boundary of the voltage limit. In this thesis, 

based on a non-salient-pole PMSM, the factors that could cause stability problems in the 

flux-weakening region with voltage magnitude feedback flux-weakening control are 

investigated and the corresponding solutions are developed.  

Firstly, based on a d-axis current voltage feedback controller, an adaptive control 

parameter method is proposed for the PMSM machine without maximum torque per voltage 

(MTPV) region, which aims to ensure the stability in a wider speed range. Then, a current 

reference modifier (CRM) and a voltage limit reference modifier (VRM) are incorporated 

with the conventional voltage feedback controller in order to improve the stability in the over 

modulation region. As for the PMSM machine with MTPV region, an extra feedback 

controller is introduced with an MTPV penalty function. The MTPV penalty function is 

optimized in terms of its effect on the steady-state performance, the dynamic performance, 

and the stability in the MTPV region. Afterward, the MTPV controller is properly selected 

and designed. Furthermore, two flux-weakening control methods accounting for MTPV, i.e. 

dq-axis current based feedback flux-weakening control, and current amplitude and angle 

based feedback flux-weakening control, are developed and compared in terms of the stability. 

It shows that the two methods exhibit complimentary merits and demerits in different regions, 

and consequently, a hybrid feedback flux-weakening control is proposed to combine their 

synergies and overcome their demerits. As the feedback voltage ripples that origin from the 

non-ideal drive system can be amplified by a conventional speed PI controller, the oscillation 

may even occur if a good speed dynamics is required in the flux-weakening region. An 

adaptive fuzzy logic speed controller is proposed and implemented to reduce the feedback 

voltage ripples while maintaining good speed dynamics. 
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CHAPTER 1 GENERAL INTRODUCTION 

 Introduction  

Nowadays, pursuits of advanced electrical drives with high power density and high 

efficiency are becoming the major goal of both academia and industry as the global 

environmental, economic and political concerns are increasing. Moreover, numerous 

emerging applications, such as electric propulsion and renewable energy, are continuously 

demanding high-performance electrical machines. Furthermore, the advancement of the 

permanent magnet (PM) materials, power electronics, and microprocessors has driven 

extensive researches on brushless permanent magnet synchronous machines (PMSMs), 

which have advantages of high efficiency, high torque and power density [ZHU07].  

The conventional radial field PMSM can be categorized by two major types [SEB86] 

[JAH96] [GON12]:  

1) Surface mounted permanent magnet synchronous machine (SPMSM).  

2) Interior permanent magnet synchronous machine (i.e. IPMSM).  

Fig. 1.1 illustrates the cross sections of typical rotor structures for inner rotor radial field 

PMSMs. For the rotor of SPMSM, as shown in Fig. 1.1(a), the PMs are mounted on the 

surface of the rotor. Since the rare earth PM material exhibits almost the same permeability 

as the air, the effective air gap is the summation of the actual air gap length and the radial 

thickness of the magnets. In the synchronous reference frame, the d-axis inductance is 

approximately the same as the q-axis inductance, i.e. Ld=Lq, where Ld and Lq are the d- and 

q-axis inductances, respectively. SPMSM is a non-salient-pole PMSM, in which the 

reluctance torque is negligible and the electromagnetic torque is dominated by the 

permanent-magnet excitation torque. For the rotor in IPMSM, the PMs are buried inside the 

rotor, which can be radially magnetized and circumferentially magnetized, as shown in Fig. 

1.1(b) and Fig. 1.1(c), respectively. For the IPMSM, the effective air gap in d- and q-axes are 

not equal, and the d-axis inductance is normally smaller than the q-axis inductance due to 

larger effective air gap along d-axis. IPMSM is a salient-pole PMSM, in which the reluctance 
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torque can be utilized. Therefore, for the same torque the amount of PMs in an IPMSM can 

be less than that of the SPMSM.  

 

(a) 

 

(b) 

 

(c) 

Fig. 1.1. Typical rotor structures of brushless PM synchronous machines [GON12].  

The PMSMs can also be classified as either trapezoidal or sinusoidal back-electromotive 

force (EMF) machines [JAH84]. Ideally, in order to maximize the torque density and 

minimize the torque ripples, the machine with trapezoidal back-EMF is desirable to be 

controlled in BLDC mode. As shown in Fig. 1.2(a), the phase current waveform in BLDC 

mode is rectangular while the back-EMF is trapezoidal. For the machine with sinusoidal 

back-EMF, the machine is normally controlled in BLAC mode. As shown in Fig. 1.2(a), the 

phase current waveform is a pure sinusoidal as the phase back-EMF. In practice, since the 

back-EMF may not be ideal trapezoidal or sinusoidal, both the BLDC drive and BLAC drive 

could be applied for application. However, the performances, e.g. torque capability and 

torque ripple, could be compromised [SHI06] [ZHU06].  
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(a) BLDC drive 

 

(b) BLAC drive 

Fig. 1.2. Ideal BLDC drive and BLAC drive.  
Em: amplitude of the phase back-EMF; Im: amplitude of the phase current. 

In BLDC mode, the phase currents only have to be commutated on and off, typically 

twice in one fundamental electric cycle for the two-phase, 1200 conduction mode 

[OGA91][QIA05][TAK94]. The zero cross point of back-EMF can be set as the reference to 

obtain the rotor position. Therefore, the low-cost Hall sensor is normally employed. However, 

in BLAC mode, a sinusoidal current control is required. High-resolution position sensors, 

such as encoder and revolver, can be adopted. Since the phase currents are pure sinusoidal, 

the precise current control can be realized by the conventional current vector control (CVC) 

[GAB80]. In the low-speed range, the current can be easily controlled due to the low back-

EMF value. However, as the speed increases, due to the increased back-EMF and limited 

DC-link voltage, the flux-weakening control has to be applied to extend speed range while 

maximizing the torque capability [JAH86] [SOO93] [MOR94].  

The flux-weakening control can be realized by advancing the commutation angle. As 

the phase reactance increases with the increasing speed, the current waveform tends to be 

sinusoidal in BLDC mode when the machine speed is higher. The optimum advance 

commutation angle for the maximum torque is speed dependent, which is normally obtained 

through simulation or experimental results [ZHU06] [SHI06]. In BLAC mode, the current 

command in the flux-weakening region can be analytically obtained under the current and 

voltage constraints, and the current can be easily controlled by the synchronous PI controllers 

in dq-axis reference frame [LOR87]. Therefore, the optimal flux-weakening performance in 

BLAC mode can be predicted online or offline. Generally, the BLAC drive is more preferable 

for applications where high control performances are required, such as electric vehicle and 

Em

Im

Back-EMF
Current

Em

Im

Back-EMF
Current
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servo motor [ZHU08] [PFA84] [FUJ92]. On the other hand, the BLDC drive is normally 

used for low-cost applications where the control performance requirement is not very critical, 

such as fan and pump [CHO07] [YOU15]. In some applications where the fundamental 

frequency is very high and even close to the switching frequency, such as vacuum cleaner 

[ZHU02], the BLDC drive is more preferable. With the development of the microprocessors, 

the low-cost application can also employ the BLAC drive, in which the continuous rotor 

position can be obtained by the sensorless method [HOL98] [DEG98] [HAR00] [FOO10] or 

by the extrapolation method with a low-resolution Hall sensor [MOR03]. Therefore, the 

BLAC drive is very popular in practical applications.  

For the application where only the constant torque region is required, the control 

strategies of the BLAC drive are straightforward. For example, based on current vector 

control (CVC) system, the d- and q-axis current commands can be directly obtained 

according to the maximum torque per ampere (MTPA) in order to improve the efficiency 

[JAH86]. As for the flux-weakening control, although the optimal current trajectory can be 

analytically obtained, more problems are prone to occur in this region due to that the system 

operates on the boundary of the voltage limit. In this thesis, the BLAC control based on CVC 

system is only considered, with particular reference to the flux-weakening control strategies.  

 Flux-Weakening Control Strategies 

Some preliminary studies [SNE85] [JAH87] on flux-weakening control of PMSM are 

carried out in the middle of 1980s. The current trajectory considering the MTPA in the 

constant region is analysed in [JAH86], which points out that the MTPA curve is the optimal 

current trajectory to minimize the copper loss in the constant torque region. Later, many 

control strategies are developed for the flux-weakening operation. According to the current 

control structure, the flux-weakening methods can be mainly categorized into two types:  

1) Flux-weakening based on dual-current structure; 

2) Flux-weakening based on single-current structure. 
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1.1.1. Flux-Weakening Methods Based on Dual-Current Structure 

Flux-weakening methods based on the dual-current structure can be further categorized 

as  

1) Feedforward method (also known as model-based method) [MOR90] [MOR94]; 

2) Feedback method (also known as ‘robust’ method) [SON96] [KIM97]; 

3) Hybrid method [BAE03] [KWO08]. 

1.1.1.1. Feedforward Flux-Weakening Method  

Flux-weakening methods are generally based on two supply constraints, i.e. the voltage 

and current constraints, which can be expressed as  

 

2 2 2

2 2 2

d q m

d q m

i i I

V V V

  


 
  (1.1) 

where id and iq are the d- and q-axis currents, respectively; Vd and Vq are the d- and q-axis 

voltages, respectively; Im and Vm are the current and voltage magnitude limits.  

At steady state, Vd and Vq can be expressed as 

 
( )

d s d e q q

q s q e d d m

V R i L i

V R i L i



 

 


  
  (1.2) 

where Rs is the stator resistance; ψm is the permanent magnet flux; Ld and Lq are the d- and 

q-axis inductances, respectively; for the non-salient-pole PMSM, Ld=Lq. 

In [MOR90] [MOR94], the authors give detailed analytical expressions of the current 

trajectory under different speed ranges with the given voltage and current constraints, the 

objective of which is to maximize the torque capability and minimize the copper loss. The 

current commands can be obtained with online calculation [MOR90] [MOR94] or off-line 

generated look-up table (LUT) [SHI04]. These kinds of methods are categorized as the 

feedforward flux-weakening method or model-based method [LIU12] [LIN12].  

Based on the analytical model, the current trajectories in dq-axis current plane for the 

salient-pole and non-salient-pole PMSM can be illustrated in Fig. 1.3 and Fig. 1.4. Fig. 1.3(a) 
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and Fig. 1.3(b) show the maximum power output current trajectories (indicated by the solid 

red line) for the machine with finite constant power speed ratio (CPSR) and infinite CPSR, 

respectively. For the machine with finite CPSR, the characteristic current of the machine is 

higher than the current limit value, i.e. ic>Im, where ic is the characteristic current of the 

machine (ic=ψm/Ld). As the machine speed tends to infinity, the voltage limit ellipse will 

shrink to the center point of the voltage limit ellipse, i.e. (-ic,0). Therefore, for the machine 

with infinite CPSR, it requires that ic≤Im, under which condition the machine can theoretically 

achieve infinite speed. It should be noted that the actual achievable speed is also dependent 

on other factors, such as the mechanical stress of the rotor and the bearing, the friction torque, 

the sampling frequency and the switching frequency of the drive system [SUL07].  

 

(a) With finite CPSR 

 

(b) With infinite CPSR. 

Fig. 1.3. Maximum power output current trajectory for the salient-pole PMSM (Ld<Lq), 
Finite CPSR: Curve ‘OAB’; Infinite CPSR: Curve ‘OABC’; Speed: ω1< ω2< ω3< ω4. 
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(a) With finite CPSR. 

 

(b) With infinite CPSR. 

Fig. 1.4. Maximum power output current trajectory for the non-salient-pole PMSM (Ld=Lq), 
Finite CPSR: Curve ‘OAB’; Infinite CPSR: Curve ‘OABC’; Speed: ω1< ω2< ω3< ω4. 

The maximum power output current trajectories of non-salient-pole PMSM with finite 

CPSR and infinite CPSR are shown in Fig. 1.4(a) and Fig. 1.4(b). The conditions of the finite 

CPSR and infinite CPSR are the same with the salient-pole-PMSM, which are defined by the 

relationship between ic and Im. The maximum power output current trajectories of salient and 

non-salient-pole PMSM exhibit different profiles, which are due to their different 

mathematical expressions that result from the different saliency. The mathematical 

expressions of the maximum power output current trajectories according to Fig. 1.3 and Fig. 

1.4 are listed as follows [MOR90] [MOR94]. 

1) The curve ‘OA’ 
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On the curve ‘OA’, the machine operates in the constant torque region. According to 

whether the machine has saliency or not, the relationship between id and iq on the curve ‘OA’ 

by considering MTPA curve is expressed as  

 
2 2 2

,

4( )
,

2( )

0

m

d d q

m d q q

d d q

d q

i when L L

L L i
i when L L

L L

 

 






   




  (1.3) 

2) The curve ‘AB’ 

On the curve ‘AB’, the machine operates on the intersection point of the current and 

voltage limits. The relationship between id and iq on this curve by ignoring the stator 

resistance is expressed as 

 

2 2

2 2 2

) ( )m
m q q

e
d

d

d q m

V
L

i
L

i i I

i



  





  

（

 (1.4) 

where ωe is the electrical angular speed of the machine; for the non-salient-pole machine, Ld 

and Lq can be replaced by the synchronous inductance Ls. 

3) The curve ‘BC’ 

The curve ‘BC’ is defined as maximum torque per voltage (MTPV) curve, which is only 

meaningful for the machine with infinite CPSR, due to that the MTPV curve intersects with 

the current limit circle. The relationship between id and iq on this curve without considering 

the résistance is expressed as 

 

 

   

 

2
2 22
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V
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，

  (1.5) 

where   is the saliency ratio, i.e. q dL L .  
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It should be noted that the maximum power output current trajectories do not cover the 

area which is enclosed by the curve ‘OABO’ and ‘OABCO’ for the machine with finite and 

infinite CPSR, respectively. In the area enclosed by ‘OABO’ or ‘OABCO’, the system is 

only constrained by the voltage limit. Therefore, the relationship between id and iq can be 

obtained by only considering the voltage limit, and can be expressed as 

 

2 2) ( )m
m q q

e
d

d

V
L

i
L

i


  



（

  (1.6) 

(1.3), (1.4), (1.5) and (1.6) represent the relationships between the dq-axis currents at 

steady-state, which can be used to generate the current commands. Fig. 1.5 shows the 

schematic of the feedforward flux-weakening method based on online calculation [MOR94]. 

In Fig. 1.5, the q-axis current command is firstly obtained by a speed PI controller, and then 

limited by considering the maximum output power current trajectories in the flux-weakening 

region. The d-axis current command can be determined according to (1.3) and (1.6), and the 

machine speed. The d- and q-axis voltage commands are obtained by two current regulators. 

The conventional space vector pulse width modulation (SVPWM) method is employed as 

the modulation technique.   It is obvious that this method highly replies on the machine 

parameters. The method in [ZHU03], which is based on the feedforward method, is further 

optimized by online adjusting the current commands with certain performance criterions 

under different scenarios. The initial dq-axis current commands are obtained at the maximum 

output power current trajectories in order to maximize the dynamic performance. The online 

optimization is realized by changing d-axis current with an increment variable according to 

its effect on the steady-state performance. Such a method can obtain better dynamic and 

steady-state performances. However, it requires many decision trees， and the proper 

criterions require much tuning work, which therefore loses its flexibility. For the small power 

motor, when the resistance is considered, the complexity of the optimal d- and q-axis current 

equations increases significantly. In order to solve this problem, a simplified current 

trajectory is realized in [TUR10] by using a piecewise linearization method, which is 

appropriate in the low-cost application. However, such simplification cannot obtain optimal 
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current trajectory in the flux-weakening region. The accuracy of the feedforward method can 

be improved with LUTs by using offline tested results or finite element results [KOC10]. 

However, when the environmental factor (such as temperature) is taken into account, the 

required LUTs would be too much, which requires much more chip storage space. What is 

more, the deviation of the machine parameters can even cause stability problem. The stable 

operation of the feedforward method requires to leave enough voltage margin to tolerate the 

deviation of the machine parameters and uncertainties [NAL12]. Therefore, it is rather 

difficult to achieve optimal flux-weakening control under varying conditions for the 

feedforward method. 

 

Fig. 1.5. Schematic of the feedforward flux-weakening control [MOR94].  

1.1.1.2. Feedback Flux-Weakening Method   

The feedback flux-weakening method utilizes a voltage feedback controller to regulate 

the current commands. The input of voltage feedback controller can be the voltage magnitude 

error [SON96] [KIM97] [BIA01] [WAI01] [BOL14] [BOZ17] [DEN19], the error between 

the switching period and the summation of active switching times [LIN12], voltage error 

before and after over modulation block [KWO06] [KWO07] [KWO08] [LIU12] [YON12]. 

The voltage feedback flux-weakening method for the PMSM is firstly proposed in [SON96] 

for an SPMSM, and then applied in IPMSM [KIM96]. Due to the close-loop structure, the 
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voltage feedback flux-weakening method is more robust against the parameter variation. It 

can automatically achieve flux-weakening control without decision trees. In addition, due to 

its simple and standard control structure, it is popular in many applications, such as electrical 

scooter [BIA01], wash machine [BOL14], aircraft electric starter-generator [BOZ19], and 

electrical vehicle [WAI01] [DEN19]. Fig. 1.6 shows a general schematic of the CVC system 

with voltage magnitude feedback flux-weakening control. Since the current references from 

the MTPA calculation (fed by the speed controller) can be achieved in dq-axis coordinate or 

polar coordinate, according to [BOL14], the flux-weakening control can be realized in two 

different ways. As illustrated in Fig. 1.7, the flux-weakening can be achieved by modifying 

the d-axis current command i* 
d,MTPA (Fig. 1.7(a)) and the current lead angle θ* 

f  (Fig. 1.7(b)) 

through the voltage magnitude feedback controller. These two variants of feedback 

magnitude controllers, namely, d-axis current based voltage feedback controller (DCVFC) 

and current angle based voltage feedback controller (CAVFC), are normally considered to 

be equivalent to achieve flux-weakening operation [BOL14]. For example, the flux-

weakening method with DCVFC is utilized in [SON96] [KIM97] [BIA01] [WAI01] 

[BOZ17], the flux-weakening method with CAVFC is utilized in [WAI01] [DEN19] 

[BOL14]. However, in these references, only the linear modulation range is considered, i.e. 

the voltage magnitude is controlled below Vdc/√3, where Vdc/√3 represents the maximum 

voltage magnitude that can be achieved in the linear modulation region, as shown in Fig. 

1.8(a).  



CHAPTER 1 
 

22 

 

Fig. 1.6. Schematic of CVC system with voltage magnitude feedback flux-weakening.  

 

(a) D-axis current voltage magnitude feedback control. 

 

(b) Current angle voltage magnitude feedback control. 

Fig. 1.7. Two variants of the voltage magnitude feedback control [BOL14].  
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(a) Maximum voltage circle in linear 

modulation region (Vm=1/√3). 

 

(b) Definition of switching states  

and voltage vectors. 

Fig. 1.8. Voltage circle and voltage vector in α�-axis voltage reference frame. 

To further improve the DC-link voltage utilization, in [LIN12], the error between the 

switching period and the summation of active switching times for the inverter pulse width 

modulation (PWM) is utilized for the input of the feedback controller. Fig. 1.8(b) shows the 

6 basic voltage vectors in the stationary reference (α�) frame, which is defined by the 

switching states of the three phases, i.e. V1(1,0,0), V2(1,1,0), V3(0,1,0), V4(0,1,1), V5(0,0,1), 

V6(1,0,1). By taking the sector 1 as an example, as shown in Fig. 1.9, the actual vector 

command vector V* 
s can be synthesised by the two nearest basic voltage vector V1 and V2, i.e. 

 
* 1 2

1 2s

s s

T T

T T
 V V V   (1.7) 

where Ts is the switching period, T1 and T2 represent the switching times of two active basic 

voltage vectors. It can be seen in Fig. 1.9(a) that the condition, i.e. T1+T2<Ts, represents that 

the system operates in the constant torque region, where the voltage command vector V* 
s  can 

be fully synthesized. When T1+T2>Ts, as shown in Fig. 1.9(b), since V* 
s  outsteps the hexagon 

boundary, it cannot be fully synthesized, which indicates that the voltage is saturated and 

flux-weakening is required. In this condition, for the conventional SVPWM, which is also 

known as the minimum phase error over modulation (MPEOM) [YON14], the voltage 

command V * 
s  will be truncated on the hexagon boundary with the same phase angle. 
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Therefore, the condition, i.e. T1+T2=Ts, which is shown in Fig. 1.9(c), can be set as the control 

goal to maintain that the system can operate on the hexagon boundary. The feedback flux-

weakening control in [LIN12] utilizes the error between Ts and (T1+T2) as the input of the 

feedback controller, by which the over modulation flux-weakening is achieved.  

(a) Constant torque region 

 (T1+T2<Ts). 

(b) Flux-weakening region 

(T1+T2>Ts). 

(c) Flux-weakening region 

(T1+T2=Ts). 

Fig. 1.9. Voltage command vector synthesis.  

Alternatively, the over modulation flux-weakening control can also be achieved by 

utilizing the voltage error before and after the over modulation voltage [KWO07]. As shown 

in Fig. 1.10(a), the voltage error is firstly processed with a low pass filter (LPF) and then fed 

back to regulating the d-axis current command with a proportional gain. However, the 

dynamic performance is sacrificed due to the introduced low pass filter (LPF). In order to 

improve the dynamic performance, in [YON12], the q-axis voltage error processed by a high 

pass filter is fed back to the d-axis current command through a proportional gain, which can 

compensate the influence of the low pass filter, as shown in Fig. 1.10(b).  
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(a) Voltage error feedback flux-weakening control [KWO07]. 

 

(b) Voltage error flux-weakening method with improved dynamics [YON12]. 

Fig. 1.10. Control diagrams of the voltage error feedback flux-weakening method.  

Moreover, the DC-link voltage utilization can be further improved with different 

modulation techniques, such as minimum magnitude error over modulation (MMEOM) 

[LIU12] and so-called Bolognani’s over modulation technique [YON14]. The voltage 

synthesis of MMEOM and Bolognani’s over modulation are shown in Fig. 1.11(a) and Fig. 

1.11(b). It can be seen from Fig. 1.11(a) that the voltage command vector V* 
s  is limited to the 

hexagon boundary with the minimum magnitude. Therefore, the quasi-six-step operation 

[KWO06] [KWO08] can be achieved when the V* 
s  tends to be infinity. In Fig. 1.11(b), with 

Bolognani’s over modulation, the voltage command vector V* 
s  which outsteps the hexagon 

boundary will be limited to the nearest cross point of the hexagon boundary and the voltage 

command circle with the radius V* 
s . Therefore, the six-operation can be achieved when |V* 

s
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|=2/3Vdc. In [KWO06] [KWO08], a quasi-six-step flux-weakening control is achieved with 

the MMEOM based on voltage error feedback method. In [YON14], the six-step flux-

weakening control is achieved with Bolognani’s over modulation based on the voltage 

magnitude feedback method. 

 

(a) MMEOM. 

 

(b) Bolognani’s over modulation. 

Fig. 1.11. Voltage synthesis of MMEOM and Bolognani’s over modulation.  

However, the above-mentioned feedback methods have not taken account of the MTPV 

region. When the MTPV region is considered, the MTPV control strategy should be applied 

to ensure that the system could operate along the MTPV curve. In [LIN12], based on the 

voltage error feedback method on a non-salient-pole PMSM, an extra MTPV feedback 

controller is introduced. The input of the MTPV feedback controller is given by an MTPV 

penalty function. The condition, i.e. when the penalty function equals zero, corresponds to 

the MTPV curve. The MTPV control is achieved by modifying the q-axis current command 

with the MTPV controller, which can be shown in part Ⅱ of Fig. 1.12. In Fig. 1.12, the 

MTPV penalty function is achieved as  

 p q q qNLf V Ri V     (1.8) 

where R is the summation of the stator resistance, the resistance of the power cable and switch 

device; VqNL is the estimated q-axis voltage error caused by the nonlinearity of the IGBT 

[KIM06]; fp is the penalty function. The condition, i.e. fp=0, actually corresponds to the 

condition id+ic=0.  



CHAPTER 1 
 

27 

 

Fig. 1.12. Control diagram with consideration of MTPV control [LIN12].  

1.1.1.3. Hybrid Flux-Weakening Method  

As compared in [MAR99], it shows that the feedforward flux-weakening method has 

better dynamic performance when compared with the feedback flux-weakening method. 

However, the feedforward flux-weakening method suffers from the variation of the machine 

parameters, which exhibits poorer robustness than the feedback flux-weakening method. 

Therefore, in order to combine both the advantages of the feedforward and feedback flux-

weakening methods, the hybrid method is proposed in [BAE03], the schematic of which is 

shown in Fig. 1.13.  

As can be seen in Fig. 1.13, the current commands are generated with the cooperation 

of three parts. In Part I, the d- and q-axis current commands, i.e. i* 
d  and i* 

q , are obtained by 

two 2-D LUTs with respect to the actual torque command Teref  and the flux linkage command 

ψ* 
s  based on the analytical model. The flux linkage command ψ* 

s  is directly obtained as the 

maximum allowable flux linkage restrained by the voltage limit, i.e. ψ* 
max=Vdc/(√3|��|). The 

given torque command �����
∗  should be limited by a 1-D LUT, in which the maximum torque 

limit T* 
emax is obtained with respect to ψ* 

max, as shown in Part II. For a pure feedforward flux-

weakening method, only the Part I and Part II in Fig. 1.13 are enough. However, in the 
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proposed hybrid method, in order to compensate the variation of the machine parameters, the 

flux linkage command ψ* 
s  is further modified by a voltage magnitude feedback controller in 

a fine-tuned way, as shown in Part III of Fig. 1.13. Therefore, the hybrid method can obtain 

both advantages of feedforward and feedback flux-weakening methods, i.e. fast dynamics 

and good robustness.  

 

Fig. 1.13.Schematic of the hybrid flux-weakening control based voltage magnitude feedback controller 
[BAE03]. 

However, in [BAE03], only the linear modulation region is considered based on 

conventional SVPWM. In [KWO08], the hybrid method is based on the MMEOM, by which 

a quasi-six step flux-weakening control is achieved, the schematic of which is shown in Fig. 

1.14. The part I has the same form as the method in [BAE03], although the LUTs are created 

based on the experimental results in [KWO08]. The voltage error feedback controller is 

utilized to regulate the base flux linkage command ψ* 
base that is obtained by only considering 

the MTPA in the constant torque region. The maximum achievable torque is embedded in 

the 2-D LUTs.  
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Fig. 1.14.Schematic of the hybrid flux-weakening control based on the voltage error feedback controller 
[KWO08]. 

However, since the hybrid method contains several LUTs, it will consume more 

resources. In addition, the control structure is not as simple as the feedforward and feedback 

method. As the 2-D LUTs can be built offline, the finite element and experimental results 

can be both utilized to assist the acquisition of the LUTs. However, it will be more time-

consuming. Therefore, the hybrid method is more appropriate to apply on occasions where a 

high torque control performance is required especially for the machine with high nonlinearity, 

such as IPMSM.  

1.1.2. Flux-Weakening Methods Based on Single-Current Control   

In the flux-weakening region, the voltage control margin decreases. Therefore, the 

saturation of the current controllers often occurs. In this situation, the d- and q-axis current 

regulators may conflict with each other, which could cause oscillation and even instability 

[ZHA11]. In order to solve this conflict, the most direct way is to eliminate one of the two 

current regulators, which comes to single-current control (SCC).  

1.1.2.1. Single-Current Control 

According to the q-axis voltage equation, the q-axis current can be derived as 



CHAPTER 1 
 

30 

 q e me d
q d

s s

VL
i i

R R

 
     (1.9) 

When the machine operates in the constant torque region, the back EMF of the machine is 

relatively small. Due to the sufficient voltage margin, the d- and q-axis currents can be 

controlled independently. However, in the flux-weakening region, due to the less voltage 

margin and the cross-coupling feature between the d- and q-axes, the d- and q-axis currents 

cannot be truly controlled independently. For example, once the voltage is saturated, Vd and 

Vq could be clamped at a constant value in certain period, iq will be passively changed with 

id according to (1.9). 

In [XU08] [ZHA10], the flux-weakening is achieved by using only a d-axis current 

controller, the control diagram of which is shown in Fig. 1.15. In Fig. 1.15, the d-axis current 

command is obtained as a linear relationship with the torque command T* 
eref  by considering 

MTPA. The torque command T* 
eref comes from a speed PI controller. The q-axis current is 

controlled passively with a given q-axis voltage command V* 
q . In order to improve the 

efficiency, a recommendation is also made in choosing an optimal q-axis voltage by 

minimizing the copper loss, which is obtained with an offline LUT with respect to the 

machine speed and the load torque.  

 

Fig. 1.15. Single-current control algorithm [XU08].  

By using the SCC algorithm, there is no conflict between the two current controllers in 

the flux-weakening region. Therefore, the stability of the system is remarkably improved in 

the flux-weakening region. However, the LUT for obtaining q-axis voltage command has a 

nonlinear relationship with the given torque and speed, which are illustrated in [XU08] with 

numerical results. Therefore, SCC is still model based, rendering this method parameters 
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sensitive in terms of the minimum copper loss (or maximum voltage utilization). In addition, 

the implementation utilizes the monotonous relationship between the d-axis current and the 

torque by considering the MTPA. Therefore, it can only be applied to the machine with 

saliency. For the machine without saliency, the control strategies in the constant torque and 

flux-weakening should be separated, i.e. dual-current control in constant torque region and 

single current control in the flux-weakening region. Therefore, the proper switching 

algorithm between the constant and flux-weakening regions is required [CHI06]. 

Furthermore, due to the partial open-loop structure of the single current control, it may have 

larger current ripple.  

1.1.2.2. Voltage Angle Control  

The voltage angle control (VAC) [LEI10] [STO12] [MYI13] aims firstly to solve the 

same problem as SCC, i.e. the conflict between d- and q-axes. Therefore, it also utilizes the 

single current structure, but only in the flux-weakening region. In the flux-weakening region, 

the d- and q-axis currents can be expressed as the function of the controlled voltage angle, 

i.e. 
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where θ* 
V  is defined by the angle between the voltage vector and the d-axis. (1.10) clearly 

shows that the voltage angle θ* 
V  influences the currents id and iq. In the VAC, the voltage 

angle can be controlled based on d-axis or q-axis current controller, and the available DC-

link voltage defines the voltage vector magnitude. Therefore, in the flux-weakening region, 

the given voltage is the voltage magnitude rather than the q-axis voltage command, rendering 

this method parameters insensitive. 

The schematic of the control system with the VAC is shown in Fig. 1.16. It can be seen 

in Fig. 1.16 that the voltage commands V* 
d  and V* 

q  come from two blocks, which are 

specifically designed for the constant torque region and flux-weakening region. In the 
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constant torque region, the conventional dual-current structure is still maintained. In the flux-

weakening region, the system switches to the VAC.  

 

Fig. 1.16 Schematic of the control system with the voltage angle control (VAC) in the flux-weakening region.  

The block diagram of the VAC in [LEI10] and [STO12] are shown in Fig. 1.17(a) and 

Fig. 1.17 (b), respectively. In Fig. 1.17(a), the voltage angle is regulated by a d-axis current 

controller (PI type), while the d-axis current command comes from a speed PI controller 

multiplied with a negative gain. In contrast, in Fig. 1.17(b), the voltage angle is regulated by 

a q-axis current controller (integral type), while the q-axis current command comes from a 

speed PI controller. In addition, an extra dynamic feedback block is introduced to assist the 

regulation of the voltage angle, which is verified to be effective to improve the stability and 

the current dynamics. The dynamic feedback is composed of a high pass filter (HPF) that is 

multiplied with a gain Kf.  

 

(a) VAC based on d-axis current control [LEI10]. 
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(b) VAC based on q-axis current control [STO12]. 

Fig. 1.17. Block diagrams of the voltage angle control (VAC).  

It should be noted that the controller in Fig. 1.17(a) and Fig. 1.17(b) are specifically 

designed for the motoring condition with the machine running in the positive rotation 

direction. Therefore, in practice, when the generating condition and reverse rotation are 

considered, cautions must be taken when tuning the controller gains and its signs. For 

example, when the machine tries to operate in the reverse rotation, for the method in Fig. 

1.17(a), the output of the speed PI controller should be multiplied with a positive gain rather 

than a negative gain; for the method in Fig. 1.17(b), it is analysed in [STO12] that Kf should 

be negative to maintain stability. In addition, the switching criterions between the constant 

torque and the flux-weakening regions are essential to achieve a smooth transition 

performance, which requires trial and error [STO12] [MYI13].  

1.1.3. Comparison  

According to the flux-weakening methods reviewed above, the relationship between 

different flux-weakening methods is illustrated in Fig. 1.8, and a rough comparison of the 

different flux-weakening methods are summarized in Table 1.1 in terms of dynamic 

performance, transition performance, parameter insensitivity, simplicity, and stability.  
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Fig. 1.18. Relationship between different flux-weakening methods.  

It can be seen in In Table 1.1 that  

 The methods, i.e. feedforward method and hybrid method, have better dynamic 

performance than other methods due to that the current commands are obtained 

in feedforward path. As for SCC, the q-axis current is passively controlled. 

Therefore, this method has the poorest dynamic performance.  

 The methods based on dual-current structure, i.e. feedforward method, feedback 

method, and hybrid method, have better transition performance due to the 

consistency of the control structure under various operation conditions, e.g. 

constant torque and flux-weakening operations, motoring and generating 

operations, positive rotation and reverse rotation directions. 

  The methods in which the current trajectory relies on the machine model, i.e. 

feedforward method and SCC, are sensitive to the machine parameters.  

 The methods in which only a feedback controller is required, i.e. feedback 

methods, have the simplest control structure.  

 The method based on the single current control structure while no extra control 

parameters are introduced, i.e. SCC, has the best stability characteristic.  

 

 

Table 1.1 Comparison of different methods 



CHAPTER 1 
 

35 

Comparison points Dynamic 
performance 

Transition 
performance*  

Parameter 
insensitivity 

Simplicity Stability 
Methods 

Dual- 
current 

structure 

Feedforward 
     

Feedback      

Hybrid 
     

Single- 
current 

structure 

SCC 
     

VAC 
     

: Good : Middle  Poor 

* Transition performance: Performance when transiting between different operation 

regions, i.e. constant torque region, flux-weakening region. 

 Scope and Contribution of the Thesis 

1.1.4. Motivation 

From the above review, the trends of the flux-weakening methods can be highlighted as 

follows: 

(a) The feedforward method is the most direct way to achieve flux-weakening. However, 

the main drawback of this method is parameter sensitivity. The application of this kind of 

method should leave enough voltage margin to maintain stability  

(b) Although the hybrid method can obtain the advantages of both feedback and 

feedforward methods, i.e. fast dynamics and robustness against parameter variation, it has a 

more complicated structure. In addition, as the LUTs can consider the nonlinearity of the 

machine, it is more preferable for the machine with high nonlinearities, e.g. IPMSM, 

especially when a high torque control performance is required.  

(c) Although the single current control structure can solve the conflict between the d- 

and q-axis current controllers, the method is normally designed for some specific operation 

condition, which lacks flexibility. In addition, the control parameter is required to be properly 

tuned in VAC. The transition performance between different operation regions is not as good 

as the method based on dual-current structure.  
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(d) The feedback flux-weakening methods are very popular in practical applications due 

to their advantages, i.e. robustness against parameter variation, simple and standard control 

structure, automatic flux-weakening operation.  

(e) The feedback flux-weakening control based on switching time [LIN12] or voltage 

error [KWO07] [YON12] requires that the system operates in the over modulation region, 

they cannot achieve linear flux-weakening operation. In addition, as the system in linear 

modulation region has better current dynamics and fewer harmonics, the linear modulation 

region is still preferred for the applications where the DC-link voltage is not a great concern.  

(f) For the voltage magnitude feedback method [SON96] [KIM97], the voltage 

magnitude reference can be directly specified. Therefore, it can achieve both linear and over 

modulation flux-weakening operation, which is beneficial to the general purpose application. 

Currently, the voltage magnitude feedback method is regarded as a standard flux-weakening 

method and appears in many application manuals of microprocessors [STM16] [TI18]. 

The researches in this thesis are based on the voltage magnitude feedback method on the 

non-salient-pole PMSM. The motivations mainly origin from an important issue, i.e. the 

stability issue, in the flux-weakening region that the author encountered in both laboratories 

and industries. The investigations of the stability issues in the flux-weakening can provide a 

good guidance when developing the programs and troubleshooting the problems in a practical 

system. Generally, the tuning of the voltage feedback controller is considered as a 

disadvantage for the feedback flux-weakening method when compared with the feedforward 

method. In [STM16] [TI18], the control parameters of the voltage feedback controller are 

open to the users with a graphical user interface (GUI) in order to facilitate the trial and error 

tuning in practical application. However, as will be analysed in this thesis, the control 

parameter is not the only reason that could lead to the stability problem. The investigation in 

this thesis will show that the stability issues in the flux-weakening region are also related to 

other factors, such as 

1) Different speed operation ranges, including motoring and generating; 

2) Linear or over modulation region; 
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3) The machine with and without MTPV region; 

4) The control structure of the voltage magnitude feedback method; 

5) The influence of the feedback voltage ripples origin from the non-ideal drive 

system. 

1.1.5. Outline 

The structure of this thesis is illustrated in Fig. 1.19. 

 

Fig. 1.19. Outline of the research.  
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This thesis is organized as follows: 

In chapter 2, the voltage loop with DCVFC is analysed based on the linearized model 

on a PMSM with ic≤Im, i.e. the machine without MTPV region. An adaptive control 

parameter method is given, which can ensure a much wider operation speed range in the flux-

weakening region. Furthermore, a current reference modifier (CRM) and a voltage limit 

reference modifier (VRM) are proposed to improve the current dynamics and stability in the 

over modulation region.  

In chapter 3, the linearized model based on the DCVFC is analysed on a PMSM with 

ic>Im, i.e. the machine with MTPV region. The feedback MTPV control strategy is optimized 

by considering the steady-state performance, dynamic performance, and stability. The design 

guidance of the MTPV controller is given. The over modulation stability in the MTPV region 

is improved with the voltage vector modifier (VVM).  

In chapter 4, by considering the MTPV control, based on DCVFC and CAVFC, two 

feedback flux-weakening methods, i.e. dq-axis currents based feedback flux-weakening 

control (DQFFC) and current amplitude and angle based feedback flux-weakening control 

(CAAFFC), are comparatively studied in terms of the stability. The analysis and 

experimental results show that the oscillation or instability could occur for the DQFFC and 

CAVFC at different flux-weakening regions, which are mainly due to the different operation 

modes (defined by the small signal behaviour) that result from the different control structures.  

In chapter 5, based on the comparisons in chapter 4, a hybrid voltage feedback controller 

(HVFC) is proposed by regulating both the d-axis current and current angle simultaneously. 

The HVFC is composed of the DCVFC part and the CAVFC part but with different weight 

factors. The weight factors are further optimized by considering both advantages of the 

DCVFC and the CAVFC. With the HVFC, the stability in different flux-weakening regions 

can be remarkably improved. 

In chapter 6, it further investigates the influence of the resultant feedback voltage ripple 

that origins from the non-ideal drive system based on the control system with DCVFC. It 

indicates that the oscillation may even occur in certain flux-weakening region with excessive 
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feedback voltage ripples, which posing difficulty to increase the speed bandwidth for a 

conventional speed PI controller. Furthermore, an adaptive fuzzy logic speed controller is 

proposed, which can reduce feedback voltage ripples while maintaining a good speed 

dynamics. Therefore, the system can achieve both good dynamic and steady-state 

performance in the flux-weakening region. 

In chapter 7, the conclusions are drawn and some future work is discussed. 

1.1.6. Contribution 

The major contributions in this thesis include: 

1) An adaptive control parameter method is developed. The symbolic forms of the 

control parameter of the DCVFC, CAVFC, and HVFC are given, which can ensure a wider 

stable operation range (including both motoring and generating conditions) and ease the 

parameterization for the practical system.  

2) The stability is improved in the over modulation region. CRM and VRM are 

developed for the machine without the MTPV region. The VVM is demonstrated to be more 

effective to maintain the stability in the MTPV and over modulation regions 

3) The feedback MTPV controller is optimized. The stability in the MTPV region is 

improved by using MTPV penalty function in current command form rather than the voltage 

command form. A PI type MTPV controller is selected and designed for the system with 

DCVFC, while a pure integral MTPV controller is selected and designed for the system with 

CAVFC or HVFC.  

4) A HFFC is proposed based on HVFC. The stability characteristics of the DQFFC and 

the CAQFFC are compared when the machine operates under different operation regions. It 

indicates that oscillation and instability could occur for the DQFFC and the CAQFFC, 

respectively, which is the intrinsic nature of the DQFFC and the CAQFFC due to different 

control structures. A HFFC is proposed based on a HVFC by utilizing the both advantages 

of the DQFFC and CAQFFC under different regions, by which the stability of the system is 

remarkably improved in both linear and over modulation regions. 
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5) An adaptive fuzzy logic speed controller is proposed to reduce the feedback voltage 

ripples without sacrificing the speed dynamics, by which both the steady-state and dynamic 

performance in the flux-weakening can be improved.  
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CHAPTER 2 ADAPTIVE VOLTAGE 

FEEDBACK CONTROLLER ON PMSM 

This chapter proposes an adaptive control parameter method of the conventional d-axis 

current based voltage magnitude feedback controller (DCVFC) for the non-salient-pole 

PMSM without the MTPV region. A simple symbolic form of the control parameter is given 

based on the linearized model analysis, which can ensure a wide and stable flux-weakening 

operation range. Furthermore, the system performance in the over modulation and flux-

weakening regions are improved with the current and voltage limit reference modifiers.  

 Introduction 

It is known [REF05] [REF06] that the optimal flux weakening can be achieved when 

the current limit �� equals to characteristic current ic which is defined as 

 /c m si L   (2.1) 

where ψm is the permanent magnet flux-linkage; Ls is the synchronous inductance. In the 

thesis, the notion, i.e. characteristic current ratio icn is introduced and defined as 

 /cn c mi i I   (2.2) 

Therefore, the optimal flux weakening which has infinite constant power speed ratio (CPSR) 

occurs at the condition icn=1. When icn>1, the machine has a finite CPSR. The infinite CPSR 

can also be achieved when icn<1, however, requiring the machine operating in the maximum 

torque per voltage (MTPV) region [MOR90] [LIU12]. 

Due to the current and voltage constraints, the system in the flux-weakening region 

operates on the boundaries of the current or voltage limit circle. More stability problems are 

prone to occur in this region. In [SHI04], even for the feedforward methods, the oscillation 

occurs in the deep flux-weakening region, which is caused by quantization error on a fixpoint 

processer and can be solved by using a float processer or look-up tables (LUTs). For the 

voltage feedback controller, the non-linear behaviour of the voltage loop complicates the 
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tuning process [BOL14] [BOZ16]. In [MAR99], the control parameter of the voltage 

feedback controller is designed at only one specific point (d-axis voltage equals q-axis 

voltage, i.e., |Vd|=|Vq|), which cannot represent the whole flux-weakening region. In [BIA01], 

the authors claim that the proportional part in the voltage feedback controller greatly reduces 

the stability of the voltage loop and a pure integral controller is preferable. In [GUO09] 

[BOZ14], the analyses based on the linearized model of the voltage feedback controller 

confirm that a pure integral controller is more preferable to ensure the stability over a wider 

flux-weakening operation range. In [WAL04] [BOL14], the authors provide an adaptive 

control parameter of the voltage feedback controller based on the linearized model on a given 

machine. However, few details are provided for the stability in the deep flux-weakening 

region, and the generating condition is not considered. In [BOZ16], the control parameter of 

the voltage feedback controller is obtained within the stable boundary that is derived from 

Routh criteria on a given machine. However, the above methods are only considered in the 

linear modulation region.  

In this chapter, based on the machine with icn≥1, i.e. the condition without MTPV control, 

a simple symbolic form of the adaptive control parameter of DCVFC is obtained by 

incorporating the generating condition, which ensures a wider stable operation region and 

eases the parameterization in the practical system. The system stability is also compared 

under different characteristic current ratios. As for the over modulation region, firstly, a 

current reference modifier (CRM) in [YON12] is combined with the conventional voltage 

feedback controller, which can improve the current dynamic performance. Secondly, a 

voltage limit reference modifier (VRM) is proposed to solve the conflict between the CRM 

and the conventional voltage feedback controller, by which the steady-state performance in 

the over modulation region can also be improved. Finally, the experiments are implemented 

to verify the effectiveness of the proposed method. 
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 Machine Model and Voltage Feedback Controller 

2.2.1 Machine Model 

The mathematical model of non-salient-pole PMSM in the synchronous reference frame 

is given as follows [SUL11] 
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K P



 






  




   



 

 

  (2.3) 

where V, i are the stator voltage, and current, respectively; the variables with subscript ‘d ’or 

‘q’ indicate the corresponding components in d- or q-axis; Rs is the stator resistance;	�� is the 

synchronous inductance; ωe is the electrical angular frequency; ψm is the permanent magnet 

flux linkage; TL is the load torque; J is the moment of inertia; NP is the number of pole pairs. 

2.2.2 Voltage Feedback Controller 

There are two supply constraints, i.e. current and voltage constraints, which can be 

written as  

 

2 2 2 2

2 2 2 2

s d q m

s d q m

i i I

V V V

   


  

I

V
  (2.4) 

where Is is the current vector, i.e. (id+jiq) in d- and q-axis frame or (iα+jiβ) in α- and β-axis 

frame; Vs is the voltage vector, i.e. (Vd+jVq) in d- and q-axis frame or (Vα+jVβ) in α- and β-

axis frame; Im is the current limit, which is mainly restricted by the thermal limit of machine 

and inverter; Vm is the voltage limit which is mainly restricted by the DC-link voltage Vdc.  
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Fig. 2.1.Hexagon boundary in the stationary reference frame. 

For the conventional SVPWM [BRO88] [LIN12], as shown in Fig. 2.1, when the voltage 

vector command V* 
s  outsteps to the hexagon boundary limit, it will be truncated to Vhex, which 

is on the hexagon boundary and has the same phase as V* 
s . Since Vdc/√3 is the maximum 

voltage magnitude in the linear modulation range, the voltage magnitude reference |V* 
sr| can 

be set as MVdc/√3, where M is the coefficient that can be used to adjust the voltage magnitude 

reference. When M≤1, the system operates in the linear modulation region at steady state. 

When M =2/√3, the actual voltage magnitude can be extended to the hexagon boundary, 

under which condition the fundamental component of the voltage magnitude of is 0.6057Vdc 

[HOL92]. 

The schematic of CVC with d-axis current voltage feedback controller (DCVFC) is 

shown in Fig. 2.2. In the constant torque region, the torque control is realized by controlling 

d- and q-axis current commands 
*
,d MTPAi  and 

*
,q MTPAi , which are obtained by considering 

maximum torque per ampere (MTPA). Since there is no reluctance torque for the non-salient-

pole PMSM, 
*

, 0d MTPAi   and 
*
,q MTPAi  can be given directly according to torque demand 

*
eT , 

which has a linear relationship with 
*
,q MTPAi , i.e.

* *
e ,T q MTPAT K i . 
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Fig. 2.2. Schematic of CVC with the voltage feedback controller.  

The structure of DCVFC is employed with a pure integral regulator as that in [BIA01] 

[HAR01] [WAL04] [BOZ16]. Therefore, the voltage feedback controller can be expressed 

as 

 
2 2* * *( )df I sr si dt  V V  (2.5) 

where λI is the gain of the integral controller, idf
* is the d-axis weakening current; V*

s is the 

voltage command vector, i.e. (Vd
*+jVq

*) in d- and q-axis frame; Vd
* and Vq

* are the d- and q-

axis voltage commands from the conventional synchronous PI controller with feedforward 

decoupling compensation [MOR94]. Vd
* and Vq

* can be expressed as 

 

* * *

* * *

( ) ( )

( ) ( )

d pd d d id d d dff

q pq q q iq q q qff

V k i i k i i dt V

V k i i k i i dt V

     


    




 (2.6) 

where
*

dffV   and 
*

qffV  are the decoupling terms, i.e.   

 

*

*

dff e s q

qff e s d e m

V L i

V L i



 

  


 

 (2.7) 

kpd and kid are the proportional and integral gains of the d-axis current controller, 

respectively. kpq and kiq are the proportional and integral gains of the q-axis current controller, 

respectively.  
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The parameters of the current controller can be chosen according to the pole-zero 

cancellation method [KWO06], which can be obtained that  

 ,pd pq cc s id iq cc sk k L k k R      (2.8) 

with which the current loop can be equalized to a first order low pass filter (LPF) with the 

bandwidth ωcc. 

 Analyses of Voltage Feedback Loop and Adaptive Control 

Parameter  

2.3.1  Linearized Model of Voltage Loop 

In the flux-weakening region, the voltage loop exhibits nonlinear behaviour that is 

related to the operation points [BOL14]. The small signal analysis can be employed to 

analyse the local stability of the voltage loop on the equilibrium point. The equivalent 

diagram of the linearized voltage loop can be shown in Fig. 2.3.  

 

Fig. 2.3. Block diagram of the linearized model of voltage Loop. 

In Fig. 2.3, the variable with the prefix ‘∆’ indicates the corresponding small signal. 

Cdf(s) and Ti(s) are the transfer functions of the integrator and the equivalent current loop, 

respectively, which can be expressed as  

 ( ) I
dfC s

s


  (2.9) 

 ( ) cc
i

cc

T s
s







 (2.10) 

Gdf(s) is the control plant which can be expressed as the transfer function from ∆id to ∆|V*
s|2. 

On the equilibrium point, the voltage command vector V*
s can be approximated as the actual 

voltage vector Vs. Therefore,  
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where the variables with superscript ‘0’ denote their steady-state value on the equilibrium 

point. 

On assumption that the system’ mechanical time constant is much higher than the 

electrical time constant, the variation of the machine speed is ignored from the perspective 

of the small signal analysis. Therefore, on assumption that q di k i   , ( )dfG s  can be derived 

as 

 ( )dfG s bs a   (2.12) 

where the coefficient a and b are  

 

0 0 0 0 0

0 0

2 ( ) 2 ( )

2( )

e q s d s s d q

d s q s

a V L V kL R V V k

b V L V L k

    


 

 (2.13) 

The coefficient k is determined by the small signal behaviour of the current command, 

which can be obtained as the slope of the current trajectory at the equilibrium point. To be 

more specific, the coefficient k can be obtained according to the different operation modes, 

i.e. mode A and mode B. As shown in Fig. 2.4, in mode A, the machine is regulated along 

the current limit circle. In mode B, the machine is regulated along the constant torque curve. 

Therefore, when the machine operates in mode A, k can be derived as  

 
0

2 2 0

0
( )

d d

m d d
q

d q
i i

d I i i
k sign i

di i



   (2.14) 

In mode B, iq
* is a constant, and the coefficient k is zero. 
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Fig. 2.4. Operation mode under different flux-weakening operation regions. 

Therefore, under the different operation mode, the coefficient a and b can be obtained 

by substituting k into (2.13). With obtained a and b, the close-loop transfer function of the 

voltage loop can be expressed as  

 2

( )
( )

(1 )
cc I

I

cc I cc I

bs a
s

s b s a

 

   


 

  
 (2.15) 

or 

 2

( )
( )

(1 )
cc I I

I

cc I cc I

b s a
s

s b s a
 

 



 


 

  
 (2.16) 

where I Ib b  , I Ia a  .  

2.3.2 Stability Analysis and Control Parameter Design 

2.3.2.1 Analysis of the Voltage Loop 

According to the Routh stability criterion [FRA94], the stable condition of the voltage 

loop requires that 

  
0

1 0

I

I

a

b








 
 or 

0

1 0

I

I

a

b








 
 (2.17) 

Since the voltage feedback controller aims to generate a negative d-axis current 

command, the control parameter λI is normally set as a positive value. According to (2.17), 

when a≤0, λI should be negative to maintain aλI>0. However, it is impractical to change the 
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sign of the control parameter λI according to the sign of a. Because the coefficient a highly 

relies on the operation points and is sensitive to the system parameters. In addition, a is a 

dynamic term which suffers from noises. As a result, the condition a≤0 implies the intrinsic 

instability of the system in the flux-weakening region. Therefore, it is necessary to investigate 

the condition, i.e. when a≤0 in the flux-weakening region first.  

At the equilibrium point, V0 
d  and V0 

q  can be written as  

  
 

0 0 0 0

0 0 0 0

0 0 0			

d s d e s q

q s q e s d m

s q e s d c

V R i L i

V R i L i

R i L i i



 



  
   


  

 (2.18) 

1) Mode A  

In mode A, by combing (2.13), (2.14), and (2.18), a can be derived as 

 
0 0 0 02 ( / )

A e m e s s d qMode
a L R i i    (2.19) 

where a|modeA denoted the value of a in mode A. 

Since 
0 0di   in the flux-weakening region, equation (2.19) implies that a|ModeA <0 only 

occurs when the system operates under generating condition  0 0 0e qi   and 

0 0 0
q d s e si i R L . It should be noted that a|ModeA =0 actually corresponds to the condition, 

i.e. 

 

2 2 2 20 0 0 0

0 0 0 0
0

s s s s

d q q d

I I

i i i i

   
 

   

V V
 (2.20) 

In consequence, the critical stability condtion, i.e. a|ModeA =0, corresponds to the operation 

point, i.e. where the voltage limit circle is tangent to the current limit circle. Fig. 2.5(a) and 

(b) illustrated the voltage and current limit circles without and with considering resistance, 

respectively, when the machine speed is positive. The machine running at the operation 

points on the up-half plane represent the motoring condition, while the machine running at 

the operation points on the low-half plane represent the generation condition. As shown in 
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Fig. 2.5(a), the voltage limit circle without considering the resistance is symmetrical against 

d axis. The maximum speeds in motoring and generating conditions are actually the same, 

i.e. ωe2 in Fig. 2.5(a), which occurs when the voltage limit circle is tangent to the current 

limit circle. In practice, the machine speed in the generating condition is not allowed to 

exceed the maximum speed ωe2. For example, when the machine speed is ωe3, which is higher 

than ωe2, there will be no intersection point between the voltage and current limit circles, and 

the system will inevitably lose control.  

On the other hand, when the resistance is considered, the voltage limit circle becomes 

asymmetric against the d-axis. The maximum speed in the generating condition (ωeR3 shown 

in Fig. 2.5(b)) is higher than the maximum speed in the motoring mode (ωeR2 shown in Fig. 

2.5(b)) and occurs when 0 0 0
q d s e si i R L . Similarly, in practice, the speed in the generating 

condition is not allowed to exceed the maximum speed ωeR3. 

 

(a) Without considering resistance. 
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(b) With considering resistance. 
Fig. 2.5. Voltage and current limit circles when icn>1. 

However, for the machine with infinite CPSR and icn=1, as shown in Fig. 2.6, the 

maximum speed could be infinity no matter the resistance is considered or not due to that the 

center point of the voltage limit circle tends to be (-Im,0). Therefore, in theory, in terms of the 

voltage and current constraints, there will be no speed limit for the machine with infinite 

CPSR in the generating condition.  

 

(a) Without considering resistance. 
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(b) With considering resistance. 

Fig. 2.6. Voltage and current limit circles when icn=1. 

2) Mode B  

In mode B, a can be derived as 

 
0 0 02 2e q d s dModeB

a V L RV   (2.21) 

where a|modeB denotes the value of a in mode B. 

It should be noted that the 0
ModeB

a   actually defines the MTPV curve, i.e. 

 

2 20 00 0

0 0 0 0
0

s se e

ModeB
d q q d

T T
a

i i i i

  
  

   

V V
 (2.22) 

For the machine without MTPV region, the system operates on the right side of the 

MTPV curve. Therefore, 0
ModeB

a  valid for the system without MTPV region. The system 

with MTPV control will be further discussed in chapter 3. For the machine with icn≥1, the 

control parameter can be tuned based on the assumption that the system operates only below 

the maximum allowable speed condition, i.e. a>0. 
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2.3.2.2 Adaptive Control Parameter 

2.3.2.2.1 In Mode A 

From the foregoing analyses, when designing the control parameter λI, it can be assumed 

that a>0. By ignoring the extreme condition, i.e. the system operates close to the maximum 

allowable speed in the generating condition, the resistance can be ignored when designing 

the control parameter of the voltage loop. Therefore, according to (2.15) and (2.18), the 

characteristic equation of the voltage loop can be written as 

       2 0 0 0 0 01 2 2cc I s d q I cc e s q dq s s L V kV s L V V k           (2.23) 

By substituting (2.14) and (2.18) into (2.23), the characteristic equation in mode A can 

be further derived as  

 
2( ) (1 )smI

cc I cc mI

b

q s s


   


     (2.24) 

where ωb, ωmI and σI are  

 m
b

s m

V

L I
   (2.25) 

 
0 02 I s s cI e em L Li   (2.26) 

    1/ /I cn dn en qni i i    (2.27) 

where idn and iqn are i0 
d  and i0 

q  normalized by Im respectively; ωen is ωe
0 normalized by ωb; σI 

is an introduced normalized value and can be seen as a non-dimensional coefficient which 

varies with the operation points.  

Since the Routh stability criterion requires that 1 ( ) 0mI b I   , the system could lose 

stale at the operation point where σI becomes higher. As the voltage loop can be seen as a 

typical second-order system, the control parameter can be designed according to the damping 

factor ξ, which can be calculated as  
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In addition, the voltage and current limits can be written in the normalized form as  
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 (2.29) 

With the normalized torque, i.e. Ten=icniqn, by taking several icn as examples, the flux-

weakening capabilities represented by torque-speed curve are shown in Fig. 2.7. As can be 

seen in Fig. 2.7, the flux-weakening capability decreases significantly as icn goes higher from 

1 to 2.  

 

Fig. 2.7. Normalized torque-speed curve under different	���. 

For a reasonable flux-weakening capability, only the machine with icn not greater than 2 

are considered. By taking two cases as examples, i.e. icn=1 and icn=2, Fig. 2.8 shows the 

numerical results of σI in mode A (from idn=-0.99 to 0) including both motoring and 

generating conditions. It can be seen that the variation trend of σI in motoring and generating 

conditions are opposite, which implies that the system tuned well in motoring condition may 

not necessarily perform well in the generating condition.  
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(a) Motoring condition. 

 

(b) Generating condition. 

Fig. 2.8. Variation of σI in the flux-weakening region. 

Assuming that ξ is selected at critical damping condition (ξ=1) at the operation point 

where σI = σIs, ωmI can be solved as  

 

2 2 22 ( 2) ( )
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cc cc cc
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 (2.30) 

where σIs can be selected according to the variation of σI. 

For a conservative design, ωmI can be set as its lower limit, i.e. 
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Therefore, with (2.26) and (2.29), the symbolic form of the control parameter λI in mode 

A can be derived as 

 
0

,
2

m
I m mIAmodeA

e s mL V


  


   (2.32) 

where λI|modeA denotes λI tuned in mode A; ωmIA is expressed as 

 
0

1
, m

en cne s c

mIA mI

V

iL i
 


     (2.33) 

For pratical implementation, |ωe
0| in (2.32) should have a lower limit, which can be set at the 

absolute value of the minimum speed in the flux-weakening region, i.e. so-called corner 

speed ωco.  

According to (2.28), the damping factor is inversely proportional to σI, ideally, σIs can 

be set as the maximum σI in the whole flux-weakening region to avoid the underdamped 

condition. However, for the machine with finite CPSR, i.e. icn>1, as can be referred from 

(2.27), when the system operates in the generating condition (ωeniqn<0) and when iqn 

approaches zero(idn approaches to -1) in mode A, σI  tends to be positive infinity. Obviously, 

σIs cannot be set at positive infinity. Otherwise, λI will be zero. Moreover, as mentioned above, 

the operation point, i.e. idn=-1 and iqn=0, corresponds to the maximum allowable speed in the 

flux-weakening region when the resistance is ignored, the machine will inevitably lose 

control in the generation condition if the machine speed exceeds the maximum allowable 

speed. Therefore, from the perspective of designing control parameter λI, the extreme 

condition, i.e. idn close to -1 in generation condition can be reasonably ignored. In practice, 

the proper σIs can be selected according to the variation of σI in mode A. By comparing the 

variation of σI in both motoring and generating conditions in Fig. 2.8(a) and Fig. 2.8(b), a 

typical value of σIs can be set at the maximum value in the motoring condition, i.e. when 

idn=0. When idn=0, σIs can be derived as 2 1 /cn cni i  by referring (2.27) and (2.29).  

In order to see the effectiveness of the proposed tuning method, Fig. 2.9 and Fig. 2.10 

illustrate the damping factor variation in the mode A with non-adaptive λI and adaptive λI 

based on the parameters in Table 2.1 (shown in the experimental verification section of this 
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chapter). The non-adaptive λI in Fig. 2.9 is only a comparison case, which is tuned on the 

corner speed and obtained by replacing |ωe
0| in (2.32) with the corner speed ωco. For example, 

if icn=1, the operation point at the corner speed ωco actually corresponds to the condition 

|Vd
0|=|Vq

0|, which is the design point selected in [MAR99]. As can be seen in Fig. 2.9 (a), in 

motoring condition, when the system is applied with a non-adaptive λI, the damping factor ξ 

shows a decreasing trend when idn approaches to -1 for the case icn=1. However, in the 

generating condition, as shown in Fig. 2.9 (b), ξ shows a decreasing trend when idn 

approaches to -1 for the case icn=2. The decrease of damping factor could lead to an 

underdamped voltage loop or even instability. In Fig. 2.10, when the adaptive λI is employed, 

the voltage loops in both motoring and generating conditions for the cases, i.e. icn=1 and icn=2, 

are all well damped.  

 

(a) Motoring condition. 

 

(b) Generating condition. 
Fig. 2.9. Damping factor variation in mode A with non-adaptive λI. 
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(a) Motoring condition. 

 

(b) Generating condition 
Fig. 2.10. Damping factor variation in mode A with adaptive λI. 

As shown in Fig. 2.10, with the adaptive λI, in mode A, most of the values of damping 

factor lie between 1 and 2 except some operation points in the generating condition when 

icn=2. By approximating that ζ=5/4 and ωmI = ωcc ⁄4, q(s) can be approximated as 

(s+ωcc)(s+ωcc ⁄4). Thus, the bandwidth of the voltage loop can be approximated to ωcc ⁄4. 

However, since ζ could be higher than 5/4, and ωmI  is smaller than ωcc ⁄4, the actual bandwidth 

of the voltage loop is smaller than ωcc ⁄4. In practice, the bandwidth of the voltage loop can 

be adjusted by setting σIs.  

2.3.2.2.2 In Mode B 

In mode B, k=0. The characteristic equation of the voltage loop can be expressed as 

 
2 0 0 0( ) (1 2 )s 2cc s d cc e s qI Iq s s LV LV       (2.34) 

The upper limit of λI is constrained by the Routh stable criterion, i.e. 
01 02 I s dLV  . 

The worst condition happens when 
0

dV is minimum, i.e. 
0

d mV V , which defines the 
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minimum stable range for the control parameter λI. By considering the worst condition, i.e. 

0
d mV V , λI can be set by assuming that 1 52 0.I s mLV  , which lead to 

 
0

,
2

m
I m mIBmodeB

e s mL V


  


  (2.35) 

where 00.5mIB e  . 

Therefore, by considering mode A and mode B, the symbolic form of the control 

parameter can be finally obtained as 

 
0

, min{ }
2
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I m ImA ImB

e s mL V


   


   (2.36) 

It can be proved as follows that the voltage loop is also damped well in mode B with λI 

in (2.36). 

Proof: 

In mode B, since the damping factor can be calculated as 

 0 0 0(8 ) (1 2 )cc q e Is dI sV L V L      (2.37) 

By substituting (2.36) into (2.37), ξ can be derived as 
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where Vdn and Vqn are Vd
0 and Vq

0 normalized by Vm, respectively. 

Since 
0

0.5m

e


 , it can be derived that 

 
1 0.5 dn

qn
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  (2.39) 
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With the constraint 
2 2 1qn dnV V  , it can be derived that the minimum of 

1 0.5 dn

qn

V

V


can be 

obtained at qnV = 83 62 3 0.  . Therefore, k  0.77. In addition, 
4

mIm

cc cc

 

 

 
  . 

According to (2.33), it can be derived that the maximum β can be obtained at the corner speed 

when idn=0, |iqn|=1. Therefore it can be derived as  

 
2 1
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cnm

cc cn

i
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   (2.40) 

According to (2.38), it can be obtained that 
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0.77
1

cn

cn

i

i
 


 (2.41) 

Since only icn≥1 is considered, ξ>0.54. Therefore, it verifies that the system is also 

damped well in mode B.  

In practice, a slight difference of Vm for calculating λI  will not cause problem because 

of the conservative design. Vm in (2.33) can be replaced by the reference *
srV  in both linear 

and over modulation regions. With λI in (2.36), q(s) in mode B can be approximated as 

0( )( )cc q m ms s V V   , under which condition the bandwidth of the voltage loop can be 

approximated to 0
mq mV V  . Therefore, in mode B, the bandwidth of the voltage loop will 

become smaller in lower 0
qV  area. Since 0 0qV   corresponding the MTPV condition, the 

system has to change to the MTPV control to maintain the stability on the MTPV curve. 

However, the system with MTPV control happens on the machine with icn<1, which is out of 

the scope of this chapter and will be discussed in chapters 3, 4 and 5.  
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 Improvement in the Over Modulation Range 

2.4.1 M≤1 

When M≤1, the system operates mainly in the linear modulation region. Therefore, the 

over modulation region is only used in the transient state. For example, under a step q-axis 

current command, the voltage command vector Vs
* could jump into the over modulation 

region, as shown in Fig. 2.11. Since the voltage loop analysis based on the linearized model 

can only reflect the small signal behaviour within the neighbourhood of the equilibrium 

points, it cannot guarantee large signal dynamics when the system jumps into over 

modulation region. Due to the less voltage margin, the current dynamic performance is 

degraded, which consequently deteriorates the voltage loop performance. Since the flux-

weakening controller aims to deter the voltage saturation by controlling the current command, 

the current dynamics is very essential in the over modulation region.  

 

Fig. 2.11. Voltage vector synthesis when the system jumps into over modulation region. 

As shown in Fig. 2.11, when the voltage command vector Vs
* oversteps the voltage 

hexagon boundary, by considering the voltage differences between the voltage command and 

the real voltage fed to the inverter in d- and q-axes, i.e. Vderr=Vd
*-Vd and Vqerr=Vq

*-Vq, it can 

be derived that [KWO12]  
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 (2.42) 

According to (2.42), it can be seen that d- and q-axis current references can be equivalent 

to i* 
de and i* 

qe, respectively. When the system jumps into the over modulation region, since i* 
d  is 

still regulated by the voltage feedback controller and the DC values of Vderr and Vqerr will 

diminish at steady state, the system will finally reach a new equilibrium point. However, due 

to the existence of Vderr and Vderr, i.e. less voltage margin, the current dynamic performance 

will be degraded. On the other hand, the voltage feedback controller is relatively slow to 

generate the required d-axis current instantly when the system jumps into the over modulation 

region, which therefore could lead to more serious voltage saturation problem.  

In order to improve the current dynamics and alleviate the voltage saturation, the current 

reference modifier (CRM) which is firstly applied in [KWO12] for the voltage error feedback 

control will be adopted here for the voltage magnitude feedback control. As shown in Fig. 

2.12, the q-axis voltage error Vqerr multiplied with a coefficient is fed back to the d-axis 

current reference, and the d-axis current reference is modified as 

 * * * *, ( sign( ))qerr

dm d da da e

pd

V
i i i i

k
     (2.43) 

Since 
* ( )qerr q e s d e mV V L i    , the basic idea by using a current reference modifier is to 

secure the q-axis voltage margin by reducing the d-axis current reference. In addition, the 

CRM actually acts as an anti-windup controller in the over modulation region, which tries to 

move the voltage magnitude back to the hexagon boundary. Therefore, the voltage saturation 

problem will be alleviated and the system dynamic performance can be improved.  
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Fig. 2.12. Current reference modifier (CRM). 

2.4.2 M>1 

Since when M≤1, the voltage limit reference is within the inscribed circle of the hexagon 

boundary, Vqerr only appears when the system jumps into the over modulation region at 

transient state. However, when M>1, as the voltage limit reference locates at the outside of 

the inscribed circle of the hexagon boundary, Vqerr always exists. As shown in Fig. 2.13(a), 

when the voltage command Vs
* locates at the shadowed area between the voltage limit 

reference circle and the hexagon boundary, the voltage feedback controller tries to move Vs
* 

back to the voltage limit reference circle. However, the CRM tries to move Vs
* back to 

hexagon boundary. Therefore, a conflict occurs between the voltage feedback controller and 

CRM. As a result, the system performance is degraded at steady state.  

 

(a) Without voltage limit reference modifier. 

 

(b) With voltage limit reference modifier. 

Fig. 2.13. Voltage limit reference circle in d-q reference frame. 
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In order to overcome the conflict between the voltage feedback controller and the CRM. 

The voltage limit reference modifier (VRM) is introduced. As shown in Fig. 2.13(b), 

compared with original voltage limit reference circle, the red thick line indicates the modified 

voltage limit reference which is defined as that: when the original voltage limit reference is 

outside the hexagon boundary, the voltage limit reference is modified to the hexagon 

boundary, otherwise no modification is required. Therefore, the magnitude of the modified 

voltage limit reference, i.e.
*

srmV  can be obtained as 

 
* min( , )

3
dc

srm hex

V
MV V  (2.44) 

where Vhex is the vector with the same phase as the voltage command Vs
*, and with the 

magnitude on the hexagon boundary. From the geometric relations of the voltage vector in 

the stationary (α-β) reference frame shown in Fig. 2.1, |Vhex| can be obtained as 

 

sin(mod( , ) ) 3
3 3

dc
hex

V

V

 






V  (2.45) 

where θV is the voltage command angle in the stationary reference frame.  

With the VRM, the conflict between the CRM and the voltage feedback controller is 

eliminated automatically. Consequently, both the steady-state and dynamic performance can 

be improved in the over modulation region. The overall control diagram with added VRM 

and CRM can be shown in Fig. 2.14. 
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Fig. 2.14. Schematic of flux-weakening control with added CRM and VRM. 

 Experimental Verification 

The experiments based on dSPACE (DS1006) platform are implemented on a non-

salient-pole PMSM. The experimental setup is detailed in Appendix A, in which the test rig-

I is used as the load torque machine, i.e. a wound field type DC machine with the rated speed 

at 1500 rpm. The combined inertia of the transmission system is 0.012 kg·m2. The power 

switches of the inverter are IRFH7440 MOSFET. The PWM switching frequency is 10 kHz. 

The machine parameters are listed in Table 2.1. It should be noted that the different 

characteristic current ratios are realized by setting different current limits of the machine 

rather than using different machines. 
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Table 2.1 Machine and drive parameters 

Parameters Value 

 Phase resistance (Rs) 0.25 Ω 

 Synchronous inductance (Ls) 1.7 mH 

 PM-flux linkage(��) 10 mWb 

 Number of pole pairs (Np) 10 

 DC link voltage (Vdc) 14 V 

 Current limit (Im) when icn =1 5.9 A 

 Current limit (Im) when icn =2 2.9 A 

 Current bandwidth (���) 1200 rad/s 

 

2.5.1 Stability with Non-adaptive λI and Adaptive λI  

The stability of the system with adaptive λI is compared with a non-adaptive λI in mode 

A, and then verified in mode B in the linear modulation region (M=0.9).  

2.5.1.1 In Mode A  

In mode A, the motoring condition is realized by setting q-axis current command i* 
q,MTPA 

at its maximum value, i.e., Im. Therefore, in the flux-weakening region, the machine is forced 

to operate along the current limit circle. The generating condition is realized by reversing the 

current command to -Im when the machine is operating at motoring condition. A power 

resistance (4Ω, 14A) is connected to the DC bus to absorb the feedback energy in the 

generating condition. In the experiments, the condition, i.e. icn=1 and 2, are selected to verify 

the analysis.  

When icn=1, the dynamic performance of the machine in mode A with non-adaptive λI 

and adaptive λ are shown in Fig. 2.15(a) and Fig. 2.15(b), respectively. As shown in Fig. 

2.15(a), when the control parameter λI is kept at a constant in the flux-weakening region, the 

machine operates well at the early stage of the flux-weakening region. However, as the 

machine speed increases, the system oscillates in the motoring condition. This phenomenon 

can also be verified through the decrease of the calculated damping factor in the deep flux 
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weakening region.  Therefore, the flux-weakening operation range is significantly restricted. 

When the machine switches to the generating condition, the oscillation disappears at this 

point which is due to the relative higher damping factor in the generating condition as can 

also be referred to the Fig. 2.9(b). Another reason is due to that the d-axis current in the 

generating condition at the switching point is slightly higher than that in the motoring 

condition. This is caused by the increase of the DC-link voltage, which then makes the system 

back to the operation point without oscillation. When the system is applied with the adaptive 

λI, as shown in Fig. 2.15(b), the system is damped well in the whole flux-weakening region. 

Therefore, a wider stable speed range can be achieved.  

(a) With non-adaptive λI  (b) With adaptive λI 

Fig. 2.15. Dynamic performance in flux weakening region (mode A) when icn=1. 

When icn=2, the dynamic performance of the machine in the mode A with non-adaptive 

λI and adaptive λI are shown in Fig. 2.16(a) and (b), respectively. It can be seen from Fig. 

2.16(a) that the system operates well in the motoring condition even with a non-adaptive λI. 

However, when the machine switches into generating condition, the calculated damping 

factor could even become negative. Therefore, the system oscillates. By applying the 

adaptive λI, as shown in Fig. 2.16(b), the system is damped well in the whole flux-weakening 

region.  
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 (a) With non-adaptive λI (b) With adaptive λI 

Fig. 2.16. Dynamic performance in flux weakening region (mode A) when icn=2. 

Furthermore, when icn=1, on the different operation points in mode A, the large signal 

response to a stepwise reduction of the voltage magnitude reference under the non-adaptive 

λI and adaptive λI are shown in Fig. 2.17 and Fig. 2.18, respectively. In Fig. 2.18, it can be 

seen that the voltage loop shows nonlinear behaviour at different operation points when using 

a non-adaptive λI. The voltage loop dynamics increases with the increasing speed until the 

voltage loop oscillates at 1150 rpm. Nevertheless, the nonlinear behaviour of voltage loop at 

different operation points can be alleviated by adopting the adaptive λI, as shown in Fig. 2.18. 

By approximating that the voltage loop has first order dynamic response, as a rule of thumb, 

the bandwidth of the voltage can be evaluated by ln(9)/tr, where tr is the rise time. For 

example, as shown in Fig. 2.18(a), when tr= 0.01 s, the bandwidth of the voltage loop is 220 

rad/s. Due to the visual error caused by the ripples in the voltage magnitude, the actual 

bandwidth of the voltage loop should be around 220 rad/s.  

 

(a) 

 

 (a) 
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(b) 

 

(b) 

 

(c) 

 

(c) 

Fig. 2.17. Large signal response of voltage 
magnitude in mode A when icn=1 with non-adaptive 

λI. 
(a) id=-1 A, iq=5.8 A, n=400 rpm.  
(b) id=-5 A, iq=3.1 A, n=830 rpm. 

(c) id=-5.5 A, iq=2.1 A, n=1150 rpm. 

Fig. 2.18. Large signal response of voltage 
magnitude in mode A when icn=1 with adaptive λI.  

(a) id=-1 A, iq =5.8 A, n=400 rpm.  
(b) id=-5 A, iq=3.1 A, n=830 rpm. 

(c) id=-5.5 A, iq=2.1 A, n=1150 rpm. 

 

2.5.1.2 In Mode B  

The operation mode B is realized by setting a smaller i* 
q,MTPA than the current limit Im, by 

which the machine can operate inside the current limit circle. Fig. 2.19 shows the current 

trajectories when i* 
q,MTPA is set at 3 A and 2 A when icn =1 and 2, respectively. The machine 

starts from the constant torque region and then accelerates to modes B and A subsequently. 

Afterward, by changing the sign of i* 
q,MTPA, the machine operates in the generating condition. 

It can be seen that the currents are stably controlled in the mode B, which confirms the 

effectiveness of the adaptive control parameter used in the mode B.  
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Fig. 2.19. Current trajectories in modes A and B. 

Fig. 2.20 shows the large signal response to a stepwise reduction of the voltage 

magnitude reference with the adaptive λI on two different operation points. In Fig. 2.20(a), 

the voltage loop in mode B in higher q-axis voltage point shows almost the same dynamics 

as mode A. In Fig. 2.20(b), the voltage loop dynamics becomes slower in lower q-axis voltage 

point, which is consistent with the small signal analysis.	

 

(a) 

 

(b) 	

Fig. 2.20. Large signal response of voltage magnitude in mode B when icn= 1 with adaptive λI.  (a) id=-1 A, iq 

=3 A, Vq=6 V, n=600 rpm. (b) id=-3.5 A, iq=3 A, Vq=3.8 V, n=800 rpm. 
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2.5.2 Performances in Over Modulation Region  

Based on the system with the adaptive λI, the current dynamic performance in the linear 

and over modulation regions is further compared by taking icn=1 as example. Fig. 2.21(a) 

shows the current and voltage dynamic performance in the flux-weakening region for the 

conventional voltage feedback controller with M=0.9 when the q-axis current reference 

changes from 1.5A to 2A. It can be seen that the voltage command magnitude |Vs
*| is the 

same as |Vs|, which means the voltage command is fully realized by the inverter. Therefore, 

the current has a good dynamic performance. However, when M=1 and the q-axis current 

reference changes from 1.5A to 2.5A, as shown in Fig. 2.21(b), the system jumps into the 

over modulation region, |Vs| is much lower than |Vs
*| which implies the insufficient voltage 

margin. Therefore, the current and voltage dynamic performances are deteriorated. Fig. 

2.21(c) shows the alleviated voltage saturation and improved current dynamic performance 

when the CRM is applied.  

Fig. 2.22 shows the current and voltage dynamic performance in the flux-weakening 

region when the q-axis current reference changes from 1.5A to 2.5A at the condition M=1.15. 

As shown in Fig. 2.22(a), the current and voltage even show oscillation at steady state for the 

conventional voltage feedback controller, not to mention the dynamic performance. Fig. 

2.22(b) shows that the current and voltage are stably controlled by adding the CRM. In 

addition, good current and voltage dynamic performance can still be obtained even when 

M=1.15. Fig. 2.22(c) shows the current and voltage dynamic performance when both the 

CRM and VRM are applied. It can be seen that the modified term i
* 

da is only dominant at the 

dynamic stage. Therefore, both the dynamic and steady-state performance can be improved 

in the over modulation region with the CRM and VRM.  
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(a) With only conventional voltage feedback 
controller, (M =0.9) 

(a) With only conventional voltage feedback 
controller, (M =1.15). 

(b) With only conventional voltage feedback 
controller (M =1). 

(b) With added CRM, (M =1.15). 

(c) With added CRM, (M=1). (c) With added CRM and VRM, (M=1.15). 

Fig. 2.21. Current and voltage dynamic 
performance, (M≤1). 

Fig. 2.22. Current and voltage dynamic 
performance, (M>1). 
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 Conclusion  

This chapter has proposed an adaptive control parameter tuning method for the 

conventional voltage feedback controller in the flux-weakening region for the non-salient-

pole PMSM without MTPV region. The analysis and experimental results have indicated the 

proposed adaptive control parameter can effectively maintain the system stability in a wider 

speed range, including both motoring and generating conditions, when compared with a 

constant control parameter used in the flux-weakening region. In addition, VRM combined 

with the CRM is proposed to improve the over modulation flux-weakening performance, 

which has been verified through experimental results.  
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CHAPTER 3 FEEDBACK TYPE FLUX-

WEAKENING CONTROL ON PMSM WITH 

MTPV REGION 

For the machine with MTPV region, an extra MTPV control strategy is required. Based 

on the conventional voltage magnitude feedback controller, by also considering the MTPV 

region, this chapter aims to optimize a feedback type flux-weakening control strategy with 

considering steady-state performance, dynamic performance and stability in both linear and 

over modulation regions.  

 Introduction 

For the machine having high inductance [REF05] [REF06] [KWO07] [LIU12] or even 

under the overload condition, the characteristic current of the machine (ic=ψm/Ls) could be 

lower than the current limit Im. Under such condition, the MTPV control is required to 

maximize the torque capability and achieve an infinite constant power speed ratio (CPSR) 

[SOO94] [MOR94]. In [KWO07] [KWO08] [LIU12], the demagnetizing d-axis current 

command is generated by utilizing the voltage error between the input and output of the over 

modulation block, the MPTV control on a non-salient-pole PMSM is achieved by forcing the 

MTPV penalty function to zero with an extra voltage feedback loop. However, the voltage 

error feedback control can not achieve flux-weakening operation in linear modulation region. 

For some applications where the DC-link voltage is not a great concern, the linear modulation 

region is still preferred due to fewer harmonics and more voltage margin. Therefore, the 

control strategy which can cover both linear and over modulation flux-weakening controls is 

beneficial to the general purpose application. In order to achieve flux weakening in both 

linear and over modulation regions, the conventional voltage magnitude feedback controller 

can be employed [YON14]. However, the MTPV region is not considered in [YON14].  

In this chapter, a feedback MTPV control is proposed based on the conventional voltage 

magnitude feedback controller. In addition, the MTPV controller is optimized in terms of 
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steady-state performance, dynamic performance and stability. Firstly, the MTPV penalty 

function is optimized by considering the influence of the resistance, which is important for 

the small power motor. Then, a current command feedback MTPV controller, rather than the 

voltage command feedback MTPV controller in [KWO07] [LIU12], is employed to ensure 

the stability while maintaining good dynamics. Furthermore, by considering the stability 

issue in the MTPV region, the MTPV loop is analysed and a proportional-integral (PI) type 

MTPV controller is used and designed, which is rarely discussed in other references. 

Moreover, the stability in the over modulation region is improved with a simple voltage 

modifier (VVM) by also considering the MTPV region. Finally, the analyses are verified 

through experimental results.  

 Feedback Type Control Strategies  

3.2.1 Operation Regions 

At steady state, the transient voltage on inductance can be ignored. In addition, by also 

considering the resistance of the power switch device, and power cable, the voltage constraint 

described in the d- and q-axis current plane can be derived as 

 
2 2

2 2

2 2 2
( ) ( )e s m e m m

d q

s s s

L R V
i i

Z Z Z

   
      (3.1) 

where 2 2( )s e sZ R L  ; R is total resistance by also considering the power switch device, 

and power cable [LIU12]. 

From (3.1), it can be seen that the voltage constraint is a circle whose center point is 

(
2 2
e s m sL Z  ,

2
e s m sR Z  ) and radius is m sV Z . As the speed increases, the voltage limit 

circle shrinks. If the resistance is ignored or the machine speed is infinity, the center of the 

voltage limit circle is (-ic, 0), i.e. ψm/Ls. For the machine with MTPV region, as shown in Fig. 

3.1, the entire speed range can be divided into three regions: 

1) Region I 
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In the region I, as shown in Fig. 3.1, the machine operates on the curve ‘OA’, aiming to 

achieve max torque per ampere (MTPA). Since the machine operates inside the current and 

voltage limit circle, i.e. |Is|<Im and |Vs|<Vm, no flux-weakening control is required in this 

region.  

2) Region II  

The region II includes the curve ‘AB’ and the area within the closed curve ‘OABCO’. 

On the curve ‘AB’, the machine operates on the intersection point of the voltage and current 

limit circle, i.e. |Vs|=Vm and |Is|=Im. In the area ‘OABCO’, the machine operates on the voltage 

limit circle and inside the current limit circle, i.e. |Vs|=Vm and |Is|<Im. In region II, the flux-

weakening control is required to satisfy the voltage and current constraints. 

3) Region III 

In region III, the machine operates on the MTPV curve ‘BC’ that inside the current limit 

circle, i.e. |Is|<Im and |Vs|=Vm. In this region, the MTPV control strategy can be applied to 

maximize the torque capability and extend the operation speed range. 

 

Fig. 3.1. Operation regions considering MTPV.  

3.2.2 Control Strategies 

Fig. 3.2 shows the schematic of the feedback type flux-weakening control based on 

current vector control (CVC) system. In the region I, as with chapter 2, d- and q-axis current 

commands, i.e. i* 
d,MTPA and i* 

q,MTPA are obtained according to MTPA, i.e. i* 
d,MTPA=0 and 

*
,q MTPAi  can 

be given directly as it is proportional to the torque demand. 
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Fig. 3.2. Schematic of the feedback type flux-weakening control based on CVC system. 

In region II, the d-axis current voltage magnitude feedback controller (DCVFC) with a 

pure integrator is employed, as shown in the part I of Fig. 3.2. 

In the region III, the MTPV control strategy in achieved by introducing an extra 

feedback loop which forces the MTPV penalty function to zero by regulating the q-axis 

current command [KWO07] [LIU12]. According to the definition of MTPV, i.e. maximum 

torque per voltage, the MTPV curve can be obtained at the tangent point of the voltage limit 

circle and constant torque curve. Therefore, the penalty function for the MTPV operation, i.e. 

P can be defined as 

 

2 2
1

( )
2

s se e

d q d q

T T
P

i i i i

  
 

   

V V
  (3.2) 

where the condition P =0 represents the MTPV curve.  

The MTPV controller is denoted in Part II of Fig. 3.2. With the MTPV controller, the q-

axis current command is further modified by the output of a PI controller. The modified term, 

i.e. iqf
* can be expressed 

 
* *

,( )min(0, )
pqf iqf

qf q MTPA

k s k
i sign i P

s


   (3.3) 
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where kpqf and kiqf are the proportional and integer gains of the PI controller.  

Therefore, the q-axis current command can be obtained as 

 * * 2 * 2 * *
, ,( ) min( ( ) , )q q MTPA m d q MTPA qfi sign i I i i i     (3.4) 

 Optimized MTPV Controller 

3.3.1 Penalty Function for MTPV 

At steady state, by referring (3.2), P can be derived in voltage and current form as  

 2
2

2

( )
( )

v e q s d

e s
c d c s

s

P V L RV

P L
P i i Z

Z





 


 
 



  (3.5) 

where Pv and Pc represent the voltage and current form of the penalty function, 

respectively. 

According to (3.5), if the resistance is ignored, MTPV curve can be simplified as ωeVq=0 

[KWO07] or id=ic [LIU12]. However, as shown in Fig. 3.3, for the small power motor 

especially when the power cable is required, the ignorance of the resistance could cause a 

notable deviation of the current trajectory from the actual one, i.e. P=0.  

 

Fig. 3.3. The current trajectory under different conditions. 

Therefore, in terms of the optimal current trajectory, the penalty function with 

consideration of the resistance is preferred. The penalty function in voltage form, i.e. Pv in 
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(3.5), can be constructed by the voltage command Vd and Vq [KWO07] [LIU12]. However, if 

the system operates in the over modulation region, there are voltage ripples in Vd and Vq that 

caused by the over modulation block. In addition, the voltage command is not a pure steady-

state variable, and it contains the dynamic component that is caused by the output of the 

current PI controller. By way of example, in the linear modulation region, since Vq=V* 
q , as 

shown in Fig. 3.2, the output of the q-axis current PI controller, i.e. V* 
q , will be fed back to 

the q-axis current command through an MTPV PI controller. Therefore, the ripples in the q-

axis current can be magnified by the current PI controller and MTPV PI controller. As the PI 

controller can not reject high-frequency ripples, the magnified q-axis current could lead to 

oscillation and even instability. In [LIU12], a precede first order low pass filter (LPF) is 

added to the MTPV controller to solve this problem, and the penalty function is revised to 

PvLpf, i.e. 

 c
vLpf v

c

P P
s







  (3.6) 

where ωc is the cut off frequency of the LPF. However, the introduced LPF will limit the 

dynamics of the MTPV loop. Thereofre, in order to improve the dynamic performance, the 

penalty function without LPF is preferred.  

Alternatively, the penalty function can also be achieved in the current form, i.e. Pc in 

(3.5). Since the MTPV controller aims to plan the current command trajectory in the region 

III, id in Pc can be replaced by the d-axis current command id
*. In addition, as Pc=0 represent 

the MTPV curve, the term Z2 
s  in (3.5) can be canceled out. Therefore, the penalty function in 

the current form can be revised as 

 
2

*

2

( )e s
c d c

s

L
P i i

Z


    (3.7) 

At the equilibrium point, the variation of the machine speed can be ignored due to the 

larger mechanical time constant when compared with the electrical time constant. Therefore, 

(3.7) implies that the variation of Pc mainly origins from the variation of id
*, i.e., ∆Pc=∆id

*, 

where the prefix ‘∆’ denote the corresponding small signals. From the small signal point of 
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view, in ∆Pc, only ∆id
* is the information required for the MTPV control. According to (3.3), 

the d-axis current command output by DCVFC will be directly transformed to the q-axis 

current command by the MTPV controller. Therefore, no extra filter is required, and better 

dynamics can be expected than that by using the voltage command feedback MTPV 

controller.  

For ease of comparison in the experimental section, the penalty function PvLpf  is divided 

by 2
sZ  to keep the same dimension as Pc in (3.7). The block diagram of the MTPV controller 

by using voltage command feedback and current command feedback are shown in Fig. 3.4(a) 

and (b), respectively. 

 

(a) Voltage command feedback controller. 

 

(b) Current command feedback controller. 

Fig. 3.4. Block diagram of the MTPV controllers.  

Since the optimal current trajectory for the MTPV requires accurate parameters, in 

practice, this could be done by online parameter estimation [LIU11] [LIU14]. As the 

parameter estimation is out the scope of this thesis, it will not be discussed further. It should 

be noted that accurate parameters are only required to improve steady-state performance. 

Therefore, the parameters used for the estimating Pc can be updated much slower than the 

dynamics of the MTPV loop. It means that the MTPV control and parameter estimation will 

not interfere with each other if the penalty term Pc is employed. In other words, the 

improvement of the dynamic performance and the steady-state performance can be done 

separately.  
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Therefore, Pc is finally used as the penalty function for the MTPV control owing to its 

better dynamic performance.  

3.3.2 MTPV Controller Design 

As with chapter 2, the flux-weakening controller can be designed based on the linearized 

model. For the machine with MTPV region, according to the small signal behaviours of the 

current, the operation mode in the flux-weakening region can be distinguished by mode A, 

mode B, and mode C, as shown in Fig. 3.5. In mode A, the machine operates on the current 

limit circle; in mode B; the machine operates along the constant torque curve; in mode C, the 

machine operates on the MTPV curve.  

 

Fig. 3.5. The operation modes with considering MTPV control. 

In region II, the MTPV controller is not activated, only the DCVFC is required. In region 

III, since the DCVFC and MTPV controller are both involved in control, DCVFC is still an 

important part for the MTPV control. As the voltage loop with DCVFC has been analysed in 

chapter 2, for convenience, according to (2.15), the close-loop transfer function from 
2*

sr V

to 
2*

s V is directly given here as 

 

2*

2 2*

( )
( )

(1 )

s cc I
I

cc I cc Isr

bs a
s

s b s a

 

   

 
  

  

V

V
 (3.8) 

The selection of λI for the machine with MTPV region can follow the same approach as 

the chapter 2. The details of the selection of λI for the machine with MTPV region can be 
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referred to Appendix B. When the machine operates in the region III, the operation mode B 

that activated by the DCVFC cooperates with the mode C that activated by the MTPV 

controller. For the DCVFC, the voltage loop can be analysed in mode B. Since in mode B, 

k=0, the coefficient a and b can be derived as 

 

0 0 0

0

2( )

2

e q s dmodeB

d dmodeB

a V L RV

b V L

  




 (3.9) 

At the equilibrium point, it can be seen that a|modeB=2Pv. Therefore, a|modeB=0 also defines the 

MTPV curve.  

In the region III, since a|modeB =0, it means that the voltage loop with only a DCVFC 

cannot maintain stable in this region. Therefore, it is necessary to investigate the MTPV loop 

as the MTPV controller will be activated in region III. The equivalent linearized model of 

MTPV loop can be seen in Fig. 3.6. In Fig. 3.6, Cqf(s) and Gqf(s) are the transfer functions of 

the PI controller and the control plant of the MTPV loop, respectively; δ is the assumed 

reference of MTPV loop, which is an infinitesimal value.  

 

Fig. 3.6. Block diagram of the linearized model of MTPV Loop. 

Cqf(s) and Gqf(s) can be obtained as 

   pqf iqf

qf

k s k

s
C s


  (3.10) 

   *qf
c

q

s
i

G
P




 (3.11) 

According to (3.7), ∆Pc=∆i* 
d , Gqf(s) can be rewritten as 

  
*

*
d

qf

q

i
G s

i


 


 (3.12) 

Since ∆i* 
d  origins from DCVFC, Gqf(s) can be reconstructed as 
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V
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 (3.13) 

In region III, the transfer function from 
2*

s V to 
*
di  can be obtained according to the 

linearized model of the voltage loop with DCVFC, as shown in Fig.2.3. When a|modeB =0, it 

can be derived as 

 
*

2*

( )

( (1 ))
d ccI

cc ImodeBs

i s

s s b



 

 
 

  V
 (3.14) 

According to Appendix B, in region III, b|modeBλ≈0  and 
*

2*

d I

s

i

s




V
. In addition, 

2*

*

s

qi





V
can be derived as 
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d q
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 (3.15) 

Moreover, since V0 
q  is close to zero, and V0 

d ≈-Vm
0 *( )e qsign i due to that id ≈-ic in region 

III, 

2*

*

s

qi





V
can be approximated as 
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 (3.16) 

In consequence, the control plant of the MTPV loop can be derived as 

 *1
( ) ( )qf qf i qG K T s sign i

s
  (3.17) 
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where 02qf m e s IK V L  . 

(3.17) explains that a pure integral controller is not applicable for the MTPV controller, 

as the system could oscillate due to the resultant origin pole of the close-loop transfer function. 

Therefore, a PI controller can be adopted, which can ensure the stability in region III. The 

open-loop transfer function of the MTPV loop with PI controller, i.e. Goqf(s) can be derived 

as  

 
1

( )
pqf iqf

oqf qf i

k s k
G K T s

s s


  (3.18) 

It is reasonable to make a further simplification of (3.18) by approximating Ti(s) as a 

unity gain if the MTPV loop is tuned with the bandwidth much lower than the current 

bandwidth. Therefore, the close-loop function of the MTPV loop can be obtained as 

 
2

( )pqf qf qf iqfc

pqf qf qf iqf

k K s K kP

s k K s K k




 
 (3.19) 

As a second-order system [FRA94], the control parameters can be tuned as 

 
22 2

,
Nqf Nqf Nqf

pqf iqf

qf qf qf

k k
K K K

  
    (3.20) 

where ωNqf is the selected natural frequency, ξ is selected damping factor which is set at 1 in 

the experiments.  

3.3.3 Over Modulation Improvement 

Fig. 3.7 shows the voltage synthesis in the linear and over modulation region. It can be 

seen in Fig. 3.7(a) that the voltage command vector V* 
s  in the linear modulation region can 

be fully realized. In the over modulation region, as shown in Fig. 3.7(b), only the voltage 

command vector inside the hexagon boundary can be fully realized. Fig. 3.8 shows the 

spectral distribution of the α-axis voltage normalized by Vdc under two conditions, i.e. M=0.9 

and M =1.1. The fundamental component in Fig. 3.8 can be seen as the index of the DC link 

voltage utilization. It can be seen that the system in the over modulation region has better 
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voltage utilization than the linear modulation region. However, the voltage margin decreases 

and larger harmonics appear. Therefore, the voltage saturation problem is more serious in the 

over modulation region, which degrades the current dynamics and could lead to instability 

[LER08]. In fact, the flux-weakening controller aims to deter the voltage saturation problem 

by generating the proper d-axis current command (by DCVFC) and q-axis current command 

(by MTPV controller). Therefore, the current dynamics is very essential for the stability in 

the flux-weakening region.  

 

(a) Linear modulation range (M=0.9). 

 

(b) Over modulation range (M=1.1). 

Fig. 3.7. Voltage synthesis with MPEOM. 

 

Fig. 3.8. Voltage spectra with SVPWM when M=0.9 and M=1.1. 

Chapter 2 has proposed a current reference modifier (CRM) to improve the current 

dynamics in the over-modulation region, the effectiveness of which has been verified for the 
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machine without region III, i.e. without MTPV control. With the CRM in (2.43), the d-axis 

voltage command can be expressed as 

 

* * *

* *

( )

( )

pd id

d da d d

pd id

d d derr

k s k
V i i i

s

k s k
i i V

s


  


  

 (3.21) 

where
*

derrV  can be seen as the modified term of d-axis voltage command after the CRM is 

employed, which is  

 
*

* *pd id pd id q q

derr da

pd

k s k k s k V V
V i

s s k

  
   (3.22) 

It can be assumed that the proportional part in (3.22) is dominant in the transient state, 

as kpd≫kidTs, where Ts is the control period of the current loop. Therefore, 
*

derrV can be 

approximated as  

 
* *

derr q q qerrV V V V    (3.23) 

The adjusted voltage command vector considering the effect of CRM can be expressed 

in the discrete form as 

 
* *( 1) ( ) ( )sa i s i qerr in n jV n  V V  (3.24) 

where ‘ni’ in the bracket indicates the step number of the control cycle; 
*( )s inV  is the voltage 

command in the ni step; 
* ( 1)sa in V  is the adjusted voltage vector command with CRM in the 

(ni+1) step. 

Fig. 3.9 illustrates the effect of the CRM on the voltage command vector in dq-axis 

voltage plane at different q-axis voltage region. It can be seen from Fig. 3.9(a) and Fig. 3.9(b) 

that ( )qerr iV n is quite big in the high q-axis voltage region and becomes smaller in the low q-

axis voltage region. Therefore, the CRM shows its effectiveness in the high q-axis voltage 

region. However, it could lose its effect when the q-axis voltage approaches to zero. Since 
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when the system operates in region III, the q-axis voltage is close to zero, the system 

performance in over modulation region cannot be improved with CRM.  

 

(a) High q-axis voltage region. 

 

(b) Low q-axis voltage region. 

Fig. 3.9. Effect of the CRM to voltage command vector in dq-axis voltage plane. 

A voltage vector modifier (VVM) is firstly adopted in [YON14] to improve the current 

dynamics in the over modulation region for the machine without region III. As compared 

with CRM, it will be shown that the VVM is also suitable for the over modulation operation 

in region III. The working principle of the VVM is shown in Fig. 3.10. In Fig. 3.10, the 

voltage command vector V* 
s  output from the current regulator is limited by the hexagon 

boundary and will be truncated to the voltage vector Vstmp, which is the regarded as the 

temporal voltage vector. Then, the modified voltage vector V* 
sm  is obtained by adding a 

rotated 90o temporal voltage error vector to the original voltage vector. The modified voltage 

vector V* 
sm is obtained as 

 
* * * ( )sm s sme ej sign V V V  (3.25) 

where V* 
sme=V* 

s -Vstmp is the temporal voltage vector. Unlike the CRM, V* 
sme is a voltage vector 

error, but not just q-axis voltage error. Therefore, the VVM also shows its effectiveness in 

low q-axis voltage region, as shown in Fig. 3.10(b).  
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(a) High q-axis voltage region. 

 

(b) Low q-axis voltage region. 

Fig. 3.10. Voltage vector modifier (VVM). 

Fig. 3.11 shows the block diagram of the VVM which is implemented in the scalar form. 

With the VVM, the voltage command from the current regulator, i.e. Vd
* and Vq

* are modified 

to Vdm
* and Vqm

*, which will be processed again by modulation block, i.e. SVPWM, and then 

fed to the inverter.  

 

Fig. 3.11. The block diagram of VVM. 

The schematic of feedback type flux-weakening control with VVM can be seen in Fig. 

3.12. Since the temporal voltage error vector V* 
sme only exists in the over modulation region, 

the VVM will not influence the steady-state performance in the linear modulation region. 
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Fig. 3.12. Schematic of feedback type flux-weakening control system with VVM. 

 Experimental Verification 

The experiments based on the dSPACE platform are implemented on a non-salient-pole 

PMSM. The power switches of the inverter are IRFH7440 MOSFET. The strain-to-source 

resistance of the MOSFET is less than 2.4m, which can be ignored when compared with 

the machine resistance. The PWM switching frequency is 10 kHz. In the experiments, two 

test rigs are utilized, the load torque of which are provided by two wound field type DC-

machines. The test rig-I has a big inertia (0.012kg·m2) and is coupled with a torque transducer 

which is used to measure the steady-state performance. The test rig-II has a smaller inertial 

(0.001kg·m2) which is used to verify the dynamic performance. The machine and driving 

parameters are listed in Table 3.1. It should be noted that the MTPV region of the machine 

is achieved by setting the current limit at 7.35 A, under which condition icn=0.8. 
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Table 3.1 Machine and drive parameters 

Parameters Value 

Phase resistance (Rs) 0.25  

Synchronous inductance (Ls) 1.7 mH 

PM-flux linkage(ψm) 10 mWb 

Number of pole pairs 10 

DC link voltage (Vdc) 14 V 

Current limit (Im) when icn =1 7.35A 

Current bandwidth (ωcc) 1200 rad/s 

Cable resistance 0.1  

In the following experiments, the steady-state performance is firstly measured on the 

test rig I in order to illustrate the advantages when the resistance is considered in the MTPV 

region. Afterward, the dynamic performance by using the current command feedback MTPV 

controller is demonstrated and compared with the one by using the voltage command 

feedback MTPV controller. Furthermore, the system stabilities in the over modulation region 

with and without VVM are compared.  

3.4.1 Steady-State Performance  

Fig. 3.13 shows the steady-state performance when M =0.9 under different MTPV 

penalty functions, i.e. Vqωe =0 (case 1) id=-ic (case 2) and Pc=0 (case 3). Case 1 and case 2 

represent the conditions without considering resistance when the penalty function is realized 

in voltage and current forms, respectively. The case 3 is the condition when the resistance is 

considered. The resistance used in Pc is the total resistance which is 0.35. 



CHAPTER 3 
 

 

91 

 

(a) Torque-speed curve. 

 

(b) Power-speed curve. 

 

(c) Copper loss speed curve 
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(d) Current trajectories. 

Fig. 3.13. Steady-state performance under different cases.  

Fig. 3.13(a) and Fig. 3.13(b) show the torque-speed curve and power-speed curve, 

respectively, under the three cases. Although the differences between the three cases about 

torque and output power are minor, it can still be observed that the case 3 shows slightly 

higher torque and output power than other two cases when the machine speed is 

approximately higher than 650 rpm, while the case 1 shows the least torque and output power. 

However, it is apparent in Fig. 3.13(c) that the case 3 shows the least copper loss when 

comparing to the case 1 and case 2. The copper loss at 900rpm in case 3 can be reduced by 

about 25% than that in case 1. As observed in Fig. 3.13(d), the condition with consideration 

of the resistance (case 3) shows the minimum current magnitude especially around the region 

when the system transfers from mode A to mode C, which results in the least copper loss. In 

addition, it can be seen that the case 3 enters into the MTPV region earliest. If the MPTV 

curve can be tracked well at the dynamic stage, the dynamic performance can also be 

improved. 

3.4.2 Dynamic Performance with Different MTPV Controllers  

The dynamic performance with voltage and current command feedback MTPV 

controllers are compared by applying a step current command (i* 
q,MTPA=7.35A) when M =0.9. 

Fig. 3.14 shows the dynamic performance by using the voltage command feedback MTPV 
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controller under different control parameters. In Fig. 3.14(a), the system oscillates when there 

is no low pass filter applied. By properly tuning the parameters of the PI controller and low 

pass filter, i.e. ωNqf =50 rad/s and ωc=600 rad/s, the system can operate stably, as shown in 

Fig. 3.14(b). However, the current and PvLpf waveforms shows an apparent overshoot. By 

increasing ωNqf to 100, as shown in Fig. 3.14(c), the system oscillates again.  

 

(a) Without low pass filter and ωNqf =50 rad/s. 

 

(b) With low pass filter ωc=600 rad/s and ωNqf =50 rad/s. 
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(c) With low pass filter ωc=600 rad/s and ωNqf =100 rad/s. 

Fig. 3.14. Dynamic performance with voltage command feedback MTPV controller. 

Fig. 3.15 shows the dynamic performance by using the current command feedback 

MTPV controller under different parameters of the PI controller. It can be seen that the 

system can operate stably when ωNqf are 50 rad/s and 200 rad/s, as shown in Fig. 3.15(a) and 

Fig. 3.15(b), respectively. Fig. 3.16 illustrates the current trajectories when ωNqf = 50 rad/s 

and 200 rad/s. When ωNqf =50, as shown in Fig. 3.16(a), although the current shows overshoot 

when approaching MTPV curve, this overshoot is much less when ωNqf  is increased to 200 

rad/s. As a result, better speed dynamics can be obtained, which can be seen in Fig. 3.17. 
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(a) ωNqf =50 rad/s. 

 

(b) ωNqf =200 rad/s. 

Fig. 3.15. Dynamic performance with current command feedback MTPV controller. 
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(a) ωNqf =50 rad/s. 

 

(b) ωNqf =200 rad/s. 

Fig. 3.16. Dynamic current trajectories with current command feedback MTPV controller.  

 

Fig. 3.17. Speed dynamics of current command feedback MTPV controller under different control parameters. 

From the foregoing analysis, the pure integral MTPV controller can hardly maintain the 

stability in the MTPV region. In order to demonstrate this phenomenon, by using the current 

command feedback controller, Fig. 3.18 shows one of the oscillation cases when the integral 

gain is tuned by disabling the proportional controller while ωNqf=50 rad/s. 
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Fig. 3.18. Dynamic performance with current command feedback MTPV controller (integral controller).  

3.4.3 Stability in Over Modulation Region  

By using the current command MTPV controller, the system stability are compared 

under four conditions, i.e. with only DCVFC (M=0.9), with only DCVFC (M=1.15), with 

added CRM (M=1.15), and with added VVM (M=1.15). As shown in Fig. 3.19, by changing 

q-axis current command from 1A to 2A at 2 seconds, the machine accelerates from region I 

to region II, and then region III. Fig. 3.19(a) shows the system performance in the linear 

modulation region (M=0.9) with only a DCVFC, it can be seen that the system performs well 

from region I to region III. Fig. 3.19(b) shows the system performance in the over modulation 

region (M=1.15) with only a DCVFC, it can be seen that both current and voltage oscillate 

in the flux-weakening regions (region II and region III). However, as shown in Fig. 3.19(c), 

with added CRM and M=1.15, the system performs well in region II, but it oscillates when it 

operates in region III. With the VVM and M=1.15, as shown in Fig. 3.19(d), the system 

stability in over modulation region is remarkably improved under different flux-weakening 

regions. Consequently, the machine can achieve higher speed at steady-state when compared 

with that in the linear modulation condition. It should be noted that the ripples of |Vs| in Fig. 

3.19(d) is due to the hexagon boundary limit of the over modulation block.  
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(a) With only conventional DCVFC, M=0.9.  

 

(b) With only conventional DCVFC, M=1.15.  
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(c) With added CRM and VRM, M=1.15. 

 

 

(d) With added VVM, M=1.15. 

Fig. 3.19. System performance in the over modulation region (M=1.15). 

 Conclusion  

In this chapter, a feedback type flux-weakening control on a non-salient-pole PMSM 

including MTPV region has been analysed and optimized. The resistance influence has been 

considered in order to improve the steady-state performance in the flux-weakening region, 

especially for a small power motor. Two kinds of MTPV feedback controllers, i.e. voltage 
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command feedback controller and current command feedback controller, have been 

compared. The design guidance of a PI MTPV controller has been given by considering the 

stability issue in the MTPV region. A VVM has been utilized to improve the stability in the 

over modulation and different flux-weakening regions. The analyses and the experimental 

results have verified that:  

1) The steady-state performance in the MTPV region can be improved by considering 

the resistance especially for the small power motor; 

2) The current command feedback MTPV controller can achieve better dynamics than 

the voltage command feedback controller; 

3) A PI MTPV controller is preferred as the pure integral MTPV controller can hardly 

maintain the stability in the MTPV region; 

4) The stability in the over modulation region and flux-weakening regions (region II and 

region III) can be improved with VVM. 
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CHAPTER 4 COMPARATIVE STUDY OF 

TWO FEEDBACK METHODS FOR FLUX-

WEAKNING CONTROL OF PMSM 

In this chapter, two different feedback type flux-weakening methods, i.e. dq-axis 

currents based feedback flux-weakening control (DQFFC), current amplitude and angle 

based feedback flux-weakening control (CAAFFC), are comparatively studied in terms of 

the system stability, based on a non-salient-pole PMSM. Meanwhile, the design guidance of 

the MTPV controller in CAAFFC is given due to its difference with that in DQFFC. The 

analyses indicate that two flux-weakening methods could oscillate and even become unstable 

in different flux-weakening regions, which is the intrinsic stability characteristics.  

 Introduction 

Conventionally, two variants of the voltage feedback controller, i.e. d-axis current based 

voltage magnitude feedback controller (DCVFC) [KIM97] [BIA01] [HAR01] [YON14] 

[BOZ17] and current angle based voltage magnitude feedback controller (CAVFC) [WAI01] 

[DEN19] [QIA16] [BOL14], are normally considered to be equivalent to achieve flux-

weakening operation. However, the differences between DCVFC and CAVFC from the 

stability point of view are seldom investigated, especially when the maximum torque per 

voltage (MTPV) control is considered. By further considering the MTPV control, in this 

chapter, two feedback-type flux-weakening methods, namely, dq-axis currents based 

feedback flux-weakening control (DQFFC), current amplitude and angle based feedback 

flux-weakening control (CAAFFC), are introduced and comparatively studied in terms of the 

system stability in the speed control mode. In chapter 3, DQFFC has been optimized with a 

current feedback MTPV controller and a voltage vector modifier (VVM), which aims to 

improve the dynamic performance and stability in over modulation region. In this chapter, 

the current feedback MTPV controller and VVM will be used as the basis in both DQFFC 

and CAAFFC. The linearized models of the voltage loop in DQFFC and CAAFFC are 

generalized first, based on which the stability of the two methods are compared. Furthermore, 
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the MTPV controller in CAAFFC is designed in order to facilitate the practical 

parameterization, which also shows the difference with that in DQFFC. Finally, the 

experiments are implemented to verify the analyses.  

 Two Flux-Weakening Control Methods 

Fig. 4.1 shows the general schematic of the current vector control (CVC) system with 

flux-weakening control. The two flux-weakening methods are included in the flux-

weakening block shown Fig. 4.1, which aims to generate the proper d- and q-axis current 

commands. The voltage vector modifier (VVM) is adopted to improve the current dynamics 

in the over modulation region.  

 

Fig. 4.1 General schematic of current vector control(CVC) system with flux weakening. 

4.2.1 Dq-axis Current Based Feedback Flux-Weakening Control (DQFFC) 

For the DQFFC, as shown in Fig. 4.2, the initial d- and q-axis current commands, i.e. 

*
,d M TPAi  and i* 

q,MTPA, are obtained by considering MTPA in region I, i.e. i* 
d,MTPV=0, i* 

q,MTPA =i* 
s , where 

i* 
s  is the output of the speed PI controller.  
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Fig. 4.2 Block diagram of DQFFC.  

In the flux-weakening region, the initial d- and q-axis current commands are further 

modified by DCVFC and MTPV controller, respectively. Since DQFFC has been addressed 

in chapter 3, for convenience, the expressions of DCVFC in Part I and MTPV controller in 

Part II are directly given as follows. 

DCVFC in DQFFC: 

 

*
2 2* *( )=d

I sr s

di

dt
 V V   (4.1) 

MTPV controller in DQFFC: 

  
* *

,( )min{0, }
pqf iqf

qf q MTPA c

k s k
i sign i P

s


  (4.2) 

Therefore, the q-axis current command is finally obtained as 

 
* *

,( )min{0, }
pqf iqf

qf q MTPA c

k s k
i sign i P

s


   (4.3) 
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4.2.2 Current Amplitude and Angle Based Feedback Flux-Weakening 

Control (CAAFFC) 

For the CAAFFC, as shown in Fig. 4.3, considering the MTPA in region I, the initial 

lead angle of the current vector with respect to q-axis is zero, the current amplitude i* 
s  is 

obtained from the speed controller. In the flux-weakening region, the initial current lead angle 

and amplitude are modified by CAVFC and MTPV controller, respectively.  

 

Fig. 4.3 Block diagram of CAAFFC.  

According to the part I of Fig. 4.3, CAVFC can be expressed as  

 
2 2*

*

*( )sr

f

s

d

dt



  V V   (4.4) 

where λθ is the integral gain of CAVFC; θ* 
f is the lead angle of the current vector with respect 

to q-axis. 

As shown the part II in Fig. 4.3, the MTPV controller for the CAAFFC can be expressed 

as 

 * *( ) min{0, }Is
sf s ci sign i P

s


   (4.5) 

where λIs is the integral gain of the MTPV controller; isf
* is the output of the MTPV controller. 
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Therefore, the current amplitude can be finally obtained as 

 * * * *( )min{0, }sm s s sfi sign i i i    (4.6) 

where i* 
sm is the modified current amplitude. 

It should be noted that the MTPV controller in DQFFC is a PI controller while the 

MTPV controller in CAAFFC is a pure integral controller. The difference between the two 

MTPV controllers will be further addressed in the following section.  

 Stability Analysis and Controller Design 

For easy comparison, the operation modes in DQFFC and CAAFFC are illustrated in 

Fig. 4.4(a) and Fig. 4.4(b), respectively. When the method CAAFFC is considered, the mode 

A is defined in a more general way. In mode A, the machine is regulated along the current 

circle with a specific radius, but not just along the current limit circle. The definition of the 

mode B and mode C are consistent with that in chapter 3. In mode D, the machine is regulated 

along the normal direction of the current circle. Therefore, as shown in Fig. 4.4(a), for the 

DQFFC, the operation modes include mode A, mode B and mode C. As shown in Fig. 4.4(b), 

for CAAFFC, the operation modes include only mode A and mode D. 

 

(a) DQFFC 

 

(b) CAAFFC 

Fig. 4.4. Operation modes in the flux-weakening region. 

In region II, no MTPV controller is required, only the voltage feedback controllers, i.e. 

DCVFC and CAVFC are activated. Therefore, the voltage loop can be analysed firstly under 
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mode A and mode B without considering MTPV controller. Subsequently, the MTPV loops 

of the two methods are analysed in region III. 

4.3.1 Generalized Linearized Model of Voltage Loop 

In order to generalize the analysis of the voltage loop with DCVFC and CAVFC, the 

expression of CAVFC can be transformed into the equivalent form as DCVFC by using the 

following relationship 

 

* *

0

1f d

qi

d di

dt dt


    (4.7) 

By substituting (4.7) into (4.4), the expression of CAVFC can be derived as  

 
20 *

*
2*( )q sr s

ddi

dt
i V V   (4.8) 

Therefore, the equivalent block diagram of the linearized voltage loop with CAVFC has 

the same structure as the DCVFC. The generalized linearized model of the voltage with 

DCVFC and CAVFC can both be depicted in Fig. 4.5.  

 

Fig. 4.5. Generalized linearized model of voltage loop. 

In Fig. 4.5, Cdfg(s) is the transfer function of the generalized voltage feedback controller, 

which can be expressed as 

 ( )dfgC s
s


  (4.9) 

where λ is  

 0

,

,

I

q

DCVFC

i CAVFC

 

 





 (4.10) 
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Ti(s) and Gdf(s) are the transfer function of the equivalent current loop, and the control 

plant, respectively, which can be seen in (2.9) and (2.10). According to (2.10), (2.12), and 

(4.9), the close-loop transfer function of the voltage loop with DCVFC and CAVFC, i.e. ΦI(s) 

and Φθ(s) can be expressed as 
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2
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 (4.11) 

where bI =b, aI=a; 0 0,q qb b i a i a   . 

4.3.2  Stability Analysis of Voltage Loops  

According to (4.11), by referring to the Routh stability criterion, the stability of the 

voltage loop with DCVFC and CAVFC requires that  

 
1 0 0,

1 0 0,
I I I Ib and a DCVFC

b and a CAVFC   

 

 

  


  
 (4.12) 

Since the negative d-axis current is required for the flux-weakening control, the control 

parameters λI and λθ are normally set at positive values. In addition, the conditions 1+bIλI>0 

and 1+bθλθ>0 can be satisfied with the properly tuned control parameter (Appendix B). 

Therefore, the condition aI≤0 and aθ≤0, i.e. a≤0 defines the intrinsic unstable area of the 

voltage loop.  

Based on the machine parameters in Table 4.1 (shown in the experimental verification 

section of this chapter), when ω0 
e >0, the map of the coefficients a in dq-axis current plane of 

mode A and mode B can be illustrated in Fig. 4.6, which are denoted as a|modeA and a|modeB, 

respectively. It can be seen that both the mode A and mode B have unstable area, i.e. where 

a≤0. 
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(a) a|modeA (b) a|modeB. 

Fig. 4.6. Map of coefficient a under different operation modes.  

In mode A and mode B, the coefficient a has been derived in (2.19) and (2.20) for the 

machine without MTPV region in chapter 2. For the machine with MTPV region, the 

coefficient a in mode A and mode B keep the same formulars as (2.19) and (2.20), which are 

given as  

 
0 0 0 02 ( / )

A e m e s s d qMode
a L R i i    (4.13) 
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 (4.14) 

Since i0 
d <0 in the flux-weakening region, (4.13) implies that a|ModeA≤0 only occurs when 

0 0 0e qi   and 0 0 0( )sq d e si Ri L . Therefore, in the mode A, the instability happens at light 

load in generating condition, which is located at the lower half part of the current plane, as 

shown in Fig. 4.6(a). According to operation mode definition of the two flux-weakening 

methods, this unstable condition can occur in CAAFFC. 

In addition, it can be seen in (4.14) that a|ModeB= 0 also defines the MTPV curve. As 

show in Fig. 4.6(b), in the mode B, only the right part of the MPTV curve, i.e. where 

a|ModeB>0, can allow a stable voltage control. Since when a|ModeB=0, the MTPV controller 

will be activated, the system will transfer to the mode C (region III), the stability of the 

DQFFC can be maintained by the proper designed MTPV controller which has been 
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addressed in chapter 3. However, there still exists a region where a|modeB is positive but very 

close to zero, which is close to and on the right side of the MTPV curve. This area implies 

the weak voltage regulation capability of the voltage loop in DQFFC. The system in this area 

is in a fragile state and could easily oscillate especially in the over modulation region due to 

the reduced voltage margin and the increased harmonics. Although the VVM can boost the 

current dynamics in the over modulation region, it cannot improve the voltage regulation 

capability reflected by the coefficient a, which is operation point relevant. This phenomenon 

will be further demonstrated in the experimental part. On the contrary, CAAFFC shows 

advantage when the system approaches to MTPV curve due to the large coefficient a in the 

mode A, which indicates that the voltage loop in CAAFFC is stable in the region III even 

without MTPV control. 

The different stability characteristics can also be easily explained in Fig. 4.7. As shown 

in Fig. 4.7, two areas that are labelled as ‘A1’ and ‘A2’, represent two special operation 

conditions, where the area ‘A1’ is close to the MTPV curve and the area ‘A2’ is close to the 

light load in generating condition. Due to the different operation modes in DQFFC and 

CAAFFC, the current regulation directions in ‘A1’ of CAAFFC (shown in Fig. 4.7(a)) and 

‘A2’of DQFFC (shown in Fig. 4.7(b)) tend to be perpendicular to the voltage limit circle. 

However, the current regulation directions in ‘A2’ of CAAFFC (shown in Fig. 4.7(a)) and 

‘A1’of DQFFC (shown in Fig. 4.7(b)) tend to be tangent to the voltage limit circle. Since 

when the current limit circle is tangent to the voltage limit circle, the voltage feedback 

controller tries to move the operation point to the outside of the voltage limit circle in both 

regulation directions, implying that the voltage feedback controller loses its voltage 

regulation capability. Therefore, due to the different operation mode in the current limit circle, 

the weak stability in DQFFC and CAAFFC occurs at different operation regions.  
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(a) Mode A in CAAFFC (b) Mode B in DQFFC. 

Fig. 4.7. Voltage regulation illustration in different operation modes (ω0 
e >0). 

Besides, since two flux-weakening methods are regulated in two different coordinate 

systems, CAAFFC has poor transition performance between motoring and generating 

condition. As shown in Fig. 4.8(a), for the CAAFFC, when the system tries to transfer from 

the motoring condition to generating condition, e.g. from point F1 to F4, as the speed 

controller can only regulate the current amplitude, the current command trajectory has to 

shrink to the original point first. Therefore, it will pass a region, e.g. the point F2 in Fig. 4.8(a), 

which is outside of the voltage limit circle. The point F2 is unstable due to that the CAVFC 

tries to regulate it to the point F3, which is still outside of the voltage limit circle. Therefore, 

the transition between the motoring and generating conditions requires to pass an unstable 

area, which deteriorates the system performance especially at light load condition. On the 

contrary, for DQFFC, as shown in Fig. 4.8(b), the system can smoothly transfer from F1 to F4 

due to that the transition points F2 and F3 are all stable.  
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(a) CAAFFC (b) DQFFC. 

Fig. 4.8. Transition from motoring to generating condition. 

4.3.3 MTPV Controller Design  

In the region III, the system is regulated by both the MTPV controller and the voltage 

feedback controller, the operation mode B or A activated by DCVFC and CAVFC cooperates 

with the mode C or mode D activated by the MTPV controllers in DQFFC and CAAFFC, 

respectively. The MTPV controller design in DQFFC can be referred to the chapter 3, which 

has been indicated that a PI controller rather than a pure integral controller can be adopted to 

maintain stability in region III. As for CAAFFC, the linearized model of the MTPV loop can 

be shown in Fig. 4.9.  

 

Fig. 4.9. Linearized model of the MTPV Loop in CAAFFC.  

In Fig. 4.9, Csf(s) is the transfer function of the MTPV controller in CAAFFC, i.e. a pure 

integral regulator; Gsf(s) is the transfer function of the control plant of the MTPV loop in 

CAAFFC; δ is the assumed reference, which is an infinitesimal value. Csf(s) and Gsf(s) can 

be expressed as  
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It is reasonable to assume that the speed loop is much slower than the MTPV loop. 

Therefore, at the equilibrium point, ∆i* 
sf can be approximated as ∆i* 

sm, and Gsf(s) can be further 

expressed as 

  
*

*
d

sf

sm

i
G

i
s


 


 (4.16) 

According to the foregoing analysis, the voltage loop in CAAFFC is stable in region III, 

and ∆i* 
sm can induce ∆i* 

d  directly, Gsf(s) can be derived as 
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 (4.17) 

It can be seen that the control plant is only a proportional gain. Therefore, a pure integral 

controller is enough. In addition, in the region III, |i0 
d |≈ic and |i0 

d |/|i0 
sm|<1. For a conservative 

design, the controller can be tuned when Gsf(s) =
*( )ssign i . Therefore, the close-loop transfer 

function of the MTPV loop in CAAFFC can be derived as 

 c Is

CAAVFC Is

P

s



 





 (4.18) 

where λIs can be approximated as the bandwidth of the MTPV loop.  

 Experimental Verification 

The experiments based on dSPACE (DS1006) platform are implemented on a non-

salient-pole PMSM with MTPV region, which is the same as the chapter 3, i.e. icn=0.8. The 

test rig-II is used as the load torque machine, i.e. a would field excited DC machine with a 

rated power of 150 W and a rated speed at 4000 rpm. The combined inertia of the 

transmission system is 0.001 kg·m2. The power switches of the inverter are IRFH7440 

MOSFET. The PWM switching frequency is 10 kHz. The machine and drive parameters are 

listed in Table 4.1. 
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Table 4.1 Machine and drive parameters 

Parameters Value 
 Machine stator resistance (Rs) 0.25 Ω 

 Resistance of power cable 0.1 Ω 

 Synchronous inductance (Ls) 1.7 mH 

 PM-flux linkage(ψm) 10 mWb 

 Number of pole pairs (Np) 10 

 DC link voltage (Vdc) 14 V 

 Current limit (Im)  7.35A 

 Current bandwidth (ωcc) 1200 rad/s 

 Control parameter ωNqf 200 rad/s 

 Control parameter λIs 200 rad/s 

In the experiments, the stability of the voltage loop in DQFFC and CAAFFC when the 

systems approach and pass through the MTPV curve are firstly demonstrated by enabling 

and disabling the MTPV controller. Subsequently, with the enabled MTPV controller, the 

performance when the systems approach the MTVP curve are compared between the two 

flux-weakening methods in both linear and over modulation regions. Finally, the transition 

performance of the two flux-weakening methods between motoring and generating 

conditions are demonstrated.  

4.4.1 With and Without MTPV Controller in DQFFC and CAAFFC 

When M=0.9, for a given speed command n*=1500 rpm with the speed ramp at 750 

rpm/s, Fig. 4.10 shows the system performance with and without MTPV controller in DQFFC. 

In Fig. 4.10(a), without MPTV controller, it can be seen that the system cannot stabilize on 

the MTPV curve (Pc=0). In addition, the voltage |Vs
*| shows a short untracked period after Pc 

passes through zero. Fig. 4.10(b) shows that the system is stable on the MTPV curve (Pc=0) 

with the PI MPTV controller, and the machine can achieve a higher speed than the system 

without MTPV controller. In contrast, Fig. 4.11(a) shows the signals waveform in CAAFFC 

without MTPV controller. It can be seen that the voltage is well tracked even after Pc passes 

through zero without MTPV controller in CAAFFC. Fig. 4.11(b) shows that the system can 
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stabilize on the MTPV curve when an integral MTPV controller is applied, and thus the 

machine can achieve a higher speed.  

(a) Without MTPV controller. (b) With a PI MTPV controller. 

Fig. 4.10. System performance of the DQFFC. 

(a) Without MTPV controller. (b) With an integral MTPV controller. 

Fig. 4.11. System performance of the CAAFFC. 

Meanwhile, the current trajectories with and without MTPV controller in DQFFC and 

CAAFFC are shown in Fig. 4.12 and Fig. 4.13, respectively. For the DQFFC without MTPV 

controller, it can be seen from Fig. 4.12(a) that the current cannot be tracked well after the 

system passes through the MTPV curve, and the system is finally stabilized on the current 

limit. Fig. 4.12(b) shows the well tracked current trajectory after the applied MTPV controller, 
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and the system is finally stabilized on the MTPV curve. For the CAAFFC without MTPV 

controller, it can be seen from Fig. 4.13(a) that the current can be tracked well even after the 

system passes through the MTPV curve, and the system is also stabilized on the current limit. 

In Fig. 4.13(b), it indicates that the MTPV loop is still required to force the system to operate 

on the MTPV curve for CAAFFC.  

  

(a) Without MTPV controller. (b) With PI MTPV controller. 

Fig. 4.12. Current trajectory of the system with DQFFC. 

  

(a) Without MTPV controller. (b) With an integral MTPV controller. 

Fig. 4.13. Current trajectory of the system with CAAFFC. 
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4.4.2 Performance When Approaching MTPV Curve  

With the applied MTPV controller, the system performance of when approaching MTPV 

curve is observed by changing the speed command from 0 rpm to 600 rpm, 700rpm, 800rpm, 

900rpm, and 1000 rpm every 2 seconds. Fig. 4.14 shows the system performance of the two 

flux-weakening methods in the linear modulation region and M=0.9. As shown in Fig. 4.14, 

although a short voltage pulse appears when approaching the MTPV curve for DQFFC, 

overall, the systems perform well for the two flux-weakening methods.  

Fig. 4.15 shows the system performance without VVM in the over modulation region 

and M=1.15. It can be seen from Fig. 4.15(a) that the system with DQFFC oscillates seriously 

in the flux-weakening region. In Fig. 4.15 (b), the CAAFFC in the flux-weakening region is 

not as serious as DQFFC. However, the ripples in both current and voltage are much higher 

than those in the linear modulation region. 

Fig. 4.16 shows the system performance with VVM when M=1.15. It can be seen from 

Fig. 4.16(a) that the oscillation in DQFFC disappears on the MTPV curve and when the 

system is not close to MTPV curve. However, the oscillation still appears when the system 

gets closer to the MTPV curve. In Fig. 4.16(b), no oscillation occurs when the VVM is 

employed for CAAFFC. It should be noted that the voltage ripple in |Vs| is caused by the over 

modulation block. The frequency of the ripple in |Vs| is six times of the fundamental 

frequency. 

Therefore, when approaching to the MTPV curve, the CAAFFC shows better stability 

than the DQFFC especially in the over modulation region.  
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(a) (b) 

Fig. 4.14. System performance when approaching MTPV curve without VVM (M=0.9). 

(a) DCFFC. (b) CAAFFC. 

Fig. 4.15. System performance when approaching MTPV curve without VVM. (M=1.15). 

(a) DCFFC. (b) CAAFFC. 

Fig. 4.16. System performance when approaching MTPV curve with VVM. (M=1.15). 
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4.4.3 Transition Between Motoring and Generating Conditions  

Fig. 4.17 shows the transition performance of the two flux-weakening methods with the 

speed command n*=1200 rpm and when M=0.9. The load torque is regulated manually by 

changing the excitation current of the DC machine. It can be seen from Fig. 4.17(a) that the 

system with DQFFC can stably and smoothly transfer between motoring and generating 

conditions. However, as shown in Fig. 4.17(b), the system with CAAFFC cannot stably 

transfer between motoring and generating conditions. In addition, the current oscillates and 

the voltage loop loses control when the system tries to operate at the light load and generating 

condition in CAAFFC, which confirms the foregoing analyses.  

(a) DCFFC. (b) CAAFFC. 

Fig. 4.17. Transition performance between motoring and generating conditions.  

 Conclusion  

Based on the conventional two voltage magnitude feedback controllers, i.e. DCVFC and 

CAVFC, by further considering the MTPV control, this chapter has comparatively studied 

the stability of the two flux-weakening methods, i.e. DCFFC and CAAFFC. Due to the 
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different small signal behaviour in DCFFC and CAAFFC, they exhibit different stability 

characteristics, which have been analysed based on the voltage loop analysis.  

The analyses and experimental results have verified that  

1) The DCFFC has weak voltage regulation capability when the system approaches the 

MTPV curve, which could lead to oscillation in the over modulation region. However, this 

oscillation in the over modulation region can be alleviated in CAAFFC, and are eliminated 

in CAAFFC with the VVM. 

2) The CAAFFC could lead to instability at light load in generating condition. However, 

this instability will not occur in DCFFC. 

3) The DCFFC can achieve a smooth and stable transition between motoring and 

generating conditions while the system with CAAFFC cannot. 

  



 
CHAPTER 5 

 

120 

CHAPTER 5 HYBRID FEEDACK FLUX-

WEAKENING CONTROL OF PMSM 

As the stability problem in dq-axis current based feedback flux-weakening control 

(DQFFC) and current amplitude and angle based feedback flux-weakening control 

(CAVFFC) are operation mode relevant, a proper way to solve the stability problem is to 

optimize the operation mode. In this chapter, a hybrid feedback flux-weakening control 

(HFFC) method is proposed. It is based on a novel hybrid voltage feedback controller (HVFC) 

which contains both d-axis current voltage feedback controller (DCVFC) and current angle 

voltage feedback controller (CAVFC). The operation mode is optimized by designing the 

weight factors of the DCVFC and CAVFC parts in HVFC. The effectiveness of the proposed 

HFFC in different flux-weakening regions are verified through experimental results. 

 Introduction 

In the flux-weakening region, since the system operates close to the voltage limit 

boundary, the system is easy to be saturated. Therefore, the voltage feedback controller can 

be regarded as a kind of anti-windup controller to deter the voltage saturation problem. 

Therefore, the voltage regulation capability of the voltage loop reflects the effectiveness of 

the anti-windup control. However, due to the nonlinear behaviour of the voltage loop 

[BOL14], the voltage regulation capability varies with the operation points, rendering the 

system perform differently at different regions. In the chapter 4, the analysis of the voltage 

loop based on the linearized model has shown that the oscillation or instability could occur 

in dq-axis current based feedback flux-weakening control (DQFFC) and current amplitude 

and angle based feedback flux-weakening control (CAAFFC) which are based on the d-axis 

current voltage magnitude feedback controller (DCVFC) and current angle voltage 

magnitude feedback controller (CAVFC), respectively. In this chapter, the voltage feedback 

control structure is still preserved due to its advantages of simplicity and robustness against 

the parameter variation. Meanwhile, the feedback control structure is optimized, aiming to 

improve the system stability at different flux-weakening regions, including the over 
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modulation region. Unlike directly regulating only d-axis current command or only current 

angle command in DCVFC or CAVFC, a hybrid voltage feedback controller (HVFC) is 

introduced by regulating d-axis current command and current angle command 

simultaneously, which can utilize the complementary advantages of the DCVFC and CAVFC 

at different flux-weakening regions. Therefore, the major concern is to optimize the weight 

factors of the DCVFC part and CAVFC part in HVFC, which will be detailed in this chapter. 

By further considering a feedback type MTPV control, the flux-weakening method with 

HVFC, namely, hybrid feedback flux-weakening control (HFFC) is proposed. Finally, the 

effectiveness and advantages of the proposed method at various conditions are verified 

through the experimental results. 

 Issues with Existing Voltage Feedback Methods 

The two flux-weakening methods, i.e. DQFFC and CAAFFC are based on the 

rectangular coordinate system and polar coordinate system, respectively, which result in 

different operation modes, and therefore different linearized models and different transfer 

functions. The coefficients of the close–loop transfer functions, which are operation mode 

relevant, define the intrinsic stability characteristics of the flux-weakening methods. The 

analyses and experimental results in the previous chapter have indicated that 

1) Both the voltage loops in DQFFC and CAAFFC have an unstable area when the 

system operates inside the current limit circle;  

2) With the properly designed MTPV controller, the stability of DQFFC in region III is 

maintained. However, the region close to the MTPV curve has a weak voltage loop regulation 

capability, leading to oscillation in the over modulation even with the VVM; 

3) The instability of CAAFFC occurs at light load in generating condition; 

4) The oscillation or instability only occurs in region II where only DCVFC or CAVFC 

is activated.  

In order to solve the stability issues in the DQFFC and CAFFC, a hybrid feedback flux-

weakening control is proposed, as will be detailed in the following section. 
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 Hybrid Feedback Flux-Weakening Control 

5.3.1 Introduction of Hybrid Feedback Flux-Weakening Control 

The voltage loops with both DCVFC and CAVFC have an unstable area where a≤0, 

which is located at different regions due to different operation modes. The different operation 

modes are originally induced by the different control objects, i.e. d-axis current command 

and current angle command, respectively. Therefore, in order to obtain a more uniform 

distribution of a and avoid the area where a≤0, it is possible to combine DCVFC and CAVFC 

together by regulating both the d-axis current command and current angle command 

simultaneously, which naturally comes to the proposed HVFC. By further considering the 

feedback-type MTPV control, the flux-weakening method with HVFC, namely, hybrid 

feedback flux-weakening control (HFFC) is proposed with the block diagram shown in Fig. 

5.1. In Fig. 5.1, the HVFC is composed of two voltage feedback controllers, i.e. DCVFC and 

CAVFC, which are connected in parallel and share the same input, i.e. the voltage magnitude 

error. The output of the DCVFC part and the CAVFC part in HVFC are denoted as i* 
dfh and θ

*  
fh , respectively. Two weight factors, i.e. wI and wθ are introduced to represent the ratio of the 

contribution of the DCVFC part and the CAVFC part, respectively.  
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Fig. 5.1. The block diagram of HFFC. 

Fig. 5.2 shows the evolution process of the operation modes in the proposed HFFC. Fig. 

5.2(a) and Fig. 5.2(b) show the operation modes that are activated by the DCVFC and 

CAVFC, respectively. As the HVFC is to utilize both advantages of DCVFC and CAVFC at 

the different regions, the operation mode of HVFC can be optimized so that the operation 

mode at light load condition is dominated by the mode B while the operation mode close to 

MTPV curve (region III) is dominated by the mode A. Fig. 5.2(c) illustrates the operation 

modes activated by the desired HVFC. With the MTPV control, the operation modes in 

HFFC is shown in Fig. 5.2(d). It can be seen that the operation mode of HFFC in region III 

is similar to that in CAAFFC. Therefore, the MTPV controller in HFFC can be designed to 

be the same as the one in CAAFFC. In consequence, how to select the proper weight factors 

and control parameters are the key issues and will be detailed as follows. 
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Fig. 5.2. The evolution process of the operation modes in the proposed HFFC. 
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5.3.2 Design of Hybrid Voltage Feedback Controller 

5.3.2.1 Linearized Model of HVFC 

Since DCVFC and CAVFC can both contribute to the actual d-axis current command, 

the linearized model of the voltage loop with HVFC can be seen as the combination of the 

linearized model of the voltage loop with DCVFC and CAVFC, which can be shown in Fig. 

5.3. 

 

Fig. 5.3. Linearized model of the voltage loop with HFVC. 

In Fig. 5.3, CI(s) and Cθ(s) are the DCVFC part and the CAVFC part in HFVC, 

respectively; Ti(s) is the transfer function of the equivalent current loop; GI(s) and Gθ(s) are 

the transfer functions of the control plants corresponding to the DCVFC part and the CAVFC 

part, respectively. Therefore, CI(s) and Cθ(s) can be expressed as 
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where λIh and λθh are the control parameters of the DCVFC part and the CAVFC part in HVFC, 

respectively.  

GI(s) and Gθ(s) can be can be expressed as 
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where ∆idI and ∆idθ are the small signals of d-axis current contributed by the DCVFC part 

and the CAVFC part, respectively; ∆|V* 
s |2 

I  and ∆|V* 
s |2 

θ  are the small signals of the square value 

of the voltage magnitude that is induced by ∆idI and ∆idθ, respectively.  

According to the operation mode definition, GI(s) and Gθ(s) can be expressed 
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where Gdf(s)=bs+a; in mode A, b and a are denoted as b|modeA and a|modeA, respectively; in 

mode B, b and a are denoted as b|modeB and a|modeB, respectively.  

Therefore, the open-loop transfer function of the voltage loop can be derived as 

 ( ) ( )( ( ) ( ) ( ) ( ))oHVFC i I I IG s T s C s wG s C s wG s     (5.4) 

The close-loop transfer function with HVFC, i.e. Φh(s) can be derived as 
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where the coefficients aλh and bλh are 
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where aλIh, aλθh, bλIh and bλθh are  



 
CHAPTER 5 

 

127 

 

Ih Ih I

h h

Ih Ih I

h Ih

a a

a a

b b

b b



  



 










 



 

 (5.7) 

where bI =b, aI=a; bθ = b|i0 
q |, aθ = a|i0 

q |. 

Since the instability occurs when aI or aθ is zero or negative for the voltage loop with 

only DCVFC or CAVFC, to avoid the instability conditions, the design objective of HVFC 

is to make sure that aλh is positive with the proper combinations of aI and aθ. In addition, as 

the coefficients aI and aθ are only sensitive to the resistance when they are close to zero, the 

resistance influence can be neglected when designing HVFC. By ignoring the resistance, aλIh, 

aλθh, bλIh and bλθh can be derived and listed in Table 5.1, in which σI and σθ are 
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(1 ) ( )
I cn dn en qn

cn dn en qn

i i i

i i sign i

 

 

 


 
 (5.8) 

Table 5.1 Values of coefficients aλIh, aλθh, bλIh and bλθh 

 On the current limit circle In the current limit circle 

aλIh 
0 02Ih Ih e s c e sModeA

a L i L     
02Ih Ih e s m qnModeB

a L V V    

bλIh 
0 02Ih Ih e s c e s I bModeA

b L i L       2Ih Ih m dn sModeB
b V V L   

aλθh 
02h h c e s m dnModeA

a i L V V    

bλθh 
02h h e s c m bModeA

b L i V        

5.3.2.2 Control Parameter Selection  

As can be seen in (5.6) and (5.7), there are four variables that need to be designed, i.e. 

λIh, λθh, wI and wθ. It is reasonable to assume that λIh and λθh have the same form as λI and λθ 

that are tuned in the DCVFC and CAVFC, respectively. Therefore, λIh and λθh can be 

expressed as  
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   (5.9) 

where ωmh, gIh and gθh are the parameters that need to be tuned. 

Accordingly, by substituting (5.9) into Table 5.1, aλIh, aλθh, bλIh and bλθh can be derived 

and listed in Table 5.2, in which  

 1 ( )en cni   (5.10) 

Table 5.2 The value of the coefficient aλIh, aλθh, bλIh and bλθh with the obtained λIh and λθh 

 On the current limit circle In the current limit circle 

aλIh 
1

Ih Ih mhModeA
a g 


  Ih Ih mh qnModeB

a g V   

bλIh 
1mh

Ih Ih IModeA
b

b g




 
   ( ) mh

Ih Ih qn enModeB
b

b g i sign





   

aλθh h h c mh dnModeA
a g i V    

bλθh 
mh

h h cModeA
b

b g i  





   

As the instability or oscillation occurs in the current limit circle, the parameters of the 

HVFC can be designed according to the operation regions, i.e. in the current limit circle or 

on the current limit circle.  

1) In the current limit circle 

According to (5.6) and Table 5.2, in the current limit circle, aλh and bλh can be 

expressed as 

 
( )

h Ih mh qn I h c mh dnIn

mh mh
h Ih qn en I h cIn

b b

a g V w g i V w

b g i sign w g i w

  

   

 

 
 

 

  



  


 (5.11) 

where aλI|In and bλI|In denote the value of aλh and bλh in the current limit circle, respectively. 
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In order to avoid aλI|In≤0 and obtain a more uniform distribution of aλI|In, the parameters 

gIh, gθh, wI and wθ can be set as 

 , , 1I qn dn Ih h cw V w V g g i      (5.12) 

Accordingly, aλI|In and bλh|In can be simplified as  

 h mhIn

h h mh bIn

a

b






  

 


 

 (5.13) 

where ( 1 ) 1h cn dn cn dn dn cn cni i i i V i i       . 

Therefore, the damping factor of the voltage loop with HVFC, i.e. ξ can be derived as 

 
(1 )

2
cc h mh b

cc mh

   


 


  (5.14) 

It can be seen from (5.14) that ξ is inversely proportional to σh. Therefore, the system 

can be designed on the operation point where σh is maximum in the flux-weakening region. 

By setting ξ =1 at the operation point where σh= σhmax, ωmh in the current limit circle can be 

approximated as 

 max(1 )
4 2
cc cc h

mh In
b

  



   (5.15) 

where σhmax can be set as (icn+1/icn).  

Since aλI|In is a constant in the current limit circle which is irrelevant with the operation 

points, the proposed HVFC can avoid the instability or the oscillation when the system 

operates in the current limit circle. 

2) On the current limit circle 

According to (5.6) and Table 5.2, when the system operates on the current limit circle, 

aλh and bλh can be expressed as 
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 (5.16) 

where aλI|On and bλI|On denote the values of aλh and bλh on the current limit circle. 

By substituting (5.12) in (5.16) and, aλI|On and bλI|On can be derived as 
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 (5.17) 

By assuming that 

 
21

( )qn dnV V


   (5.18) 

aλI|On and bλI|On can be further simplified as 

 
h mhOn

mh
h IOn

b

a

b












 



 


 (5.19) 

Therefore, when the machine operates on the current limit circle, ξ can be derived as 

 
(1 )

2
cc I mh b

mh

   





  (5.20) 

Therefore, by setting ξ =1 on the operation point where σI=σs, η= ηs, ωmh can be obtained as 

 
1

(1 )
4 2
cc cc s

mh On
b

  


 
   (5.21) 

Since ωmh|On is obtained on the current limit circle, proper σs and ηs in (5.21) can be 

selected according to the variation of σI and η on the current limit circle by referring to (5.8) 

and (5.18). Fig. 5.4 illustrates the numerical results of the variation of σI and η against idn with 
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the parameters in Table 5.3 (shown in the experimental verification section). According to 

Fig. 5.4, σs and ηs can be set to a value larger than most of the operation points by reasonably 

ignoring the condition idn =-1 on the current limit circle. For example, σs and ηs are both set 

at 2 in the experiment.  

   

(a) 

 

(b) 

Fig. 5.4. The variation of σI and η against idn on the current limit circle. (a) σI. (b) η. 

Finally, by considering the regions, i.e. on and in the current limit circle, the control 

parameters λIh and λθh can be tuned as  

 
0 0

, , min{ , }
2 2

mh mh
Ih h mh mh mhOn In

m s e m s e cV L V L i


 
    

 
    (5.22) 

 Experimental Verification 

The experiments are implemented based on the dSPACE platform on a non-salient-pole 

PMSM with MTPV region (icn=0.8). The power switches of the inverter are IRFH7440 

MOSFET. The PWM switching frequency is 10 kHz. The load torque is provided by the test 
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rig-II (Appendix A), i.e. a would field excited DC machine with rated power at 150 w and 

rated speed at 4000 rpm. The machine and drive parameters are listed in Table 5.3. 

Table 5.3 Machine and Drive Parameters 

Parameters Values 
Machine stator resistance (Rs) 0.25 ohm 

Synchronous inductance (Ls) 1.7 mH 

PM-flux linkage(ψm) 10 mWb 

Number of pole pairs 10 

DC link voltage (Vdc) 14 V 

Current limit (Im)  7.35A 

Current bandwidth (ωcc) 1200 rad/s 

Control parameter (λIs) 200 rad/s 

Since wI=|Vqn| and wθ=|Vdn| in the flux-weakening region, for the practical application, 

in order to smooth the weight factors when the system transfers from the constant torque 

region to the flux-weakening region, wI and wθ can be processed with low pass filters and 

can be obtained as 
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2

, 1 ,

, 1 ,

d W
I s th

th W

d W
I s th

s W

V
w w w if V

s

V
w w w if V

s

 

 










   



    
 

V
V

V
V

 (5.23) 

where ωw is the bandwidth of the low pass filter, which is set at 1000 rad/s; Vth is the threshold 

value in order to avoid zero divide, which is set at 0.2|V* 
sr |. Since when the resistance is 

ignored, Vq=0 defines the MTPV curve. In the experiments, when Vq<0, wθ and wI are limited 

at 1 and 0, respectively. Therefore, the HVFC will become a CAVFC when the system 

operates on the left side of the MTPV curve. The whole control diagram is shown in Fig. 5.5.  
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Fig. 5.5. Schematic of HFFC based on CVC system. 

5.4.1 With and Without MTPV Controller in HFFC 

When M=0.9, for a given speed command n*=1500 rpm with the speed ramp at 750 

rpm/s, Fig. 5.6 shows the dynamic performance and the current trajectory when the MTPV 

controller is disabled in HFFC. In Fig. 5.6(a), it can be seen that the system without MPTV 

controller cannot stabilize on the MTPV curve (Pc=0). However, the voltage magnitude |V* 
s | 

is tracked well with the reference |V* 
sr| during the acceleration process even after the system 

passes Pc=0. The profile of the weight factors, i.e. wI and wθ indicate that the HVFC is 

gradually dominated by the CAVFC part as the system approaches the MPTV curve, which 

can also be confirmed by the variation of i* 
idfh and θ* 

fh. Since the MTPV controller is disabled, 

the system is finally stabilized on the current limit circle as shown in Fig. 5.6(b). 

Fig. 5.7 shows the dynamic performance and the current trajectory with the integral 

MTPV controller in HFFC. It shows that the system can stabilize on the MTPV curve (Pc=0) 

with the applied integral MTPV controller. Therefore, the machine can achieve a higher 

speed than the system without MTPV controller.  
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(a) Dynamic performance. (a) Dynamic performance. 

 

(b) Current trajectory. 

Fig. 5.6. HFFC without MTPV controller. 

 

(b) Current trajectory. 

Fig. 5.7. HFFC with integral MTPV controller. 

5.4.2 Performance When Approaching MTPV Curve  

With the applied MTPV controller, the system performance when approaching MTPV 

curve is observed by changing the speed command from 0 rpm to 600rpm, 700rpm, 800rpm, 

900rpm and 1000 rpm every 2 seconds, as shown in Fig. 5.8. Fig. 5.8(a) shows the system 
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performance of HFFC in the linear modulation region and M=0.9. It can be seen that no 

oscillation appears at each speed stage. The variation of the weight factors also show that the 

HVFC is gradually dominated by the CAVFC part as the system approaches MTPV curve, 

which can also be observed in the variation of i* 
idfh and θ* 

fh. Fig. 5.8(b) shows the system 

performance of HFFC without VVM in the over modulation region and M=1.15. In Fig. 

5.8(b), although the machine can achieve a higher speed in the over modulation region, the 

oscillation occurs in |V* 
s | and much ripples appear in the current. When the VVM is applied 

in HFFC, as shown in Fig. 5.8(c), the feedback voltage magnitude |V* 
s | is tracked well with 

the reference |V* 
sr| in the flux-weakening region, and the oscillation is disappeared. The ripples 

in the voltage and current are much less than that without VVM in the over modulation region. 

The periodical ripple in |Vs| is due to the over modulation block when the system operates in 

the over modulation region. The frequency of the ripple in |Vs| is six times of the fundamental 

frequency. 

 

(a) M=0.9. 
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(b) M=1.15 and without VVM.  

 

(c) M=1.15 and with VVM.  

Fig. 5.8. System (with HFFC) performance when approaching MTPV curve under various conditions. 
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5.4.3 Transition Between Motoring and Generating Conditions  

The transition performance between motoring and generating conditions of the HFFC is 

demonstrated in Fig. 5.9 with the speed command n*=1200 rpm and when M=0.9 and 1.15. 

In the experiments, the load torque is regulated manually by changing the excitation current 

of the DC machine. In both linear and over modulation regions, Fig. 5.9 shows that the HVFC 

is dominated by the DCVFC part (wI>wθ) at light load condition. Consequently, as expected, 

the system can achieve a smooth and stable transition between motoring and generating 

conditions like the DCVFC in DQFFC.  

(a) M=0.9 (b) M=1.15 

Fig. 5.9. Transition performance between motoring and generating conditions in HFFC. 

 Conclusion  

In this chapter, by considering MTPV region, an HFFC is proposed based on a novel 

HVFC, which aims to solve the oscillation or instability problem in DQFFC and CAAFFC. 

The proposed HVFC in HFFC is achieved by regulating the d-axis current command and 
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current angle command simultaneously, which can utilize the complementary advantages of 

the DCVFC and CAVFC at different flux-weakening regions.  

The linearized model of the HVFC has been analysed, based on which the key issues of 

HVFC, i.e. the control parameters and the weight factors (wI and wθ), have been designed.  

The optimized weight factors show that: 

1) HVFC is dominated by DCVFC at light load condition; 

2) HVFC is dominated by CAVFC when approaching the MTPV curve.  

Therefore, the design of the MTPV controller in HFFC directly adopts the same method 

as that in CAAFFC, which has been addressed in chapter 4.  

Finally, the experiments are implemented, which have verified that  

1) The oscillation in over modulation region of DQFFC when approaching MTPV curve 

is effectively suppressed in HFFC;  

2) The instability at light load in generating condition of DQFFC is effectively solved 

in HFFC;  

3) The proposed HFFC can achieve a smooth transition between motoring and 

generating conditions. 
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CHAPTER 6 FUZZY LOGIC SPEED 

CONTROL OF PMSM AND FEEDBACK 

VOLTAGE RIPPLE REDUCTION IN FLUX-

WEAKENING REGION 

Previous chapters have indicated that the stability problem is mainly related to the 

control parameters of the feedback flux-weakening controller and the operation mode. The 

nonlinear behaviour of the feedback flux-weakening control renders the system to perform 

differently at different regions. In addition, the stability problem becomes worse when the 

system operates in the over modulation region, which is mainly due to less voltage margin. 

In this chapter, it further investigates the influence of the resultant feedback voltage ripple 

that origins from the non-ideal drive system based on DCVFC. It indicates that the oscillation 

could even occur in the linear modulation region if a good speed dynamics is required. 

Furthermore, an adaptive fuzzy logic speed controller is proposed to reduce the influence of 

the feedback voltage ripples. It can achieve both good dynamic and steady-state performance 

in the flux-weakening region. 

 Introduction 

Although the linearized model can provide a good tool to analyse the small signal 

behaviour on the equilibrium point, it cannot guarantee the large signal dynamics especially 

when the voltage is saturated. In the constant torque region, the system is not sensitive to the 

feedback voltage ripple due to enough voltage margin. However, in the flux-weakening 

region, as the voltage margin decreases, the system is more sensitive to the feedback voltage 

ripple than that in the constant torque region. The feedback voltage ripple can be induced by 

both current command ripple and speed ripple, which can be caused by torque ripple [MAT93] 

[HOL96] [XIA15] and non-ideal installation of the speed sensors [HWA11] [QIN10] 

[RAJ17]. In this chapter, it will show that the feedback voltage ripple induced by the current 

command ripple vary with operation points and could dominate in certain flux-weakening 
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regions, thus posing difficulty to improve the speed dynamics with a conventional 

proportional-integral (PI) controller. The feedback voltage ripple in the flux-weakening 

region can be reduced by using smaller PI gains of the speed PI controller. Therefore, the 

coupling between the speed PI controller and the voltage feedback controller can be reduced. 

However, it compromises the speed dynamics [YON12] [HAR13]. In order to solve this 

conflict, a nonlinear speed PI controller can be employed. 

As an alternative to the conventional PI controller, the fuzzy logic speed controller has 

been widely applied to the variable speed drives [SIL98] [KAD01] [ZHU02] [UDD07] 

[UDD11]. In [YIN93] [DIN99], the authors prove that the simplest fuzzy logic controller 

(FLC) is actually a nonlinear PI controller with proportional and integral gains changing with 

inputs of the controllers. In addition, since the fuzzy logic system (FLS) incorporates expert 

knowledge to design FLC and does not need an accurate model of the system, it provides an 

efficient tool to embed human intuitive thinking to achieve the desired performance. 

Moreover, the robustness of the system in a wide range of changing condition can be further 

improved with an adaptive FLC by updating the controller parameters online [SIL98] 

[KAD01]. In [ZHU02], a simple adaptive FLC which aims to reduce steady-state current 

ripple without compromising the speed dynamics is proposed and the experiments are 

implemented only in the constant torque region. In this chapter, the adaptive FLC speed 

controller is designed by applying an adaptive scaling factor at the output of FLC, aiming to 

reduce the feedback voltage ripple that caused by the current ripple in the flux-weakening 

region. The systems with the conventional PI controller and adaptive FLC are compared in 

the constant torque region and different flux-weakening regions. It shows that the adaptive 

FLC can achieve both good dynamic and steady-state performance in both constant torque 

and different flux-weakening regions. In addition, the DC-link voltage utilization can be 

further increased and better flux-weakening capability can be obtained. Finally, the 

experiments are implemented to verify the analyses and adaptive FLC.  
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  Flux-weakening Control with Speed PI Controller 

6.2.1 Current Vector Control System with Speed PI Controller 

Fig. 6.1 shows a conventional current vector control (CVC) system with a d-axis current 

based voltage magnitude feedback controller (DCVFC). As shown in Fig. 6.1, the control 

system comprises the current control mode (CCM) and the speed control mode (SCM). The 

CCM is simply achieved by setting the q-axis current command i* 
q,MTPA, while i* 

d,MTPA is set to 

zero by considering MTPA. In the SCM, the q-axis current command i* 
q,MTPA is obtained 

through a speed controller which is a PI or a FLC in Fig. 6.1. In this section, the system with 

a PI controller will be discussed first.  

 

Fig. 6.1. Schematic of current vector control (CVC) system with DCVFC. 

The conventional speed PI controller is normally tuned by assuming that: 

1) The inner current loop is equivalent to a first-order delay element with the time 

constant 1/ωcc; 

2) The speed controller is not saturated; 

3) The sampling frequency is much higher than the fundamental frequency.  

Therefore, the simplified block diagram of the speed control loop can be depicted in . 

6.2.  
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Fig. 6.2. Simplified block diagram of the speed loop. 

In . 6.2, 
*
mech  and mech  are the mechanical speed command and the actual mechanical 

speed, respectively; Kω2n=9.55, which is the gain needed to convert the speed unit from rad/s 

to rpm; kps and kis are the proportional and integral gains of the speed PI controller; Kt is the 

torque constant. By further assuming that the speed bandwidth is much lower than the current 

bandwidth, the current loop delay can be reasonably ignored, and the close-loop transfer 

function of the speed loop can be expressed as 
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By referring to a typical second-order system, kps and can kis be tuned as 
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    (6.2) 

where ωNs is the undamped natural frequency, ξ is the damping factor.  

Due to the current limit of the machine, the output of the speed controller is normally 

imposed by the current limit. Therefore, the anti-windup speed controller is normally adopted 

to alleviate the saturation problem of the speed controller [PEN96], by which the speed 

dynamics will be improved, normally with much less overshoot. In this chapter, the anti-

windup method of the speed PI controller is achieved by clamping the output of the integrator 

to the current limit once it is saturated.  

When the machine operates in the constant torque region, as there is enough voltage 

control margin, the system is less sensitive to the voltage ripple in the feedback voltage 

magnitude |V* 
s |, where * * 2 * 2( ) ( )s d qV V V . However, due to reduced voltage margin in 
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the flux-weakening region, the system performance could be seriously affected by the 

feedback voltage ripple. Therefore, in this section, the speed and torque ripples in the test rig 

I (Appendix A) which has a torque transducer will be shown first. Then, the feedback voltage 

ripple will be analysed.  

6.2.2 Voltage Ripples Analysis in Flux-weakening Region 

6.2.2.1 Speed and Torque Ripples in Test Rig 

In theory, many factors, such as load torque ripple, misalignment of the transmission 

system, non-ideal installation of the encoder and even the eccentricity of the rotor of PMSM 

or the load machine can cause disturbances to the control system. These disturbances could 

result in excessive voltage ripple, which could deteriorate the system performance, especially 

in the flux-weakening region.  

In order to check the speed and torque ripples which may be caused by the test rig, 

including wound field DC machine, position sensor, and the coupling, etc., Fig. 6.3(a) and 

Fig. 6.3(b) show the measured speed and torque waveforms when the test rig is driven by the 

wound field DC machine at 600 rpm while the PMSM is disconnected from the power supply. 

The speed ripples are double checked by using two different sensors, i.e. encoder and torque 

transducer. The measured speed in Fig. 6.3(a) shows that almost the same speed ripples 

appear by using encoder and torque transducer. Fig. 6.3(c) shows the spectra of the measured 

speed and torque. It indicates that the frequency of the speed ripple is consistent with torque 

ripple, which is dominant in the low-frequency range and appears at the integer multiples of 

the mechanical frequency. The measured speeds obtained from two speed sensors still show 

some discrepancies, which are mainly caused by the different installation methods and 

locations. According to the measured speeds from the two sensors, it implies that the speed 

ripple could also be induced by the speed sensors.  
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(a) Waveforms of the speed. 

 

(b) Waveforms of torque obtained by the torque transducer and position obtained from the encoder. 

 

(c) Spectra for speed and torque. (Frequency resolution: 2 Hz, @transducer: measured by torque transducer 

box, @encoder: measured and calculated by encoder) 

Fig. 6.3. Speed and torque ripples.  

6.2.2.2 Feedback Voltage Ripple Analysis 

Although many non-ideal factors could cause speed ripples, in the following analysis, 

the non-ideal factors are regarded as a black box, only the ripple in the measurable speed is 

considered as the original source of the feedback voltage ripple.  

The speed ripple can directly contribute to the feedback voltage ripple through the 

voltage decoupling terms, and can also indirectly induce feedback voltage ripple through q-
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axis current command ripple by the speed PI controller. In this section, the phenomenon that 

the voltage ripple could differ in different flux-weakening regions will be analyzed, and the 

phenomenon that the system is more sensitive in certain flux-weakening region will be 

explained.   

In the flux-weakening region, since the actual voltage ripple should also consider the 

effect of the regulation of voltage loop, the feedback voltage ripple without consideration of 

the voltage loop can be considered as the voltage disturbance to the voltage loop. Voltage 

disturbances induced by the q-axis current command ripple and the speed ripple, i.e. the 

feedback voltage ripples in |V* 
s |2 without consideration of the voltage loop, can be evaluated 

through the small-signal gain characteristics, i.e. KHI (s) and KHω(s), which are defined as  
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where the variables with the prefix ‘∆’ indicate the corresponding small signals. 

Therefore, it can be derived that 
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  (6.4) 

Assuming that the voltage ripple is small enough, the voltage disturbances caused by 

the q-axis current ripple and the speed ripple can be approximated as 

 *( ) , ( )  DI HI qH D H eHV K s i V K s      (6.5) 

where i* 
qH and ωeH  are the ripples in i* 

q  and ωe, respectively; VDI and VDω are the voltage 

disturbances that are induced by i* 
qH and ωeH , respectively.  

For the speed PI control, the relationship between i* 
qH and ωeH can be obtained as 
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where Фi(s) is the transfer function from ωmech to i* 
q .  Фi(s) is a second order lower pass filter, 

the dominant pole of which is -ωNs. As the harmonics in the ripple mainly appear at integer 

multiple times of the mechanical frequency ωmech, assuming that ωNs is much lower than 

ωmech,  (6.6) can be approximated as 
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Therefore, DIV can be approximated as 
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    (6.8) 

Fig. 6.4 shows the equivalent linearized block diagram of the voltage loop with 

considering voltage disturbance Vdst.  

 

Fig. 6.4. Block diagram of linearized model of voltage loop considering voltage disturbance. 

In Fig. 6.4, Vdst represents the voltage disturbance that is the combination of  VDI and 

VDω, i.e. 

 dst DI DV V V     (6.9) 

The actual voltage ripple in |V* 
s |2 can be evaluated by the small-signal gain characteristic, 

i.e. Фv(s), which is the transfer function from ∆Vdst to ∆|V* 
s |2. 
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  (6.10) 

Therefore, the actual voltage ripple can be approximated as  
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 ( )sH v dstV s V    (6.11) 

where VsH is the feedback voltage ripple in |V* 
s |2 after the regulation of the voltage loop. 

In order to provide more insight of the variation of the voltage ripple, Tid(s) in (6.10) can 

be seen as a unit gain by assuming that the current bandwidth is much higher than the 

bandwidth of the voltage loop. Therefore, Фv(s) can be further derived as 

 ( )v v

v

s K
s

s 



   (6.12) 

where Kv, ωv are expressed as 
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It can be seen that Фv(s) is a high pass filter multiplied by a gain Kv. The bandwidth of 

the high pass filter is ωv. In mode A and mode B, Kv and ωv can be derived as 
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where KvA and KvB represent Kv in mode A and mode B, respectively; ωvA and ωvB represent 

the value of ωv in mode A and mode B, respectively. 

Based on the parameters in Table 6.2, the numerical results of the coefficients ωvA and 

KvA are illustrated in Fig. 6.5, while the numerical results of the coefficients KvB, ωvB are 

illustrated in Fig. 6.6. 
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(a) ωvA. 

 

(b) KvA. 

Fig. 6.5. Coefficients of ωvA and KvA in the flux-weakening region. 

 

(a) ωvB. 

 

(b) KvB. 

Fig. 6.6. Coefficients of ωvB and KvB in flux-weakening region. 

It can be seen from Fig. 6.5 and Fig. 6.6 that the coefficients KvA and KvB are almost 

equal to 1. The bandwidth in mode A, i.e. ωvA, is almost a constant while the bandwidth in 

mode B, i.e. ωvB, becomes smaller in the lower |V0 
q | region. The decrease of ωvB implies 

weaker attenuation of the harmonics.  

Furthermore, in mode A, since the machine ideally operates on the current limit circle, 

iq
* is constrained by the current limit and determined by id

*. Therefore, in mode A, the voltage 

disturbance manly origins from the speed ripple. In mode B, the machine operates inside the 

current limit circle, and id
* and iq

* are controlled independently. The voltage disturbance is 

the combination of the ripples that are caused by the speed ripple and the q-axis current 

command ripple.  

Consequently, with combination of (6.5), (6.8),(6.9), (6.11) and (6.12), the magnitude 

of feedback voltage ripple in mode A and mode B can be approximated as 
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  (6.15) 

where VsHA and VsHB represent the value of VsH  in mode A and mode B, respectively.  

It can be referred from (6.4) that |KHI(s)| is much higher than  |KHω(s)|, and will become 

higher when 0
qV  decreases. Based on the parameters in Table 6.2, the numerical results of  

|KHI(s)| and  |KHω(s)|, at the lowest frequency of the ripple, i.e. when s=jωmech, , are illustrated 

in Fig. 6.7. It shows that both |KHI(s)| and |KHω(s)| are very small in higher |V0 
q | region. 

However,|KHI| is much higher than |KHω| in lower |V0 
q | region.  

 

(a) |KHI(s)| when s= jωmech. 

 

(b) |KHω(s)| when s= jωmech.  

Fig. 6.7. Variation of |KHI(s)| and |KHω(s)| at mechanical frequency ωmech in flux-weakening region.  

With (6.15), it can be referred that the voltage ripple in mode B in the flux-weakening 

region tends to be higher than that in mode A, and could be dominated by that caused by the 

q-axis current command ripple,  especially under such conditions, i.e. 

1) The system with large J and small KT ; 

2) In the smaller q-axis voltage region where |KHI(s)| becomes higher and ωvB becomes 

lower; 

3) The speed controller tuned with higher ωNs in the constant torque region. 
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Due to the limited voltage control margin, the increased feedback voltage ripple could 

deteriorate the system performance in the flux-weakening region and may even cause 

oscillation, especially in mode B and lower q-axis voltage region. For the existing drive 

system, a proper way to reduce the actual voltage ripple that is caused by the q-axis current 

ripple is to reduce ωNs. However, the speed dynamic performance and load disturbance 

rejection capability will be sacrificed. In order to solve this conflict, a nonlinear speed PI 

controller, such as adaptive fuzzy logic speed controller, can be employed, as will be 

described in the next section.  

 

 Adaptive Fuzzy Logic Speed controller 

6.3.1 PI Controller and FLC 

The conventional speed PI controller expressed in the discrete incremental form can be 

written as 

 
     

       

* * *
, , ,

*
,

1

1

q MTPA i q MTPA i q MTPA i

q MTPA i ps n i n i n i is s

i n i n Di n

Di n k e n e n e n k T

  

     
  (6.16) 

where ni denotes the step of the speed control cycle; Di* 
q,MTPA (ni) is the incremental 

component of current command in each control cycle; en is the speed tracking error, i.e. (n*-

n). 

The incremental component Di* 
q,MTPA(ni) can be further transferred as 

      *
,q MTPA i s ps n i n i isDi n T k e n e n k      (6.17) 

where	�̇�(��	) is the approximate derivative of machine speed and expressed as 

      1 /n i n i n i se n e n e n T       (6.18) 

Therefore, for a conventional PI controller, the main task is to obtain a proper Di* 
q,MTPA(ni) 

which is a linear function of the �̇�(��	) and ��(��) with the coefficient kps and kis. However, 
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for the FLC, it actually maps the crisp inputs to a crisp output through a nonlinear function 

ffuzzy, i.e. 

       *
, ,q MTPA fuzzy n nDi k f e k e k    (6.19) 

Each Di* 
q,MTPA(ni) corresponds to one kps and kis. In [YIN30] [DIN99], it is proved that the 

simplest FLC is actually a nonlinear PI controller with the gains changing with process output. 

Since the FLC actually mimics human thinking, with the aid of the FLS, the human intuitive 

thinking can be embedded into the FLC. For example, in order to achieve less current ripple 

at steady state without compromising the dynamic performance, the intuitive thinking is to 

apply higher gains when the speed tracking error is larger and lower gains when the speed 

tracking error is smaller. In the FLC, this intuitive thinking can be realized by adjusting the 

output membership function adaptively, as will be discussed as follows.  

 

6.3.2 Design of Adaptive FLC 

A general FLC is mainly composed of four components, i.e. 1) fuzzification; 2) fuzzy rule 

base; 3) inference; 4) defuzzification [YIN93] [SHE05] [UDD11] [UDD07] [DIN99]. Fig. 

6.8 shows a block diagram of a two-input and one-output FLC combined with a scaling factor 

at the output. In Fig. 6.8, the adaptive changing output membership function is achieved by 

applying an adaptive scaling factor �� at the output of the defuzzification block in order to 

simplify the implementation. According to Fig. 6.8, Di* 
q,MTPA(ni) can be obtained as 

    *
,q MTPA i s u iDi n T k u n   (6.20) 

where ku is the scaling factor; u is the output of the defuzzification block, which represents 

the current changing rate when ku=1. 
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Fig. 6.8. Block diagram of FLC with a scaling adaptor. 

The design procedures of the adaptive FLC are: 

1) Fuzzification 

Several linguistic labels are used to descript the fuzzy sets of the two inputs and one 

output, namely, negative very big (NVB), negative big (NB), negative middle (NM), negative 

small (NS), zero (ZO), positive small (PS), positive middle (PM), positive big (PB), positive 

very big (PVB). The universe of the discourse of inputs ��and �̇�, i.e. E and DE, are divided 

into 7 fuzzy sets (NB, NM, NS, ZO, PS, PM, PB). The universe of the discourse of the 

output	�, i.e. U, is divided into 9 fuzzy sets (NVB, NB, NM, NS, ZO, PS, PM, PB, PVB). 

Fig. 6.9 shows the membership functions of the inputs and output adopted according to the 

experimental results. The membership functions map the crisp value of the inputs and output 

to the membership degree	� of the each fuzzy set. As shown in Fig. 6.9(a) and Fig. 6.9(b), 

the triangular membership functions are used for the inputs �� and �̇�  due to their high 

computational efficiency. The singleton membership function is used for output variable �, 

as shown in Fig. 6.9(c). 

 

(a) Input en. 
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(b) Input �̇� 

 

(c) Output u. 

Fig. 6.9. Membership functions.  

2) Fuzzy Rule Base and Inference 

Fuzzy rule base is composed of multiple IF-THEN rules with antecedents and consequent 

parts. The rules have the form as:  

��,�: If �� is �� and �̇� is ���, � is ��, 

where �, � = 1,2, …7; � = 1,2, …9. 

For example,	��,� and ��,� are 

��,�: If �� is NB and �̇� is NB, �	is NVB; 

��,�: If �� is PB and �̇� is PB,	� is PVB;  

All the control rules can be expressed through a 7 × 7 matrix, which can be shown in 

Table 6.1. 

 

 



CHAPTER 6 
 

 

154 

Table 6.1 Rule base of FLC  

U 
DE 

NB NM NS ZO PS PM PB 

� 

NB NVB NVB NB NM NMS ZO PVS 

NM NVB NB NM NS NVS PVS PS 

NS NB NM NS NVS ZO PS PM 

ZO NB NS NVS ZO PVS PS PB 

PS NM NS ZO PVS PS PM PB 

PM NS NVS PVS PS PM PB PVB 

PB NVS ZO PVS PM PB PVB PVB 

 

The inference block aggregates all the IF-THEN rules with their weighting factors 

according to the input fuzzy sets E and DE. The weighting factor of each rule, i.e. 	wi,j is 

obtained by the product operation and can be expressed as 

    , * 	
i ji j E n DE ne ew      (6.21) 

3) Defuzzification 

The weight average method is applied to get the crisp value of the output variable u, 

i.e. 

 

7 7

, ,1 1

7 7

,1 1

i j i ji j

i ji j

w u
u

w

 

 


 

 
  (6.22) 

where ui,j is the crisp value of the output fuzzy set of each control rule, which can be directly 

obtained from the singleton membership function of the output u. 

It should be noted that the sum of all membership degrees of �� is unity, which is also 

valid for �̇�, i.e. 

    
7 7

1 1

1, 1	
i jE n DE n

i j

e e 
 

      (6.23) 

Therefore, � can be rewritten as 
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    (6.24) 

4) Selecting Adaptive Scaling Factor 

The principle of adjusting ku	is defined as that: when the speed tracking error is higher 

than the threshold value eth, the scaling factor ku will increase; otherwise, ku will decrease. 

Therefore, the adaptive ku can be realized as 

 
( 1) / ,

( )
( 1)* ,

u a n th

u

u a n th

k k k e e
k k

k k k e e

  


 
  (6.25) 

where ka is the adjustment coefficient of ku, which is set as 

 
  / 40.9995

, (2 ,10)n thfloor e e

a b

b

k k
k

 min   (6.26) 

The coefficient kb is used to amplify the change rate of ku when the speed error becomes 

larger. The ‘floor’ function in (6.26) is used to reduce computational burden. It should be 

noted that when the calculated ku is out of the range [0.1,	1], it is limited at the boundary 

value. eth is selected slightly higher than the measured speed ripple which can ensure that ku 

is a constant at steady state. In addition, eth should not be too high as it could compromise 

the load disturbances rejection capability. In the experiments, eth is set at 10 rpm according 

to the experimental results. 

 Experimental Verification 

The experiments are implemented based on the test rig I. The PM machine is coupled 

with a wound field type DC machine with the rated speed at 1500 rpm. The combined inertia 

of the test rig is 0.012 kg·m2. The machine and drive parameters are listed in Table 6.2. 

 

 

 

Table 6.2 Machine and drive parameters 
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Parameters Value 
Machine stator resistance (Rs) 0.25 Ω 

Synchronous inductance (Ls) 1.7 mH 

PM-flux linkage(ψm) 10 mWb 

Number of pole pairs (Np) 10 

DC link voltage (Vdc) 14 V 

Current limit (Im)  5.9 A 

Current bandwidth (ωcc) 1200 rad/s 

Characteristic current (ic) 5.9 A 

 

6.4.1 Voltage Ripples in Current Control Mode and Speed Control Mode 

According to the definition of the operation mode, in mode A, the machine ideally 

operates on the current limit circle, iq
* is constrained by the current limit and determined by 

id
*. Therefore, in mode A, the feedback voltage ripples origins from the speed ripples. In 

mode B, the machine operates inside the current limit circle, id
* and iq

* are controlled 

independently, the feedback voltage ripples are the combination of the ripples that caused by 

speed and q-axis current command ripples. Therefore, in the speed control mode, the 

feedback voltage ripples in mode B are much higher than those in mode A, which implies 

the condition in mode B is worse than the mode A, as will be demonstrated as follows.  

6.4.1.1 Current Control Mode (CCM) 

In the experiments, in order to exclude the influence of the q-axis current ripples, the 

system is first controlled in the current control mode. By setting M=0.9, Fig. 6.10 shows the 

voltage, current, torque and speed profile when the q-axis current command i* 
q,MTPA changes 

from 0A to 3 A at 2.5 s. It can be seen that i* 
q,MTPA is a constant and well tracked in mode B. As 

the machine speed increases, the machine enters in mode A due to the current constraint. In 

mode A, the actual current command i* 
q  is limited by *1 di , which is smaller than i* 

q,MTPA. In 

CCM, the feedback voltage ripple mainly origins from the speed ripple in both mode A and 

B, which is relatively small. Consequently, the feedback voltage ripple has no big difference 

between mode A and mode B.  
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Fig. 6.10. Voltage, current, torque and speed profiles in current control mode. 

6.4.1.2 Speed Control Mode  

In order to illustrate the feedback voltage ripple that is caused by q-axis current ripple 

in different operation regions, the speed PI controller is tuned to achieve two different 

performances with different PI parameters, i.e. case 1 (ωNs=1) and case 2 (ωNs=4). Fig. 6.11(a) 

and Fig. 6.11(b) show the feedback voltage, current, torque and speed profiles in the flux-

weakening region when M=0.9 under case 1 and case 2, respectively. In Fig. 6.11(a), the 

machine is firstly controlled at 800 rpm at light condition (0.14Nm) in case 1. Then, by 

gradually increasing the load torque to 0.55Nm, the machine transfers from mode B to mode 

A. It can be seen that the ripples of the feedback voltage and currents are quite small in both 

modes A and B. However, in case 2, the ripples in feedback voltage and currents are more 

apparent than those in case 1 which are mainly in mode B. In addition, it can be seen that the 

feedback voltage ripple becomes higher when the load torque increases, which is consistent 

with the analysis.  
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(a) Case 1. 

 

(b) Case 2 

Fig. 6.11. Voltage, current, torque and speed profiles under different PI parameters in the flux-weakening 
region.  

6.4.2 Performance Comparison with PI and FLC 

6.4.2.1 Constant Torque Region 

Fig. 6.12 shows the measured speed step response and load torque rejection capability 

in the constant torque region under the condition, i.e. when the speed reference is changed 

from 0 rpm to 400 rpm at 2 s and the load torque is changed from 0.14 Nm to 0.64 Nm at 8 

s. It can be seen from Fig. 6.12(a) that the system in case 1 has slower speed response but 
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with less current and feedback voltage ripples, while the system in case 2 has faster speed 

response but with higher current and feedback voltage ripples. Fig. 6.12(b) shows the speed 

step response (n*=400 rpm) and q-axis current waveforms with the conventional PI controller 

(case 2) and the adaptive FLC. It can be seen that the machine speed with the adaptive FLC 

can achieve almost the same response as the conventional PI method with the parameters in 

case 2. Meanwhile, the q-axis ripples are apparently reduced. Therefore, with the adaptive 

FLC, the current ripples are reduced without sacrificing the dynamic performances, which is 

very beneficial to the flux-weakening operation. 

 

(a) With PI controller (Case 1: ωNs=1, case 2: ωNs=4). 

 

(b) With PI (case 2) and fuzzy logic controller. 

Fig. 6.12. Voltage, current, torque and speed profiles under different speed controllers. 
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6.4.2.2 Flux-Weakening Region  

As have been shown in Fig. 6.12, even though the current and voltage ripple in case 2 

are higher, the system can still perform well in the constant torque region. However, the 

system that performs well in the constant torque may not necessarily perform well in the flux-

weakening region. In the flux-weakening region, in order to further confirm the advantages 

of the adaptive FLC, the experiments with different speed controllers are implemented under 

different coefficient M, .i.e. 0.9 and 0.95.  

1) M=0.9 

Fig. 6.13 shows the speed dynamic performance under a load disturbance when the 

machine is controlled at 800 rpm in the flux-weakening region. The higher and lower load 

torque values equal to 0.42 Nm and 0.14 Nm, respectively, which is achieved by manually 

switching on and off the excitation current of the DC-load machine. It can be seen in Fig. 

6.13(a) and (b) that although the current ripple in case 1 is smaller than that in case 2, the 

machine has much longer recovery time against the load torque disturbance. However, with 

adaptive FLC, as shown in Fig. 6.13(c), both low current ripple and high load torque 

disturbance rejection capability can be obtained. 

 

(a) PI (case 1).  
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(b) PI (case 2).  

 

(c) Adaptive FLC. 

Fig. 6.13. Voltage, current, torque and speed profiles under load torque disturbance when M = 0.9.  

6.4.2.3 M=0.95 

Fig. 6.14 shows the speed dynamic performance under load torque disturbance when M 

increases to 0.95. The higher and lower load torque values equal to 0.42 Nm and 0.14 Nm, 

respectively. It can be seen from Fig. 6.14(b) that in the higher q-axis current area, the current 

and voltage even oscillate in case 2 while the systems with case 1 and adaptive FLC can still 

operate well, as shown in Fig. 6.14(a) and (c), respectively. However, the adaptive FLC can 

achieve much better speed dynamics than that in case 1. Therefore, the DC-link voltage 
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utilization can be further increased while the speed dynamics is still maintained, and the 

machine can achieve better flux-weakening capability, as can be seen in Fig. 6.15. 

 

(a) PI (case 1). 

 

(b) PI (case 2). 
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(c) Adaptive FLC. 

Fig. 6.14. Voltage, current, torque and speed profiles under load torque disturbance when M = 0.95.  

 

 Fig. 6.15. Torque-speed curve when M=0.9 and M=0.95.  

 

 Conclusion  

In this chapter, based on DCVFC and the machine without MTPV region, the influence 

of the feedback voltage ripple is analysed when the system operates in the speed control 

mode. It has been shown that the system performance in the speed control mode could 

become worse due to the increased feedback voltage ripples that are dominated by the current 

command ripples. The current command ripples can be reduced by decreasing the bandwidth 

of the speed loop, posing difficulty to increase the speed dynamic performance. In order to 

solve this conflict, an adaptive FLC has been designed and compared with the conventional 

PI controller in both constant torque and flux-weakening regions. The experimental results 

have verified that: 
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1) The increased feedback voltage ripples in small |Vq| area could cause oscillation in 

the flux-weakening region even in the linear modulation when the system operates in the 

speed control mode; 

2) The system in speed control mode that has been tuned well in the constant region may 

not necessarily perform well in the flux-weakening region; 

3) The speed dynamics in the flux-weakening with a conventional PI controller can be 

hardly increased, especially for a non-idea drive system, while the adaptive FLC can provide 

an alternative tool to solve this issue.  
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CHAPTER 7 GENERAL CONCLUSION AND 

FUTURE WORK 

The flux-weakening control is required for the PMSM to extend the operation speed 

range and maximize the power capability under the voltage and current constraints. Many 

control strategies are developed to achieve flux-weakening operation, such as 

 Feedforward method 

 Feedback method (based on the voltage error, the voltage magnitude, and the 

switching time) 

 Hybrid method 

 Single current control  

 Single current control and voltage angle control 

among which the voltage magnitude feedback method gains popularity due to many 

advantages, e.g.  

 Simple and standard control structure 

 Robust against parameter variation 

 Both linear and over modulation flux-weakening operation 

 Automatic flux-weakening operation 

However, in the flux-weakening region, as the drive system operates on the boundary of 

the voltage limit, more stability problems are prone to occur in this region. In this thesis, 

based on the voltage magnitude feedback controller on the non-salient-pole PMSM, the 

stability problems in the flux-weakening region are investigated and the related solutions are 

proposed.  

 Summary of the Research Work 

The research work in this thesis can be summarized as the following aspects 
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1) Tuning of voltage feedback controller. The stability in the flux-weakening region 

is improved with an adaptive control parameter. 

2) Stability improvement in over modulation region. The stability in over modulation 

region is improved with CRM and VRM for the machine without MTPV region, and 

a VVM for the machine with MTPV region. 

3) Optimization and design of MTPV controller. Firstly, the penalty function is realized 

in the current command form rather than in the voltage command form, aiming to 

improve the stability and dynamic performance. Secondly, the MTPV PI controller 

is designed based on the system with DCVFC. The MTPV integral regulator is 

designed for the system with CAVFC and HVFC. 

4) Novel hybrid voltage feedback controller (HVFC). The HVFC contains both 

DCVFC part and CAVFC part with their optimized weight factors, which can 

overcome the intrinsic stability problem of the systems with DCVFC and CAVFC. 

5) Alternative speed controller-FLC. An adaptive FLC is designed aiming to reduce the 

feedback voltage ripples that origins from the non-idea drive system while 

maintaining a fast speed dynamics.  

The summary of the work in this thesis is illustrated in Fig. 7.1. The switches in Fig. 7.1 

represent whether the relevant control strategies are included or excluded.  It should be noted 

that when the state of all the switches are off, the CVC control system is applied with only a 

voltage magnitude feedback controller, which could be DCVFC, CAVFC or HVFC. The grey 

dotted line indicates that the relevant control strategy is possible but not discussed in the 

thesis. 
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Fig. 7.1 Summary of the work in the thesis.  

*Switch ON: the relevant control strategy is included; Switch OFF: the relevant control strategy is excluded. 
*Grey dotted line: the relevant control strategy is possible but not discussed in the thesis. 

 Conclusion  

7.2.1 Tuning of Voltage Feedback Controller 

In the thesis, based on the different operation modes that are defined by the different 

small signal behaviour of the current, the close-loop transfer functions of the voltage loop 

with DCVFC, CAVFC and HVFC are derived. As the derived close-loop transfer function 

of the voltage loop varies with operation points, it renders that the constant control parameter 

tuned well at one operation point could lose its effectiveness on the other operation points. 
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Thus, the symbolic form of the adaptive control parameters are derived by considering the 

different operation modes, which can achieve a wider stable operation range and facilitate 

the practical parameterization. The advantages of the adaptive control parameter are 

demonstrated on the system with DCVFC by taking a non-adaptive control parameter as a 

baseline for comparison. Two characteristic current ratios, i.e. icn=1 and icn=2, are considered. 

The analyses and experimental results have shown that the adaptive control parameter can 

ensure a much wider stable speed range including both motoring and generating conditions, 

while the non-adaptive case is only effective in certain speed range.  

7.2.2 Stability Improvement in Over Modulation Region 

In the over modulation region, the voltage margin decreases, and the voltage is easier to 

be saturated, which deteriorates the current dynamics. As the current loop is the inner loop 

of the voltage loop, the current dynamics in the over modulation region is essential. Two 

methods, i.e. the method with CRM and VRM, and the method with VVM, can be both 

utilized to improve the current dynamics and ease the voltage saturation problem. The CRM 

which origins from the voltage error feedback flux-weakening method is utilized in this thesis 

in the voltage magnitude feedback flux-weakening method, while a VRM is proposed to 

solve the conflict between the CRM and the voltage magnitude feedback controller in the 

over modulation region. Therefore, both the current steady-state and dynamic performances 

are improved. The VVM modifies the voltage vector based on the coupling effect between 

the d- and q-axes, which can effectively improve the current dynamics in the over modulation 

region. However, since VVM is based on the voltage vector modification while CRM is 

based on the q-axis voltage error modification, the CRM could lose its effectiveness in the 

MTPV region (region III) where the q-axis voltage is close to zero, while VVM can still be 

used for the stability improvement in region III. 

7.2.3 Optimization and Design of MTPV Controller 

For the machine with icn<1, the MTPV curve insect with the current limit, the maximum 

output power current trajectories require that the system should operate on MPTV curve. For 

the voltage feedback control, the MTPV control strategy can be achieved by introducing an 
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extra feedback controller with its input as the MTPV penalty function. In this thesis, the 

MTPV penalty function in the current command form is selected rather than in the voltage 

command form, aiming to achieve better dynamics and stability. In addition, in order to 

achieve an optimal current trajectory in the MTPV region, the resistance in considered in the 

penalty function, which is important for the small power motor. Furthermore, the MTPV 

controllers in the systems with DCVFC, CAVFC and HVFC, are analysed and designed, 

which is critical for the stability in the region III. The analysis indicates that a pure integrator 

MTPV controller is not appropriate for the system with DCVFC while it can be applied to 

the system with CAVFC and HVFC.  

7.2.4 Novel Hybrid Voltage Feedback Controller 

Even though the control parameter of the voltage feedback controller is properly tuned, 

the flux-weakening methods with considering MTPV control based on DCVFC and CAVFC, 

i.e. DQFFC and CAAFFC, could still have stability problem in region II. Due to the different 

operation modes of DQFFC and CAAFFC in region II, the voltage regulation capability 

varies with the operation points. Since the voltage feedback controller is a kind of anti-

windup controller, the voltage regulation capability is important to deter the voltage 

saturation problem, especially in the over modulation region due to the reduced voltage 

margin. In this thesis, DQFFC and CAAFFC are analysed and compared in terms of the 

stability problem that are operation mode relevant. The analyses and experimental results 

have shown that the oscillation could occur when approaching the MTPV curve in DQFFC, 

while the oscillation could occur in CAAFFC when the system operates at light load in 

generating condition. In addition, the magnitude and angle control structure in CAAFFC 

results in a poor transition performance between motoring and generating conditions. This 

kind of stability problem of DQFFC and CAAFFC is related to the different operation modes, 

which origin from the different control structures. Therefore, in order to utilize the 

commentary advantages of DQFFC and CAAFFC, a HFFC is proposed which is based on a 

novel HVFC, i.e. a hybrid voltage feedback controller containing both DCVFC part and 

CAVFC part, with their weight factors being optimized. The improved stability of HFFC 

under various conditions are verified by the experimental results. 
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7.2.5 Alternative Speed Controller-FLC 

As the feedback voltage ripples that origin from the non-ideal drive system can be 

amplified by a conventional speed PI controller, the speed controller performing well in the 

constant torque region may oscillate in the flux-weakening region due to the reduced voltage 

margin, which will cause difficulty to increase the speed dynamics. In order to solve this 

problem, a nonlinear speed controller, i.e. an adaptive fuzzy logic speed controller, is 

proposed and implemented successfully to reduce the feedback voltage ripples while 

maintaining a good speed dynamics. 

 Future Work 

As shown in Fig. 7.1, other combinations of the control strategies that are not mentioned 

in this thesis may also work well in the flux-weakening region. For example, the FLC can 

also be applied to the system with HVFC to reduce the influence of the voltage feedback 

ripples. The CRM and VRM can also be used on the system with HVFC for the machine 

without MTPV region. In addition, CRM and VRM can be used simultaneously with VVM. 

However, since the main objective of this thesis is try to investigate all the possible factors 

that could lead to stability problem in the flux-weakening region, other combinations of the 

control strategies will not be discussed further.  

Since d- and q-axis currents are controlled separately in DCVFC, an advantage of the 

system with DCVFC is that the machine can operate in the torque control mode, which can 

be achieved by simply disabling the speed controller. However, based on the system with 

HVFC, the toque control cannot be simply achieved by disabling the speed controller since 

d- and q-axis currents are not controlled separately. Therefore, future work can be carried out 

to achieve the torque control based on the system with HVFC. By way of example, the speed 

controller can be replaced by a torque controller, the input of which could be the difference 

between the demand torque and the actual torque. However, considering the system stability, 

the bandwidth of the torque control loop cannot be as high as that of the current loop, which 

could compromise the torque control performance.  
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Since all the analyses in this thesis are based on the non-salient-pole PMSM, future work 

can also be carried out on the salient-pole PMSM. For salient-pole PMSM, an extra 

dimension, i.e. the machine saliency ratio should be introduced. In practice, if the stability 

problem occurs on a salient-pole PMSM when the voltage magnitude feedback controller is 

employed, the analyses and the control strategies presented in this thesis can still provide a 

guidance for troubleshooting the problems, as the underlying principle causing the stability 

problem on the salient-pole PMSM should be similar to the non-salient-pole PMSM. 
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APPENDIX A  EXPERIMENTAL SETUP 

The experiments are carried out based on the dSPACE platform, in which the control 

algorithm can be easily implemented in the Simulink/MATLAB environment with minor 

modification. Fig. A.1 shows a block diagram of the drive system based on dSPACE platform. 

  

Fig. A.1. Block diagram of the drive system based on dSPACE. 

In Fig. A.1, the heart of the control system is the DS1006 processor board, which is 

based on a 2.4GHz multi-core AMD Opteron CPU. The main processing unit can access 

modular I/O boards via its PHS-bus, and multiprocessing capable via the DS911 Giga-link 

Module [DSP10]. The high performance CPU can allow much more complex computation 

than a normal DSP control system. 

The DS5101 board is used to generate switching pulse signals for the inverter according 

to the algorithm that is computed in DS1006. In this thesis, since the mode PWM6 is selected, 
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the timing I/O unit of the DS5101 provides 3-phase/6-channel PWM signals with 3 inverted 

outputs and 3 non-inverted outputs. The three phase inverter board is shown in Fig. A.2. The 

6 power switches used in inverter are IRFH7440 MOSFET [IR12], with the continues current 

up to 85A and Drain-to-Source breakdown voltage up to 40V. The Static Drain-to-Source 

On-Resistance is less than 2.4mΩ, which is extremely small when compared with machine 

resistance.  

 

Fig. A.2. Three-phase inverter board. 

The DS2004 High-Speed A/D Board is used for digitizing analogue input signals. It 

contains 16 A/D conversion channels, each of which applies the successive approximation 

conversion time of 800ns. In this thesis, three analogue signals, i.e. the currents in phases A 

and B, the DC-link voltage, are measured for the real-time control. The currents in phases A 

and B are measured by two Hall-effect current transducers (LA 25-P) [LEM14], as shown in 

Fig. A.3(a). The DC-link voltage is measured by a Hall-effect voltage transducer (LV 25-P) 

[LEM12],  as shown in Fig. A.3(b). A Megtrol torque transducer (TM307) [MAG14] is used 

for measuring the instantaneous torque. The torque-speed box connected to the torque 

transducer can be used to acquire the torque and speed. Since the original speed output from 

the torque transducer is TTL signal with frequency the same as the machine speed, it suffers 

a big delay. Therefore, the Megtrol torque transducer is only used to measure the 

instantaneous torque.  
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(a) Two current Hall-effect transducers. 

 

(b) Voltage Hall-effect transducer. 

Fig. A.3. Hall-effect Current and voltage transducers. 

The rotor speed and position used for the real-time control are obtained by an 

incremental rotary encoder with 5000 pulses/revolution (Hengstler RI58-D) [HEN10] 

through a DS3001 incremental encoder board. As the input encoder lines are from -221 to 

+221, and the output to the corresponding Simulink block of DS3001 is scaled to -1 to +1, the 

rotor position (in radian unit) from the scaled output of the DS3001 Simulink block can be 

calculated as 

 
21 2

2 *m pscaled output N
incremental lines




 
  

 
  (A.1) 

where Np is number of pole pairs. For the Hengstler RI58-D, the incremental lines are 5000.  

The real drive system based on the dSPACE platform is shown in Fig. A.4. In the 

experiments, two test rigs are utilized, as shown in Fig. A.5. The test rig-I is shown in Fig. 

A.5(a), in which the load machine is a wound field excited DC machine with the rated power 

and rated speed at 1.5 kW and 1500 rpm, respectively. The test rig-I has a big inertia 

(0.012kg·m2) and is coupled with the torque transducer, which can be used to measure the 

steady-state performance. The test rig-II is shown in Fig. A.5(b), in which the load machine 

is a would field excited DC machine with the rated power and rated speed at 150W and 4000 

rpm, respectively. In the test rig-I, the influence of the non-ideal drive system, e.g. load torque 

ripple, misalignment of the transmission system, is more obvious, which is mainly due to its 

bigger inertial and longer transmission shaft. The test rig-II has a smaller inertial (0.001kg·m2) 

and shorter transmission shaft, the influence of the non-ideal drive system is minor, which is 
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preferable to verify the speed dynamics. When the load machine is only used to provide the 

passive torque, the excitation winding of the load machine is powered by a DC-power supply 

while armature winding is connected to a load resistance. The load torque can be adjusted by 

regulating the voltage value of DC-power supply or the value of the load resistance. When 

the load machine is used as an active load, both the armature and excitation windings of the 

load machine should be powered by two separate power supplies. In the experiments, as the 

drive machine (PMSM) should also operate under generation condition, a power resistance 

(4Ω, 14A) is connected to DC-bus of the inverter in order to absorb the feedback energy.  

 

Fig. A.4. Real drive system based on dSPACE platform. 
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(a) Test rig-I (a) Test rig-II 

Fig. A.5. Two test rigs. 

Fig. A.6 shows the stator and rotor of the drive machine, which is a 6-slot/12-flux-

modulation-pole/20-pole Vernier machine with concentrated windings. The machine is a 

non-salient-pole PMSM electromagnetically since it has equal d-axis and q-axis inductances, 

which is designed by a graduated colleague in EMD group [ONE16]. As only the control 

performances are investigated in this thesis, the different characteristic current ratios are 

achieved by setting the different current limit value rather than using the different machines. 

The major parameters of the machine are shown in Table A.1. The measured back-EMF and 

the rotor position of the machine at 600rpm are shown in Fig. A.7.  

 

(a) Stator.  

  

(b) Rotor. 

Fig. A.6. Stator and rotor of drive machine.  

 

Table A.1 Parameters of the test machine 

Parameters Value 
Phase resistance (Rs) 0.25  

Synchronous inductance (Ls) 1.7 mH 

PM-flux linkage(ψm) 10 mWb 

Number of pole pairs (Np) 10 

Characteristic current (ic) 5.9A 
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Fig. A.7. Back-EMF waveform (600rpm) and rotor position.  
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APPENDIX B  TUNING OF DCVFC AND 

CAVFC CONSIDERING MTPV 

In chapter 2, the control parameters of the DCVFC for the machine without MTPV 

region have been designed. For the machine with MTPV region, a similar approach can be 

employed for both DCVFC and CAVFC. According to (4.11), the characteristic equation of 

the close-loop transfer function with DCVFC and CAVFC, qI(s) and qθ(s) can be expressed 

as 

 
2
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where bλI=bIλI; aλI=aIλI; bλθ=bθλθ; aλθ=aθλθ.  

For the controller design in the flux-weakening region, the voltage drop on resistance 

can be ignored. According to the different operation modes, and the coefficients bλI, aλI, bλθ 

and aλθ can be further derived as 
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where ωb=Vm ⁄(LsIm); Vdn is Vd

0 normalized by Vm; ωmI, ωmθ, σI and σθ can be expressed as 
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where idn and iqn are id

0	and iq

0 normalized by ��, respectively; icn is ic normalized by Im; ωen is 

ωe
0 normalized by ωb; �� and �� can be seen as the non-dimensional coefficients which vary 

with the operation points.  

Therefore, the proper λI and λθ  can be obtained with the proper ωmI and ωmθ. In mode A, 

according to (B.1)-(B.3), the damping factors for the voltage loop with DCVFC and CAVFC 

satisfy the following relationships 
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where σImax and σθmax denote the maximum value of σI and σθ in the flux-weakening region. 

If the system is designed when σI=σImax and σθ =σθmax, ωmI and ωmθ can be solved as  
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As a conservative design, ωmI and ωmθ can be simplified to their lower boundary. For 

the critical damping condition, i.e. ξ=1, the simplified ωmI and ωmθ can be obtained as 
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According to (B.4), σθmax can be obtained as  
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 max{1 ,1 1 }max cn cni i     (B.8) 

Therefore, the control parameter of CAVFC can be easily obtained as 
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   (B.9) 

For the DCVFC, since σImax could be positive infinity when idn=-1 and iqn=0, the control 

parameter λI should be theoretically zero, which is not practical. However, for the machine 

with MTPV region, the extreme condition, i.e. when idn=-1, can be reasonably ignored as the 

system will transfer to the mode C when idn≈-icn. Therefore, σImax is not necessary to set the 

as positive infinity, but can set at a value, which is higher than most of the operation points 

except the region where idn approaches -1. For a given icn, a proper σImax can be selected 

according to the variation of σI in mode A. Fig. B.1 shows the variation of σI when icn =0.8 

(for the given parameter) in the mode A. As can be seen from Fig. B.1, σImax can be reasonably 

set at 2, which is higher than the most of operation points from idn =0 to idn=-1. When ξ=1, 

the control parameter of DCVFC in the mode A can be tuned as 
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where ( )mIA mI en cni   . 

 

Fig. B.1. Variation of σI against idn when icn=0.8 in mode A. 
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In mode B, since the Routh stable criterion requires that 1+bλI|modeB>0 and aλI|modeB>0, 

the worst condition happens when 0
dV is minimum, i.e. 0

d mV V  , which defines the 

minimum stable range for the control parameter λI. Assuming that λI is tuned so that 

1+bλI|modeB>0.5 at the worst condition, the control parameter λI in the mode B can be set as 
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In addition, it should be noted that ωmIA is obtained in mode A and is inversely 

proportional to the machine speed. When the system transfers to the mode C, ωmIA will be 

too small if the machine speed is too high. Therefore, the minimum of ωmIA can be limited at 

the value obtained at the point when the system transfers to mode C. The minimum of ωmIA 

can be approximately obtained when idn =-icn, at which condition ωmIA can be approximated 

as ωmI/1.3 when icn=0.8. Therefore, by considering mode C, ωmIA can be further revised as  
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Finally, the control parameter λI can be set as 
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When the system operates under mode C, ωmIA is much smaller than ωmIB. Therefore,  

I IModeB
b  can be approximated as zero for the MTPV controller design. 
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