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Abstract 

The flux-weakening control (FWC) methods for interior permanent magnet 

synchronous motors (IPMSMs) with torque performance improvement are studied in this 

thesis. 

A FWC strategy with constant parameters is proposed, which achieves the extended 

dc-link voltage utilization and improves the tracking performance. The voltage trajectory 

is extended to the overmodulation region to increase the dc-link voltage utilization rate and 

torque. Moreover, a current predictive controller is implemented to improve tracking 

performance.  

A FWC method considering the resistive voltage drop and magnetic saturation is 

proposed. The proposed method achieves the voltage extension, torque improvement, and 

improved dynamic performance by establishing a new stator flux linkage adjustment 

method. The stator flux linkage reference is adjusted based on the torque reference, 

operating speed, and modulation index. Two voltage feedback paths are established and 

chosen based on the torque reference and operating speed. The stator resistance and 

nonlinear inductance characteristics are constructed based on the experimental test. Thus, 

accurate current control is achieved. Compared to feedforward-based FWC methods, the 
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proposed method improves the output torque and power. Compared to feedback-based 

FWC methods, the proposed method improves the dynamic performance and avoids the 

voltage saturation and windup problem. Compared to the mixed FWC methods, which only 

have one feedback path, the proposed method improves the dynamic performance.  

The influence of extended dc-link voltage utilization is analyzed. The nonlinear 

relationship between voltage and torque is solved mathematically. The torque, torque ripple, 

and current ripple trends with modulation index in voltage extension region are analyzed, 

and the harmonic spectra of voltage, current, and torque with or without voltage extension 

are compared, which provide the guidance to make the tradeoff between maximizing the 

torque and torque ripple alleviation. 
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Chapter 1                                   
Introduction  

1.1 Background and Motivation 

The popularity of electric vehicles (EVs) and hybrid electric vehicles (HEVs) 

has been increasing due to the incremental cost of fossil fuels and concerns about 

the environment [1]-[4]. Interior permanent magnet synchronous motors (IPMSMs) 

are widely used in EVs and HEVs, which is owing to their superior features such 

as high power density, wide speed range, and high efficiency [5]-[8]. In EVs and 

HEVs, the wide speed range is required, the operating regions of IPMSMs are 

extended to flux-weakening (FW) region.  

IPMSM optimal operating regions can be classified as MTPA (maximum 

torque per ampere) region and flux-weakening region. With the increase of speed, 

the back electromotive force (EMF) is increasing. When the back EMF is higher 

than the maximum phase voltage, the current regulation loops are saturated, and the 

dq-axis current cannot track the current references. The back EMF should be 

reduced by weakening the flux when the current regulation loops are saturated. The 
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way is to reduce the d-axis current to weaken the air gap flux to keep the operating 

point on the voltage limit because the torque is mainly proportional to the q-axis 

current. This is called the flux-weakening control. If the d-axis current is not 

reduced, the q-axis will be reduced due to the dc-link voltage limit. The q-axis 

current and torque will fluctuate, which will cause deterioration of the performance 

of IPMSM drive systems. The flux-weakening region is on the left of MTPA and 

inside the current constraint. To be more specific, when the speed of the operating 

point is larger than the speed of the intersection point of torque with MTPA, the 

operating point is in the flux-weakening region. The flux-weakening region is 

shown as the green region in Fig.  1.2. An IPMSM drive system can be classified 

as a finite-speed drive system and an infinite-speed drive system. As shown in Fig.  

1.2, for a finite-speed drive system, the center of voltage constraints is outside of 

the current constraint; for an infinite-speed drive system, the center of voltage 

constraints is inside of the current constraint. Maximum torque per voltage (MTPV) 

only exists in an infinite-speed drive system. 

In the MTPA region, MTPA control is implemented. MTPA control can be 

classified as model-based, signal injection-based, and searching based.  

In the FW region, there are more technical problems, such as the windup 

problem and slower dynamic response. These problems are caused by voltage 

saturation. Flux-weakening control techniques have been proposed to solve these 

problems, which can be classified as feedback (FB)-based, feedforward (FF)-based, 
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and mixed approaches. However, the existing feedback-based, feedforward-based, 

and mixed approaches have their limitations. 
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Fig.  1.1 Diagram of IPMSM operating regions 
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(b)  

Fig.  1.2 IPMSM operating regions. (a) Finite-speed drive system. (b) Infinite-

speed drive system. 

The feedback-based flux-weakening control methods are motor parameters 

independent and thus insensitive to the variations of motor parameters. However, 

the feedback-based flux-weakening control methods cannot provide the optimal 

current references to achieve higher efficiency, and the transient performance is 

limited. Also, the inconsistency between FB-based FW control and anti-windup 

control puts the IPMSM control systems into a double squeeze. 

The feedforward-based flux-weakening control methods find the optimal 

operating points based on motor parameters [11]-[13]. However, the FF-based 

FWC is sensitive to motor parameters variation. The control performance would 

degrade due to parameters variation. In [11]-[13], the maximum voltage is 

immutable and limited to the linear region of the space vector modulation (SVM). 

In [12], the optimal current references are calculated online, which requires less 

memory usage. However, the online calculation process is often time-consuming. 
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In [13], the optimal current reference lookup tables (LUTs) are obtained by finite 

element analysis (FEA). However, the detailed dimension of the machine is 

required. 

Mixed flux-weakening techniques combine the feedback-based method 

with the feedforward-based method [14]-[17], which has the advantage of motor 

parameters insensitivity and fast dynamic performance. In the mixed flux-

weakening methods, the current references are derived from the torque commands 

and stator flux linkage references. In [14], the modulation index (MI) reference is 

set to the constant value, which is not flexible enough and limits the dc-link voltage 

utilization. In [15], a mixed FW control for ramp torque command is proposed. The 

current references are on the current constraint when the torque command increases, 

which increases the core loss and reduces motor efficiency. In [16] and [17], the 

dc-link voltage is not included in the feedback loop, in which the dc-link voltage 

fluctuation is not considered.  

The voltage overmodulation techniques are implemented in FW control 

methods to extend the voltage utilization. In [18], the overmodulation is divided 

into two modes: mode I (0.906 <modulation index (MI)< 0.952) and mode II (0.952 

<MI< 1). In [14], only the overmodulation mode I is reached, which limits the 

voltage utilization rate.  

The resistive voltage drop is often neglected in FW control methods to 

simplify the calculation process. However, the accuracy of optimal operating points 

calculation and FW control is degraded. 
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Table 1.1 Comparison of flux-weakening control methods 

FWC methods Robustness Stability  of regulation loops 

FB-Based FWC V  

FF-Based FWC  V 

Mixed FWC V V 

 

1.2 Contributions 

The contributions have been made to the stable and accurate flux-weakening 

control for IPMSMs with improved torque performance, which are summarized as 

follows: 

1) A mixed flux-weakening control method with constant parameters is 

proposed, which increases the dc-link voltage utilization rate, and improves 

the torque tracking performance. The proposed method has the fast dynamic 

performance provided by the feedforward path and the ability to compensate 

for the parameters mismatch owing to the closed-loop feedback path. 

2) The influence of the resistive voltage drop and magnetic saturation is 

theoretically analyzed. Because of the highly nonlinear relationship among 

voltage, speed, and torque, the resistive voltage drop is ignored in most 

mixed flux-weakening control methods to simplify the calculation of 

operating points and the feedback path. However, the accuracy of flux-

weakening control is degraded if the resistive voltage drop is ignored, which 

would cause the parameter mismatch and the error on tracking currents, 
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especially at high speed. The resistive voltage drop and magnetic saturation 

cause the shifting of voltage ellipses and torque loci. The operating points 

with and without considering the resistive voltage drop and magnetic 

saturation are compared in this thesis. 

3) A mixed flux-weakening control method considering the resistive voltage 

drop and magnetic saturation is proposed, which increases the accuracy of 

flux-weakening control. To improve the dynamic performance, there are 

two feedback paths in the proposed flux-weakening control method. 

Compared to FF-based flux-weakening control methods, the proposed 

method improves the torque and power. Compared to FB-based flux-

weakening control methods, the proposed method improves the dynamic 

performance, and avoids the voltage saturation and windup problem, and 

improves the stability of the IPMSM drive system. Compared to the mixed 

flux-weakening control methods which only have one feedback path, the 

proposed method improves the dynamic performance. Compared to the 

flux-weakening methods which do not consider the resistive voltage drop, 

the proposed method avoids the error on the tracking currents caused by 

parameter mismatch. 

4) The highly nonlinear relationship between voltage and torque considering 

the resistive voltage drop is solved mathematically. The torque, torque 

ripple, and current ripple trends with modulation index in voltage extension 

region are analyzed. The harmonic spectra of voltage, current, and torque 
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with or without voltage extension are compared. The analysis of the 

relationship among voltage, torque, and torque ripple can help to make the 

tradeoff between maximizing the torque and torque ripple alleviation. 

1.3 Thesis Outline 

This thesis is organized as follows: 

In Chapter 2, the IPMSM model, operating regions, and existing flux-

weakening (FW) methods are introduced. The feedback-based FW methods, 

feedforward-based FW methods, and mixed FW methods are introduced. 

In Chapter 3, a flux-weakening control strategy with constant parameters is 

proposed, which increases the dc-link voltage utilization rate, and improves the 

tracking performance. The voltage extension is realized by implementing an 

overmodulation algorithm. The tracking performance is improved by implementing 

a current predictive controller. The torque-stator flux linkage-current LUTs are 

obtained as the optimal current references. The stator flux linkage reference is 

adjusted based on the torque reference, speed, and MI in the proposed flux regulator. 

In Chapter 4, the flux-weakening control method considering the resistive 

voltage drop and magnetic saturation is proposed. A new stator flux linkage 

adjustment (SFLA) method is proposed in the proposed flux-weakening control 

method. To improve the dynamic performance, there are two feedback paths in the 

proposed FWC method. The feedback path is chosen based on the torque reference 

and operating speed. The influence of the resistive voltage drop and magnetic 
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saturation are theoretically analyzed and considered in the optimal current reference 

LUTs and SFLA algorithm to improve the accuracy of FW control. 

In Chapter 5, the windup phenomenon of the current regulation loop in the 

voltage extension region is analyzed. The mathematical relationship between 

voltage and torque is solved. The torque, torque ripple, and current harmonics 

trends in voltage extension region are analyzed. 

The conclusions are presented, and the possible future works are listed in 

Chapter 6. 
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Chapter 2                                    
IPMSM Model, Optimal Operating 

Regions, and Existing Flux-

Weakening Control Techniques 

2.1 Introduction 

In this chapter, the IPMSM model, operating regions which include 

maximum torque per ampere (MTPA) and flux-weakening (FW) region, and 

existing flux-weakening methods are introduced. The existing flux-weakening 

methods include feedback-based FW methods, feedforward-based FW methods, 

and mixed FW methods. Mixed FW methods mix the feedforward-based FW 

control with the feedback-based FW control. 

2.2 IPMSM Model 

The dynamic model is represented in the dq reference frame. In the rotating 

reference frame, the voltage equations for IPMSMs are written as 
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d

d e q q s d d

di
L L i R i u

dt
w= - +  (2.1) 

 ( )
q

q e d d m s q q

di
L L i R i u

dt
w l=- + - +  (2.2) 

where Ld and Lq are d- and q-axis inductances, ɚm is the permanent magnet flux 

linkage, ud and uq are d- and q-axis voltages, and ɤe is the electrical angular 

frequency. The electromagnetic torque, Te is expressed as 

 ( )
3

2
e p m q d q d qT n i L L i ilè ø= + -

ê ú  (2.3) 

where np is the number of pole pairs. 

In order to analyze the dynamic behavior of an IPM machine, it is desirable 

to simulate the motor performance with the PWM VSI [20]. The PWM effects on 

loss in electric machines have been analyzed in [21] and [22]. The high-frequency 

current ripple generated by the PWM causes losses, which degrade the efficiency 

of the IPM machine [21]. The PWM VSI increases the complexity of the flux 

linkage pattern by inducing harmonics in the current and flux density waveforms, 

which cause additional losses and thermal problems [22]. Besides, the electric 

machines fed by PWM VSI could also exhibit higher acoustic noise level due to the 

high-frequency current ripple [23], [24]. 

The nonlinear electromagnetic characteristics of IPMSMs can be obtained 

by experiment test or finite element analysis (FEA). Efforts have been made to 

couple electromagnetic FEA with electric circuits [25]-[27]. However, if the PWM 

effects are considered and the VSI is modeled in FEA, the time step has to be set to 
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a much smaller value to take the high switching frequency into account. This results 

in higher computation cost and longer simulation time [28]. In order to avoid FEA 

computation in the dynamic simulation, lookup tables (LUTs) are used to establish 

the nonlinear electromagnetic characteristics of electric machines [29]-[31]. The 

flux linkage, torque, and voltage LUTs can be obtained from FEA or experiments. 

The detailed dimensions of motors are needed when using FEA for characterization. 

Ideal current waveforms would be required to obtain the LUTs, which would be 

much faster than modeling the VSI directly in FEA. In [29], a model based on the 

current LUTs as a function of the flux linkage and rotor position was presented 

considering the iron loss effect. The model did not include the PWM VSI; therefore, 

the harmonic content induced by high-frequency current ripple was ignored. These 

harmonics cause additional iron losses, which should not be neglected. In [30], a 

model considering the temperature effects was presented. However, the derivative 

calculation of flux linkage was used, which would accumulate errors and could 

cause instability, especially with a small time step when considering the drive 

system. In [31], another model was presented, which required the d- and q-axis self- 

and mutual-inductances, and the flux produced by permanent magnets. The authors 

have used simplifications for the calculation of d- and q-axis flux produced by the 

permanent magnets, which would reduce the accuracy of the model. 

To ensure the accuracy of FW control, the accurate electromagnetic 

characteristics of IPMSMs are required. The inductances vary nonlinearly due to 

the magnetic saturation, which are functions of currents. The process to obtain the 
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nonlinear inductance LUTs based on the experimental test is as follows: The dyno 

motor drives the IPMSM at a speed which is close to and a bit lower than the base 

speed. The d-axis and q-axis currents are controlled and recorded. The d-axis and 

q-axis voltages are also recorded. The inductances for different current references 

are calculated by voltage equations. 

The flux linkages in the dq reference system are expressed as 

 
0

d d m

dq

q q

i
L

i

l l

l

è ø è øè ø
= +é ù é ùé ù

ê úê ú ê ú
  (2.4) 

A mathematical model based on the derivative of the flux linkages could 

accumulate errors and cause instability. Therefore, an integral form is used to model 

the electrical dynamics of the motor. d-axis and q-axis flux linkages are reorganized 

as 

 ( )d d s d e qu R i dtl wl= - +ñ   (2.5) 

 ( )q q s q e du R i dtl wl= - -ñ .  (2.6) 

As shown in Fig.  2.1, the IPM machine is fed by a three-phase VSI, which 

consists of six switches and six diodes. The number of the combinations of 

switching states is eight, from [0 0 0] to [1 1 1]. The space vector diagram for the 

three-phase VSI is shown in Fig.  2.2. The space vector diagram is divided into six 

sectors formed by six active vectors Vi, i = 1, 2, é, 6, and the zero vector V0 is at 

the center. 
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Fig.  2.1 IPM machine drive. 
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(a)                                                               (b) 

Fig.  2.2 Space vector diagram. (a) eight voltage states; (b) three-phase voltage 

waveforms in sector III for one PWM switching cycle. 

As shown in Fig.  2.2(a), ɗ is the angle between Vref and the active space 

vector. The time duration of switching states is 

 
3

sin
3

s ref

a

d

T V
T

U

p
q

å õ
= -æ ö

ç ÷
  (2.7) 

 
3

sin
s ref

b

d

T V
T

U
q=   (2.8) 

 0 s a bT T T T= - -  (2.9) 

where Ta, Tb, and T0 are the dwell time for vectors V1, V2, and V0.  
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The dwell time for the vectors represents the on- and off- state time of the 

switches. The reference voltage and the sampling period Ts can be calculated by the 

eight space vectors. The inverter output phase voltage waveforms in sector III for 

one switching cycle is shown in Fig.  2.2(b). The sampling period Ts is divided into 

seven segments. 

Using the Backward Euler method, the integration in (2.5) and (2.6) is 

discretized as 

 ( ) () ( ) () () ()1 1d d s d d e qn n T u n Ri n n nl l w lè ø+ = + + - +ê ú  (2.10) 

 ( ) () ( ) () () ()1 1q q s q q e dn n T u n Ri n n nl l w lè ø+ = + + - -ê ú  (2.11) 

where Ts is the sampling period. The IPM machine model is co-simulated with the 

drive system, using d- and q-axis reference currents. The reference voltage ud
* and 

uq
* are generated by the PI controller with the close-loop dq current error. 

uŬ
* and uɓ

* are calculated by inverse Park transformation as 

 
**

**

cos sin

sin cos

e e d

e e q

uu

uu

a

b

q q

q q

è øè ø -è ø
= é ùé ùé ù

é ù é ùê úê ú ê ú

.  (2.12) 

The output of SVM is the on and off time of each of the six VSI switches. 

The outputs of the inverter are three-phase voltages. Applying the Park 

transformation, the three-phase voltages are converted into ud and uq. 

 

( )

( )

2 2
cos cos cos

3 32

3 2 2
sin sinsin

3 3

e ae e

d

b

q

e e ce

u
u

u
u

u

p p
q q q

p p
q qq

è øå õ å õ
- + è øæ ö æ öé ùè ø ç ÷ ç ÷é ùé ù=é ù é ùé ùå õ å õê ú é ù- - - +-é ùæ ö æ öê ú

ç ÷ ç ÷ê ú

 (2.13) 
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2.3 IPMSM Optimal Operating Regions 

For an IPMSM drive system, the optimal operating regions include two 

parts: the MTPA region and the flux-weakening region. As shown in Fig.  2.3, for 

a finite-speed IPMSM drive system, the flux-weakening region includes two parts: 

constant torque part like AB and current constraint part like BC. 

id

iq

MTPA 

Voltage constraint

Current constraint

Torque locus

T B
A

C

 

Fig.  2.3 IPMSM operating regions 

2.3.1 Maximum Torque per Ampere (MTPA) Region 

The MTPA is formed by a series of tangent points of current amplitude 

circles and torque isolines. The process to solve the MTPA by sweeping the current 

is as follow: 

1) Set the sweep range of amplitude of current and dq angle. 

2) Calculate the id and iq based on amplitude of current and dq angle. 
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3) Calculate the torque. 

4) For each amplitude of the current, find the maximum torque point, and record 

the dq angle of the maximum torque. 

id

iq

Contant torque locus

Contant current locus

MTPA 

angle

MTPA 

 

Fig.  2.4 MTPA by sweeping the current 

The MTPA can be solved mathematically instead of sweeping the current 

and dq angle. The MTPA trajectory is expressed using optimization as 

 ( )

2 2

2 2 2

min

3
. . 0

2

d q

e d q d q m q

d q s

i i

s t T P L L i i i

i i I

l

+

è ø- - + =
ê ú

+ ¢

  (2.14) 

The MTPA is further solved as [52] 

 ( )2 2 0
d q

d d q

m

L L
i i i

l

-
+ - =.  (2.15) 

When ɤ*Òɤb and Te
*ÒTb, the optimal point is the intersection of MTPA 

trajectory and torque locus. The id
* and iq

* are obtained by solving 
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  (2.16) 

where ɤb is the base speed, and Tb is the torque at base speed. 

When ɤ*Òɤb and Te
*>Tb, the optimal point is the intersection of MTPA 

trajectory and current constraint. The id
* and iq

* are obtained by solving 

 ( )

2 2

1 2

2 2

1

2 2 2

2 max

min

. .

d q

d d q

m

s d q

f f

L L
f i i i

S t

f I i i

l

+

-ë
= + -î

ì
î = - -í

  (2.17) 

When ɤ*>ɤb and ɤ*ÒɤMTPAT, the optimal point is the intersection of MTPA 

trajectory and torque locus. The id
* and iq

* are obtained by solving (2.16). ɤMTPAT is 

the speed of the intersection of MTPA trajectory and torque locus. 

2.3.2 Flux-Weakening Region 

When ɤ*>ɤMTPAT and idVT
2+ iqVT

2<Ismax
2, the optimal point is the intersection 

of torque locus and voltage constraint. The id
* and iq

* are obtained by solving 
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( ) ( )

2 2

1 2
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22
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  (2.18) 
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where idVT and iqVT are the dq axis currents of the intersection of voltage ellipse and 

torque curve. 

When ɤ*>ɤMTPAT and idVT
2+ iqVT

2ÓIsmax
2, the optimal point is the intersection 

of current constraint and voltage constraint. The id
* and iq

* are obtained by solving 

 

( ) ( )

2 2

1 2

2 2 2

1 max

* max
2

22

min

. .

s d q

s

d d m q q

f f

f I i i

VS t f

L i L i

w

l

+

ë = - -
îî
ì = -
î

+ +îí

  (2.19) 

By calculating the optimal points for the entire reference speed and 

reference torque range based on (2.16) - (2.19), the optimal id
* and iq

* LUTs without 

stator resistance are obtained. The optimal operating points can also be calculated 

online. 
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2.4 Existing Flux-Weakening Control Techniques for 

IPMSMs 

The operating regions of IPMSMs are extended to the flux-weakening (FW) 

region where the wide speed range is required. In FW regions, FW techniques have 

been proposed, which can be classified as feedback (FB)-based, feedforward (FF)-

based, and mixed approaches. By appropriate flux-weakening control, the 

maximum available torque can be achieved, and the voltage saturation is avoided. 

2.4.1 Feedback-Based Flux-Weakening Control 

FB-based FW control methods aim at maintaining the output voltages of the 

current regulators within the voltage limit by using the current or voltage error as 

the feedback to compensate for the input current. The look-up tables (LUTs) or 

online calculation of optimal operating points are not required. These methods are 

robust to the uncertainty of motor parameters due to the closed-loop feedback. 

However, FB-based FW methods cannot find the optimal operating points to 

achieve high efficiency. Also, dynamic performance is limited.  

Another problem of FB-based flux-weakening control using voltage signals 

is the confliction between flux-weakening control and antiwindup control. When 

the phase voltage reference is set to a value that is larger than Vdc/Ѝσ, there is a 

part of the region that is out of the voltage hexagon boundary than would not be 

realized by SVM-based inverter, which can put the system into an unstable situation. 
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In this region, the antiwindup control are implemented. To keep the stable control 

of the system, the feedback signal of voltage is used to decrease the d-axis current. 

However, in the voltage extension region, the inconsistency between FB-based FW 

methods and voltage overmodulation boundary puts the IPMSM control systems 

into a double squeeze. As shown in Fig.  2.5, the circle, ellipse, and distorted 

hexagon represent the current constraint, phase voltage reference magnitude, and 

modulation limit. In Fig.  2.5, an operating point A is located outside the voltage 

limit. With the flux-weakening control, point A will be moved to A1, which is on 

the voltage constraint calculated by voltage equations. With antiwindup control, 

point A will be moved to A2, which is on the voltage hexagon limit to avoid losing 

control of current regulation loops. The operating point is moved to two different 

points according to two limits: voltage limit of flux-weakening control and SVM-

based inverter output hexagon  limit . The MI is more difficult to increase because 

the conflict of two controllers puts the system into the double squeeze. 

iq

id

A1

A2
A

 

Fig.  2.5 Conflict between flux-weakening control and antiwindup control  
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¶ Current Feedback-based Flux-Weakening Control 

Current FB-based FW control is first proposed in [32], in which the 

saturation of the current regulator is identified by the current feedback. When id
* 

and iq
* are out of the voltage constraint, the voltage is saturated. The d-axis current 

error is the feedback signal, which is used to decrease the q-axis current when the 

voltage is saturated. The diagram of the current FB-based FW control is shown in 

Fig.  2.6. 
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Fig.  2.6 Diagram of the current FB-based FW control 

¶ Voltage Feedback-based Flux-Weakening Control 

Voltage FB-based FW control includes two types. The first one is using d- 

and q- axis voltages as feedback signals. The second one is using d- and q- axis 

voltage errors as feedback signals. Using d- and q- axis voltages as feedback signals 

to compensate d-axis current was proposed in [33]. When the operating point is 

outer the voltage constraint, the voltage feedback is used to compensate for the d-

axis current reference. The voltage feedback and the modification of the q-axis 
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current push the operating point to move on the voltage constraint, and to the flux-

weakening region. 
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Fig.  2.7 Diagram of the voltage FB-based FW control using d-axis and q-axis 

voltages 

Using voltage errors as feedback was proposed in [35]. This kind of method 

can avoid the saturation caused by the maximum phase voltage. Also, the voltage 

utilization rate is maximized because the confliction between antiwindup control 

and flux-weakening control is avoided. The d-axis and q-axis voltage errors are 

used to compensate d-axis current to consider the saturation of both d-axis and q-

axis current regulation loop output voltages. However, the dc-link voltage feedback 

is not included in voltage FB-based FW control using voltage error, which cannot 

consider the fluctuation of dc-link voltage provided by batteries in EVs. 
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Fig.  2.8 Diagram of the voltage FB-based FW control using voltage errors 

There are also other kinds of feedback signals, such as the dwell time of 

voltage vectors. All the feedback signals like the dwell time of voltage vectors can 

be derived by current or voltage signals. In [34], the dwell time of the voltage zero 

vector in the modulation algorithm is used as the feedback to compensate for the d-

axis current. In [35], the d-axis and q-axis voltage errors are used to compensate d-

axis current, and the q-axis current is modified according to the current limit and 

the d-axis current. To eliminate the conflicts between two current regulation loops, 

the single-current-regulator FW methods [36]-[38] are proposed, in which only the 

d-axis current regulator or q-axis current regulator is needed. To improve the 

dynamic performance and the stability of FB-based FW control, the voltage 

regulation loop is theoretical analyzed and developed in [39]-[41]. The feedback 

voltage ripple is analyzed and reduced in [41]. 
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2.4.2 Feedforward-Based Flux-Weakening Control 

In FF-based FW methods, the optimal operating points are obtained by 

feedforward LUTs or online calculation. FF-based FW methods guarantee the fast 

transient performance; however, are sensitive to parameters variation. The 

performance of FF-based FW methods relies on the accuracy of the feedforward 

optimal operating points.  

In FF-based FW control, the feedforward path contains the optimal 

operating points in the entire torque and speed range, which include MTPA and 

flux-weakening regions. The feedforward path is established by LUTs, curve fitting, 

or online calculation methods, as shown in Fig.  2.9. 
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Fig.  2.9 Diagram of the FF-based FW control 

In [42]-[45], the optimal current references are calculated online. These 

methods need less memory space. However, the online calculation has high 

calculation burden and requires high computational power. The saliency ratio is 
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particularly considered in [42]. The d-axis and q-axis inductances are estimated 

online in [43]. The winding resistance and inverter nonlinearity are considered in 

[44] and [45], which improves the accuracy of MTPA (maximum torque per ampere) 

trajectory, MTPV (maximum torque per volt)  trajectory, and FW operation. In [45], 

the condition of dc-link voltage variation is also considered. Except for online 

calculation, another alternative approach is to store the optimal operating points in 

LUTs or fitted curves [46]-[48]. Experimental or finite element results are used to 

construct LUTs. The detailed dimensions of the motor are required if finite element 

results are used. The dc offset caused by the rotor position error is considered in 

[46]. The influence of the resistive voltage drop is discussed in [47]. The 

optimization is employed in [48] to obtain the minimum current for different torque 

and speed references. The maximum voltage vector is constant in [47] and [48], 

which donôt consider the situation of voltage fluctuation. 

2.4.3 Mixed Flux-Weakening Control 

For calculating the optimal operating points, there are two kinds of inputs. 

One uses torque reference and speed as inputs [42]-[48], the other uses torque 

reference and stator flux linkage reference as inputs [14]-[17]. In [14]-[17], the 

stator flux linkage reference is adjustable and reflects the voltage saturation. In 

these methods, the optimal operating points are output by the FF path with the input 

of the torque reference and stator flux linkage reference, and the stator flux linkage 

reference is adjusted and compensated by the feedback voltage signal. The FF and 
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FB paths are both included. These methods are called mixed approaches. The 

antiwindup control and FW control are achieved at the same time by the mixed 

approach. The mixed FW control provides the optimal operating points by the 

feedforward path and refines the optimal solutions by the voltage feedback, which 

has the fast dynamic performance provided by the feedforward path and avoids the 

influence of parameters mismatch owing to closed-loop feedback.  

In [14], stator flux-linkage reference contains two parts. The first part is 

calculated by dc-link voltage and ɤe, which is regarded as the main stator flux 

linkage. The second part is calculated by the difference MI and MI reference MI_ref, 

which is regarded as the compensated stator flux-linkage reference. However, the 

MI_ref is set to the constant value, which is not flexible enough and limits the dc-

link voltage utilization. 
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Fig.  2.10 Mixed flux-weakening control in [14] 

In [15], a mixed FW control for ramp torque command is proposed. The 

torque command increases from 0-30Nm, and then decreases from 30-0 Nm. The 
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current references are on the current constraint when the torque command increases 

from 0-30Nm, which increases the core loss and reduces motor efficiency. 

In [16] and [17], the d-axis and q-axis voltage differences before and after 

the modulation algorithm is used to compensate stator flux linkage reference. The 

dc-link voltage is not included in the feedback loop, in which the dc-link voltage 

fluctuation is not considered.  

The magnetic saturation is considered in [14]-[17] by using nonlinear 

inductance characteristics. However, to simplify the calculation of optimal current 

references, the resistive voltage drop is neglect in [14]-[16], which degrades the 

accuracy of optimal operating points and FW control. 
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Fig.  2.11 Mixed flux-weakening control in [16][17]  
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2.5 Summary 

The dynamic model [53], operating regions which include MTPA and FW 

region, and existing flux-weakening methods of IPMSMs are introduced in this 

chapter. The flux-weakening region includes two parts: the constant torque part and 

the current constraint part. FB-based FW methods are robust to the uncertainty of 

motor parameters; However, cannot find the optimal operating points to achieve 

high efficiency. Also, the dynamic performance is limited. FF-based FW methods 

guarantee the fast transient performance; however, are sensitive to parameters 

variation. The mixed FW control provides the optimal operating points by the 

feedforward path and refines the optimal solutions by the voltage feedback, which 

has the fast dynamic performance provided by the feedforward path and avoids the 

parameters mismatch owing to closed-loop feedback. However, the present mixed 

FW methods have their limitations. 
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Chapter 3                                   
Proposed Flux-Weakening Control 

Strategy for IPMSMs with Constant 

Parameters 

3.1 Introduction 

In this chapter, a flux-weakening control strategy based on the mixed 

method is proposed for IPMSMs, which increases the dc-link voltage utilization 

rate, and improves the tracking performance. The overmodulation is implemented 

by modifying the time interval of the active voltage vectors in the SVM. The torque-

stator flux linkage-current LUTs are used to derive the optimal current references. 

The stator flux linkage reference is adjusted based on the torque reference, speed, 

and MI.  
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3.2 IPMSM Operating Constraints 

At steady state, the d-axis voltage, ud, and q-axis voltage, uq, in synchronous 

rotating reference frame can be expressed as in (3.1) and (3.2) 

 
d e q q s du L i R iw=- +   (3.1) 

 ( )q e d d m s qu L i R iw l= + +   (3.2) 

where Ld and Lq represent the d-axis and q-axis inductances, respectively. ɚm 

denotes the permanent magnet flux linkage, and ɤe is the angular electrical 

frequency. The electromagnetic torque Te is expressed as 

 ( )
3

2
e p m q d q d qT n i L L i ilè ø= + -

ê ú  (3.3) 

where np is the number of pole pairs. 

The maximum current Ismax of an IPMSM is normally related to the motor 

itself and inverter thermal limit. The current references should satisfy 

 *2 *2 2

maxd q si i I+ ¢ . (3.4) 

The voltage limit Vsmax is related to the dc-link voltage and modulation 

techniques. The voltage constraint is expressed as 

 *2 *2 2

maxd q su u V+ ¢ .  (3.5) 

When the phase winding resistance is neglected at the steady state, the 

voltage constraint is simplified as 

 ( ) ( )
22 maxs

d d m q q

e

V
L i L il

w
+ + ¢ .  (3.6) 

The maximum current per ampere (MTPA) condition is expressed as  
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 ( )2 2 0
d q

d d q

m

L L
i i i

l

-
+ - =.  (3.7) 

3.3 Proposed Flux-Weakening Control Strategy 

3.3.1 Overmodulation Technique and Flux Regulator 

The MI is defined as 

 

2 2

2 2

d qref

dc dc

u uV
MI

V V

pp +
= =   (3.8) 

where Vref is the reference voltage. 

Linear region Overmodulation region

0V
­

refV
­

5V
­

1V
­

2V
­

6V
­

3V
­

4V
­

q
Ŭ

ɓ

 

Fig.  3.1 Diagram of space vectors and the overmodulation region. 

When MI = 0.906, the reference voltage is the largest inner circle of the 

hexagon, which is the maximum voltage in the linear modulation region, as shown 

in Fig.  3.1. 
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The overmodulation region is determined by the time interval of the zero 

space vector T0. The overmodulation algorithm is implemented when T0 < 0. When 

T0 < 0 and T1 > Ts, T1 and T2 are corrected as'

1 sT T=  and '

2 0T = . When T0 < 0 and 

T2 > Ts, T1 and T2 are corrected as'

1 0T =  and '

2 sT T= . When T1 < Ts , T2 < Ts, and T0 

< 0, T1 and T2 are corrected as 

 
' '1 2

1 2

1 2 1 2

,s sTT T T
T T

T T T T
= =
+ +

  (3.9) 

where Ts represents the sampling period. T1 and T2 denote the time interval of two 

active space vectors, respectively. 

The proposed flux regulator is shown in Fig. 3.2. MI is calculated by ud, uq, 

and Vdc. ɚ1 is calculated as the intersection of the torque reference and current limit, 

which is the minimum stator flux linkage for required torque reference. When MI 

is lower than the MI limit and ɚs
* < ɚ1, ɚs

* is increased. This means the stator flux 

linkage reference ɚs
* is increased when ɚs

* < ɚ1, and the PWM output is within the 

maximum boundary of the overmodulation limit. The voltage ellipse is expanded. 

The increase of ɚs
* would not stop until ɚs

* is larger than or equal to ɚ1, or the 

maximum boundary of the overmodulation limit is reached. 

The upper and lower limits of MI are defined in a hysteresis controller block. 

The upper limit is set to 1, and the lower limit is set to 0.906. 
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Fig.  3.2 Diagram of the flux regulator. 

3.3.2 Current Predictive Controller 

Instead of using a proportional-integral (PI) controller, a current predictive 

controller, which predicts the future dynamic behavior of the currents, is carried 

out, to improve the tracking performance. The objective is to minimize the 

difference between the current reference and the predicted current. 

The voltage equations are expressed in state-variable form as 

 

( )

1
0 0

1
00

sd

d dd d

q qq s

qq

e q q

d

e d d m

q

Rdi

L Li udt

i udi R

LLdt

L i

L

L i

L

w

w l

è ø è øè ø-é ù é ùé ù è ø è ø
é ù é ùé ù= +é ù é ù
é ù é ùé ù ê ú ê ú-é ù é ùé ùê ú ê úê ú

è ø
é ù
é ù+
é ù+
-é ù
é ùê ú

.  (3.10) 

By employing the Euler approximation, the discrete-time form of (3.10) is 

expressed as 
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 ( ) () ()1x k Ax k Bu k C+ = + +  (3.11) 

where Ts is the sampling period, and the matrix A, B, and C are expressed as 

 
() ()

() ()( )

1 0

, ,

0 1

0

,

0

s s

dd

q s s

q

s e q qs

dd

s s e d d m

q q

T R

Li
x A

i T R

L

T k L i kT

LL
B C

T T k L i k

L L

w

w l

è ø
-é ù

è ø
é ù= =é ù
é ùê ú -é ù
ê ú

è øè ø
é ùé ù
é ùé ù= =
é ùé ù +
é ù-é ù
é ùê ú ê ú

. 

According to (3.11), the predicted current is expressed as 

 ( ) () ()Ĕ 1x k Ax k Bu k C+ = + +.  (3.12) 

The performance indexes of d-axis and q-axis currents are expressed as 

 
( ) ( )

( ) ( )

2
*

2
*

Ĕ 1 1

Ĕ 1 1

d dd

q
q q

i k i kJ

J
i k i k

ë ûè ø+ - +è øîê ú î
=ì üé ù

ê ú è øî î+ - +ê úí ý

.  (3.13) 

To minimize the cost function of currents and obtain the optimal voltages, 

 

( ) ( )

( ) ( )

2
*

2
*

Ĕ 1 1
0

Ĕ 1 1
0

d dd

d d

q
q q

q
q

i k i kJ

u u

J
i k i k

u
u

ë ûè øµ + - +µè ø ê úî î=é ùî îµ µî îé ù=ì ü
éµ ù è øî îµ + - +ê úé ù =î îµé ùê ú µî îí ý

.  (3.14) 

By solving (3.14), the optimized voltage references are calculated by 
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w l
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é ùé ù ê úê ú -é ù
ê ú

è ø
é ùè øè - ø+
é ù +é ùé ù
é ù ++é ùê úê ú
é ù
ê ú

.  (3.15) 

3.4 Simulation Validation 

The diagram of the IPMSM control system is shown in Fig. 3.3, which 

includes the optimal current reference LUTs, flux regulator, current predictive 

controller, overmodulation block, voltage source inverter (VSI), and the IPMSM. 

The stator flux linkage reference is adjusted by the flux regulator. The optimal 

current references for the given Te
* and ɚs

* are obtained from LUTs. The current 

reference LUTs shown in Fig. 3.4 are derived from (3.3) - (3.7) for different Te
* and 

ɚs
*. Table 3.1 shows the specifications of the reference IPMSM. In the following 

discussions, the simulation results obtained from the conventional method and the 

proposed method are compared. In the conventional method, the stator flux linkage 

reference is constant and calculated by (3.6) in the simulation with the PI controller. 

In the proposed method, the stator flux linkage is derived from the proposed flux 

regulator, and the PI controller is replaced by the current predictive controller. Fig. 

3.5 (a) and (b) compare the simulated torque and power obtained from the 

conventional method and the proposed method. It can be observed that the torque 
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and power increase in the proposed method because of the proposed flux regulator 

and overmodulation technique. The voltage utilization rate is increased. The voltage 

trajectory is extended to the overmodulation region, as shown in Fig. 3.5(c). 

Fig. 3.6 compares the dynamic d-axis and q-axis currents of the conventional 

method and the proposed method when the motor speed varies from 500 r/min to 

1600 r/min. The torque command changes from 10 Nm to 20 Nm at 0.25s. The 

proposed method exhibits smaller tracking errors and faster tracking performance 

compared to the conventional method. Fig. 3.7 shows that the torque tracking 

performance of the proposed method is faster when the motor speed changes from 

500 r/min to 1600 r/min, owning to the current predictive controller. Besides, the 

torque of the proposed method is increased in the flux-weakening region. In Fig. 

3.6 and Fig. 3.8, the current error is calculated by 

 () () ()*i t i t i tD = - .  (3.16) 

ɤe

Predictive 

Controller

Park-Clarke

VSIOvermodulationPark
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uŬ
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Fig.  3.3 Diagram of the IPMSM control system. 
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Fig.  3.4 Optimal current references corresponding to torque and stator flux 

linkage. 

 

Table 3.1 IPMSM Specifications 

Details Value 

DC-link voltage 300 V 

Rated current 9.4 A 

Number of pole pairs 5 

d-axis inductance 11 mH 

q-axis inductance 14.3 mH 

PM flux linkage 0.333 Wb 

Rated speed 900 r/min 

Rated torque 33.5 Nm 
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(a) 

 

(b) 
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(c) 

Fig.  3.5 Simulation results. Comparison between the conventional method and 

the proposed method. (a) Torque versus speed. (b) Power versus speed. (c) 

Voltage trajectory. 

Fig. 3.8 compares the dynamic d-axis and q-axis currents of the 

conventional method and the proposed method. The speed changes from 500 r/min 

to 1400 r/min, and the torque command varies from 10 Nm to 30 Nm at 0.25s. Fig. 

3.9 shows that the proposed method has faster torque tracking performance because 

of the current predictive controller. Besides, the average torque of the proposed 

method is increased in the flux-weakening region. This is due to the proposed flux 

regulator and overmodulation technique. The output voltage is extended to the 

quasi-six-step and six-step modes. It can be seen that the torque ripple increases 

with the torque. This is because the voltage overmodulation is applied, which 

increases the harmonic distortion in voltage. Therefore, higher current ripple and 

torque ripple are obtained. 
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(a) 

 

(b) 

Fig.  3.6 Dynamic currents comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1600 r/min. (a) Conventional. 

(b) Proposed. 
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Fig.  3.7 Torque response comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1600 r/min. 

 

 

(a) 
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(b) 

Fig.  3.8 Dynamic currents comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1400 r/min. (a) Conventional. 

(b) Proposed. 

 

Fig.  3.9 Torque response comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1400 r/min. 
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(a) 

 

(b) 

Fig.  3.10 Dynamic currents comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1200 r/min. (a) Conventional. 

(b) Proposed. 
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Fig.  3.11 Torque response comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1200 r/min. 

 

Fig.  3.10 compares the dynamic d-axis and q-axis currents of the 

conventional method and the proposed method. The speed changes from 500 r/min 

to 1200 r/min at 0.5s, and the torque command varies from 10 Nm to 30 Nm at 

0.25s. Fig.  3.11 shows that the proposed method has faster torque tracking 

performance. Besides, the average torque of the proposed method is increased at 

1200 r/min.  
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(a) 

 

(b) 

Fig.  3.12 Dynamic currents comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1250 r/min. (a) Conventional. 

(b) Proposed. 



 
M.A.Sc. Thesis - Yihui Li    McMaster University - Electrical and Computer Engineering 

47 

 

 

Fig.  3.13 Torque response comparison between the conventional and proposed 

methods when the speed changes from 500 r/min to 1250 r/min. 

 

Fig.  3.12 compares the dynamic d-axis and q-axis currents of the 

conventional method and the proposed method. The speed changes from 500 r/min 

to 1250 r/min at 0.5s, and the torque command varies from 10 Nm to 30 Nm at 

0.25s. Fig.  3.13 shows that the proposed method has faster torque tracking 

performance. Besides, the average torque of the proposed method is increased in 

the flux-weakening region.  

3.5 Conclusion 

In this chapter, a novel flux-weakening control strategy for IPMSMs is 

proposed, which extends the dc-link voltage utilization and improves the tracking 
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performance. The overmodulation region is achieved by the flux regulator. The 

torque and power are increased. The tracking performance is improved by the 

current predictive controller. Compared to the conventional method, the proposed 

method increases the torque and power with improved tracking performance[54].  
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Chapter 4                                   
Proposed Flux-Weakening Control 

Strategy Considering Magnetic 

Saturation and Resistive Voltage Drop 

4.1 Introduction 

In the previous chapter, the flux-weakening (FW) control method with 

constant parameters has been presented. In this chapter, the flux-weakening method 

considering the resistive voltage drop and magnetic saturation is proposed. A new 

stator flux linkage adjustment (SFLA) method is proposed in the proposed flux-

weakening method. In the proposed SFLA method, the stator flux linkage is 

adjusted based on MI, torque reference, and operating speed. To improve the 

dynamic performance, there are two feedback paths in the proposed FW method. 

The feedback path is chosen based on the torque reference and operating speed. The 

resistive voltage drop and magnetic saturation are considered to improve the 

accuracy of FW control.  
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4.2 Influence Analysis of Magnetic Saturation and 

Resistive Voltage Drop 

4.2.1 Magnetic Saturation 

In the rotating reference frame, the voltage equations for IPMSMs are 

written as 

 
( )d d m

d s d e q q

d L i
u R i L i

dt

l
w

+
= + -   (4.1) 

 ( )q q

q s q e d d m

dL i
u R i L i

dt
w l= + + + (4.2) 

where ud and uq represent the d-axis and q-axis voltages, id and iq denote the d-axis 

and q-axis currents, Ld and Lq are the d-axis and q-axis inductances, respectively. 

Rs is the stator resistance. ɚm is the permanent magnet flux linkage. ɤe denotes the 

electrical angular frequency. The electromagnetic torque is written as 

 ( )
3

2
e d q d q m qT P L L i i ilè ø= - +

ê ú  (4.3) 

where P is the number of pole pairs. 

The current constraint is related to the inverter thermal limit. The maximum 

current satisfies 

 2 2 2

maxd q si i I+ ¢   (4.4) 

The voltage constraint is related to modulation techniques and the dc-link 

voltage. The maximum voltage satisfies 

 2 2 2

maxd q su u V+ ¢   (4.5) 
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The MTPA trajectory is expressed using optimization as 

 ( )

2 2

2 2 2

min

3
. . 0

2

d q

e d q d q m q

d q s

i i

s t T P L L i i i

i i I

l

+

è ø- - + =
ê ú

+ ¢

  (4.6) 

To obtain the optimal current LUTs and ensure the accuracy of FW control, 

accurate inductance characteristics are required. The inductances vary nonlinearly 

due to the magnetic saturation, which are functions of currents. The nonlinear 

inductance LUTs are constructed based on the experimental test in this chapter. The 

dyno motor drives the IPMSM at 600 r/min, which is close to and lower than the 

base speed. The speed should be lower than the base speed to prevent voltage 

saturation. The speed should be close to the base speed to reduce the influence of 

measurement error. The d-axis and q-axis currents are controlled and recorded. The 

d-axis current reference is from -6A to 0A with the interval of 2A, and the q-axis 

current reference is from 0A to 6A with the interval of 2A. The d-axis and q-axis 

voltages with averaged values are recorded. The interpolation is used to expand the 

inductance tables. The nonlinear inductances are calculated by steady state voltage 

equations, which are expressed as  

 ( ), s d d
q d q

e q

R i u
L i i

iw

-
=  (4.7) 

 ( ),
q s q m

d d q

e d d

u R i
L i i

i i

l

w

-
= -  (4.8) 
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Fig.  4.1 Motor dyno setup 

The dyno setup for IPMSM characterization is shown in Fig.  4.1. An 

Induction motor (IM) is used as the dyno motor, which is driven by a YASKAWA 

drive. The IPMSM control algorithms are implemented in MicroAutobox II. The 

IM works in speed control mode and drives the tested IPMSM at the given speed. 

The test IPMSM works in the current control mode. The sampling frequency is 

10kHz. 
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The d-axis and q-axis inductances obtained by the experimental test are 

shown in Fig.  4.2. The comparison of the optimal operating region with or without 

considering magnetic saturation is shown in Fig.  4.3. 

 

(a) 

 

(b) 

Fig.  4.2 d-axis and q-axis inductances as functions of currents by experimental 

test. (a)  d-axis inductance. (b) q-axis inductance. 
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Fig.  4.3 Comparison of the optimal operating region with or without considering 

magnetic saturation 
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4.2.2 Resistive Voltage Drop 

The voltage equations (4.9) and (4.10) at steady state considering the 

resistive voltage drop are written as 

 ( ),d s d e q d q qu R i L i i iw= -  (4.9) 

 ( ),q s q e d d q d mu R i L i i iw lè ø= + +
ê ú (4.10) 

By combining (4.5), (4.9) and (4.10), the voltage constraint considering the 

resistive voltage drop is rewritten as  

 ( ) ( )
2 2

2

max, ,s d e q d q q s q e d d q d e m sR i L i i i R i L i i i Vw w wlè ø è ø- + + + ¢
ê ú ê ú

 (4.11) 

Voltage constraint (4.11) can be drawn as a series of ellipses. The voltage 

limit ellipse is shrunk with the increase of the speed. The general equation of the 

voltage limit ellipses can be rewritten based on (4.11) as 

 2 2 0d q d q d qai bi ci i di ei f+ + + + + = (4.12) 

where a, b, c, d, e, and f are expressed as 

 

( ) ( )

( ) ( ) ( )

( )

2 2
2 2

2

2 2 2

max

, , ,

2 , , , 2 ,

2 , ,

e d d q s e q d q s

e s d d q q d q e d d q m

e s q d q e m s

a L i i R b L i i R

c R L i i L i i d L i i

e R L i i f V

w w

w w l

w w l

ë è ø è ø= + = +
ê ú ê úî

î
è ø= - =ì ê ú

î
= = -î

í

 (4.13) 

As shown in Fig.  4.4, if the resistive voltage drop is considered, the 

intersection of the current limit circle and the voltage limit ellipse moves from point 

A to point B. Fig.  4.5 shows the comparison of voltage constraints between 
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considering and without resistive voltage drop at different speeds. The stator 

resistance is measured by Micro-Ohmmeter. 

id

iq

Considering resistive voltage drop

Without resistive voltage drop

A

B

 

Fig.  4.4 Comparison of the voltage constraint ellipse with or without considering 

resistive voltage drop 

Voltage constraints considering resistive voltage drop

Voltage constraints without resistive voltage drop
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Fig.  4.5 Comparison of the optimal operating region with or without considering 

the resistive voltage drop. 
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4.3 Proposed Flux-Weakening Control Strategy 

The diagram of the IPMSM control system is shown in Fig.  4.6, which 

includes the optimal current reference LUTs, the proposed stator flux linkage 

adjustment (SFLA) method, dq-current controller, voltage overmodulation 

algorithm, voltage source inverter (VSI), and the IPMSM. The optimal current 

references for the given torque reference Te
* and the stator flux-linkage reference 

ɚs
* are output by the optimal current LUTs. The stator flux linkage reference is 

adjusted by the proposed SFLA method. 

VSI
Overmodulation

IPMSM

dq

Ŭɓ

MI

dq
abc
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*

ɤe

id
*

dq-current 

controller

uŬ
*

uɓ
*

ud
*

uq
*

iq
*

Proposed 

SFLA 

Method*

sl

ɗ

 

Fig.  4.6 IPMSM control system 

The proposed SFLA strategy is shown in Fig.  4.7, which adjusts the stator 

flux linkage reference based on the input torque reference, speed, and MI. The 

saturation control protects the current regulation loops from saturation. 



 
M.A.Sc. Thesis - Yihui Li    McMaster University - Electrical and Computer Engineering 

58 

 

+

ew

(15)(16)(18)
(19)(20)

(14)(16)(18)
(19)(20)

>0

T*
(17)(20) |u|

abs

T*

>0
1

0

(14)(17)
(18)(19)

>0
1

0

slD

ew

>0
0

(15)(17)
(18)(19)

1

ew

>0
0

slD

k0

+
-

+
-

+
-

+
-

T*
ewD

ewD

switch 1

switch 4

switch 3

switch 6

switch 5

max ITw Æ

T IwÆ

1

i sk T

z-

>0

>0
0

MI

>0
0

slD

switch 7
switch 8

0
-

k0
+

1

i sk T

z-

switch 2

kl

1kl

2kl

Integrator I

Integrator II

switch 9

k0
+Feedback path I

Feedback path II

>0

1

0

switch 10

ewD

0kl

T IlÆ

T IlÆ

*

sl

*

sl

*

0sl

2satk kl

1satk kl

switch 10
0

-

k0

+1

i sk T

z-
MI

satk

slD

Saturation control

 

Fig.  4.7 Proposed SFLA strategy. 

The maximum voltage of the space vector modulation mode is calculated as 

 max

1

3
s dcV V=   (4.14) 

where Vdc is the dc-link voltage. 

In this chapter, the overmodulation region is achieved. The maximum 

voltage of six-step mode is calculated as 

 max

2
s dcV V

p
=   (4.15) 

The intersection of the current constraint and voltage constraint is solved by 

optimization as 
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ì
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  (4.16) 

The intersection of the current constraint and torque loci is solved as 

 ( ) ( ){ }

2 2

1 2

*

1

2 2 2

2 max

min

3
, ,

2. .
e p m q d d q q d q d q

s d q

f f

f T n i L i i L i i i i
s t

f I i i

l

+

ë è ø= - + -î ê ú
ì
î = - -í

  (4.17) 

The speed on the voltage limit ellipse is calculated based on (4.12) and (4.13) 

as 

 
2 4

2
e

B B AC

A
w

- + -
=   (4.18) 

where A, B, and C are expressed as 

id

iq

MTPA 

Vdc/ã3

2Vdc/ˊ

Voltage extension region

Current 

constraint

Torque isoline

T1

T2

T3

P1

P2

P3

 

Fig.  4.8 Comparison of the optimal operating point with or without voltage 

extension. 
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  (4.19) 

The stator flux linkage is calculated as 

 ( ) ( )
2 2

, ,s d d q d m q d q qL i i i L i i il lè ø è ø= + +
ê ú ê ú

  (4.20) 

Fig.  4.8 shows the comparison of the optimal operating point with or 

without voltage extension. The shadow region is the voltage extension region. 

Conventionally, the maximum voltage ellipse is calculated as Vdc/ã3, and the 

maximum torque is T1. However, the dc-link voltage utilization is limited. In this 

chapter, the stator flux linkage is adjusted in order to produce the maximum and 

stable torque. 

As shown in Fig.  4.8, if the torque command is lower than T1, the proposed 

SFLA method doesnôt work because Vdc/ã3 is enough to produce the torque. 

If  the torque command is larger than T1 and smaller than T3 (for example, 

T2), the integrator I works. The stator flux linkage reference and the voltage ellipse 

are increased from point P1 and expanded to point P2. At the same time, if the MI 

is larger than the MI limit, the integrator I is stopped. 

If the torque command is larger than T3, the integrator II works. The stator 

flux linkage reference is initialized to point P3, and decreased from point P3, and 

the voltage ellipse is shrunk until the MI is inner the MI limit. The stator flux 
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linkage reference is decreased because the voltage at point P3 is unachievable due 

to the voltage saturation.  

When the integrator I works, kɚ is expressed as 

 

() ()
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When the integrator II works, kɚ is expressed as 
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When the integration is stopped, kɚ is expressed as 

 ( ) ()1k n k nl l+ =  (4.23) 

The dynamic stator flux linkage reference and the stator flux linkage 

difference are calculated as 

 
( ) ( )

( ) ( )
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0
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1 1

1 1
T I

s s

s s

n k n

n n

ll l
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 (4.24) 

The dynamic MI is calculated as 

 ( )
( ) ( )

2 2
1 1

1
2

d q

dc

u n u n
MI n

V

p + + +
+ =  (4.25) 

The flowchart of the proposed SFLA strategy is shown in Fig.  4.9. The 

procedure of the proposed SFLA method is explained as follow: 
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1) Calculate the speed of the intersection point of torque loci and current 

constraint T IwÆ by (4.14)(4.17)(4.18)(4.19). Calculate the maximum speed 

of the intersection point of torque loci and current constraints max ITw Æ  by 

(4.15)(4.17)(4.18)(4.19). Compare the instantaneous speed ew  with 

max ITw Æ  , and ewD  is calculated as max Ie Tw w Æ- .  

2) If max Ie Tw w Æ¢ , calculate the initial stator flux linkage reference *
0sl  by 

(4.14)(4.16)(4.18)(4.19)(4.20). At the same time, if Ie Tw wÆ> , *

s T Il lÆ<

and MI is inner the MIlimit, the integrator I is opened. Else the integrator I is 

stopped. 

3) If max Ie Tw w Æ> , calculate the initial stator flux linkage reference *

0sl  by 

(4.15)(4.16)(4.18)(4.19)(4.20). At the same time, if MI> MIlimit, the 

integrator II is opened. Else the integrator II is stopped. 

4) Calculate *

sl, slD  by (4.24). Calculate MI by (4.25). 

MI is limited by a hysteresis controller block. The upper limit is near and 

larger than 1. The lower limit is near and smaller than 1. For example, the upper 

limit of MI is set to 1.04, and the lower limit is set to 0.94. The limits are adjustable 

for different speed. The threshold of switch 8 is the same as the upper limit of MI. 

k0 is set to 1. ki is adjustable in this chapter. The dynamic response is faster when ki 

is larger. 

The proposed SFLA strategy adjusts the stator flux linkage reference based 

on the region of the speed. When ew  is not higher than max ITw Æ , the *

0sl  is 
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calculated by the maximum phase voltage of space vector modulation mode. *

sl is 

increasing from *

0sl  when Ie Tw wÆ> , *

s T Il lÆ<  and MI is inner the MIlimit. When 

ew  is higher than max ITw Æ , *

0sl  is calculated by the maximum phase voltage of six-

step mode. *

sl is reducing from *

0sl when MI is outer the MIlimit. 
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Fig.  4.9 Flowchart of the proposed SFLA strategy. 
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4.4 Voltage Overmodulation Technique and Optimal 

Current Reference LUTs 

4.4.1 Voltage Overmodulation Technique 

The voltage extension region is determined by the time interval of zero 

space vector T0. The overmodulation algorithm works when T0<0. If T0<0, T1>T2 

and T1>Ts, T1 and T2 are corrected as T1
ô=Ts and T2

ô=0. If T0<0, T2>T1 and T2>Ts, T1 

and T2 are corrected as T1
ô=0 and T2

ô=Ts. If T1ƋTs, T2ƋTs, and T0<0, T1 and T2 are 

corrected as 

 

 
' '1 2

1 2

1 2 1 2

,s sTT T T
T T

T T T T
= =
+ +

  (4.26) 

where Ts represents the sampling period. T1 and T2 denote the time interval of two 

active space vectors. The correction of time intervals is shown in Fig.  4.10 and Fig.  

4.11. After correction, the operating points which were outside of the hexagon 

boundary will be on the hexagon boundary. The voltage reference will be in the 

overmodulation region, as shown in Fig.  4.12. 
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(a) Before correction                                (b) After correction 

Fig.  4.10 Correction of time intervals when T0<0, T1>T2 and T1>Ts. 
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V2

V0 V1T1

T2

 

(a) Before correction                                (b) After correction 

Fig.  4.11 Correction of time intervals when T1ƋTs, T2ƋTs, and T0<0. 
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Fig.  4.12 Liner region and overmodulation region. 
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In the voltage extension region, the voltage reference is no more circular, 

which is shown as partial circular, and partial on the hexagon boundary. The voltage 

hexagon boundary is a rotating hexagon in the synchronous rotating reference 

frame, which rotates with the motor speed ɤe, as shown in Fig.  4.13. Fig.  4.14 

shows the optimal operating regions by maximum voltage of linear region and by 

maximum voltage of overmodulation region. 

refV
­

q

Voltage extension region

ɤe

Vdc/ã3

2Vdc/ˊ

 

Fig.  4.13 Voltage extension region. 
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Fig.  4.14 Optimal operating regions by maximum voltage of linear region and by 

maximum voltage of overmodulation region. 

4.4.2 Optimal Current Reference LUTs 

The feedforward optimal current reference LUTs in the entire torque and 

speed range shown in Fig.  4.15 are solved as the intersections of the MTPA 

trajectory, voltage constraint, current constraint, and torque loci presented in 

Chapter 2 in different speed and torque regions. The nonlinear inductances are used 

to obtain the optimal current LUTs. 
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(a) 

 

(b) 

Fig.  4.15 Optimal current references corresponding to torque and ɚs. 
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4.5 Comparison Between the Proposed FWC Method 

and Existing FWC Techniques 

4.5.1 Comparison Between FF-based Flux-Weakening Methods and 

the Proposed Method 

Table 4.1 shows the details of the IPMSM drive system. The switching 

frequency is 10kHz. The speed is set as a constant value, and the torque command 

is set as a step command. The IPMSM drive system is simulated as the condition 

that the IPMSM is coupled with a dyno motor. The dyno motor is operated under 

speed control mode, and the IPMSM is operated under torque control mode. 

In the FF-based flux-weakening methods, the operating point depends 

entirely on the feedforward path. The stator flux linkage reference is constant 

without adjustment. Fig.  4.16 shows the torque and currents of the conventional 

FF-based method at 740 r/min, with a step torque command changed from 1Nm to 

14Nm. The torque of the conventional method cannot track the torque command, 

as shown in Fig.  4.16. Fig.  4.17 shows the torque and currents of the proposed 

method with the same operation condition of Fig.  4.16. Fig.  4.17 shows the torque 

precisely tracks the torque reference. This is because the proposed method has a 

higher voltage utilization rate. In the proposed method, when the torque command 

is higher than the torque calculated by the maximum phase voltage of SVM, the 

proposed SFLA method starts to work. The stator flux linkage reference is 

increased to improve the torque until the torque can track the torque command. 
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Fig.  4.19 shows the torque and currents of the conventional method at 820 

r/min, with a torque step command changed from 1Nm to 14Nm. Fig.  4.20 shows 

the torque and currents of the proposed method with the same operation condition 

of Fig.  4.19. The torque in Fig.  4.19 and Fig.  4.20 cannot track the torque 

command. This is because the torque command is extremely high, which cannot be 

tracked even the six-step mode is achieved. However, the torque of the proposed 

method is still increased about 10% compared with the conventional FF-based flux-

weakening methods method. Fig.  4.18 and Fig.  4.21 shown the voltage trajectory 

of the proposed method is extended to the voltage extension region. 

 

Table 4.1 Details of the IPMSM Drive System 

Details Value 

DC-Link voltage 210 V 

Current limit 6 A 

Number of pole pairs 5 

PM flux linkage 333.3 mWb 

Base speed 658 r/min 

Maximum torque 15 Nm 

Stator resistance 400 mɋ 
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(a) 

 

(b) 

Fig.  4.16 Simulation results of FF-based flux-weakening control at 740 r/min. (a) 

Torque. (b) Currents. 
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(a) 

 

(b) 

Fig.  4.17 Simulation results of proposed method at 740 r/min. (a) Torque. (b) 

Currents. 
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Fig.  4.18 Voltage trajectory of the conventional method and the proposed method 

at 740 r/min.  
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(a) 

 

(b) 

Fig.  4.19 Simulation results of FF-based flux-weakening control at 820 r/min. (a) 

Torque. (b) Currents. 
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(a) 

 

(b) 

Fig.  4.20 Simulation results of proposed method at 820 r/min. (a) Torque. (b) 

Currents. 
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Fig.  4.21 Voltage trajectory of the conventional method and the proposed method 

at 820 r/min.  

Torque response when motor parameter errors are introduced at 740 r/min: 

 

(a) FF-based                                          (b) Proposed method 

It can be seen that when motor parameter errors are introduced, the PI 

regulation loops are saturated in FF-based method, and the torque is unstable. In 

the proposed method, the modulation index as well as the voltage saturation is 

controlled, which provides better robustness to motor parameters variation. 
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(a) 

 

(b) 

Fig.  4.22 Comparison between FF-based FWC and the proposed method. (a) 

Torque versus speed. (b) Power versus speed 
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Fig.  4.22 shows the comparison of the torque and power at different speeds 

when the torque reference is 14Nm. The speed range of the constant torque part of 

the proposed method is extended. In the current constraint region, the torque of the 

proposed method is improved compared to the conventional method. 

4.5.2 Comparison Between FB-based Flux-Weakening Methods and 

the Proposed Method 

Fig.  4.23 shows the torque and currents of FB-based flux-weakening 

control at 740 r/min. Fig.  4.24 shows the torque and currents of FB-based flux-

weakening control at 740 r/min. The torque ripple and current ripple are larger in 

Fig.  4.23 during the transient process. This is because the voltage is keeping 

saturated in the transient process, and the voltage is distorted by induced low-order 

harmonics. In FB-based FW control, the operating point moves from MTPA to the 

flux-weakening region until the voltage is no more saturated. Before the operating 

point reaches the appropriate point, the voltage is keeping saturated, which not only 

degrades the dynamic response but also puts the drive system into a harsh condition. 
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(a) 

 

(b) 

Fig.  4.23 Simulation results of FB-based flux-weakening control at 740 r/min. (a) 

Torque. (b) Currents. 
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(a) 

 

(b) 

Fig.  4.24 Simulation results of proposed method at 740 r/min. (a) Torque. (b) 

Currents. 

4.5.3 Comparison Between Mixed Flux-Weakening Methods with 

One Feedback Path and the Proposed Method 

Fig.  4.25 shows the torque and currents if there is only one increasing 

feedback path with the same operation condition of Fig.  4.20 and Fig.  4.26. 

Although the torque in Fig. 4.25 can be achieved as the same value as the proposed 
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method, the dynamic response is slow, and the torque keeps slowly increasing and 

is stable after 1s. The torque of the proposed method is stable after 0.6s. This is 

because the proposed SFLA method has higher initial stator flux linkage reference 

and voltage reference, which provides a higher dynamic response speed. 

 

(a) 

 

(b) 

Fig.  4.25 Mixed FWC with only increasing feedback path at 820 r/min. (a) 

Torque. (b) Currents. 
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(a) 

 

(b) 

Fig.  4.26 The proposed method at 820r/min. (a) Torque. (b) Currents. 

  
















































































