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Abstract

The fluxweakening control(FWC) methods forinterior permanent magnet
synchronous motordPMSMs) with torque performance improvemeare studied in this
thesis.

A FWC strategywith constant parameteissproposegwhichachieves the extended
dc-link voltage utilization and improves the tracking performance. The voltage trajectory
is extended to the overmodulation region to increase tfialdeoltage utilization rate and
torque. Moreover, a current predictive controlierimplemented to improve tracking
performance.

A FWC methodconsidering he resistive voltage drop and magnetic saturaton
proposed. The proposed method achig¢kiesvoltage extensigmorque improvemenand
improved dynamic performance by estabihgha new stator flux linkage adjustment
method. The stator flux linkage reference is adjudiaded onthe torque reference,
operating speed, and modulation index. Two voltage feedback pathstabfishedcand
chosen based on the torque reference andatipg speedThe stator resistance and
nonlinear inductanceharacteristicare constructed based thre experimentatest Thus,
accurate current control is achiev&bmpared tdeedforwardbased=WC methods, the

iv



proposed method improves tloatputtorque and power Compared to feedbadbased
FWC methods,he proposed method improves the dynamic performandeavoids the
voltage saturation and windup probledempared tahemixed FWC methodswhich only
have one feedback pathe proposed method improves the dynamic performance.

The influence of extendedc-link voltage utilization is analyzed:he nonlinear
relationship between voltage and torque is solmathematically. The torque, torgupple,
and current ripple trends with modulation index in voltage extension region are analyzed
andthe harmonic spectra of voltage, current, and torque with or without voltage extension
are comparedvhich provide the guidance tnake the tradeoff be®en maximizing the

torgue 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 te timcremental cost of fossil fuels and concerns about
the environmentl]-[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 effici&d®]. In EVs and
HEVs, the wide speed range is required, the operating regiorBM8NIs are
extended to fluxveakening (FW) region.

IPMSM optimal operating regions can be classified as MTPA (maximum
torque per ampere) region and flweakening region. With the increase of speed,
the back electromotive force (EMF) is increasing. Whenltack EMF is higher
than the maximum phase voltage, the current regulation loops are saturated, and the
dgraxis current cannot track the current references. The back EMF should be

reduced by weakening the flux when the current regulation loops are sdiUrae

1
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way is to reduce thé-axis current to weaken the air gap flux to keep the operating
point on the voltage limit because the torque is mainly proportional tq-dixes
current. This is called the fluweakening control. If thal-axis current is not
reduced, they-axis will be reduced due to the-tick voltage limit. Theg-axis
current and torque will fluctuate, which will caudeterioratiorof the performance
of IPMSM drive systems. The flaweakening 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 withAVithie
operating point is in the fluweakening region. The fluweakening region is
shown as the green regionkig. 1.2. An IPMSM drive system can be classified
asa finite-speed drive system and an infirgeeed drive system. As showrFig.
1.2, for a finitespeed drive system, the center of voltage constraints is outside of
the current constraint; for an infinitgpeed drive system, the center of voltage
constraints is inside of the current constraint. Maximum torque per voltage (MTPV)
only exists in an infinitespeed drive system.

In the MTPA region, MTPA control is implemed. MTPA control can be
classified asnodetbased signal injectiorbased, 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-{F&Bed, feedforward (FHased,
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and mixed approachedowever, the existinfeedbackbased, feedforwarbased,

and mixed approachésve heir limitations.

:

éModel-based
MTPA region- MTPAcontroi signal injection-isad
t Searching-based

<] eCurrent Feedback-based
s %Feedback-baséd Voltage Feedbaeked
i +Voltage Error Feedback-bas
él.ookup table:
i Online calculation

IPMSM optimal operating regio

Flux-weakening region  Flux-w&aning contol%
1 Feedforward-bas
1
1
1

—) ) =) =) ) =) =) D)) =) ) =) =) )

Fig. 1.1 Diagram of IPMSM operating regions

Aj
MTPAT S cyrrent constraint

% Voltage constraint considering resistive voltage dro

(@)
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b i
9 Current constraint

T>T,
¥1> > ¥ %

Voltage constraint considering resistive voltage dro
(b)

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

The feedbactbased fluxweakening control methods are motor parameters
independent and thus insensitive to the variations of motor pégesn However,
the feedbaclbased fluxweakening control methods cannot provide the optimal
current references to achieve higher efficiency, and the transient performance is
limited. Also, the inconsistency between-BBsed FW control and antiindup
contol puts the IPMSM control systems into a double squeeze.

The feedforwarebased fluxweakening control methods find the optimal
operating points based on motor parameféig-[13]. However, the Fbased
FWC is sensitive to motor parameters variation. The control performance would
degrade due to parameters variation.[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 ofterctingiming.
4
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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 feedHaakel method
with the feedforwarébased methofiLl4]-[17], which has the advarga 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.[I4], the modulation index (MI) reference is
set to the constant value, which is not flexible enough and limits thekdeoltage
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 efficien¢¥6Jrand[17], the
dc-link voltage is not included in the feedback loop, in which thdéirdcvoltage
fluctuation is not considered.

The voltage overmodulation techniques are implemented in FW control
metlods to extend the voltage utilizatiolm. [18], the overmodulation is divided
into two modes: mode | (0.906 <modulation index (MI)< 0.952) and mode 11 (0.952
<MI< 1). In [14], only the overmodulation mode | is reached, which limits the
voltage utilization rate.

The resistive voltage drop is often neglected in FW control mettwds
simplify the calculation process. However, the accuracy of optimal operating points

calculation and FW control is degraded.
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Tablel.1 Comparison of fluxsweakening control methods

FWC methods Robustness | Stablity of regulation loops
FB-Based FWC \%
FFBased FWC Vv

Mixed FWC Vv V

1.2

Contributions

The contributions have been made to the stable and accuravesfékening

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

follows:

1)

2)

A mixed flux-weakening control method with constant parameters is
proposed, which increases thelohk voltage utilization rate, and improves
the torque tracking performance. The proposed mdihsdhe fast dynamic
performance provided by thegfdforward path and the ability to compensate
for the parameters mismatch owing to the claseg feedback path.

The influence of the resistive voltage drop and magnetic saturation is
theoretically analyzed. Because of the highly nonlinear relationshipg@amo
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 ef flux
weakening control is degraded if the stisie voltage drop is ignored, which

would cause the parameter mismatch andetiner on tracking currents
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3)

4)

especially at high speed. The resistive voltage drop and magnetic saturation
cause the shifting of voltage ellipses and torque loci. The operaiintsp

with and without considering the resistive voltage drop and magnetic
saturation are compared in this thesis.

A mixed flux-weakening control method considering the resistive voltage
drop and magnetic saturation is proposed, which increases the gooturac
flux-weakening controlTo improve the dynamic performance, there are
two feedback paths in the proposed flugakening control method.
Compared to Fbased fluxweakeningcontrol methods, the proposed
method improves the torque and power. ComparedBeased 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 methodshich 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
paraneter mismatch.

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 analyzedhe 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 ripipg®iation.

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 feedbaskd FW methods,
feedforwardbased FW methods, and mixed FW methodsrareduced.

In Chapter 3a flux-weakening control strategy with constant parameters is
proposed, which increases theldk voltage utilization rate, and improves the
tracking performance. The voltage extension is realized by implementing an
overmodulabn algorithm. The tracking performance is improved by implementing
a current predictive controller. The torgsttor flux linkagecurrent LUTs are
obtained as the optimal current references. The stator flux linkage reference is
adjusted based on the tamgreference, speed, and Ml in the proposed flux regulator.

In Chapter 4the flux-weakening control method consideritge tresistive
voltage drop and magnetic saturation is proposed. A stator flux linkage
adjustment (SFLA) method is proposed in thepmsed fluxweakeningcontrol
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 dibpnagnetic
8
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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 5the windup phenomenon of the current regulation loop in the
voltage extension regn 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 flneakening (FW region, and
existing fluxweakening methods are introduced. The existing-fleakening
methods include feedbatlased FW methods, feedforwardsed FW methods,
and mixed FW methods. Mixed FW methoaisx the feedforwarébased FW

control with the feedbackased FW control.

2.2 IPMSM Model

The dynamic model is represented in dageference framdn the rotating

reference frame, the voltage equations for IPMSMs are written as

10
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di . .
Ld d_: = M/eLqI q _RJ a U (21)

di

qu_:: -M/e(Ldid -’trr) R_!q u. (22)

wherelLq andLq ared- and g-axis inductancesa is the permanent magnet flux
linkage, us and uq are d- and g-axis voltages, ande is the electrical angular

frequency. The electromagnetic torqligis expressed as
T, :§npg/miq {L, )il (2.3)
2

wheren, 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 V2Z1]. The PWM effects on
loss in electric machines have been analyzddlihand[22]. The highfrequency
current ripple generated by the PWM causes losses, which degrade the efficiency
of the IPM maching21]. 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 problg28k Besides, the electric
machines fed by PWM VSI could also exhibit higher acoustic noise level due to the
high-frequency current ripplR3], [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 electaiccuits[25]-[27]. However if the PWM

effects are considered and thel\6&Smodeled in FEA, the time step has to be set to

11
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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 tj&&]. In orderto avoid FEA
computation in the dynamic simulation, lookup tables (LUTS) are used to establish
the nonlinear electromagnetic characteristics of electric mac[28¢$31]. The
flux linkage, torque, and voltage LUTs can be obtained from FEA or experiments.
The detailed dimensions of mot@i® 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[28], 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 hiffequency cwent ripple was ignored. These
harmonics cause additional iron losses, which should not be neglecfad], la
model considering the temperature effects was predehiowever, 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. Irf31], another model was presented, which requiredthadg-axis self
and mutuainductances, and the flux produced by permanent magnets. The authors
have used simplifications for the calculationdefandg-axis flux produced by the
permanent magnets, which would reduce the accuracy of the model.

To ensure the azuracy 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

12
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nonlinear inductance LUTs based on tkpeximental 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. Tha-axis andg-axis currents are controlled and recorded. d4a&is and

g-axis voltages are also recorded. The inductafaredifferent current references

are calculated by voltage equations.

The flux linkages in thelgreference system are expressed as

&, o i,e éh,
e al‘dq i @%b (24)
e/q u qe €

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 motdraxis andy-axis flux linkages are reorganized

as
ly=fus -Riy # Jdt (2.5)

o=y, Ri; -w ) dt (2.6)
As shown inFig. 2.1, the IPM machine is fed by a thrphase VSI, which
consists of six switches and six diodes. Thenber of the combinations of
switchingstates is eightrom [0 0 0] to [1 1 1]. Thepace vetor diagram foithe
threephase VSIs shown inFig. 2.2. Thespace vector diagrarm divided into six
sectors formed by six active vectdfisi= 1, 2and thezero eectoNy is at

the center.

13
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D1 D

7

PhA

D2

PhC
D4 D6
S2 S4 ; S6 ;

Fig. 2.1 IPM machine drive.

(a) (b)

Fig. 2.2 Space vector diagram. (a) eight voltage states; (b)-fiirase voltage
waveforms in sector Il for one PWM switching cycle.

As shown inFig. 2.2(a), d is the angle betweeWier and the active space

vector. The time duration of switching states is

V3TV, . 8p
T, =—"sin 2.7
a Ud é‘% q ( )
3TV
T, :@sinq (2.8)
Ud
T,=T, -, % (2.9

where T,, Tb, andTo are the dwell time for vectohs, V2, andVo.

14
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The dwell time for the vectors represents theamd off state time of the
switches. The reference voltage and the sampling p&sicah becalculated by the
eight space vectors. The inverter output phase voltage waveforms in sector Il for
one switchiig cycle is shown ifrig. 2.2(b). The sampling periotsis divided into

seven segments.

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

discretzed as
lo(n+1) =4(n) Fgu(n I+ Ri() 49 £ @10

lq(n+1) =4(n) Fgu(n P+ Ri() s ) (217
whereTsis the sampling period. The IPM machine model isiooulated with the
drive systemusingd- andg-axis reference currents. Theferencevoltageus” and
Ug are generated by the PI controller with the cllmsg dq current error.

ug andus are calculated by inversark transfornation as

&u,’ @écosg, - sing @l
é * E é . g d* - (2'12)
gl péesing. cosg g,

The output of SVM is the on and off time of each of the six VSI switches.
The outputs of theinverter are threphase voltages. Applying the Park

transfornation the thregohase voltages are converted ing@andug.

eu - <
N s aop By
€ u sin(q.) -sin‘gge L 8 sin &—440 @8

¢ 3 = ¢ 3 0~
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2.3 IPMSM Optimal Operating Regions

For an IPMSM drive system, thaptimal operating regions include two
parts: the MTPA region and the fhkuxeakening region. As shown kig. 2.3, for
a finite-speed IPMSM drive system, the flweakening reign includes two parts:
constant torque part like AB and current constraint part like BC.
Ao
Current constraint

MTPA

¥

Torque locus A

Voltage constraint

Fig. 2.3 IPMSM operating regions

2.3.1 Maximum Torque per Ampere (MTPA) Region

The MTPA isformed 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) Setthe sweep range of amplitude of currentgmangle.

2) Calculate theq andiq based on amplitudef current andlgangle.

16
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3) Calculate the torque.
4) For each amplitude of the current, find the maximum torque point, and record

thedqangle of the maximum torque.

e
=
MTPA
Contant torque lo
7 ==
0’”‘ /
</
/
7
/ =
-/
/ / =~
Lo = MTPA
L~ T angle
- / - /
-~ ' I ¢¢¢ I
- ] | . 1
i Contant current locus

Fig. 2.4 MTPA by sweeping the current

The MTPA can be solved mathematically instead of sweeping the current

anddgangle TheMTPA trajectory is expressed using optimization as

min if +iZ
3 s L
st 'I;-EPng L) iy A, 80 (2.14)
T+l @2

The MTPA is further solved 452]

o+ iiz i2) e. (2.15)

When ¥ Orp, and Te OTy, the optimal point is the intersection of MTPA

trajectory and torque locus. The andiq” are obtained by solving

17
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min f?+ f

&, . 3 .

}1“1—Te —anmlq ( g Lq)IJq (2.16)
St L-L

a . d . .

1[1‘2=|d -|/—q(|§ Ié)

m

whereyy, is the base speed, afglis the torque at base speed.

When¥"Orp, and Te >Ty, the optimal point is the intersection of MTPA

trajectory and current constraint. Tlaeandiq are obtained by $ang

min f2+ f?
é L -L
f—| +24a(j2 g2 2.1
st T (d q) 217
b, =12, 42 02

Wheny ">y andy " Or mrpat, the optimal poinis the intersection of MTPA
trajectory and torque locus. Théandiq are obtained by solving (2.1&)mrpatis

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

2.3.2 Flux-Weakening Region

Wheny “>¥ urpatandigvr®+ iqv?<lsma?, the optimal point is the intersection

of torque locus and voltage constraint. Thie@ndiy are obtained by solving

min f? + f}

é * 3 ~

Sf=T Znej L-Ji

’:\ 17 5 pe m'q ( d Q) ‘!q (2.18)
Stj , V,

Th=w e

| \/ d|d+/ -(LJ )
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whereigytandigvrare thedgaxis currents of the intersection of voltage ellipse and
torque curve.
Wheny¥ “>¥ yrparandiavi’+ iqvAsma?, the optimal point is the intersection

of current constrait and voltage constraint. The andiq are obtained by solving

min f2+ f

%éfl-limax ig g 219
St}:\ f2:l/l/* Vsm

1 \/Ld|d+/ -(L(J )

By calculating the optimal points for the entire reference speed and
reference torque range based on (2-18)19), the optimaily’ andiq LUTs without
stator resistance are obtained. The optimal operabimggpcan also be calculated

online.
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2.4 Existing FluxWeakening Control Techniques for
IPMSMs

The operating regions of IPMSMs are extended to thevileakening (FW)
region where the wide speed range is required. In FW regions, FW techniques have
been propsed, which can be classified as feedback {fd&ed, feedforward (FF)
based, and mixed approaches. By appropriate-vileakening control, the

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

2.4.1 FeedbaciBased FluxWeakening Cotmol

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. Theupotables (LUTSs) or
online calcuition of optimal operating points are not required. These methods are
robust to the uncertainty of motor parameters due to the elospdfeedback.
However, FBbased FW methods cannot find the optimal operating points to
achieve high efficiency. Also, dgmic performance is limited.

Another problem of FBased fluxweakening control using voltage signals
is the confliction between fluweakening control and antiwindup control. When
the phase voltage reference is set to a value that is larger thanoytiagre is a
part of the region that is out of the voltage hexagon boundary than would not be

realized by SVMbased inverter, which can put the system into an unstable situation.
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In this region, the antiwindup control are implemenfealkeep the stable cant

of the system, the feedback signal of voltage is used to decreakaxisecurrent.
However, in the voltage extension region, the inconsistency betwebadesl FW
methods and voltage overmodulation boundary puts the IPMSM control systems
into a doulke squeezeAs shown inFig. 2.5, the circle, ellipse, and distorted
hexagon represent the current constraint, phase voltage reference magnitude, and
modulation limit. InFig. 2.5, an operating point A is located outside the voltage
limit. With the flux-weakening control, point A will be moved to,Avhich ison

the voltage constraint calculated by voltage equatiwvith antiwindupcontrd,

point A will be moved to A, 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 fluweakening control and SVM
basednverter outpuhexagonlimit. The MI is more difficult to increase because

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

Alg

1
Aty

Fig. 2.5 Conflict between fluxweakening control and antiwindup control
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1 Current Feedbackased FluxWeakening Control
Current FBbased FW control is first proposed [82], in which the
saturation of the current regulator is identified by the current feedback. MWhen
andiq are out of the voltage constraint, the voltage is saturatedd-&Ris current
error is the feedback signal, which is used to decreasgakis curent when the

voltage is saturated. The diagram of the currenbB8ed FW control is shown in

Fig. 2.6.
id* Ud* P UU*‘ |
T . | dorcurrent| y . > =
— MTPA |lIq + la | controller|Us U ;;J.}_{]_{]
- T AA
Pq y SVM

VAT

dg D
abq

> ()
<
2

Fig. 2.6 Diagram of the current FBased FW control
1 Voltage Feedbackased FluxXNeakening Control
Voltage FBbased FW control includes two types. The first one is uing
andg- axis voltages as feedback signdlee second one is usimg and g- axis
voltage errors as feedback signals. Usingndg- axis voltages as feedback signals
to compensaté-axis current was proposed [B3]. When the operating point is
outer the voltage constraint, the voltage feedback is used to compensatedfor the

axis current reference. The voltage feedback and the modification ofakis
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current push the operating point to move on the veltamstraint, and to the flux

weakening region.

L |
.+ do-current| |
O

controller

MTPA |iq

&ﬁ
s, |5
+
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— |
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-
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YYVYYVY

b3

VSI
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ud2 + U;Z
dq
4
abg
s Y

Fig. 2.7 Diagram of the voltage FBased FW control usindraxis andg-axis
voltages

Using voltage errors as feedback was proposg®bin 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 fluxweakening control is avoided. Tlieaxis andg-axis voltage errors are
used to compensatkaxis current to consider the saturation of baxis andg-
axis current regulatiolmop output voltages. However, the-litik voltage feedback
is not included in voltage FBased FW control using voltage error, which cannot

consider the fluctuation of dink voltage provided by batteries in EVs.

23



M.A.Sc. Thesis Yihui Li McMaster University Electrical and Computer Engineering
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Fig. 2.8 Diagram of the voltage FBased FW control using voltage errors
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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 voltageors can
be derived by current or voltage signals[34], the dwell time of the voltage zero
vector in the modulation algorithm is used as the feedback to compensatedfor the
axis current. 1f35], thed-axis andj-axis voltage errors are used to compendate
axis current, and thg-axis current is modified according to the current limit and
thed-axis current. To eliminate the conflicts betwéeo current regulation loops,
the singlecurrentregulator FW method86]-[38] are proposed, in which only the
d-axis current regulator og-axis current regulator is needed. To improve the
dynamic performance and the stability of -BBsed FW control, the voltage
regulation loop is theoreticalnalyzed and developed [89]-[41]. The fedback

voltage ripple is analyzed and reduceduih].
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2.4.2 FeedforwareBased FluXWeakening Control

In FFbased FW methods, the optimal operating points are obtained by
feedforward LUTs or online calculation. fased FW methods guarantee the fast
transient performance; however, are sensitive to parameters variation. The
performance of Hbased FW methadrelies on the accuracy of the feedforward
optimal operating points.

In FFRbased 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 feedforwamtipis established by LUTSs, curve fitting,

or online calculation methods, as showirig. 2.9.

i* ud* ul:l*‘ P>
¥e | FFFWC | s > dg/— RS
LUTsor | . |dacurrent . < h 7
T. online | 'a_| controller{Ys | /j g Us >
- calculation g g g -
Iy VSI
SVM
? dq )
abg
A @
d(ipms

Fig. 2.9 Diagram of the Ffbased FW control

In [42]-[45], the optimal current references are calculated online. These
methods need less memory space. However, the online calculat®righ

calculation burden and requirbigh computational poweiThe saliency ratio is
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particularly considered if42]. The d-axis andg-axis inductances are estimated
online in[43]. The winding resistance and inverter nonlinearity are considered in
[44] ard [45], which improves the accuracy of MTPA (maximum torque per ampere)
trajectory, MTPV (maximum torque per volt) trajectory, and FW operatida5in

the condition of ddink voltage variation is also considered. Except for online
calculation, another alternative approach is to store the optimal operating points in
LUTSs orfitted curveq46]-[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 discusseddmh. The
optimization is emjoyed in[48] to obtain the minimum current for different torque
and speed references. The maximum voltage vector is constidt] iand [48],

which donot consider the situation of vol t

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 if2F448], the other uses torque
reference and stator flux linkage reference as infduts[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 statoridage

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. Themixed 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 mismhatowing to closedoop feedback.

In [14], stator fluxlinkage reference contains two parts. The first part is
calculated by ddink voltage andye, which is regardeés the main stator fiu
linkage. The second part is calculated by the difference MI and Ml reference MI_ref,
which is regarded as the compensated statorlifhlkage reference. However, the
MI_ref is set to the constant value, which is not flexible enarghlimits the de

link voltage utilization.

/ Ve
Ye
-/_<_ Pl . -M'_ref
¥ve MM
* . *‘ Ud*‘ uU*=
Te >l dg-current—* d, . —
la,.| controller [Ya,.| /U fl,, J'\l <1 <}
WY : VSI
ﬂ Overmodulation
? dq )
[ abq p=
4 d IPMS

Fig. 2.10Mixed flux-weakening control ifp14]

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

torqgue command increases frorB@NmM, and then decreases from@Om. 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], thed-axis andg-axis voltage differences before and after
the modulation algorithm is used to compensate statwiifikage reference. The
dc-link voltage is not included in the feedback loop, in which thdéirdcvoltage
fluctuation is not considered.

The magnetic saturation is considered[14]-[17] by using nonlinear
inductance characteristics. However, to simplify the calculation of optimal current
references, the resistive voltage drop is negle¢14if-[16], which degrades the

accuracy of optimal operating points and FW control.
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Fig. 2.11 Mixed flux-weakening control ifil6][17]
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2.5 Summary

The dynamic moddb3], operating regions which include MTPA and FW
region, and existing fluweakening methods of IPMSMs are introduced in this
chapter. The fluxweakening region includes two parts: the constant torque part and
the current constraint part. Hiased FW methods are robust to the uncertainty of
motor parameters; However, cannot fitngé optimal operating points to achieve
high efficiency. Also, the dynamic performance is limited-dased FW methods
guarantee the fast transient performance; however, are sensitive to parameters
variation. The mixed FW control provides the optimal cgtérg 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 clodedp feedback. However, the presenkea

FW methods have their limitations.
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Chapter 3

Proposed FluxWeakening Control
Strategy for IPMSMs with Constant
Parameters

3.1 Introduction

In this chapter, a fluxveakening control strategy based tire mixed
method is proposed for IPMSMs, which increases thén#icvoltage 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
statorflux 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 Ml.
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3.2 IPMSM Operating Constraints

At steady state, thetaxis voltageuq, andg-axis voltag, ug, in synchronous
rotating reference frame can be expressed as in (3.1) and (3.2)
u, = wlj, R, (3.1)
u, =uy(Lgiy +/,) R, (3.2
where Lg and Lq represent thel-axis andg-axis inductances, respectivelgm

denotes the permanent magnet flux linkage, ards the angular electrical

frequency. The electromagnetic torgugs expressed as
T, npelmlq -(L I-_q)l(;q (3.3

wheren, is the number of pole pairs.
The maximum currentmax0of an IPMSM is normally related to the motor
itself and inveter thermal limit. The current references should satisfy
iy +iy @2 (3.4
The voltage limitVsmaxis related to the dbnk voltage and modulation
techniques. The voltage constraint is expressed as
U Uy V2, (3.5)
When the phase winding resistance is neglected at the steady state, the

voltage constraint is simplified as

\/Ld|d+/ i) Yomax (3.6)

.

The maximuncurrentper ampere (MTPA) condition is expressed as
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1(i2 42) e (3.7)

3.3 Proposed FlwwWeakening Control Strategy

3.3.1 Overmodulation Technique and Flux Regulator

The Ml is defined as

pvref _p Ug + us
2vdc 2\/ dc

MI = (3.8)

whereVietis the reference voltage.

OLinear region O Overmodulation region
B AD )
\ Ve

Vs

Vi Vs
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.

32



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

The overmodulation region is determined by the time interval of the zero
space vectofo. The overmodulation algorithm is implemented whgr 0. When

To< 0 andT1> Ts, T1 and T2 are corrected & =T, and T, =0. WhenTo< 0 and
T2>Ts, TrandTz are corrected & =0 andT, =T,. WhenT1< Ts, T2<Ts, andTo

< 0,T1andT: are corrected as

T, = T
L+T, T+,

whereTs represents the sampling peridd.and T2 denote the time interval of two
active spae vectors, respectively.

The proposed flux regulator is shown in Fig. 3.2. Ml is calculatagh,hy,
andVqc. axis calculated as the intersection of the torque reference and current limit,
which is the minimum stator flux linkage for required torquienence. When Mi
is lower than the MI limit ands” < &, & is increased. This means the stator flux
linkage references is increased whea™ < a, andthe PWM output is within the
maximum boundary of the overmodulation limit. The voltage ellipse is expanded.
The increase o0& would not stop untiks is larger than or equal te, or the
maximum boundary of the overmodulation limit is reached.

The uppeand lower limits of MI are defined inhgsteresis 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.

=& Gl

3.3.2 Current Predictive Controller

Instead of using a proportionategral (PI) controller, a current predictive
controller, which predicts the future dynamic behavior of the currents, is carried
out, to improve the tracking dermance. The objective is to minimize the
difference between the current reference and the predicted current.

The voltage equations are expressed in-stat@able form as

edip 6 R g 2 €1 4,0
€dt ue Ly d gel-d l:bde
é . ut o d e
é% Ug R 5 l]go 1 E‘Jqé
Edt EIé Ly g é Ly 4 (310)
¢ wli, o |
é U
& b
e w(Lj,+/) U
é’ e( dd m) g
é L v

By employing the Euler approximation, the discritee form of (3.10) is

expressed as
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x(k+1) =Ax(K BY B ¢ (3.11

whereTsis the sampling period, and the mathixB, andC are expressed as

gl TR 0o @
y T u
S < TR
e'q u > 0 1- sRs u
€ L U
e qa u
eT, . o ¢  Tw(k) Li(K)
& 0 gy ¢é
Ly S8 L,
20 L 3 é TsM/e(k)(Ldld(k)+ /m)
é Ly 0 g q

According to (3.11), the predicted current is expressed as
Hk+1) =A{K BB ¢ (312

Theperformance indexes dfaxis andy-axis currents are expressed as

B+ i 37
F(+1) 4k B g

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

Q

(3.13

(D&.('D~ (2.
o ai
—) —/=)(D:

o)

A x 2
W, orugh(k 1) iz(k 1+g
UA

|
é =0
U
g“jj: gq g ”“d'* 2 ! (3.14)
g gingelk 4) ig(k D+g
et g m B

By solving (3.14), the optimized voltage references are calculated by
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e L, a
"R - —4 0 <
ai () 8§ T, Ed(k) 5,
e « (v iy
@uCI(k) ug 0 Rs-% l.;lfl(k) u
e s U (315)
ely 2
0 Hie) 82 mLiK)
€0 L, Ba(k+1) b & (K) (Lyig (K) + 7,)
e T

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, cumpeedictive
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 givdig anda” are obtained from LUTs. The current
reference LUTs shown in Fig. 3.4 are derived from (3(3)7) for differenfTe and
& . 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@nstant and calculated by (3.6) in the simulation with the Pl 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. TWatage 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 dynamitaxis andg-axis currents of the conventional
method and the proposed method when the motodsgaees 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 drackin
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 thewieakening region. In Fig.

3.6 and Fig 3.8, the current error is calculated by

Di(t) # (t) idt). (3.16)
- Y, Ve
Flux regulator |
<—
MI v
| P ‘ id:
ik | Wl W SRR
J—d> Predictive| | 99 ) -
- * | Controller |U’ <ol Up > H]
—> . | Uub >
& Gy >
O <t 1 «}
> Park® Overmodulation v Sll
d
hrd =
ParkClarke
¥e [ IPMSM

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.

Table3.1 IPMSM Specifications

Details Value
DC-link voltage 300V
Rated current 9.4 A
Number of pole pairs 5
d-axisinductance 11 mH
g-axis inductance 14.3 mH
PM flux linkage 0.333 Wb
Rated speed 900 r/min
Rated torque 33.5Nm
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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 dynamid-axis and g-axis currents of the
conventional method and theopoosed 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. Besidéise average torque of the proposed
method is increased in the fluxeakening region. This is due to the proposed flux
regulator and overmodulation technique. The output voltage is extended to the
guastsix-step and shstep modes. It can be seen thattthrgue 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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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 respose comparison between the conventional and proposed
methods when the speed changes from 500 r/min to 1600 r/min.
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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.
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Fig. 3.9 Torque response comparison betweendbnventional and proposed
methods when the speed changes from 500 r/min to 1400 r/min.
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Fig. 3.10 Dynamic currents comparison between the conventional and proposed
methods when the speed chanfyem 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 dynamid-axis and g-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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Fig. 3.12Dynamic arrents comparison between the conventional and proposed
methods when the speed changes from 500 r/min to 1250 r/min. (a) Conventional.
(b) Proposed.
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Fig. 3.13Torque response comparison between the coioreitand proposed
methods when the speed changes from 500 r/min to 1250 r/min.

Fig. 3.12 compares the dynamid-axis and g-axis currents of the
conventional methodnal 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 chaptera novel fluxweakening control strategy for IPMSMs is

proposed, which extends the-liltk 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. Thekirax performance is improved by the
current predictive controller. Compared to the conventional method, the proposed

method increases the torque and power with improved tracking perforisdince
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Chapter 4

Proposed FluxWeakening Control
Strategy Considering Magnetic
Saturation and Resistive Voltage Drop

4.1 Introduction

In the previous chapter, the fhwxeakening (FW) control method with
constant parameters has been presented. In this chapter, thvedlkening method
consideing 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, torqueference, 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 saturatiom @wnsidered 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 MagneticSaturation

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

written as
o d(Lyig+/, ,
u, = Ri, % w,Ld, (4.1)

(Liy ) (4.2)

whereug andug represent thd-axis andg-axis voltagesiqd andiq denote thel-axis
andg-axis currentslq andLq are thed-axis andg-axis inductances, respectively.
Rs is the stator resistancaw is the permanent magnet flux linkage.denotes the

electrical angular frequency. The electromagnetic torque is written as
3 . .
E-Epgk'%%h i (4.3)

whereP is the number of pole pairs.
The current constraint is related to the inverter thermal limit. Thermuai

current satisfies

-2

=2 2
Iy g ¢

(4.4)

The voltage constraint is relatedrteodulation techniques and the-liftk
voltage. The maximum voltage satisfies
ug+ud V2L, (4.5)
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TheMTPA trajectory is expressed using optimization as

min i§ +iZ
3 . .
st 'I;-EPng L) iy A, 80 (4.6)
g+l @2

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 LUTsire 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 shoulddlese to the base speed to reduce the influence of
measurement error. Tldeaxis andj-axis currents are controlled and recorded. The
d-axis current reference is frorBA to OA with the interval of 2A, and thepaxis
current reference is from OA to 6A with the interval of 2A. Thaxis andg-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

Lq(id,iq)=% (47)
L, (id,iq):u‘*,;’/—i?'q {;ﬂ (4.8)
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Fig. 4.1 Motor dyno setup

The dyno setup for IPMSM characterization is showrFig. 4.1. An
Induction motor (IM) is used as the dyno motor, ihiE 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 andg-axis inductances obtained by the experimental test are
shown inFig. 4.2. The comparison of the optimal operating region with or without

consdering magnetic saturation is shownrFig. 4.3.
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Fig. 4.2 d-axis andy-axis inductances as functions of currents by experimental
test. (a) d-axis inductance. (I-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 equation$4.9) and (4.10) at steady state considering the

resistive voltage drop are written as
=Ry Wlyigi)i (4.9)
U, = Ri, #,8L(iaigi 4 (4.10)

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

resistive voltage drop is rewritten as
hY - - - - 2 Y - - - 2 2
8Rs|d_ WeLq(Id’I q)l q 3+qu % ((I d l‘ a M /m \ﬁn%x (411)
Voltage constraint (4.11) can be drawn as a series of ellipses. The voltage

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

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

ai; +bi? «€ij, di, eit f +0 (4.12
wherea, b, ¢, d, e, andf are expressed as
=g L, (i) @R b =g fi,i) "

ic= 2WRSELd( igig) Lfiai) gd 20 fid) / (4.13)
e=2m R Ly(iyiy), T =& 1, V2

—_) —_— —r— — ('D

As shown inFig. 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 showsthe comparison of voltage constraints between
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considering and without resistive voltage drop at different speRus. stator
resistance is measured Bjcro-Ohmmeter.

Without resistive voltage drgqnG|

Considering resistive voltage drop

Fig. 4.4 Conparison of the voltage constraint ellipse with or without considering
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 FluwwWeakening Control Strategy

The diagram of the IPMSM control system is showrFig. 4.6, which
includes the optimal current reference LUTSs, the proposed stator flux linkage
adjustment (SFLA) methoddg-current controller, voltage overmodulation
algorithm, voltage source inverter (VSI), and the IPMSM. Thenwgdticurrent
references for the given torque referefieeand the stator flukinkage reference
& are output by the optimal current LUTs. The stator flux linkage reference is

adjusted by the proposed SFLA method.

{ P,
/ Method |
s Mi
) = | Ug Ug,, <Rt
Te > — ™ do-current > dv ) > {'j —
', controller|Ya,,| /U i, > 441 <} <}
i L Vsl
Overmodulation
4 dg ?
[ abd =
4 d(ipms

Fig. 4.6 IPMSM control system

The proposed SFLA strategy is showrFig. 4.7, which adjustshe stator
flux linkage reference based on the input torque reference, speed, and MI. The

saturation control protects the current regulation loops from saturation.
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Fig. 4.7 Proposed SFLA strategy.

Themaximum voltage of the space vector modulation mode is calculated as

1
V., =—V
smax \/5 dc

(4.14)
whereVqy. is the delink voltage.

In this chapter, the overmodulation region is achieved. mlagimum

voltage of sixstep mode is calculated as
Vsmax = _Vdc (415)

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

optimization as
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min f?+ f}
o8f =w? - 4.16
o Fh=w W (4.16)

i —12 12 52
sz_lsmax 14 I_q

Theintersection of the current constraint @aocue loci is solved as
min 2+ f}
st.?fl:T; %np{/miq 8o(ioig Lofidl ) id) (4.17)
bf, =12, 40 02

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

as

_-B #/B® 4AC
M/e_
2A

(4.18)

whereA, B, andC are expressed as

Al
Current
constraint
T}PA
Torg uins olin
T, P
T>
Tl P]_ 2VdC/,
Vyi/a 3

- >
i Voltage extension region

Fig. 4.8 Comparison of the optimal operating point with or without voltage
extension.
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ea=gl, (iiis Yo 8 t&dJ . @
1B=2R &L (igig)idq ¥ dho L fi d Jio (4.19)
1C=Ri Ril Vi,

|

Thestator flux linkage is calculated as

/S:\/ng(id,iq)id vhetdi). (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 caltedaas /a3, and the
maximum torque is T However, the ddink voltage utilization is limited. In this
chapter, the stator flux linkage is adjusted in order to produce the maximum and
stable torque.

As shown inFig. 4.8, if the torque command is lower thar The proposed
SFLA met hod d o e ¥do/@ts evoagh th pridece theutaqrie.

If the torque command is larger thanahd smaller thansl{for example,

T»), the integrator | works. The stator flux linkage reference and the voltage ellipse
are increased from point Bnd expanded to point.PAt the same time, if the Ml
is larger than the Ml limit, the integrator | is stopped.

If the torque command is Iger than §, the integrator 1l works. The stator

flux linkage reference is initialized to point,RAnd decreased from poing, RAnd

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

to thevoltage saturatian

Whenthe integrator | workss.is expressed as

k1(2) =k i D(0)
(n+1) =, (n %[ /D0 (4.21)

(n+1) =,(n 3

K,
K,

—_— =) === (D

Whenthe integrator Il worksks.is expressed as

I‘ék/z(l) =k, -k /D(O)
Tk, (n+1) %,(0) k{200 (4.22)
[
fk/ (n+1) :k/z( n 3
Whenthe integration is stoppekl.is expressed as
k (n+1) =,(n) (4.23

The dynamic stator flux linkage reference and the stator flux linkage

difference are calculated as

612 (n+1) % (n 3 4
100 9) FUn g 4 e

Thedynamic Ml is calculated as

MI (n+1) —p\/u“(nﬂz)v w(n 3 (4.25)

The flowchart of the proposed SFLA strategy is showRigqh 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

constraintws ., by (4.14)(4.17)(4.18)(4.19). Calculate the maximum speed
of the intersection point of torque loci and current constrails, ., by
(4.15)(4.17)(4.18)(4.19). Compare the instantaneous speedwith

W, e » ANA Dy, is calculated asy, - W,z -

m

2) If w, ¢ W, g, calculate the initial tator flux linkage referencé_, by
(4.14)(4.16)(4.18)(4.19)(4.20). At the same timewif> w,, /. < /4

and Ml is inner the Miit, the integrator | is opened. Else the integrator | is
stopped.

3) If w,> W, calculate the initial stator flux linkage referentg by

(4.15)(4.16)(4.18)(4.19)(4.20). At the same time, if MI> ;M| the
integrator Il is opened. Else the integrator Il is stopped.

4) Calculate/_, D/ by (4.24). Calculate Ml by (4.25).

Ml 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 Ml 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.
ko is set to 1k; is adjustable in this chapter. The dynamic response is falseark;
is larger.

The proposed SFLA strategy adjusts the stator flux linkage reference based

on the region of the speed. When is not higher thamwy, .. , the /_ is
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calculated by the mxdmum phase voltage of space vector modulation mggdés
increasing from/ , whenw, > W, /. < /. and Ml is inner the Mhit. When
w, is higher tharw,. -, /., iS calculated by the maximum phase voltage of six

step mode/ _ is reducing from/_ when Ml is outer the Mit.

M/elT*

A

Calculatéls ., by (14)(17)(18)(19)
CalculateW, ..+ = by (15)(17)(18)(19)
Calculate/”EI by (17)(20)

yN vY
Calculate/ | by Calculate/ [, by
(14)(16)(18)(19)(20) (15)(16)(18)(19)(20)
N W
Y
(22)

(24)(25)

Fig. 4.9 Flowchart ofthe 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 vectolp. The overmodulation algorithm works wh&g<0. If To<0, T1>T>
andT1>Ts, T1 andT2 are corrected a&>=TsandT>%0. If To<0, To>T1 andT2>Ts, T1

andT- are corrected aE%=0 andT>%=Ts. If T:d Ts, T-d Ts, andTo<0, T: andT» are

corrected as

T, s (4.26)

whereTs represents the sampling peridd.and T2 denote the time interval of two
active space vectors. The correction of time intervals is shotigir.10 andFig.

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 shownhig. 4.12.
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V.
~——"7
/
T,=0 /
/
(a) Before correction (b) After correction

Fig. 4.10 Correction of time intervals wheh<0, T:>T> andT:>Ts,

(a) Before correction (b) After correction

Fig. 4.11 Correction of time intervals whehd Ts, Tod Ts, andTe<O0.

OLinear region O Overmodulation region
AD

Vs V2

Vg

Vs VG

Fig. 4.12Liner region and overmodulation region.
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In the voltage extension region, the voltage reference is no more circular,
which is shown as patrtial circular, and partial on the hexagon boundary. The voltage
hexagon boundary is a rotating hexagon in the synchronous rotating reference
frame, which rotas with the motor speed., as shown irFig. 4.13. Fig. 4.14
shows the optimabperating regions by maximum voltage of linear region and by

maximum voltage of overmodulation region.

Voltage extensiomegion

Fig. 4.13Voltage extension region.
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Current constraints
Voltage constraints by maximum voltage of lingar region
~Z—_—>> Voltage constraints by maximum voltage of OM region
T

\ ‘o
® | ‘x
o) S ~ ~ oo~
(¢ S © o) NN S
o) S o o oS0 S,
1 I} 1 1 1 1
6 5 4 3 2 -1 0

iy (A)

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 LUTSs in the entire torque and
speed rang shown inFig. 4.15 are solved as the intersections of the MTPA
trajectory, voltage constraint, current constraint, and torque loci presented in

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

to obtain the optimal current LUTS.

67



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

{i {128

Torque (Nm) A (Wh)

{ .28

Torque (Mim) A (Wh)

(b)

Fig. 4.15Optimal current references corresponding to torquesand
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4.5 Comparison Between the Proposed FWC Method
and Existing FWC Techniques

4.5.1 Comparison Between Heased FlunNVeakening Methods and
the Proposed Method

Table 4.1 shows the details of the IPMSM drive systehhe 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 systesimslated 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 FFbased fluxweakening methods, the operating point depends
entirely o the feedforward path. The stator flux linkage reference is constant
without adjustmentFig. 4.16 shows the torque and currents of the conventional
FF-based method &40 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 irFig. 4.16. Fig. 4.17 shows the torque and currents of the proposed
method with the same operation conditiorraf. 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 tha 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 14%n.4.20 shows
the torque and currents of the proposed method with the same operation condition
of Fig. 4.19. The torque inFig. 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 sigtep mode is achieved. However, the torque of the proposed
method is still increased about 10% compared with the conveniibrzdsed flux
weakening methods methdelg. 4.18 andFig. 4.21 shown the voltage ajectory

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

Table4.1 Details of the IPMSM Drive System

Details Value

DC-Link voltage 210V
Current limit 6 A
Number of pole pairs 5
PM flux linkage 333.3 mWhb
Base speed 658 r/min

Maximum torque 15 Nm
Stator resistance 400 m
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Fig. 4.16 Simulation results of FHBased fluxweakening control at 740 r/mi(a)
Torque.(b) Currents.
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Currents (A)
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Fig. 4.17 Simulation results of proposed method at 740 r/f@nhTorque(b)

Currents.
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Conventional
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Fig. 4.18Voltage trajectory of the conventional method and the proposed method
at 740 r/min.
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Fig. 4.19 Simulation results of FHbased fluxweakening control at 820 r/mi(a)
Torque.(b) Currents.
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Fig. 4.20 Simulation results of proposed method at 820 r/if@hTorque(b)
Currents.
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Fig. 4.21Voltage trajectory of the conventional method and the proposed method
at 820 r/min.

Torque response when motor parameter ea@sntroduced at 740 r/min

1500

15
1000 | Torque response
~ L ] — ol | — — — Torque command |
\z:/ 500 \ZE/IO |
C o s I
A, 2
-1000
-1500 - - - 0 . . .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) FFbased (b) Proposed method

It can be seen that when motor parameter emogsintroducedthe Pl
regulation loops are saturatedFFbased method, and the torque is unstable. In
the proposed method, the modulation index as well as the voltage isatuisat

controlled, which provides better robustness to motor parameters variation.
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Fig. 4.22 Comparison between Hbased 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 aréifit 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 ComparisorBetween FBbased FluxWeakening Methods and
the Proposed Method

Fig. 4.23 shows the torque and currents of -B&sed fluxweakening
control at 740 r/minFig. 4.24 shows the torque and currents of-B&sed 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 induazdéow
harmonics. In FBbased FW conti, 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 alés fhe drive system into a harsh condition.
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Fig. 4.23 Simulation results of Fbased fluxweakening control at 740 r/mi(a)

Torque.(b) Currents.
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Fig. 4.24 Simulation results of proposed method at 740 r/if@hTorque(b)
Currents.

4.5.3 Comparison Between Mixed Flo#/eakening 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 conditiorFigf 4.20 and Fig. 4.26.

Although the torquén Fig. 4.25can be achieved as the same value as the proposed
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method, the dynamic response is slow, amdttinque keeps slowly increasing and
is stableafter 1s. The torque of the proposetethodis stableafter 0.6s. This is
because the proposed SFLA method has higher initial stator flux linkage reference

and voltage reference, which provides a higher dyoaesponse speed.
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Fig. 4.25Mixed FWCwith only increasing feedback path at 820 r/nf&).
Torque.(b) Currents.
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(@)

(b)

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