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ABSTRACT

PREDITION OF TORQUE AND RADIAL FORCES IN PERMANENWIAGNET

SYNCHRONOUS MACHINES USING FIELD RECONSTRUCTION MEDD

Banharn Sutthiphornsombat, M.S.

The University of Texas at Arlington, 2010

Supervising Professor: Dr. Babak Fahimi

Due to their high torque-to-loss ratio, permanmeagnet synchronous machines
(PMSM) have received increasing attention in autibveoapplications over the past
decade. Because of this unique characteristicsy mpplications have utilized PMSM.
In addition to high efficiency, quiet operation ¢ifie machines is desirable in
automotive, naval and military applications. In erdo operate at high efficiency
quietly, the torque pulsation or torque ripple ree¢d be monitored and mitigated
accurately. Magnitude of the torque ripple is ieflged by the magnetic design
(cogging torque) and excitation, and the pattermipggle is affected by the machine’s
geometry (stator slots).

Field reconstruction method (FRM) has been predeaiel used in this thesis.
FRM introduces the reconstruction of the electronedig fields due to the phase

currents using basis functions and using one singignetostatic solution from FEA.
v



The implementation of field reconstruction methaabdd on finite element analysis
(FRM based on FEA) is performed Matlab/simulink graam. Principally, the FRM
needs the three-phase stator currents and rotatiomo®f the machine. Next, to
accurately calculate torque pulsation, the tangenéind normal components of
magnetic field, need to be computed. As a resukiMFcan correctly calculate the
torque of PMSM.

In experience, the investigation shows that FRM aacourately calculate the
torque pulsation or cogging torque under both kmddnand unbalanced operations.
Furthermore, the FRM can confirm the effect of twrgripple originated from the
geometry of PMSM. In fact, a 12 stator slots PMShsvetudied, and the calculation
was done by FRM. The resultant torque calculatedFRRM shows the accurate
calculation of the torque. The experimental ressh®w that FRM can accurately

predict the torque.
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CHAPTER 1

INTRODUCTION

Permanent magnet synchronous motors (PMSM) areiegifly used in
industrial applications, such as automotive, as$gtme, and servo applications. Not
only is the PMSM easy to control, but it also haktively higher power density. In
fact, since the rotor of PMSM provides the consfailt by the virtue of permanent
magnet, it does not require an auxiliary sourcenafjnetization flux. Moreover, the
PMSM Can be developed using surface mounted magoetsising embedded
permanent magnets.

Due to the presence of permanent magnets, the plaeter and efficiency of
the PMSM drives (especially in constant torque aepiis expected to be higher than
those of induction and switched reluctance motaredt Other advantages of PMSM
drives include absence of brushes, high torqueiaeatio, and negligible rotor losses.
These attributes make PMSM a competitive candidatearious high-performance,
robotic, and servo applications. There have beenraber of methods to control the
performance of PMSM. For instance, field orientedtool (FOC) is emphasized on fast
torque response of the PMSM. Furthermore, diraci® control (DTC) is also focused

on the torque response [1]-[2]. Nevertheless, imesapplications, such as naval,



automotive, and submarines, PMSM drives are reduwellustrate a quiet operation.
This is not necessarily furnished by FOC or DTChuods.

In order to control the machines to operate quietBveral researchers have
proposed analytical methods [3]-[13]. Over the pdsicades, the technological
breakthrough of modern power electronics has be#roduced and utilized to
implement complex systems along with adaptive deglilfle control algorithms. In
order to eliminate/mitigate the acoustic noise &iiation in electric machines the
origins of this phenomenon should be identifiedtfir

Generally the majority of the vibrations within aectrical machine are
originated by the virtue of the electromagneticcés that are acting in tangential and
radial directions. While radial vibration causebration of the stator frame in radial
direction, the tangential vibration generates pidsa acting on the shaft (and
components that are in tandem with the shaft)@ntlachine.

Torque pulsation in PMSM can be attributed to nundfesources, including the
geometry of the machine, unbalanced operation, sinsoidal distribution of the
magneto-motive force, and error in feedback measein¢é and controls. The tangential
and radial forces are dependent upon the distdbuif the magnetic field in the air gap.
One of the methods that are employed to analyzpiéopulsation is based on finite
element analysis (FEA). Nevertheless, in practiEd ks not suitable for the real time

torque ripple minimization because of its inadequ@tmputational time [5]-[6].



Several researchers have proposed methods on havatttematically predict
the electromagnetic torque in PMSM [3]-[7]. The nhekep is to use the calculated
torque and radial forces in conjunction with animptation method to minimize the
pulsation which leads to reduction of the acoustise and vibration originated from
electromagnetic forces acting on the stator fral®e The success of the noise
mitigation technique, therefore, is closely relatedhe precision of torque and radial
force calculations.

1.1 Background and Overview of Previous Works

In PMSM, torque pulsation and vibration can beilaited to a number of
sources, including unbalanced excitation desigrthef machine, misalignment, and
error of feedback measurement to control the systensolve these problems, there are
two main approaches, which are the improvementtrofcire of the machines and
development of optimal control methodology [3], JJ145]. The change of geometry of
the machines has been the focus of many researcheeslucing cogging torque or
torque pulsation in PMSM [2]. In addition, therevhabeen problems from the
unbalanced mass of rotor and misaligned instaffatibthe machine [16]. These also
contribute to the vibration. Nevertheless, changargl modification of machine’s
structure are not always the solution becauseeifntachine is already built, change of
the control is about the only feasible solution.

In literature [6] and [7], authors proposed thetoainof current waveforms to

reduce the torque pulsation. Moreover, severalareber presented alternative control
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techniques, such as adaptive control algorithm [8], achieve torque pulsation

minimization, and online estimated instantaneodsegbased on electrical subsystem
variables. These techniques have been implementeidthier speed or torque control

loops [9]-[12].

1.2 Outline of Present Work

The present thesis can be divided into 5 chaptersthe first chapter,
significance, state-of-the-art and motivations loe# tesearch are described. Sources of
torque pulsation and vibration have been explos@ell. Background and overview of
previous works is also included.

Chapter 2 depicts the analysis and modeling of MIMi®m electromechanical
energy conversion point of view. The mathematicatlel of PMSM is also presented
in this chapter.

Field reconstruction method (FRM) and force caltoh are described in
chapter 3. In this chapter, the concept of FRM forde calculation based on finite
element analysis (FEA) has been explored. Moreaver,detail of FRM, including
basis function algorithm, has also been discussed.

Chapter 4 contains the experimental results. $b atompares the torque
pulsations between FRM and KolIMorgan programmalbilee system. Sets of balanced
and unbalanced loads are applied into the systefffatent rotor speed.

Chapter 5 concludes the experimental results.



CHAPTER 2

PERMANENT MAGNET SYNCHRONOUS MACHINES

2.1 Introduction

A permanent magnet synchronous machine is oneh@fnhost prominent
electromechanical energy converters. When the PMSMperated as a motor, it
converts energy from electrical to mechanical fo@m the other hand, when it is
operated as a generator, it is converting the gnfeogn mechanical to electrical form.
In this chapter, Fundamentals of design, modelmy@nstruction of the PMSM drives
will be discussed. Moreover, it also focuses orcdodistribution Within the PMSM.
This can be interpreted as energy conversion atalized and microscopic level. This
provides an insightful approach to distribution tbé electromagnetic forces within
PMSM.

2.2 Energy Conversion in a PMSM

According to Lorentz’s force formulae a currentrgeng conductor that is
placed in a magnetic field will experience forc@$is is a major phenomenon in
electric machines. As known, the relationship betwiux density B and field intensity
H in a magnetic circuit plays a key role in eleotexhanical energy conversion. The
relative equation between B and H can be exprdsgedjuation (1) and the B-H curve

is also displayed in figure 2.1.



(2.1)

Figure 2.1 B-H Curve for a typical permanent magnaterial

2.2.1. Basic Operation of a PMSM

Electric machinery may be classified accordingtheir electrical excitation
namely AC- and DC-machines. The fundamental operatof these two classes of the
machine is decoupling between the armature and &ekitations. The principles of
operation within a PMSM can be described using eddmentary electromechanical
converter shown in figure 2.2.

Figure 2.2 illustrates a singly excited actuatothwwo poles. The stator coil is
excited by stator current, and the rotor does patain any coil for external excitation.

The role of the permanent magnet is to magnetieectite of the machine. When the



leakage into the adjacent pole with opposite podaion is negligible, and an AC-signal
excitation is applied to the stator coils with aduency corresponding to the
mechanical speed of rotation, the fluxes generdtexlto the two sources interact to
produce a resultant field. This field is non-unifoover the machine, and it is a function

of magnitude of the instantaneous value of curireeaich phase.

B ,H _of Material

m m

Stator Current
excitation

Stator Coil / Permanent
ator Coi Air Gap\ Magnet

Figure 2.2 Representation of a simply single pf€&M with stator current excitation
and permanent magnet at rotor
In the same manner, in the three-phase PMSM, therdhree excited stator
coils, and the rotor is a permanent magnet. Inwioigk, each phase of stator coil has 12
stator slots, and the rotor has four poles of peenamagnet. Three-phase AC-signal
excitation are applied into the stator coils, ahd frequency of injected AC signal is

corresponding to the rotor speed of the machingedis



Permanent magnet synchronous machines are designednhance the
efficiency, power density, absence of brushes,utfigertia ratio, and negligible rotor
losses. These are the results of permanent magmetoa The permanent magnet in
rotor gives a constant field, light weight, needle$ brushes, and no losses. These are
why the PMSM is a competitive candidate for manghkperformance and servo
applications.

The PMSM can be categorized into two types. Onealgiausoidal distribution
of magnetic field caused by permanent magnet. Tlaehme is supplied with a
sinusoidal excitation either current or voltaged &generates a sinusoidal back electro-

motive force (Back-EMF) which is shown in figure2.

Back EMF of a sinusoidally magnetized PMSM

T
----- Phase A
Phase B
o Phase C

Back EMF (V)

50 100 150 200 250 300 350
Rotor Position {deg)

Figure 2.3 Back EMF of a PMSM with sinusoidal distition of magnets



The other type of PMSM has a radial polarizatiothef permanent magnets and
has a trapezoidal back-EMF as depicted in figude Phis type of PMSM needs to be

fed by quasi-rectangular shaped currents into thehme.

Figure 2.4 Back EMF of a PMSM with radial magnetiza
The PMSM is constructed with two major parts, statoed rotor, as shown in

figure 2.5.

Figure 2.5 Structure of stator and rotor for 3-ghBMSM
9



Figure 2.5 shows a 12 stator slots and a rotortageted with laminated iron
sheets. The structure of stator and rotor is puhefith laminated iron core because of
reducing eddy current losses in stator and rotamRhe rotor structure, there are two
different ways to place permanent magnets on ther.rased on placement, the
PMSM can be classified into two groups. They arkedasurface mount permanent
magnet synchronous motors (SPMSM) and interior paent magnet synchronous
motors (IPMSM). Figure 2.6 depicts the cross-sectibSPMSM and IPMSM with the

position of permanent magnet.

Permanent magnet

Rotor core

(a) (b)
Figure 2.6 Cross section of permanent magnet sgnokis motor

(a) Surface mount permanent magnet synchronous motor
(b) Interior permanent magnet synchronous motor
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The first group is called surface mount permaneagmet synchronous motor
(SPMSM). The permanent magnet is placed on theaseidf the rotor. SPMSM is easy
to build owing to the ease of magnet mounting. Mueg, the configuration is usually
utilized for low speed applications and low torqeeponse. The magnetic material on
the surface of the rotor affects the flux distribat in the airgap because the
permeability of the permanent magnet is almostyunithich is closed to the air
permeability. When the current is injected into #tator winding, the stator flux is
generated and reacted with the flux from permanegnet of the rotor. As a result, the
electromagnetic torque acting on the shaft is ptedu Figure 2.7 demonstrates the
rotor shaft for 4-pole, 3-phase SPMSM, which hasghrmanent magnet mounted on

the surface of the rotor.

Figure 2.7 Structure of 4-poles rotor with permdamaagnet at the surface

The other group is named interior permanent magyeichronous motor

(IPMSM). IPMSM contains permanent magnets embedia&de the rotor as show in

11



figure 2.8. This geometric difference alters theM®M’s characteristics. In fact,
IPMSM is suitable for high speed operations. Furtieee, because of the permanent
magnet mounted inside the rotor, it has more ropasaneability and relatively larger
magnetizing inductance since the effective airgamdp low. The armature reaction
effect is dominant, and therefore IPMSM is posstolde controlled in the constant-
torque and the constant-power flux-weakening. Meeeoa saliency is introduced in
the machine (Lq > Ld, which is discussed in secd®), and as a result, the torque is

contributed by field as well as reluctance effect.

ol

Stainkess steel can

e b

-: Parmanent magnet
:l: Lamimated cone

Figure 2.8 Structure of interior permanent maggatkronous motor (IPMSM)

2.3 Modeling of PMSM

2.3.1. The definition of rotor velocity and position in PMSM
In electrical motor, there are electrical and meate values for rotor velocity

and position. For instance, mechanical rotor pmsitiorresponds to the actual position

12



of the shaft during rotation. Consequently the timecessary for 360 degrees of
mechanical rotation is referred to as mechanicelecyOn the other hand, an electrical
cycle is the rotation of electromagnetic field axduhe airgap For example, figure 2.9
demonstrates a 3 phases, 4 pole permanent magméiregous motor. As can be seen,
if the rotor shaft rotates 180 mechanical degradsa(f mechanical cycle), the electrical
position of the rotor rotates 360 electrical degréene electrical cycle). From this
statement, the relationship between electricaltppsand mechanical position can be

concluded in equation 2.2.

Figure 2.9 Simplified structure of 3 phases, 4 pg@ermanent magnet synchronous
motor

P
B = O 2.2)

13



whered, , 68,, and P denote the electrical rotor position, the mecbtamniotor
position, and the number of rotor poles, respeltive

In the same manner, the rotor velocity can be smmed by equation 2.3,

which is based on equation 2.@ € %9).
W, = E-wm (2.3)

wherew, , w,, and P denote the electrical rotor velocity, the mechahi
rotor velocity, and the number of poles, respetfive

2.3.2 Electromechanical Description

PMSMs with non-sinusoidal rotor field have been dheksponsible for
producing torque ripple on the shaft of the mot@8]] This could be a significant
drawback, especially for servo applications. Oviee fast two decades, different
methods to reduce torque ripple in permanent magraehines have been developed.
These methods can be divided into two differer¢gaties as following:

(a) Methods that are based on introducing a chandeeinlésign of the machines in
order to reduce torque ripple. Many different teéghes have been introduced
and torque ripple can be greatly reduced at the aoa more complex design
and, thus, a more expensive machine.

(b) Methods that are based on controlling current s the torque ripple is
cancelled out. A variety of methods have evolveidgislifferent techniques to
achieve the goal. In the mitigation of torque rggpinethods typically rely on a

detailed knowledge of the machine. This is accoshell by schemes that
14



identify the parameters of the machine during sgaend also during operation

[25] or adaptive control of current [26].

Traditional analysis of permanent magnet synchremoachines has been based
on an analytical relationship between theandd-axis stator current (or voltage) and
the electromagnetic force created to establish anoftorque). The following two
subsections introduce the electrical equivalentudirfor each phase of the PMSM,
present equations for torque and also establiskigiméficance of accurate estimation of
flux linking each phase of the stator.

There are three basic components to the model efemtromechanical device -
the voltage equation, the flux linkage equation #retorque equation. The equivalent
circuit of the machine can be described as a sedetination of the coil resistance,
inductance of the winding and the back-emf duehto rbtor speed and induced flux.

Figure 2.10 shows this equivalent circuit.

R Ls

usl e

(e, @

Figure 2.10 Equivalent circuit model for phase vifigdof the PMSM

Accordingly, the voltage equation of the seriesuiris defined as the algebraic
sum of the ohmic drop and the rate of change of likkage (Faraday’s law) given by
equation 2.4 and it is including the effect of baotitional EMF.

15



. ? current densitiy ?
Jiml -~/ distribution T _
1 jim| s =isexp(jp)

-l

Figure 2.11 The simplified PMSM in term of 3-phagpace vectors

Figure 2.11 shows the state space model of a 3epkgstem. In order to
simplify the 3-phase system to 2-phase system, $adnsformation to put everything
on the rotor is applied into the stator voltagerent, and flux linkage vectors as shown

in equation (2.4) — (2.6), and they are on theostaference frame.

A0 = 2O+ a-up®) + a®-u) = Uq+ jUp (2.4)
0®) = 2Ga®+ a-ip(O)+ a?-ic()) = I+ jlg (2.5)
PO = Z@Wa® + a-Pp® + a®-Pe(t)) = Yo + j¥ (2.6)

Where a denotes an unit vector and the argumesqual toejon . In addition,
u,i,andy denote phase voltage, current, and flux linkagspectively. In those
equations, the superscript “(S)” denotes the stafmrence frame. Therefore, the next
step is to transform the stator reference framéhéorotor reference frame. In order to

easily depict the transformation, figure 2.12 i®wh the space vectors in stator and

16



rotor referencdrame in PMSM. From the figure 2.12 and thguavalent circuit modt

of PMSM, the stator voltage is shown in equation (:

— a —»

i) = R0 + 9 ® (2.7)
where; PO = Li-T90) + @, - el (2.8)
Then; 9@ = R-1O® + Le- L2190 + jow,W,e/% (2.9)

dat

Ry, Lg,w, ,0.,and ¥,, denote the stator winding resistance, stator wim
inductance, electrical angle position of rotor,caiical angle velocity of rotor, ar

constant flux rotor from permanent magnet, respelti

Figure 2.12 The space vector of stator and rofereace frame in PMS
[The superscript “(R)” dencs the rotor reference frame ¢oaxis.]

17



As shown in figure 2.12, the relationship betweststor and rotor reference
frame is as:

B @) = 89@) - eI (2.10)

PO = D@ e % (2.11)

Therefore, the equation (2.9) can be rewritten otorr reference frame as
equation (2.12).

0P = R i) + LTl O + jo LlO®) +jwe¥n  (212)

From equation (2.12), it can be divided into real anaginary term as shown in
equation (2.13) — (2.15).

i) = Ug+ jU,

(2.13)
Ug = R-ig + Ly 2iq — Lyweig (2.14)
Ug = Ryl + Ly oiq — Loweig + @,y (2.15)

The output mechanical torque generated,’ in a synchronous machine is
related to the mechanical speeg,” at the steady state as given by equation (2.16).

Ugdy + Uply + Ul

— (2.16)
my = o,
Further, the equation for motion of PMSM is givendguation (2.17).
d 2.17
my — m, = ]Ewm(t) + Bwp ( )

18



Wherem,, ,m; , ] , and B denote mechanical torque (generated), mechanical
load torque, moment of inertia, and friction, respesly.

Moreover, the equation for electrical torque iNNMSM at the steady state can
be written in term of magnetizing flux and statdyape currents on the rotor reference
frame as shown in equation (2.18).

3P 2.18
22 [lpmlq + (Ld - Lq)lqld] ( )

mM =
As discussed in section 2.2.1, the SPMSM is a adierd machinel{; = Lg),
but the IPMSM is a magnetically salient mach{igs> L;). Therefore, if the
machine is a surface mount permanent magnet symashsamotor, the electrical torque
is finally shown in equation (3.11).
3P
my = E; lpmlq (219)
In the equation (2.17), Ignoring the dynamic foctiof the system, the block

diagram of SPMSM on the rotor reference frame aashown in figure 2.13 by using

equation (2.4) - (3.11) [24].

19



Figure 2.13 Block diagram of SPMSM on the rotoerefce fram
[zs is the electrical time constant, and it is equz%]

[t IS the mechnical time constant, and it is equal/J ]

2.4Force and Torque Distribution in PMSM

The acoustic noise and vibration in PMSM are causetivo major categorie
of force, namely tangential anddial. While radial vibration causes vibration ok
stator frame along in dial direction, the tangential vibration generapdsations
acting on the shaft (and components that are ietanwith the shaft) in the PMSM.
order to clarify the concept of vibration and fortkose radial and tangentiaorces
need to be discussed.

Radial forcescause theradial vibration of the machines. Consequently, tr
forces are the unwantéyproducts of the electromechanical energy conee. In fact,
the direction of theadialforces is perpendicular to that of thaation of the machine

Its direction is in the normal directi (9¢° apart from tangentic of the rotor and
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producing unwanted radial vibration in the stat@nfe. These forces are local vector
quantities that have different effects on differpatts of the machine. To the contrary,
the tangential component of force in terms of tergss mostly responsible for the
motion and is a component that needs to be coatrgitecisely. However, when the
machine is operated, it cannot avoid having theéafddrces acting on the rotor and
stator frames. Using Maxwell stress method distidvuof the radial and tangential
force densities in the airgap of the machine caexpeessed as equations 2.20 and 2.21,
respectively.

1 ~ (2.20)
fn - 2'/10 : (Bﬁ B,_?)

fr = Hl ) (Bn 'Bt) @21)

0

Where f_,f,,B,,B,, andy,denote normal and tangential component of the
force density in airgap, normal component of flenslty, tangential component of flux
density, and absolute permeability, respectively.

The electromagnetic torque of PMSM is generatedtHgy tangential forces
acting on the rotor. In fact, the tangential forcelependent upon the distribution of the
magnetic field in the airgap. The tangential foraes also produced on the stator poles
and cause unwanted vibrations in the stator frahherefore, mitigation of acoustic
noise and vibration includes influencing not onle thormal, but also the tangential

forces. These forces are generating the electroatiggmorque on the rotor and
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tangential vibration of the stator frame. Howewv&me significant conditions need to
be considered, regarding force distribution in e&nagnetic devices.

First of all, the magnetic field density and magne¢nergy inside the
unsaturated ferromagnetic material are very sniderefore, the force contributions
from these components are very small. Moreover, thlative permeability of
permanent magnet is very close to unity. The faliséribution in the air and PM are
therefore identical for the same position if théng®that are probed are close.

Next, radial forces throughout any component extdidfferent magnitudes at
different points. Therefore, compensation cannetgt be based on the average values
measured in the machine. Local effects need talentinto account. In addition, local
saturation is observed at pole tips owing to adargncentration of flux. This causes a
much larger force at the tip of the stator polestthe rest of the pole. At the surface of
a material with high permeability, the tangentiamponent of flux density is almost
equal to zero, and the normal force density alnedirely depends on normal
component of flux density. On the other hand, #wegéntial component of force is
almost zero at the surface of high permeable na@dtien the same reason.

Finally, from an energy’s point of view, almost #ie energy exchange happens
at the iron-air interface as the system moves [R0fact, a region with highest energy
density is replaced by a region with almost zerergy density, as such the highest rate
of energy change with incremental displacement éappt the interface of iron and air,

and thus almost all the force as the normal compopeduces on the surface of the
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iron toward the air.

2.4.1 Fields and Forces at the interface between two materials

In this section, the analysis of fields and forbetween two materials acting
inside the machines are considered. The theoryuwfirwity [22] plays a key role in
explaining the distribution of tangential and nofrfiald and force components. The
field and force components can be considered in gauts, including tangential (the
same direction with rotating direction) and norr(@0° apart from rotation direction).
The field density and field intensity at the ingeré between materials having different
permeability are given in accordance with contipdheorem in equations 2.22 and
2.23. However, zero surface current densities atstirface of the stator pelairgap
interface-needs to be assumed.

Bn,MlQ = Bn,ajr (222)

(2.23)

H, . =H

t,air t,M19

Equation 2.23 given above can be expresses in t@rpermeability as

Bt,air — Bt,Mlg
:uair :uM 19 (224)
Bt M19 = Bt,air Iur,Mlg

From equation 2.24, we see that the tangential coent of field density at the
interface of two materials with different permedbilis not continuous. Since the

permeability of M-19 is of the order of 3@he tangential field density inside the iron is
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much greater than that present in the air outdid&ad assess the influence of these
components on the force generated at that surfaee,consider the tangential

component of force given by the equation

f,=H,B, (2.25)
2.26
fl,air = i Bt,air Bn,air ( )
(2.27)
f M1 — B, ,Mlan M19

M19

Using the expressions for,Buis and B w19 from equations 2.22 and 2.24
respectively in equation 2.28, tangential force ponent in M-19 is given by

2.2
15 5 (2.28)

t,air —n,air
0

f

tM19 —

At the air- M19 interface, the tangential componehtlux density in the air is
almost zero. Therefore, with this information, &ncbe observed from equations 2.26
and 2.28 that the magnitude of tangential compoa&furce inside and outside the iron
is very negligible when it is compared to the ndrrmamponents. In the iron- air
interface, it can be seen that the tangential fpresent inside the iron is almost zero.

On the other hand, the normal component of for¢beinterface is given as following:
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2.2
fn,ajr = i(Br?,a\jr - Btz,ajr) ~ i Br?,ajr ( 9)
24, 2
1 1 (2.30)
fn,M19 = (Br?,Mlg - BtZ,Mlg) ~ Br?,M 19
211 241y

This is a very large value since the magnitudg,pfs unchanged in either case.
Therefore, the investigation of the field a compunat the interface indicates that
tangential component of the field in the air-sidehe interface is significantly smaller
than the normal component. Therefore, it can be 8wt the forces on a conducting
body with no surface current density are produaedhe surface of iron as the normal
force component. In fact, the normal force componirected toward the air, and it
is higher where the surface flux density is highiethis normal force happens to be in
the same direction of rotating motion, it is viewed a useful result of the
electromechanical energy conversion. Otherwisds iviewed as a troublesome by
product that causes noise, vibration, and defoonatihe higher the normal surface
force in the direction of movement and lower oneotdirections, the more efficient

energy conversion process is resulted.

2.5 PMSM Drive Setup

There can be divided the PMSM drive setup intor fiomajor parts, including
motor, generator, loads, and torque meter partur€i2.14 shows the experimental

setup.
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KollMargan

BLDC Drive Differential
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T
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(Balanced/
Controller Unbalanced)

Computer

Figure 2.14 System demonstrating the experimestaps

In this work, PMSM is driven by a brushless direatrent motor drive system
(BLDC Drive). The BLDC system is controlled by pragimable controls, named as
KollMorgan drive system. This work is setup to ig8l the KolIMorgan drive system to
operate in “motoring mode.” Figure 2.15 shows tl@lMorgan system that is used in

the laboratory.
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Figure 2.16 The 3-phase, 4 poles permanent magnetionous motor
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The next part is the PMSM. The PMSM is operated'generating mode.”
BLDC is programmed to drive the PMSM, and the bedghand unbalanced loads are
applied to the 3-phase voltage terminals of PMSiguie 2.16 shows the PMSM that is
employed in the experimental setup.

In this setup, resistive loads are applied to RIMSM’s terminals. There are
both balanced and unbalanced loads to demonshateogging torque both balanced
and unbalanced three-phase currents. The three-hasnt profiles is utilized in the
field reconstruction method (FRM) in MATLAB prograto compute the torque. Then
the FRM'’s torque calculation is compared with tbequie from BLDC. This will be
discussed in chapter 4. Figure 2.17 demonstragesesistant loads that are used in this

experimental setup.

i - ., f—— y k& 5
o [y f oo 4 b,
‘ Y v
Figure 2.17 Demonstrating resistant loads in expental setup
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The other part of the system is a torque meteis finque meter is a differential
torque meter, which means at the steady stateutpriioof the torque meter is equal to

zero. Figure 2.18 shows the torque meter in tHigpse

rees ZW ﬂt;( _.-

it

Figure 2.18 Differential torque meter
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CHAPTER 3

FORCE CALCULATION AND FIELD RECONSTRUCTION METHOD

The force calculation of PMSM has been proposedsewveral levels. For
instance, field oriented control technique (FOQ)RP&SM is based on the assumption
of a purely sinusoidal back electromotive forcec{e&MF). In this technique, the
three-phase currents are transformed from 3-ax&-a&is system on stator reference
frame. Thereto, 2-axis currents are metamorphased $tator reference frame to rotor
reference frame at steady state, which are DC teFms method gives a good result of
force calculation. Nevertheless, it is time consugr{R0]-[21].

Another technique is direct torque control techeiDTC) [2]. Based on this
idea, the force calculation is computed on statterence frame, and the 2-axis currents
have still been used. However, the problem is sttiees, including direct axis and
quadrature axis components of flux, in AC termseSéhstator fluxes are included an
integral part of calculation, which is added tovioers error in every single calculation.
Consequently, the stator fluxes are draft untiythee saturated.

As a result, many researchers have proposed sawetabds to calculate the
force [17]-[19]. In addition, the method is compidaal time and precision.

Remarkably, numerical methods are seemingly s@tlforce computation [20]-[21].
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3.1 Force Calculations

The calculations of electromagnetic force can leved as the main part of
simulating the electromechanical energy convergimtess. So far many numerical
methods and formulations for force calculation hdneen proposed, such as finite
element analysis (FEA), finite difference method®kH, magnetic equivalent circuit
(MEC), Fourier series method (FSM), and some glabdbcal variation and mapping
techniques. They all are based on approximationth@felectromagnetic fields and
stored magnetic energy in the machine. All of thev@ methods, because of flexibility,
ease of modeling and post processing, finite el¢éraealysis, FEA, has evidently been
a good candidate and employed to efficiently complie electromagnetic force.

Along those lines, electromagnetic force can bepmded by the virtue of the
Maxwell Stress Tensor (MST), which is one of thenetcal methods and based on
FEA. Necessary calculations of electromagneticdem@cting on the stator and rotor are
presented in the literature [18]-[19h order to perform the analysis, the following
assumptions have been setup:

e Surface mounted magnets on the rotor of the PMS& uariformly
magnetized.

e Influence of eddy and hysteresis currents is néxég

e The stator is slot-less witlm independent stator phases distributed
around a uniform airgap.

e Operation under saturation is not allowed.
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The majority of the energy conversion takes placthe airgap. The tangential
and radial components of force density in the @irgan be expressed using equation
(3.1)-(3.2), and they also represent the basiafionvestigation of the force production
within the machine.

fe = 4o(BnBo) (3.1)
fo = 5-(B3-82) (3.2)

210

where f,, f;, By, By and u, denote normal and tangential component of the
force density in airgap, normal and tangential congmt of flux density, and absolute

permeability respectively.

3.2 Field Reconstruction Method (FRM)

In the electromechanical energy conversion (EMEC)s very important to
obtain the flux density distribution, so is theldieeconstruction method (FRM). Figure

3.1 shows a block diagram representation of fienstruction method [20]-[21].

i, i, i.,andq B
F PMSM’
rmniev: 2 FRM P

MATLAB

Bt

n?

Figure 3.1 Demonstration of field reconstructiontimoel
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As seen in figure 3.1, FRM needsthe input of tlpkase current profiles and
rotor position in order to calculate the flux depslistribution.

In order to efficiently design FRM and the machisiejulation is first needed to
be done before designing the machine. In fact,fitiee element analysis (FEA) is
utilized in the simulation. In this particular appch, commercially available software-
Magnef by Infolytica was used. For a complete simulatidrthe 3-phase permanent
magnet synchronous machine, there are four bapiatsn They include three phase
currents and mechanical speed of the rotor. Thelteed normal and tangential
components of flux density in the airgap for angorgosition were obtained from the
FEA solution. Corresponding force densities werkewated using Maxwell Stress
Tensor method as described in equations (3.1) &R¢L (For obtaining the solution, a 2-
dimensional cross section was used, as shown umefi§.2.Figure 3.3 shows the 3-

dimensional finite element model of the PMSM usadiie modeling.
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Figure 3.2 Representation of 2-Dimensional mod¢hefPM machine used for field
reconstruction.

Figure 3.3 Demonstration of 3-Dimensional modethaf PM machine modeled
using Finite Element Analysis.
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The majority of energy conversion takes place mdirgap as shown in figure

3.4. A field reconstruction method (FRM) is propthde compute the electromagnetic

torque and radial forces of PMSM. The FRM utilizles three phase current profile and

rotor position, as shown in figure 3.4, to calcelaadial and tangential component of

the force density and the flux density. FurthermdfBM can predict torque ripple

which is affected by geometry of the machine. $tatots play a central role in the

profile torque ripple when there is no stator eattdin, known as cogging torque.

!

o]

l Stator l
AR AAAAIAN o pes

F=(F.R.F

}
5

o

LLLL

RS

Rotor l
FR Method

Electromagnetic
Torque

Figure 3.4 Block diagram of field reconstructionthuel

As can be noted from figure 3.4, using an appré@iigegration contour around

the stator and rotor, the actual force acting athesurface can be computed by

integrating the force density components over @spective surface area as follows:

F,= ¢ fidS

2
By = l% 7Trfnd‘f’s

IJ

(3.3)

(3.4)



where s, l,r and ¢, represent surface area of integration, stack teofjthe
machine (along the Z-direction), radius of the gnéting contour, and angle component
in cylindrical system of coordinates respectively.

Using equation (3.3)-(3.4), the electromagneticquer can be calculated as
shown in equation (3.5). As a result, these contjmutsi can be used to mitigate torque

pulsation and the vibration in the stator frame.

T=¢ (Fxf)ds (3.5)
Figure 3.5 illustrates the distribution of the mago flux density in a 3-phase

PMSM due to three phases’ excitation of the statading.

i
[
AT
e

B HE

Figure 3.5 Distribution of magnetic flux densityar8-phase PMSM
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It is shown in figure 3.5 that each conductor oa #tator contributes to the
tangential and radial components of the flux dgnisitthe airgap. Any change in the
geometry within PMSM can alter the tangential aothponents of the flux density that

are constituted by a conductor locateg gt as shown in equation (3.6).

Bex = Bi(ix) - he(bs — bsi) 0 <0, <

|8

Bnx = Bn(ix) * hyu(ds — bsi) (3.6)
where P, B;, By, h; and h,, denote number of magnetic pole pairs, scaling
function representing the dependency of the tamgjesntd radial flux density upon the
current magnitude, and impact of the geometry @meluctor) respectively. Als@,,
represents the location of th€* conductor carrying a current of.

The resultant tangential and radial componentheffiux density in the airgap
for any given rotor position can be expressed hwgusuperposition (including the
contributions from the permanent magnets) theod atruncated generalized Fourier
series as shown in equation (3.7)-(3.8). Theseessns portray an elegant illustration
of the separation between factors influenced by stricture of the machines

(ht and h,,) and external excitati§®, , and B, ).

Bt(d)s' ilf ey im) = Bt,pm + Z;cnzl Bt,k(ik) * ht(d’s - d)sk) (37)

Bn(d)s' il' L] im) = Bn,pm + Z‘Ircn=1 Bn,k(ik) : hn((f)s - d)sk) (3-8)
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Equation (3.1) and (3.2) can therefore be rewritig using the tangential and

radial components of the force densities as follows
fe(@s)lay wves ) = 5o{Be(siit,nim) - Bu(siis,emrim)} (3.9)

fo (s, iy, ove s i) = ﬁ{B%ws.il.--qim) =B} (psii1,aim)} (3.10)
In the same manner, equation (3.3) and (3.4) cam la& rewritten to calculate
the force density over the outer surface of a d@mwhich is located in the middle of

the airgap, for each rotor position as shown iraéiga (3.11)-(3.12).
21
F(6,)=P-L-R fop ft(@s, 11, e, i) d s (3.11)

Fo(8) = P-L R [7 fu($yin, e im)dds (3.12)
whered, L,and R denote rotor position, stack length of the maekiand radius
of the integration surface respectively.

Seemingly, FRM contains key functions in equatidr’ and (3.8)h; and h,,,
which are known as the basis functions. The basistions have played a significant
role in the formulation of the field reconstructiamethod. In equation (3.13)-(3.14),
under unsaturated condition, FRM can calculatedtbeibution of field and force for at
any given position due to stator currents whenpigern of excitation is known, and
basis functions are identified. Also, the contribn$ of the permanent magnets will be
adjusted for the new rotor position.

By (i) = Bg-i (3.13)
By k(i) = By -ig (3.14)
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From equations (3.13) and (3.14), if the patterrstator current excitation is
known, and flux density distribution is also cabed from the basis functions, which
are identified. As a result, equations (3.7) thio(®9) can be identified the distribution
of field/force for any given position. It must betad that the contribution of the
permanent magnets are assumed as given. The hasisohs h; and h, are an
unsaturated slot-less and have characteristicsllasving:

e h;has an even symmetry with respecpdo
e h,has an odd symmetry with respecito
e Periodic with respect t@s,

Since the rotor has constant field from permanemaigmet (without rotor
excitation), the resultant tangential force isréfh@re, an odd function resulting in zero
average torque at every given point. Nevertheldssyadial forces exist even without
any magnetic source on the rotor. Figure 3.6 shdwes tangential and normal

components of field density in the PM machine withioad.

Figure 3.6 Tangential and radial flux densitieaitgap generated by permanent
magnets
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It can also be seen that radial component of flexstty in a PMSM is primarily
dominated by the field of the permanent magnet.ddwer, the normal component of
force density yields a nonzero average and domndnayethe normal component of the
flux density even though it is without applying te&tor current. Therefore, radial
forces, which are viewed as byproduct in electrdraaial energy conversion process,
are significantly larger than their tangential ctawparts. It is also important to note that
the tangential component of the flux density in BMSM does not have a continuous
profile and only appears at distinct positions veh#lte stator/rotor coils are located.
Integration of the tangential component of forcesiy yields a zero average in the
absence of excitation, which indicates that ther@at motion when no excitation is
applied.

From the above assumption, it must be noted thattduhe periodic nature of
the basis functions, they can be expanded by @skaurier series, i.e.:

he(ps) = hoe + Y=y hye cos(kps) (3.15)
ha(ds) = hon + Ziti hin sin(kéy (3.16)

Where M denotes the selected truncation point wmatld provide satisfactory
precision. In the presence of saturation, the ooeffts of the above series expansion
depend upon current.

In the simulation, since there is only one sourfcMIBF in the machine during
the calculation of basis functions, the amountiwfettaken by FEA to compute this
“one-shot-result” is significantly lower than thene required for the simulation of the
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complete system. Consequently, in practice FEA matybe suitable for the real time
torque ripple minimization because it is time canswyg [20]. This advantage may
outstandingly prove that FRM is faster than FEAdal time control and more suitable.
It goes on to say that this method is not just tlee reconstruction of sinusoidal
excitations. Since the current applied for the $dsnction is 1A, force calculation in

the machine for various optimized waveforms becoexéemely simple.

3.3 Basis Functions of Field Reconstruction Method

As known in section 3.2, the characterization & thasis functions” is a key
function of field reconstruction method. As expexbsn figure 3.7, the algorithm of
field reconstruction involves a flow chart of cdbion and a meticulous analysis of
magnetic field distribution throughout the machitre.order to achieve this objective,
unit dc current is applied to one of the phases tledresultant flux distribution is
recorded. Using the inherent symmetry of the maghiinis distribution can be rotated
in space to establish the effect of current in eamtductor of the machine. Finally, the
field density distribution is obtained from the aulative effect of current through the
stator windings, and the permanent magnets givesvkrall estimate of flux over the

entire machine.

41



Isiot

Obtain normal and tangential flux
density components due to
current flowing through one stator
slot using FEA.

Determine basis functions from
the field distribution profile

Obtain normal and tangential flux
density distribution at one rotor
position due to the PM (By py and
Bepn)

Initialize rotor
position 6=0

Reconstruct flux density
distribution due to phase currents.

Reconstruct flux density
distribution in the layer of
interest.

0=6+A0

0=360?

Figure 3.7 Demonstration of flow chart for fielccomstruction method.
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CHAPTER 4

EXPERIMENTAL RESULTS

In many applications, such as naval, automotine, railitary, there are several
requirements of operation. In fact, quiet and tergulsation free (radial and tangential
vibration) are desired. One of the major causesdgbaerate sound, acoustic noise and
vibration is torque pulsation. In addition, magdiguand frequency of the torque ripple
is influenced by the magnetic design (cogging tejgugeometry of the machine
(number of stator slots), and excitation. In thsrky a 1-hp, 3-phase, 4 poles, 12 stator
slots PMSM has been used for simulation and expmeah verification. In the
simulation, the Matlab/simulink program is usecc#idculate the torque using FRM. In
the experiment, PMSM is operated in generating mogeising a fully controllable
BLDC drive system as shown in figure 2.14. Thers s#tbalanced and unbalanced
loads are connected to the terminals of PMSM. THpadse load currents is measured

and used in the field reconstruction program inldsasimulink program.

4.1 Permanent Magnet Synchronous Motor

It is important to note that the surface mountednament magnets are radially
magnetized. Consequently, back-EMF of this machisetrapezoidal. The first

experiment that has been done is to test the PMfBbl the easiest way to accomplish
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this is to Run the PMSM with no stator current dixad speed and measure the back-
EMF. In the simulation of this PMSM, FEA was useadd the magnitude of back-EMF
voltage from the machine is about 12.4 volts atsiieed of 1000 rpm. Figure 4.1 shows
the result of back-EMF from FEA. In fact, the bdektF is the trapezoidal waveform,
and it has the magnitude of 12.4 volts. In caseawhparison with an actual PMSM,
figure 4.2 to figure 4.4 are the results of backfEM different speeds. In figure 4.2, the
corresponding experimental measurement shows aunsgasnt of back-EMF of 12.4

volts.

Vollage ()

e Vetical Timehase Trigger Display Cursors Measure  Math  Analysis  Utiliies  Help

Measure P1:mean{C2 P2z Pa=== P4--- P&--- P& --
walug -1.036Y
status 4

100

00 KS 5.0

Figure 4.2 Back-EMF of PMSM at 1000 rpm from PMSM
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Figure 4.4 Back-EMF of PMSM 1500 rpm from PMSM

4.2 Prediction of Electromagnetic Torque

The experimental system may be divided into twompeirts, which are PMSM
(operating in generating mode) and KollMorgan dif@perating in motoring mode and

acting as a prime mover). When The three phasertatsrof the PMSM is connected to
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the sets of balanced and unbalanced load, thededdhree-phase current is injected
into the FRM in Matlab/simulink in order to calctdathe torque of PMSM. Then the

torque of PMSM is compared with the torque of thignp mover. This comparison

demonstrates an a excellent match in terms of &ecy and magnitude of the average
torque. At steady state it is expected that thamentorque meter will show a zero

average torque.

The electromagnetic torque of PMSM is computedshpplying the three-
current current profiles and rotor position into tMb/simulink program However,
calculation of the torque stemming from the primaver need to be done separately. In
fact, the torque needs to be computed in Excelrprogby using three-phase stator
current profiles, and then the currents are transfd into the rotor reference frame. As
known, the quadrature axis current on the rotarezfce frame Is linearly proportional
to the torque of the machine, and the direct anisent on the rotor reference frame
creates the magnetizing flux. As a result, afterghadrature axis current is calculated,

the current value has to be calibrated into thé afrtorque (Nm).

4.2.1 Calculation of quadrature axis current on rotor reference frame
In order to calculate the quadrature axis curoenthe rotor reference frame, the
three-phase current profiles of KolIMorgan musnteasured, and they are on the stator

reference frame. Therefore, three-phase systemtddse simplified to two-phase
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system by the use of Clarke’s transformation. g5 shows the three-phase current

system.

Figure 4.5 Three-phase current vectors on stateramce frameo-p axis)
The transformation equation can be expressed as
faﬁo = Ks* faves (4.1)

where f represents either voltage, current, flnkdge, or electric charge, and

[cos 6, cos (96 - 2?”) cos (99 B 4?”)

| sin (Be - %n) sin (Be - 4?”)

in@
l %

1
|
|
|
|

N |-
N |-

Then the three-phase stator current of PMSM camnamsformed into two-phase

system on stator reference frame as:

i iq
gl = Ks - ib] (4.2)
i, ic
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Now the three-phase system is transformed to tvas@lsystem. The next step
would be a transformation from stator referencen&ato rotor reference frame, so
called Park’s transformation. This calculation rieggl a vector rotation angle into
mathematical model to follow the rotor referena@nfe attached to the rotor flux.

The formula that is used to calculate and transfetator reference frame to

rotor reference frame is shown as:
ig]  [cosf, sin Br] [ia]
[iq] h [— sin@, cos6,] lig (4-3)

whereg, is the rotor angle position.

4.3 Simulation and Experimental Results

There are sets of balanced and unbalanced loaiffeséent speeds of rotor.

4.3.1 Operation under balanced loads condition

Figure 4.6 shows the three-phase balanced cuwfdPVSM that is supplied to

the loads at 167 rpm.

Measure Pifreq(C1y P2fieq(C2) Paeq(C3) PafeqiCd) PEmean(C4) PEmaCd)
557406 Hz 557040 Hz 555838 Hr 297375 Hr stA0my 934 mV
L v v S v v

LeCroy 11412010 10:05:45 AM

Figure 4.6 Three-phase current supplied to the td&&MSM at 167 rpm
48



0.7

0.5 A \
0.4
0.3
0.2 KollMorgan’s torque from calculation
0.1
0 Average = 0.52Nm |
0
PMSM'’s torque from FRM
-0.2 ~

N AN AN /\
v\t \ [\,

0.8 Average 0. 52Nm

Figure 4.7 Comparative results of torque betweeliMargan and PMSM using FRM
at 167 rpm under balanced load condition
Figure 4.7 shows the torque between prime movdrRMSM. The PMSM'’s
torque is the results of a half cycle of three-ghstaitor current. This is because of the
limitation of sampling data of FRM in Matlab/simuk program that limits the
sampling of 10kH from the captured data to be injected into the Fstbgram. That is
why FRM can only compute 3 cycles of torque. Tlesuit is matched with the targeted
PMSM, which has 12 stator slots. Moreover, the ltedietween KollIMorgan and FRM

are matched in both the average torque and thadray.
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File Vertical Timebase Trgger Display Cursors Measure Math  Analysis

Measure P1freq(c) P2freq(G2) Pafreq(CH) P4 fregiCd) Pamean(Ca) PEMax(C4)
value 64.318 Hz 908 pv 36.2 mv
status iy & i B

LeCroy 1142010 11:21:14 AM
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Figure 4.8 Comparative results of torque betweeliMargan and PMSM using FRM
at 334 rpm under balanced load condition

50



Figure 4.8 shows an operation of PMSM at 334 rpmdeu balanced load
condition. A cycle of three-phase stator currenP®MSM is injected into FRM program
to calculate the electromagnetic torque. Evideritigre are 6 periods of torque in one
period of current, which means there are 12 statots. More significantly, the
algebraic summation of PM’s torque and KollMorgatdsque is approximately equal

to zero Nm.

4.3.2 Operation under unbalanced loads condition

Figure 4.9 and 4.10 shows an unbalanced three-pbhasent of PMSM
operating in generating mode, and the PMSM is tu0A0 rpm. The measured current
has three electrical cycles. As a result, the ®rgulsation will have 36 pulses due to

the structure of PMSM (12 stator slot).

‘ Unbalanced thre-phase current (Generating mode) ‘

E '—j— — —\ - / S L'— - “ﬁ — = %gﬁr:: 4

T P~ - P8 - - P&~ --

iTebage D0 me Guer | 1
Sto) 00 A
S

1BI2010 S:25:27 P

Figure 4.9 Unbalanced three-phase current of PMSM@0 rpm
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Torque ripple of KollIMorgan (Motoring operation) it

Torque ripple of PMSM calculated by FRM (Nm
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Figure 4.10 Comparative results of torque betweeltiMorgan and PMSM using FRM
at 1000 rpm under unbalanced load condition
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CHAPTER 5

CONCLUSIONS

In this research, a field reconstruction methodMFRRas been introduced and
implemented on Matlab/simulink program. In case @éal time vibration and acoustic
noise cancellation, the torque pulsations haveetodbculated and predicted correctly.

Field reconstruction method has been presentedaloulation of torque ripple.
The FRM allows for the reconstruction of the elestagnetic fields due to the phase
currents using basis functions that are obtain@ugus few snapshots of the magnetic
field distribution. To accurately calculate torqtiee tangential and normal components
of magnetic field, need to be computed. As a restltM can correctly calculate the
torque of PMSM.

In experiment, the investigation shows that FRM eanurately calculate the
torque pulsation or cogging torque under both lddnand unbalanced operations
when compared with BLDC's torque pulsation. Funthere, the FRM can confirm the
effect of torque ripple due to the geometry of PMSMfact, a 12 stator slots PMSM
was studied, and the calculation was done by FRNE fesultant cogging torque
calculated by FRM shows the accurate calculatiotheftorque which is affected by

stator slot geometry.
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Field reconstruction method is a new numerical neple for analysis and
design of a PMSM. This technique is suitable withreal-time control because it
consume less calculating time than FEA. Also, FRMmbines ideas from
electromechanical energy conversion, signal recoctsdn, and pattern recognition in

order to control and develop the machine efficientl
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APPENDIX A

EXPERIMENTAL TESTBED AND THE PMSM
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A 4 poles, 12 stator slots PMSM after winding
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Experimental setup
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