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ABSTRACT
DESIGN, ANALYSIS AND OPERATION OF IPMSMS FOR HEV APPLICATIONS
By
Abdul Rehman Tariq

Energy conservation and clean environment are the basic driving factors for the de-
velopment of Hybrid and Electrical Vehicles (HEVs). Efficient electrical machines are
one of the key components of HEVs. Interior Permanent Magnet Synchronous Machines
(IPMSMs) are getting more room in the vehicle industry due to their high power density.
wide speed range and high efficiency. This document presents the different aspects of the
design, analysis and operation [IPMSMs for HEVs applications. Finite Element Method
(FEM) and analytical methods are used for performance analysis. The issues addressed
are efficient machine design for a specific driving cycle. quantitative analysis of machine’s
performance under overload conditions, effect of magnet materials on machine design and
an analytical framework for faster calculation of machine losses and torque.

An efficient design of IPMSM is proposed for series hybrid bus based upon the maxi-
mization of the Average Driving Cycle Efficiency (ADCE) for a typical urban driving cycle.
An optimized machine design is the outcome of many design iterations and procedure in-
volves FEM analysis for every design. Design iterations were tuned for machine geometry
and winding topology. Torque speed envelopes and efficiency maps were computed by post
processing of the FEM simulations data and Matlab programming. Inverter losses and the
power required for machine and inverter cooling was also included in the computation of
ADCE.

A method based upon the quantitative analysis is suggested to design and evaluate the
performance of an IPMSM under overload conditions with increased cooling. Issues of
demagnetization of the magnets and the current magnitude and angle limits were calculated
using the FEM. The procedure was demonstrated to design and analyze an IPMSM to

maximize the overloading capacity.



An analysis is presented for performance evaluation of high power density IPMSMs
for elevated operating temperature using different magnet materials. The effect of change
in the characteristics of the permanent magnets with temperature variation is taken into
account in the design evaluation. NdFeB and SmCo magnet machines can be designed for
a specific temperature range. The availability of rare earth magnet materials (NdFeB and
SmCo) across the world at atfordable cost, is becoming an issue. In this situation, the ferrite
magnets could be the only option for design of high power density PM machines. Different
machine designs including IPM and flux squeeze were analyzed and their performance is
compared to explore an efficient machine design using ferrite magnets.

FEM takes hours to set up, run and data post-processing of the experiments for every
iteration. An iterative method based upon large elements and Magnetic Equivalent Circuit
(MEC) of the machine is developed to reject out the relatively non-efficient designs at early
stage of the design optimization. It encompasses the time stepping transient solution of
the magnetic scalar potential of a set of equations derived from the MEC of an IPMSM.
Finally. losses and efficiency ot the machine were calculated from magnetic scalar potential
of MEC nodes in much reduced time than required by the FEM.

Six PMSMs are designed and manufactured during this research work. First IPMSM
is in use for various experiments in the machines test laboratory for more than two years.
Three more machines are built using different magnet materials (one each of NdFeB, SmCo
and ferrite magnets) in the housing of oft the shelf induction machines. Two high power,
water cooled IPMSMs were designed for the power train of series hybrid bus and their

manufacturing was arranged through a vendor.
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Chapter 1

Preamble

1.1 Synopsis and Objectives

Energy conservation and clean environment are the driving factors for the development of
hybrid and electrical vehicles (HEVs). High power efficient electrical machines are the key
components of the HEVs. Interior Permanent Magnet Synchronous Machines (IPMSMs)
are widely used in the vehicle industry due to their high power density. wide speed range
and high efficiency. Since HEVs will share a significant part of the automobile market
in near future. more investigation is being carried out for deployment of IPMSMs. This
document presents the research work done in the area of design and performance analysis
of [IPMSMs.

Design of an etficient machine for a specific application in reduced time is always the
need for timely completion of the development projects. Efticiency of IPMSMs varies in its
operating range defined by torque and speed. The torque speed requirements of the traction
machines also vary for different vehicles and driving cycles. Efticiency of the complete
driving cycle of the traction drive is more important machine design parameter than the ef-
ficiency of traction machine at one operating point. The optimum machine design (having

maximum ethiciency for the complete driving cycle) needs many iterations and Finite Ele-



ment Mcthod (FEM) based upon solving a set of electromagnetic equations in time domain
takes long time for each design iteration. A fast but relatively less accurate method than
FEM is presented here to calculate the iron and magnet losses and torque of IPMSMs. Ma-
chine operation limits in terms of maximum overload current and magnet demagnetization

are also studied to evaluate the machine performance under various operating conditions.

1.2 Principal Contributions

This thesis presents the research work in the area of efficient design. analysis and operation
of the IPMSM for hybrid vehicle application. The major contributions of the rescarch work

arc the followings:

1.2.1 Design of IPMSM based upon ADCE

Average Driving Cycle Efficiency (ADCE) is the efficiency of traction drive that depends
upon the encrgy consumption during the complete driving cycle of the vehicle. A method
is worked out for the calculation of ADCE of a series hybrid bus. In this regard. the co-
cfficients of iron losses were calculated from the manufacturer’s data of iron laminations.

Computation of iron and magnets losses was carried out with using FEM.

1.2.2 Machine operation overload

A frame work based upon the quantitative analysis of machine’s operation under over-
load conditions is presented to evaluate its performance with increased cooling. Issues of
demagnetization of the magnets and the current angle limits with varying machine load
current are calculated using FEM. A method is proposed to design an IPMSM for higher

overloading capacity.



1.2.3 Effect of magnet materials on design of PMSMs

An analysis is presented to evaluate the performance of PMSMs for elevated temperature
applications. It provides in-depth understanding of the usage of the different magnet ma-
terials for a specitic design requirement.  Furthermore, the machine design options are
explored for design of high power density PMSMs without using rare earth magnet mate-
rials. Ferrite magnets arc used in interior magnet as well as in the flux squceze design, and

feasible design options are proposed in case of unavailability of rare carth magnets.

1.2.4 Acceleration of machine design

An iterative numerical method based upon the Magnetic Equivalent Circuit (MEC) of an
IPMSM is formulated for calculation of iron and magnet losses and torque in reduced time
than the FEM. IPMSMs, especially those having multilayered magnets and non-symmetric
elements of rotor geometry, operate in deeper saturation than induction and switched re-
luctance machines. Tron and magnet losses calculation of IPMSM using MEC has not been
explored much in the past and this work contributes towards this objective. The proposed
method is aimed to be fast and have comparable results with that of the FEM. The machine
geometry is entered to a Matlab based program that solves the MEC of IPMSM considering
the non-linearities in the lamination material due to magnetic saturation. In order to have its
true modeling. manufacturer’s supplied BH curve is used instead higher order polynomials

approximations.

1.3 Organization of Thesis

Chapter 2 presents the basic configurations of HEVs and IPMSMs. It gives an overview of
hybrid vehicles, configuration of PMSM and their winding distribution. Mathematical dq

axis model ot a PMSM is discussed for efficient machine operation. Chapter 3 describes



about the partial differential equations associated with the electromagnetic principles of
electrical machines and machine design procedure using the FEM. It also presents the cross
saturated model of PMSM and calculation of copper, iron and magnet losses.

Chapter 4 presents a procedure for machine design and evaluation based upon the
ADCE of the traction drive. The cross saturated model of IPMSM was used to calculate the
current and its angle for efficient machine operation. Chapter 5 describes the quantitative
analysis of IPMSMs for its overload conditions. Considering magnet demagnetization, the
safe operating region in terms of current, its angle and torque speed range is explained. De-
sign consideration are also presented for IPMSMs that can be overloaded to its maximum
level.

Chapter 6 mentions the design consideration using different magnet materials for ele-
vated operating temperatures. The variation in the magnet properties and their demagneti-
zation characteristics are explained. Comparison of torque speed envelope and efficiency
is presented for machines designed for a specific application. Furthermore, the design of
high power density PMSMs are explored without using rare earth magnet materials. Ferrite
magnets are used in different designs to achicve maximum possible power density.

An analytical method based upon the MEC is discussed for IPMSMs to calculate iron
and magnet losses and torque in Chapter 7. The proposed method is applied to two different
machines, and results are compared with those of the FEM. Chapter 8 gives the summary
of and discusses the future work. The experimental work that includes desiging. building

and testing of the various PMSMs are described in Appendix A.



Chapter 2

Background

Energy conservation needs of the world are the driving factor for the minimization of the
energy losses. Significant losses occur in energy conversion devices. Automobiles consti-
tute a very vast segment of energy consumption devices and the majority of the vehicles are
driven by converting the chemical energy of gasoline to mechanical energy of the wheels
by Internal Combustion Engines (ICEs). Due to low efticiency of engines. a significant
portion of the energy is converted into heat.

Hybrid and Electric Vehicles (HEVs) utilize an electric motor as well as an ICE to pro-
vide efficient operation and to reduce the emissions pollution. Vehicle design complexity
increases in hybrid vehicles due to sophisticated control and power mixing from two energy

SOuUrces.

2.1 Configurations of HEVs

There are two basic configurations of the hybrid vehicles. series and parallel hybrid. In
series hybrid, one only energy converter provides the propulsion power. The ICE drives an
electrical generator that delivers the power to energy storage devices and propulsion motor.

The system configuration of scries hybrid vehicle is shown in Fig.2.1. In parallel hybrid.
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Figure 2.1: Series hybrid configuration

more than one energy source can provide the propulsion power. ICE and electric motor are
configured in parallel with a mechanical coupling that combines the torque produced by
two sources. The system configuration of parallel hybrid vehicles is shown in Fig. 2.2.

In the series hybrid configuration, the entire mechanical energy from the engine is con-
verted into electrical energy, and the traction machine solely produces the mechanical en-
ergy required for vehicle motion and its acceleration. The traction drive has relatively large
size because it has to provide sufficient torque for acceleration. A downsized engine drives
the generator, which supplies electrical power to the traction motor. The generator also
charges the batteries when they are below than a certain state of charge. The traction motor
returns energy to the batteries/capacitor during braking.

In the parallel hybrid configuration, the engine and motor are connected to the drive

shaft through planetary gears. Power requirements of the motor in parallel hybrid is much

Engine Planetary
gear

A

Transmission

Motor & |
Inverter

Battery [«

Figure 2.2: Parallel hybrid configuration



lower than that of a series hybrid because engine complements for total power requircment
of the vehicle. The propulsion power may be supplied by engine or battery or by both of
them together.

Series/parallel hybrid configuration or their combination can be used in a vehicle and
selection depends on the system operation to minimize the energy losses. Series hybrid
configuration is more suitable for an urban bus. which operates at lower speed and stops
frequently. Encrgy transformation from mechanical to electrical form and vice versa hap-
pens by clectrical devices and they are more cfficient than conventional engines and me-
chanical energy transtormation devices. To maximize the etticiency of a series hybrid bus.
all subsystems (engine, generator, motor etc.) have to be designed and operated at their
cfficient operating range. Efficient electrical machines are one of the key components of

the hybrid vehicles.

2.2 Permanent Magnet Synchronous Machines

Electric drives are categorized based upon their operating principles. Conventional DC,
synchronous and induction machines are relatively less efficient machines. Permanent
magnet brushless DC and Permanent Magnet Synchronous Machines (PMSMs) have per-
manent magnets in them and exhibit high power density and efticiency despite of the ad-
ditional electronics required for their operation. PMSMs are replacing other electrical ma-
chines rapidly. especially in the vehicle industry due to their low losses, casy control and
wide speed range. They are more suitable in the applications requiring reduced volume e.g.
automotive, aircraft, and portable generator industries.

Three phase PMSMs are basically AC machines that have three phase windings in the
stator slots. The windings current is approximately sinusoidal and produces a rotating space
vector of the magnetic flux. There are magnets in the rotor that produce a constant flux.

Based upon the rotational construction, there are two configurations of PMSMs; interior
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Figure 2.3: General configuration of PMSMs

and exterior rotor as shown in Figure 2.3.

2.2.1 Location of permanent magnets

Permanent magnets can be installed on the rotor in several configurations. Their location
affects the characteristics of the machine, maximum torque, maximum speed and power
density. Based upon the rotor magnets configuration, the PMSM can be: Surface PMSM,
Inset PMSM and Interior PMSM as shown in Figure 2.4.

In a surface magnet motor the magnets are usually magnetized radially. Since the per-
meability of rare-earth magnets is almost equal to that of the air, d and ¢ axis inductances
are usually considered to be equal. This offers simple construction of the motor, which is
less expensive because the magnets can be attached to the rotor surface.

Inset PM rotor has its magnets in the cavities on the rotor surface. It provides an addi-
tional component of the torque due to saliency. Its construction is relatively more complex
than surface PM. However, in case of interior rotor machine for both surface and inset PM
machines, keeping the magnets on the shaft against centrifugal force is an additional issue

to consider in the machine design.



(a) Surface PM (b) Inset PM

(¢) Interior PM

Figure 2.4: Permanent magnets location in the interior rotor configuration

The embedded or interior PM rotor has permanent magnets embedded in the deep slots.
In IPMSM, the stator synchronous inductance in the g-axis is greater than the synchronous
inductance in the d-axis, this saliency produces an additional reluctance torque that makes

it suitable for traction applications where high torque and wide speed range is desired.

9



(a) Concentrated (b) Distributed

Figure 2.5: Winding configuration of PMSMs

2.2.2 Winding distribution

The stator windings distribution affects the efficiency and size of the machine. Figure
2.5 shows two basic configurations: concentrated and distributed windings. Concentrated
windings are usually designed for small and mid power machines. Their basic advantage
is the reduction of end windings., hence the copper losses and leakage flux is reduced.
Distributed windings configuration has longer end turns, and has more copper losses. how-
ever it provides back emf which is closer to sinusoidal back-emf. and hence this topology

reduces iron losses.

2.3 dq Axis Model of PMSMs

The dyg model of a PMSM can be developed in stator or rotor frame of reference. The model
in the rotor frame of reference is preferred because it is simpler. It allows to decouple the
flux into magnetization and torque components; the current can be decomposed in the same
fashion. The phase diagram of dq model of a PMSM is shown in Fig. 2.6. The rotor flux
linkages are assumed constant and aligned with the direct axis. while the flux component

alected. The stator flux is also

=
&

in the quadrature axis is taken as zero. The core losses are ne

represented by two components: direct and quadrature fluxes.
The stator voltage equations in the rotor frame of reference are:
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Figure 2.6: Phasor diagram of a PMSM
, W
1'(/: R,\-Id—w'(‘/\(1+ 7‘ (21)
| 2
l'([ = R,gl(l + ow'( /\(I + —(j—f (22)

where [ is the stator resistance, ¢ and ¢ are the stator voltage and current and the subscripts
 and q refer to the corresponding direct and quadrature axes components. A is the the stator
flux linkages and w¢ is the electrical frequency. The direct and quadrature axis fluxes in the

rotor frame of reference are:

AN =A—par+Lgiy (2.3)

/\(1 - L([I(/ (24)
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where /\(1~P.\[ is the stator flux linkages due to the PM. The inductances L(] and Lq
model the stator flux change due to the stator currents. In general these inductances are not
equal, because the reluctance of direct and quadrature paths are not the same. In the IPMs
shown in Fig. 2.5, the direct axis reluctance is bigger than quadrature axis reluctance, this

produces that L j < L. The electrical torque 7¢ is given by:

S A i A 2
©T 59 ( d'q — /(11(/) (2.5)
where P is the number of poles. Substituting (2.3) and (2.4) in (2.5). the torque is calculated
as:
3pr _ I IV ,
=55 (Aa—paria + (Lg=Lq) igig) (2.6)
The first component of the torque, 7,y is called "Permanent magnets torque’. It is
produced due to the interaction between the rotor flux and the quadrature axis current.
The second component. 7. is produced due to the relative change of the reluctance of the

machine with the rotor position and is called "Reluctance Torque’.

‘

3P .
Tm = E? (/\(l—])A\[I(/) 2.7)
3P .
Tr = 3—) ((L(l - [4([) [(1/(/) (28)
Te = Tin + 7r (2.9)

2.4 Modes of Operation of PMSM

PMSMSs are usually operated in vector control in dq axis model for efticient machine op-
cration. The operation of the machine is restricted by mechanical and electrical limits that

12
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define its torque speed range. The electrical limits of the machine are the maximum cur-
rent and the maximum voltage. The maximum current is determined by the capability to
remove heat from the machine and depends on the design of the cooling system. The max-
imum voltage is restricted by the peak voltage available from the inverter and the winding
insulation grade. The mechanical limits are set by maximum torque and speed handling
capacity of the shaft and bearings, and it is defined by the machine design configuration

and its electrical limits.

The basic objectives to determine the modes of operation for calculation of torque speed
range of PMSMs are to have high dynamic performance and low operational energy losses
while operating within voltage and current limits. The operation in the machine is divided
basically in two regions: constant torque and constant power [1]. These regions overlap

cach other at base speed or corner speed.

The operation below base speed is limited by the maximum machine current. The
induced voltage is lower than the maximum available from the inverter. In this region. the
criterion for efficient machine operation is to use the maximum torque available restricted

by the maximum current, named as *‘maximum torque per ampere’.

When the machine speed is higher than the base speed, the induced voltage (product of
the flux and speed) would exceed its maximum limit. At this point. it is necessary to control
the flux in order to operate the machine at the inverter voltage limit. The stator current is
controlled in a such way that one component ;. reduces the direct axis flux and hence the
induced voltage. Under this condition the maximum current limit should be satisfied too.
The component /y; is chosen in such a way that the current limit is satisfied and the torque
produced at this point is maximum but lower than the maximum torque per ampere for the
same stator current. This control technique is called ‘direct flux weakening control’. Fig.

2.7 shows the block diagram used to control the PMSM for efficient modes of operations.
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Figure 2.7: Schematic of the PMSM-drive control strategy

24.1 Maximum torque per ampere

The Maximum Torque Per Ampere (MTPA) control operates the motor in the region where
the induced voltage is lower than the maximum voltage. Then (2.6) is satisfied under the
restriction of maximum current and to maximum torque production. Considering the case
where the current is equal to the maximum current /y;);x, this current can be decomposed

in terms of i and iq as:

i = Imax cos(9) and ig = Imaxsin(d) (2.10)

were 4 is the angle between the current space vector and rotor -axis. Substituting (2.10)

in (2.6), the torque is given by:

o e 2 fi oot ;
Te = E 2 (/\,]71)_\[I“mx.\lll(r” + ([‘(/ = L,/) /““lx xlll(.’ﬁ)) (2:11)
The torque per ampere is given by:
. S in(6) +0.5% (L; — Lqg) I in(20 2.12
7 = }? Ad— P M S« ) + 0.0 % ( ¥ ‘(/) lll;l.\'“\m("()) (2.12)
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The angle where the maximum torque occurs is given by:

@_ U (:5[’

A CE] (/\(/_P‘\/Siu(d) + 0.5 % ([.(/ - Lq) ]lllil.\’ Sill(f«i))) =0 (2.13)

solving for &

2

D) s ‘2
—Aj_pyt \//\(_/—P.\/ + (\Imzlx(L(l — L(/)

4(L; = Lg) hnax

-1

3 = cos (2.14)
0 lies between 90° and 180° in order to have positive reluctance torque when Ly < Ly.
which is the usual case in [IPMSMs. For an specified value of stator current [y = Ijax.

the angle is calculated trom (2.14) and the current commands are calculated from (2.10).

2.4.2 Direct flux weakening control

Beyond the base speed. the PMSMs operate in direct flux weakening control. At base
speed. the machine’s terminal voltage reaches its limit and the current space vector angle 4
should be increased as the speed increases. The value of 0 is selected such that it maximizes
the output torque and keeps the motor within the voltage and current limit. It is clear that in
this region (2.14) is not longer satistied. Combining (2.1). (2.2) and neglecting the voltage

drop in the resistor the maximum voltage in steady state can be written as:

.9 .9 29
thax =V + 1y

) )
= (weAg) ™+ (wedg)”

= (v’v‘(-L({/'r[)i2 + (“‘J( (’\</—1’4\/+[‘(1[‘/>>0

It is also required to produce the maximum torque available at this point, so the machine

15



operates at its maximum current. The maximum voltage then becomes:

- 20,9279 9 2
2 [La (11-““X - 1(-,) + (/\(1_[,‘\[+L(,[(,> J (2.16)

Re-arranging.

Vi = i \/1('-;(1 + 0L+ NGy e
where

_ g2 2 2
a = L(, - 14(/ (._17)

b=2N_parka

) D) 9
c=X—pa+ LiThax

For fixed input voltage, speed and stator current, the value of /; is calculated from

cquation (2.17), and [ is calculated by: [, = 4/ (1%“,x - ]j)
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Chapter 3

Machine Design, Cross Saturated

Modeling and Losses Calculation

3.1 Introduction

High power Permanent Magnets Synchronous Machines (PMSMs) are well known for their
high power density and better efficiency. Due to their small volume and high flux density.
their iron core saturates deeply and they operate in the the region of magnetic non-linearity.
still they have higher efficiency than that of the induction machines for the same output
power. The optimized design of high power efficient machines is a vital requirement for
energy conservation need of the world.

Most of the analytical design methods of electromagnetic devices work well within the
lincar region of the BH curve of the iron core. However their accuracy reduces for devices
operating in magnetic saturation. The Finite Element Method (FEM) is a very popular tool
for the design and analysis of electromagnetic devices. Due to division of iron core into
small elements, each element is solved for its electromagnetic problem. In this way, it
encompasses very well the non-linearitics of the BH curve.

In this chapter, the procedure of the machine design and its performance calculation
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is discussed. which has been adopted in the following chapters for design and analysis of
various PM machines. Since FEM are time consuming. they are usually run for specific
current and speed for a machine geometry. An analytical machine model is used to evaluate
the machine performance at the desired torque speed range of the machine under ditferent
current and voltage. Cross saturated model of PMSMs is an improved analytical method
and is it discussed and used here. Calculation of machine parameters were obtained from
the post processing of FEM simulations data using cross saturated model and they were
used to calculate torque speed curve. A Matlab code was written for processing of the
FEM data and calculation of torque speed envelope of the machine.

Calculation procedure of machine losses are also discussed here. Copper losses of
the machine are calculated by analytical method by calculating the conductor size and its
length. Iron and magnet losses are calculated from the FEM. FEM requires the coetficients
of iron losses. Computation of iron losses coefficients form the manufacturer’s supplied
losses data of the laminations is also discussed here.

Section 3.2 talks about machine design procedure. in which initial analytical design
method is discussed in section 3.2.1. The theory of FEM for electrical machines is pre-
sented in section 3.2.2.1 and procedure of FEM design iterations is discussed in section
3.2.2.2. Section 3.3 talks about cross saturated model for PMSMs which is used with FEM
tfor design analysis. Calculation of electrical losses is described in section 3.4, in which
section 3.4.1. 3.4.2 and 3.4.3 present the calculation of copper. iron and magnet losses

respectively.

3.2 Machine Design Procedure

Generally, machine design is an iterative process. Once machine design variables such as
geometry. magnets, windings, voltage and current limits are set. its pertormance indices e.g.

inductances, torque. speed. losses. cfficiency are evaluated and compared with the desired
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parameters. The iterations of machine design variables are performed until desired design
parameters are met or approached with reasonable accuracy. Initial design is obtained from
analytical methods, and most of the FEM iterations are performed after this for the fine

tuning and optimization.

3.2.1 Initial analytical design

The main inputs for design of electrical machine are the required output power, current
density, maximum flux density, losses and efficiency at various operating points. Current
density is usually based upon the machine cooling system. Generally, air cooled PMSMs
use current density of less than 10 A/mm?2, whereas water cooled utilize up to 20 A/mm?.
High power density in PMSM dictates the flux density in the iron to be in the range of
2.0 to 2.5 T. An estimate of stator teeth and back iron thickness is provided from the flux
of permanent magnets and winding mmf using linear relationship ot the magnetic circuit
permeances.

Permanent magnets are represented by a flux source in parallel with a permeance. Flux

BI'AIII

Helm
where H and B)- are coercivity and remanent flux density of the permanent magnet. [, is

of a permanent magnets is oy = B, and its parallel permeance is G =

the Iength of the magnet in the direction of flux through it. and 4, is its area perpendicular

to the flux direction.

Similarly. current carrying stator windings are modcled by time varying magnetomotive
force (rnmn f). The nim f for each stator tooth is calculated from a presumed winding
configuration, number of turns and the stator current. With time varying current. the mm f

of each stator tooth varics at each time step.
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3.2.2 FEM design

3.2.2.1 Governing equations used in the FEM

Transient magnetic application of FEM deals with the time dependent electromagnetic

ficlds. that are related by the following Maxwell's equations:

. 003
VxE= —(,—
Ot

—

V-B=0
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B = I i
where

I Electric ficld (V/m)

B Magnetic flux density (T)

Ii Magnetic field intensity (A/m)
J Current density (A/m?)

a Conductivity (S)

/! Permeability (H/m)

(3.4

(3.5)

and YV is vector ditferential operator. In Cartesian coordinate system, it is defined as:

Lo L 00
()

\Y — 4 dy——
Tor Ty

()

+ (3.6)

a-——
Jz

dp.dy.d- are unit vector along their respective axes.

Equation (3.5) refers to magnetic properties of the material.  Magnetic flux density

and magnetic field intensity can be expressed as functions of each other by the following
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relationships:

B = /117 = B = /1“/1,~17 (3.7)
or
H=vi = H = vy B (3.8)
here
1) Vacuum permeability = 47 X 10~ 7 H/m
" Relative permeability

vy = 1/py  Vacuum reluctivity = 1/(47 x 1(1_7) m/H

s Relative reluctivity

In the presence of permanent magnets. (3.7) and (3.8) becomes

B = py-H + By (3.9)
I = vy B — H, (3.10)
whereas
I3y Remanent magnet flux density of permanent magnets
I Coercive magnetic filed of permanent magnets

FEM meshing divides the machine gecometry into small elements. Flux 2D (a software
tool based on the FEM) is used for all simulations and analysis discussed in this thesis. It
uses the magnetic vector potential (1) for solution of the electromagnetic fields. Equation
(3.1) implies presence of clectric scalar potential (V) and it is related with A by (3.11).

.\

E=_-""_xXV 3.11
ot (3.11)

Combining (3.3), (3.4), (3.10) and (3.11) results in the following cquation:
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() (3.12)
where

(] Tensor of the relative reluctivity of the medium

A Magnetic vector potential (Wb/m)
[7] Tensor of the conductivity of the medium
V Electric scalar potential

Equation (3.12) is solved by FEM (Flux 2D) in transient magnetic application [2].
Dirichlet boundary condition are applied around the surface of stator in the FEM solution
procedure i.e. magnetic vector potential () is fixed at zero. Fig. 3.1 shows a quarter of
the geometry of a typical 4 pole IPMSM for reference. Here. for the stator outer diameter.
mathematical expression of boundary conditions is ‘I‘\/_\— = 0. The subscript "MN' repre-
sents all the nodes lying on the contour line MN. This is a valid consideration because the
back iron thickness of the machine is wide enough to keep all the magnetic flux inside the
stator core. Furthermore, it is not necessary to model the whole machine for FEM analysis.
Instead. a part of machine can be used for FEM which has to be symmetric and repetitive in
the full machine geometry. Cyclic boundary conditions are used for even number of poles
and anticyclic boundary condition are used when odd number of poles are modeled. During
machine rotation of the one pole geometry of Fig. 3.1, the lines LM and LN will always be

positioned at any instant of time at an angle f; and ) respectively. Its anticyclic boundary

- ~ A A v - -
conditions will be ’1LA\I = —'4L.\' and —(-)1—(71—] = —(—)%)L where ‘4L.\I and .4[“\' are the

magnetic vector potential at the nodes of the respective lines.

3.2.2.2 FEM design iterations

The characteristics of high power density electrical machine arc non-lincar due to deep

magnetic saturation. Therefore. it is very hard to obtain a close form solution for an opti-
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Figure 3.1: Quarter geometry of a 4 pole 105 kW IPMSM

mized design of the machine geometry. The shape of magnets and rotor is more complex
and their small variation has significant effect on the machine parameters. Many iterations
are usually required to obtain the final machine design and FEM is utilized widely for the
iterative design process [3], [4]. In the electrical machine design, the use of FEM always
refers to the solution of electromagnetic system of equations in time domain using finite
element methods with the applicable boundary conditions, and the same is applicable in
this document too.

In the FEM design procedure of electrical machines utilized in this document, machine
geometry and the electric circuit of the winding configuration are defined in the FEM soft-
ware application. Material properties are described and they are assigned to the respective

faces of the geometry. Different meshing size is also identified depending the variable con-
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centration of the magnetic flux density. The magnet material. magnetization direction and
parameters of the electrical circuit components are defined as well. Time steps of time de-
pendent quantities is also mentioned in transient magnetic solution. The problem is run for
a specified time and finally. the results such as voltage, current. inductance, torque, losses
cte. are obtained by post processing.

During every iteration, one or more machine design parameters are varied and its effect
is noted on the desired output parameter. Parametrization (multiple variation steps) for
certain design parameters is also used in some FEM simulations.

Refereing to Fig. 3.1. following are the major concerns of the machine geometry vari-

ation and their eftect on the design of efficient high power density IPMSM:

(a) Magnet angles and thickness of the bridges (lamination area between the rotor edges
and magnets) affects the pulsation in back emf. Wider bridges reduce flux linkage
magnets to stator, however, they do not cause much iron losses due to uni-directional

deep saturation.

(b) Air gap flux density produced by two magnets layers rotor is closer to the sinusoidal
form as compared to the single layer rotor magnets provided inner layer has more flux

density than the outer layer.

(¢) Deep saturation of the iron core at no load increases the iron losses significantly at
lighter loads. Therefore, heavy saturation of the stator teeth and iron is not desirable. If
required. air pockets can be added in the magnet layers to reduce magnetic saturation

in the iron core.

(d) The thickness of the magnets affects the ficld weakening range directly. For a given
flux linkage and maximum current of machine, thicker magnets reduce the direct axis
inductance L ; and hence the field weakening range. On the other hand, thinner mag-

nets can increase the field weakening range but their minimum thickness is restricted
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by demagnetization limits of the magnets. Decreased no load saturation level reduces

flux linkages of magnets and therefore increases the field weakening range.

Once the machine geometry, windings configurations and saturation level of a machine
are set for a specific application using FEM iterations, the FEM simulation are performed
to extract the machine model. Parametric FEM simulations are setup for stator current (0 to
maximum) and its angle (0 to 7 for motoring and 0 to -7 for generating mode of operation).
Voltage in each phase was extracted for all combinations of parameters and cross saturated

model was used to obtain the machine parameters.

3.3 Cross Saturated Model and Efficient Machine Opera-
tion

Cross saturated machine model of a PMSM takes into account the magnetic saturation
effect of one axis on the other in dq axes machine model. and it is used to calculate the ma-
chine inductances for difterent load current from the FEM simulated data. Using the same
cross saturated model and calculated inductances, torque-speed envelope of the machine
was computed for efticient machine operation.

The efficient operating modes of PMSMs [5, 6] are:

(a). Maximum Torque/Ampere (MTPA) mode : Speed up to the corner speed.
(b). Constant power mode : Speed above the corner speed.

The cross saturated model of a PMSM discussed here is applied to the machine geom-
etry given in Fig. 3.1. The key design parameters of this machine are tabulated in Table
3.1

Equations (3.13) - (3.14) represent the machine model of 3-phase IPMSM in the stator

frame of reference [7].
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The flux linkages in both axes are given by (3.15)-(3.106):

+ ["Ii’l + ‘\I(/lli(/

g = /\(l([;m) +Lgig+ “1,],1'.(/

Table 3.1: Key parameters of 4 pole 105 kW IPMSM

Machine parameter Value
Rated power 105 kW
Rated torque 781.4 Nm
Rated current 140 A

Maximum line voltage 480 V

Corner (base) speed 1285 RPM
Maximum speed 6000 RPM (4.7 pu)
'\’I(I"”) 1.03 Wb
Stator phase resistance 0.17 Q
Air gap 0.8 mm
Rotor diameter 207.8 mm
Stator diameter 381 mm
Stack length 240 mm
Stator slots 24
Winding type double layer (Lap)
9

Slots/pole/phase

Number of turns

11 per coil

Magnet grade

NdFeB N335SH

Stator and rotor core

M-19 G24 silicon steel

26
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The output torque of the machine is given by (3.17).

.. 3P . . . 2 2
1 = 55{/\(/(’[””)111 — /\(1(1”“)/(] + ([‘(] — L(/)I(]l(l — _\[{I(II([ + ‘\[(/(]](I} (3]7)

Equations (3.15)-(3.17) model the cross saturation of the IPMSM, in which the current
of one axis affects the flux linkages of the other through saturation. This coupling depends
on the machine geometry and the saturation level. The model indicates that the permanent
magnets affect the flux linkages in both d and q axes. Here. L ; and L are self inductances,

and A\[([,I and A/

dg e quasi- mutual inductances [8]. It must be noted that .\[q([ # M

dy*
since these parameters do not represent the actual mutual inductances.
The conventional dg model of IPMSM that assumes that current and flux linkages in

d and ¢ axes are independent of each other can be obtained by setting A‘](/””‘)‘ ;\I(/(l and

‘V:/(l equal to zero in (3.15)-(3.17).

The torque speed curve was calculated by the inversion of (3.13)—(3.17) in ’steady
state’.  The torque was computed by maximum torque per ampere up to corner speed
for rated current. At this current the current angle & was varied between 90°-130° and
equations (3.13), (3.14) and (3.17) were solved. The value d(. corresponding to max-
imum torque was determined. Above corner speed, when both the current and voltage
s =\ /1'3 + 1';7) are at their maximum values, the current angle was increased in steps., up
to 180°, giving i)+ {q- From these values and vy, (3.13) and (3.14) were solved for « and
corresponding 1" was calculated from (3.17). This allowed the determination of the pairs
of w and T, for torque speed envelope of the machine as shown in Fig. 3.2.

Although the machine model with cross saturation is relatively complex, it provides
more accurate results than the conventional dg model. Fig. 3.3 [8] depicts the torque
calculated for both models at rated current for angle 90° — 180°,

Fig. 3.3 shows that the torque calculated using the cross saturated dq model agrees well

with that of the torque obtained from the FEM, while the torque calculated by the simple
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Figure 3.2: Operating range of the IPMSM calculated using cross saturated dy model.

dyq model has an error of about 8%. Current angle for maximum torque was 136.5° using

cross saturated dg model and 132° when calculated from the simple dq model.

3.4 Calculation of Machine Losses

This scction describes the calculation of electrical losses of IPMSM and they consist of
copper. iron and magnet losses. Copper losses are calculated analytically. Iron and magnet

losses are computed by the FEM.
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Figure 3.3: Comparison of developed torque for machine models with and without cross
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3.4.1 End windings and copper losses

End windings may be a significant portion of the windings conductors, which do not con-
tribute towards torque/EMF of the machine. Long end turn windings cause more winding
resistance and therefore losses. Each side of the winding conductor is placed in a stator
slot. For distributed windings, the end windings length of a conductor in the coil can be ap-
proximated by average length of the arc and semicircle of the winding slots. Fig. 3.4 shows
the equivalent configuration of placement of two conductors in stator slots to calculate the

end winding length. where

R = Average distance from coil center in its slot to the center of rotor (171)
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Figure 3.4: End winding representation of the distributed winding

A = Angle (rad) between two sides of coil with origin as rotor center (rad)

S = R = Average arc length of each coil on the stator slot (1)

d = Direct distance between two coil centers, which have arc length S (i)

(' = =d/2 = Half circumference of circle having the coil centers on its boundary (1)
E = Coil extended Iength from stator stack before end turning (im1)

Coil extended length is part of coil conductors that remains straight at the end of stack
length before bending. Its Iength varies 1 ¢m to 7 cm depending upon the size of winding
conductors and number of turns in a coil. In a practical machine windings of 30 turns/coils

of AWG 9 or equivalent conductors. extended length of 2.5 ¢m is reasonable. Then

End turn length of each coil = [ = 2E+ %(S + ()
Length of cach coil = le = 2Nel a0+ Lstaer)

The resistance of coil is:

I('
R.= (3.18
K oA ®)
where
a Conductivity of coil material (S/m)
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) - 9
Ae Cross sectional arca of coil conductor (1n=)

Ne Number of turns in the coil

Phase resistance (I?[,/,’) was calculated from coil resistance (3.18) and scries/parallel

connection of the coils in the winding. Copper losses of the machine are:

2

FPe=3 [1)/1,

R

Pl (3.19)

The change in the resistance of a conductor with temperature is characterized by its

lincar increase with temperature and is given by (3.20).

R = R(J(l+(l(T—n))) (32())
where
It = Resistance at required temperature T, (£2)
Iy = Known resistance at temperature T{), ({2)
« = Thermal coefficient of conductor (°C~ 1 )
T = Temperature at which conductor resistance to be calculated (°C)
Ty = Known temperature at which. resistance of conductor is known (°C)

Efficiency analysis of machines may be desired at elevated temperature. The copper
losses are temperature dependent, and are computed accordingly at the machine’s operating

temperature using (3.20).

3.4.2 Iron losses

Machine rotation and alternating current cause the continuous change in the magnetic flux
in the stator and rotor laminations. Iron losses develop in the magnetizing material due

to flux variation and induction of eddy currents. FEM are widely used in the machine
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design for iron losses calculation and provide more accurate results than those obtained
by the analytical methods. However, the coefficients of iron losses are required in post
processing of FEM simulations. This section describes the calculation procedure of iron
losses coefticients from the losses data provided by the manufacturer of the laminations.
In FEM transient magnetic application, iron losses per unit volume for cach element of
iron core at one time instant "1 " and over one cycle of electrical frequency "1 are given

by (3.21) and (3.22) respectively [2].

Py = ky, Bk p f + WQYL-)[};“),,_/'QA-f- + 86T R B O (3.21)
T T , . -
! ! (3.22)
where
l"h = Cocfficient of hysteresis losses (H'/'I’Q.s_ 1 1::3)
ke = Coefficient of excess losses (1W/(T &1 )3/2111“‘)
o = Conductivity of laminations (Qm)_l
«d = Thickness of laminations (i)
I.'f = Fill factor of laminations (0-1)
f = Frequency of stator current (/1 2)
By = Maximum flux density (T)

The three components of losses in (3.21) and (3.22), are hysteresis, eddy current and
excess losses. Here, f is known for the stator and it is zero for the rotor because it rotates
at synchronous speed. 3 was calculated by FEM solution, a and d were readily available
from the manufacturer’s information of laminations. and I"f was calculated from lamination

thickness and stack length of the machine using (3.23).
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Figure 3.5: Iron loss: provided by manufacturer and computed using iron losses coefficients

No. of laminations x Lamination thicness

/\/ =

(3:23)

Stack length of stator/rotor

Generally, losses information is available in iron losses/unit weight (W/Kg or W/Ib)
versus flux density at a fixed frequency. The iron losses coefficients (/' and K¢) were
computed from the loss data of the laminations steel at two points on the losses curve
provided by the manufacturer. Since the loss curve is higher order polynomial, fine tuning
of [\'h and K¢ is required in order to closely match the given losses. Fig. 3.5 shows the

original losses curve and as it is re-computed using the calculated coefficients.

Once the coefficients ( l\'h and /¢ ) are known, iron losses of the machine are calculated

by FEM post processing for the FEM simulated test.
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3.4.3 Magnet losses

The losses in the permanent magnet develop due to induced eddy currents and they were

calculated using FEM. The magnets were defined as solid conductor with their electrical

conductivity in the clectrical circuit of the FEM simulations. A resistor is connected across

cach solid conductor to simulate the eftect of closed eddy currents in the magnets. Fig.

3.6 shows the clectric circuit of one pole of IPMSM shown in Fig. 3.1 In the FEM post

processing, “active power” appearing in the magnets represents the magnets losses.
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Figure 3.6: FEM equivalent lumped electric circuit of one pole of an IPMSM



Chapter 4

Design and Evaluation of Traction
Machine for Hybrid Vehicles Based

upon a Given Driving Cycle

4.1 Introduction

Permanent Magnet Synchronous Machines (PMSMs) are widely used as traction machines
in the Hybrid and Electrical Vehicles (HEVs) due to their high power density, wide field
weakening range and high efticiency. Designing an electrical machine to match its applica-
tion is vital for efficient operation of an HEV. An optimized machince is usually the outcome
of many design iterations. Efficiency maps are generated for every design iteration to eval-
uate the performance of the machine and vehicle.

The conventional design approach of a PMSM machine is generally based upon the
maximization of machine efficiency at its maximum output power near corner speed and
in the field weakening region. PMSMs can also be designed with high efficiency contours
positioned at any desired place within the torque speed curve of the machine operation. In

a practical application, HEVs follow a driving cycle that is a set of data points represent-
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ing speed versus time of the vehicle as shown in Fig 4.1 for Federal Test Procedure (FTP)
driving cycle of an urban bus. Torque speed requirements of a traction machine are cal-
culated using vehicle parameters and the driving cycle. Machine designed for continuous
maximum power or speed in a driving cycle is an overkill for an HEV application, because
driving conditions do not demand for it.

Average (overall) Driving Cycle Efficiency (ADCE) of a traction machine is the ratio
of its output to input energy for a driving cycle of the vehicle. ADCE of traction machine is
more important parameter than its maximum efficiency at one operating point. A traction
machine having less efficiency at one operating point can have more ADCE than the other
machine and vice versa.

A traction drive of an HEV consists of electrical machine, inverter and their cooling
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Figure 4.1: FTP driving cycle; speed vs time
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system. Most of the traction machines and inverters employ closed liquid (water/oil) cool-
ing, and utilize significant additional energy. Therefore, it makes more sense to include the
efliciency of the inverter and cooling system with that of the machine in the calculation of
ADCE for evaluation of the traction drive designed for a specific application.

In this chapter, a design evaluation procedure for electrical machines for HEVs is pre-
sented by calculating its ADCE. The method is applied two different machine designs.
Section 4.2 presents the literature review and design evaluation approach is given in sectio
4.3. Calculation of torque speed requirements and energy density for a specific bus and a

driving cycle is described in section 4.4.

4.2 Literature Review

Design and efficiency analysis of the HEVs has been presented by several researchers based
upon different aspects. Williamson ef «l. have analyzed overall drive train efficiency based
upon efficiency maps and driving cycles, and proposed supervisory control for efficient
vehicle operation [9]. Rahman er al. have proposed high ADCE or ‘energy efficiency’
of EV and HEV propulsion system using a traction machinc design such that frequent
operating points of the driving cycle lie under constant power region, and machine has
maximum efficicncy there [10]. It is possible but not necessary that frequent operating
points and maximum cnergy density area of a driving cycle lie at the same place.
Schofield et al. compared the designs (in terms of machine volume) of PM brushless
DC and PMAC machines, and presented their thermal analysis for an EV application in
[11, 12]. Two machine designs were proposed in [11] for a specific gear ratio: one for con-
tinuous operation at maximum speed, and another for a specific driving cycle. It was shown
that the traction machine operating continuously at maximum speed of the vehicle requires
larger volume and runs at higher temperature than the machine designed and operated for

a driving cycle. In fact, the machine will never operate in continuous mode during its life
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cycle for HEV application.

The size optimization of power components (battery and ultra capacitor) is discussed
based upon driving cycle for a fuel cell HEV in [13], where traction motor is sized for
maximum vehicle power demand. Similarly. a method of optimizing the size of engine,
traction drive and batteries is presented for ditterent urban driving cycles [14]. Gao er al.
presented efticiency analysis of a series hybrid bus based upon the different topologies of

supervisory control [15].

4.3 Machine Design and Evaluation Approach

High ADCE of a HEV requires efficient design of traction drive for a specific driving cy-
cle. Often. volume and temperature limits are also set as design constraints for the traction
machines for HEVs. Electrical machines discussed here are designed taking into consider-
ation the space and operational constraints on a bus of the Mass Transportation Authority
(MTA) in Flint, Michigan.

In this chapter, a new approach is proposed to maximize the ADCE of the traction
drive. It encompasses the design, thermal analysis and evaluation of an interior PMSM.
The design was tuned in terms of geometry, windings and magnet materials as mentioned
in section 3.2.2.2. The design objective was to place contours of maximum efficiency
around the high energy density area of the FTP driving cycle of Fig. 4.1 for the series
hybrid bus. The designed IPMSM based upon the proposed method was compared with a
design that was obtained by not following this approach. Performance of both machines

was evaluated for ADCE for the following identical design parameters:
1. Coverage of more than 99% torque speed points of the driving cycle requirements.

2. Machine volume and size of cooling jacket.

‘w

. Maximum hot spot temperature.

4. Rated voltage and current of the inverter and de link voltage.
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The traction drive consists of traction machine, inverter and cooling system. The eftect
of electrical machine on the ADCE is more dominant than that of the inverter and cooling
system due to its relatively wide efficiency range. Therefore, the inverter and cooling sys-
tem are the same for the both machines discussed here. However. their energy consumption
will be different, and it is included in the design evaluation of the both machines. In or-
der to include the eftect of variable dc link voltage on machine losses, a PWM model of

inverter can be explored turther.

4.4 Driving Cycle and Energy Density

A driving cycle of a vehicle is represented by its road speed versus time. Driving cycles are
gencerated by difterent countries and organizations to assess the performance of vehicles in
various ways such as fucl consumption, polluting emissions and acceleration time of the
vehicle. An FTP driving cycle shown in Fig. 4.1 is used here as design input. Design
specification of traction machine requires driving cycle information expressed in terms of
torque versus speed points. The following parameters of a bus of the MTA Flint are used

to calculate the torque-speed requirements for the design of traction machines.

1. Bus weight including passengers = nyy,, - =16.500 Kg

. Front area of bus = “‘f =9.47 m")'

(89

‘W

. Tire radius = 1?7}, ;.. =0.45 m

4. Machine shaft to wheel axle gear ratio = ) = 8.24

The torque and speed of the traction machine can be calculated as:

1)y = —— e 4.1




where T}, is required torque of the motor and Fh“s is traction force of the bus to travel at

the desired speed of the driving cycle.

¥ — . _F A . o . 2
Flus = lr()//mg b Fuscend + Fae rodynamic + Facectration (+.2)

where the components forces are:
I’,.””mg = my,s X g x cos(arctan(gradc)) (+.3)
Eaeond = Mbys X 9 % sin(arctan(gradc)) 4.4

. . . . 2 -
1'(“‘,”(/,/,,(””;(. = 0.0 x airdensity x A [ X drag cocf ficent x bus speed= (4.5)

(dricing cycle spocd — bus speed)

Foceclcration = Mus % time step (4.6)
The rotational speed of the motor is:
, driving cycle speed + bus speed Gy
Motor spccd (rad/sce) = ( 94 ! ol ) X ! +.7)

2 ]‘)I!/r(

Fig. 4.2 represents the operating points of FTP driving cycle in terms of torque and
speed requirements for one traction drive, which is calculated using a commercial soft-
ware Advisor [16]. Two identical traction machines running at same speed and connected
through a summation gear box. will drive the bus each sharing half of the torque required
by the bus. In order to achieve the required performance of the FTP driving cycle by the
vehicle. the torque speed envelope of the each traction machine should cover most of the

the operation points.

RLINEL]

Each operating point of the driving cycle is shown by a "™ in Fig. 4.2, and it represents
the operation of the traction drive for one second. The density of these points represents
the operational time density of the traction machine in its torque-speed envelope. However.

the power at cach operational point varies. Thus, the energy density of the driving cycle is
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Figure 4.2: Torque speed command points of an FTP driving cycle at the machine shaft

different from its operational time density. A mesh on the torque speed map was generated
for Fig. 4.2, and the energy required to drive the bus was calculated for each mesh unit.
Fig. 4.3 shows the contours of equal energy superimposed on the torque speed points of
FTP driving cycle to drive the bus. In order to maximize ADCE, the efficiency map of a
traction machine should have contours of high efficiency close to the region of high energy

density of Fig. 4.3.

4.5 Machine Design

Two different machines were designed and analyzed for the application of proposed ap-

proach as shown in Fig. 4.4 and their key parameters are given Table 4.1. Both machines
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Figure 4.3: Torque speed points of an FTP driving cycle and the energy density contours

were targeted to cover the 99% of the operating points of the driving cycles. Stator of
both machines is same and rotors are different. Design iterations by FEM were carried
to minimize machine losses. Torque speed curve of both machines were calculated from
post processing of the FEM simulation data in Matlab using cross saturated machine model
for efficient machine operation as discussed in section 3.3, Both machines have the same
maximum voltage, however, their maximum current is different as shown in Table 4.1.
Maximum torque per ampere operating strategy was used up to corner speed, and voltage
and current limits were used for higher speed [17]. The torque speed curves of both ma-
chines in motoring mode, superimposed on the operating points of the driving cycle are
given in Fig 4.5.

Analysis shows that input current of machine M1 is more than that of the machine M2
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Figure 4.4: Quarter geometry of two traction machines designed for FTP driving cycle: (a)
Stator; (b) Rotor of machine M1 : (¢) Rotor of machine M2 .

for same maximum output torque. Similarly, field weakening range of both machines is
also different. However, both machines were capable to cover the 99% of the operating

points of the driving cycle. Machines are further compared for their efficiency map as well
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as ADCE of the traction drive in the next two sections.

4.6 Losses and Efficiency Map Calculation

To gencerate the efficiency map. power losses were computed under the torque speed curve
of the both machines. Both axes of the torque speed curve were divided into small steps and
the area under this curve was meshed. The machine current and its angle was calculated on

the mesh intersection points for efficient machine operation using cross saturated machine

Table 4.1: Key parameters used for two IPMSMs designed for an FTP driving cycle

Machine parameter Value
Rated power 140 kW
Rated torque 760 Nm

Maximum line voltage 480V

Rated current M1 198 A
Rated current M2 180 A
Corner (base) speed 1760 RPM

Maximum speed M1 7000 RPM (4.00 pu)
Maximum speed M2 5000 RPM (2.84 pu)

Air gap 1.0 mm
Rotor diameter 90.0 mm
Stator diameter 165.1 mm

Stack length 200 mm
Stator slots 24
Winding type double layer (Lap)
Slots/pole/phase 2
Number of turns 6.5 per coil
Magnet grade NdFeB N35SH

Stator and rotor core | M29 G 15 CS silicon steel
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Figure 4.5: Torque speed curves of two IPMSMs designed for FTP driving cycle

model as discussed in section 3.3. FEM simulations were used to calculate iron and magnet

losses for each mesh point for the computed current.

4.6.1 Machine losses

Machine losses were computed using the calculated current and respective FEM simula-
tions on these mesh points of the operating region of the machines. Copper losses of the
machines were calculated analytically from conductor gauge, length and current passing
through them as discussed in section 3.4.1. Iron losses were calculated from the post pro-
cessing data of the FEM simulations of each mesh point. Iron losses coefficients required

by the FEM were calculated from the loss data of the iron laminations as mentioned in sec-
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tion 3.4.2. Similarly, magnet losses were calculated from FEM as outlined in section 3.4.3.
Copper, iron and magnet losses were summed up at each mesh point to find total electri-
cal losses of the machine. Machine efficiency was calculated from output power (/})) and
losses from (4.8), and efficiency map of the both machines were generated and are given in

Fig. 4.6 and 4.7.

P
PO + losses

Ef ficiency = (4.8)
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Figure 4.6: Efficiency map of machine M1
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Figure 4.7: Efficiency map of machine M2

4.6.2 Inverter losses

Inverter losses were computed for every mesh point using an online software SemiSel
(Semikron Semiconductor Selection) [18]. This software provides interactive calculation
of power dissipation and temperatures for inverters and power semiconductors. The input
parameters such as voltage, current, power factor, switching frequency were provided as
input for each mesh point to the software, the corresponding losses of the inverter were
obtained as output. Combining the inverter losses with machine losses at all mesh points
of the operating region, the efficiency map of the each motor including its inverter was

calculated. and is given in Fig. 4.8 and 4.9.

47



800 T T T T T i E T T T

700

T

600

T

500

Torque (Nm)
H
o
2

300+

- / '\ &
W) L2

100 \ \H// T | R el

T

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Speed (rpm)

Figure 4.8: Efficiency map of machine M1 including inverter

4.6.3 Cooling power

Owing to the high power density, both machines were designed to be cooled by stator water
jacket. Similarly, inverters are also water cooled. To keep the same maximum operating
temperature of each drive (machine and inverter). energy required for the cooling effort for
each drive was estimated from the total losses of each machine and inverter at corner of its
toque speed curve. The power required by the cooling pumps was considered as losses for
the traction drive because it does not contribute to the useful output energy. Based upon the
power rating and flow rate of the commercially available water circulating pumps, it was
estimated that 5% power of the total machine and inverter losses (at corner speed) will be

required by the cooling pump that will circulate the water in the motor and inverter. This
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Figure 4.9: Efficiency map of machine M2 including inverter

assumption is used here due to unavailability of the results by transient thermal analysis
of the machine and inverter, which can provide the accurate energy required for cooling
effort and it is beyond the scope of this work. Although, the machine and inverter losses
vary in time during the driving cycle, the cooling pumps usually keep running even during
stopover time of the bus. Therefore, the continuous power consumption of 5% of the total
machine and inverter losses for the whole time of the driving cycle was reasonable. The

calculation for the required cooling energy and its inclusion in the ADCE is given in Table

4.2.
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4.7 Calculation of ADCE

The ADCE of the traction drive was computed by calculating the total input and output
energy of the traction machine during the complete driving cycle. The electrical machine
operates in motoring mode during accelerating and cruising of the bus. and in generating
mode during braking. Therefore, input and output power and energy for each case was

worked out as per followings:

Motoring mode output power = Torque X Speed (4.9)
Motoring mode input power = Quiput power + Losses (4.10)
Generating mode input power = Torque x Specd (4.11)
Generating mode output power = Intput power — Losscs (4.12)
th . . P().]\' )
Input Power at A°"" operating point = P; ;. = (4.13)
: Ny,

where P, 1 and 1. are the output power and efficiency of the traction drive at the gt
operating point respectively. The losses in (4.10) and (4.12) are the sum of the machine
and inverter losses and input power of the cooling pump. The ADCE of the driving cycle
is the ratio of output to input energy of the traction drive and was calculated by (4.14).

1
ko _ A'Z::l
Ei Z P -

k=1

Nave = ADCE = .14

where P; ;. is the input of the traction drive at jth operating point, and £y, F; are output
and input encrgies of the traction for the whole driving cycle. n is the number of operating
points of the driving cycle and #;. is the corresponding time of the each operating point. #;.
is 1 sec for all operating points of FTP driving cycle discussed here . ADCE was calculated

using Matlab program. Machine and inverter losses at at every operating point of the driv-
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Table 4.2: Calculation of ADCE of two IPMSMs designed for FTP driving cycle

Machine Parameter Machine M1 | Machine M2
Speed (RPM) 1760 1760
Torque (Nm) 760 760
At Rated current (A) 198 180
corner Stator phase resistance ({2) 0.04 0.04
of Copper losses (W) = a 4704.5 3888.0
torque Iron losses (W) =D 5355 590.0
speed Magnet losses (W) = ¢ 17.5 97.0
curve Inverter losses (W) = d 2103.0 1858.5
Total losses (a + b+ c+d) (W) =e 7360.5 6433.5
Cooling power (0.05x¢) (W) 368.0 321.7
Output Energy (kWh) 14.86 14.76
For Machine & Inverter losses energy (kWh) 0.84 1.01
driving Energy required for cooling effort (kWh) 0.25 0.22
cycle Total input energy (kWh) 15.95 15.99
Average driving cycle efficiency (ADCE) (%) 93.2 92.3

ing cycle were calculated by linear interpolation of the respective efficiency map. Table 4.2

shows the results for both machines under consideration.

4.8 Discussion of Results

Both machines fulfill the driving cycle requirements as shown in Fig. 4.5. Machine M2

has double layer of magnets and needs less stator current for maximum required torque and

has less losses on its torque speed envelope boundary. Thus, it needs less cooling effort

i.e. a cooling pump of less power to keep the maximum hot spot temperature less than a

fixed value. On the other hand, Machine M1 has single layer of magnets and requires more

stator current for maximum required torque and thus needs more cooling effort. It looked
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as M2 would be more suitable design for this application than M1 but this is not the case.
When the efficiency map of each of them was generated and ADCE was calculated. it came
out that ADCE of M1 and M2 is 93.2% and 92.3% respectively as shown in Table 4.2. It
was due to the fact that high energy density contours of M1 were closer to the high energy
density of the driving cycle than that of the M2.

Since machine design is an iterative process, many iterations are required to reach the
final design. The use of geometric parameterizations in FEM simulations and analysis
leads to a design very close to the "optimized design™ as M1 was obtained for a specific

application.

4.9 Conclusions

An approach based upon the ADCE of a traction drive is presented for the design of an
electrical machine for an urban HEV bus. It has been emphasized that the design of the
traction drive should have maximum ADCE instead of maximizing its efficiency at one
operating point. Since the inverter losses and power required for the machine and inverter
cooling are the significant portions of the energy used. they are included in the calculation
of ADCE to optimize the machine design. The applicability of this approach was demon-
strated by two machine designs. It was shown that design (M1), even lhnugh requires more
current than design (M2) for the same output torque, has more ADCE and is more suitable

design for the specific bus and driving cycle application.



Chapter S

Overload Considerations for Design and

Operation of IPMSMs

5.1 Introduction

Although IPMSMs and their cooling are designed to match the rated power, power demands
other than rated may arise. To achieve more power than the original machine design allows,
one may keep the same machine dimensions and basic electromagnetic design, but increase
the cooling. Overloading without overheating could happen either by increased cooling
or only for short period of time without additional cooling. Increase in cooling may be
achieved by one or more of the following: changing the coolant type, reducing the inlet
coolant temperature and increasing its flow rate. Modifications of the cooling system can
compensate for the increase in machine losses in the windings, magnets, or iron. Increasing
the allowed stator current affects the machine performance in other ways as well. These
include demagnetization of the magnets and hence shrinking of the speed range to avoid
this. The effects of overloading and consideration for the design and operation of the
IPMSMs are discussed quantitatively in this chapter.

To account for higher stator current with higher temperatures. the etfects on efficiency.
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torque and speed range by changing the magnet material from the more commonly used
NdFeB to SmCo are also studied and discussed.

In this chapter, the literature review is given in section 5.2, The adopted analysis ap-
proach is outlined in section 5.3. The basecline machine and the cross saturated dg model
are presented in section 5.4. The operating range of this machine is discussed in detail in
section 5.5. Three alterative designs are presented in section 5.6. Operating limits and efti-
ciency are discussed and compared in section 5.7. The use of SmCo magnets as alternative

to NdFeB ones is studied in section 5.8, and finally section 5.9 presents results.

5.2 Literature Review

Overloading of electrical machines increases their temperature and increased cooling is re-
quired for continuous machine operation. Due to high power density. IPMSMs are usually
designed with a cooling system of forced air, water or oil. Ditferent cooling techniques
have been used to keep the machine temperature within limits defined by the magnets and
insulation propertics [ 19].

Beyond output power. higher stator current causcs changes in the operating range of
an IPMSM. The characteristics affected are not only the produced torque. but also the
losses in the windings, the magnets and the iron. and hence efficiency. Looking at the
machine operation from another viewpoint, it is necessary to change the operating mode
with increased current in order to avoid permanent damage to the magnets [20. 21]. This
mcans changes in the angle of the current space vector as well. The limit of the negative
d-axis current component to avoid demagnetization of the magnets varies nonlinearly with
the magnitude of the stator current and its angle. due to magnetic cross saturation in the
d and ¢ axes. Earlier work on overloading of PM machines was presented by Demerdash,
Nyamusa and Nehl in [22]. They compared the overload performance of two PM brushless

DC machines using different magnet materials. In their work. the effect of demagnetization
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of the magnets on the machine parameters was addressed in order to analyze the machine
performance with partially demagnetized magnets.

Finite Elements Method (FEM) is a powerful and economical tool to design and char-
acterize the performance of electrical machines [23]. [24]. [25]. Based upon a 2-D FEM
analysis, [26] presents the impact of temperature and various grades of NdFeB magnets on
the performance of an IPM machine. In [27]. the FEM is also employed to evaluate the
effect of slot opening on the machine performance for concentrated winding interior and

surface PM machines.

5.3 Analysis Approach

Overloading effects are studied for a baseline machine using FEM, as well as for machines
with the same stator but moditied rotor design. A cross-saturated model is developed using
Matlab and shown to be more accurate than the classic one. FEM analysis provided the
parameters for the machine model. The operating range for efficient operation was calcu-
lated by this model and the demagnetization limit of the magnets was determined by FEM.
FEM was also used to tune up the machine geometry [28] for the baseline machine design
optimization,

The relationship between increased stator current and machine operating characteristics
is explored assuming fixed maximum voltage, stator design. and for the first part, magnet
material. It is also assumed that adequate cooling can be provided to keep the windings and
the magnets within the appropriate temperature limits, hence, cooling itself is not a topic
of this study.

After many design iterations, three viable designs were selected for comparison; they
differ in air gap. magnet thickness and bridge width, but have the same stator geometry.
Extensive FEM simulations were used to study each design. Standard Matlab programs

were used to process the FEM data for the calculation of machine parameters and operating

wn
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regions under ditferent stator currents.

An alternative to increased cooling with higher current is to use magnets that are more
robust with respect to higher temperatures. The use of SmCo magnets was studied here
for the same stator geometry, as an alternative to NdFeB. and conclusions were reached

regarding losses, efficiency and speed range.

5.4 Baseline Machine Design and Modeling

A 3-phase, 105 kW, 4-pole IPMSM was designed as the baseline machine using FEM it-

erations. The designed machine was aimed to drive a high power series hybrid bus with
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Figure 5.1: Quarter geometry of a 105 kW rated power baseline IPMSM
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restricted volume. It is water cooled and has double layer permanent magnet rotor. The ma-
chine geometry and its key design parameters are given Fig. 3.1 and Table 3.1 respectively.
The same are copied in this chapter in Fig. 5.1 and Table 5.1 for convenience. The cross
saturated model of the IPMSM was used to calculate the machine parameters and torque

speed envelope of the machine for efficient machine operation as discussed in 3.3.

Although the machine model with cross saturation is relatively complex. it provides

more accurate results than the conventional dg model as already mentioned in section 3.3.

Table 5.1: Key parameters of a baseline 4 pole 105 kW IPMSM

Machine parameter Value
Rated power 105 kW
Rated torque 781.4 Nm
Rated current 140 A
Maximum line voltage 480 V
Corner (base) speed 1285 RPM
Maximum speed 6000 RPM (4.7 pu)
(l-axis permanent magnet flux 1.03 Wb
Stator phase resistance 0.17 9
Air gap 0.8 mm
Rotor diameter 207.8 mm
Stator diameter 381 mm
Stack length 240 mm
Stator slots 24
Winding type double layer (Lap)
Slots/pole/phase 2
Number of turns 11 per coil
Magnet grade NdFeB N35SH
Stator and rotor core M-19 G24 silicon steel
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Figure 5.2: Operating range of the bascline machine calculated using cross saturated dq
model
Fig.5.2 shows the torque-speed envelope of the baseline machine calculated using the cross

saturated /g model. for efficient machine operation.

5.4.1 Demagnetization of NdFeB magnets

To avoid demagnetization of the magnets in IPMSMs, the current in the negative d-axis
should be limited. Fig. 5.3 shows the demagnetization curves of NdFeB grade N35SH
permanent magnets at dilferent temperatures [29]. It can be seen that 0.5 T is the safe lower
limit of magnetic flux density, which is just above the demagnetization knee at 150°C.
Therefore. the lower limit of the flux density in the permanent magnets has been set at 0.5

T for the analysis presented here.
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Figure 5.3: Demagnetization curves of NdFeB grade N35SH permanent magnets

When cross saturation in not taken into account, the calculated negative (-axis current
corresponding to the demagnetization limit of the permanent magnets remains constant for
all stator currents. On the other hand, when cross saturation is considered, this calculated

current varies with the ¢ axis current. This topic is discussed further in the next section.

5.5 Baseline Machine Operation

In order to analyze the machine operation, it is assumed that maximum line voltage of the
machine is 480 V rms and sufficient cooling is available to keep the machine temperature
less than 150°C.
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5.5.1 Operation below rated current

Fig. 5.4 shows the the operating curves of the baseline machine at and below rated current.
FEM analysis was carried out for different values of the stator current, and its angle was
varied from 90° to 180°. At rated current, the maximum speed of the machine in the
constant power mode is about 4.4 times the corner speed. Fig. 5.5 shows the flux density
when rated current was applied along the negative d-axis. The flux density in the magnets
remained above the knee of the demagnetization curve. Therefore, the machine can operate
safely up to rated current for all current angles with maximum operating temperature of
150°C. The corner speed and torque of the machine varies with changing stator current as

it is shown in Fig. 5.4.
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Figure 5.4: Operating curves of the baseline machine up to rated current
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Figure 5.5: Magnetic flux distribution of the baseline machine with rated current along
negative d-axis

5.5.2 Operation above rated current

Fig. 5.6 shows the operating curves of the baseline machine for different current levels,
including higher than rated. They are calculated from the cross saturated dg model but
without considering the demagnetization limit of the magnets. From Fig. 5.6, it appears
that the machine can operate with stator current of 1.4 pu in MTPA mode of operation and
it can develop 1.37 pu torque. It also appears that the machine with 1.4 pu current has a

wider field weakening range than with the rated current.

When the demagnetization limit of the magnets is considered, it is recognized that
the operation discussed above is not possible. The machine can still operate safely above
its demagnetization limit for maximum current of 1.1 pu with current angle up to 180°.
Safe operation at current higher than 1.1 pu requires a decrease in the current angle for an

increase in the current magnitude. Fig. 5.7 shows the flux density distribution with stator
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Figure 5.6: Operating curves of the baseline machine without considering demagnetization
limit

current of 1.4 pu applied at angle of 1357 (/,; = —0.99 pu). There the flux density is less
than 0.5 T in some portion of the magnets, causing their demagnetization. This of course
is not an acceptable machine operation.

Table 5.2 shows the stator current and the corresponding limit of the current angle
for both safe and unsafe operating regions when demagnetization is taken into account.
Fig. 5.8 summarizes these results in pictorial view, and shows the operating region of the

machine. We make the following observations and conclusions from Table 5.2 and Fig.

5.8:

1. Operation up to 1.1 pu current is possible in any region of operation. At this current,

the machine provides maximum torque of 1.09 pu below the corner speed and 1.09
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Figure 5.7: Magnetic flux distribution for 1.4 pu current at angle of 1350(1d = —0.99 pu)
pu power in the whole field weakening range.

2. For 1.2 pu stator current, the machine can operate below the corner speed in MTPA
mode and produce 1.19 pu torque. However, its maximum speed is limited to 2.25
pu in the constant power region. This is due to the limit on the current angle of 170

in order to operate the machine without demagnetizing the magnets.

3. The operational range of the machine is further limited for higher currents. At 1.3
pu current, the angle for MTPA mode is 143°, while the angle limit is 130° to avoid
demagnetization. This means that the machine cannot be driven in MTPA mode of
operation. Furthermore, the machine cannot operate in constant power mode as well,

because the current angle cannot be increased more than its limit of 130°.

4. Similarly, torque and speed limits are reduced further for 1.4 pu current, as shown in

the Table 5.2. Moreover, the machine can’t operate at any angle for more than 1.4 pu
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Figure 5.8: Operating curves of baseline machine for rated and higher current considering
demagnetization limit of magnets

stator current and this is the upper current limit of the machine.

5. Due to cross saturation, the upper limit of the negative d-axis current is reduced (from
1.18 pu to 0.7 pu) for respective increase in the stator current (from 1.2 pu to 1.4 pu)

for safe machine operation.
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Table 5.2: Machine operation for MPTA mode and demagnetization limit

Stator Without considering To avoid
current demagnetization demagnetization
(puw) Max current | [; | Max Torque | Max current | [; | Max torque
angle (puw) (pu) angle (pu) (pu)
1.0 (rated) 136.5° | -0.73 1.0 180° * -1.0 1.0
1.1 139.5° | -0.84 1.09 180° * -1.1 1.09
1.2 141.0°  ]-0.93 1.19 170°* | -1.18 1.19
1.3 143.0° | -1.04 1.28 130° -0.84 1.23
1.4 145.5° -1.15 1.37 120° -0.70 1.22

* Angle higher than required for MTPA operation without considering demagnetization. It
shows that machine operation is safe up to corner speed under MTPA for the corresponding

stator current.

5.6 Machine Design Variants for Operation Above Rated

Current

In this section. the machine is redesigned in order to achieve the best operational charac-

teristics with increased cooling. In this exercise the total machine volume. magnet grade,

iron core and outer dimensions are kept constant. In the analysis of the machine operation,

the stator current is increased to take advantage of the better cooling, while the magnets are

not demagnetized.

Keeping the stator unchanged. three possible variations of the rotor are selected:

e Increased air gap.

e Thicker magnets.

e Increased bridge width.

Fig. 5.9 shows the geometry of rotor and air gap for the bascline machine and three
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(a)

(c) (d)

Figure 5.9: Comparison of different designs: (a) baseline machine; (b) increased air gap:
(¢) thicker magnets: (d) increased bridge width.

design variants. In each design. the light and dark gray shades represent the magnets and
air respectively. FEM and Matlab programs are used for each case to find the machine pa-
rameters, operating range, demagnetization limit, and corresponding magnitude and angle

of the stator current.
In the remaining part of this chapter, rated conditions (1 pu). refers to those of the base-
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line design. The design modifications for each option are discussed with respect to the
baseline machine. Maximum current for each design refers to maximum stator overload
current that can be used in the full speed range without demagnetization of the magnets.
Maximum speed of machine is the speed. when its torque is reduced to 0.2 pu in the con-

stant power region.

5.6.1 Increased air gap

The air gap of machine was increased to twice than that of the baseline machine. This was
done by adding 0.8 mm depth trom the stator teeth to the air gap. however, the slot opening
of the stator and rotor remained unchanged. Fig. 5.9b shows the resulting rotor geometry.
This design provides less torque at rated current but allows higher maximum stator
current (1.2 pu) than that of the baseline machine. Fig. 5.10 shows the operating range of
this machine for rated current and higher than that. The torque is reduced to 0.93 pu for
rated current. The maximum torque in MTPA mode is 1.12 pu and the maximum power
in the whole ficld weakening region is 1.14 pu. They can be achieved at maximum stator
current of 1.2 pu. The maximum speed during field weakening at rated and maximum

current is almost the same as that ot the bascline design.

5.6.2 Thicker magnets

In this design variation, the thickness of the internal layer of magnets was increased to
1.5 times that of the baseline machine. while the thickness of the outer layer remained
unchanged. Fig. 5.9¢ shows the geometry of this machine. This was opted because it is the
internal layer which demagnetizes first due to high current in the negative d-axis.

The operating ranges of the thicker magnet machine for rated and higher stator current
are shown in Fig. 5.11. It provides the same torque (1.0 pu) as that of the baseline machine

at rated current but allows much higher current (1.4 pu) producing maximum torque of
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Figure 5.10: Operating curves of the machine having increased air gap

1.38 pu. The maximum speed at the rated and maximum current is 3.7 pu and 6.2 pu

respectively.

5.6.3 Increased width of bridges

The bridge width (the minimum distance between any magnet and the rotor surface or
between two magnets in the rotor core) has been increased to twice than that of the baseline
machine. The magnet width and the air gap remained unchanged. Fig. 5.9d shows the
geometry of the machine with increased bridge width.

Like the increased air gap design, this deSign provides less torque at rated current but

allows higher maximum stator current (1.2 pu) than that of the baseline machine. Fig. 5.12
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Figure 5.11: Operating curves of the machine having thicker magnets

shows the operating range of the machine for rated current and higher. It was observed that
torque is decreased to 0.94 pu for the rated current. Maximum current is 1.2 pu. which
can produce 1.21 pu of torque and 1.25 pu of power in the field weakening range. In this
design, maximum speed with field weakening, both at rated and overload conditions, is

almost the same, about 5.2 pu.
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Figure 5.12: Operating curves of the machine having wider rotor bridges

5.7 Comparison of Machine Design Variants

5.7.1 Operating regions

Table 5.3 compares three designs in terms of torque, power and maximum speed at rated
and maximum current. Thicker magnet design allows higher maximum current and devel-
ops more torque and power than other designs. Although, at the rated current, its maximum
speed (3.7 pu) is less than that of the baseline machine (4.4 pu). But, at maximum current,
its maximum speed is more than that of the baseline machine. This shows that torque speed
envelope of the baseline machine is the subset of the thicker magnet machine. Therefore,
thicker magnet design is the best choice for the machine operation at higher currents with-

out changing its size. The additional losses will have to be compensated for by the increased
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Table 5.3: Comparison of machine design variations

Design Machine Design Variants

Parameter Baseline | Increased | Thicker Wide

Machine | Airgap | Magnets | Bridges

Max torque at

rated current (pu) 1.0 0.93 1.0 0.94
Max
current (pu) 1.1 1.2 1.4 1.2

Max torque at max

current (pu) 1.09 1.12 1.38 1.21

Max power in constant

power region (pu) 1.1 1.14 1.39 1.25

Max speed at
rated current (pu) 4.4 4.4 3.7 5.2

Max speed at max

current (pu) 5.1 5.1 6.2 5.2

cooling.

Since the permeability of NdFeB permanent magnets is almost the same as that of air,
one can consider the effect of adding a layer of air equal to the increased thickness of
magnets to increase reluctance torque. Fig. 5.13 shows the geometry of this machine,
which has an air layer of thickness equal to the half of the magnet thickness, along the
internal magnet layer. Fig. 5.14 shows the operating range of this machine under different
current conditions, taking demagnetization into account. This design is not acceptable.
because the machine cannot operate in MTPA mode even at its rated current. It can operate
in full speed range up to 50% of the rated current (0.5 pu) due to demagnetization limit of

the magnets. Furthermore. the maximum speed of this machine is much less than that of the
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Figure 5.13: Geometry of the machine having air with internal magnet layer

baseline machine, because it can not operate in field weakening for current above 0.5 pu.
Comparing this design to one with thicker magnets, its operating range is too small. This is
caused by less flux in the magnetic circuit due to increased reluctance, and demagnetization

starts with less stator current.

5.7.2 Efficiency

The baseline machine was an optimized design for efficient operation in the specific region
of operation. Although increased cooling of the machine with thicker magnets allows for
wider operation range. one can expect it to also cause performance degradation. These
eftects are discussed in this section.

The four machine design variants were compared for efficiency at the rated torque and
speed. It can be seen from figures 5.8, 5.10, 5.11 and 5.12 that the corner speed of all

designs is almost 1 pu at rated current. However, the developed torque is different. summa-
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Figure 5.14: Operating curves of the machine having air with internal magnet layer

rized in Table 5.3. Rated current produces less than 1.0 pu torque for two designs (increased
air gap and wide bridges), i.e. they require more than the rated current to produce rated
torque. Higher current increases losses, reducing the efficiency of machine. Consequently,
the design with thicker magnets has efficiency equal to that of the baseline machine at rated

torque and speed.

The efficiency of the baseline and the thicker magnets designs is further compared for
full speed range under efficient machine operation. Copper losses are calculated from the
winding resistance and they are the same for a fixed stator current for all designs discussed
in this chapter. Iron and magnet losses are computed from FEM analysis of the two designs.

Following observations are made from this analysis:
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1. The baseline and thicker magnet designs have the same efficiency at lower speeds,
however at higher speed the efficiency of the thicker magnet design is less than that
of the baseline machine. Fig. 5.15 shows comparison of efficiency vs speed of both
designs at rated current. The thicker magnet design has less d-axis inductance and
more flux of permanent magnets for the same stator current. resulting in reduction
of the field weakening range compared to the baseline design. Consequently, at a
fixed speed and current in the field weakening operation. the thicker magnets design
provides less torque. This causes a sharp reduction in the efficiency for the thicker

magnets design at higher speeds.

2. The efficiency of the thicker magnets design at its maximum current (1.4 pu) is less
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Figure 5.15: Efficiency vs speed comparison at rated current
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than the efficiency of the baseline design at its maximum current (1.1 pu) for the
whole speed range and Fig. 5.16 shows this result. Comparing these two designs at
rated speed. the increase in the iron and copper losses of the thicker magnet design is
S% and 62% respectively; on the other hand the increase in its output power is only

by 26%.

The thicker magnets design provides wider torque speed operating range with increased

cooling, but at the cost of reduction in the efficiency for higher speeds at rated current.
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Figure 5.16: Efficiency vs speed comparison at maximum current
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5.8 NdFeB vs SmCo magnets for overload operation

The machines discussed in this chapter so far used NdFeB magnets. However, SmCo
magnets are an alternate option for the design of high power density machines intended
for high temperature operation [30]. The differences in the machine operating range and its
ctliciency are investigated here for NdFeB (grade N35SH) and SmCo (grade 2:17) magnets
[31]. SmCo magnets have lower [3)- but higher operating temperature than NdFeB magnets,
as shown in Table 5.4. Unlike NdFeB magnets presented in Fig. 5.3, the demagnetization
curves of SmCo magnets do not exhibit a knee, and thercfore they don’t get demagnetized
at low flux density.

SmCo magnets for the same magnetic circuit generally produces lower flux density. To
perform the analysis in this section. of the rotor geometries analyzed for NdFeB magnets,
the one with the thinner magnets was selected. i.e. the baseline machine design discussed
in section 5.4. The design with thicker magnet was considered previously to avoid demag-
netization of the NdFeB magnets, which is not a concern here. while it did not produce
appreciatively higher magnet flux. which would have been desired with SmCo magnets.
All geometrical parameters of the design remain unchanged.

The FEM analysis was used to study the performance of both machines. We compare
the current. torque and efficiency under three different load conditions at the corner speed.

The results are summarized in Table 5.5 and the following observations are made:

1. In order to achieve the same (rated) torque, the SmCo machine requires more current

Table 5.4: Magnetic characteristics of NdFeB and SmCo magnets

Material | I3,(T) [ H (kA ) [}”(/-'.]/IH:;) frece | Maxr T (°C)

NdFeB | 0.7-1.41 | 310-1500 35-385 1.05-1.25 80-200

SmCo |0.55-1.15| 360-820 56-246 1.02-1.1 300-550
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Table 5.5: Comparison of baseline machine operation using NdFeB and SmCo magnets

Comparison at Machine NdFeB SmCo
corner speed parameter machine | machine
Rated torque Current (pu) 1.0 1.1

Efticiency (%) 94.7 93.5
Rated current | Maximum torque (pu) 1.0 0.91
Efficiency (%) 94.7 94.1
Maximum torque (pu) 1.23 1.18
1.3 pu current Efficiency (%) 93.3 92.9
Operation beyond No Yes
corner speed
Maximum operating temperature 150°C | 300°C

(1.1 pu) and has lower efficiency than the NdFeB machine.

2. At rated current, the SmCo machine produces lower torque and efficiency than the
NdFeB one. The difference in the efficiency of the two machines is less, due to equal

copper losses. which are dominant at the rated current.

3. At 1.3 pu current, torque of both machines is comparable. Efficiency difference is
also less. Reduced torque by NdFeB machine is due to the current angle constraint
imposed by demagnetization limit of the magnets, and therefore MTPA operation
could not be realized. The SmCo machine can operate beyond corner speed at over-

load condition, whereas NdFeB can't.

Within rated operation and at maximum temperature (150°C for N35SH), the NdFeB
magnets machine is more efficient than that of SmCo. Efficiencies of NdFeB and SmCo
machine are comparable under overload conditions. For high temperature, SmCo is the sole

choice. Moreover, SmCo magnets provide full speed range for higher overload operation
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Table 5.6: Summary of design and analysis of IPMSMs

Machine parameter Baseline | Thicker magnet | SmCo
design NdFeB magnets
Maximum current 1.1 pu About 27% increase in
Muax torque at max current | 1.09 pu current and torque
Max speed at max current | 5.1 pu 21% 31%
increase decrease
Efticiency at rated current | 94.7% Negligible change

at corner speed

Eftficiency at rated current | 87.3% 3.6 % 6.7%
at 3.5 x corner speed decrease decrease
Maximum Temperature 150°C 150°C 300°C

than the NdFeB magnets, irrespective of the machine temperature.

Table 5.6 summarizes the findings of this chapter.

5.9 Summary and Conclusions

The design and operation of an IPMSM has been explored for overload operation. The
cross saturated dq model provides more accurate machine parameters than conventional dg
model. NdFeB magnets are used to achieve high power density. Demagnetization of the
magnets is taken into account in the analysis, which occurs for one of two reasons: high
temperature and low flux density in the magnets. caused by large current along the negative
d-axis.

Machine operation for higher than rated stator current can be achieved with increased
cooling. Any specific design of IPMSM can operate safely up to power higher than rated. if

such room is provided by the designer. For even heavier overloading the machine maximum
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speed has to be reduced and its torque-speed envelope shrinks. Analysis of an optimized
baseline design of 105 kW IPMSM is presented for gradually increasing overload condi-
tions. Demagnetization is shown to be the result not only of negative d-axis current, but
also of the cross-saturation caused by the g-axis current component.

The IPMSM can be redesigned in more than one ways to increase the operation range
under improved cooling. In the design variations studied here, the magnet grade. iron core
and machine volume remained the same. Among three design modifications in the rotor
geometry, thicker magnets design allowed more overload operation with full speed range
but with reduced efficiency as compared to the baseline design.

As an alternate to increased machine cooling, the rotor geometry of the baseline ma-
chine but with SmCo magnets was also analyzed. The machine with SmCo magnets shows
lower efficiency than the NdFeB machine at rated operation. However, SmCo allowes full

speed range overload operation at higher temperature.
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Chapter 6

Characteristics of Magnet Materials and

Their Consideration in the Design of

PMSMs

6.1 Introduction

Rare earth magnet materials are the basis of good performance of Permanent Magnet Syn-
chronous Machines (PMSMs) [32]. NdFeB magnets are usually the first choice for the
design of high power PMSMs due to their high energy. Special attention is required for
the design of PMSMs for elevated temperature operation, which can happen due to severe
weather and/or insufficient cooling. This requirement motivates for the consideration of
different magnet materials for design of PMSMs.

The characteristic parameters of permanent magnets vary with temperature. They are
remanent flux density, coercivity, and demagnetization flux density. The rate of change
in these parameters with temperature is different for each magnet material. High power
PMSMs for vehicle application can face temperatures outside the range of -35°C to 190°C,

therctfore, their operating temperature is an important design consideration. Due to temper-
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ature dependent characteristics of the magnets, a PM machine designed for a specific op-
erating temperature shows different characteristics with temperature variation. Therefore,
it is necessary to analyze the machine performance over its intended operating temperature
range.

The operating temperature of PMSMs is limited by maximum temperature of the wind-
ings insulation and the magnets. High temperature winding insulation and SmCo or ferrite
magnets are options for high temperature machine operation. The use of high temperature
winding insulation does not affect the machine’s operating characteristics. On the other
hand. different magnet materials and machine temperature have significant impact on the
machine performance. and this issue is explored in this chapter.

SmCo magnets are a substitute of NdFeB magnets for high power PM muchines. The
remanent flux density of NdFeB magnets reduces with increase in temperature at faster rate
than that of the SmCo magnets, and it becomes comparable at high temperature. One of
the objectives of this chapter is the design considerations of an IPMSM for wide temper-
ature environment using NdFeB and SmCo magnets. Initially, An IPMSM was designed
using NdFeB magnets for its optimum operation to meet torque speed requirements of an
urban Federal Test Procedure (FTP) cycle for a series hybrid bus. Then, the machine was
redesigned using SmCo magnets. Quantitative performance analysis of the both machines
was carried out at two different temperatures for each design with NdFeB as well as SmCo
magnets. Demagnetization of the magnets is taken into account considering flux and tem-
perature variation during machine operation. Comparison of torque speed and efficiency is
worked out for every design option.

Design of high power PMSMs using ferrite magnets is the second topic of discussion.
Ferrite magnets can also work at higher temperature than that of the NdFeB. A machine
design using ferrite magnets is intended for the same application of series hybrid bus for
FTP driving cycle. Ferrite magnets have less remanent flux density and thus ferrite PMSMs

have have less power density. Issues have initiated about the availability of rare earth
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magnet materials across the world [33]. In case of their non-availability, ferrites magnets
could be the only choice for PM machines utilized in the emerging technology of HEVs
and wind energy. This motivates the design of PMSMs without using rare earth magnets. A
few variants of PMSMs using ferrite magnets are discussed including flux squeeze design
[34]. Comparison of their torque speed characteristics leads to the selection of potential

design for hybrid bus application.

FEM is used to determine machine parameters. Torque speed envelopes and cefficiency
are calculated by writing a program code in the Matlab. Cross saturated machine model
[8] is employed to determine the machine operating range for maximum torque per ampere
operation [6] below corner speed and operation under maximum current and voltage above
corner speed. Copper losses are calculated analytically and iron losses are computed by the

FEM. Magsoft's Flux2D is used as a FEM tool for design and analysis.

6.2 Literature Review

Different approaches are used by rescarchers and engineers for the design and performance
analysis of clectrical machines. In [35]. thermal analysis of PMSMs and temperature rise
for different rotor configurations shows that the magnets of surface PM machines are more
vulnerable to get demagnetized than that of the interior PMSMs. Design and analysis of
an IPMSM was presented for ficld weakening range using extensive FEM in [36]. Opti-
mization of rotor saliency and machine efficiency is discussed for the design of an IPMSM
in [37]. The issues of design and analysis of PMSMs for high temperature application and
design for high power density machines without using rare earth magnets is not explored

so far in the literature.



6.3 Properties of Permanent Magnets and Their Selection

Significant variations exists in the characteristics of the magnet materials used for electrical
machine applications. Four types of permanent magnet materials are commonly utilized for
PM machines. They are NdFeB (Neodymium Ferrous Boron). SmCo (Samarium Cobalt),
AINiICo (Aluminium Nickel Cobalt) and Ferrites. Fig. 6.1 shows typical demagnetization
characteristics of each material type and Table 6.1 lists the range of their parameters.
NdFeB magnets have highest I3 and H,- but their maximum operating temperature is
less than that of the SmCo magnets. SmCo have high operating temperature. a little less 3y
than NdFeB but they have more conductivity than NdFeB. AINiCo have minimum /- but
can work at high temperatures. Finally, ferrites have medium H., lowest I3 and relatively

high operating temperature. Comparing the relative cost, SmCo arc the most expensive
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Figure 6.1: Demagnetization characteristics of magnet materials
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Table 6.1: Characteristics of permanent magnet materials

Parameter NdFeB SmCo AINiCo Ferrite
By (T) 0.7-1.41 0.55-1.15 | 0.7-1.35 | 0.22-0.42
He (KA m) 310-1500 360-820 44-151 151-254
BH (k1/mdy | 352385 | 56-246 | 11.0-59.0 | 9.0-33.0
Jree 1.05-1.25 1.02-1.1 1.5-4 1.05-1.35
Tt (°C) | 1002200 | 200-550 | 200-500 | 100-250
ap, (%/°C) | 011 -0.035 -0.02 0.18
37, (7700 |06 0.3 0015 +0.4
a (L 1063 %1009 [ 125 x 109 | 2x 100 |1 x 1076
Relative Cost $SS $55% $S $

and ferrites are the cheapest. The range of operating temperature of the different magnets

(given in Table 6.1) is also a key factor in deciding their usage in a specitic application.

High power IPMSMs experience large stator currents and are often operated under field
weakening. Apart from the field weakening beyond corner speed. a magnetic field opposing
permanent magnets is also generated in Maximum Torque Per Ampere (MTPA) mode,
below the corner speed [5], [6]. [8]. [38]. Therefore, the flux density in the permanent
magnets is reduced by stator current in MTPA and constant power region of operation. High
power density PMSMs have large stator ampere turns and therefore. permanent magnets are
always vulnerable to get demagnetized. At the same time, high air gap flux density from
permanent magnets is also demanded for high power density. NdFeB and SmCo magnets
have relatively high By and H: they are more suitable for high power density PMSM. On

the other hand. AINiCo magnets are not feasible for such machines due to their low H..
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6.4 Demagnetization of Permanent Magnets

A permanent magnet, while installed in a PMSM, can get demagnetized by ecither of the two
reasons; temperature risc higher than its maximum operating temperature, or flux density
reduction in the magnet less than that of the knee of the demagnetization curve. Insufficient
cooling and increase in the iron and magnet losses cause the temperature escalation in
the magnets. On the other hand, flux density in the magnets is reduced by stator current
applied along the negative d-axis of the machine. Flux density reduction in the magnets
has nonlincar relationship with current magnitude and angle due to cross saturation of the
PMSMs [38].

Furthermore, the flux density corresponding to the knee of demagnetization curves is

also temperature dependent as shown in Fig. 5.3, 6.2 and 6.3 for NdFeB, SmCo and Ferrite
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Figure 6.2: Demagnetization curves of SmCo grade 2:17 magnets
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Figure 6.3: Demagnetization curves of Ferrite magnets

ture and the negative d-axis current.

machine designs discussed here for the demagnetization limit of the magnets.
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Flux Density B (T)

magnets respectively. For chmplc, Fig. 5.3 shows that knee of the demagnetization curve
of NdFeB grade N35SH lies at 0.2T and 0.4T for magnet temperatures of 120°C and 150°C
respectively. The reduction in By and H with increase in temperature are due to negative
thermal coefficients o ;3,. and .37 as mentioned in Table 6.1. Ferrite magnets have positive
thermal 37 ,., that shows their demagnetization occurs with temperature drop. Therefore,

before getting demagnetized. the minimum flux density in the magnets (knee point) varies

It is a safer practice to design a machine and its control for the worst case. It dictates that
if the maximum current is applied along negative d-axis of the machine, the flux density
in the magnets should not be reduced less than the knee of the respective demagnetization

curve within the operating temperature range of the magnets. This criterion is used for all
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6.5 Effect of Magnet Materials and Temperature

The temperature of electrical machines increases much higher than the room temperature
during their operation especially that of high power density machines. To achieve the
required characteristics of the PM machines. it is necessary to take into account the effect of
temperature variation that machines will be face during their operation. This consideration
is explored here for design of two ditferent machines using NdFeB and SmCo magnets.
which are the potential candidates (based upon their high I3, and /) for high power
density PM machines. The performance of both machines is evaluated at two different
temperatures.

Magnet material and its grade is selected based upon the operating temperature and the
required air gap flux density to match the torque speed requirements for FTP driving cycle
shown in Fig 4.2. The maximum operating temperature of the machine depends upon the
thermal design of the machine. It is assumed that thermal design of the machine ensures

safe machine operation.

6.5.1 Machine designs

Based upon high B and /- of the NdFeB magncts as discussed in section 6.3, they are
the first choice in order to design high power density PM machines. NdFeB magnets have
different grades within its family, which vary in 3) and maximum operating temperature
as shown in Table 6.2.

The power requirements of traction motor for a series hybrid bus are based upon the
FTP driving cycle as described earlier in section 4.4. The design is aimed to cover max-
imum possible torque speed points of Fig. 4.2. Fig. 6.4 and 6.5 show the geometry and
torque speed envelope respectively of NdFeB machine designed to meet the driving cycle
requirements of Fig. 4.2. The rated machine parameters are tabulated in Table 6.3. The

torque speed envelope was calculated using the cross saturated model for efficient machine
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Table 6.2: Grades of NdFeB magnets

Magnet grade | B (T) | Maximum operating temperature (°C)
N 1.17-1.48 80
NM 1.17-1.45 100
NH 1.14-1.42 120
NSH 1.08-1.37 150
NUH 1.08-1.29 180
NEH 1.04-1.26 200

Magnets

] Iron core

Figure 6.4: NdFeB machine geometry

operation as described in section 3.3. The line voltage is 480 V in all designs presented
here. Furthermore, the parameters values of this NdFeB machine listed in Table 6.3 are
used as base values for the other designs. Maximum speed refers to the speed when torque

at rated current is 0.3 pu.

Since the NdFeB magnets experience a knee in their demagnetization curves, it is im-
portant to evaluate their possibility of demagnetization during their operation and it was

calculated by FEM analysis. Flux density in the magnets was observed for varying current
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Figure 6.5: Torque speed envelope of NdFeB machine

magnitude and its angle. Fig. 6.6 shows the flux density in the machine, when maximum
current (1.4 pu) is applied along negative d-axis. It shows that flux density in the magnets
remains more than 0.45T. The knee of demagnetization curve of N35SH at 150°C is 0.4
T as shown in Fig. 6.4. Therefore, the safe machine operation is ensured for maximum
current applied at any angle and to have sufficient machine cooling to keep the magnets
temperature less than 150°C. FEM analysis shows that demagnetization of the magnets
starts for current higher than 1.4 pu in negative J-axis.

In order to operate the machine at temperatures higher than 200°C, SmCo magnets
replace the NdFeB magnets in the Fig. 6.4 as a first iteration. Since SmCo magnets have
less flux density than that of the NdFeB, the SmCo magnets can not just replace the NdFeB

magnets to have similar machine performance. Rotor of the NdFeB machine discussed was
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Table 6.3: Key parameters of the machine designed with NdFeB magnets

Machine Parameter Value Machine Parameter Value
Rated power 140 kW Rated torque 760 Nm
Rated current 198 A Line voltage 480V

Corner (base) speed 1760 RPM Stack length 200 mm
Maximum speed 7000 RPM (4.00 pu) Air gap I mm
Maximum current 235 A Stator diameter 330.2 mm
Winding type double layer (Lap) Stator slots 24
Coil pitch 150° Elect Rotor diameter 180 mm
Magnet grade NdFeB N35SH Number of turns 6.5 per coil
Stator and rotor core | M15G29 silicon steel Slots/pole/phase 2

B < 0.45T

L |
T |

B > 0.45T

Figure 6.6: Flux density in NdFeB magnets with maximum current in negative d-axis
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redesigned as rotor B shown in Fig. 6.8. Rotor of machine shown in Fig. 6.4 is named as
rotor A for comparison purposes ans is shown in Fig. 6.7. Rotor B (Fig. 6.8) was designed
to have more air gap flux density considering that the basic design criteria remains the same

i.e. to meet the torque speed requirements of the hybrid bus for FTP driving cycle.

6.5.2 Design comparison and discussion of results

Two variants of IPMSM. whose rotors are shown in Fig. 6.7 and 6.8. are compared to study
the effect of magnet materials and temperature variation on the machine performance. Both
machines have same outer diameter. stack length and identical stators.

The machine performance results discussed here are in pu quantitics. Machine designed
with rotor A using NdFeB magnets is taken as baseline machine and its parameters given
in Table 6.1 are taken as base values for pu representation. Refereing to Table 6.4 and Fig.

6.9 and 6.10, following observations can be made:

Figure 6.7: Rotor design A

91



Figure 6.8: Rotor design B

Table 6.4: Comparison of machine design variations at different temperatures

Current for demanded

Machine design Muximim% ‘ ’;? Efficiency
variants and torque (up to speed in } at corner
operating temperature corner speed) FW (pu) ‘ speed
] NdFeB | 50°C 1.0 3.69 } 96.3 ;
Rotor A | 190°C B3 . 93.2
[ Siieo B e Bk | 272 95.3
| 190°C 1.35 | 242 | 927
) | !’ﬂNdljcBi ;()‘7(7 7 7()77957 7 J 1.()7<L 96.6
Rotor B ! Rl‘;(){(‘ o 71?)g777 | 7{57 | 777‘)4.()7 -
smCo | 50°C | 106 | 346 | 958
J 190°C 1.10 309 | 936
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Figure 6.9: Operating range of four NdFeB and SmCo machine variants at two different
temperatures

|

At low temperature (50°C), rotor design A with NdFeB magnets is the best choice. It
has maximum speed (3.69 pu) in the field weakening among all other design options

and provides efficiency of 96.3% at corner speed.

At high temperature (190°C), irrespective of the magnet materials. design A can not
meet the torque speed requirements of the driving cycle due to its less field weakening
range. Furthermore, its efficiency at corner speed is reduced (93.2% for NdFeB and

95.3% for SmCo magnets) due to higher current required to provide the base torque.

Design B is suitable for high temperature (190°C). NdFeB magnets provide wider

field weakening and high efficiency than the SmCo magnets in this case too.
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Figure 6.10: Efficiency of four NdFeB and SmCo machine variants at two different tem-
peratures

4. Efficiency of machines as shown in Fig. 6.10 is compared up to the corner speed.
Above the corner speed, higher is the current, lesser is the efficiency for same output
torque of a machine because additional current contributes towards the machines

losses.

5. For wide temperature range (50°C-190°C) of operation, both NdFeB and SmCo
magnets used in rotor B have almost the same maximum speed in field weakening.
However, NdFeB magnets exhibit higher efficiency than SmCo magnets over the

whole temperature range.

6. NdFeB is the preferred magnet material to be used for wide temperature range up
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to 200°C (the maximum possible temperature for NdFeB). However, the machine
design should be optimized for high temperature. Rotor B is the optimized design
for high temperature using NdFeB magnets. and for low temperature using SmCo

magncts.

7. SmCo magnets is the only solution for temperature higher than 200°C. Furthermore.,
a machine designed with SmCo magnets for lower temperature can work over a wide
range of temperature without much decrease in the field weakening range and efti-

ciency as compared to the NdFeB magnets.

6.6 Machine Design Using Ferrite Magnets

6.6.1 Machine design variants

Ferrite magnets can work at temperature higher than 200°C. Moreover, the availability of
rarc earth magnet materials at reduced cost across the world is becoming an issue. There-
fore, the possibility of using ferrite magnets is explored here for design of high power
machines e.g. HEVs applications. Ferrites have low B than NdFeB and SmCo magnets
as mentioned in Table 6.1. Therefore. a machine designed with ferrite magnets will pro-
vide less torque density than that of a machine using NdFeB/SmCo magnets for the same
machine volume. To achieve the maximum possible power density without using rare carth
magnets, various design options are explored including the flux squeeze (FS) design [39].
The operation of ferrite magnet machine is limited at lower end of temperatures (-20° to
-40°) due to their demagnetization as shown in Fig. 6.3.

The feasible design variants were explored by varying numbers of turns. slots. poles.
rotor diameter and the placement of the magnets. Outer diameter of stator, stack length
and the speed range (required for FTP driving cycle) were kept same as that of the baseline

machine. Flux Squeeze (FS) design as well IPM design were tried. Initially, the ferrite
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] Magnets

Figure 6.11: 8 pole IPM machine using ferrite magnets (Machine C)

magnets were inserted in the machine B, whose stator and rotor are shown in Fig. 6.4 and
6.8 respectively. Three more design were analyzed. Fig. 6.11 shows machine C, which is
a 8 pole IPM. Similarly. machine D and E are 8 and 12 pole flux squeeze machines using
ferrite magnets and are shown in Fig. 6.12 and 6.13 respectively. Flux squeeze design
impart more air gap flux density but they don’t provide the reluctance torque component

that is available from IPM machines.

6.6.2 Discussion of results

Since the ferrite magnet machine have lesser torque density than that of the machine using
rare earth magnets, the comparison is made for maximum available torque and efficiency
at corner point of torque speed curves. Fig. 6.14 shows the torque speed ranges of four
different ferrite magnet machines. Table 6.5 summariness the comparison of the results.

We make the following observations:
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[ Magnets
] Core

M Non-magnetic

Figure 6.12: 8 pole flux squeeze machine using ferrite magnets (Machine D)

Magnets

] Core

B Non-magnetic
shaft

Figure 6.13: 12 pole flux squeeze machine using ferrite magnets (Machine E)
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Figure 6.14: Torque speed curves of four ferrite magnet machines

Table 6.5: Comparison of ferrite machine designs

Machine Slots/ | Current | Max torque | % Efficiency

Design Poles (pu) (pu) at corner point
Machine B (IPM) | 24/4 0.54 0.37 97.2
Machine C (IPM) | 48/8 0.68 0.53 97.3
Machine D (FS) | 48/8 0.61 0.42 97.1
Machine E (FS) | 36/12 | 0.58 0.42 96.7

1. Replacing rare earth magnets by ferrite, we get only 37% of the baseline machine

torque.
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Number of poles are increased to get more air gap flux. This increases the power
frequency of the stator current for the same shaft speed as that of baseline machine,

thus increasing the iron losses of the machine.

3. Back emf of flux squeeze design is closer to square wave as compared to the IPM

design. producing more harmonic iron losscs.

4. The output power tfrom 8 pole and 12 pole flux squeceze design is almost the same
(42%). however. they difter in the efficiency due to different harmonics in the flux

density. 12 pole machine has more contents of high trequency harmonics.

5. An 8 pole IPM machine is more suitable design for ferrite magnets because it can
provide maximum power density (53% of the baseline machine power) among other

design options and shows maximum efticiency as well.

6.7 Conclusions

Design and analysis of 140 KW IPMSM is presented for a series hybrid bus application
for high temperature application using NdFeB and SmCo magnets. Reduced flux density
of permancnt magnets was taken into account with temperature increase. A 4-pole NdFeB
bascline machine shows efticient and wide speed range operation. SmCo magnets are al-
ternate of NdFeB for high temperature operation of the machine. However, the machine
efticieney is reduced when NdFeB magnets are replaced by SmCo. An improvement in the
torque and cfliciency was achieved when machine rotor is redesigned for SmCo magnets
but still machine efticiency remains less than that of the NdFeB machine. Beyond 200°,
SmCo magnets are the only option for high power density machines.

The design of high power PMSMs is also explored without using rare carth magnets.
In that case. ferrite magnets could be the only choice that can work for high temperature

as well. IPM and flux squeeze designs were tried with increased number of poles. Among
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ferrite magnet designs, 8 pole IPM design provided the maximum power density. which is

53% of that of the bascline NdFeB machine.
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Chapter 7

Iron and Magnet Losses and Torque
Calculation using Magnetic Equivalent

Circuit

7.1 Introduction

A faster and simpler approach for the calculation of iron and magnet losses and torque of
an Interior Permanent Magnet Synchronous Machine (IPMSM) than Finite Element Meth-
ods (FEM) is presented here. It uses Magnetic Equivalent Circuit (MEC) based on lumped
large elements and takes into account magnetic saturation and magnet eddy currents. The
machine is represented by non-linear and constant reluctance elements and flux sources.
Solution of the non-linear magnetic circuit is obtained by an iterative method. The results
allow the calculation of losses and torque of the machine. Due to the approximations used
in the formulation of the MEC, this method is less accurate but faster than non-linear tran-
sient magnetic FEM, and is more useful for the comparison of different machine designs
during design optimization.

This approach for modeling of MEC starts with that in [40] and adds a number of
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improvements and adaptations. A simple 2-D MEC model of a radial ux IPMSM based
on the limited and large iron core elements is used that works well for no load as well as
for varying load conditions. The B-H curve of the iron core material was modeled using
cubic splines. The iron core and air gap were divided into saturating and non-saturating
elements respectively. The winding current and magnets were represented by mm f and
flux source. Re-meshing of air gap elements with stator and rotor elements nodes was
performed at every time step. Time dependent solution of the flux led to the calculation of

iron and magnet losses and torque of the machine.

Reduced accuracy due to the use of large core elements is compensated for in ways that
avoid increasing the element count and prolonging solution: data points of B-H curve are
used instead of an approximated analytical function, considerations are developed that lead
to a careful design of elements and element sizes, and a new type of element is proposed
that has two possible axes of flux for areas where the direction of flux varies in the time
domain.

An overview earlier work on this topic was presented in [41]. Further details were pre-
sented in [42]. Here. the MEC method is discussed in detail, including the considerations
for the creation of elements, improvement in the iron losses algorithm, and torque calcu-
lation. Magsoft’s Flux 2D, a commercial software package has been used as FEM tool.
Solution of MEC and losses calculation is worked out using Matlab®. Although, the pro-
posed method requires the geometrical dimensions of all elements of the MEC, however,
most elements of the IPMSMs are symmetrical. The programming effort for each design
iteration is primarily to enter the dimensions of only a few elements in the Matlab program.
Each machine presented in this paper took about 10-15 minutes for this task.

The literature review of the various methods for calculation of machine losses and MEC
is discussed in section 7.2. The overview of MEC approach for IPMSMs is presented in
section 7.3. Considerations for the creation of elements are described in section 7.4. Devel-

opment of mathematical model of MEC for a typical IPMSM and its solution is discussed
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in section 7.5. Calculation of the iron and magnet losses are explained next in section 7.6.
Application of the MEC method to two difterent machines, calculation of torque. and com-
parison with FEM results are presented in section 7.7. Finally, conclusions in section 7.8,

give a summary and discuss potential utilization of the proposed method.

7.2 Literature Review

Analytical methods presented by Mi et al. [43] and Roshen [44] cover stator iron losses for
Permanent Magnet (PM) machines. Dlala [45] proposed a calculation method based on the
modeling of the BH curve and the magnetic properties of the lamination material. Roshen
presented an accurate method of core losses calculation for AC machines that addresses
non- sinusoidal waveforms as well [46], [47]. The method is based upon a piece-wise
linear modeling of the flux density in the time domain.

FEM is generally used to calculate iron losses with better accuracy. Computation of iron
losses components for PMSMs was given by Yamazaki and Seto [48] with improvements
proposed by Seo er al. [49] using variable iron loss coefficients. A dynamic loss model of
the lamination material is presented by Belahcen and Arkkio in [50] to calculate the iron
losses of electrical machines using FEM.

A widely used fast analytical machine design software tool (SPEED) includes a module
that provides rapid sizing and calculates the performance characteristics of PM machines
based upon linear characteristics of the material [34]. Calculation of the iron losses under
magnetic saturation is handled by interfacing of SPEED with FEM [51].

MEC is also known as Reluctance Network Analysis (RNA), and its application for
electrical machines were introduced by Ostovié¢ [40]. Improvements were made in MEC
/RNA to estimate the performance of electromagnetic devices and electrical machines [52,
53.54,55.56,57.58,59. 60]. Performance analysis using MEC is receiving more attention,

especially during the early design optimization. Its key advantages are the higher accuracy
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than the analytical and lumped parameter models and lower computational time than the
FEM.

The majority of the work based on MEC addresses induction and switched reluctance
machines and electromagnetic actuators |52, 53, 54, 55, 56. 57, 58, 59, 60]. Kim et al.
[52] calculated the static characteristics of a lincar brushless DC machine using MEC,
neglecting the reluctance of the iron core. RNA based iron loss calculation of a switched
reluctance motor in [53] utilized an analytical function to approximate the B-H curve of
the iron core. Perho presented RNA based performance analysis of an induction machine
using a BH curve approximated by a third order function [54]. MEC was also used to model
a voltage fed induction machine [55] in the dg frame of reference for different operating
conditions. Derbas er al. [60] compared mesh-based to node-based analysis of nonlinear
magnetic circuits.

To improve the accuracy of the MEC/RNA and to capture the effects of saturation. leak-
age and fringing of the flux, refinement of the elements was used. The switched reluctance
machine was studied in [56], and an electromagnetic actuator in [57]. 3-D MEC was in-
troduced in [58], [59]. and encouraging results were obtained for an induction machine.
Increasing the number of elements and using 3-D networks for MEC provides better accu-
racy. and development of MEC in this direction may replace the need of FEM. However,
MEC will loose its key advantage of faster calculation due to increased size of the system
of equations [54].

A lumped parameter model for flux switching PM machine by Zhu et al. [61] was used
to calculate back EMEF, stator inductance and developed torque. A comparison between
lumped parameters and FEM for the calculation of  and g axes inductances in PM ma-
chines was discussed in [62]. More detailed work was presented in [63] for the calculation
of « and ¢ axes inductances and torque for saturated [IPMSM. Recent work on IPMSM by
Zhu et al. [64] shows good match of fundamental air gap flux density compared with that

of FEM for no load. neglecting the reluctance of stator and rotor iron, and using fixed sat-
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Figure 7.1: MEC circuit model of a permanent magnet

uration level in the bridges. Analysis at a varying load will need further refinement of the

elements due to saturation of the iron core.

7.3 MEC Approach

The first task of MEC is to divide the machine geometry into enough elements to reflect all
its electromagnetic properties. The number of elements should allow the solutions of the
MEC with reasonable accuracy in time significantly lower than FEM.

An IPMSM is made of iron core. permanent magnets. air gap. and current carrying
windings. Permanent magnet elements have constant permeance, since their relative per-
meability is almost equal to that of the air. Each permanent magnet is represented by a flux

source and a parallel non-saturating reluctance, as shown in Fig. 7.1[40].

ByAm
Hel
He and I3y are coercivity and remanent flux density of the permanent magnet. /), is the

Flux of this source is o) = DB, 4, and its parallel permeance is Gy)) = , where
length of the magnet in the direction of flux through it. and .4, is its area perpendicular to
the flux direction.

Similarly. current carrying stator windings are modeled by time varying magnetomotive
force (mm f). The mm f for each stator tooth is calculated from the winding configuration.

number of turns and the stator current. With time varying current. the mm f of each stator
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tooth varies at each time step.
The iron core and air gap are divided into rectangular elements. The permeance of a

uniform material is given by:

. ﬁﬂ/l,-fl

; 7.1
( 1 (7.1)

where A, [ are area and length of the elements, and (), 1, are the absolute and relative
permecability.

In order to determine the length and area of each element, the expected flux direction
and its variation are established first. One side of every element is along the axial direction
and it is equal to the stack length of the machine. Other side of the arca is the element
width. The length of each element is taken along the flux direction.

Due to the magnetic saturation, i varies widely and it is recalculated for all saturated
elements at each iteration of every time step. The geometry of air gap elements and their
interface with stator and rotor elements also varies at each time step due to machine rota-

tion.

7.4 Formation of Elements

The machine geometry is divided into large elements so that the magnetic flux can be
approximately uniform in each element at any instant. The geometry of elements, with
the exception of those in the air gap. is invariable. Stator teeth and back iron elements are

symmetric. Rotational symmetry is also used to minimize the number of elements.

7.4.1 Stator elements

The stator elements for one quarter of a 3 phase, 4 pole, 24 slot, 20 kW, IPMSM are shown

in Fig. 7.2. Each tooth is taken as one element, and its length is equal to the depth of the
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(a) Elements

3823

1524

(b) Geometry

Figure 7.2: Large elements of quarter geometry of stator
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slot. The flux direction in every stator tooth remains along its Iength, radial to the axis of
rotation. Since the width of stator teeth is not uniform along its length, it is taken as the
weighted average of the teeth segments.

A back iron clement is created between every two adjacent teeth. The width of cach
element is the difference of the outer and the inner radius of the yoke. Its length is the
weighted average of minimum and maximum arc distances in the yoke, which correspond

to the inner and outer yoke radii.

7.4.2 Rotor elements

The flux paths in the rotor are more complex than in the stator. The flux direction in the
rotor elements varies significantly with the magnitude and phase of the load current as
shown in Fig. 7.3, and this is reflected in the type and geometry of elements of Fig. 7.5 and

7.4 discussed in this section.

7.4.2.1 Permanent magnets

Each magnet is represented by a lincar permeance in parallel with a flux source as that of
Fig. 7.1. Air pockets between the magnets are also represented by linear permeance. Half
of cach air pocket permeance is added to the permeance of the magnet on its each side. This
results in one permeance parallel to each flux source as shown by 7, 1. ¢,,2. G,,,3. G4
and ¢

mbhH-

7.4.2.2 Bridges

Bridges are the narrow flux paths of iron core between two magnets, and between a magnet
and rotor edge. Deeply saturated bridges (outer layer rotor edge) are represented by an
equivalent air permeance (). . Bridges near rotor edge of inner magnet layer are not fully

saturated and are treated as saturating permeance G5, Similarly, the permeance between
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(a) No loa (b) Full load

Figure 7.3: Flux lines of FEM representing the flux path in the rotor with load variation

the magnets are saturating too, and they are split into two (7| 4, each half is in parallel with

the magnet on its side.
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Figure 7.4: Geometry of quarter rotor
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Figure 7.5: Elements of quarter rotor

cowd

7.4.2.3 Rotor iron between outer magnet layer and air gap

In this area of core, there is varying flux direction due to varying rotor position and load
current, but much less than the other rotor elements. The flux direction in this part is
modeled as perpendicular to the magnet thickness in G| and G elements. The width of
each of these elements is equal to one third of the total arc length of the rotor surface in

front of the outer magnet layer. These three permeances have a common node on the rotor
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surface.

7.4.2.4 Rotor iron between magnet layers and around shaft

This part of rotor has flux direction that varies from the perpendicular to tangent to the
magnet surface. To include this effect, the iron core of rotor is ‘counted’ twice in the for-
mulation of elements. The first time it is assumed that the flux path is along one direction,
i.e. perpendicular to the magnet thickness. Here the iron core is divided into elements
Gy Gy Gy. G- Gpp.- Gpo. Gi5. G- Gp7 and Gg. The second time the flux path
is modeled as tangential to the magnet thickness. This results in the formation of elements
Gy Gg. G7. Gg. Gg. Goy. Goy. Goo and Go3. Applying this approach, the dimen-

sions of all rotor elements are calculated and are listed in Table 7.1.

7.4.2.5 Airgap

Air gap between stator and rotor is modeled as rectangular linear elements. Each element
length is equal to that of the air gap. Their width is the air gap arc of the overlapping
angle of stator and rotor elements, and it varies at every time step due to machine rotation.

Between non-overlapping stator teeth and rotor elements, the air gap permeance is zero.

7.5 MEC of IPMSM

The MEC model of one pole pair is shown in Fig. 7.6. The physical connection between
the left and right ends of the magnetic circuit is modeled through common variables. To
simplify the MEC, two permeance elements in series with each flux source are combined to
one element. A linear leakage permeance exists between every two stator teeth due to stator
slot opening. The mm f source of the stator teeth depends on the winding configuration.

coil pitch, number of turns. and input current [40].

111



INSIAI ue jo ared ajod e jo 1noad yudeainba onoudey 97/ 2andig

aoueon|ay Buneinjes-uoN _H_ souejonay bBuneinjeg D

NN |

L'y sjoubepy
ﬂ Yiim Jojoy

A% ?

ﬂm-mﬂtw ﬂﬂve.m mN @wm @hm @ @mm @vm @mm @NN @—N

© yiea)
\ \ N N \ \ \ | omig

i0le1S

112



Table 7.1: Length and width of the rotor elements

Element # | Length (mm) | Width (mm) | Elcment # | Length (mm) | Width (mm)
Gy 9.15 16.26 Gy 4.00 1.00
G 8.52 27.15 G5 10.63 12.60

5 4.02 18.79 G 10.63 12.60
G 9.19 18.29 Gyr 13.32 13.24
G- 9.03 18.29 G8 13.32 16.78
Gs 18.15 17.04 Gy 8.07 21.25
G 9.15 12.60 A Gop 15.50 21.25
Gl 9.15 1260 | Gy | 996 21.25
G 8.52 13.24 Goo 13.53 13.32
Gio 8.52 16.78 Gy 16.78 13.32
G3 5.00 2.05 Gy 6.10 5.63

7.5.1 Derivation of MEC

In order to calculate the flux through each reluctance of Fig. 7.6, the magnetic scalar po-
tential at every node /. j is defined. Vector notation is used to write the system of equations
containing the magnetic circuit variables and parameters. Followings are the vectors of

unknown magnetic scalar potential of the nodes of ditferent sections of Fig. 7.6.

] Stator back iron.

D} Stator teeth.

3 Rotor surface.

Wy, v g and u Interior rotor.

Similarly. the following machine parameters are also used in the development of MEC.

Fat Stator teeth numn f vector.

ogt Stator teeth flux vector.

R+ Stator teeth reluctances diagonal matrix.
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The reluctance of an element in the circuit is represented by Ry, and Gy = 1/'R..,-.,,

denotes the corresponding permeance of the same element.

Taking one rotor node as reference, we write a set of equations for all nodes. For a stator
back iron node 1 (uy) of Fig. 7.6. (".w/l and Gh.,/l‘_) are the permeances of the element
between nodes 1 and 2 and nodes 1 and 12 respectively, o ¢ is the flux in the stator tooth

| from stator back iron towards the air gap. Then:

(111.1 — “l.l?) Gh‘_l/l'.) + (1/1.1 - 111.2) (1'5’,/1 = =04t (7.2)

Similarly at node 2:
(“1.2 - “1.1) Gyt + (“1.2 - “13) G2 = =02 (7.3)
and at the last node of stator back iron:

<”|.12 — 1) Gayr1 + (“1.12 - “1.1) Gayl2 = —9ut12 (7.4)

In matrix form,

—

Ay = —og (7.5)
Where
(Gt Gayt ~Gu o Gy
A= -Gy Gt + Gy oo 0
| =Gy 0 e G+ Gy |

For all nodes of the magnetic circuit of Fig. 7.6:
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—

Ay = —og

A2~_)ll_~:2 + ALZ:{”—-'} = (,‘):f

Asgoud + Agguy + Az + Agqus + Agrur =0

Ay + Agyiiy + Agsal = oy

Ay + Ag iy + Agsis + Aggil = 05

Agoun + Ageui + AgTuT = O

Ay + Asgu+ Arrus = o7

(7.6)

Here o)), 1. 0,5+ @, and ©,,,7 are the vectors of flux sources of permanent magnets

at the respective nodes.

In matrix form.,

Ai=o0
Where ) -
Ajp 00 0 0 0 0
0 Ay Aoy 0 0 0 0
0 Azx Azz Ay Az 0 Agg
A= 0 0 A_m A-H A45 0 0
0 0 A5y Ay Ay Ay 0
0 0 0 0 Agy; Ags AgT
0 0 A‘ 3 0 0 AA_U ATT |
= O L B T S T B U S T ]r
T - = -~ ~ - ~ T
o= —og og 0 Opy Ops Ome Om7 |
A,~]- are the permeance matrices of the magnetic circuit.
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Magnetic scalar potential of the stator back iron and stator teeth nodes is related to the

teeth 1o f by:

=) + .'F;.[ + R’.x-f‘-”:f (7.8)

In system (7.7), the unknown variables are the scalar magnetic potential of the nodes
(. ud.uny, uly, us, ug and o) and the flux through the stator teeth (o). Using (7.8), we
solve system (7.7) to eliminate o and «7. This leads to the following reduced system of

equations for the magnetic equivalent circuit of the IPMSM:

Au=o (7.9)
where _ -
X, Xy 0 0 0 0
Ay Azy Ay Ay 00 Ayt
~ () A Ay Ag- () ()
A 13 14 15
0 Asz Asy As; Ajg 0
0 0 0 A()) A(i() A(u
() A‘ 3 0 0 AT() ATT
and

Xl = All + (I—{-AH'R,H,\)AQ«_)

Xo=I+A 1Ry )Ag;j

= L L . L . T
U—[u-) w3z ouyoun o g 117]

= -
- - - ][

o= | —AFst O O Oms O OmT
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7.5.2 Solution of MEC

In order to calculate the flux through each element of Fig. 7.6. the Magnetic Scalar Potential
(MSP) of each node was computed first. For this purpose, the non-linear system (7.9) was
solved iteratively for every time step using Successive Over Relaxation (SOR) method [65].
The calculation of ] was worked out from (7.8) and the first equation of system(7.7). and

it resulted into (7.10):

up = (I + RyAy) " g + Fyp) (7.10)

The solution was obtained for half the cycle of the input current due to current symme-
try. The stator nodes position was fixed. however, the rotor surface nodes were moving due
to machine rotation, and their position was tracked in the solution of MEC. The overlap an-
gle between stator and rotor nodes varied at each time step, and this affected the reluctance
and connections of the air gap elements. Linear reluctance elements (other than in the air
gap) were calculated only once, while the air gap reluctance was computed for every time
step. The relative permeability of saturated elements was adjusted in every iteration. A
cubic spline interpolation was used to represent the curve from discrete BH data points and
flux density was calculated from the MSP of the nodes. The magnetic flux and flux density
in each element was calculated from the MSP of the nodes and the respective area of the

elements.

7.6 Calculation of Iron and Magnetic Losses

7.6.1 Iron losses -

The iron losses were calculated by post processing ot the MSP of the nodes of MEC. The

iron losses are divided into three categories:
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1. Hysteresis losses

Wy, = KW B33, f (7.11)
2. Eddy current losses
T , ;
Iy = 2 /1' L LA 7.12)
o= o— | — A2
S B AT TR A (
0
3. Excess losses
- dB\ 10
0
where
by, = Cocflicient of hysteresis losscs(H'/Tzs‘lm‘.{)
ke = Coefficient of excess losses (II'/(TH_])3/2/1;3)
o = Conductivity of Iaminalions(f!m)_l
« = Thickness of laminations (1)

L-f = Fill factor of laminations (0-1)
f = Frequency of stator current (//z)

By= Maximum flux density (T)

Here. f is known for the stator and it is zero for the rotor. B was calculated from MSP
for each element at each time step, o and d were readily available from the manufacturer’s
information of laminations. and Kf was calculated from lamination thickness and stack
length of the machine. The iron losses coefficients (A7, and I¢) were computed from the

loss data of the laminations steel as described in section 3.4.2.
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7.6.2 Losses in the permanent magnets

In magnets, for operation on the recoil line, hysteresis losses are not significant, nor are
excess losses. The eddy current losses in the permanent magnets were calculated by con-
sidering the eddy current paths there as shown in Fig. 7.7 [66]. Considering L, T and 11
as length, thickness and width of the magnet respectively: B is flux density and A = LIT”
is magnet arca perpendicular to the flux. The time varying flux in the magnet induces EMF
(V7). and hence the eddy currents. The magnet length is along the axis of machine stack.
EMF (17) is induced in each side of the magnet along its length. causing eddy currents to

flow. The eddy loop has 217 voltage source due to two voltage sources in series.

o do o d(BA) CoAdDB
N == . = V=== 7.14
(t df 2 i ( )
Representing the flux density in Fourier series,
Vo Ad i (Chy cos (art) — 0
== 2(“ v”(().\(ll.&. ) ”)
n=1
1o &
= T* > (=nCysin (net)) (7.15)
n=1
<« — -
/Eddy /,
Current  /,
/7 path /,
/ /
/ /
L /7 ,
/ /

K_ _ 5/

W

Figure 7.7: Eddy current flow in the magnets
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The current in the magnets will be V), */Ppufh* and the Vj-,.5 1s calculated as:

27

. 1
Vims = Py 15

\ 7o

(7.16)

Assuming that the magnets are much longer than wide. the major current path is along
the length of magnet. The current path in each direction occupies half of the magnet. Then

area of eddy current path is

T 4L
"11)(1111, = 5 = PI;(,H, = W (7.17)
p is the resistivity of the magnets. The current density in the magnets is:
I Vims 1 Viins  Wnf
T=g=5 SRS (7.18)
! [’I;tlf/l Apr/lh. 2pL =P
Muagnet eddy current power density distribution is given by
D 9D 9.9
o Weg=f- n=C};
) . C
Pr=pl 1 2%2 (7.19)
n=

From MSP of all nodes ot the MEC, the flux density in the magnets is calculated from
the linear relationship of mmf and flux. Magnet losses at different loads are calculated

using (7.19) and Fast Fourier Transform (FFT).
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7.7 Application of the Proposed Method

7.7.1 Flux density in the stator teeth

The flux density calculated from MEC was compared to that computed using FEM. One
pole in FEM had 4092 elements and 8138 nodes, whereas there are only 144 elements (88
saturating and 56 non-saturating) and 72 nodes in a pole pair of the machine for MEC. Fig.
7.8 and 7.9 show the comparison of space and time variation of the flux density at no load.
Fig. 7.8 shows the flux density on an arc path in the stator teeth at an instant of time and
Fig. 7.9 shows the time variation of the flux density in a stator tooth. Similar comparison

is shown for rated machine current in Fig. 7.10 and 7.11. Flux density calculated by the

1.5 T T T T
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FEM
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1+ I: A
o~ ) | .
< ¥ 5
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é ’d | | :l\
x ! ! 1 '
3 ; :
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: . : )
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Arc path along center of stator teeth (mm)

Figure 7.8: Space variation of flux density in stator teeth at no load
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Figure 7.9: Time variation of flux density in a stator tooth at no load

proposed method in the stator teeth agrees with that computed by FEM.

7.7.2 Iron and magnet losses

The proposed method was used in two variations of a machine design to calculate iron and
magnet losses. The baseline machine has the geometry of Fig. 7.2, 7.4 and 7.5, while the
modified one has 1.5 times thicker magnets in its interior layer. All other parameters were
the same. The results are compared to those of FEM in Table 7.2.

The losses were calculated at three different load current levels: no load, half load, and
full load. MEC gives losses between 6-12% lower than those calculated by FEM at all

load conditions, in both machines. Errors are in the same direction. Losses of the modified
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Figure 7.10: Space variation of flux density in stator teeth at full load

Table 7.2: Comparison of iron and magnet losses calculated using FEM and MEC

Machine Type Load Current | FEM (W) | MEC (W) | % Error
| 0% | 682 | 607 |[-110%)]
Baseline Machine 50 % 146.5 138.3 -5.6 %
100 % 212.3 1946 | -8.3%
0 % 72.4 65:1 -10.1 %
Modified Machine 50 % 140.9 134.7 -4.4 %
C100% | 2042 1808 |-114%

machine calculated by FEM are higher at no load, and lower at half and full load than those
of the baseline machine. This relation is similar to the results obtained from the proposed

method using MEC model. An alternate and more accurate method to calculate the iron
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Figure 7.11: Time variation of flux density in a stator tooth at full load

and magnet losses from the flux density of each reluctance of the MEC using piece wise

linear model is discussed in [46] and [47].

7.7.3 Developed torque

The developed torque of the machine was calculated by Arkkio’s method. a variant of
Maxwell Stress Tensor method [67, 68]. From the MSP at each node of the MEC, normal
(DBn) and tangential (53;) components of the flux density in the air gap were calculated for
all stator and rotor overlapping elements at each time step. Arkkio’s method uses (7.20) to

calculate the instantaneous torque of the machine:
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L
= /I'u(/B/}vB/(/.\' (720)
Ho (/'.s' —r) y N
S

where L is stack length of the machine, 1 is the mean air gap radius and rg, r- are stator
inner and rotor outer radius respectively. and the integration is over all elements of the
air gap. Since there exists only one air gap element between every overlapping stator and
rotor element. Therefore s of (7.20) is expressed as ds = (s — r,-)r,,‘,/(l(). where # is the

overlapping angle between every stator and rotor elements. Then. (7.20) is written as:

/I() l(/

Table 7.3 compares average torque of the two machines discussed earlier in this section.
The torque was calculated by FEM and MEC at rated current applied in the quadrature axis
of the machine. The error is within 12% in the same direction as that of the losses in
Table 7.2, which shows that torque calculation results are also consistent with those of iron
and magnet losses. Losses and torque calculation took 195 s using the proposed method,
whereas FEM spent about 3 hours.

Table 7.3: Torque comparison rated current calculated using FEM and MEC

Machine Type FEM (Nm) | MEC (Nm) | % Error
Baseline Machine 26.1 24.4 -6.5 %
Modified Machine 28.8 25.5 -114 %

7.8 Conclusions

A numerical method based on a MEC modcl was developed for the calculation of iron and
magnet losses and torque of IPMSMs. Starting from the basic geometry, winding configu-

ration and input currents of the machine, a system of non-linear equations was derived and
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solved in the time domain for the MSP of the nodes. The system of equations is non-linear.
and it was solved iteratively at each time step. using the BH data points of the iron core
material. The flux density in cach element was calculated from the MSP of the nodes. and
this led to the calculation of the iron and magnet losses of the machine.

The results of the proposed method were compared to those obtained using FEM. The
proposed method gave lower iron and magnet losses and torque than those calculated by
FEM when it was applied to two different machines. Although this difference is significant,
the results of the loss calculations for these designs show similar trends as those obtained
using FEM. The proposed method requires much less time for calculation of iron losses
and torque than FEM. Therefore this method can be usetul for early sizing and efficiency
comparison of several machine designs in reduced time. The MEC model of a machine can
be developed easily from its geometry, thus shortening the total computation time. Fur-
thermore, the dimensions of elements for each run can be generated automatically through

parametrization.

126



Chapter 8

Summary and Future Work

The summary of the research tasks accomplished and their future rescarch growth is given

here:

8.1 Machine Design Based Upon ADCE

A design approach of IPMSM was presented for an HEV series bus for an urban driving
cycle. The approach is based upon the maximization of average driving cycle efficiency.
Inverter losses and power required for the machine and inverter cooling are also included
in the calculation of ADCE to optimize the design of IPMSM. The applicability of this
approach was demonstrated by two machine designs. During the calculation of machine
efficiency by FEM. the machine current was assumed sinusoidal and therefore the losses
due to PWM effects were not taken into account. Also the power required by the cooling
effort was assumed as fixed percentage of the total machine and inverter losses. As a
future extension of this work, a PWM model of inverter can be added in the calculation of
machine losses. Furthermore, transient thermal analysis of the machine and inverter may

also be included in the computation of ADCE to obtain more accurate results.
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8.2 Overload Operating Conditions of IPMSM

The design and operation of an IPMSM has been explored for overload conditions using
cross saturated g model for more accurate machine parameters than obtained using con-
ventional dqg model.

Machine operation for higher than rated stator current can be achicved with increased
cooling. Any specific design of IPMSM can operate safely up to power higher than rated,
it such room is provided by the designer. Analysis of a baseline design of 105 kW IPMSM
is presented for gradually increasing overload conditions. Demagnetization is shown to be
the result not only of negative d-axis current, but also of the cross-saturation caused by the
g-axis current component.

The IPMSM can be redesigned in more than one configurations to increase the oper-
ation range with increased cooling. Efficiency and torque speed range of various designs
was studied. Among three design modifications in the rotor geometry, it was found that
thicker magnets design allowed more overload operation with full speed range but with re-
duced efficiency as compared to the baseline design. As an alternate to increased machine
cooling, use of SmCo magnets was also analyzed. Transient thermal analysis may be in-
cluded in future work to remove the assumption of availability of sufficient cooling to keep

the machine temperature within its specified limits.

8.3 Consideration of Different Magnet Materials for PM
Machine Design

Design and analysis of two IPMSMs has been presented for a series hybrid bus applica-
tion for high temperatures using NdFeB and SmCo magnets. Reduced flux density in the
magnets was taken into account with temperature rise. The machine operation for a hybrid

bus was analyzed at a low and a high end temperature. A 4-pole NdFeB baseline machine
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provides the efficient and wide speed range operation. SmCo magnets is the feasible op-
tion for higher temperature operation of the machine. However, the machine efficiency is
reduced when NdFeB magnets are replaced by SmCo magnets. Redesigning of machine
with SmCo magnets showed a little improvement.

The design of high power density machines was also investigated without using rare
earth magnet materials considering the high temperature operation. Interior PM and flux
squeeze design was explored using ferrite magnets with increased number of poles. Al-
though ferrite magnets can operate at higher temperature than NdFeB, but they provide
lesser flux density than that of the NdFeB and SmCo magnets. Interior PM design showed
better performance than flux squeeze design for ferrite magnets due to availability of reluc-
tance torque.

In the future work. transient thermal analysis of the machine may be explored to find
out actual machine temperature for a specific driving cycle. Experimental work to test
the performance and efficient control of three machines designed and built with different

magnets, may also be undertaken as future work.

8.4 Losses and Torque Calculation of IPMSMs Using MEC

A numerical method based on a MEC model was developed tor the calculation of iron and
magnct losses and torque of IPMSMs. Starting from the basic geometry, winding configu-
ration and input currents of the machine, a system of non-linear equations was derived and
solved in the time domain for the MSP of the nodes. The system of equations is non-linear.
and it was solved iteratively at each time step using the BH data points of the iron core
material. The flux density in each element was calculated from the MSP of the nodes. and
this led to the calculation of the iron and magnet losses of the machine.

The results of the proposed method were compared to those obtained using FEM. The

results are comparable and the proposed method requires much less time for calculation

129



of iron losses and torque than the FEM. Therefore the suggested method can be useful
for early sizing and efficiency comparison of several machine designs in reduced time.
The MEC model of a machine can be developed easily from its geometry, thus shortening
the total computation time. Furthermore, the dimensions of elements for each run can be
generated automatically through parametrization, that can be explored in the future work

of this task.
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APPENDIX A

Experimental Work

This appendix describes the activitics and information related to the PMSMs that were

designed, built and tested during this research work.

A.1 20 kW Lab Model IPMSM

Initially. an IPMSM was designed and built locally to validate the design parameters and
to run the control experiments. The machine was not built in regular housing, instead
aluminium plates were used to provide housing structure for its operation in the lab envi-

ronment. The machine has the following design parameters:
e NdFeB magnets
e Three phase
e 24 slots
e 4 poles
e Line voltage 480 V
e Stack length 101.6 mm
e Winding pitch of 120° electrical

e Double layer winding with 30 turns per coil of copper conductor AWG 14 or equiv-
alent.
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(a) Rotor (b) Stator

Figure A.1: Stator and rotor geometry for one pole of 20 kW NdFeB IPMSM

(a) Flux density (b) Flux paths

Figure A.2: 20 kW NdFeB IPMSM: FEM flux density and flux paths at rated current in
¢-axis

Fig. A.l shows the geometry of the machine. All dimensions are in millimeters (mm).

Fig. A.2 shows FEM results of flux density and flux path in the machine, when rated

4]

current was applied along g-axis of the machine. Fig. A.3 shows stator and rotor lamina-
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(a) Stator (b) Rotor

Figure A.3: Stator and rotor laminations of 20 kW NdFeB IPMSM

Figure A.4: Assembly of 20 kW NdFeB IPMSM

tions. Fig.A.4 exhibits the assembly of the machine, when permanent magnet rotor was
installed in the stator. Fig. A.5 shows the FEM and measured back EMF. The difference is
about 15 % and it might be due to the collar of mild steel rotor shaft that provides path for

leakage flux of the permanent magnets.
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Figure A.5: FEM and measured back EMF of 20 kW NdFeB IPMSM at 450 rpm

A.2 Machines for High Temperature Operation

To evaluate the design options of high power density PM machines for the hybrid bus appli-
cation and intended for high temperature operation, scaled down models of the bus driving
machines are designed, built and tested using NdFeB and SmCo magnets. Additionally, the
machine design options without using rare earth magnet materials was also explored and
a flux squeeze PM machine with ferrite magnets is designed to build. To reduce the cost
of manufacturing of housing for customized prototype machines, these three machines are

built in the housing of commercially available 3 kW induction machine.
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A.2.1 10 kW NdFeB machine

Fig. A.6 shows the gcometry of the 10 kW NdFeB machine. It has the following design
parameters:

e NdFeB magnets

e Three phase

e 24 slots

e 4 poles

e Line voltage 480 V

e Stack length 72 mm

e Winding pitch of 150° electrical

e Double layer winding with 32 turns per coil of copper conductor AWG 16 or equiv-

alent.
Fig. A.7 shows the FEM results of flux density and flux paths at rated current applied

in ¢-axis. Fig. A.8 shows the stator and rotor laminations stacks.

2
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(a) Rotor (b) Stator

Figure A.6: Stator and rotor geometry for one pole of 10 kW NdFeB IPMSM



(a) Flux density (b) Flux paths

Figure A.7: 10 kW NdFeB IPMSM; FEM flux density and flux paths at rated current in
¢-axis

(a) Stator (b) Rotor

Figure A.8: Stator and rotor laminations stack of 10 kW NdFeB IPMSM

A.2.2 10 kW SmCo machine

Fig. A.9 shows the geometry of 10 kW SmCo machine. It has the following design param-

eters:
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e SmCo magnets

e Three phase

e 24 slots

e 4 poles

e Line voltage 480 V

e Stack length 72 mm

e Winding pitch of 150° electrical

e Double layer winding with 32 turns per coil of copper conductor AWG 16 or equiv-
alent.

Fig. A.10 shows the FEM results of flux density and flux paths at rated current applied

in g-axis. Fig. A.11 shows the stator and rotor laminations stacks.
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Figure A.9: Stator and rotor geometry for one pole of 10 kW SmCo IPMSM

A.2.3 6 kW ferrite machine

Fig. A.12 shows the geometry of 6 kW ferrite magnet machine. It has the following design

parameters:



(a) Flux density (b) Flux paths

Figure A.10: 10 kW SmCo IPMSM; FEM flux density and flux paths at rated current in
(-axis

A the
1 SR

(a) Stator (b) Rotor

Figure A.11: Stator and rotor laminations stack of 10 kW SmCo IPMSM

e Ferrite magnets
e Three phase

e 36 sslots



12 poles

Line voltage 480 V

Stack length 72 mm

Winding pitch of 120° electrical

Double layer winding with 27 turns per coil of copper conductor AWG 16 or equiv-
alent.

Fig. A.13 shows the FEM results of flux density and flux paths at rated current applied

in ¢-axis. Fig. A.14 shows the stator and rotor laminations stacks.

(a) Rotor (b) Stator

Figure A.12: Stator and rotor geometry for a pole pair 6 kW flux squeeze ferrite PMSM

A.3 125 kW IPMSM Traction Machine for Hybrid Bus

Fig. A.15 shows the geometry of 125 kW water cooled IPMSM design for traction of series

hybrid bus. The machine has following parameters:
o NdFeB magnets
e Three phase
e 24 slots

e 4 poles
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(a) Flux density (b) Flux palhs

Figure A.13: 6 kW flux squeeze ferrite PMSM; FEM flux density and flux paths at rated
current in g-axis

(a) Stator (b) Rotor

Figure A.14: Stator and rotor laminations stack 6 kW flux squeeze ferrite PMSM

e Line voltage 480 V
e Stack length 200 mm
e Winding pitch of 150 electrical

141



e Double layer winding with 6.5 turns per coil of copper conductor AWG 10 or equiv-
alent.

Fig. A.16 shows the FEM results of flux density and flux paths at rated current ap-
plied in g-axis. Fig. A.17 shows the rotor lamination and its mandrel fixture to stack the

laminations.
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(a) Rotor (b) Stator

Figure A.15: Stator and rotor geometry for one pole of 125kW NdFeB IPMSM

A.4 125 kW IPMSM Generator for Hybrid Bus

Fig. A.18 shows the geometry of 125 kW water cooled IPMSM, which will be used as

generator/engine starter for series hybrid bus. The machine has following parameters:

NdFeB magnets

Three phase

48 slots

8 poles

Line voltage 480 V

Stack length 150 mm



(a) Flux density (b) Flux paths
Figure A.16: 125kW NdFeB IPMSM; FEM flux density and flux paths at rated current in

(-axis

(a) Rotor (b) Rotor lamination stacking fixture

Figure A.17: Rotor laminations and its stacking fixture of 125kW NdFeB IPMSM

e Winding pitch of 150 electrical
e Double layer winding with 7 turns per coil of copper conductor AWG 7 or equivalent.
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Fig. A.19 shows the FEM results of flux density and flux paths at rated current ap-

plied in g-axis. Fig. A.20 shows the rotor lamination and its mandrel fixture to stack the

laminations and insert the magnets.

(a) Rotor (b) Stator

Figure A.18: Stator and rotor geometry for one pole of 125 kW NdFeB IPM generator

(b) Flux paths

(a) Flux density

Figure A.19: 125 kW NdFeB IPM generator; FEM flux density and flux paths at rated
current in g-axiss
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(a) Rotor (b) Rotor magnets installation fixture

Figure A.20: Rotor laminations and its stacking/magnets installation fixture of 125 kW
NdFeB generator

A.5 Laboratory Test Setup for PMSMs

This section describes the experimental setup that was built to test and verify the param-
eters of manufactured PM machines. Two types of tests were planned for every machine;

measurement of back Electromotive Force (EMF) and driving the machine in torque and/or

IPMSM Torque- Dynamometer
meter

Figure A.21: PM machine and dynamometer
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speed control mode. External dynamometer was used for this purpose. Fig. A.21 shows
a PMSM connected with dynamometer and Fig. A.22 shows inverter and its measurement

and control platform based upon FPGA and RT-linux based system. Fig. A.23 shows the

block diagram of system interconnection and control.

RT-linux system FPGA Inverter

Figure A.22: Controller and inverter

Power
RT linux controller + FPGA | supply
(Controller) + .
T Labview |«
b Control A% €C | Controller :
Ve orials g Encoder :
\AA bs lcs e
(0}
Kﬁﬁl m
ZE K ZST /J7
Inverter 17 Torqué-meter /:L
PMAC motor Dynamometer Tachometer
PMDC motor

Figure A.23: Block diagram of system interconnection and control setup

The test setup developed is composed of the the following devices:
e Real time controller based on RT-linux and Field Programmable Gate Array (FPGA).
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Sensors: Voltage, current, rotor position and torque.

Inverter.

e Dynamometer and its control.

PMSM under test.

A.5.1 Real time controller based on RT-linux and FPGA

A Personal Computer (PC) running on RT-linux operating system was used as the con-
troller. A Xilinx based customized FPGA 1/0 board was developed to handle the control
Inputs and Outputs (I/O) as shown in Fig. A.24. Communication between the FPGA 1/0
board and the PC was established via EPP parallel port. Following signals are the inputs

and outputs of the FPGA /O board.
e Mecasure: DC-link voltage.

e Measure: Phase currents.

Measure: Phase voltage.

Measure: Rotor position.

Output: Pulse Width Modulated (PWM) pulses for inverter.

A.5.2 Sensors: voltage, current, rotor position and torque

Following sensors were used to acquire signals for measurement. control and analysis.

Current and voltage sensors are shown in Fig. A.25

e Two phase currents were measured using current transducers LEM (LA-100p) with
rated accuracy of 0.45% and bandwidth of 0-200kHz. The measured currents were

used as feedback signal for control running in RT-linux.
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Figure A.25: Current and voltage sensors

e Phase voltage was measured using voltage transducer LEM (LV-25p) with rated accu-
racy of 0.45% and bandwidth of 0-200kHz. It was used to calibrate the rotor position

Sensor.
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e A quadrature encoder BEI (H25) having 1024 counts per revolution (4096 for quadra-
ture) and an index pulse, was used to measure the rotor position for torque/speed

control.

e DC link voltage was measured with voltage sensor LEM (LV-100p).

e Torque sensor PCB (STS 5100) with a peak torque of 110 Nm with an amplifier PCB

(SERIES 8159) was used to measure the shaft torque.

A.5.3 Inverter

A lab model conventional PWM inverter was designed and assembled to operate PMSMs
as shown in Fig. A.26. The Integrated Power Module (IPM) selected was a Powerex
(pm75c¢lal20) with a rated voltage of 1200 V DC and a rated current of 75 A. The gate

drive was Powerex BP7B. A bank of capacitor of 240 ;F was used for the DC-link.

Figure A.26: Inverter
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A.5.4 Dynamometer and its control

An Emerson dynamometer based on DC machine of 20 HP is used in the experiments to
control the speed (or torque) of the test machine. The DC machine has a maximum current
of 60 A, maximum voltage of 220 V and maximum torque of 80 Nm. It operates at a rated

speed with full field of 1750 rpm, and during field weakening up to maximum speed of

2400 rpm.

PRI
i R
U .

v
. 14 1 O
3

Figure A.27: Dynamometer and its manual control panel

The dynamometer can be operated by its manual control panel as well as through remote
computer interface. Fig. A.27 shows the dynamometer and its manual control panel. Fig.
A.28 shows National Instrument interface card and its interface circuitry that was developed
for remote control, and it was connected to the computer through USB port. Lab-view
software was installed on the PC and virtual instrument control panel was developed as

shown in Fig. A.29.
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Figure A.29: Virtual instrument in the Lab-view
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