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Preface

A master thesis is the biggest challenge as a graduate student and a gateway to start a career in
both the academic or the industrial sector. As a student in electromechanical engineering, I always
pursued getting a compete and broad view of electrical power systems. During my exchange with
Grenoble INP, I mainly focussed on electrical power transmission systems. Back in Belgium, I
wanted to broaden my expertise of electrical applications. I joined Infrabel to study the influence of
catenary voltage decreasing on the overall energy consumption of the Belgian railway system. Due
to this internship, I am aware that -apart form energy- transportation is one of the big challenges
in our society. Consequently, a master thesis combining energy and transportation was an evident
choice. Moreover, since I grew up on a farm, where I gained many practical experiences with

off-highway machinery, I got even more curious about studying the technology behind it.

This master thesis was done in corporation with Dana-Spicer, one of world’s biggest producers of
transmission systems. Dana is an US-based company with a corporate R&D-center in Bruges. One
of the goals of this center is to increase revenue by innovation in off-highway vehicle markets such
as tractors, cranes, fork lift trucks, etc. Conventional off-highway transmission systems include a
hydraulic torque converter and a gearbox with a maximum overall efficiency of about 85 %. However,
depending on the operating point, this can be significantly lower. The lower global efficiency of
conventional drivetrains leads Dana to alternative concepts such as the replacement of the inefficient
torque converter by a more efficient electrical device, the Electrical Variable Transmission (EVT).
This device allows to decouple the rotational speed of the Internal Combustion Engine (ICE) and
the wheels. Next to the increased efficiency of electrical devices over hydraulic devices, the infinite
number of transmission ratios permits the ICE to work in a better operating point resulting in a

significant reduced fuel consumption.

In this master thesis, I investigate the possibility of integrating the electromagnetic torque converter
in off-highway transmissions. In particular, I study fuel savings compared to classical hydraulic
torque converters. The study of transmission systems was meant to be very short, but rapidly
enlarged, since I found a lot of interesting concepts. Furthermore, I met very soon the divergence
between the theoretical model and the finite element model, which was one of the biggest challenges
to overcome during this work. At last, I believe that the design of an electrical torque converter
was the most interesting part of my study, since it is closely connected to practical implementation

and numerous results are obtained.

First of all, I want to thank Ir. Joachim Druant, my counsellor, for both the technical and modelling
advise he gave me. Although it was his first experience as a counsellor, I believe he did an excellent

job. Secondly, I'm thankful to Prof. Dr. Ir. Peter Sergeant and Dr. Ir. Thomas Vyncke, supervisors
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of this master thesis. I especially want to thank Prof. Sergeant for the numerous advices he gave
me and to provide me access to the computer in his laboratory. Additionally, I thank Mr. Vyncke,
currently working at Dana-Spicer, for the real torque converter data, which is the basis of this
feasibility study. Subsequently, I am very thankful to my girlfriend, Céline, for the support during
the last five years at Ghent University and for the proofreading of this master thesis. Furthermore,
I am grateful to my colleges at EELAB. Emile, Thibaut, Thomas: thanks for the nice atmosphere
at the lab. Moreover, your little tips and tricks saved me a lot of time. Finally, I want to thank my
family who has always been supporting me during my studies and who made it possible in the first

place that I am where I am now.

Steven Vanhee, 22 May 2015
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Summary
The design of an induction machine (IM) based electrical variable transmission (EVT) is consid-

ered in this work. The first part of this paper is dedicated to transmission systems. It is shown
that power-split continuous variable transmission (PS-CVT) systems have several advantages over
conventional gearbox systems. introduces multiple electromagnetic PS-CVT systems,
including the IM-based EVT. Although an IM-based EVT requires rotor slip rings, it only consists
of two airgaps which is the principal advantage over other EVT systems. Moreover, cage machines
are relatively cheap and robust compared to their PM equivalents.

After a short introduction to FE modelling in [Chapter 4] [Chapter 5| composes a coupled-circuit
FE model of an IM-based EVT with parametrized geometry. and[7]describe a geometrical
optimization and operational analysis of a 9kW IM-based EVT. It is shown that the rated power of
the converters is halved compared to a serial electrical machine connection. Furthermore, although
the fixed stator topology has the most simple design, the use of the moving stator topology increases
the electromagnetic efficiency of the device by a few percent. Moreover, geometrical dependency of
the efficiency is reduced and the electromagnetic power limit is increased by 20 % for the moving
stator topology.

In the feasibility of an electrical torque converter in a real transmission system model
is studied. After a geometrical optimization, it is concluded that the maximum electromagnetic
efficiency is about 95 %. Since three dimensional effects, skin effects, eddy currents and mechanical
and ventilation losses are neglected, the real efficiency of the device could be a few present lower.
In the second part of an operational analysis concludes that the rated power of an air-
cooled EVT is 120kW. Although cooling methods are not studied in this paper, the rated power
can be increased to more than 250 kW, if an appropriate water-cooled system is designed. In the
last part of the chapter, the EVT is integrated into an existing transmission system. It is shown
that even without changes to the gearbox, the global torque converter efficiency increases with 10 %.
Moreover, since the EVT enables to reduce speed at partial load, fuel consumption is significantly
reduced, to more than 20 % for the studied transmission system.

Overall, it is concluded that an electrical torque converter is a very feasible adaptation in off-
highway transmission systems. Although much more research is required, the results of this first
study are very positive.

Keywords: Electrical Variable Transmission, electric torque converter, hydraulic torque con-
verter, Power-Split transmissions, finite elements, field oriented control, fuel savings, efficiency
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Abstract—The increasing pressure on fuel prices and green-
house gas emissions leads transmission system constructors to
new alternatives to decrease fuel consumption. Connected be-
tween the internal combustion engine (ICE) and the gearbox,
the hydraulic torque converter (HTC) is the least efficient part
of conventional off-highway transmission systems. An electrical
variable transmission (EVT) used as a torque converter seems a
prospective device to increase overall efficiency such vehicles. In
this article, the design of EVT is optimised using an parametrised
2D quasi-static coupled-circuit finite element model. Using the
same model, the efficiency of an EVT both in stand-alone mode
and connected to an ICE are analysed. The results of the latter
simulations are used to compare the performance of the EVT
with a conventional HTC in a five shift off-highway vehicle. The
simulations reveal that the size of the electrical converters of the
EVT is reduced by 80 % compared to a serial electrical machine
connection. More over, the EVT increases the torque converter
efficiency by 10 %. Additionally, this paper concludes that the
EVT significantly decreases engine torque ripple and leads to
20 % fuel savings due to the more optimal use of the ICE.

Index Terms—electrical variable transmission, off-highway,
electromechanical torque converter, hydraulic torque converter,
power-split transmissions, finite elements, field oriented torque
control, fuel savings, efficiency

I. INTRODUCTION

Conventional off-highway transmission systems are charac-
terized by a serial connection of an internal combustion engine
(ICE), a hydraulic torque converter (HTC) and a gearbox
connected to the wheel shaft as denoted in Fig. 1. The torque
converter takes the place of a mechanical clutch in automotive
vehicles, allowing the load to be separated from the power
source. Although the HTC is a very simple device, its fluid
coupling has two main disadvantages: 1) a relatively low
efficiency when slip is high, and 2) an uncontrollable speed
ratio resulting in a non-optimal engine use. Therefore, the HTC
limits the overall efficiency of the drive line [1].

ICE

OO0 1 | Gearvox

Figure 1: Off-highway powertrain.

Continuously variable transmission (CVT) systems are con-
sidered to be the first step in order to increase the overall
transmission efficiency. The system enables to decouple the

engine speed from the wheel speed and thus permits the ICE
to operate in a more efficient working point. Mechanical and
hydraulic CVT systems exist for many years. A push-belt
CVT with energy storage in a flywheel is analysed in [2].
Paper [3] models and analyses the efficiency of a hydrostatic
transmission aimed for off-road multiple axle vehicles. Even
though these CVT systems broaden the range of transmission
ratios, they suffer from [4, 5]:

¢ a small power limit, and
« an insufficient system efficiency.

The introduction of a power split (PS) increases both sys-
tem’s efficiency and power limit of conventional CVT systems.
A PS-CVT consists of a mechanical power train connected in
parallel to a CVT. The basic idea is to send only a part of
the power through the CVT, while the remainder is going
straight through the mechanical path with high efficiency.
Therefore, PS transmissions boost both the efficiency and the
power limit of conventional CVT systems [6, 7]. PS-CVTs are
already well presented on the market (e.g. Fendt Vario, Dana
Rexroth, Toyota Prius...). A commercial hydrostatic PS-CVT
is discussed in [1]. The paper shows that depending on the
power size, different transmission topologies are to be used.
The use of hydrostatic PS-CVTs reduces fuel consumption up
to. Nevertheless, the main criticisms for a further introduction
of these systems into the off-highway market are robustness,
maintenance cost, hydraulic leakage and power density.

The electrical variable transmission presented by [8, 9] is a
new kind of PS-CVT system incorporating an electromagnetic-
electric power-split and seems a very prospective device to be
used as an electromagnetic torque converter. Fig. 2 presents
the lay-out of the system, consisting of an electromagnetic
machine with two coupled rotors and two power electronic
converters (PECs) with a common DC-bus. The inner rotor is
connected to the ICE, whereas the outer rotor is connected to
the gearbox. The single squirrel-cage outer rotor significantly
increases the power density over other double rotor induction
machines [8]. Moreover, the outer rotor cage omits the use
of rare earth permanent magnets which reduces material
cost. Additionally, the EVT incorporates an inherent overload
protection, thanks to the magnetic gearing principle. Finally,
the electrical connections offer a first step to introduce hybrid
electrical vehicles (HEVs) in the off-highway industry.

In [10, 11], an overview of different EVT topologies can
be found. [12]-[14] propose a double layer permanent magnet
EVT intended for wind turbine applications. On the one hand,
the advantages of a PM outer rotor over a squirrel-cage wind-
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Figure 2: EVT: proposed compact design.

ing are: higher power density, high efficiency and easy control.
On the other hand, a PM outer rotor is much more expensive
than its induction equivalent, which limits its introduction into
the automotive industry. [15]-[17] introduce a magnetic gear
integrated PM magnet brushless EVT. The main advantage
over other designs is the absence of slip rings, which signifi-
cantly decreases the maintenance cost. Nevertheless, thanks to
the magnetic gearing principle, the machines consist of three
air gaps which reduces the overall efficiency. Moreover, the
topology requires an auxiliary electrical machine to control
the speed of the planetary gear.

In this paper, the EVT shown on Fig. 2 is studied in detail.
A conceptual design procedure focussing on off-highway
applications is presented. Based on the magnetic field solutions
of a 2D quasi-static coupled-circuit finite element model, the
geometry of the device is optimized and efficiency maps
are analysed. The goal of the simulations is to compare the
performance of an EVT acting as a torque converter in a real
off-highway vehicle to its hydraulic equivalent.

II. WORKING PRINCIPLE

Pel,out

1. Stator

[

Figure 3: Power flow references in the EVT.

Fig. 3 depicts the power flow references in the EVT. As
shown, mechanical power, coming from the ICE, enters the

device through the inner rotor.

with €, and T}, the input (rotor) speed and torque respec-
tively. The rotor functions as a power-split device. A part of the
power (P, in) leaves the rotor electrically through the convert-
ers, another part (Pr;,) leaves the rotor electromagnetically
through the inner air gap, whereas a third part (P, 3) is
dissipated due to iron and copper losses:

Ppin == % Tp, )
p

Pel,'m = <an - ;) * T’zn - Ploss,3 (3)
with w is the pulsation of the magnetic field and p the number
of pole pairs. Eq. (3) shows that the inner rotor is regarded as
an induction machine in generation mode. Neglecting the inner
rotor losses, the electrical power fraction is linearly deceasing
with the output speed [18].
The PECs are considered to be lossless since their efficiency
is very high.
Pel,out = Pel,in (4)

Subsequently, the stator receives power from the PECs sub-
tracted by the stator losses (P,ss,1) and transforms it into
electromagnetic power (Pr ,¢) by means of its windings:

Pf,out = Pel,out - -Ploss,l (5)

Finally, the inner and the outer air gap power is summed in
the outer rotor. The resulting power, subtracted by the outer
rotor losses (Pjss,2), is then transferred to the output shaft
of the EVT (F,,:). Since the two power flows are added at
the output shaft, the EVT is classified as an output-coupled
power-split transmission [6, 19].

Pout = Pf,zn + Pf,out - Boss,2 (6)

III. EVT CIRCUIT MODEL

Paper [9] derives the voltage equations of a double rotor
induction machine in the gd-reference frame rotating with the
magnetic field. The article neglects core saturation and slot
effects in its model. Other assumptions are:

o A three phase symmetrical machine,
« Sinusoidally distributed windings,

o No skin- or proximity effects, and

« No influence of the slots on the field.

Since this article builds a model in agreement with FE solu-
tions, core saturation is taken into account. Instead of a three
winding equivalent model, a six winding model is considered
(three windings for each axis). The relation between currents
and magnetic fluxes in the machine is given as:

Wig Li1gq Li2gq L13qqiL11qd Li2ga Li3qa T4
Woq Li2qq L22qq L23qqiLi2qd L22qa L23ga Iz4
Wsq | _ | .Li3qq L23qq L33gq!L13qd L23qa L3zed | |I3q (7a)
Via| = | Litga Li2qd L1sqa!L1i1daa Li2daa Lisda I1a
Wag Li2qa L22qa L2sqatLi2ad Lo2daa L2sda Iaq
£ Li3qa L23qd L3sqa'Li13dd L23da L3sda I3a

The subscript 1 is used for the stator quantities, 2 for the
outer rotor and 3 for the inner rotor. ¥;; is the flux linked



with the j-axis of the i-th winding and I;; is the current in
the j-axis of the i-th winding. Or similarly:

W123qd = Lind T123¢d (7b)

_ |Laa  Lad
I—Ind - |:qu de
Lqq and Lgqg correspond to the inductance matrices in g- and d-

axis respectively, whereas Lqq and Lqq represent the influence
of d-axis currents on g-axis fluxes and vice versa.

with
(7¢)

A. Field oriented torque control (FOC)

Similar to a single rotor machine, the electromagnetic torque
in the rotating parts is expressed as in Eq. (8). Since the
magnitude of the electromagnetic torque not only depends
on both the magnitude of the magnetic flux and the winding
currents, but also on their relative angle, the torque can be
controlled using field oriented control (FOC).

{72 = (I2qUaq — I2qT¥9q)

)]
73 = (I3q¥34 — I34V¥3q)

: 2 2
with 75 = WTQ and 73 = ng.

Fig. 4 denotes the direction of the flux and current phasors
in both the inner rotor, the outer rotor and the stator. The

d-axis

1>

q-axis

RUBY 4

Figure 4: Field Oriented torque Control

relative phase of the qd-reference frame for FOC can be chosen
freely. The authors of [20] choose the outer rotor flux W5 along
the negative d-axis, which is also a typical convention in FOC
for asynchronous machines.

\Ilgq =0 (9)
From Eq. (8), the torque on the outer rotor simplified as:

T2 = ‘I’Qdfzq 10)

Since this article performs a quasi-static analysis of the EVT,
the outer rotor current is directed along the g-axis [20]:

Iog =0 (11)

A coupled-circuit FE model requires current input for
each winding [21, 22]. Accordingly, there are 6 independent
variables:

Lig, Iia, Iog, I24, I3q, I34 12)

Egs. (8), (9) and (11) provide already four constraints. Two
degrees of freedom remain available. A fifth constraint is
generated if the magnitude of the outer rotor flux is controlled.

\IIQd = lI/2d,set (13)

The main reason to control the flux magnitude is that it
determines the saturation state of the machine and therefore
both copper and iron losses [20]. From Eq. (10) and Eq. (13)
the outer rotor current (I5,) is directly calculated.

The last constraint can be fixed if the solution with minimal
losses is selected. The FOC model is converted to a multi-
constraint Lagrange problem with four variables. The corre-
sponding cost function includes the joule losses in the stator
and the inner rotor:

minimize R (112(1 + Ifd) + R3 (ng + Igd) (14a)
subjected to the following constraints:
Wy =0
Uaq = Usq et (14b)
I3,V3q — I3qV3, = T3
The resulting Lagrangian function yields:
L =Ry (Fy + ) + Rs (I + 1) + A (Bag) +

e (Woqg — Wogset) + v (I3q¥3q — I3q¥3q — T3)

with variables Iy, 14,134,133 and Lagrange multipliers
A, i, v. According to the theorem of Lagrange, the derivatives
with respect to each variable and the Lagrange multipliers of
Eq. (15) result in a system of 7 equations with 7 variables.
Since the relation between currents and fluxes is expressed
with the complete inductance matrix (Eq. (7a)), the system of
equations is highly nonlinear and cannot be solved analytically.
Instead, the Lagrange problem is solved numerically using
MATLAB.

B. Iterative FOC using a non-linear EVT model

The FOC procedure presented in the previous section
requires all machine parameters. Because the geometry is
optimized, and thus variable, and core saturation is taken into
account, the inductance matrix depends on both the geometry
and the operating point (Nyq+,15y¢). This section proposes an
iterative FOC method based on FE solutions shown in Fig. 5.
Firstly, the geometric model is built and meshed using a com-
mercial FE software program. In parallel, machine currents are
evaluated performing the non-linear torque control method of
the previous section based on an estimated inductance matrix.
Secondly, the FE model is solved. Using the obtained field
solution, the flux and the torque are calculated respectively.
Subsequently, the inductance matrix is evaluated based on
a linearised saturation characteristic. The spatial distribution
of the relative permeability is saved. Then a perturbation
current is applied in each winding separately to determine the
(tangential) inductance. If the torque error is less than 2%
of its set-point, the procedure is ended. If not, the model is
updated using the new inductance matrix and another iteration
is executed.
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Figure 5: Flowchart of the iterative field oriented torque control
algorithm.

IV. OPTIMIZATION OF THE OUTER ROTOR GEOMETRY

The algorithm presented in Fig. 5 is used to optimize the
design of the outer rotor. Only the influence of the inner and
outer radius of the outer rotor is investigated. The number and
the shape of the slots are not included in the optimization.
Some parameters of the corresponding machine are listed in
Table I. The stator and inner rotor are basically scale models
of a real induction machine. The outer rotor is consists of a
squirrel cage winding with 40 slots. The air gap widths (gi2

Stator Interrotor Rotor
number of pole pairs p 2 - 2
number of slots IN; 48 40 36
number of windings w; 144 cage 144
outer radius R; [mm] 240 Ro T2 — g23
inner radius 7; [mm] R2 + g12 r2
yoke high yh; 50 1 60
tooth thickness Tw; [mm)] 10 %Twl %—;Twl

Table I: EVT geometric parameters

and go3) are fixed at 0.5 mm. The axial length of the machine
yields 300 mm The yoke hight in the stator and the inner rotor
is respectively 50 and 60 mm. The hight of the iron bridges
in the outer rotor is restricted to 1 mm in order to limit flux
leakage.

The simulations are evaluated for a fixed engine speed
(Nin = 1pu) and gearbox working point (Nyyt, Tpyt). The
input torque results from a power balance:

Pout = Tout * Qout (163)

Pin: out+Pcu+Pfe (16b)
P;

Tin = Qi (16¢)

with P, and Py, respectively the total copper and iron losses
in the EVT. The copper losses are calculated in agreement with
[23], whereas the iron losses are evaluated using a method

presented in [24]. Since a 2D static FE model is used, end-
region effects, eddy currents and skin effects are neglected.
An example field solution based on a FE simulation is shown
in Fig. 6a. Fig. 6b shows a close up of the magnetic flux
density in the inner air gap. Woq 4 is selected such that the

y[mm] BI[T]

y[mm] BIT]
200 s
1 16 s
12
100 L
05 8 o
4 .
0 - 0 0 0
0 100 200 z[mm] 3 150 x{mm
(a) (b) Close up

Figure 6: Magnetic field density in the EVT.

flux density in the teeth reaches 1.6 T. Additionally, the figure
shows that the outer rotor bridges strongly saturate, which
limits flux leakage in the outer rotor cage.

Fig. 7 presents the results of a geometrical optimization for
two different output speeds, but equal output power. On the z-
and y-axis the variation of the inner (r3) and outer (Rs) radius
of the outer rotor is represented. For both cases, the maximum
electromagnetic efficiency is around 95 %. In practice, the
efficiency is lowered due to eddy currents and skin effects,
and mechanical and ventilation losses. A comparison between
Figs. 7a and 7b shows that the optimal geometry is strongly
dependent on the operating point. Fig. 7a presents the result of
an overdrive operating point when the speed of the output shaft
(outer rotor) exceeds the speed of the input shaft (inner rotor)
whereas Fig. 7b considers direct-drive mode. The optimal
outer rotor radii of the direct-drive simulation are pushed
towards higher ro and Rs, since the stator torque (and thus
current) is very small.

Ro[mm] n[%]  Rz[mm] n[%]
180 94 180

94

92 92

90 90

88 88

86 86
120

120 140 160 7r2[mm] 120 140 160 7r2[mm]

(@) Nout = 1.3pu (b) Nowt = 1pu

Figure 7: Geometrical Optimization for an overdrive and direct-drive
working point.

In conclusion, the design of the EVT is strongly dependent
on the application. The design based on the overdrive mode
yields less losses in the regenerative mode, but increases losses
when the slip between input and output shaft is low. The design
based on the direct-drive mode certainly increases the losses
in under- and overdrive mode since the stator copper section
is very limited in this case.



V. OPERATIONAL ANALYSIS: STAND-ALONE

In this section, the operational efficiency is analysed based
on the optimal geometry of Fig. 7a. The output speed and
torque are varied between 0.1 and 2.5 pu, and 0.1 and 3.5 pu
respectively. The corresponding efficiency map is presented
in Fig. 8. The efficiency is very high in a large operating

Tout [Pu] [%é

)

40
0.25 0.50.75 1 1.25 1.5 1.75 2 2.25 Noyy[pu]

Figure 8: Efficiency map of stand-alone EVT.

region. The maximum efficiency is reached at N,,; = 1pu
when the input speed equals the output speed, since the stator
torque and currents in direct-drive mode are very small. The
interface between the coloured and white region represents an
electromagnetic power limit. Fig. 9 presents the power balance
algorithm of Eq. (16) more in detail. The figure displays the
power flow in function of the input torque for a constant
output speed (1.67 pu). Because the input speed is fixed as
well (1pu), the input power varies linearly with the input
torque. As the figure considers constant output torque values,
the presumed output power is constant too and is represented
by horizontal lines. The total machine loss is represented by
the dashed lines and has a quadratic behaviour. The losses are
only a little dependent on the output torque, since the variation
of the input torque is much larger. The dash-dotted lines
depict the effective output power, i.c. the input power minus
the machine losses. The effective output power reaches its
maximum when the slope of the machine loss equals the slope
of the input power. Consequently, the effective output power
decreases for very high input torque values. The working point
yields from the intersection of the presumed and effective
output power depicted by the circle on Fig. 9. When the
presumed output power exceeds the maximum effective output
power, there is no intersection point any more. The presumed
output power can thus not be delivered at the considered input
and output speed.

A. Electrical power through the PECs

Figs. 10a and 10b represent the electrical power and elec-
trical power fraction through the converters respectively. The
figure denotes that the electrical power fraction is linearly

Plpu]
6 —Tour=1.1 pu
P’L‘n
5 |— out=1-7 pu
—Tout=2.3 pu
4 ’
G
- '-—--—-—._~~/ I(’
T
S
S 227
777
4/
5 6 Tyulpul

Figure 9: Power limit at fixed input speed.

decreasing with the output speed in agreement with Eq. (3).
The power fraction is also little dependent on the output torque
since the outer rotor slip increases with the output torque.
Moreover, the electrical power fraction turns negative when
the speed of the output shaft exceeds the speed of the input
shaft (1 pu). Because the inner rotor slip is positive in this
operation region, the rotor functions as an induction motor and
adds the electrical power from the PECs to the input power,
which is then electromagnetically transferred through the inner
air gap. Consequently, both P out, Peijin and Pt oy¢, have
negative values. Since the recirculating power is increasing
very fast in overdrive mode, the maximum output speed needs
to be limited. Fig. 10 denotes that if the operational speed

Toutlpul []())u]7 Toutlpul

3 3 50
0
2.5 2.5 25
-0.5
2 0.9 2 0
: -25
1.5 14 19 -50
1 1.8 1 75
0.5 2.3 0.5 -100
0.5 1 1.5 2 Noutlpu] 0.5 1 1.5 2  Noutlpul
(a) Pel,i'n (b) Tel = Pel,in/Pin

Figure 10: Electrical power through the converters.

is restricted between 0.5pu and 1.5pu, the power fraction
through the converters is included between 50 % and —50 %.
In conclusion, the rated power through the converter is halved
compared to a serial connection of two electrical machines.

VI. OPERATIONAL ANALYSIS: ICE - EVT CONFIGURATION

In the previous section, the EVT is analysed in standalone
mode, i.c. the input speed is assumed constant. This section
studies the EVT when the device is connected to an ICE.
Instead of a constant input speed, the speed of the input
shaft is selected so that the ICE operates at least specific fuel
consumption (sfc). This section also compares the performance
of the EVT functioning as a torque converter to that of a HTC.

Fig. 11 presents a normalized fuel map of a commercial off-
highway engine. The optimal engine line, i.c. line of minimum
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Figure 11: Fuel map of ICE including EVT and HTC operation
points.

specific fuel consumption, is denoted in green. The considered
engine has two specific speeds: 0.7 pu for low power demand,
and 1pu for high power demand. Furthermore, the engine
torque is limited to 2pu in the simulations. The connection
of the ICE to the EVT, changes the power balance equations
(Eq. (16¢)) to:

Tin = Fafe (Pin) (17a)
P

in — 17b

w T (17b)

with Fy¢. a function that represents the torque at the optimal
engine line in function of the engine power. Similar to Sec-
tion V, an efficiency map in function of the output operating
point is built. The efficiency map of ICE-EVT configuration

Tout [Pu] [%
Pout [pU] g%
0

40
0.25 0.50.75 1 1.25 1.5 1.75 2 2.25 Noyt[pu]

Figure 12: Efficiency map of ICE-EVT configuration including rep-
resentative driving cycle

has two local maxima, corresponding to the characteristic

speeds of the engine. Unlike Fig. 8, Fig. 12 does not include
a power limit, since the engine is torque limited. Instead, the
efficiency is increasing for a very high power demand as the
machine losses are strongly correlated to the engine torque.

A. Driving cycle analysis

This section compares the performance of the EVT to that of
a HTC using a representative driving cycle (i.c. an acceleration
from standstill) of an off-highway vehicle including a five shift
gearbox. The comparison is based on a backward analysis
of the drivetrain, i.c. the speed and torque at the output of
the converter are equal for both configurations. The driving
cycle is added to Fig. 12. The distance between the markers
represents 0.1s. The figure shows that the complete driving
cycle is located in a very high efficiency region. The efficiency
drops below 70 % only for a very short time during start-up.

Fig. 13 displays the engine speed and torque of the consid-
ered duty cycle for both the HTC and the EVT configuration.
Because the EVT is able to operate in overdrive mode, the
speed of the engine is significantly decreased compared to
the HTC configuration. Moreover, thanks to the increased
efficiency of the EVT, especially during the shifts, the torque
ripple in the engine is reduced as well. The engine operating
points for both configurations are added to Fig. 11 which yield
the same results.

= =
W i }JM&&

T'[pu]
2.5

—

—o— Nout 1 —o—Tout I~
0-5 —s— Nurc 0.5 —s—Thurc
Nevr ’ Tevr
OO 5 10 15 t[s] OO 5 10 15 t[s]
(a) Speed (b) Torque

Figure 13: Comparison of engine speed and torque between EVT
and HTC.

Since the EVT has a very high efficiency in all operation
points (around 95 %), Fig. 14a only displays the efficiency
gain between the EVT and HTC configurations. The spikes
correspond to the shifts of the gearbox. The efficiency of
the EVT exceeds the efficiency of the HTC by 10% in all
operating points. Moreover, at full speed, the efficiency is
even 17 % higher, due to the relatively bad efficiency of a
partial loaded HTC. Therefore, a lock-up clutch in the EVT
configuration may not be necessary any more.

Fig. 14b displays the electrical power through the converters
in relation to the input power. The figure denotes that the
electrical power fraction is high during start up. Nevertheless,
since the starting power is relatively low, the electrical power
through the PECs is limited to 0.4 pu during the complete
driving cycle. Consequently, the use of a five shift gearbox in
combination of an EVT limits the power through the PECs to
one fifth of the driving power and thus much smaller PECs
can be chosen.

The fuel consumption of both configurations is compared
in Fig. 15. Since the EVT allows the engine to operate at
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(a) Efficiency increase (b) Power through the converters

Figure 14: Efficiency increase and electrical power of the EVT
configuration.

the optimal power line, the fuel consumption is significantly
reduced. The sfc is decreased by almost 15 %. Moreover, the
total fuel consumption is decreased even more thanks to the
very high efficiency of the EVT in all operating points. The
simulations reveal that the fuel savings for the considered
driving cycle are upto 20 %. It can thus be concluded that
the EVT functioning as a torque converter is a very promising
solution for off-highway transmission systems.

sfclpu] felpul
1.1 2
—=s— HTC
1.05 EVT 1.5
1
1
095 b 0.5 /E/‘ —=— HTC
0.9 :
EVT
0'850 5 10 15 t[s] O0 5 10 15 t[s]

(a) Specific fuel consumption (b) Fuel consumption

Figure 15: Comparison of specific fuel consumption and fuel con-
sumption between EVT and HTC.

VII. CONCLUSION

In this paper, a parametrized 2D quasi-static coupled-circuit
finite element model of the EVT is built, including an iterative
field oriented control algorithm. The model is used to evaluate
the performance of an EVT both in standalone mode and
connected to an ICE. It is concluded that the use of EVT
as a torque converter is a very promising solution for off-
highway transmission systems. In combination with a five
shift gearbox, the size of the electrical converters of the EVT
is reduced by 80 %, compared to a serial electrical machine
connection. Furthermore, it is shown that the replacement of
a HTC by an EVT system in an off-highway vehicle increases
the torque converter efficiency by 10 %. Additionally, the EVT
configuration significantly decreases engine torque ripple and
leads to 20 % fuel savings thanks to a more optimal engine
use.
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Chapter 1

Introduction

1.1 Motivation

In order to reduce the impact of climate change and global warming, the European Union has set
itself ambitious targets. These targets are listed in 'the 2020 climate and energy packageﬂ of the

Furopean Union and include:

e A 20% reduction in EU greenhouse gas (GHG) emissions from 1990 levels;
e Raising the share of EU energy consumption produced from renewable resources to 20 %;

e A 20 % improvement in the EU’s energy efficiency.

The transport sector is responsible for about a quarter of the EU greenhouse gas emissions, making
it the second biggest greenhouse gas emitting sector after energy production. The EU has policies
in place to reduce emissions from a range of modes of transport, such as directives on emission

regulation.

The first directive (directive 2000/25/EC) for off-highway vehicles has already been presented in
the beginning of the 21%¢ century. This directive deals with the requirements concerning emissions
by agricultural and forestry tractors. Since then, the European Union increased pressure to reduce
emissions in off-highway vehicles. In order to limit global warming by 2°C, GHG emissions need to
be reduced 60 % by 2050 compared to the 1990’s levelsﬂ To meet these challenging targets, radical

changes are required in the transportation sector.

Although a lot of research is being performed in order to reduce fuel consumption and thus pollution,
a good alternative for the petrol fuelled vehicle is not yet immediately available. The massive
production of electrical cars is obstructed by the unsatisfactory performance of battery technologies
and the high cost of fuel cells. Moreover, present-day batteries are not yet capable to deliver high
power and are thus not yet suited for heavy-duty applications. As a first step, hybrid vehicles have

been considered as the best intermediate choice on the way to a clean and energy efficient future.

"http://ec.europa.eu/clima/policies/package/index_en.htm
’http://ec.europa.eu/clima/policies/roadmap/perspective/index_en.htm


http://ec.europa.eu/clima/policies/package/index_en.htm
http://ec.europa.eu/clima/policies/package/index_en.htm
http://ec.europa.eu/clima/policies/roadmap/perspective/index_en.htm

1.2. OBJECTIVES 2

This master thesis is done in corporation with Dana-Spicer, one of the world’s biggest producers of
transmissions systems. Dana is an US-based company with a corporate R&D-center in Bruges. As
all other actors in the transportation industry, they are continuously looking for innovative tech-
nology to increase revenue by boosting their system’s efficiency and thus reducing COs-emissions.
Dana Bruges mainly develops powershift transmissions in which the torque flow is not interrupted
during the shifts. A conventional transmission for off-highway vehicles consists of a conventional
gearbox driven by a hydraulic torque converter. The powershift is realized by the overlapped closing
and releasing of wet plate clutches in the gearbox. Although these transmissions are frequently used

in the off-highway market, they have some inherently disadvantages:

e Still a torque reduction during shifting;
e Non-optimal engine operating point due to fixed transmission ratios;

e Relatively low efficiency compared to electrical devices. The overall efficiency of a conventional
transmission system lies around 85 %. However, depending on the operating point, this can

be significantly lower, resulting in a global efficiency of about 80 %.

This relatively low overall efficiency is the main driver behind the research of alternative concepts.
A promising concept from the literature is the Electrical Variable Transmission (EVT), an electro-
magnetic machine with two coupled rotors and two inverters (stator and one rotor) in back-to-back
configuration. The principle allows to have both speed and torque variations with high efficiency.
The main power path in such a device is magnetic, which has an inherently higher efficiency as its
hydraulic equivalent. Furthermore, the EVT allows vehicle operation with an infinite number of
transmission ratios and thus permits the Internal Combustion Engine (ICE) to work at a better

operating point, resulting in a significantly reduced fuel consumption.

1.2 Objectives

The main goal of this research is a feasibility study the replacement of a hydraulic torque converter

by an electrical variable transmission. In order to reach this goal the following objectives were set:

e In the first place, the research is limited to the electromagnetic design using a two dimensional
finite element analysis. Three dimensional effects and thermal, mechanical and manufacturing
issues are only mentioned briefly. Moreover, only static magnetic fields are studied. Conse-
quently, conclusions reported in this paper counts only for static and quasi-static machine

operation.

¢ Secondly, the finite element model is parametrized, enabling to study the influence of different

geometrical parameters on the system’s efficiency.
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e At last, procedures are developed in order to study the system’s efficiency at a broad range
of operating points. The procedures include torque control and parameter estimation for
different operating points. The obtained parameters can be used in other models to study
both transients and faulty analyses. Furthermore, the efficiency map is also used in a real-life
simulation of the integration of an electrical torque converter in an off-highway transmission

system.

1.3 Outline

The structure of this thesis comprises three major parts: the study of present-day transmission
systems, the study and set-up of the finite element model, and the geometrical and operational

analyses for different EV'T sizes.

As the main goal of this master thesis is a feasibility study of the replacement of a hydraulic torque
converter by an EVT, a brief study of the hydraulic torque converter can not be skipped. Because
the use of the EVT is not limited to a torque converter only, also includes a broad range
of clutch and transmission systems. It introduces topologies and working principles of different
continuously variable transmissions with the focus on power split transmissions. deals
with electrical continuously variable transmissions (EVTs). In literature, several EVT topologies
are presented and some of them are already prototyped. The chapter introduces the proposed EVT
design for compact implementation, based on the work of Druant et al. (2014) and Hoeijmakers
et al. (2006), which is studied in this paper.

The second major part comprises a finite element (FE) model of the EVT and is discussed in
ters 4] and describes the basic equations of FE analysis and several reference papers.
The subsequent chapter deals with the finite element model of compact design EVT introduced in
Both geometric and electric parameters are described here. Furthermore, the chapter
presents and compares different methods for torque calculation and develops a field oriented torque

control on the double rotor induction machine.

The last part is dedicated to simulation results. In a geometrical optimization of the EVT
is performed. The EVT dimensions are based on a 9kW induction motor which is also described
in |[Druant et al. (2015). Closely related to the geometrical optimization, an operational analysis is
performed in An efficiency map in function of the output speed and torque is presented
in this stage. In the last chapter of this thesis, the process of optimization and operation analysis
is repeated for a real implementation. Based on the dimensions of a 250 kW torque converter of
Dana-Spicer, a larger EVT is studied. The corresponding geometry is optimized including ICE
characteristic. Furthermore, the chapter includes an operational analysis which takes into account
the optimal performance of the ICE. The presented method allows to compare the overall fuel
consumption of a vehicle including a classical hydraulic torque converter and a vehicle including the
EVT.



Chapter 2

Clutch and Transmission and systems

Since the EVT is supposed to replace the clutch and/or transmission system in off-highway machin-
ery, this chapter describes the different systems. Clutch and transmissions systems exist in many

different kinds and sizes.

In the first section, three different clutch systems are described: from a simple friction clutch, over a
hydraulic torque converter, to the more advanced VariGlide from DANA. In the subsequent sections,
transmission systems are discussed. Transmission systems used in vehicles can be grouped into two
main types: step and stepless ratio transmissions. The traditional multi-ratio transmissions, stan-
dard and automatic, are used in combination with a clutch system or a hydraulic torque converter
respectively. Stepless transmissions, also known as continuous variable transmissions (CVT), are
less familiar to most readers and do not always need a clutch system any more. The EVT is a
prospective device to be applied as a continuous variable transmission system. Therefore only the

CVT systems are described in the transmission section.

2.1 Clutch systems

2.1.1 Friction clutch

Mounted between the internal combustion engine and the gearbox, the clutch is a very simple device
to overcome small speed differences while shifting gears. A gradual coupling of these two axes is
necessary to depart from a standstill, since the engine has a minimum speed and does not produce
enough torque at lower speeds. A clutch is mostly used in passenger cars and light duty vehicles
in which the transmission is not used extensively. The main advantage of the clutch system is its

simple design. Basically, it consists of two circular plates pressed against each other as schematically
shown in

At no-load, the plates are separated with a small gap. The combustion engine and gearbox are
disengaged. If a force is gradually applied to the plates (releasing the pedal), the plates touch each
other and start to slip as there is a difference in speeds between the driving axes (ICE) and driven
axes (wheels). If the force is increased, slip between the plates reduces and eventually the two axes

are fully coupled. The speed of the driving and driven axes are now equal.
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Figure 2.1: Single plate clutch system (schematic)

The main advantage of the clutch is its simple design. On the other hand, the main disadvantage is
heat generation. While slipping, friction between the plates generates heat which limits the power
transfer. Thus, with a clutch system, it is only possible to overcome little speed differences and the
usage is limited in time. In order to overcome the heating problem, different modifications can be
made. Firstly, if the plates are made bigger, the head dissipation takes place over a bigger surface
and is thus less critical. Secondly, it is possible to use multiple friction surfaces in series. The heat
dissipation is again distributed over a bigger surface. The advantage of the latter in comparison to
the former is its compactness. Finally, it is also possible to use wet friction surfaces. In this case,
the friction plates are cooled using oil. On the other hand, a larger friction surface is necessary,

since the friction coefficients of the plates is much less.

A secondary disadvantage of a clutch system is its loss of torque during gear shifting. For heavy
duty applications it is not possible to switch gears while the machine is working. At last, since the
clutch system intents to make a mechanical coupling between the combustion engine and the wheel
axes, vibrations are transferred in both ways, which are disagreeable for both the driver and the

ICE. Torsional damper springs are added in the friction plates to limit the transfer of vibrations.

2.1.2 Hydraulic torque converter

Another kind of transmission system is a hydraulic torque converter as shown in [Fig. 2.2 The
torque converter is generally a type of fluid coupling that is used to transfer rotating power from

the internal combustion engine to the wheels. This coupling system uses the pump-turbine working


http://www.ululu.in/first-year/elements-of-mechanical-engineering/single-plate-clutch.html
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principle in order to transfer power. The pump (impeller) is located at the driving axes, the turbine

is connected to the gearbox and a stator is placed in between.

Oil is guided outwards in the pump by centrifugal forces. As the oil hits the turbine, the energy
content of the oil decreases and the oil is returning to the center, whereas mechanical power is
transferred to the turbine. When the oil is returning to the center, the direction of the flow is
different from the flow direction in the impeller. The oil would hit the impeller blades which
reduces the output torque. The stator redirects the oil-flow to reduce such impact losses in the
returning flow. Consequently, the output couple is increased in the high slip region. When the slip
decreases, the relative direction between the turbine output flow and pump input flow decreases.
If the stator was fixed, the turbine output flow would impact the back of the stator blades which
causes a couple reduction. In order to overcome this phenomenon, the stator is mounted on a

freewheel. The stator-wheel will turn together with the turbine- and impeller-wheels.
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Figure 2.2: Hydraulic torque converter
Basically, the torque converter has three stages of operation:

e Stall: the engine is providing power to the impeller but the turbine can not rotate. At stall,
the torque converter can produce maximum torque multiplication if sufficient input power is

applied.
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e Acceleration: the vehicle is accelerating but there is still relatively large difference between
the impeller and turbine speed. The torque multiplication is less than under stall conditions

and depends on the actual speed difference and design factors.

e Coupling: the speed of the turbine is about 90% of the speed of the impeller. The torque
converter does not multiply the torque any more and behaves like a simple fluid coupling. In

most automotive application a lock-up clutch is applied. In this way, there are no slip losses

in the device any more.

The torque multiplication ratio and efficiency of a typical torque converter is given in [Fig. 2.3
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Source: |Verhelst, 2013, page 61.

Figure 2.3: Torque converter multiplication ratio(a) and efficiency(b)

The hydraulic coupling between the shafts reduces the transfer of vibrations. On the other hand,
its efficiency is quite low: zero efficiency at stall, increasing efficiency during acceleration and low
efficiency in the coupling phase (around 80% is usual). The efficiency is related to the slip as can be
seen in During start-up, when slip is high, the power delivered by the ICE is much higher
than the useful power to accelerate the vehicle. Moreover, a hydraulic torque converter requires a
bit of slip to be able to transfer torque. Consequently, there is always a power loss while using it,

unless a lock-up device is integrated in the transmission system.

The hydraulic torque converter is mostly used in automatic transmission systems, in contrast to the
friction clutch, which is frequently used with manual gearboxes. Switching gears using an automatic
transmission allows a smooth transmission from one gear to another. Unlike the clutch system there
is no complete torque loss while switching gears. By use of electronic control, it is possible to engage
partially two different gears. The torque to the wheels is not completely lost during switching, but

there is still a torque loss which can cause driving problems.
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2.1.3 VariGlide

Very recently Dana Corporation introduced a new device to overcome the speed difference between
the engine and the wheels in off-highway machinery: the VariGlideEl The VariGlide is a new kind
of transmission system that resembles both a planetary gear set and a special roller bearing. It can
be seen as a continuous variable planetary gear set in which sun and ring gears are replaced with
rings and in which the planets are balls; or it can be seen as a roller bearing in which the outer ring

is split into two parts as shown in [Fig. 2.4, The power enters the VariGlide through the red ring.

Source: http: //www. variglide. com/|

Figure 2.4: Dana’s VariGlide: continuously variable planetary technology

Similar to a planetary gear set, the power is transmitted to the planets (i.c. balls). The balls in the
variator transmit the power to the other outer ring (blue). When the rotation axis of the balls is
changed, as shown in there is a speed difference between the outer rings. Both underdrive

and overdrive transmission ratios can be reached using the device.

2

Underdrive : Overdrive

Source: http://www. variglide. com/.
Figure 2.5: Dana’s VariGlide: working principle

Zhttp://www.variglide.com/


http://www.variglide.com/
http://www.variglide.com/
http://www.variglide.com/
http://www.variglide.com/
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The variator is mostly used in combination with a traditional gearbox. It allows a wider range of
gear ratios such that the engine can be operated in a more efficient operating point. In this way, the
VariGlide can be seen as the first step to a continuous variable transmission in high-duty machinery.
According to Dana, the fuel savings using the VariGlide instead of an usual torque converter are
up to 20%. Moreover, it enhances the comfort of the driver. To avoid a metal-to-metal contact
between the ball and the rings, the transmission is filled with a special traction fluid. Consequently,
the power is transferred by shear forces in the liquid which limits the maximal torque that can be

transmitted through the device.

2.2 Continuously Variable Transmission systems

In gearbox systems, the clutch or hydraulic torque converter is only used temporally while switching
gears. This means that in regime the speed of the vehicle is related to the speed of the ICE by
means of discrete transmission ratios. Consequently, for a given power consumption it is not always
possible to operate the ICE in its most efficient working point. To overcome this issue, a whole
different kind of transmission system is required, the continuously variable transmission (CVT). Its
speed ratio may take any value between its operational limits, i.c. an infinite number of fixed speed
ratios. A CVT system also implies that the speed ratio may be controlled independently of the
output torque of the device. Consequently, the torque converter, which is able to cover an infinite
number of transmission ratios, can not be classified as a CVT as the speed ratio is not controllable
(Beachley et al., 1979).

Many CVT design principles have been proposed in literature from very easy concepts, like a belt
driven CVT, to quite advanced topologies, like power-split CVT systems. In the next sections the
most popular CVT configurations are described. Their operating principles are explained and the

main (dis)advantages are reported.

2.2.1 Belt driven CVT

A CVT can operate at a wider range of transmission ratios, so that the engine can be operated
more efficiently than with a stepped transmission (Bonsen et al., 2003|). Moreover, the CVT does
not interrupt the torque while shifting. The most simple design of a CVT is a belt driven device.
The transmission consists of two pulleys of which the sides are movable (variators) by means of a
mechanic device or a hydraulic control cylinder. A V-belt is clamped in between the disks. The
torque is transferred between the pulleys by friction. The layout of the CVT and the V-belt are
shown in A sufficiently high clamping force is necessary to prevent slip in the variators.
According to [Bonsen et al. (2003) higher clamping force levels cause more losses in the CVT since
more power is consumed by the hydraulic clamping pomp, by micro-slip between the pulleys and
the belt, and by the deformation of the belt and the pulleys. If the clamping force is too low, the

transmission is not able to transfer the required power as slip turns into a macro-slip phenomenon.
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Figure 2.6: V-belt CVT

For optimal use of the transmission, a clamping force depending on the transmitted torque is
necessary. A V-belt CVT is mostly used for passenger car applications as the power transfer is
limited. Moreover, the continuous existence of micro-slip causes a relative short lifetime of the belt.
As already highlighted, the principal disadvantage of a belt driven CVT is the low torque transfer.
Especially at low speeds, this kind of transmission system is the limiting factor in the power train.

Moreover, the low efficiency (around 70%) reduces the effect of a more optimal use of the engine.

Belt driven CVTs also exist in other forms. A metal pushing V-belt is frequently used in vehicle
applications. These belts allow a larger torque transfer. Furthermore, as the metal belt consists of
a large number of slightly movable blocs around two steel band, the belt is less deformed and thus
the efficiency is increased up to 80% (Lu, 1998).

2.2.2 Hydrostatic transmission system

A hydrostatic transmission consist of hydraulic pump and hydraulic motor connected in series with
high-pressure lines (typically 350 bar) presented in The pump creates hydraulic power
(pressure and flow rate) while the motor converts the hydraulic power into mechanical power (torque
and speed). In the hydrostatic transmission is composed by a variable displacement pump
and a fixed displacement motor. Nowadays most hydrostatic transmission include two variable
units. In this way a complete independent control of the ICE speed and wheel speed is allowed. It
is even possible to operate the pump as a motor and vice versa. This allows hydrostatic breaking.
The main advantage of a hydrostatic transmission is its simplicity. It is composed of very reliable

components which are well known on the market. Besides, it provides pressure energy for auxiliary
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Figure 2.7: Typical hydrostatic transmission system

hydraulic devices which is especially practical for off-highway applications. Additionally, using a
hydrostat eliminates the use of a driving axis. The pump can be located close to the ICE, while the
hydraulic motor is mounted close to the wheels. The main disadvantage of hydraulic transmission
systems is their low efficiency, especially compared to gears (around 70 % in stead of 95 %). Another
disadvantage of a hydraulic system is leakage. Consequently, hydraulic transmissions are less fitted

for environments where leakage is an issue (Beachley et al., 1979).

2.2.3 Diesel-Electric-Electric transmission system

An electric generator-motor combination also makes a CVT ([Fig. 2.8|). This topology is quite similar
to the hydrostatic transmission. The generator converts mechanical power into electrical power. The
electrical power is then fed to an electrical motor, which converts it back to mechanical power. In
the 1970’s the first electrical transmissions were made including DC machines. Back then, the main
disadvantages were the weight and size of two electrical machines. Right now, AC machines are
used (i.e synchronous or asynchronous) connected to a DC bus via electrical converters. The power
density the AC version is increased compared to the DC one but the converters are large since all
power is converted twice. The efficiency of the electric system will be better than that of a hydraulic
one. But as all power flows through the converters, the efficiency is relatively low compared to other

electrical configurations (i.e. electrical-mechanical power-split).
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Figure 2.8: Diesel-electric-electric transmission system

2.3 Power-split transmissions

Power-split transmissions usually consist of a mechanical power train in parallel to a variator (a
CVT system) interconnected by a planetary gear train (PGT). The basic idea is to send only a
part of the power through the continuously variable unit, while the remainder of the power is going
straight through the mechanical path with high efficiency (Beachley et al., 1979). Depending on
the position of the PGT, the system can be grouped into input-coupled (summing planetary) and
output-coupled (divider planetary) systems as illustrated in m

CVI CVT
b b
Pin a PGT ¢ Pout Pin a PGT ¢ Pout
(a) input-coupled (b) output-coupled

Source: |Lu (1998, page 30).

Figure 2.9: Power-split arrangements

In the input-coupled power-split transmission, the PGT is at the output node and the coupling is
at the input node. In the output-coupled type, the input node is the PGT and the output node is
the coupling (Linares et al., 2010)). According to|Lu (1998), a power-split function makes it possible
to expand the CVT application to heavy-duty vehicles (i.e belt driven CVT) or to lower the losses

of CVT systems (i.e. hydrostat). For each configuration, there are 3 modes of operation:

e Non-regenerative (Power-split): the power flow in each of the two paths is lower than the

input power.

e Mechanical regenerative (negative circulating power): power flow through the fixed path is

larger than the input power, the power flow through the variable path is backwards.
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e Variable regenerative (positive circulating power): power flow through the variable path is

larger than the input power, the power flow through the fixed path is backwards.

Many studies (Beachley et al., 1979; Linares et al., 2010; Lu, 1998 Renius et al., 2005) have been
performed on the operation of power-split transmissions. These studies show that the operation
principle of the two types is completely different. [Figs. 2.10a] and [2.10b] discuss the operating

principle of the divider and the summing planetary type respectively in function of the transmission

ratio R;.
P ! PN

P / it

4

! 0

- : R,
. Rt"i\ Dy S /
(a) Divider platetary (b) Summing platetary
(output-coupled) (input-coupled)

Source: |Linares et al. (2010, page 6).

Figure 2.10: Operating principles of power-split transmissions

In divider planetaries, the power is non-generative up to the lock-up point (when all power is
transferred through the mechanical path). At very low transmission ratios R; (i.c. output speed
divided by input speed), the power flow only uses the variable path, P,. When transmission ratios
higher than the lock-up point (R,,;) are reached, the power flow through the mechanical path (P,,)
is higher than the input power (mechanical regeneration). The power excess is fed back to the input
through the variator (negative variator power). In it is seen that the power distribution

is a linear function of the transmission ratio. This is advantageous for the control of the system.

On the contrary, very low transmission ratios using summing planetaries require a high portion
of mechanical regeneration. The power flow through the variable unit is strongly backwards. In
this case, the transmission ratio at the lock-up point is lower than that of the mechanical path.
When the transmission ratio is further increased, the power flow tents to be transferred by the
variable unit. |Renius et al. (2005) makes a theoretical estimation of the efficiency of both input-

and output-coupled systems based the following efficiencies of the subsystems:

e 97 % for the straight mechanical path

e 85 % for the variable unit (including the PGT)

Figs. 2.11al and [2.11D] present the results of input- and output-coupled systems respectively.

For input-coupled systems, the efficiency is typically hyperbolic increasing. The low efficiency near

start-up is due to the huge amount of circulating power. The efficiency for output-coupled systems
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is linear increasing to the lock-up point as the fraction of power through the variator decreases
linearly. According to |Lu (1998]), input-coupled (summing planetaries) systems have higher overall

efficiencies, mainly because of two reasons:

e The variable unit is located at the high speed (input) side, which tents to be a more efficient

unit.

e An appropriate design allows the operation region to be restricted close to and beyond lock-up
point. In this region, input-coupled systems transfer more power through the mechanical path

than their output-coupled equivalent.

A disadvantage of input-coupled systems is the need for a clutch system after the power-split unit,

as the unit can not be operated at very low output speeds due to the very low efficiency.

As explained in this section, both input- and output-coupled systems have their advantages. The
choice of the system depends mostly on the application. In the following sections some examples of

power-split continuous variable transmission systems are discussed.

2.3.1 Belt driven power-split CVT

In Lu (1998), a complete model of a power-split transmission using a belt driven continuously
variable transmission (PS-CVT)is made . As explained in the belt is the limiting
factor for power transfer in vehicles. Especially at low speeds when the torque is high, the use of a
belt is very disadvantageous. An input-coupled power-split transmission is the best choice for this
variator, as the power transmitted through the variator is low at low output speeds and the belt

driven CVT is located at the high speed side of the power-split unit. [Lu (1998)) studies a complete
car model using the PS-CVT as shown in .

Wheel

S=

— PSCVT Engine
@ff_ ) Gearbox

Wheel

Source: |[Lu (1998, page 69).
Figure 2.12: Car model PS-CVT

The paper investigates the acceleration of a certain car. It is concluded that the transmission
efficiency using PS-CVT is between 85 % and 93.5 %, compared to 70 % - 90 % of a shaft-to-shaft

CVT configuration. The use of a power-split thus certainly increases efficiency. Moreover, at low
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speed, the belt carries only 44 % of the total input power which certainly decreases the load on the
belt.

2.3.2 Fendt Vario

The first commercial power-split continuous variable transmission was produced by Fendt in 1996:
the Fendt Vario. The Vario transmission system is an output-coupled hydrostatic CVT system. A
schematic overview of the transmission unit is given in The engine power (orange) is split
into a hydraulic path (green) and a straight mechanical path (blue) by means of a planetary gear
set. These three power flows are the basic elements of the power-split transmission. Additionally,
there are two other power paths presented in a four wheel drive (yellow) connected to
the output shaft, and a PTO drive (purple) directly connected to the motor for auxiliary tools.

1. Torsional vibration damper
2. Planetary gear set

3. Ring gear

4, Sun wheel

5. Planet carrier

s | 6. Hydro pump

....... A 7. Hydro motor

: 8. Collecting shaft

I engine torque
I hydraulic power transfer
I mechanical power transfer

I PTO drive
4WD

Source: http://www.fendt.co.uk/.
Figure 2.13: Fendt Vario transmission system

A more detailed explanation of the Fendt Vario’s working principle is given using The
engine is connected to the sun wheel of the PGT, the wheels are connected to the planet wheel
and the hydraulic pump is connected to the ring wheel of the PGT. At standstill ,
there is no deflection of the pump. The hydraulic path is the path of least resistance and all
power is transmitted hydraulically. But, because the pump does not deliver oil, the wheels do not
move. When the pump swings out , it delivers oil and feeds the hydro-motor which
is at maximum deflection. The wheels start to move, but the power is still transferred more or
less hydraulically. In the first phase of acceleration, the hydro-pump is swung out further, which
means that it delivers more oil. The hydro-motor receives more oil and the tractor moves faster.
When the pump reaches its maximum deflection angle, as shown in tractor can only be
accelerated more by decreasing the deflection angle of the hydro-motor . This increases
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the resistance of the hydraulic path. The ring wheel of the PGT slows down, whereas the planet
wheel is accelerating and so is the tractor. When the deflection of the hydro-motor reaches its
zero value (Fig. 2.14¢]), there is no more oil flowing through the hydraulic path and all power is

transferred mechanically.

Source: https: //www. youtube. com/watch?v=b_-LL0OsCT-k|

Figure 2.14: Fendt Vario operation principle

As described in previous paragraph, the hydrostatic power portion is near 100 % in the starting
point, but zero at top speed. The total speed range to the wheels of a Fendt Vario tractor is divided
into two parts or ranges in addition to the power-split device. Range 'Low’ covers speeds upto
32km/h, range "High’ up to 50 km/h. The top speeds are near the lock-up points. Speed potential
above the lock-up point is not used in order to prevent circulating power in the forward mode.
Being an output-coupled unit, the Vario system requires very high maximum hydrostatic power
(especially at low speeds) and thus consists of large units. Until 1995, all commercial units of such a
high power had been quoted to be too poor in efficiency to meet overall efficiency targets. Therefore,
Fendt developed its own hydraulic units: 45 degree variable bent axis units, with efficiencies up to
95 % in their best operating point. This led to a very high overall efficiency of the power train, even

with high hydrostatic power fractions at low speeds.

shows the overall efficiency at full load of the Fendt 926 Vario, the first commercial tractor

using a Vario transmission system. The target on the figure is the total drive line efficiency (engine

to wheels) for full load of stepped powershift transmissions. Renius et al. (2005) states that the

efficiency of a continuously variable transmission should reach at least this value to be competitive
on the tractor market. As seen on the efficiency of the Fendt Vario is well above the
proposed target. Therefore, the Vario system is known to be a very good CVT system.


https://www.youtube.com/watch?v=b_-LL0sCT-k
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Figure 2.15: Fendt Vario transmission system efficiency

2.3.3 Dana Rexroth HVT

Unlike the Fendt Vario, the Dana Rexroth HVT is an input-coupled power-split transmission.
reveals that the power of hydrostatic unit and the power of the mechanical path is added
in a PGT at the output axis. According to the power thought the hydrostatic unit of

an input-coupled PS transmission is highly negative at standstill. Consequently, the efficiency is

15t Range | 2 Range | 3 Range

D g s g T s g S R B

Efficiency

Hydrostatic Power

\4

Ratio

Source: |boschrexroth.coml

Figure 2.16: Dana Rexroth Three Range HVT

very bad at low output speeds. To overcome this issue the HVT form Dana-Spicer is combined
with a three range classical powershift gearbox. As seen on the first range of the gearbox
is designed such that the HVT works in overdrive mode. Both power through the mechanical

and hydrostatic path are positive. In the remaining two stages the lock-up point is located in the


http://apps.boschrexroth.com/microsites/mobile2012/downloads/cornolti_art.pdf
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middle of the ranges. Because of this, the power through the hydrostatic units is strongly reduced.
Therefore, the hydrostatic units are much smaller -and thus cheaper- than in a Fendt Vario system.
Due to the low hydrostatic power fraction in all operating speeds, the Dana Rexroth has a very
high efficiency, even at very low vehicle speeds. Furthermore, Dana has proven that the design of
the first range reduces the power required from the ICE with 30 % to achieve maximum tractive

effort at standstill. This is a considerable advantage over a hydraulic torque converter.

Fig. 2.17| compares the a HVT to a classical torque converter transmission. Whereas the torque
converter can only work in a part of the engine map, the HVT covers both the complete speed and
torque range of the ICE. Moreover, the torque can even be negative, which allows to hydrostatic
braking. compares a full and a partial load situation at constant vehicle speed. As seen,
using a classical torque converter the engine speed is not changed at partial load, since the speed
of the engine is directly related to the speed of the wheels. On the contrary, HVT optimizes the
operating point of the diesel engine by decoupling the engine speed from the drive speed, resulting

in considerable fuel savings.

A
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CVT Operation 100
£ 10% fuel 100
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(a) Input-coupled (b) Output-coupled

Source: |boschrexroth.com.

Figure 2.17: Example of CVT/HVT potential compared to torque converter transmission

2.3.4 Toyota’s Hybrid Powertrain

One of most well known power-split transmissions for vehicles is the hybrid powertrain of Toyota,
first used in the Toyota Prius series. The transmission unit is an output-coupled electro-mechanical
power-split system presented in The planetary gear set divides the engine’s drive force
into two forces: one that is transmitted via the ring gear to drive the axle shaft and the other


http://apps.boschrexroth.com/microsites/mobile2012/downloads/cornolti_art.pdf
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that drives the generator through the sun gear. The electrical force, produced in the generator,
is reconverted into mechanical force through the motor which is connected to the ring gear of the
planetary gear set.

# Ring gear Wheels

Planet gear @

Inverter 2 Energy storage syestem

Source: :
Figure 2.18: Schematic representation of the Toyota Hybrid System

Toyota’s powertrain is likely to be today’s best developed power-split transmission, since it has
been in production for more than a decade and has proven its effectiveness many times. According
to [Sasaki (1998), Toyota’s Hybrid System realized approximately twice the fuel economy of the
conventional model and exhibited a high level of potential in terms of minimizing exhaust emissions.
The powertrain includes a battery which has several advantages over a hydraulic variator (without

energy storage):

e The engine can be started and stopped at any time while the vehicle is being driven;
e The engine can be controlled always in its optimum power point;

e To meet breaking demand, the system balances regenerative and mechanical operation.

Although the electro-mechanical power-split transmission of Toyota has become well-established
technology in the passenger car market, it has some shortcomings to be adopted by the off-highway

market. The main obstructions are:

e Robustness;
e High torque at low speeds requires high currents;

e Two electrical machines dimensioned for the full power range of the machine are heavy and

expensive for increasing power units.
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2.4 Conclusions

Concluding this chapter, Table 2.1| gives an overview of the main (dis)advantages of the described

transmission systems.

‘ Advantages Disadvantages
Friction clutch e simple design e heat generation
e cheap e torque loss while shifting
o transfer of vibrations
Hydraulic  torque e simple design e low efficiency
converter e vibrational damping o leakage
e overload protection e torque reduction during shifts
VariGlide e wider range of speed ratios e traction fluid
e more efficient use of ICE e limited power transfer
Belt driven CVT ¢ infinite number of transmission e increased wear
ratios e low efficiency (70 %)
e optimal engine use e limited torque transfer
Hydrostat e optimal engine use e low efficiency
e hydrostatic breaking e leakage
e simplicity
e high reliable components
Diesel-Electric e optimal engine use e large converters
e flexibility e relatively low electrical efficiency
Belt driven PS- e increased torque and power limit e still high wear
CvT e increased efficiency
Fendt Vario e optimal engine use e large hydrostatic units
e no powershifts e large portion of hydraulic power
e very high efficiency in all at low speed and high torque
operating points
fuel savings
Dana Rexroth HVT optimal engine use e no fully continuously variable

smaller hydrostatic units
fuel savings

transmission

Toyota Hybrid Sys-
tem

optimal engine use
compact
hybrid vehicle

less suited for off-highway
two electrical machines

Table 2.1: Overview of transmission systems



22

Chapter 3

Electromagnetic continuously variable

transmission

In transmissions systems are studied. In [section 2.3.4] an electrical-mechanical power-

split transmission is already presented by means of the Toyota Hybrid Powertrain. This chapter

describes several other electrically continuous variable transmissions.

3.1 Previous work

As already explained in a CVT can be made connecting two electrical machines in
series . In this case, an unconventional generator with the squirrel-cage winding on the
stator is used. The electrical power is withdrawn from the rotor by means of sliprings. The electrical
power is then rectified in the inverter and added to the DC-bus. This DC-bus is connected through
another inverter to an induction motor which converts the electrical energy back to mechanical
energy (Hoeijmakers et al., 2006). The configuration holds all advantages of a CVT. Additionally,
the system is easy to be controlled, because the generated power equals the engine power. Although
it is an easy system, the configuration is quite heavy and expensive for off-road applications. Two
electrical motors are required and, moreover, all power is converted twice in the inverters, which

leads to tremendous electrical losses.

When the stator of the generator is connected to the rotor of the motor an electrical-electromagnetic
power-split is realised, as shown in This is the basic idea of an EVT. The power is partially
transferred electromagnetically through the airgaps in the device, partially electrically through the
converters. The device consists of a primary machine which receives the power P;, and functions
as a power-split device, and a secondary machine in which the power flows of the two paths (direct
and electric) are summed again. It can thus be concluded that an EVT is inherently an output-
coupled device. For further explanation the machine is considered to be lossless. The electrical

power withdrawn from the primary machine is written as:
Pe = (Qm - Qout) Tf,in = (Qm - Qm) Tz (3.1)

with:
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Source: |Hoeijmakers et al. (2006, page 2).

Figure 3.1: Machine interconnection: basic idea of EVT

e (), and €;,: the rotational speed of the input and output shaft respectively;
e T;,: the mechanical input torque;

e T}y the electromagnetic torque in the primary machine.
The fraction of the power that is transmitted directly to the secondary shaft is:

Py = QoutTf,in = QouwtTin (32)

Win Wout
P

Source: |Hoeljmakers et al. (2006, page 2).
Figure 3.2: Basic idea of EVT: power and torque flow

The power P, is the power flow through the electrical converters with relative high losses. The
power P; is the power flow directly passed from the primary rotor to the secondary rotor with
relatively low losses. The output torque of the device T,,; is consequently composed out of the
electromagnetic torque 7' 4, of the secondary machine and the air-gap torque the primary machine
Tt in:

P, Win — Wout w;
Tout = Tf,in + Tf,out = ,Tzn + — = out U,—Tin = lTout (33)
Wout Wout Wout
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corresponds to the output shaft torque if losses are neglegted. The equations agrees with
the power balance of the system. The power and torque fractions, presented in previous equations,
are shown in in function of the output speed. It is noticed that the power fraction transferred
electrically linearly decreases until the output speed reaches the input speed. This characteristic

corresponds, as already mentioned, to an output-coupled power-split device (Fig. 2.10a)).

For practical implementation, the two electrical machines can be integrated into one device, as
displayed in The machine consequently consists of a stator and two rotors. In the following,
the outer rotor will be called ’the interrotor’, while the inner rotor will be referred to as ’the
rotor’. Corresponding to the interconnected machines of the input and output shaft of the
integrated device are connected to the rotor and interrotor respectively. [Hoeijmakers et al. (2006])
studies this device in detail. Although the two machines are integrated into one single device, the
machine is electromagnetically still treated as two separated machines, since it consists of two cage
windings and a considerably wide yoke in the interrotor. Consequently, the conclusions for both

the interconnected and the integrated configuration are similar.
« b |
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Source: |Hoeljmakers et al. (2006, page 5).
Figure 3.3: EVT by Hoeijmakers

3.2 Proposed EVT design for compact implementation

An updated design of the EVT by [Hoeijmakers et al., 2006|is proposed by [Druant et al., 2014] and
shown on . In this design, the interrotor is constructed by only one squirrel-cage. The
device can not be treated any more as two electromagnetically isolated machines. Instead a new
control algorithm is developed. Being a CVT system and an electrical machine, this transmission

system is expected to have the following advantages over usual transmission systems and previous



3.3. OTHER EVT CONFIGURATIONS 25

electrical CVT systems:

e High efficiency in all operating points;

Possibility to switch gears under torque load;

Wider range of output torque and speed;

Overload protection (no mechanical connection between wheels and ICE);

An electromagnetic-electric power-split leads to smaller electrical converters;

Very high power density, since only one cage is used;

Relatively cheap, since no expensive permanent magnets are used.

Ji. T
Primary Secondary
shaft 5 q—P (| 5 shaft
| |
g gl
£ N & d
2 g ==
N, —
== g
J, Secondary invertor

Primary invertor o
+ -—

Source: based on|Hoeijmakers et al. (2006, page 5).
Figure 3.4: EVT: proposed design for compact implementation

3.3 Other EVT configurations

The literature describes several other EVT systems. This section gives a short overview of several
lay-outs, together with their basic working principles and (dis)advantages. For a more detailed

explanation is referred to the corresponding papers.

3.3.1 Double layer permanent magnet EVT

Sun et al. (2009)) proposes a double layer permanent magnet electrical variable transmission. [Fig. 3.5
shows a schematic overview of the core design. The device consists of three parts, namely a three-

phase stator, a wound three-phase inner rotor, and a PM outer rotor. As the device is intended to
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be adopted in wind turbines, a PM outer rotor has been chosen. The advantages of a PM outer rotor
over a squirrel-cage winding are: higher power density, high efficiency and easy control. On the
other hand, a PM outer rotor is much more expensive than its induction equivalent, which makes
it less interesting to be adopted in the automotive industry. Moreover, the PMs are less reliable
during shock load and demagnetisation constitutes a problem. The working principle is basically
the same as the EVT proposed by Hoeijmakers et al. (2006 explained in

Stator slot v

Inner airgap

Inner rotor slot="

Main air-hole

Source: |Sun et al. (2013, page 2).
Figure 3.5: Double layer permanent magnet EVT

3.3.2 Magnetic gear integrated permanent magnet brushless machine

Liu et al. (2014)) introduce another EVT topology. The main advantage over previous designs is the

absence of the slip rings which significantly decreases maintenance. The overall structure and core
design is presented in

The design of the machine is mainly derived from a coaxial magnetic gear. The stator embeds two
sets of windings. Additionally, there are three rotors in the machine: a PM outer rotor, a PM inter
rotor and a flux-modulating ring of ferromagnetic polepieces (FMPs). Winding 1 and the inner PM
rotor constitute a conventional PM motor with a low number of pole-pairs N,; (i.c 5 pole-pairs),
whereas winding 2 and the outer PM rotor constitute a PM motor with a high number of pole-pairs
Ny, (i.c 22 pole-pairs). As the inner rotor, the FMPs and the outer rotor compose a magnetic gear,
the number of FMPs is:

Neymps = Nri+ Nio (3.4)

Due to the introduction of Ngjrps FMPs, the harmonic field of the inner rotor is modulated to
produce the dominant harmonic field of the outer rotor. Consequently, torque can be transmitted
from the inner rotor or the FMPs to the outer rotor. Additionally, power of the rotor can be
extracted without use of any brushes. On the other hand, the introduction of harmonics leads to

tremendous harmonic losses, which is the main obstruction for practical implementation.
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Source: |Liu et al. (2014, page 2).

Figure 3.6: Magnetic gear integrated permanent magnet brushless machine

3.3.3 Doubly fed dual-rotor permanent magnet machine

Similar to the previous paragraph, Niu et al. (2013) present a another brushless EVT system. The
structure and lay-out of the core are displayed in Unlike the design of [Liu et al. (2014),
the device does not have a FMP ring. Instead, the PM rotors are of a special type. The PMs

in the rotors have the same direction of magnetization (radially outward) alternated with equally
inset ferrite segments. The number of pole-pairs of the primary stator are chosen such that the
inner rotor, outer rotor and primary stator form a magnetic gear. In this way, the stator poles can
modulate the low harmonic component of the inner airgap magnetic field to produce the specific high
harmonic component in the outer airgap. The magnetic gearing effect introduces thus a power-split.
A part of the power is transmitted directly from the input shaft (outer rotor) to the output shaft
(inner rotor), while the remainder is converted into electrical power and then fed to the secondary

stator winding which is designed to assists the torque on the output shaft.

The advantage of this system over the system with a FMP ring is the reduced number of airgaps.
On the other hand, one has to take in account harmonic interaction effects to be able to control

both input and output shaft speed independently.

3.4 Possible applications

The presented EVT systems are prospective for diverse applications. In series connection, it is
possible to replace the hydrodynamic torque converter or eventually the whole transmission system.
In parallel, the EVT could be used as a variator in power-split transmission. For example, the EVT
could replace the hydrostatic unit in a hydro-mechanical power-split transmission. Although the

focus in this master paper is on vehicle application, the EVT system could also be used in other
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Figure 3.7: Doubly fed dual-rotor permanent magnet machine

applications. As already highlighted in [section 3.3.1] Sun et al. present the use of an EVT in wind
power generation systems, but also applications in the industry, where currently a CV'T is adopted,

are possible.

Since this master paper is in cooperation with Dana-Spicer, it focusses mainly on off-highway vehicle
applications. Moreover, in this work, the design focusses on the replacement of a hydrodynamic
torque converter in off-highway transmission systems. The main reasons to focus on this kind of

applications are:

e The present-day hydrodynamic torque converter is the component of the transmission system

where most of the losses occur.

e The replacement of a torque converter by an EVT is only a small change in current transmis-

sion systems, the well developed gearbox system could be maintained.

e A series implementation allows to take full advantage of the benefits of an EVT system. In
a parallel connection, the EVT is only partially used and thus the gain over other existing

systems would be less.
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Chapter 4

Finite element analysis on electrical ma-

chines

For the last 25 years, electrical machines have been studied in detail using finite element analysis
(FEA). The development of solution methods and the growth of computer capacities have made it
possible to solve more and more complex problems. The FEM has proven to be very efficient when

dealing with complicated geometries (Arkkio et al., 1987)).

This chapter gives an overview of recent studies. Since in this master thesis a finite element analysis
is performed on an electrical device, a review of existing studies is the basis of the model set-up for
the EVT. The modelling methods introduced in the next sections are intended to give the reader
different strategies on performing a finite element analysis. For an analytic description of these
methods, the reader is referred to where the strategies are applied on the investigated
EVT.

4.1 Mean idea

The main idea of FEA is to divide a large and complex problem into small and simple problem areas.
The small problem area is defined as an element. The solution in each element is approximated
using a function, generally a polynomial. The polynomial turns the complex problem into a simple
matrix representation for each element. Combining the elemental matrices leads to the global system
matrix. When the boundary conditions are applied, the global system matrix can be solved (Silwal
et al., 2012)).

4.2 Equations of the electromagnetic field

All electromagnetic phenomena are covered by Maxwell’s equations subjected to certain boundary
conditions. Maxwell’s equations are a set of equations, written in differential or integral form,

stating the relationships between the fundamental electromagnetic quantities. These quantities are:

e The electric field intensity, E
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The electric displacement or electric flux density, D

The magnetic field intensity, H

The magnetic flux density, B

The current density, J

The electric charge density, p

Because the finite element method uses differential equations, the Maxwell equations are formulated

in differential form. For general time-varying fields, the equations are:

oD

0B
VXxE= ~r (4.1b)
V-D=p (4.1c)
V-B=0 (4.1d)

The first two equations are mostly referred to as Maxwell-Ampere’s law and Faraday’s law respec-

tively. The last two are the Gauss’ laws in the electric and magnetic form respectively.

Another fundamental relationship is the equation of continuity:

dp

V.J=_-F
ot

(4.1e)

Out of these five equations only three are independent. [Eqgs. (4.1a)|and|(4.1b)[completed with either

leq. (4.1¢c)|or eq. (4.1e)|form independent systems.

4.2.1 Constitutive relationships

A closed system representation requires additional constitutive relationships describing the macro-
scopic properties of the medium. For nonlinear materials, these relationships are written in their

generalized form.

D = ¢ye,. E + D, (4.2a)
B = uouH + B, (4.2b)
J=0FE (4.2c)

where D, is the remanent displacement, which is the displacement when no electric field is present.
The field B, is the remanent magnetic flux density, which is the magnetic flux density when no

magnetic field is present. ¢q is the permittivity of vacuum, g is the permeability of vacuum, and o is
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the electric conductivity. In the SI system, the permeability of a vacuum is 47 - 107 H/m, whereas

the permittivity of vacuum equals % -107°F/m. The relative material properties are dependent

on the material. Moreover, u, is also dependent on the saturation state of the material.

4.2.2 Two dimensional magnetostatic problem statement

In this paper only static magnetic fields are studied. The time dependent factors in jeq. (4.1)| are

eliminated. Ampere’s law for the static case equals:
VxH=J (4.3)

Since the magnetic field B is divergence-free, the magnetic field density can be derived of a magnetic
vector potential A.
B=VxA (4.4)

Consequently, the electrical field E can be written in function of an electric (scalar) potential.

0A
E=-V¢— — 4.5
which is reduced in a static analysis to:
E=-V¢ (4.6)

In a general three-dimensional case, there are four unknown quantities (components of the vector
potential and the scalar potential). These quantities depend on the three spatial coordinates and
time. Because of the complexity of an electrical machine and the non-linearity of the problem, the
task requires a lot of calculation force. Therefore, in the first analysis of an electrical machine,
the model is simplified to a true two-dimensional problem. This approximation is only valid if the
electrical machine would have an infinite axial length. In practice, there is need for adoptions of

the two-dimensional model to include rotor skew and end-region effects.

In a two dimensional analysis, the magnetic field density can be expressed as:
B = B,e, + Bye, (4.7)

The magnetic vector potential is thus aligned with the z-axis.

A=Ae, (4.8)
Therefore, [eq. (4.4)|is thus reduced to:
A, A,
B, =24 p 9 (4.9)

oy Ox
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4.2.3 Boundary conditions

Finite element analysis requires the imposition of the correct boundary conditions at the geometry
edges and material properties to the different subdomains. Basically, there are two main boundary

conditions, depending on whether the magnetic field is continuous or insulated.

The continuity boundary condition or Neumann condition implies the continuity of the tangential

component of the magnetic field and is expressed as:
n X (H1*H1) =0 (410)

This condition is set to all interfaces between two different materials.

The magnetic-insulation boundary condition or Dirichlet boundary condition expresses that there is
no flux through the boundary. As the flux density B is the rotation of the magnetic vector potential

A, the condition in 2D can be expressed as:
A, =0 (4.11)

This condition is applied to all outside borders of the studied geometry as it is supposed no flux

passes outside the machine.

4.3 Review of the field analysis

A detailed historical review of FEMs is described in |Arkkio et al. (1987, page 18). The first efforts
to solve magnetic field problems by FEA were made in the late 1960’s. The study of electrical
machines by finite elements was first applied on synchronous machines and DC-machines, as the
regime operation of these machine types can be modelled by stationary fields. Nowadays, all kinds
of electrical machines are modelled using FEM. The exponential growth of computing capacity has
made it possible to investigate not only regime solutions but also transient phenomena. Moreover,
since the early 1990s, it has been possible to model electrical machines in three dimensions as the

computing capacity reached a sufficiently high level.

Although 3D models are frequently used these days, this chapter only describes 2D models because
the EVT model is considered to be two-dimensional. As mentioned in the previous section, 2D
models only agree with their 3D equivalent if their axial length is high in comparison to the other
dimensions. In reality, the axial length of an electrical machine is mostly in the same order of
magnitude as its diameter. The solution of 2D models has to be adapted in order to take into
account 3D effects. The effect of end region reactances can be considerably high. Moreover the
rotor is usually skewed, i.c. the rotor slots are not parallel to the shaft, in order to reduce torque

harmonics.
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4.4 FEM ‘schools’

The literature describes both static and transient analyses. According to Dolinar et al. (1997),
Williamson et al. (1990, 1991)), and Zhou et al. (1998), there are two distinct categories or schools
of finite elements methods of induction machines, depending on how they deal with the rotor

currents.

In the first one, sometimes called the ’coupled circuit school’, both stator and rotor currents are
regarded as input currents for the finite element model. The field solution is then used to update
the parameters of the model and to make a better estimate of the rotor currents in the next
iteration. All effects of time variation are moved into the circuit equations. Besides, the effects
of stator end-windings and rotor end-rings are dealt with in the same manner: by adding an
appropriate impedance to the relevant circuit element. Moreover, as stator and rotor currents are
input parameters of the model, it is easy to incorporate rotor skew into the model. The field solution
of different rotor segments, which are shifted in phase, can be solved in parallel which significant
reduces computing time (Williamson et al., 1990). The system is know to be weakly coupled as

field and circuit equations are solved independently.

In the second category, the ’‘eddy-current school’, only the stator currents are regarded as a source
for the FE model. The rotor currents are treated as induced currents. The eddy-current formulation
is incorporated into the finite element model. Circuit equations are then only used to relate the
induced EMF in the stator winding to the currents flowing in that winding, and to the applied
terminal voltage. Rotor end-ring effect require more careful consideration, as rotor currents are
direct results of the FEA. The system is known to be strong coupled as both field and circuit

equations are solved simultaneously.

Zhou et al. (1998) states there is a third category of finite elements method where only a single
slot model is used to estimate the equivalent circuit parameters. As only a single slot for stator
and rotor is modelled, the computing time is significantly reduced but the model needs periodic

boundary conditions which requires considerable experience with FEM.

Both methods have their advantages and disadvantages. The circuit approach is claimed to be faster
and more capable of incorporating 3D effects like end-ring resistances/reactances and rotor skew.
On the other hand, it does not include deep bar effect (skin effect) in the rotor. Bar resistance
and slot leakage reactance must be modified after the field solution is calculated. The eddy current
approach is able to include deep bar effects into the model, but requires a longer calculation time
and cannot accommodate rotor skew and additional impedances without difficulties. In order to

include end resistances two possibilities exist:

e Electrical connection of the rotor bars by rotor loop equations;

e Modification of the rotor bar conductivity to include the effect of end-ring resistances.



4.5. 2D ASSUMPTIONS 34

4.5 2D assumptions

In different papers (Arkkio et al., 1987; Sprooten et al., 2007, only a 2D finite element analysis is
made to reduce the calculation time. This hypothesis is acceptable when rotor and stator windings
are not skewed and when the presence of inter-bar currents is not considered. Next to this, the

following assumptions are made:
e Three phase balanced current flows;
e Uniform current distribution in the slots;

e Magnetic flux does not leak from the outer surface of the stator or the inner surface of the

rotor core;

e Losses due to eddy currents are neglected. The eddy current loss varies with the square of the
flux density, the frequency, and the thickness of the lamination. As the magnetic core of an
electrical machine is made out of thin sheet isolated from each other, the eddy-current loss in

the core material is usually low.

e Hysteresis losses are neglected. In reality, iron has significant hysteresis in its saturation
characteristic. Consequently, the reluctivity is not a single-value function of the flux density
but depends on the history of the material. However, it is believed that introducing hysteresis
would complicate the model significantly. Therefore, effects of hysteresis are mostly included

into the saturation characteristic and loss estimation of the material.

4.6 Saturation

The effects of saturation of the main flux path on the performance of electrical machines have
been discussed in many papers in the literature, but there is no generalized analytic treatment
of these effects. Some authors (Melkebeek, 2013)) assume that the state of saturation is equal
in both ¢- and d-axes, others (Brown et al., 1983) introduce fictitious fluxes/inductances to deal
with saturation differences in both axes. In the latter case, the self-inductances in orthogonal axes
are no longer equal. This cross-coupling between the two axes because of saturation of the main
flux path is called inter-saturation or cross-saturation. In practice, there is a recognition of the
importance of saturation and the existence of inter-saturation effects (Brown et al., 1983). One of
the consequences of the difference of self-inductances is the existence of a reluctivity torque in turbo

electrical machines.

4.7 Torque

The torque is a very important parameter in the design and analysis of an electrical machine. The

finite element method provides an accurate way to evaluate the torque based on the electromagnetic
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field distributions. The literature describes several methods to calculate the torque on an electrical

device. In the following sections, a short overview of these different methods is given.

4.7.1 Maxwell stress tensor

The first and probably the easiest method to evaluate the torque yields the Maxwell stress tensor.
This calculation requires only the local flux density distribution along a specific contour around the
air-gap of the machine (Gerling, 2005). Unfortunately, the Maxwell stress tensor needs a very fine
mesh in the airgap, since the tensor multiplies radial with tangential component of the magnetic
flux density in the airgap. Under the teeth, the field is almost radial whereas, between the teeth,
the tangential component of the flux is relatively high. The maximum sensitivity of the tangential
component of the flux density on the discretization occurs in the area where the normal component
has its maximum gradient, i.c. between the teeth (Mizia et al., 1988). For this reason, the product
of radial and tangential components is even more sensitive to the discretization density. This causes
spikes in the product of radial with tangential quantities. In order to calculate the torque well,
one spike should cover multiple mesh elements and therefore the mesh density needs to be high. In
an example is presented.

A method to improve the quality of the torque calculation consists of averaging the torque calcu-
lation on multiple closed contours in the airgap. A second method to improve the torque quality
is presented by |Arkkio et al. (1987)). His paper proposes an evaluation of the Maxwell tensor on
the complete airgap volume instead of on one single contour. Basically, this method averages an

infinite number of torque calculations on different contours in the airgap.

4.7.2 Principle of virtual work

A second approach to torque calculation uses the magnetic co-energy method or the principle of
virtual work. The electromagnetic torque equals the derivative of the magnetic co-energy with
respect to the angular position at constant current. |Gerling (2005) and Mizia et al. (1988) show
that the magnetic co-energy is less dependent of the element mesh than the Maxwell tensor. The
drawback of this approach is the need of two solutions with a little phase shift between the rotor
positions which prolongs the calculation time significantly. Moreover, this method has numerical

difficulties in distinguishing small changes in the large energy values (Mizia et al., 1988]).

4.7.3 Magnetizing currents

A third approach is proposed by [Kabashima et al., 1988 In this paper the force is determined by
use of the magnetizing currents and the flux densities on the lines forming elements. The method
is basically equivalent to the Biot-Savart Law and needs only one solution of the magnetic field.

The technique of magnetizing currents has the advantage that the force distribution acting on the
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object can be obtained (i.e. the force on each bar of a cage rotor can be calculated) and therefore

can be used for a structural and vibrational analysis.

4.7.4 Maxwell stress harmonic filter

Another method described in literature is called the Maxwell stress harmonic filter (HFT) method,
presented by Popescu (2006). The methods presented in above sections are all applicable to elec-
tromagnetic devices but non of them exploit the origin of the torque generation. The method
described by [Popescu (2006) allows to identify the source of the torque in function of the space
harmonics. It is essentially an improved Maxwell stress torque computation as a direct derivation
of the flux densities components form an analytical expression of the air-gap magnetic vector po-
tential. As the numerical solution of the magnetic vector potential is approached by analytical
expression, the torque computation is less dependent on the meshing density in the airgap. On
the other hand, the method is strongly dependent on the number of harmonics that is used in the

analytical approximation.

4.7.5 qd-Formulation

A last method to evaluate the torque is based on the qd formulation of an electrical machine:

T. = ng (wdiq - ¢qid) (4.12)

where the qd flux linkage 14, and the currents ¢4, have been determined by applying the Park
transformation on the phase quantities. This method is equal to the Maxwell HF T method restricted
to the first harmonic. Besides, from a theoretical point of view, the qd theory supposes a perfectly
sinusoidally distributed winding and excitation currents and so will overestimate the real torque in

the machine.

4.8 Overview of recent studies

In previous sections, the most important parameters and their different calculation methods have
been described. The implementation of these method is described using the EVT model in
In this section, an overview is given of different studies dealing with the FE modelling of an
electrical device. These studies prove the importance of finite elements in the design of an electrical

machine and are the foundations of the EVT model described in the next chapter.

Time-harmonic FEM model with core saturation: Belmans et al. (1993), Escarela-Perez
et al. (2008), Ito et al. (1981), and Williamson et al. (1983, 1985a) present a numerical method
for performance characteristic calculation of three phase squirrel cage induction motors, which is

based on magnetic field analysis. The magnetic field is analysed over a radial cross-section of a
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motor with a time-harmonic FE model taking into account core saturation. Transient analysis of
induction motors using FEM are described in Martinez et al. (2012) and |Williamson et al. (1990]).
The authors use a coupled circuit model in order to shorten computation time and include effect of

end-windings, end-rings and skew in their model.

Combined magnetic field and electrical circuit equations: In his doctoral thesis, |Arkkio
et al., 1987 proposes a new method for the analysis of induction motors. The analysis is based on
the combined solution of the magnetic field equations and the circuit equations of the windings.
The equations are discretized by the finite element method. The author studies a two-dimensional
model. Three-dimensional effects, such as rotor skew and and region effects, are taken into account

within the two-dimensional formulation.

Equivalent model parameters: Dolinar et al. (1997), Faiz et al. (2002), Williamson et al.
(1991), and Zhou et al. (1998) determine in their papers detailed equivalent model parameters of
a cage induction machine using FEM. Core saturation is taken into account in the calculation of
the flux distribution by a static non-linear vector potential solution. A linear time harmonic vector
potential field solution is used for the inductances computations and the accuracy of the FE model

is verified with measurements.

Single slot FE model: |Andersen (2002) studies different rotor slot shapes of an induction motor
using FEM. The author describes how finite element analysis of induction motors can be limited to
one rotor slot pitch where conditions repeat with sufficient accuracy, and how this makes it possible
to analyse fast and efficiently both no load, normal running and starting conditions. The use of a
single slot model makes it possible to mesh the geometry very fine without increasing calculation
time extensively. Especially for locked rotor condition, this is an interesting feature since a strong

tangential magnetic field in the rotor close to the airgap requires a very fine element grid.

Three dimensional effects: Although a two-dimensional numerical analysis of an electrical ma-
chine provides an accurate solution of the electromagnetic field in the machine, a three-dimensional
study is required to understand the actual phenomena such as end winding effects. Unfortunately,
3D models require a lot of computing resources, since the number of degrees of freedom is im-
mense. |Arkkio et al. (1987) state that end-winding inductances have only a small effect on no-load
conditions, but in locked-rotor conditions 5 to 15 % of the coupled flux is caused by end-winding
inductance. The easiest way to add the effect of end-region field into the voltage equations is to
model the end-windings as resistances and constant inductances, whose values are determined by

simple analytical methods or by measurements.

Williamson et al. (1985b) and Williamson et al. (1986]) propose analytical models of respectively
rotor-bar resistances and reactances, and end-ring resistances and reactances in order to include

3D effects. On the other hand, Silwal et al. (2012) and [Yamazaki (1999) propose a coupled 2D-3D
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model to solve the problem more accurately. Whereas a non-linear 2D model solves the problem
using a coupled circuit approach, a 3D linear finite elements model calculates flux linkage between

stator and rotor end-windings, which is added to the lumped parameter coupled circuit model.

Faulty induction motors: Many papers study faulty induction motors. The study of a faulty
induction motor requires a very accurate model of the healthy one, which provide excellent references
for this master paper. In Hanafy et al. (2014), Weili et al. (2007), and Xie (2012), broken bars in
induction motors are studied. The induction motor is modelled using a time-stepping coupled finite-
element approach. The effects of broken bars on the stator current, rotor bar currents distribution,
the forces exerted on the rotor bars, the motor speed/torque and space harmonics are investigated.
The papers conclude that broken bars introduce a pulsating torque. Moreover, tangential forces
are not any more equally distributed over the rotor bars, whereas asymmetry in the radial forces
will increase the mechanical stress on the rotor shaft. Sprooten et al. (2007) do not only investigate
broken bars, but analyse also other kind of faults, i.e. stator short circuits. The study focusses on

detecting and identifying faults in order to prevent damage to electrical devices.

Saturation and cross-saturation: Core saturation in electrical machines has been studied in
many papers. The flux distribution along the airgap is the main design parameter of an electrical
machine. An analytical generalized approach for various electrical machines types is proposed in
Hsu et al. (2009). An equivalent magnetic circuit analysis (EMCA) is developed for an electrical
device, based on the magnetic connection of simple geometric shapes (i.e. air-gap, stator and rotor

tooth, and stator and rotor yoke). The following assumptions are made:

e The permeability of the iron core is variable;

e The flux flowing through one stator toot flows through the airgap uniformly within a slot

pitch;
e The rotor is treated slotless;

e All the flux is strictly constrained in the magnetic circuit.

The advantage over EMCA over FEA is its computation time to optimize the design of an electrical
device. If the design parameters are changed using FEA, the model has to be reconstructed, which

is extremely time consuming.

Ide et al., 1999; Jianhui et al., 2003; Shima et al., 2002 study cross-saturation of electrical machines.
The direct-axis and quadrature-axis inductances of a turbo electrical motor are usually considered
as equal in an electrical device. But in fact, both the d-axis and g-axis inductances vary with
the load condition because of magnetic circuit saturation. Analytical models are presented and

equivalent model parameters are fixed using a numerical analysis of the electrical machine.
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Chapter 5

EVT finite element model

Finite element simulations offer unique opportunities to understand the EVT machine-behaviour,
and to perform both a geometrical optimization and an operational analysis. This chapter deals with
the general description of the EVT’s FE model according to a coupled circuit approach .
The implementation of the model into different simulations cases is treated in the subsequent chap-

ters.

Firstly, this chapter describes a geometric representation of the EVT system and its COMSOL
model. Secondly, all model definitions and assumptions are included, using one specific geometry
and operating point. Subsequently, a field oriented torque control (FOC) algorithm on both a linear
and non-linear EVT model is presented. And finally, an iterative procedure is proposed in order to
perform the FOC using the FE model in COMSOL.

5.1 Geometry

In this section, a general description of the geometry of the EVT is given. FE simulations of
electrical machines require several hypotheses in order to reduce the model complexity and therefore
computational time. As already mentioned, the machine is considered as a 2D entity in this paper.

This assumption is only acceptable if it is supposed that:

e Both stator, interrotor and rotor conductors are not skewed;

e The axial length is sufficient to consider that end-region effect do not significantly contribute

to the behaviour of the machine.
Moreover, in this work only a static analysis is performed, resulting in some additional assumptions:

e Skin effects are neglected;
e Eddy currents are neglected;

e Ventilation and mechanical losses are not considered.
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The stator yoke geometry is based on a 4 pole 9kW induction motor. The complete machine
geometry is included in the FE model. As explained in it is possible to reduce the size
of the problem by introducing symmetry. But, as this work only studies stationary field solutions,

it is believed that a size reduction is not necessary.

The EVT geometry changes during this master thesis. Therefore, only symbolic dimensions are
used. For specific dimensions, the reader is referred to the corresponding simulation models in
and [§] presents an extruded view of the machine under study. The iron cores
are modelled using the Soft Iron (without losses) material of the COMSOL library. Due to the
presence of isolated iron sheets in both stator, interrotor and rotor cores, the magnetic hysteresis
effect is not modelled here. However, flux saturation is taken into account, since it influences the

currents in the machine and, thus, the resistive losses. The saturation characteristic of Soft Iron is

presented in

Figure 5.1: EVT: extruded view

H [A/m] .10
Figure 5.2: BH characteristic Soft Iron (without losses)
ig. 5.3| shows a technical drawing of the iron core of the machine. In the principal

machine parameters are listed. As this paper focusses on a feasibility study of the EVT for off-

highway applications, the main geometrical variables for which the machine is optimized include
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Figure 5.3: EVT: principal dimensions
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the interrotor inner and outer radius (r2 and Rp respectively). All other dimensions are linked to
this two principle variables. The airgap widths stator-interrotor (g12) and interrotor-rotor (go3) are
fixed to 0.5 mm, which is a typical value for induction machines of the same size. The stator tooth
width is 5mm, similar to the reference stator core. Since the main flux linkage passes through the
three parts, the total tooth surface for stator, interrotor and rotor should be equal. Consequently,

the interrotor and rotor tooth wide are:

N

Twy = F;Twl (5.1a)
N

Tws = F;Twl (5.1b)

The slot opening of the wound stator and wound rotor is fixed to 1.5 mm in order to push the wires
into the slots. Additionally, all slot corners are rounded to limit local saturation effects. The stator
yoke hight is set to 25 mm, which makes the stator tooth base radius (Rt;) 95 mm. Due to geometric
constraints, the rotor tooth base radius (Rt3) is minimum 40 mm, which makes the rotor yoke hight

30mm. As the interrotor is of the squirrel cage type, the interrotor slots are completely enclosed

Stator  Interrotor  Rotor
number of slots N; 48 40 36
outer radius R; [mm] 120 Ry To — §23
inner radius r; [mm] Ry + g10 79 10
teeth radius Rt; 95 - 40
Tooth thickness Tw; [mm)] 5 %T w1 %Twl
Tooth opening width T'o; [mm] 1.5 - 1.5

Table 5.1: EVT: geometric parameters

by its iron core. The thickness of the iron bridges (bwe and Bws) is a very important geometrical
parameter, since it strongly influences magnetic leakage in the machine. If the bridges are to wide,
they are not saturated enough and an important part of the flux leaks through it; if they are too
small, there may be mechanical strength problems. In this paper, the thickness is estimated to be

1 mm.

5.2 Mesh

The mesh is provided by the COMSOL mesh generator. In a typical mesh is presented. A
simple triangle mesh using the Delaunay algorithnﬂ is executed. The mesh presented on the figure
contains 1240 vertexes and 88350 mesh elements. These are typical values found in all performed

simulations.

Practice has shown that there should be a detailed finite element mesh in the airgap regions in

order to get accurate results (i.c. for torque calculations). Therefore, the airgap regions are meshed

Yfor more information: http://en.wikipedia.org/wiki/Delaunay_triangulation
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Figure 5.4: EVT: mesh

separately using finer conditions. The maximum mesh size in the airgaps is chosen at 0.25 mm.

Since the width of the airgaps is 0.5 mm, an airgap encloses at minimum two mesh elements (shown
on [Fig. 5.4b]), which gives relatively accurate results.

Note that only the machine and its internal structure are studied. The air regions around the stator
core and within the rotor core are not modelled. Indeed, this regions have a very high reluctance
and thus no flux is crossing them. The Dirichlet boundary condition, presented in [section 4.2.3] is

set on the mesh points at the outer-stator and inner-rotor radii.

5.3 Electrical machine parameters

In previous sections, the geometry and its mesh are described. This section deals with the electrical

parameters of the device. These include wire connections, resistances, distribution factors, etc.

5.3.1 General

As described in the EVT design is based on a two pole pair 9kW induction motor.
Consequently, the number of pole pairs (V) of both stator, interrotor and rotor are chosen at two.

The total number of stator winding per phase (w;) yields 144 (based on the reference machine).
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Since the stator and rotor are connected to the same DC bus bar, it is evident that the total number
of rotor windings (wsz) equals 144 as well. The interrotor is of the squirrel-cage type. Since the
interrotor contains 40 slots distributed over two pole pairs, it is regarded as a multi-phase winding
with mso phases (each phase-winding is composed out of 2 slots):
No
me=—— =10 5.2

>7T 9N D (5:2)
The cage winding can also be presented by its 3-phase equivalent winding. In this case, the number
of slots per phase per pole pair (g2¢q) does not equal 1 any more. Instead, it is calculated by the

following equations:

m:2;§h:4 (5.3a)
%:2£&m:1 (5.3b)
Q2eq = 2]\[2:3126(1 = % (5.3c)
%:2£gm:4 (5.3d)

The distribution factors or zone factors, which corresponds to a MMF decrease due to the dis-

tributed winding, are determined as:

sin ¢; %
Li=——2% (5.4)
q; sin
With «; the displacement between successive coil sides converted to electrical radians:
27
a; = —N 5.5
i =5, P (5.5)

In order to have the same fundamental magnetic field amplitude of both the 10-phase interrotor
winding and its 3-phase equivalent, the number of turns of the equivalent winding are (Melkebeek,

2013):
10 we &

3 Een (5.6)

W2,eq =

5.3.2 Current transformations

Hereafter, the gd rotating reference frame is always used. An overview of the reference frames is

given in |Fig. 5.5 The phase currents I, I, and I. can be transformed into the a-frame using:

H-2h

(5.7)

|
L
L
w
| I
&4
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Three-phase reference frame Two-phase reference frame Rotating reference frame

Figure 5.5: Clarke and Park transformations

Using a rotation the currents can be derived in a rotating gd-frame:

1 _ CO'SQ sinf| |1, (5.8)
I, —sinf cosf| |1
Because only stationary fields are studied, the latter can be avoided if the rotation angle # is chosen

to be zero. In this case, the a- and [-axes equal the ¢- and d-axes respectively.

Since the coupled circuit approach is applied, the ¢- and d-components of the currents (stator,
interrotor and rotor) are input variables of the finite element analysis. Using the inverse ofleq. (5.7)]

the corresponding stator and rotor phase values can be calculated.

However, the stator and rotor coils are modelled considering their conductors to be equally dis-
tributed in the slots. Each slot has thus an uniform current density in the COMSOL model. These

densities are determined as:
Ii,j w;

Jij = N, 4; Scu; (5.9)

with ¢ € [1,3], j € [u,v,w] and Scu; the slot surface of the corresponding part. These slot surfaces
can either be calculated analytically by geometric relations, or numerically by a surface integral in
the COMSOL model. The analytical procedure has been chosen during this master’s thesis, since

this enables to calculated the slot surfaces before the construction of the geometry.

The interrotor is presented by its 10-phase equivalent winding. The currents in each bar can not

be determined as easy as for the stator and rotor. Instead, the following procedure is pursued:
e Track the geometric location of the current vector:

1
¢o = arctan %d (5.10)
a
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e Calculate the current density in all interrotor slots:

Iy = /13, + 13, (5.11a)

o N
Ing = I cos <¢2 —(i— 1)7;\[1’) (5.11b)
2
I
Jog = 5 5.11
2k Scus ( ©)

with & the slot number of the interrotor (counting counter-clockwise, starting at the positive

g-axis).

5.4 Example FE solution

Using the parameters described in previous paragraphs, it is possible to execute the finite element
model in COMSOL. This section presents an example solution. Based on this results, the post-
processing algorithms, presented in the following sections, are verified. The introduced results are
evaluated for ro = 70mm and Ry = 80 mm. The currents in both stator, interrotor and rotor are
evaluated using the field oriented control method that is explained in and equal:

1140 = (—0.403 A; —8.067 A) (5.12a)
Iy g0 = (—158.73A;0A) (5.12b)
I340 = (8.357TA; —11.12A) (5.12c)

The corresponding set values of interrotor and rotor torque are respectively 20 Nm and —20.5 Nm.
displays the magnetic field solution of the considered example. The figure shows only a
quarter of the complete geometry as the other parts are symmetrically to the presented part. Both
stator, interrotor and rotor are in a saturated condition, since the BH-characteristic of
saturates when the flux density is around and above 1.5 T. Furthermore, the interrotor bridges are

strongly saturated, which is necessary for a good operation of the device.

5.4.1 Resistances

Because a two dimensional formulation is chosen, end-rings and end-windings effects affect both
winding resistances and leakage inductances. In this paper, only end-region resistive effects are

taken into account.

The phase resistances of both stator and rotor are calculated in the same manner. Since the stator

and the rotor are wounded, the resistances are calculated using the simple theorem of Pouillet:

lwire,i

Res; = peu (5.13)

Awire,i
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Figure 5.6: Example of magnetic field solution

with pe, the specific resistance of the material (i.c. copper at 70°C, 2 x 1078 Qm), lyre the total
length of the phase wire and Ay the cross section of the wire. The latter is calculated as:
F,. Scu;

Awire,i = w; (514)
Np qi

With F,. the fillrate of a slot. Typically, the fillrate of a winding yields 50 %. The remainder of
the slot surface is occupied with wire isolation or with air, since the wires are round. Only when
the wires are compressed into the slots, a higher fillrate can be achieved. The length of the wire is

computed as:

Luire,; = 2 (Lm + %) (5.15)

7; is the pole pitch of the corresponding winding.

Again, the interrotor requires another approach. The resistance of one single bar is simply evaluated

as:
La:c

RCSbaT = pal% (516)

In this case, py equals 3.36 x 1078 Qm (i.c. aluminium at 70°C). However, the interrotor cur-
rents which flow axially through the bars, complete their closed paths by passing circumferentially

through the end-rings. The end-rings offer resistance to the passage of current, which is traditionally

accounted for by making a modification to the bar resistance (Williamson et al., 1986)). The bar
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resistance is modified in such way that the joule losses in the real cage are equivalent to an equiv-
alent cage with modified bar resistances and zero-resistance end-ring segments. By this technique,

the effective bar resistance is given by (Vandevelde et al., 2014):

Reseng
2N; sin? ()

Resbar,equiv = Resbar + (517)

2

The end-ring resistance is estimated using a method described by Trickey (1936]) and adopted in
Sprooten et al. (2007)):

21pDy
Resend = - O K ing (5.18)

(DT - Di)

where K4 is a correction factor for the wide of the end rings given by:

2N,
1+ <%) ' D;
-(3)
with:
e D; = 2ry : the end-ring internal diameter;
e D, : the interrotor bar pitch circle diameter;

e ¢t = 10mm : the thickness of the end-rings.

Practice shows that the bar resistance is doubled due to the end winding resistances (if L., =
100 mm). It is evident that its influence decreases when the axial length of the machine is increased.
The equivalent three phase resistance of the interrotor can now be calculated as (Vandevelde et al.,
2014):

N
Resy = ?2 Resbar,equiv (520)

5.5 Flux and inductances matrix

The previous section calculates the phase resistance without use of the field solution. As in this
paper a non-linear machine model is studied, the inductances can not be calculated without the
knowledge of the field distribution in the machine. Only when the field distribution is known the

flux linkage to each winding can be calculated and the inductance matrix is derived.

5.5.1 Flux

The flux density is the rotation of the magnetic vector potential. The flux through a winding equals

the surface integral over the winding. By means of Stokes’ theorem, the flux can also be computed
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as the line integral of the magnetic vector potential:
\I/:/B~ndS:/V><AdS: Adl (5.21)
S S oS

Consequently, in a two dimensional model, the flux coupled with stator and rotor winding is directly

calculated if the magnetic field in the machine is solved.

fQ+i,j A, df2 — fQ_i,j A, dQ &i wz‘L
q Scu; N, o

U= (5.22)

with Q+; ; and Q—; ; respectively the positive and negative current slots of the i-th part and the
j-th phase. The flux linkage for the interrotor is calculated in a different way. The three phase flux

Ny (10 : .
SN (= 73) slots is evaluated:

linkage is directly calculated if the average vector potential over

/1 1 1 1 e
Vo = || A39 + Ago + A1 + Ao+ A3 | — | Ao + Ao + A1 + A1z + - Aus @Lam
|\ 6 6 6 6 42,eq
(5.23a)
/3 5 3 ) e
Uoy = || A6+ A+ Ag + A3 | — | ZA16 + A17 + A1s + ~ A1 w282eq I Lox (5.23b)
i 6 6 6 6 42,eq
/5 3 ) 3 e
Wow = || zA3+ Au+Ais + A ) — | 243+ As+ As + ~Ag %Laz (5.23c)
L 6 6 6 6 42,eq
With A; the average vector potential over slot number i:
Jo, AdO
A= ——— 5.24
Scug ( )

Note that the flux calculation based on the magnetic field potential includes all harmonic compo-
nents and assigns them to the first harmonic. Consequently, the flux is to high and thus a more

detailed harmonic analysis is required in order to obtain a better estimate.

5.6 Torque calculation

gives an overview of different torque calculation methods in literature. In this section,
those methods are applied to the EVT.

5.6.1 Maxwell stress tensor

The Maxwell stress tensor is probably the easiest method to calculate torque in an electrical device.
It only requires the magnetic field for its computations. COMSOL contains a built-in function
which evaluates the Maxwell stress tensor in each element. The torque on each part can then be

calculated as the integral of the tensor over the corresponding elements.
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One can verify these results performing a manual calculation. In general, the electromagnetic torque

is obtained as a surface integral:

T. = j{ rx odS (5.25a)
S
1 1,
=¢rx<—(B-n)B--—B"n;dS (5.25b)
s 1o 2410

where o is the Maxwell stress tensor.

When |eq. (5.25)|is applied to the electrical variable transmission, a closed integration surface in
the airgaps must be chosen. In a two-dimensional model, the surface integral is reduced to a line

integral. If a circle of radius r is taken as integration path, the torque is obtained from:

Lax
Ko

2T
T, = / 2B, By d¢ (5.26)
0

B, and By are respectively the radial and tangential flux distribution along the airgaps. The torque

on the separated parts can now be evaluated as:

T =—Te2 (5.27a)
Ty =Ten2 — Teps (5.27b)
T5 =Te o3 (5.27¢)

If the solutions were exact, the value of the torque calculated from would be independent
of the radius » when r varies between the inner and outer radii of the airgaps. However, a finite
element solution is always an approximation of reality and thus the torque is not independent of
the integration path. shows the torque variation along the inner airgap.

rog [mm| | 69.6 69.7 69.8 69.9
T3 [Nm] | -21.11 -20.52 -20.71 -20.72

Table 5.2: Torque variation along the airgap

explains that the cause of the variation lies in the discretization of the airgap.

displays a close-up of the magnetic field in the inner airgap. The flux density under the rotor teeth
is radial. On the other hand, the flux between the teeth has a large tangential component. Since
the stress tensor of includes a multiplication of the radial and axial components, spikes
are generated in the elementary torque density in the airgap. displays the torque density
around the rotor. The figure confirms the predicted torque spikes along the airgap. In order to
retrieve an accurate integrated torque value, each spike must contain at least several mesh point,

which requires an accurate mesh triangulation in the airgap.
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Figure 5.7: Close up of magnetic field solution along inner airgap
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Figure 5.8: Torque density along inner airgap

5.6.2 Arkkio

The torque values in can be improved by averaging them. Another method is proposed
by Arkkio et al. (1987). The two-dimensional line integral of jeq. (5.26)| is replaced by a surface

integral.

R,
T, (RO —R) = / Tedr (5.28)
R;

1 R, 2
— ;;:)x /R {/O TQBTB¢d¢} (5.29)

Lax
_ / rB, By dS (5.30)
Sag

Ho
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where 7, and r; are the outer and inner radii of the airgap respectively and Sy, the cross sectional

area of the airgap. The electromagnetic torque is now obtained by a surface integral over the airgap:

Lgx /
T, = ——FF—— rB, By dS 5.31
o (Ro—Ry) Jg ¢ (5:31)

airgap

5.6.3 Maxwell stress harmonic filter

A last method which is used to calculate the torque in the device is proposed by [Popescu (2006)) and
already briefly explained in the Maxwell stress harmonic filter (HFT). The method
includes a direct torque derivation of the flux density components from an analytical expression of
the airgap magnetic vector potential. Two concentric circles of radii Ry; and Ry, are defined inside
the airgaps and used as non-homogeneous Dirichelet boundary conditions, with values determined
by the magnetic vector potential solution. The circles are shown in [Fig. 5.9 in the case of a

synchronous motor. The magnetic vector potential enclosed between the circles Ry and Ry, can

T Stator
UROOOOUIHOOUNO0L)
Rgo
/"—7
0°° §0°/P

Fourier components of the
magnetic vector potential A

\ N A S /

Rotor 0 —

Source: |Popescu (2006, page 2).
Figure 5.9: Maxwell HF'T method for computing torque

analytically be described as (Popescu, 2006):

(0.9}
A(r,0) = Z [(enr™ + dpr™™) (gn cos(nb) + hy, sin(nf))] (5.32)

n=1
In this equation, four coefficients need to be identified. Therefore, the magnetic vector potential
is recorded along two boundaries in the airgap by making use of the solution obtained by finite

element analysis. The magnetic vector potential on those boundaries can be expressed as a Fourier
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series:

A(Ryi,0) = Z [an1 cos(nf) + by sin(nd)] (5.33a)

n=1
oo

A(Rgo,0) = [anz cos(nf) + bnz sin(nd)] (5.33b)

n=1

Writing the above equations in the form of eq. (5.32)| the following coefficients are derived:

1 [ Ri\"
ndn — T n o - Un 34
cng 5 _a1<R2> ag] (5.34a)
17T Ri\"
by = — |[bp1 | =— — by, .34
cnh 5n _b1<R2> b2:| (53 b)
170 Ro\"
dngn = a _an2 an1 (R?) :| (534C)
1T n
duhn = 5 |buz = bun (RQ> ] (5.34d)
n L 1

where:

_ Ry " Rgo "
on = <R90> <R9i> (5:35)

The magnetic flux density components are calculated by derivation of the magnetic vector potential

(eq. (5.32)):
DA DA

B = — B = ——:
"Traer YT o
Substitution of these equations into |eq. (5.26)| returns into a hybrid analytical-numerical computa-

tional formula for the electromagnetic torque (Popescu, 2006} eq. 14):

(5.36)

T = Np 27 Loz i n2 (angbn(ls — anlbng) (5'37)
Mo n—0 n

gives an overview of the different methods presented above. All values are relatively equal.

Based on this analysis, one can conclude that the constructed model works properly.

Method | COMSOL Maxw (avg.) Arkkio HFT  Flux
Ty [Nm] 20.12 19.83 19.73  19.76 19.99
T3 [Nm] -20.71 -20.76 -20.71  -20.73 -20.70

Table 5.3: Comparison of torque calculation methods
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5.7 Torque control on a double rotor induction machine

In previous sections, a straight torque calculation is performed, i.c. when the currents are inserted
in the model, the torque can be derived. In order to control the torque, the inverse is required. This
means that when the torque is known, the model must be able to derive the corresponding currents
in the machine. notes that the parameters of the machine model strongly depend on
the operation point, since a non-linear model is studied. Consequently, a simple inversion of the
straight procedure can not be used for torque control. This section presents a torque control model
for the double rotor induction machine. Firstly, a simplified linear model by [Druant et al., 2014 is
explained. Furthermore, some adaptation are presented in order to include non-linear effects and

an iterative procedure is discussed in order to include the model into FE.

5.7.1 System model of the linear machine

Druant et al. (2014) consider the EVT in its gd-reference frame rotating with the synchronous
magnetic field. In this instantaneously synchronous reference frame, all currents are DC-currents.

The relations between thermal voltages and winding currents yield:

Vig= Ril1g + p¥Y14 — wV¥1q

(5.382)
Via = Ril1g+p¥Y1q +wW¥yy
Vag = 0 = Ralag + pVay — s0wWsoy (5.38h)
Vaa = 0 = Ralag + pWaq + sawWaq
Vg = Ralig + pWsq — s3wWsq (5.350)

V34 = R3l1q + p¥3q + s3wW¥3q

w is the pulsation of the magnetic field in a two-pole representation. For each rotor, the slip can be

defined as the relative difference between the rotational speed and the speed of the magnetic field:

S9 = (5.39a)

S3 = (5.39D)

with wy and w3 the interrotor and rotor pulsation respectively. As the EVT is a turbo-machine,
the relationships between the magnetic flux and winding currents for both ¢- and d-axes are equal.
Moreover, because slot effects are neglected, the inductance matrix representing the magnetic be-

haviour of the machine is restricted to a 3 x 3-matrix:

vy L1 Lo Liz| |11
Wo| = [L12 Loo Loz| |I2 (5.40)
g L1z Loz L3z I3
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The flux vectors linked to the stator, interrotor and rotor respectively, considered in a synchronous
reference frame, are defined as:
W, =Vig+jVig
I = Iy +j 1ig

(5.41)

with ¢ € {1,2,3}. Similar to single rotor electrical machines, the torque on the rotating parts is

expressed as following;:
(I2q¥2q — I24¥2q)
(13934 — I34¥3,)

Since the magnitude of the electromagnetic torque depends on both the magnitude of the magnetic

(5.42)

NI DNl

Np
Np

flux and winding currents, but also on their relative angle, the torque can be controlled using field
oriented control (FOC).

Similar to torque control in induction machines, the torque-current ratio on the interrotor of the
EVT can be maximized when the relative angle between the vector current and the vector flux is
90°. The relative phase of the gd-reference frame for FOC can be chosen freely. Druant et al. (2015)
choose the interrotor flux Wy along the negative d-axis, which is also a typical convention in FOC

for asynchronous machines.

From |eq. (5.42)} the torque on the interrotor is simplified as:
3
Ty = 5Ny Waalyg (5.44)

The torque in the interrotor is thus the multiplication of two orthogonal components Vo, and Ia,.

Combining legs. (5.40)| and |(5.43)| an expression for the g-axis current in the interrotor is obtained:

1
72 (L1211q + L2313q) (545)

Iy, = Iy

In order to control the interrotor torque, the flux is required. The combination legs. (5.38b)|
and |(5.44)| delivers following constraint:

pVoq = —Ralpq (5.46)

meaning that the resistive voltage drop in the interrotor equals the induced interrotor voltage. This
is the result of the fact that the interrotor is short-circuited. Using this and the definition of the

interrotor flux (eq. (5.40)|) yields:
Ligliqg + Lasl3q

Uyy = (5.47)

Note that the flux can not be changed instantaneously. Therefore, the flux is kept constant in both

regime operation as transient operation. Moreover, from |egs. (5.45) and |(5.47), both the interrotor

current and the interrotor flux can be written in function of stator and rotor quantities, and thus
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the interrotor torque injeq. (5.44)| can also be written in function of stator and rotor quantities.

5.7.2 Field oriented control of the linear machine

With the expressions above, it is possible to derive a control scheme which controls the torque on

both rotors. To this end, the controller needs to select at every instant a set of currents satisfying

legs. (5.40)|and |(5.42)| Since there are only two constraints to be fulfilled (75,7%3) and four unknowns

(Ig,I1d,12q,124), two degrees of freedom remain. An additional constraint is formed when the
interrotor flux Wo4 is controlled. According to Druant et al. (2015), there are multiple reasons to

monitor the interrotor flux along with the current:

e The flux can not be changed instantaneously, which is a fundamental law of electromagnetism
(seeleq. (5.47)). In order to have a fast transient torque response, the flux is held at a certain

value, whereas the currents are instantaneously changed.

e The inductance parameters used in |eq. (5.40)| are not only constant parameters in a linear
model, but also in a non-linear model, the parameters are constant in a certain operating
point. Because the flux determines the degree of saturation, the magnetization state can not

deviate too far from this point for correct torque control.

e Controlling the flux limits the currents for a certain torque. From |eq. (5.44)|it is seen that
a higher flux decreases the torque-forming current component Ip,. On the other hand, the
flux-forming component I5; increases. An appropriate balance between the torque-forming
and flux-forming current components in the interrotor can certainly reduce the joule losses in

the device.

e The voltage applied to the terminals of the machine is limited by the DC-bus voltage. As the

magnitude of the flux determines the back-emf of the machine, the flux can not be to high.

Summarized, the field orientation controller needs to select stator and rotor currents according to

the following set of equations:

To = Liolig + Losls,
73 = L3111413¢ + 134 (L1311 + La23l2g) (5.48)
Woq = Liolig + Loslzq

with 7 = 3]*\5)%; Ty and 73 = %T 3 known. Iy, is calculated in eq. (5.45)] while Iy4 is zero in
steady state, as explained in the previous section. Reorganization of these equations leads to an

equivalent set of equations:

- _ 1 _ Lio
15‘1  Las Las Ilq
34 L
Iy = L;;z _ Lg Iy (5.49a)

Iy —aslg = ay
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with
ay = _ Losts+L23Waalag
a LraWoa 5.49b
o — Li3mo+Li12L2312g ( ’ )
2= L13Vaq

Eq. (5.49) shows that there is still one degree of freedom left. An additional equation is made if the

joule losses are minimized. The joules losses are defined by:
3
Py =5 [Ru (I, + 1) + R (I3, + I34) + Rs (I3 + I54)] (5.50)

Since the interrotor current is not a variable (fixed by interrotor flux and torque, feq. (5.44))), the
cost function equals (including leq. (5.49a)):

minimiz + + R I + I .0la
¢ ta td ’ L23 L23 1 L23 L23 e
subjected to the following constraint:
llq - (Iz]]d = ax (551b)

The optimization problem defined by leq. (5.51)|is solved using Lagrange multipliers. The solution
is given by |[Druant et al. (2015):

_ T2 Lio

I3q " Log Log Ilq

_ Yoy _ Lio
fsa =15 = Ty a (5.52a)

Iy = 7= (A + ha)
Ild = hil (—ag/\ + h3)

with
I 2
m =28y +2 {521 Ry
hy = 2242 Rsm)
23
hs = 2%34522 Ry
23

\ = @hi—hatashs
1+a§

(5.52b)

These equations fix all currents in both stator and rotor in the gd-reference frame. In order the
calculate the corresponding phase currents, the orientation of the qd-frame needs to be known. To
do so, Druant et al. (2015) employ an indirect field oriented control scheme. The so-called slip
equation is used to synchronize the currents with the field. Using the pulsation of the

interrotor field with respect to the interrotor (slip-pulsation) is calculated as:

_ Raly,

5.53
T, (5.53)

Sow
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The choice of the interrotor flux and the DC-bus voltage is the subject of Druant et al. (2015). A
linear EVT machine model shows that, when the maximum tooth flux density is limited to 1.6T,

the d-axis interrotor flux is restricted to 0.042 Wb. Hereafter, this value is used in all simulations.

Uogeer = 0.042Wh (5.54)

5.7.3 Field oriented control including a non-linear machine model

In the previous section, a linear model is studied. In this paragraph, core saturation is included.
The EVT is represented by its linearised model, i.c. inductances are calculated as in a linear model
(the quotient of flux and current) but the inductance matrix is dependent on the saturation state

of the machine.

As the FE model is a close approximation of the reality, it also includes slot and cross-saturation
effects. In other words, in the linearised model, the ¢g- and d-axis fluxes are formed by the complete
inductance matrix instead of the reduced form from |eq. (5.40)]

W123¢d = Lind T1234d (5.55)
with
T
‘1’123qd:[‘l’1q Uoy W3y Wig Woq ‘I/gd} (5.56a)
T
Il23qd:[11q Iyg Isq T Iag Isd] (5.56b)

Ligq Li2q¢ Lisgq Li1ga L12ga L13gd
Lorgq Lo22gq L23qq L21ga L22ga  L23gd
L31qq L32qq L33qq LSlqd L32qd L33qd

Ling = (5.56¢)
Li1aq Li2d¢ L13dg L11dd Li12da  L13dd
Lotag Lo22dq L23aq Loida L22dda  Lo3dd
| Ls1dq  Ls2dg Lssdq Lsidd Ls2da  L33dd |
The matrix Lj,q can be composed out of four 3 x 3-matrices.
L L
Lig = | % (5.57)
Laq Lad

Due to reciprocity of fluxes and currents, the matrices Lyq and Lqq are symmetrical, and Lqq equals
quT. Lqq and Lyg are the inductance matrices in the ¢g- and d-axis respectively. In the linear model,
these matrices are equal since the EVT is a turbo machine. Due to saturation, the matrices slightly
differ as the saturation state of the machine depends on both ¢- and d- axis currents. Consequently,
a g-axis current influences the flux through the d-axis and vice versa. This phenomenon is called

cross-saturation or inter-saturation.
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If slot effects are neglected, as in the matrices Lqq and Lyqq are zero matrices and the g-
and d-axes are decoupled (i.c. a d-axis current does not cause a g-axis flux and vice versa). Practice
shows that these matrices have non-zero values. Although its influence is small in comparison to

the cross-saturation effect, it is taken into account in the proposed linearised model.

In order to control torque using the linearised model, the controller still needs to select stator and

rotor currents subjected to leqs. (5.42) and |(5.43)] In fact, the optimization problem defined by

eq. (5.51)|is transformed into a multi-constraint problem:

minimize Ry (IT, + I74) + Rs (I, + I3,) (5.58a)

subjected to following constraints:

Woy =0 (5.58b)
Woq = Wag,set (5.58¢)
I34W3q — I3qW3q = T3 (5.58d)

According toleq. (5.58), both g-axis and d-axis flux are controlled, which correspond to legs. (5.43)]

and |(5.54) Because the set value of the interrotor torque in an input parameter, the currents in
the interrotor is fixed by leq. (5.44)] The resulting Lagrangian function yields:

L =Ry (I, + Ity) + Rs (I3, 4 I35) + A (Waq) + p (Woq — Wagser) + v (I3g¥3q — I3q¥3q — 73) (5.59)

with variables T4, I14, [34, [3q and Lagrange multipliers A, u, v.

An explicit solution of the problem is not possible any more, since the problem in highly non-linear.
Instead, a numerical solution can be provided. According to the theorem of Lagrange, the derivatives
with respect to each variable of jeq. (5.59)[ and the Lagrange multipliers are taken, resulting in the

following set of equations:

0 =2R1I14+ AL21dd + ploiga + v (I3gL31dd — 13aL314a) (5.60a)
0=2R1I1q+ AL214g + ptLo1gq + v (I3¢L31dq — 134L314q) (5.60b)

0 = 2R3134 + AL23qa + p1La3ga + v (I3¢L33da — 13413344
— (L31gql1q + L32ggloq + L33qql3q + L3igalia + Lazgalad + L33qal3q)) (5.60c)

0 = 2R3134 + ALo3aq + p1La3qq + v (I3qL33dg — 134L334q
+ (La1dgl1q + La2dglog + L3zdagl3q + Lsraalid + Lsz2dal2a + Lasddlzq)) (5.60d)
0 = La1gql1q + Loogqlog + L23qql3q + Loa1gal1a + Lo2gal24 + L23gal3q (5.60e)
Vog set = Lotdgl1q + Looaqlaq + Lozaqdsq + Loiaalia + La2dal2q + Lazaalza (5.60f)

73 = I3q (L31dql1q + L32dql2q + L33agl3q + L3idalia + Lazaalaq + Lasaalsq)
— I3q (L31gql1q + L32gql2q + L33gql3q + L31gal1a + Laagalaq + L3sqal3a) (5.60g)
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The first four equations of are the derivatives with respect to Iy, [14, I35 and I3 respec-
tively. The last three equations represent the constraints of The set of equations is solved
using a numerical solver in MATLAB (Trust-Region Dogleg MethodEI} for variables Iy, 114, I3¢, 134
and Lagrange multipliers A, u, v. The initial values of the stator and rotor currents are based on the
linear method described in Because g-axis fluxes are mainly caused by g-axis currents,
initial g-axis currents (/14 and I3,) are calculated performing the linear FOC using Lqq. For similar
reasons, the initial d-axis currents are evaluated using inductance matrix Lqq in the linear FOC

algorithm.

Practice shows that the proposed method gives fast and accurate results for both torque and flux

equations.

5.7.4 Iterative field oriented torque control using a non-linear model

In the section above, a FOC model is built in order to control the torque in the machine precisely.
The algorithm can only be proceeded if the complete inductance matrix from is known
beforehand. Since this matrix is strongly dependent on the saturation state of the material and thus
of the operating point, it is not known in advance. In order to perform the FOC method using the
FE model, an iterative procedure is constructed, as shown in Firstly, the geometric model
is build, as explained in and In parallel, the currents in the machine are calculated
performing the non-linear torque control based on an estimated initial inductances. Subsequently,
the finite element model is solved using COMSOL and flux, torque and updated inductances are
calculated respectively. If the torque error is less than 2 % of its set-point, the method is stopped. If
not, the model is updated using the new inductance matrix and another iteration is executed. The
set-point torque of the example in equals 20 Nm and —20.5Nm for interrotor and rotor
respectively, whereas the resulting torque calculated by the finite element analysis yields 19.98 Nm

and —20.70 Nm. It is clear that the proposed torque control algorithm functions properly.

5.8 Copper and Iron losses

Copper losses are already presented in |eq. (5.50)} Using the field orientation method described in
it is possible to calculate iron losses in the device. Iron losses mainly depend on the
magnetic polarisation and the pulsation of the flux density in the material. Kowal et al. (2011)
study the influence of the core material on the performance of PS synchronous machines for wind
turbine applications. The paper includes both saturation and hysteresis losses. The saturation
characteristics for two different materials (M235-35A and M800-65A) are listed in

The first three digits of the name stand for the maximal value of the specific loss at 50 Hz and 1.5 T
(e.g. M235 — 2.35 W /kg), wheras the last two digits depict the thickness of the laminations (e.g.
35A — 0.35 mm thickness). As seen on [Fig. 5.11] steel M235-35A has a higher permeability and a

2for more information: http://nl.mathworks.com/help/optim/ug/equation-solving-algorithms


http://nl.mathworks.com/help/optim/ug/equation-solving-algorithms
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Figure 5.10: Flowchart of iterative field oriented torque control algorithm

lower saturation level than M800-65A. The higher permeability makes M235-35A more favourable
for machines operating mostly at partial load (Kowal et al., 2011). In vehicle applications, the
transmission system is only occasionally fully loaded. Consequently, steel M235-35A is chosen.
Bertotti (1998)) presents in his book a semi-empirical formulas based on statistical loss theory in
order to calculate the core losses. The theory relies on the principle of loss separation into hysteresis,

classical and excess losses. According to this study, the core loss can be described by:
Ppe = mye [aBaerbBQfQJchf (\/1+dBf—1>] (5.61)
with:

e B=_ S\I’ — the peak induction in corresponding iron core yoke;
yoke

e f: the pulsation frequency in the corresponding iron core;

e a, a, b, c and d: material parameters derived on statistical basis. presents the values
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Figure 5.11: Magnetization characteristics of two material grades

of these parameters for M235-35A steel.

a o b c

d

M235-35A | 0.0178 2.0000 4.7018 x 10~°  0.1075  0.0005

Source: |[Kowal et al. (2011)).
Table 5.4: M235-35A core loss parameter

The first part of eq. (5.61)| represents static hysteresis losses, which are a linear function of the
frequency and an exponential function of the magnetic flux density. The second part presents the

classical losses, which include dynamic eddy-current effects, and the last part corresponds to an

excess loss which is basically an empirical correction factor for the theoretical model.

The slip-pulsations of both the rotor and the interrotor can be derived usingleq. (5.53)l The stator

pulsation is evaluated as:

w = N, Qs + sow

The slip in interrotor and rotor can now be calculated:

Sow
S9 =

w

w — NpQ3
§S3 = ———

w

Consequently, the pulsation frequency of the magnetic flux density is known.

w
fi=o-
Sow

fa=
_ 5w
fs=—5_

Because the pulsation frequency in the interrotor is low, interrotor iron losses

coming analyses.

(5.62)

(5.63a)

(5.63b)

(5.64a)
(5.64b)

(5.64c)

are neglected in the
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Chapter 6

EVT geometrical optimization

The previous chapter presents the finite element model of the EVT. This chapter describes the
results of several simulations. A geometrical optimization is performed in function of the interrotor
inner and outer radii. The optimization algorithm is executed on both the fixed stator (classical)
topology and the moving stator (inverted) topology. In the latter, the stator functions as the input
shaft, whereas the rotor is fixed and functions as the housing of the device. The reasons for the

inversion of the mechanical connections are listed in the corresponding paragraphs.

6.1 (Geometrical optimization

This section describes the simulation model of a geometrical optimization of the EVT. The opti-
mization is executed for a specific operating point. Druant et al. (2015) study a similar machine
using a linear model. The authors conclude that the operating point with maximal efficiency is
located at 1300 rpm (Nyy:) and 20 Nm (7p,:). Consequently, the output speed and torque are fixed
in this simulation. The input speed (connected to the ICE) is set at 1500 rpm (N;y,), which is a
typical value for a diesel ICE. In order to meet the power balance, the below procedure calculates

the corresponding input torque:

o Firstly, the device is assumed lossless. The corresponding input torque can be written as:

N,
En,ini — # Tout (61>
7

e Subsequently, the FOC algorithm (section 5.7)) can be performed since both input and output
torque/speed are known. The torque control results in currents, fluxes and slip pulsations in
both the stator, the interrotor and the rotor. Therefore, copper (F.,) and iron (Py.) losses

can be calculated.
¢ In a following iteration the input torque is updated taking into account the losses:
Pin,i+1 = Pout + Pcu,i + Pfe,i (62&)

Piniv1
2

Tinsit1 = (6.2b)
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e The procedure is stopped when the input torque deviation between two succeeding iterations

is less than 0.1 %.
Tinit1 — Ting

Dev = ‘ <01% (6.3)

,Tin,i—i-l

The above method evaluates for both the input and output torque of the machine. Consequently, the
iterative FOC presented in can be started. Once the solution is converged, the efficiency

of the machine is evaluated as: P
out
= 6.4
=5 (6.4)

This procedure is executed for an inner interrotor radius (r2) between 55 and 85mm, and an
outer interrotor radius (R2) between 60 and 90 mm. Additionally, the thickness of the interrotor is

enclosed between 5 mm and 20 mm.

6.1.1 Moving stator topology

As mentioned in the introduction, a second topology is studied as well. In this topology, the inner
core -previously called the rotor- is fixed, while the outer core -previously called the stator- is

connected to the input shaft. There are several reasons to switch the functions of stator and rotor:

e Unlike a single rotor induction machine, the torque acting on the stator is mostly much smaller
than on the rotors. Based on the third law of Newton, the torques acting on the stator and
rotor of a single rotor induction machine are equal. In the EVT, a double rotor induction
machine, the torque acting on the stator is the difference between rotor and interrotor torque.
Consequently, the stator torque is much smaller and the corresponding currents in the stator
are thus smaller as well. represents the slot surface of both stator, interrotor and
rotor in function of the interrotor inner and outer radii. The stator slot surface is a single
function of the interrotor outer radius, whereas the rotor slot surface is only dependent on
the interrotor inner radius. The interrotor slot surface is dependent on both quantities. As
expected, the interrotor slot surface increases with increasing radii and increasing interrotor
width. shows that the surface area range of the stator is larger than that of the rotor.
Since the copper resistance and thus the losses are inversely related tot the slot surface, it
is advantageous to fix the inner rotor. In this way, the losses are more equally distributed

between stator and rotor, and overall losses are likely to be lower.

e Because the internal losses significantly reduces, an inverted EVT requires potentially a smaller

cooling system.

e For automotive applications, a rotating stator has also a mechanical advantage. It increases
the inertia connected to the engine. This yields that the additional engine inertia can be

reduced or even removed, which is advantageous for the overall powertrain efficiency.
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Figure 6.1: Slot surface area in function of inner and outer interrotor radii (9kW IM-based EVT)

¢ Finally, a moving stator topology resembles the hydraulic torque converter more than a moving

rotor topology.

6.2 Optimal geometry of the fixed stator topology

This section presents the results of the geometrical optimization of the EVT connected in the
classical way, i.c. fixed stator and rotating rotor. Because the simulation model includes the
iterative FOC algorithm, both magnetic and electric machine parameters can be evaluated for each

geometry.

6.2.1 Currents and fluxes

and [6.3] show respectively the current distribution and self-inductances for both stator, in-
terrotor and rotor. shows the magnitude of the current field vector in both stator
and rotor . Due to FOC, the current in the interrotor cage is fixed along the negative
g-axis having a value of 158,7 A. It is clear that the current in the stator decreases with increasing
radii, whereas the current in the rotor increases with increasing radii, caused by the minimization
of the losses in the FOC method. Since the number of turns of the stator equals that of the rotor,
both currents can be added in order to have an idea about the total current in the machine. The
total current in presented in The total current is decreasing with increasing radii. Be-
cause the torque on the interrotor and rotor is constant with increasing radii, the total airgap force
decreases due to the increased radii. Consequently, the currents are expected to be lower. Addi-
tionally the quotient of the airgap width and the (inter)rotor diameter decreases with increasing
radii. Therefore, stator, interrotor and rotor are magnetically more coupled for increasing radii.
The latter can be verified looking to The figure presents the average of the ¢- and d-axis
self-inductances in both stator, interrotor and rotor. The values of those inductances express both

the level of saturation and the coupling between the rotors and stator. The absolute value depends



6.2. OPTIMAL GEOMETRY OF THE FIXED STATOR TOPOLOGY

66

on the total number of turns of the windings and is thus less relevant. However, relative values are

of great importance.
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Figure 6.2: Currents in function of the variable radii (9kW IM-based EVT, fixed stator)

The self-inductances of both the stator, interrotor and rotor have a maximum around 79 = 70 mm
and Ry = 80mm. To understand this phenomenon, three different magnetic fields are plotted for
increasing radii in The figure shows that the saturation level in both the stator and the rotor
are relatively similar for intermediate radii (Fig. 6.4b)). For lower radii , the saturation
level of the stator increased since the magnetic path through the stator is long and the currents
in the stator are high. Because the core material saturates very fast when the field is increased
above 1.5 T, the required magnetic field intensity is increased as well. Therefore, inductances are
generally lower. For higher radii , a similar reasoning can be made. According to the
above argumentation, the maximum inductances should be located where the magnetic path is
both stator and interrotor are equal. contradicts this statement. The inductances are also
influenced by the coupling between stator, interrotor and rotor. Because the relative airgap width
is decreasing for increasing radii, the linkage between the iron cores is increased. Consequently, the

maximum inductances are pushed towards higher internal radii of the machine.
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(a) stator (b) interrotor (c) rotor

Figure 6.3: Average self-inductances in function of the geometry (9kW IM-based EVT, fixed stator)
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Figure 6.4: Magnetic field for different geometries (9kW IM-based EVT, fixed stator)

6.2.2 Losses and overall efficiency

Figs. 6.5 and represent the losses in the EVT. [Fig. 6.5 shows the total losses (copper plus iron
losses) in each part, whereas [Fig. 6.6/ shows the copper and iron losses separately over the complete

device. |Fig. 6.6b| concludes that iron losses are of small importance as the losses are only 10 % of the
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90 90 b 90 045
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80 80 80
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0.15
0.04 0.25
0.1
60 60 60
60 70 80 r2[mm] 60 70 80 r2[mm] 60 70 80 r2[mm]
(a) stator (b) interrotor (c) rotor

Figure 6.5: Loss distribution in function of the variable radii (9 kW IM-based EVT, fixed stator)

corresponding copper losses. The figure also demonstrates that iron losses decrease with increasing
radius. Due to the better coupling for higher radii, the flux density level in the machine is decreased

causing less iron losses. Since the fraction if the iron losses is small, the losses in [Figs. 6.5al to [6.5¢

can be completely assigned to copper losses. Copper losses are strongly influenced by the slot area of
the corresponding winding. Despite the decreasing stator slot area, the stator losses are decreasing
for higher radii as consequence of the strongly decreased stator current. The loss distribution of the
interrotor has the same course as the interrotor surface because the interrotor current is constant.
Unlike the stator, the total losses in the rotor are not uniformly increasing with increasing radii.
The shape of can be assigned to two competing effects. On the one hand, copper losses are
decreasing due to the increasing copper section. On the other hand, iron losses are increasing due

to the increasing iron section. The cave around (70 mm, 75 mm) is caused by the high inductance
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values, which cause both a decreased flux and current level in the rotor.
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Figure 6.6: Losses in function of the variable radii (9 kW IM-based EVT, fixed stator)
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Figure 6.7: Geometric efficiency of 9kW IM-based EVT (fixed stator)

In conclusion, it can be stated that the total losses in the EVT are composed by the complex
interaction of currents and fluxes. The total losses are smaller for higher radii. When the inner and
outer radii reaches their maximum values, the losses start to increase again due to the very small
copper section of the stator and the decreasing inductances in both the interrotor and the rotor.
These conclusions are verified using which represents the overall electromagnetic efficiency
of the device. The efficiency is the smallest for the smallest radii (69 %). The maximum efficiency
is reached at ro = 80 mm and Ry = 87 mm having a value of 86.6 %. Note that this optimal point
is determined without taking into account mechanical constraints. Because the interrotor width is
only 7mm, it is possible to have mechanical strength issues. This strength analysis is a subject for

a mechanical study of the EVT and is not treated in this master thesis. Nevertheless, the optimal
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geometry denoted on is used in the following of this paper.

6.3 Optimal geometry of the moving stator topology

This section discusses similar graphs as in the previous section for the moving stator topology. The

stator functions as the input shaft, whereas the rotor functions as the housing and is fixed.

6.3.1 Currents and fluxes

and [6.9] are equivalent to and [6.3] of the previous section. Because moving stator

topology is geometrically optimized for the same working point, the torque on the interrotor is
still 20 Nm and thus the interrotor current is still 158, 7 A. Similar to the fixed stator topology,
the currents in the stator are decreasing for increased radii, whereas the currents in the rotor are
increasing. However, the absolute values differ from the previous study. Since the torque on the
stator is high compared to the classical topology, the stator currents are higher as well. For the
same reasons the rotor current is lower than in Note that however the torque on the
stator is multiplied by a factor five, the currents in the stator are only a bit higher than in the
fixed stator topology. The reason for this divergence yields the relative high radius of the airgap
transforming the input torque. Similar conclusions are made for the rotor current. The range of the
total current (i.c stator plus rotor current), presented in is relatively smaller compared
to The maximum total current is decreased from 32 A to 26 A. Moreover, the minimal
total current region is not any more located at the largest radii. Instead, in the region around
(70 mm, 80 mm), the total current is minimized. Additionally, it can be seen that the region of low
total current is larger than the same region for the fixed stator topology. Due to the low total
current in the (70 mm, 80 mm)-region the corresponding self-inductances of both stator, rotor and
interrotor presented in |Fig. 6.8 are high. For the same reasons as in the previous section, the
maximum inductances are pushed outwards. Since the currents in the rotor are smaller than in last
section, the corresponding saturation level is somewhat decreased and consequently the inductances

are a bit higher than for the fixed stator topology.

6.3.2 Losses and overall efficiency

[Figs. 6.11a]to[6.11c|reveal the losses in each part of the machine. Similar to the fixed stator topology,

the interrotor losses follow the same course as the interrotor copper section. On the other hand, the
course of both stator and rotor are completely different compared to The stator currents
are decreased less rapidly with increasing radii, which results in very high losses when the stator
copper section is low (for high radii). The minimal stator loss is also increased due to the higher
currents. Additionally, the minimum is located at the middle of the inner interrotor diameter range

because stator loss formation consist of a competition of two factors:
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Figure 6.8: Currents in function of the variable radii (9kW IM-based EVT, moving stator)
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Figure 6.9: Average self-inductances in function of the geometry (9kW IM-based EVT, moving stator)

e Lower stator currents, but also a smaller copper section for larger radii;

e Higher stator currents, but also a larger copper section for smaller radii.

Rotor losses are increasing with increasing radii.

Because rotor currents increase strongly with

increasing radii, the total rotor loss raises, even if the rotor copper section is increased as well. Note
that there is a large region in |Fig. 6.11c| wherein the rotor losses are relatively low. Taking into
account these considerations, the total loss is presented on Since the stator currents are
higher compared to the classical topology the geometry of least losses is not any more located at very
high radii. Instead, the balance between stator, interrotor and rotor losses is located more in the
middle of the radius’ ranges. Because the pulsation of the magnetic field in the heaviest part (stator)
is much lower than in the fixed stator design (slip pulsation vs. supply frequency), the total iron
losses are much lower as well. Compared to the maximum core loss is halved. Moreover,
the course of the losses is inverted, due to the lower mass of the part with highest pulsation (fixed

rotor), which also tents to lower the radius of minimal losses.
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Figure 6.10: Magnetic field for different geometries (9 kW IM-based EVT, moving stator)
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Figure 6.11: Loss distribution in function of the variable radii (9 kW IM-based EVT, moving stator)
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Figure 6.12: Losses in function of the variable radii (9 kW IM-based EVT, moving stator)

shows the corresponding efficiency of the moving stator topology. As already mentioned
above, the maximal efficiency point is located in the middle of the radius’ ranges. The corresponding
optimal radii are: 7o = 60mm and Ry = 76 mm. The efficiency of the optimal geometry is 86.8 %.
Even if this value is only a little higher than for the fixed stator topology, the high efficiency region

in is much larger than in Consequently, when adaptations have to be made



6.4. COMPARISON OF TOPOLOGIES 72

for constructive or mechanical strength reasons, the corresponding adapted geometry would have a

higher efficiency, compared to the fixed stator topology.
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Figure 6.13: Geometric efficiency of 9kW IM-based EVT (moving stator)

6.4 Comparison of topologies

This section gives an overview of the parameters of the optimal geometry found in previous sections.
includes all mechanical and electrical parameters of both the fixed and moving stator
topologies. Additionally, and contain the complete inductance matrix of the
corresponding optimal geometry. As already mentioned, there is almost no difference in total loss
for both topologies. Consequently, both topologies seems to be as efficient. On the other hand,
looking to the internal (i.c. interrotor and rotor) currents and losses, it is clear that the moving
stator topology has the advantage. The rotor current and rotor losses of the latter are smaller
compared to the fixed stator topology. It is believed that stator heat can be removed more easily
than rotor heat, even if the stator is rotating. The inverted topology requires thus a smaller cooling
system. Moreover, as explained in the region of high efficiency is larger in function of
the interrotor inner and outer radius. Therefore, the geometry can be adapted without extensively
increasing electrical losses in the device. The latter also favours the use of the moving stator system.
Finally, the stator has a higher inertia than a the rotor. Connected to an ICE, the inverted topology
could significantly stabilize ICE operation. On the other hand, the biggest advantage of the fixed
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stator design is its simplicity. In this case, the stator functions also as the casting whereas the

inverted topology requires an additional casting.

In conclusion, based on this geometrical analysis for a single operation point, the winning topology
is not clear. Both cases have their own advantages and have, although their optimized geometry
differs a lot, similar efficiencies. The choice of the topology is thus dependent on the operational
limits of the device studied in next chapter. Note that only the radii are investigated in this paper. If
a more detailed geometrical study is required, the airgaps, the stator and rotor yoke, the saturation

bridges and other geometrical parameters should be included in the optimization analysis.

Classic Inverted
ro [mm] 80 67
Ry [mm] 87 76
Scuy [mm?] 28.70 100.3
Scuy [mm?] 34.72 35.75
Scuz [mm?] 123.5 57.78
Res; [ 2.360 6453
Ress [ 0019 0018
Res; [Q)] 5446 1.094
Ny [rpm)] 1500 1500
Nyt [rpm] 1300 1300
Tin [Nm] —20.02 —19.96
Tyt [Nm] 20 20
T (. d) [A] | (—.1266,-3.312) (—8.002; —13.23)
I (g,d) [A] (~158,7,0) (—158.7;0)
I;(g,d) [A] | (—7,784,-14.99) (—.0362; —6.629)
U1 (q,d) [Wh] | (—.0073; —.8139)  (.0386;—0.91)
W, (q,d) [Wh] (0; —0.042) (0; —0.042)
U5 (q,d) [Wh] | (.0364;—.9238)  (—.0043; —.8532)
Pewy W] 38.88 231,6
Prus [W] 71.85 68.23
Prus [W] 233.1 72.13
Pres [W] 72.04 8.90
Pres [W] 0 0
Pes [W] 4.32 31.92
Pey [W] 343.0 372
Py [W] 76.4 40.8
Pross [W] 420.2 412.8
Po [W] 3143 3135
Pour [W] 2723 2723
n (%] 86.63 86.83

Table 6.1: Optimal geometric parameters for 9kW IM-based EVT
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[65.00 2.87 55.02 096 0.03 —2.38]
287 0.6 3.05 001 .002 —0.13
55.02  3.05 71.87 0.82 0.05 1.58
Lin i H| = 6.5a
actassic [WH] =\ 0 001 082 60.03 242 41.20 (6.5)
0.03 .002 0.05 242 013 2.26
—238 —0.13 158 41.20 2.26 54.81
[68.35 293  47.06 258 0.02 0.60 |
293 015 256 —0.17 .003 0.08
47.06 256  67.79 —2.90 0.08 1.34
l-ind,inverted [mH] == (65b)
258 —0.17 —2.90 55.51 2.06 33.57
0.02 .003 008 206 013 2.18
0.08 1.34 3357 2.18 60.56
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Chapter 7

EVT operating analysis

As explains, the iterative field oriented control procedure is capable of controlling
both the input and the output torque of the EVT. Additionally, using the procedure explained in
the input torque is adapted such that the power balance is consistent.

The previous chapter presents simulations dealing with the geometry of the EVT for the two different
topologies. In this chapter, the same simulation model is used to investigate the performance of the
machines in function of the output torque and speed. The main goal of this chapter is to provide

an efficiency map of the EVT.

7.1 Efficiency map of the fixed stator topology

In order to understand the working principle of the EVT, the operating modes of the power-split
transmission of are adapted to the EVT. shows schematically the reference
powerflow directions in the EVT. These reference directions are chosen positive in the power-split
mode of the PS-CVT. In this non-regenerative mode, the powerflow is straight forward and is

explained as the following:
e The power enters the EVT through the rotor. Consequently, the input power equals:

e The rotor functions as a power-split device. A part of the power leaves the rotor electri-
cally through the converters (P p), another part (me) leaves the rotor electromagnetically
through the inner airgap, whereas a third part (Pjess,3) of the input power is lost due to iron

and copper losses. The inner airgap power and electrical power leaving the rotor are calculated

as:
w
Py in = Fp * Tin (7.2)
w
Pel,in = <Qm - N) * Tm - F’loss,B (73)
p
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S

Figure 7.1: Powerflow references in the EVT (fixed stator)

with w the electrical pulsation of the field. The rotor is regarded as an induction machine in
generation mode. The rotor speed is higher than the speed of the magnetic field in order to

produces electricity.

e As explained in losses in the converters are neglected. The input power of the

converters equals the output power of the converters:
Pel,out = Pel,in (74)

Note that the power loss in the converters can easily be included in the analysis, if the

corresponding losses are assigned to the stator and/or rotor windings.

e The stator accepts power coming from the converters and transforms it into electromagnetic

power in the outer airgap by means of its winding.
Pf,out = Pel,out - Ploss,l (75)

e In the interrotor, the inner and outer airgap power are added. This power, subtracted by the

interrotor losses, is transferred through the interrotor to the output shaft of the EVT.
Pout = Pf,in + Pf,out - ]Dloss,2 (76)

Since the interrotor accepts electromagnetic power through both the inner and the outer
airgap, the interrotor functions as an induction machine in motor mode. Due to the FOC on
the interrotor, the slip of the interrotor is positive and thus the interrotor rotates at a lower

speed than the magnetic field.
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When the speed of the interrotor exceeds the speed of the rotor, the slip on the rotor turns positive.
In this case, the interrotor functions as a generator and sends power to the converters. In the rotor,
the power from converters is added to the input power and electromagnetically transferred through

the inner airgap. Therefore, both Py out, Perin and Py o, have negative values.

7.1.1 Power and efficiency

The efficiency map of the 9kW IM-based EVT (fixed stator topology) is plotted in m As
expected, the highest efficiency occurs at 1500 rpm. The speed of the rotor equals the speed of the
interrotor. The maximum electromagnetic efficiency is near 90 %. This value approaches the total
efficiency of an induction machine of the same size. In practice, the total efficiency is somehow
lower than 90 %, since the total efficiency also includes mechanical and cooling losses. Furthermore,
the efficiency decreases when the interrotor speed is decreased. Because a lower interrotor speed
increases slip in the rotor, the rotor losses are increased. A higher interrotor speed turns the machine
into its regenerative mode. Since the variator (the converter) is assumed to be lossless, the efficiency

decreases in the same way as for a reduced interrotor speed.

Tout[Nm] n[%)
o ' Pout [kW]
140 * T T T a52590 ] 80
120 70
100 L 160
80 L 150
60 40
40 30
20 50

500 1000 1500 2000 2500 Nou¢[rpm]

Figure 7.2: Efficiency map of 9kW IM-based EVT (N;, = 1500 rpm, fixed stator)

The interface between the white region and the coloured region represents a power limit. For a
constant output speed, the demanded power increases with increasing output torque. Since the
input speed is constant as well, the rotor torque increases more than proportional with the output

power due to internal losses. Therefore, the power balance can not be satisfied any more for high
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power demand. presents the machine input, output and power loss in function of the input
torque for three different operating points. The output speed is fixed at 2000 rpm, whereas the
output torque is varied between 60 and 80 Nm. The total machine loss is only a little dependent
on the output torque, because the torque variation at the input is much higher. The power loss
has a quadratic course. Furthermore, since the input speed is fixed, the input power is linear.
The operating point of the machine is the intersection between the full and dash-dotted lines. For
Tout = 60Nm and 70 Nm, there is an intersection point. Consequently, the input power can be
transmitted. For T,,; = 80Nm, the intersection point does not longer exist because the output
power exceeds the dash-dotted line. The very abrupt stability limit is caused by the quadratic
course of the losses. Since the dash-dotted line is the difference between the input power and
the power loss, the line relatively flat around its maximum. Therefore, when the output power is

increased only a bit, the machine is not able to transfer the demanded power any more.

It is evident that the stability region for lower output speeds is much higher. The machine losses are
more or less independent of the output speed. If it is assumed, in a first stage, that the machine losses
do not depend on the output torque too, the stability line on would agree with a constant
powerline. However, in practice, the losses are dependent on the output torque. The stability line,
thus, deviates form the constant powerlines. presents the input power, machine losses and
output power on a constant powerline of The losses are plotted in function of the input
torque and output speed. Since the output power is held constant, the green, blue and red full lines
are on the same hight. The graph shows that the losses increase when the output speed increases.
Therefore, the stability line exceeds the power line for relatively low speeds, whereas the order is

reversed for higher speeds.
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Figure 7.3: Power limits at N;, = 1500 rpm and No,,; = 2000 rpm (fixed stator)
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Figure 7.4: Power limit at N;,, = 1500rpm and P,,; = 12.5kW (fixed stator)

Figs. 7.5al to |7.5c| represent respectively the stator supply frequency, the slip in the interrotor and

the slip in the rotor. As expected, the supply frequency mainly varies with the output speed. The
interrotor slip is proportional interrotor torque, which agrees with the slip equation .
Additionally, because the interrotor flux is constant, the slip is inversely proportional to the supply
frequency. The rotor slip, presented on has basically the same course as the supply
frequency because the rotor speed is kept constant. As already highlighted in the beginning of
this section, the rotor slip is negative in power-split mode since the rotor functions as a electricity
generator (for low output speeds). In overdrive mode the slip turns positive as the rotor function a

motor and adds the power from the converters to the input power of the driving axis.

Tout[Nm} Tout Nm] % Tout[Nm] 1%
150 7] 150 Sout[%] 150 sinfif]
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80
100 100 0
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50 50 10 =50
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~100

500 1000 1500 2000 2500 Now¢ [rpm]
(a) supply frequency (stator)

500 1000 1500 2000 2500 Nowt [rpm]

(b) output slip (interrotor)
Figure 7.5: Supply frequency, input and output slip (9 kW IM-based EVT, fixed stator)

500 1000 1500 2000 2500 Nowt[rpm]
(c) input slip (rotor)

In the following figures the electrical power through the converters is plotted conform to the refer-
ences of The electrical power is positive when the interrotor speed is below the rotor speed

(negative rotor slip). The maximum power through the converters is obtained at very low speed
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and high torque. Since this situation only occurs sporadically in vehicle applications, converters
with a low relatively nominal power can be chosen. scales the electrical power with the
input power. Since the EVT is an output-coupled PS transmission, the electrical power fraction
in 100% at standstill. Because the simulation is started from a minimum speed of 100 rpm, the
standstill situation is not shown on the figure. The maximum electrical power fraction on [Fig. 7.6b|
yields 60 %. It is clear that the electrical power fraction decreases very fast with the output speed
of the EVT. It is also observed that the electrical fraction is mainly a function of the output speed,
as it is strongly related to the rotor slip. L.c. for speed range between 500 and 2000 rpm, the power
through the converters is included between —50 % and 50 % of the total power through the device.

Concluding, the rated power of the converters is halved with respect to the serial electrical machine

connection, presented in [section 2.2.3
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Figure 7.6: Electrical power (fraction) through the converters (9kW IM-based EVT, fixed stator)

7.1.2 Currents and Losses

In the previous section, the main characteristics of the efficiency map are presented along with a
verification of the theoretical operation principles in both operation modes. This section discusses
more in detail the currents, and thus the losses, in the device. It is of great importance to understand

the causes of the losses in order to optimize the design and the operating limits.

In the subsequent figures, the currents in each winding are presented. The interrotor current is a
single function of the output torque, because of the field oriented torque control. The stator currents

clearly reach a minimum in the low slip region, since electrically transferred power is minimal. In
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that region, the rotor torque equals the interrotor torque. Therefore, torque on the stator almost
zero. Note that this situation is impossible in conventional induction machines since the stator
current is required to provide the rotor flux level. In an EVT the interrotor flux is built by both
the stator and the rotor. Consequently, one of the field currents can build the flux on its own.
Additionally, the stator current tents to increase very fast for high torque and low speed, whereas

rotor currents mainly depend on the output power.

Tout [Nm] [A] Tout [Nm] [A] Tout [Nm] [A]
150 150 150 gy
20
1000
40
100 15 100 800 100
600
10 30
50 50 400 50
500 1000 1500 2000 2500 Nowt[rpm] 500 1000 1500 2000 2500 Nowt[rpm] 500 1000 1500 2000 2500 Now¢[rpm]
(a) stator (b) interrotor (c) rotor

Figure 7.7: Currents in function of the operating point (9 kW IM-based EVT, fixed stator)

The total losses in both stator, interrotor and rotor are shown in Because the losses are
mainly composed of resistive losses, the course of the losses almost equals the course of the corre-
sponding currents. Note that the order of magnitude of the power losses in both stator, interrotor
and rotor is equal. However, for high output torque, the losses in the interrotor significantly exceed
losses in stator and rotor. In copper and iron losses are plotted separately. Similar to the
geometrical optimization, the iron losses are only a fraction of the total losses. Additionally, the
iron losses are proportional to the pulsation of the magnetic flux density in both stator and rotor.
Consequently, they are minimal in the direct-drive region. presents the total losses of the
device in function of the operating point. It is clear that the losses increase mainly with the output

torque and that the losses are minimised around the direct-drive mode.

Using [Fig. 7.9d the rated power of the machine is estimated. The rated power depends on a thermal
analysis which is out of the scope for this research. However, it may be estimated, assuming that
the rated losses may not exceed the rated losses of a typical induction motor of 9kW. The rated

losses of 9kW induction motor are evaluated as following:

]Dloss,rated = (1 - nrated) * Prated (77)

using the WEGE| online catalogue, the total efficiency of a typical induction motor is 91 %. The
corresponding total losses are 830 W. The red line on presents such a power loss and thus

the regime operation region is limited by the red curve. The corresponding rated maximal output

1http: //catalogo.weg.com.br/tec_cat/tech_motor_sel_web.asp
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power is 5.5kW and the corresponding efficiency is 87.5% which is very close to the maximum

electromagnetic efficiency of 87.8 %.

Note that this is a very simplified approach in which it is assumed that the heat dissipation of the
EVT is as efficient as in a usual induction motor. In practice, this is not be the case, since the
machine is composed out of two airgaps. Furthermore, the total efficiency of an electrical device
includes also ventilation and mechanical losses, whereas the electromagnetic efficiency only includes
electromagnetic losses (copper and iron losses). In order to obtain a better estimate of the rated
power, a more detailed thermal study is required. Additionally, the power limit presented in this
section is based on a forced air-cooled IM. It is believed that other cooling systems, such as water
cooling, are possible as well. Due to the increased cooling capacity, water cooling could certainly

increase the thermal power limit of the device.
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(a) stator (b) interrotor (c) rotor
Figure 7.8: Loss distribution in function of the working point (9 kW IM-based EVT, fixed stator)
Tout [Nm} [W] Tout [Nm] [W} Tout [Nm] [W]
150 150 150
160
5000 5000
140
100 4000 100 100 4000
120
3000 3000
100
50 2000 50 50 2000
80
1000 1000
60
500 1000 1500 2000 2500 Nowt[rpm] 500 1000 1500 2000 2500 Nout[rpm] 500 1000 1500 2000 2500 Nowt[rpm]
(a) copper losses (b) iron losses (c) total losses

Figure 7.9: Losses in function of operating point (9 kW IM-based EVT, fixed stator)

7.2 Efficiency map of the moving stator topology

Similar to the fixed stator topology, the efficiency map of the moving stator topology is simulated

as well. In the previous chapter, a geometrical analysis concludes that there is no significant
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difference between the two topologies for the given working point. In this section, both topologies
are compared based on their operating limits and operating efficiency. The powerflow references

for the moving stator topology are presented in The relations between all powerflows are

similar to fegs. (7.1)|to|(7.6)|if subscript 1 is replaced by 3 and vice versa.

P out
LLLLLLLLLLLL, ... iy

Rotor
Pel,out ]Dloss

Figure 7.10: Powerflow references in the EVT (moving stator)

The efficiency map is plotted in the following figures. The maximal efficiency is located at Ny, =
1500 rpm and T,,; = 25 Nm and yields 88.4 %. There is thus only a small difference in efficiency
between the two topologies. On the other hand, the stability region has significantly increased

compared to previous design.

In the stability limits are investigated for Ny, = 2000 rpm. It is observed that the losses
are reduced compared to the fixed stator topology. For example, at T3, = 200 Nm the total machine
loss yields 12kW. For the same input torque the losses in |[Fig. 7.3| are over 15kW. Because of
the lower losses, a higher output torque can be transferred and the stability region is enlarged
significantly. plots a close-up of the magnetic field around the interrotor. The presented
figures correspond to an output speed of 1300 rpm. The magnetic field density increases along the
tooth tips. By consequence, the tooth tips and interrotor bridges saturate more for increased torque.
For T,y = 20 Nm, the interrotor bridges do not saturate a lot. Consequently, there is a considerable
leakage flux through the bridges and the efficiency of the device decreases. When the torque is high,
all interrotor bridges are saturated. Therefore, interrotor magnetic leakage is low. On the other
had, the saturation level of the teeth is increased as well. A larger magnetic field intensity, and thus
more current, is required to produce the same flux level. In conclusion, the efficiency of the EVT is
the result the complex interaction between magnetic leakage and saturation level of the iron cores
and has its maximum for intimidate torque levels. Note that similar results can be concluded for

the fixed stator topology of the previous section.

The frequency and slip have, apart from the larger stability region, equal courses in both fixed and
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Figure 7.11: Efficiency map of 9kW IM-based EVT (moving stator)
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Figure 7.12: Power limit at N;;, = 1500 rpm and N,,; = 2000 rpm (moving stator)
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Figure 7.13: Magnetic field for increasing output torque (N, = 1300 rpm, moving stator)

moving stator topologies. The stator supply frequency is decreasing for lower interrotor speed and
slowly increasing for higher torque, since more slip is required to produce high torque. In the low
speed region, the slip in the stator (Fig. 7.14c|) is strongly negative due to the constant ICE speed

(values beyond —1 are not shown).
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Figure 7.14: Supply frequency, input and output slip (9kW IM-based EVT, moving stator)

The maximal power through the converters yields 6kW as shown on located at Nyt =
700 rpm and 75, = 150 Nm. Note that the electrical power showed on the figure is enclosed between
—10 and 5kW. Because the electrical power is strongly negative (lower than —10kW) close to the
stability line, those values are not displayed (and thus white). Similar to the fixed stator topology,

it is concluded that the power through the converters is halved in a broad speed range compared

to a serial electrical machine connection (Fig. 7.15b]).

7.2.1 Currents and losses

It is clearly seen in that the function of the stator and rotor is inverted compared to
the fixed stator topology. Losses in the rotor are low in a very large operating region. This can be

advantageous, since it is difficult to remove rotor losses. Note that close to the stability line, currents
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Figure 7.15: Electrical power (fraction) through the converters (9kW IM-based EVT, moving stator)

in both stator and rotor are increasing very fast. Consequently, the operation of the machine in

this region has to be avoided, even during transients.
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Figure 7.16: Currents in function of the operating point (9 kW IM-based EVT, moving stator)

Unlike iron losses in the fixed stator topology, the iron losses in the moving stator topology are
not monotonically increasing with the output speed. Instead, there is a minimum around the input
speed as the slip frequency in the stator is low and thus iron losses are low. The course of the figure
is caused by the fact that the losses in both the stator and the rotor are of the same order. I.c for
low speed, the slip frequency in the stator is high and losses increase; for high speed, the supply
frequency in the rotor is high and iron losses increase as well. The total losses are presented in
Due to the increased efficiency of the moving stator topology, the maximum rated loss
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Figure 7.17: Loss distribution in function of operating point (9kW IM-based EVT, moving stator)
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line is moved upwards compared to Nevertheless, the difference is very small. The rated

power of the air-cooled inverted topology, consequently, equals 6 kW.
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Figure 7.18: Losses in function of operating point (9kW IM-based EVT, moving stator)

7.3 Comparison of classical and inverted topologies

In the previous and this chapter, a geometric and an operating analysis is made of the 9kW-
based EVT. Although, on the first sight, the potential advantage of the inverted topology was
estimated large, it seems out of the previous discussion that the two topologies are competing in
performance. shows that the optimal geometry is totally different if the function of the
stator and rotor is inverted. Moreover, concludes that the efficiency of the inverted
topology is less dependent on the geometrical parameters. In this chapter, it is concluded that
the operating efficiency is increased by 2% for the inverted design. Moreover, due to lower losses
in both stator and rotor, the device is capable to transfer more power compared to its classical
equivalent. At Ny, = 2000rpm, the maximal output power yields 20 kW, whereas previously the
EVT was limited to 12.5kW. Based in this remarks it is concluded that the inverted topology

is more suited for applications which require high transient power in the overdrive region. In
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automotive application, this is the case when one wants to accelerate fast at relatively high speed.

For off-highway applications, the advantage is likely not to be used as mostly only high power is

required at low speed.



89

Chapter 8

An EVT as a replacement of a Dana-

Spicer torque converter

CONFIDENTIAL UP TO AND INCLUDING 12/31/2024 - DO NOT COPY, DISTRIBUTE
OR MAKE PUBLIC IN ANY WAY



90

Chapter 9

Concluding remarks

9.1 Conclusion

The design of an electrical variable transmission was considered in this work. The first part of this
study was dedicated to transmission systems. A broad range of transmission systems was studied,
which resulted in a detailed overview of their working principles, advantages and disadvantages. It
was concluded that continuous variable transmission systems have several advantages over conven-
tional gearbox systems, including: a broader range of transmission ratio and, thus, a more optimal
use of the ICE. As emphasised in this leads to tremendous fuel savings. Moreover,
power-split transmission enable to overcome some of the inherent disadvantages of CVT systems.
The power-split allows on the one side to extend the operating region of the CVT. On the other
side, it allows to enhance the transmission’s efficiency, since a highly efficient mechanical power
path is added.

discussed several PS-CVT example systems focussing on hydraulic variators. Both
the Fendt Vario and the Dana Rexroth HVT were described. It was shown that output-coupled
as well as input-coupled PS-CVT systems are already present on the market. The choice of the
topology is mainly dependent on the application. Output-coupled systems allow a complete shiftless
transmission system, but require high power variable units. On the other hand, the power through
the input-coupled PS-CVT system is much lower and thus the size of the variable units is decreased.
However, this advantage is weakened due to the need of an additional gearbox in the transmission

system.

analysed several electromagnetic PS-CVT systems. Advantages of these kind of power-
split transmissions over others include: very high efficiency of the electrical devices, no maintenance
of hydraulic components and immense steering flexibility. The chapter also discussed the induction
machine based EVT which was studied in this work. Although the IM-based EVT requires sliprings
on the rotor, it requires only two airgaps which is the principal advantage over other EVT system.

Moreover, cage systems are relatively cheap and robust compared to their PM equivalents.

The consequent chapters were dedicated to a FE analysis of the IM-based EVT. After a short
introduction to finite element modelling, an overview of several studies was given, together with

some modelling principles. By means of the gathered information, a coupled-circuit finite elements
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model was composed in The geometry was parametrized such that different geometrical

parameters could be studied.

and [7|described a geometrical optimization and operational analysis of a 9kW IM-based
EVT. It was concluded that both fixed and moving stator topologies have several benefits. The
fixed stator topology has a simple design and is compact from mechanical point of view, since no
additional casting is required. On the other hand, the use of the moving stator topology increases
the electromagnetic efficiency of the device by a few percent. Moreover, the geometrical dependency

of the efficiency is reduced and the electromagnetic power limit is increased by 20 %.

In the feasibility of an electrical torque converter was studied. In the first part of
the chapter the geometry was optimised. The outer dimensions of the EVT were chosen similar
to a 250kW Dana torque converter. It was concluded that the optimal geometries of both fixed
and moving stator topologies have an electromagnetic efficiency of about 95%. Note that in this
simulation some approximations were made. In the first place, three dimensional effects such as
end-winding leakage were neglected. Secondly, skin effects and eddy currents in the iron core were
not included in the simulations. And finally, ventilation and mechanical losses were neglected.

Consequently, the total efficiency of the EVT could be a few percent lower.

In the second part of the chapter an operating analysis was performed including the optimal pow-
erline of an ICE. It was concluded that there is only a small operating difference between the fixed
and moving stator topologies. Unlike the smaller EVT studied in the power transfer
of the EVT in this chapter is not limited by the device itself. Due to the torque limit of the ICE,
losses do not increase as fast as in a constant speed situation. Therefore, the maximum power
transmitted by the transmission system is limited by the ICE. On the other hand, the lower losses
in the inverted topology cause an increase by 20 % of the rated power to 120kW for an air-cooled
device. In practice, other cooling methods are possible as well. Although cooling methods were not
studied in this paper, the rated power could be increased to more than 250kW if an appropriate
water/oil cooling system is designed. Since the rated power of the reference hydraulic torque con-
verter is 250 kW as well, an EVT with similar dimensions is able to transfer the same amount of
power. Moreover, it was concluded that the power size of the converters is only half of the power

size of a serial electrical machine connection.

In the last part of the chapter, the electromagnetic torque converter was integrated in an existing
transmission system. It was shown that even without changes to the gearbox, the operation of the
EVT is limited to the very high efficiency region. The global efficiency of the torque converter has
increased by 10 % due to the very high efficiency of the electrical machine. Moreover, since the
EVT enables to reduce speed at partial load, the fuel consumption can be significantly reduced. In
the studied acceleration curve, the reduction counts for 20 %. Moreover, at the vehicle’s top speed,
fuel savings are even higher due to the large efficiency difference between the electric and hydraulic

torque converters at partial load.

Overall, it was concluded that an electrical torque converter is a very feasible adaptation for off-

highway transmission systems. The obtained fuel savings are competing with the Dana Rexroth
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HVT. The main advantages of an electrical system over a hydraulic system are:

Increased efficiency of the electrical device;

Control flexibility;

Very fast torque response time;

No hydraulic leakage;

Compactness.

The main concerns towards the maximal power that can be transmitted are related to heat dissi-
pation. Since this was not the subject of this master thesis, a more detailed study is required to

investigate the thermal power limit.

9.2 Recommendations for future research

This work focused on the electromagnetic design of induction machine based EVT only. The entire

design of the machine requires a thermal and mechanical study as well.

The mechanical issues are mainly caused by construction limits of the interrotor. It was shown in
that the optimal thickness of the interrotor is only 10 mm for a rated torque transfer of
25 Nm. Furthermore, the double rotor induction machine requires very good bearings to reach the
required small airgap widths. Additionally, next to the electromagnetic losses, mechanical losses in
the bearings due to friction and ventilation losses in the machine due the cooling system should be

included in the overall performance of the EVT.

The thermal design of the machine is an important issue as well. If the power losses are not
sufficiently conveyed to the surroundings of the machine, local temperature spikes affect the elec-
tromagnetic performance as well as the mechanical properties of the machine. 77 concluded that
an air-cooling system may not provide sufficient cooling potential to cover the full operating range
of the EVT. Especially during low speed operation, the electrical losses are considerably higher
compared to an induction machine of the same size. The thermal design has to take into account
different heat transport mechanisms: conduction, convection and radiation. In particular, heat

convection in the moving stator topology is possibly difficult.

Also in the electromagnetic design, there are still many possibilities for improvement. As this work
focused on a feasibility study, not all geometrical parameters were studied. Future research should
include other design factors such as: airgap width, teeth thickness, yoke hight and so on. Due to the
development of a parametrized finite element model in the context of this master thesis, the model

can easily be adapted to include other geometrical parameters. Moreover, a scaling option was
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integrated in the program. The option enables to investigate a very large range of different machine
sizes. Additionally, not only geometrical parameters can be changed, also operating constraints,
such as the optimal powerline of an ICE, are easily included into the model. Finally, although
a transient study is not performed in this research, the model was constructed in a way that a

time-dependent analysis is possible as well.

Concluding, the research possibilities based on presented FE model, developed in the framework of
this master thesis, are immense and much more results can be obtained in the future than presented

here.
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