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Sammanfattning

| denna doktorsavhandling presenteras ett nytt elhybridsystem fér vagfordon
bendmnt fyrkvadrant omvandlare, "Four Quadrant Transducer (4QT)". Detta
system har simulerats under kdrcykler som t ex FTP75 for att kunna bilda sig en
uppfattning om bransleférbrukningen for hybridsystemet och for att kunna di-
mensionera el maskinernatill systemet. En elmaskinprototyp for hybridsystemet
har konstruerats och provats i momentvag.

Enligt utférda simuleringar blir besparingen i brénsleférbrukning ca 30% for en
tolv tons distributionslastbil utrustad med en 100kW dieselmotor under kor-
cykeln FTP75. Denna minskning av bransleférbrukning kommer framst fran en
mera optimal kontroll av forbranningsmotorn samt regenerativ bromsning av
fordonet.

Den konstruerade prototypen &r avsedd for en medelstor bil. Anledningen till att
prototypen inte byggdes i en storlek passande for distributionslastbilen var att
prototypen skulle passai testutrustningen i elmaskinlaboratoriet.

Prototypen provadesi momentvag for att undersoka verkningsgrad, forluster och
termiska prestanda. Resultaten ar enligt forvantningarna.







Abstract

In this thesis a hybrid electrical powertrain called the Four Quadrant Transducer
(4QT) has been evaluated through different driving simulations, which later re-
sulted in the manufacture of a prototype.

The simulation of a12 metric ton distribution truck showed that the 4QT system
can reduce the fuel consumption by approximately 30% during the FTP75 drive
cycle. The reduction in fuel consumption is due to a more optimal control of the
combustion engine and regenerative braking of the vehicle.

The prototype 4QT has been down scaled from the distribution truck size used in
the simulations to a size suitable for a medium sized passenger car. This was
done to fit the test rig in the electric machine laboratory.

The prototype was tested in the test bench to analyse performances such as effi-
ciency, losses and thermal behaviour. These factors were investigated using both
analytical models and the finite element method and later by measurements. The
measured results were according to expectations.
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Introduction

1 | ntroduction

A combustion engine in a conventional vehicle operates rarely at optimum effi-
ciency. The optimum efficiency is about 30—40% and can only be obtained in a
small speed-torque region. The mean efficiency is much lower because of the
small maximum efficiency region. To operate a combustion engine at optimum
efficiency during al driving conditions, full control of the torque and speed is
required. In a series hybrid vehicle such control is achieved but the electric ma-
chines must be dimensioned for the maximum power and all energy has to be
converted from mechanical to electric and back to mechanical with losses at eve-
ry conversion stage. The parallel hybrid vehicle has a smaller electric motor that
is mechanically connected to the gears, which limits the control of the internal
combustion engine (ICE) to only the torque. In the novel four-quadrant transduc-
er (4QT) concept [6], which isafurther development of the work on the integrat-
ed energy transducer [3], the advantages of the series and parallel hybrid systems
are combined. This gives possibilitiesto operate the | CE independent of the road
load.

The 4QT system has been investigated with the help of simulations in Matlab/
Simulink environment. The simulations showed a decrease of the fuel consump-
tion of atwelveton vehicle by 30% running the FTP75 drive cycle. Thisdecrease
is due to the more efficient use of the | CE and the use of regenerative braking.

A prototype 4QT has been designed, manufactured and tested as a proof of the
concept. The prototype was dimensioned for a small passenger car with a total
power of approximately 60kW.

The main aspects of the 4QT prototype testing were the thermal issues and |osses
in the machine. Efficiency maps have been measured for the prototype to be used
in further tests/simulations of the machine and to verify the calculations.

1.1 Outlineof the Thesis

In this thesis the novel Four-Quadrant Transducer system is presented. Simula-
tions of the system during different driving conditions have been carried out. The
results of the simulations show the demands that must be made on the systemin
order to get the right performance. They also give important data that are re-
quired to dimension a4QT system for ahybrid vehicle. A description of the 4QT
prototype is also given.

The presented work has the following outline:

Chapter 2: Describes different hybrid vehicle topologies. Presents the series and




The Four Quadrant Transducer System

paralel hybrid systems, the integrated starter generator, the integrated energy
transducer, fuel cell and electric vehicles. The basic operation principles, the ad-
vantages and disadvantages of the systems are presented.

Chapter 3: Gives an introduction to the Four Quadrant Transducer (4QT) sys-
tem. The chapter presents the main idea of the system, the operation principles
and the possibilities and limitations of the 4QT system.

Chapter 4: Presents details about the simulations of the 4QT system. Gives de-
tailsabout the simulation program used for the simulation, introduces the vehicle
datafor the target vehicle, presents the different driving demands for the vehicle
and introduces the drive cycle used for the simulations. The results of the differ-
ent simulations are presented as fuel consumption of the vehicle and torque and
speed requirements of the 4QT machines.

Chapter 5: Deals with the design of the 4QT prototype. The design starts with a
basic analytical design, which later is confirmed viaFEM simulations. Magnetic
air gap flux density, back EMF, cogging, torque ripple, inductances and the field
weakening region are investigated with FEM for the prototype. The effect of
skewing on the cogging and the torque ripple in the machine are investigated.
The mechanical design and the cooling methods for the prototype are presented.

Chapter 6: Presents the measurements on the 4QT prototype. The test setup is
presented for the different tests. The different parts of the 4QT such as the Stator
machine (SM) and the Double Rotor Machine (DRM) has been investigated sep-
arately and together. The measurements present the thermal capabilities, |osses
and the efficiency of the 4QT prototype. The parameters such as inductance and
resistance of the windings are measured and presented. The effect of the different
design changes that has been performed during the work are analysed in the
chapter.

Chapter 7: Presents the thermal modelling of the 4QT machine. The thermal
modelling where done both with lumped circuit modelling and with FEM. The
two different methods are presented and compared with measured results for
steady-state operation. Different innovative cooling techniques are investigated
and proposed for the 4QT system.

Chapter 8. Investigatesthe different lossesin the 4QT prototype both anal ytical -
ly and with FEM. The losses has been compared to measured val ues and separat-
ed into different components, such as copper, iron and mechanical |osses.

Chapter 9. Contains conclusions of the presented work and presents some pos-
sible future work. The chapter contains the main results from both the simula-
tions and the prototype design, manufacturing and testing.
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1.2 Published papers

The following papers have been published at international conferences as a part
of this work. Paper 1 to 3 and 8 to 10 focus on the 4QT system. Paper 1-3 have
the author of this thesis as main author. Paper 1 and 3 present the 4QT prototype
design and manufacturing while paper 2 contributes with system simulations of
the 4QT system. In paper 8-10 the thesis author has been lightly involved. These
papers present the winding current distribution, how the skewed slot influences
the performance, and inductance measurements and cal cul ations of the 4QT pro-
totype.

Paper 4 and 5 deal with sliprings and their operation, since they are an important
part of the 4QT system. The papers contribute with slip ring operation at high
speeds, high current densities and high inverter fed frequencies.

Paper 6 and 11 describe thermal modelling of electrical machines, Paper 6 de-
scribes the thermal modelling of an radial flux permanent magnet machine and
paper 11 dealswith the thermal modelling of an axial flux motor. This paper con-
tributes with the modelling method used in chapter 7 for the 4QT prototype.

Paper 7 describes the two novel hybrid systems the Free-Piston Generator [47]
and the 4QT system.

1. Four-quadrant Energy Transducer for Hybrid Electric Vehicles
E. Nordlund, C. Sadarangani and P. Thelin, Published in the Proceedings of
the International Conference on Electrical Machines, ICEM 2002, Brugge,
Belgium, August 2002

2. Four-quadrant Energy Transducer for Hybrid Electrical Vehicles Simula-
tions and System Description
E. Nordlund and C. Sadarangani, Published in the Proceedings of the Interna-
tional Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exhibi-
tion, EVS-19, Busan, Korea, October 2002

3. Four-quadrant Energy Transducer
E. Nordlund and C. Sadarangani, Published in the Proceedings of the 37th
Industrial Application Society Meeting, IAS 2002, Pittsburgh, USA, October
2002

4. Testing of Silver-, Copper- and Electro-Graphite Brush Materialsfor Slip
Ring Units
E. Nordlund, F. Magnussen, G. Bassilious and P. Thelin, Published in the Pro-
ceedings of the Nordic Workshop on Power and Industrial Electronics
(NORpieg), Trondheim, Norway, June 12-14, 2004
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5. Measurements on Slip Ring Unitsfor Characterization of Performance
F. Magnussen, E. Nordlund, S. Chatelet and C. Sadarangani, The Sixth Inter-
national Power Engineering Conference (IPEC2003), Singapore, November

27 - 29, 2003
Thermal Analysis- Lumped Circuit Model and Finite Element Analysis

Y.K. Chin, E. Nordlund and D.A. Staton, The Sixth International Power Engi-
neering Conference (IPEC2003), pp. 952 - 957, Singapore, November 27 - 29,

2003

7. New Drive Topologiesfor Hybrid Electric Vehicles
W. M. Arshad, E. Nordlund and P. Thelin, Published in the Proceedings of the

ICEETO3 International Conference on Electrical Engineering and Technology,
Dar Es Salam, Tanzania, August 2003

Investigation of the Winding Current Distribution in a 4-Quadrant-Trans-

ducer Prototype Machine
P. Zheng, E. Nordlund, P. Thelin and C. Sadarangani Published in the Pro-

ceedings of the The Eleventh Biennial |EEE Conference on Electromagnetic
Field Computation (CEFC2004), June 2004, Seoul, Korea

Consideration of Skewed Slotsin the Perfor mance Calculations of a Four-

Quadrant Transducer
P. Zheng, P. Thelin, E. Nordlund, S. Eriksson and C. Sadarangani, Published

in Proceedings of the IEEE Vehicular Power and Propulsion Symposium, VPP
04, Paris, France, October 6-8, 2004

10. Measurements and Calculations of Inductances of a 4QT Hybrid Electric

Vehicle Prototype Machine
P. Zheng, P Thelin, A. Chen and E. Nordlund, Published in Proceedings of the

|EEE Vehicular Power and Propulsion Symposium, VPP 04, Paris, France,
October 6-8, 2004

11. Lumped Circuit Model of an Axial Flux Motor
E. Nordlund, S. Tsakok, Published in the Proceedings of the 21st Worldwide

Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exhibition,
EVS-21, Monaco, April 2-6, 2005
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2  Vehicledrivetrain systems

A number of different hybrid and electric drive train systems are proposed and
used worldwide. Some of them are presented in this chapter together with a brief
introduction to the conventional combustion engine vehicle.

2.1 Conventional ICE enginevehicle

In a conventional vehicle the internal combustion engine (ICE) is directly con-
nected to the wheels via the clutch and the gearbox shown in Figure 2.1. This
means that for each gear the ICE has to follow the road load with both the torque
and speed. Because of the small maximum efficiency region of a combustion en-
gine, the operation israrely at the maximum point; this givesalow efficiency of
the complete drive train particularly in urban traffic.

Clutch

Fig. 2.1  Conventional drive train with I CE, clutch, gearbox and final gear.

ICE

2.2 Serieshybrid

The series hybrid system consists of an ICE, a generator, two inverters, energy
storage (for example a battery or capacitors) and a traction motor, as shown in
Figure 2.2. In the series hybrid system the ICE is not mechanically coupled to
thefinal gear, thereby making it possible to operate the ICE at optimal efficiency
independent of the road load. The size of the battery is of great importance to the
control flexibility of the ICE, asmall battery requires a combustion engine con-
trol that follows the output power of the vehicle. If alarge battery is used the
combustion engine can operate more independently of the road load, because the
battery acts as an energy storage that is used for transient power demands.
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Generator Traction motor

ICEK(DE’\; %\ N /

Inverter Energy stora:
(AC/DC)  (Battery) (DC/AC)

Fig. 2.2 Theserieshybrid system.
Some advantages and disadvantages of the series hybrid system are given below:

Advantages.

e Optimal control of the ICE.

* TheICE and the electric traction motor can be distributed in the vehicle
which enable new vehicle layouts.

¢ The ICE does not have to be dimensioned for the maximum power.

Disadvantages:

e Several stages of energy conversions, result in more losses.
* The electrical drive system has to be dimensioned for maximum power.

2.3 Paralld Hybrid

A parallel hybrid system can be outlined in different ways. In the parallel system
shown in Figure 2.3, the ICE is mechanically connected to the gearbox and thus
to the wheels; this gives the possibility to control the torque but not the speed of
the ICE independent of the road load. The electric power is fed in to the gearbox
by a motor and drawn out of the gearbox by a separate generator. It is aso pos-
sible to use only one electrical machine working as motor/generator and one in-
verter. There are a number of different ways to arrange the power split of the
parallel hybrid vehicle, the case in Figure 2.3 uses a gearbox with three separate
shafts. It can also be arranged with the motor/generator directly in line with the
ICE asin Figure 2.4 where the | SG system is presented.

A list of the advantages and disadvantages of this system are given below:

Advantages:

* The electrical components are dimensioned for the power difference
between the ICE and the final gear.
« Usually higher efficiency due to fewer energy conversions.

10
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Disadvantages.

» ThelCE can not work at an optimal operation point regarding both speed
and torque.

Traction motor

Gear box

Inverter
(DCI/AC) N,

Final gear

Energy storage

= |ICE

Inverter
(AC/DC) =

Generator

Fig. 2.3  Theparallel hybrid system.

2.4 Integrated Starter Generator (1SG)

In the ISG system shown in Figure 2.4, the electric machine is small and only
operates as a starter, generator and to boost the torque during acceleration. It is
also possible to use the el ectric motor for regenerative braking. When the vehicle
isat standstill the ICE is shut off. At take off the vehicleis moved from standstill
by the electric motor and at certain speed or load demand, the ICE is started by
the electrical motor. At higher speeds the vehicle performs as a conventional ve-
hicle, with the electric machine working as generator. This system uses light
electric components and a small battery.

Stator Final gear
Rotor

I C E Gearbox
Bl
1| Y
Energy storage =

(Battery)
Inverter \

Fig. 2.4  ThelSG system.

11
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2.5 Thelntegrated Energy Transducer

In the integrated energy transducer (IET) system, [3], shown in Figure 2.5, the
ICE is connected to a double rotor machine (DRM) that changes the speed to the
optimal speed of the ICE while the torque is controlled with a continuous varia-
ble transmission (CVT). The combination of these two components opens up for
an optimal control of the ICE. In the IET system the three-phase winding is ro-
tating and sliprings are required to feed electric power to the windings. The DRM
is dimensioned for the speed difference between the required output speed from
the IET and the optimal speed of the ICE, and for the maximum I CE torque.

Final gear
Outer rotor
Inner rotor

Sliprings —
A . Energy storage
Inverter (Battery)

Fig. 2.5 ThelET system.

2.6 Fue cel vehicles

A fuel cell (FC) vehicle uses fuel cells and not a combustion engine as the pri-
mary energy source. Thefuel cell usesfor example hydrogen or methanol as fuel
and produces electricity through a chemical conversion of the fuel. This is a
clean process, in the case of hydrogen fuel the only emission from the FC iswa-
ter. Even though the production of the hydrogen is not always a clean process.
The challenges lie in cost reduction and the method to store hydrogen in a safe
and acompact way. To avoid the latter, areformer that refinesthe hydrogen from
the methanol before it is used in the FC can be used.

In the real FC system a battery or some other energy storage device, e.g. a super
capacitor, is often included to enable the vehicle to start faster and to achieve a
higher peak power and better transient performance.

The FC is more efficient than the ICE. As a comparison the tank to wheel effi-
ciency of a FC-vehicle is amost 50%, whereas the same efficiency for an ICE
vehicleis about 15% [5].

12
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Final gear

Inverter
(DC/AC) Traction motor

Fuel cell | |XX

‘IIJ\Energy storage

(Battery)

Fig. 2.6 Thefuel cell system.

2.7 Electricvehicles

Theelectric vehicle (EV), Figure 2.7, has an el ectric machine that operates most-
ly as atraction motor but in some cases as a generator when utilizing regenera-
tive braking. The energy to the electric machine comes in most cases from
batteries that have to be charged from an external source. However, the emis-
sions from the electric vehicleis zero. It must be remembered that the electricity
required for charging of the vehicle can be produced in different ways with dif-
ferent levels of emissions. A serious problem with electric vehiclesisthe battery
performance, both the power and the energy of the battery limit the vehicle per-
formance and the driving range. Presently there are many different batteries on
the market with varied power and energy capability.

Final gear

Inverter Traction motor

(DC/AC) \
Energy storage ~
(Battery)
[ —

Fig. 2.7  Electric vehicle drive train.

Table 2.1 shows the energy density of different battery types and of gasoline and
diesel. The huge difference between the liquid fuels and the batteries shows that
the battery powered vehicles have a much lower driving range compared to a
conventional vehicle. As can be seen from the Table 2.1 the energy density is
about 80times higher for gasoline than for the best battery, the Li-ion battery.
The efficiency of the battery drive is higher than for a combustion engine, but if
one for example assumes that the combustion engine drive has an efficiency of

13
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20% and the battery drive 100%, the battery still has to be 16times heavier than
the gasoline tank. In a conventional car the fuel tank is about 50litres which is
approximately 37kg of fuel. A Li-ion battery then has to be 16times heavier, i.e.
590kg to have the same driving range as a conventional car with a 50litre fuel
tank. Thisis for a conventional car that weighs about 1500kg. If one then adds
590kg of battery, the weight and consequently the energy consumption of the car
will increase. Another aspect is the charging of the battery. To fuel 50litres of
gasoline takes some minutes whereas to fully charge a battery of 590kg requires
307MJ of energy, which means that a power of 1MW would be required to fully
charge the battery in 5minutes.

However, in the most common cases a driver does not drive more than about
50km a day, e.g. to and from work. In this case an electric car that is charged
during night could be a suitable alternative.

Table2.1 Energy density of different energy sources.

Typect energy | Eneray densty | peterence
Lead-acid 0.144 [2]
Metal hydrid 0.28 [2]
Li-ion 0.52 Saft corpora

tion data sheet
Diesel 425 [2]
Premium Gasoline 435 [2]

14
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3 ThedQT System

The 4QT system [6] consists of, as shown in Figure 3.1, one ICE, two inverters, a
battery and the four-quadrant transducer (4QT) which includes the dliprings. The
4QT transducer is an electric machine made up of two combined electric machines,
in this caseradia flux permanent magnet synchronous machines. The 4QT consists
of one double rotor machine (DRM) and one conventional machine (Stator). The
4QT can replace the gearbox, clutch, and the flywheel in the vehicle but instead it
needs a battery, two inverters and some control equipment. The DRM consists of
the inner rotor with windings fed through the dliprings and the outer rotor with mag-
nets. The Stator is a conventional stator with windings that interacts with the outer
rotor of the DRM. The magnets on the outer rotor are separated into one inner layer
for the DRM and one outer layer for the Stator as shown in Figure 3.1.

Permanent magnets ~ Stator

Inner rotor

ICE =

Slip rings
NI L
—_ /T —_
Inverter Battery Inverter \
(DRM) (Stator)

Fig. 3.1  The4QT system.

Both machines are supposed to work both as motors and as generators. The 4QT is
mounted between the combustion engine and the final gear in a hybrid electric vehi-
cle (Figure 3.1). The function of the 4QT system is to keep the operation of the ICE
at maximum efficiency (Figure 3.2) during all driving conditions to minimize fuel
consumption. The 4QT changes both the speed and torque produced by the ICE at
the optimal operation point to the required speed and torque at the final gear. The
DRM either increases or decreases the speed from the | CE to the speed required at
the final gear. The Stator increases or decreases the torque produced by the ICE to
match the demanded torque at the final gear. This enables operation at maximum
efficiency and/or minimum emission of the ICE at all speeds and loads of the vehi-
cle. It isalso possible to drive the 4QT-equipped vehicle in a pure electric mode.

15
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During this mode the driving range is then limited by the energy content of the bat-
tery. If the battery is removed the 4QT system can be operated as an electrical vari-
able transmission system [42].

Asshown in Figure 3.2 the ICE efficiency is highest at high torques and at mid
range speeds (2000-3000rpm) for this specific diesel engine. The optimal operation
line (OOL) isthe operation line where the ICE operates at optimal efficiency for a
required power, and it is almost the same as the maximum torque limit for al
speeds. The maximum torgque and the OOL are shown in Figure 3.2 asasolid line
for the maximum torque and a dotted line for the OOL. The OOL is used to obtain
the maximum efficiency of the ICE. To obtain the lowest possible emissions the
transient behaviour of the ICE must also be considered. An estimation of the emis-
sions has not been made since no reliable emission data for the combustion engine
was available.

10.45

250
104

10.35
200

403

&
8
N
8
S
N

150 |2

Torque [Nm]

50

1000 1500 2000 2500 3000 3500 4000 Effi(:iency0
Speed [rpm]
Fig. 3.2 ICE efficiency versus speed and torque. The solid line is the maxi-
mum torque and the dotted is the optimal efficiency line used in the
simulations.

To keep the | CE operation aong the OOL the 4QT changes the speed and torque
required at the final gear to the speed and torque along the OOL for the ICE. an
example of how the 4QT moves the operation point is shown in Figure 3.3. The
required speed and torque at the final gear can be higher or lower than the OOL. In
Figure 3.3 point A isthe reguired torque and speed at the final gear. Point B is the
equivalent operation point on the OOL of the | CE that produces the same power as
required at point A plus the lossesin the system, battery charging/discharging and
the auxiliary power load of the vehicle. The DRM changes the speed by An from
the speed required at the final gear to the optimal speed of the ICE. In the same
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manner the torque is changed by AT with the Stator to the optimal torque for the
required power. This movement of the operation point maintains the operation of
the ICE at the OOL during al driving conditions. The 4QT is dimensioned for the
difference in speed and torque between the ICE and the final gear, which gives
smaller electrical machinesthan in a series hybrid vehicle, meanwhile afull control
of the ICE operation is possible. It is aso possible to use asmaller ICE than in a
conventional vehicle, this because of that the highest peak powers can be supplied
by the electrical machines viathe battery instead of directly from the ICE. This
gives a | CE dimensioned after the highest continuous power, usually the top speed
of the vehicle, instead of the highest peak power, usualy during hard accel erations.

T T T T T T T
- Optimal operation line :

Equivalent 6pération point at maximum efficiericy

N
\.A
<T>>< Torque and speed

required at the final gear :

DRM 1

ICE Torque [Nm]

L L I I 1 1 L

ICE Speed [rpm]

Fig. 3.3  The 4QT torque and speed changing strategy.

3.1 Operation of the4QT

Simulating atwelve-ton truck during the first 140seconds of the FTP75 drive cycle
clearly demonstrates the operation of the 4QT. Figure 3.4 shows the vehicle speed
and the speed and torque required at the final gear during the first 140seconds of the
FTP75 drive cycle. The final gear speed in Figure 3.4 isthe vehicle speed in km/h
converted by the wheel radius and the constant final gear ratio into the speed in rpm
of the final gear input shaft. During this period the torque production in the ICE,
DRM and Stator are shown in Figure 3.5. Here it can clearly be seen that the ICE
and DRM torques are the same because the DRM only changes the speed and trans-
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fers the I CE torque unchanged. The Stator either increases or decreases the torque
s0 it matches the torque required at the final gear. In Figure 3.5 the Stator torque
reaches very large negative values. In these cases both regenerative braking and
conventional braking must be used.

Figure 3.6 shows the speedsin rpm of the ICE, the inner rotor and the outer rotor.
The DRM speed is the difference between the | CE speed and the speed at the final
gear. The speed of the DRM can also be negative, even when the vehicle is moving
forward. This can be mostly seen at low speeds when the optimal speed of the ICE
is higher than that required at the final gear.

Ascan be seeninfigures 3.4-3.6, for avehicle equipped with a4QT system the ICE
should be dimensioned for the mean power consumption and the 4QT for the differ-
ence between the mean and the peak power. The 4QT allows an optimal control of
the ICE by changing the speed and the torque using the DRM and the Stator.

Speed [km/h]

0 20 40 60 80 100 120 140

Speed [rpm]

0 20 40 60 80 100 120 140

Torque [Nm]

-600 L L L L I I
0 20 40 60 80 100 120 140

Time [s]

Fig. 3.4  Vehicle cruising speed, speed and torque at the final gear during the
first 140seconds of the FTP75 drive cycle.
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Fig. 3.5 ICE, DRM and Stator torques during the first 140seconds of the
FTP75 drive cycle.
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Fig. 3.6 ICE, DRM and outer rotor speed during the first 140seconds of the
FTP75 drive cycle.
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3.2 Output power of the4QT

The output torque of the 4QT system is a combination of the ICE (or DRM) and the
Stator torques shown in Figure 3.7. To derive the total output torque the Stator and

I CE torques are added together. The output speed of the system is obtained by add-
ing the DRM speed to the ICE speed.

So the maximum torque output is the maximum | CE torque plus the maximum sta-
tor torque while the maximum output speed of the system is the maximum ICE
speed plus the maximum DRM speed.

The maximum power output that is possible to deliver from the 4QT system is dif-
ferent for transient and steady-state conditions. At transient conditions the maxi-
mum output power, when neglecting all losses, is the ICE power plus the battery
power assuming theinverters are dimensioned for this. At steady-state condition the
maximum output power becomes the same as the maximum ICE power. When run-
ning for along time at a high power the battery gets discharged and thus only the

I CE power can be used during longer time periods.

The operation point at the output shaft in Figure 3.7 can be deduced starting from
the ICE operation point, then adding first the speed increase from the DRM, and
then finally the torque increase from the Stator. This point is a transient operation
point since both the speed and torque increases need extra energy from the battery.
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Fig. 3.7  Output torque versus speed for the 4QT system.
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3.3 Different driving modes

The 4QT system obtained its name from the four different operating modes
described in the following. Looking at a speed-torque diagram the 4QT can operate
in all four quadrants modes defined with the origin at the operating point of the ICE.

These four modes can be described as:

» Increased speed and torque: The 4QT draws power from the battery under
heavy load, both machines require power from the battery.

» Decreased speed and increased torque: The DRM decreases the speed and
the Stator increases the torque. The DRM charges and the Stator discharges
the battery.

» Decreased speed and torque: The DRM decreases the speed and the Stator
the torque. Both machines are charging the battery.

» Increased speed and decreased torque: The DRM increases the speed and the
Stator decreases the torque. The DRM discharges and the stator charges the
battery.

All four modes will be further described in this chapter.

3.3.1 Increased speed and torque

In this mode, shown in Figure 3.8, both the speed and the torque are increased by
the 4QT from the ICE to the final gear. This modeis for example used when the
vehicle is operating at high speed and is accelerated. Figure 3.8 shows the power
flow in the system. The power flows from the battery to both machines which leads
to adecrease of the battery SOC (State of Charge), so this mode of operationistime
limited by the battery energy content or by the lowest allowed SOC level.

Fig. 3.8  Increased speed and torque.
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3.3.2 Decreased speed and increased torque

In thismode, shown in Figure 3.9, the DRM decreases the speed of the ICE and
operates as a generator, feeding power to the Stator and/or the battery. The Stator
increases the torgue from the | CE torque to the required torque at the final gear. The
Stator gets power from the DRM and/or the battery. If this modeis used for alonger
period of time all power used by the Stator must be produced by the DRM. This
modeis used when the vehicleis driving at low speed and heavy loads, at start from
standstill and when the optimal operation of the ICE is at a higher speed than the
required speed at the final gear.

Pice

ICE

Fig. 3.9 Decreased speed and increased torque.

3.3.3 Decreased speed and torque

If the SOC in the battery is low and the battery needs immediate charging both the
DRM and the Stator can operate as generators simultaneously. In this case the ICE
isworking with a higher speed and torque than what is required at the final gear.
The DRM decreases the speed and feeds power to the battery via one inverter, the
Stator decreases the torque and charges the battery with power viathe other inverter.
Figure 3.10 shows the power flow during this mode of operation. The ICE power is
in this case the required power at the final gear plus power delivered to the battery
through the DRM and the Stator. This mode is used at transient condition to charge
the battery quickly and the charging power to the battery has to be considered since
the battery has a maximum input power limit. It is also used in case of regenerative
braking of the vehicle when either braking with the Stator or the DRM or both
together.
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ICE

Fig. 3.10 Decreased speed and torque.

3.3.4 Increased speed and decreased torque

The most common driving mode is increased speed and decreased torque, see
Figure 3.11. Thisisbecause the | CE optimal operation islocated at relatively low to
moderate speeds but at high torques. During this mode the DRM takes power from
the battery or from the Stator, that operates as a generator, and increases the speed.
The Stator, which operates as a generator, decreases the torque. This driving mode
gives at first sight the impression of aloop in the power flow, whichisin fact true
but the circulating power is very low compared to the power that flows straight
through the system. As an example the circulating power isonly 5% of the final
gear power in simulations when driving a 12-ton vehicle at 100km/h on aflat road.

PICE

ICE=>

AN 1 Y
—_ T —_

Fig. 3.11 Increased speed and decreased torque.

23



The Four Quadrant Transducer System

3.3.5 Puree€lectric mode

Thereisin fact afifth mode of operation, the pure electric mode, shown in

Figure 3.12. In this mode the power from the battery is consumed by the two
machines of the 4QT. When operating the DRM in the pure electric mode the torque
that is produced by the DRM is also acting on the | CE shaft. This could lead to a sit-
uation where the ICE may start to rotate in the opposite direction to the normal
operation because of the DRM torque. To avoid this reverse rotation alock-up func-
tion of the ICE shaft is required when the DRM is operating in pure electric mode.
In order to minimize the cost of the system this lock-up function should preferably
be avoided as it adds one more component to the system thereby increasing the cost
and complexity of the system.

It is possible to avoid this lock-up function if only the Stator is used during pure
electric mode operation. The drawback with thisis that the electric performance
becomes limited to the Stator power. Overall, thisis considered asaminor problem
since the pure electric mode is mostly utilized at low speed and low power of the
vehicle. The electrical power is aso limited by the battery power and using both
machines in pure electric mode requires a battery with both high power and high
energy capacities.

Pwhee\

ICE

Pwhee\

/N

/I Porm
A Not always used Pstator

=T=

Fig. 3.12 Pureelectric driving of the 4QT vehicle.

3.4 Different 4QT system layouts

It is possible to combine the 4QT with the ICE and final gear in anumber of differ-
ent configurations. It is also possible to arrange the drive train with gears before and
after the 4QT.
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When using the functional requirements [31] the maximum wheel torque starting
requirement is approximately 9.5kNm and the maximum rotational speed at the
wheelsis 630rpm at driving speed of 100km/h. This introduces some demands of
the 4QT drive system to fulfil al the driving requirements.

3.4.1 Only final gear

When using the 4QT system with alayout asin Figure 3.1, using only afinal gear to
reduce the torque from the wheel torque to the 4QT torque, the maximum speed at
the wheel and the starting torque of the system become as shown in Figure 3.13 for
different gear ratios.

If investigating the speed in Figure 3.13 the optimal gear ratio for driving at
100km/h is about 6, which gives alow speed for the DRM and thus low electrical
power and losses in the electrical system. As mentioned above the maximum torque
at the wheel from starting capability [31] requires awheel torque of 9.5kNm. A
final gear ratio of 6 requires a Stator torque of almost 1600Nm which can be com-
pared to the maximum DRM torque that is equal to the ICE maximum torque of
297Nm. The Stator torqueisthus 5 time larger. It is possible to optimize the system
for both operation points with the usage of a two-speed gearbox. However, in the
real case scenario the system hasto be able to operate during a complete drive cycle
with different speeds and torques.
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Fig. 3.13 Maximum speed and starting torque of the 4QT system with only a fi-
nal gear for different gear ratios.
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3.4.2 Gear box between the 4QT and thefinal gear

Usage of agear box between the 4QT and the final gear will make it possible to
reduce the sizes of the 4QT machines. Using more gears will further reduce the
demands on the 4QT but one important reason to use the 4QT system isto reduce
the need of gears. Since the torque demand at starting in steep slopesis high, it may
be necessary to use at least a two-speed gear box to minimize the effects of this
highest torque demanding mode of operation.

3.4.3 Gear between the|CE and 4QT

Usage of a constant gear between the ICE and the 4QT would increase the speed
and reduce the torque of the inner rotor. Figure 3.14 shows the speeds at 100km/h
and the starting torque at 16% slope for the 4QT system with a constant gear of gear
ratio 2 between the ICE and 4QT.

As can be seen from the Figure 3.14 the inner rotor speed has increased to two times
the ICE speed at maximum power compared to Figure 3.13, while the maximum
torque on the inner rotor has been reduced by half.
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Fig. 3.14 Maximum speed and starting torque for the 4QT system with a gear
with gear ratio 2 between the ICE and the 4QT for different gear ra-
tios at the final gear.
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According to Figure 3.14 the DRM speed becomes low at high gear ratios of the
final gear. At agear ratio of 12 on thefinal gear the DRM speed becomes zero.
Using ahigh gear ratio in the final gear also decreases the torque required from the
Stator. These changes will make it possible to achieve a compact 4QT machine
which will, however, operate at high speeds. High speeds will impose new chal-
lenges on the 4QT design. The inner rotor will rotate at a maximum speed of

8000 rpm which will expose the inner rotor windings to higher centrifugal forces
and expose the dliprings feeding the inner rotor windings to larger stresses. The
outer rotor speed will also be dependent of the gear ratio but since the outer rotor
consists of asolid sted tube the centrifugal force are of less significance. However,
the demands of holding the outer magnets in place with suitable bandaging will
increase.

The starting torque demand on the 4QT system at large slopes will be reduced with
a high gear ratio of the final gear as seen in Figure 3.14, this reduces the torque
demand on the Stator machine.

3.4.4 Usingthe4QT asaretarder

A retarder is awear-free additional retarding braking system used in heavy vehicles
such as buses and trucks. The retarder increases the safety of the vehicle and
reduces the stresses and service on the braking system. There are several different
retarder systems available in the market [2]:

Hydrodynamic retarders

The hydrodynamic retarders are mounted on the drive shaft and during braking a
rotor is used to convert mechanical energy from the drive shaft into kinetic energy
inafluid, oil. The amount of oil is controlled by pressurised air that is regulated by
an electric control circuit that in turn is controlled by the drivers brake request. The
following are some features of the hydrodynamic retarder:

» Relatively complex design

» Low weight of the retarder when it isintegrated in the transmission
* High specific braking powers

 Very sensitive control of the applied braking power can be achieved
* Fan losses when retarder is not running

Electrodynamic retarder

The electrodynamic retarder hasfield coils in a stator which when supplied by volt-
age produces amagnetic field in the rotor that induces eddy currents which will
brake the rotor connected to the drive train. This gives an easy voltage regulated
electric control of the brake torque by changing the supplied voltage. The following
are some features of the electrodynamic retarder:
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» Heat dissipated to the atmosphere

Relatively simple design

Relatively heavy construction

» Heating of the retarder decreases the braking torque
High braking powers achievable even at low speeds

Using the 4QT as a retarder

The 4QT electric machine could be used as aretarder for the vehicle, thus limiting
the need of an extra component in the drive train. The braking torque will be limited
to the maximum torque of the 4QT. This maximum torque could be made up of
either only the Stator torque or both the Stator and DRM torques. In a4QT system
without alock-up function it is only possible to use the Stator as a brake. If alock-
up function is used on the | CE shaft thereisthe possibility of also using the DRM as
a brake generator thus increasing the braking power of the retarder.

The brake power from the el ectric machinesworking asretardersin the 4QT system
has to be stored in the battery or dissipated in some resistive load bank. The
demands on the retarder from [31] are to keep a constant speed of 30km/h at aroad
slope of 7% for a distance of 6km. To do so aretarder brake power of 47kW is
needed. To drive 6km at 30km/h takes 12min. This gives an energy storage require-
ment of 33MWs.

To conclude, it is possible to use the 4QT as aretarder, the challenge is not the limi-
tationsin the machine or the inverter operation, but in the storage of al the brake
energy. Using aresistive load, would make it possible to use the 4QT as aretarder
independent of the battery SOC.

3.5 Conclusions

The 4QT system gives an opportunity to operate the ICE in a hybrid vehicle at opti-
mal efficiency during all driving conditions. The system also makesit possible to
use regenerative braking to save energy. Further, it is possible to drive the vehiclein
pure el ectric mode within adrive range that is limited by the energy content, or min-
imum allowed SOC level, of the battery.

The 4QT system shows several advantages when compared to a conventional drive
train system.
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4 Drive cycle ssimulations

To determine the fuel consumption, efficiency and performance of the 4QT sys-
tem, simulations under different driving conditions have been carried out.

There are also some driving demands on the system as listed below:

o Startability at 16% slope

» Gradeability, 75km/h at 1.5% slope

e Maximum speed 100km/h

* EV range of 2km at a speed of 10km/h

The vehicle should also have the capability to follow the FTP75 drive cycle. Be-
cause it is a heavy vehicle a slightly reduced FTP75 drive cycle has been used.

4.1 Thetarget vehicle

The vehiclein the simulationsis atwelve metric ton truck used for urban traffic.
The chosen vehicle is atypical cargo truck used for delivering groceries to dif-
ferent storesin cities. Thistype of vehiclesis especially suited for ahybrid drive
as they almost only operate in urban traffic. The possibility to use pure electric
mode is also an advantage when delivering goods to indoor locations.

Table4.1 Datafor the simulated twelve metric ton truck.

Vehicle data

Curb weight 55 ton
Payload 6.5 ton
Gross vehicle weight 12 ton
Mean weight 8.75 ton
Front area 8 m?
Rolling radius 0.421 m
Drag coefficient 0.6 -
Rolling resistance 0.0055 -
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The datafor the used vehicle are shown in Table 4.1. The mean weight isthe one
used in the drive cycle simulations. This is because of the assumption that the
vehicleis fully loaded at the start of the drive cycle and empty at the end. Thus
the mean weight is the curb weight plus half the load weight.

Theinternal combustion engineis a5-cylinder 2.25litre turbo diesel engine. The
maximum torgue is 297 Nm at 2000rpm and the maximum power is 100kW at
3800rpm. The maximum torque and power versus speed are shown in Figure 4.1
below.
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Fig. 4.1 1CE maximum power and torgue versus speed.

The data for the five speed gearbox used in the simulations are shown in
Table 4.2. The efficiency of the final gear is 0.97 and the final gear ratio is cho-
sen to fit the requirements of the engine. For the simulated vehicle a gearbox is
used to reduce the size of the 4QT machine.
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Table 4.2 Datafor the five speed gearbox used in the

simulations.
Gear Gear ratio Efficiency
1 3.07:1 0.96
2 1771 0.96
3 11911 0.96
4 0.87:1 0.96
5 0.7:1 0.98

4.2 Thesimulation program

The program used for the simulationsis running in the Matlab/Simulink environ-
ment. In Simulink a program of the backward facing type has been devel oped.
The backward facing program cal culates the required drive power at the wheels
tofollow acertain drive cycle, this power isthen fed into the simulation program.
The program then cal cul ates the power that must be fed to the traction motor by
taking into consideration the losses at the wheel, drivetrain and the traction mo-
tor itself. The opposite method is to have the drive cycle as areference and let a
simulated driver, e.g. modelled asa Pl controller, drive the system with athrottle
control and follow the reference drive cycle. This method is called forward fac-
ing program.

The program is divided in five different blocks, see Figure 4.2. The first block,
which isthe “POWER NEEDED” block, derives from the drive cycle the speed,
torque and power required from the 4QT to drive the vehicle. The next block,
“CONTROL ICE”, handles the control of the ICE so that the operation point is
kept at the optimal operation line (OOL) at all conditions. The “ELECTRIC
SYSTEM” block controls the 4QT and cal culates the losses and the power that
iseither produced or consumed by the 4QT. The “BATTERY” block handles the
battery management. The last block, the “EFFICIENCY” block, calculates the
total fuel consumptionin litres per km and the total efficiency of the system. The
total efficiency isthe actual energy used to drive the vehicle during the drive cy-
cledivided by the specific calorific value of the used fuel. The blocks mentioned
above and showed in Figure 4.2 are more clearly described in the licentiate thesis
written by the author [23].

31



The Four Quadrant Transducer System

1400

Clock ; Mode »@
Time Wout Viod
ode
tance ol —— |
Plosses1 »@
distance (km]
Wout ! tkm) plossesM1
FTP75 Drive Cycle
| olrout Plossesm2
Drivecycle
from workspace] piossesi2
Pout
et »@
POWER NEEDED [z plossesinv1
. Pout
Pout Wice U plossesinv2 »@
TMI = Tic plossesinv2
~0=> Hybrid mode
27 == Electric mode Konst-+ICE | )
Pice PIIT
Toutl Fuel (L) |—
wal 5
Eta ICE |
PM2
P i CONTROL ICE
Fuel (L/100km) wiee ™2 *@
™2
Fuel (L/100km)
PlossesBat »@
Fuel (1) 21% PO [ charge kWh 00289
» M1
0 Fuel PBattery Phattery ¢ e o) Discharge (kWh)
BATTERY
Eta Tot| 0362
EtaICE i
Fta total »{E S
PlossesTotal
EFFICIENCY
PlossesTotal
ELECTRIC SYSTEM 7

Stop Simulation

Fig. 4.2 The4QT simulation programin Simulink.

4.3 Theused drivecycle

There are anumber of different drive cyclesin the world today, adjusted for dif-
ferent countries and different regulations. The ones used in the simulations pre-
sented in this thesis are the FTP75 and the FTP72 [1]. FTP stands for Federal
Test Procedure and denotes a drive cycle derived from measurements of the traf-
fic speed in Los Angeles during one period in the morning [1].

As can be seen from Figure 4.3, the FTP75 drive cycle consists of two parts. The
first part, referred to asthe FTP72 drive cycle, startswith a cold ICE. The second
part starts with a warm ICE which has only been allowed to cool down for six
hundred seconds. The FTP72 drive cycleisthedrive cycle that is officially used
in Australia, Mexico, Sweden and Switzerland, while the FTP75 isused in Amer-
ica and Canada. The ECE15 (Economic Commission of Europe) drive cyclein
Figure 4.3 is a synthetically developed drive cycle. The purpose was to form a
drivecyclethat iscloseto thereal driving conditionsin an urban traffic situation.
This drive cycle is used in Germany, Netherlands, Belgium, Luxembourg,
France, Denmark, Great Britain, Italy, Ireland, Austria, and Norway.
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Fig. 4.3 (a) FTP75 and FTP72 drive cycles, (b) ECE15 drive cycle.
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4.4 Simulation results

The4QT system has been simulated for different driving conditions. Onewasthe
FTP75 drive cycle and the others are listed below:

o Startability at 16% slope

e Gradeability, 75km/h at 1.5% slope

e Maximum speed 100 km/h

* EV (Electric Vehicle) range of 2km at a speed of 10km/h

These demands were set on the 4QT system [24] and they are the same demands
that are used for conventional vehicles of the same class, except the EV range
demand.

4.4.1 Sartability at 16% slope

This demand is used to secure startability at steep slopes. The major difficulty
with this demand is the high torque required to start the vehicle from zero speed.
The twelve ton truck, started with a constant acceleration of 0.2m/s?, requiresa
starting torgque according to Figure 4.4. As can be seen in the figure the maxi-
mum torgue at the 4QT output shaft is 790Nm with a constant gear ratio of the
final gear equal to 12.7. This gear ratio gives a maximum speed of the outer rotor
of 8000rpm at 100km/h.

If instead afive-speed gearbox with data as presented in Table 4.2 is used togeth-
er with afinal gear with a gear ratio of 7.9, the rotational speed of the shaft be-
comes 3800rpm at 100km/h, which is close to the maximum power speed of the
ICE. When starting at 16% slope and a accel eration of 0.2m/<?, the required start-
ing torque becomes 420Nm using this configuration together with the highest
gear ratio of the gearbox.

If the ICE is operating at maximum torque (297 Nm) when starting the vehicle,
the Stator needs to supply the torque difference of either 493Nm or 123Nm for
the two different cases.
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Fig. 4.4  Torque requirements at the output shaft of the 4QT during a start
with 16% slope and a constant acceleration of 0.2m/s? with a con-
stant gear and with a gearbox.

4.4.2 Gradeability, 75km/h at 1.5% slope

When driving at a speed of 75 km/h and a slope of 1.5%, the power, torque and
speed at the final gear, the ICE, the DRM and the Stator are shown in Table 4.3.
The most relevant figures in the table are the power produced by the ICE and the
power required at the final gear. The total efficiency of the drive train becomes
the power required at the final gear divided by the | CE power minusthe auxiliary
electric load of 3.65kW. The drive train efficiency in this operating point be-
comes 93%, neglecting the efficiency of the ICE and the gearbox. A gearbox has
an efficiency of about 96% and the ICE is, according to the ICE fuel consump-
tion map, operating at an efficiency of 38% which is the maximum efficiency of
the ICE at the required power. Combining the efficiency of the ICE, the 4QT
drivetrain, and the gears, the total efficiency becomes about 34%. A convention-
al vehicle for the same operating condition has an efficiency that will depend
upon the gear ratio but in most cases it will be lower than the efficiency of the
4QT equipped vehicle.
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Table 4.3 Speed, torque and power at 75km/h and 1.5% slope.
The auxiliary power is 3.65kW.

T Speed | Power
[Nm] | [rpm] | [kW]

Final Gear 155.2 4271 69.4
ICE 237.2 3154 78.36
DRM 237.2 1117 271.7
Stator -82 4271 -36.7

4.4.3 Maximum speed 100km/h

The maximum speed according to the regulations for this kind of vehicles is
100km/h. In Figure 4.5 the drive line diagram of the 12-ton vehicle is shown.
The maximum continuous speed according to Figure 4.5 is 108km/h. This speed
islimited by the maximum I CE power and the total road resistance. The link be-
tween the | CE speed via the gearbox and wheels to the vehicle speed is not valid
when the 4QT system is used because the 4QT changes the speed so the maxi-
mum power point of the ICE matches the maximum speed. The maximum speed
of the vehicle, if the 4QT is not used, is 106 km/h which is the inner rectanglein
Figure 4.5. In this case the maximum speed is limited by the chosen gear ratio of
the final gear which should be optimized so that the maximum power and speed
of the ICE is used at maximum speed of the vehicle. The maximum transient
speed is the outer rectangle. This speed is limited by the maximum power from
the ICE and the batteries together. Here the ICE/4QT speed is linked to the ve-
hicle speed by the gears and the wheels. This speed is about 135km/h.
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Fig. 4.5 Driveline diagram of a 12-ton truck.

The maximum continuous speed of the 12-ton vehicle should be 100 km/h. At
this speed the | CE has to produce a power of 92.5kW. From this power 83.6 kW
is required to drive the vehicle, 3.65kW is required for the constant auxiliary
electric load of the vehicle and the remaining 5.3kW are the losses in the elec-
trical components. As can be seen in Figure 4.6, the power circulates in the sys-
tem through the Stator which operates as a generator, the inverters and the DRM
which performs as a motor. This gives of course rise to losses, but the electrical
power to the DRM islow in this case and will only give rise to low losses from
the power loop compared to the total power flowing through the 4QT. The sim-
ulations shows a fuel consumption of 26.71/100km for the hybrid vehicle
equipped with a4QT. A conventional 12-ton vehicle of the same type has a fuel
consumption of 261/100km.This result shows as expected, no gain in fuel con-
sumption for the hybrid vehicle at high constant speed, but neither does it give
any significant increase in the fuel consumption. Ascan be seenin Table 4.4, the
electric power losses are the absol ute value of the Stator power minus the DRM
power and the auxiliary electric load. Thus the electrical power losses become
5.3kW in the electric components of the 4QT system.
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Table4.4  Speeds, torques and powersin the 4QT equipped
vehicle at 100kmvh. Auxiliary power 3.65kW.

T Speed | Power
[Nm] | [rpm] | [kW]

Final Gear 2432 3284 83.6

ICE 281.6 3137 92.5
DRM 281.6 147 4.3
Stator -38.4 3284 -13.3

Table 4.4 showsthe speed, torque and power in the different parts of the 4QT ve-
hicle. The ICE operating point in this case is at 92.5kW, where the efficiency is
38%. The Stator operates as a generator and supplies the DRM and auxiliary
components with power. The DRM increases the speed of the | CE to the required
speed at the final gear.

Fig. 4.6  Power distribution in the 4QT system at 100km/h.

45 FTP75drivecycleanalysis

The FTP75 drive cycle is used in Sweden during the prescribed exhaust testing
of road vehicles. It is aso the test cycle used when measuring the fuel consump-
tion of avehicle. In reality the drive cycle is started with a cold engine, thisis
not included in the simulation program. Neither is the simulation of the emis-
sions included in the program.
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45.1 Power demand during the FTP75/72 drive cycle

Driving atwelve ton vehiclein the FTP72 drive cycleis at the performance limit
of the vehicle. The high powers and torques during the hardest acceleration set
the constraints for the design of the 4QT.
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Fig. 4.7  Power, speed and torque required from the 4QT during the FTP72

drive cycle. A five-speed gearbox was included in the simulations.

Figure 4.7 shows the power demand at the final gear during the FTP72 drive cy-
cle. This gives an idea of the required performance of the 4QT and the battery.
To follow the drive cycle the battery has to be able to deliver the power differ-
ence between the maximum | CE power and the maximum power required by the
drive cycle. Ascan be seen from Figure 4.7, the maximum power required during
the drive cycle is 205kW which can be compared to the maximum | CE power of
100kW. This gives a minimum required battery power of 105kW in order to be
able to follow the FTP72 drive cycle. If the highest transient power peaks that
are originating from gearshifts are neglected, implying just a small performance
decrease, the maximum power required during the drive cycle becomes about
150kW. With a maximum ICE power of 100kW a minimum of 50kW battery
power is needed to enable the system to deliver the maximum power of 150kW.
Thetype of battery used in thesimulationisaLi-ion battery with apower density
of about 1kW/kg. The battery weight will thus be 105kg or 50kg depending on
the chosen performance of the vehicle. The maximum speed is about 5000rpm
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on the output shaft of the 4QT during the drive cycle, which should not pose any
problem for the 4QT. The maximum torque, neglecting short torque transients,
when using the five speed gearbox is about 500Nm during the drive cycle and
the maximum deliverable ICE torque is 297 Nm. The maximum required Stator
torque then becomes 203Nm if the vehicle should be able to follow the requested
drive cycle.

In the case of a constant gear the calculated power, speed and torque are shown
in Figure 4.8. The power should be exactly the same asin Figure 4.7, and that is
true if neglecting the short transients which originate from the gearshifts. The
maximum speed of the 4QT during the drive cycle has increased to about
7000rpm and the maximum torque to 800Nm.

The dimensions of the 4QT transducer for atwelve ton vehicle, which hasto fol-
low the FTP75 drive cycle, will strongly depend on the gear ratio and the number
of gears used in the vehicle. In the simulations a constant gear and a five speed
gearbox, Table 4.2, together with a final gear has been used. According to the
simulations the DRM has to deliver the same torque as the ICE, this gives the
same DRM torque for the two different gear alternatives. However, for the case
with the constant gear the 4QT speed is higher and therefore the DRM speed also
becomes higher. The stator speed is also higher in this case. The maximum Stator
torque becomes 203Nm in the case of the gearbox and 503Nm in the case of the
constant gear. These values are dependent on the gear ratio of the final gear and
of the gearbox.

When choosing the sizes of the two machines in the 4QT system, concern has to
be taken to the maximum torque, but in adrive cycle the maximum torque is of -
ten a short transient and the largest continuous torque is often much lower.
Figure 4.8 shows the torque during the FTP72 drive cycle when using only a con-
stant gear, the maximum output torque of the 4QT is about 800Nm. Figure 4.9
shows the operation time at different torque levels in intervals of 20Nm for the
4QT machines during the FTP72. The DRM operates all the time between 200
and 300Nm and never over the ICE maximum torque. The Stator operates from
0to 800Nm, but 50% of the time it operates below 120Nm, 75% of the time be-
low 220Nm and it only operates short time periods at higher torques. This means
that the maximum transient stator torque has to be 800Nm but the thermal limit
of the design only needs to be around 200Nm, implying a required torque over-
load capability of 4 times for the Stator machine.
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Fig. 4.8  Power, speed and torque of the 4QT during the FTP72 drive cycle,
with a constant gear with theratio of 12.7:1 (including the final gear
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The simulations shows that using a 4QT system decreases the fuel consumption
of the vehicle by about 30% for the specified conditions. This decrease of fuel
consumption is due to the more efficient use of the ICE and the use of regenera-
tive braking. The ICE operation during the FTP72 drive cycle is shown in
Figure 4.10, which clearly shows that during the complete drive cyclethe ICE is
operating following the OOL of the ICE. The DRM operates at the same torque
asthe ICE, and supplies the speed difference between the ICE and the final gear.
The operation of the DRM during the FTP72 drive cycleisshownin Figure 4.11.
The DRM operates mostly at high torques or at almost zero torque. The Stator
operation is shown in Figure 4.12. As can be seen from the figure, the Stator op-
erates over awide speed and torque range, and at high speeds mostly as a gener-
ator. The large negative torque values are obtained during regenerative braking
of the vehicle. Regenerative braking of the vehicle is producing 24% of the total
energy used by the vehicle during the drive cycle. The total energy is the sum of
the energy obtained from the regenerative braking plus the energy produced by
the ICE. Each point in Figure 4.10 to Figure 4.12 represents one second of oper-
ation at that point.

250
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Fig. 4.10 ICE operation during the FTP72 drive cycle. (Each point corre-
sponds to one second of operation.)
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45.2 Fud consumption simulations

The fuel consumption was simulated according to the method proposed in [7].
The principle of this method is to make a number of different tests over the same
drive cycle and have different initial values of the battery SOC. The difference
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between the start to stop SOC (the ASOC) during every test is plotted on the X-
axis and the fuel consumption on the Y-axis in a graph. The real fuel consump-
tion is assumed to be where the interpolated line intersects the Y-axis, thisis at
the zero SOC difference. This method is necessary when dealing with hybrid ve-
hicles because the batteries are continuously charged and discharged during the
drive cycle. The real value of fuel consumption can be calculated when there is
no net charge into the battery during the drive cycle. If the battery net chargeis
positive the battery is charged during the drive cycle and this will give a higher
fuel consumption. In contrast, if the battery is discharged during the drive cycle
it contributes to the drive energy of the vehicle and the fuel consumption de-
creases. One way to decrease the fuel consumption of hybrid vehiclesis to plug
them into the grid and charge the battery before driving the vehicle. This has
been investigated by for example [11].

Figure 4.13 shows the fuel consumption of the twelve ton vehicle plotted versus
the ASOC of the battery. The point where the line crosses the zero ASOC value
isthereal fuel consumption. In this case the linear curve fitting gives a value of
181/100km for the fuel consumption during the FTP72 drive cycle. Thisvalueis
for an auxiliary electric load of 3.65kW in the vehicle.

In Figure 4.14 the fuel consumption for the twelve ton 4QT hybrid truck iscom-
pared to a conventional truck of the same size. The fuel consumption for the
FTP72 drive cycleis decreased for both auxiliary loads of 3.65kW and 12kW by
about 30%. For a constant cruising speed of 100km/h there is no significant dif-
ference in the fuel consumption for the two vehicles.

19.5 T T T T T

—*— data
— linear A

y = 0.2192*x + 18.06

Fuel consumption [I/100km]
»

165 I I I I I

A SOC [%]

Fig. 4.13 Fuel consumption versus ASOC for a twelve ton vehicle running
FTP72.
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Fig. 4.14 Simulated fuel consumption for a conventional and a 4QT-equipped
12ton truck during different driving conditionsand auxiliary powers.

An auxiliary load is the extra electric load in the vehicle. In the example of the
12ton truck, the 3.65kW auxiliary load is for the basic functions in the vehicle.
The 12.6kW auxiliary load is for a vehicle equipped with a freezer.

4.6 Battery sizeversus|CE operation

In ahybrid vehicle, the size of the battery is mostly dependent on the maximum
battery power required to follow the drive cycle whereas in a pure electric vehi-
cle battery sizeis mostly dependent on the battery energy requirement to achieve
the required driving range. In the 4QT vehicle the battery size is also dependent
on how fast the | CE responds to power transients. A fast response allows a de-
crease of the battery size, while a slow response requires an increase of the bat-
tery size. In Figure 4.15 the battery power is shown for the first 140s of the
FTP75 drive cycle at two different time responses of the ICE. The negative val-
ues of the power in Figure 4.15 correspond to charging of the battery, and the
large negative values occur when the vehicle is using regenerative braking.

Figure 4.15 shows how afast response of the | CE decreases the required battery
power and vice versa. This fast response is due to the direct correlation between
the ICE power and the power requirements from the drive cycle. The battery that
delivers the power difference between the required power and the power pro-
duced by the ICE can thus be decreased with a more transient operation of the
ICE. The response time of the ICE is controlled by alow pass filter on the ICE
power signal in the ICE control unit.
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Fig. 4.15 Battery power at different transient operation of the ICE during the
first 140s of the FTP75 drive cycle.

In Figure 4.15 the maximum required battery power is 141kW and 85.8kW re-
spectively for the two different cases. The power density of the Li-ion batteries
isabout 1kW/kg, this gives a decrease of the battery size of 55kg for amoretran-
sient ICE operation. The disadvantage with this mode of operation is that the
emissions increase because of the increased transient |CE operation. The effi-
ciency of the ICE is also reduced with this mode of operation, but this does not
always lead to increased fuel consumption, as less energy hasto flow in and out
of the battery.

4.6.1 Theimportance of recoveringthe braking energy

Simulations were performed to investigate the fuel consumption of a4QT hybrid
vehicle for different strategies according to the list below in order to investigate
the importance of regenerative braking. The fuel consumption for the different
strategies are shown in Figure 4.16 and some drive cycle data are given in
Table4.5.

1. Maximum combustion engine efficiency 40%, no lossesin the drive
train

2. Maximum combustion engine efficiency 40%, all braking power fed back to the
battery, no losses in the drive train

3. Maximum combustion engine efficiency 40%, maximum regenerative braking
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power islimited to 100kW, no losses in the drive train

4. Maximum combustion engine efficiency 40%, maximum regenerative braking
power islimited 100kW and drive train efficiency of 80%

5. 4QT hybrid system according to simulations earlier in this chapter

6. Conventional vehicle

For the results in Figure 4.16 the values in Table 4.5 have been increased with
the energy used for a constant electrical load of 3.65kW.

Table 4.5 Energy componentsin the reduced FTP72 drive cycle.

FTP72 drive cycle Energy [W]
Total drive energy 3.345+107
Total regenerative braking energy 1.82-107
Regenerative braking energy, braking 1.70+107
power limited to 100kW

Ascan be seen in Figure 4.16, a minimum fuel consumption of 12.11/100km for
the reduced FTP72 drive cycleis achieved when maximum regenerative braking
energy is recovered. When not using regenerative braking, the fuel consumption
increases to 22.91/100km. A conventional vehicle has a fuel consumption of
25.51/200km [24]. The increase in fuel consumption due to the lower combus-
tion engine efficiency and losses in the drive train is only 2.61/200km. Thus the
gain in fuel economy will be small when a hybrid vehicle without regenerative
braking is used for a diesel driven heavy truck. Recovering the entire regenera-
tive braking energy reducesthe fuel consumption to 12.11/200km, while limiting
the regenerative braking power to 100kW due to battery and generator limita-
tions gives a fuel consumption of 12.81/100km. For this value all losses, except
the losses in the ICE which is assumed to have a maximum efficiency of 40%,
are neglected. Assuming a total drive train efficiency of 80% (from electrical
machines, inverters, battery and gears) gives a fuel consumption of 161/100km.
The simulated value of the 4QT system is 17.51/200km.

Comparing the 4QT system fuel consumption with the values for the other 5 pro-
posed cases the values show that the fuel consumption of the simulations gives
a reasonable value and that the gain in fuel economy mostly comes from regen-
erative braking.
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Fig. 4.16 Smulated fuel consumption for the different drive strategies for the
reduced FTP72 drive cycle. Drive strategies are defined earlier in
this section.

4.7 Conclusion and results

The drive cycle simulations give data on the behaviour, performance and effi-
ciency of the 4QT vehicle drive system. Performance requirements of the 4QT
transducer are al so obtained from the simulations. The efficiency of the 4QT sys-
tem when driving at 75km/h and 1.5% slope is 88.6%. The fuel consumption of
the vehicle becomes 17.51/100km for the reduced FTP72 drive cycle. This is
30% less than the fuel consumption of a conventional 12-ton vehicle of the same
class.

In the simulations presented in this chapter the backward facing method was
used, so no consideration has been taken to a simulated driver of the vehicle.
Much more work can also be done on the ICE control. The used strategy is good
but needs further optimization. The battery model is a simple constant efficiency
model with only maximum power and energy limits. This model hasto be further
developed, the aspect of battery performance at different SOC should also bein-
cluded.
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5  ThedQT prototype design

Asthe 4QT transducer for a 12-ton truck is too large for the testing facilities at
the department of electrical engineering an application for asmaller vehicle was
desired. The machine data for the prototype was achieved from simulations per-
formed at the department by Laurent Maquet [ 18] who derived the basic perform-
ance requirements of the 4QT system for a medium sized passenger car. During
these simulation a combustion engine with the following parameters was used:

o 79kW maximum power at 5750rpm

*  Maximum speed 6000rpm

*  Maximum transient torque 148Nm at 3750rpm
» Maximum continuous torque 100Nm

» Torque at 1500rpm: 125Nm

» Torque at 6000rpm: 125Nm

Using the data above, the following performance was derived [18] for the DRM:

* TbrMm-rated = 100NmM
b nDRM_base = 3000 rpm
b PDRM = 31.4kW

and for the Stator:

* Tgator-rated = 7ONM
*  Ngator-base = 4000rpm
* Pgaror = 29.3KW

The DRM maximal continuous torque is the same as the | CE continuous torque,
the stator torque is derived from the extra torque contribution needed to achieve
the driving demands.

These values are performance data for the two machines in the 4QT according to
Figure 5.1. The field weakening range in Figure 5.1 is only modelled as a con-
stant power region.

The radial-radial 4QT machine is assumed to fit into a cylindric volume with a
diameter of 260mm and an active length of 110mm. These dimensions exclude
the housing, cooling ducts and auxiliary equipment, as for example the sliprings.
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Fig.5.1 The DRM and Sator performance in the prototype 4QT.

5.1 Pole number

The pole number was an important factor for the motor design. Using a higher
pole number reduces the endwinding length and the stator back thickness, but in-
creases the fundamental frequency of the machine. A higher fundamental fre-
quency gives higher iron losses and requires smaller strands in the wires to
reduce the skin effect.

For the 4QT the most important factorsthat influence the choice of the pole num-
bers were different for the two machines. The iron losses and skin effect proper-
ties were important for both machines, as they are for most electrical machines.
For the DRM the stator back thickness is of minor importance because it is an
outer rotor design and the stator back measured from the slot bottom to the shaft
isnormally large. The outer stator is as a conventional machine and in order to
build acompact machine with asmall outer radiusthis stator back should be kept
thin.

The end winding length is more important for the DRM than for the Stator ma-
chine. This is because the rotating windings of the DRM will be vulnerable to
centrifugal forces, and the length of the DRM end windings will also have alarge
impact on the total machine length since it isinside the outer rotor.
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Using the same pole number for the DRM and the Stator reduces the outer rotor
thickness. Since the no-load flux only penetrates straight trough the outer rotor
inradial direction, and small no-load flux isleaking between the polesin the out-
er rotor.

For the 4QT machine a high pole number that reduces the end winding length
was preferred in order to reduce the copper losses and to minimize the effects of
centrifugal forces on the end windings.

Thus a pole number of 12 poleswas chosen. This gave the machine the following
end winding length according to [15]:

O
Lys = )5‘)2—5+(n—1/2) b (5.1)

where y_ is the pitch length, 1. is the slot pitch, n is the number of coil parts
and b is the slot width. This equation gives an axial length of the end windings
of 27.8mm for the DRM and 33.7mm for the Stator. On the prototype machines
the measured lengths were 55mm for the DRM and 35mm for the Stator. For the
Stator with almost square slots there was thus good agreement but for the DRM
with deep slots equation (5.1) gave only about half the value of the measured
endwinding length. This was solved during the manufacturing of the prototype
by first winding the Stator and the inner rotor and then deciding the total Iength
of the outer rotor and the housing.

5.2 Analyticdesign

The main purpose for the manufacture of the prototype was to validate the gen-
eral functionality of the 4QT machine, thus no real optimization was made for
the design of the prototype. The DRM design is based on the design and dimen-
sions from [3], with only some minor changes. The 4QT was assumed to be fed
from a battery with a DC voltage of 246V when loaded with rated current.

5.2.1 Basicdesign of the DRM

The DRM isin many ways based on an earlier prototype, the Integrated Energy
Transducer (IET) [3]. In the newer prototype the radius of the inner rotor was
slightly increased. This made it possible to increase the slot area and as a result
decrease the current density and cooling requirements of the windings.
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The double rotor machine has a base speed of 3000rpm and a base torque of
100Nm, which gives a base output power of 31.4kW. Assuming an efficiency of
90% at base speed and a displacement power factor equal to 1, gives an input
power of 34.9kW.

With the chosen battery voltage the RM S-value of the fundamental component
of line to line voltage becomes [19]:

U
U, = == 174V (5.2)
J2

when assuming a quasi-sine shaped reference waves, i.e. with third harmonicsin-
jection and a modulation index equal to unity.

This gives a phase voltage of:

Upn = U/ (/3) = 1005V (5.3)
Using this phase voltage and the input power, the phase current I, becomes:

P

lon = 57—
Ph = 3U,

= 1158A (5.4)

Assuming an airgap flux density 95:0.8 T gives for values of the diameter D=
180 mm, number of poles p=12, frequency f=300Hz and a base speed of
n=3000rpm the following number of conductors per slot (Ng) [15]:

= Uon (5.5)
J2 0L (D Of [By)

S

Thisvalue becomes 4.76 bu:[ it hasto be an integer so the chosen valueis 5. Using
N¢=5 gives aflux density B;=0.76T.

The slot pitch of the DRM with the number of rotor slots Q, =36 becomes:

_nlD _ m80 _
= _Qr =3 - 15,7mm (5.6)
This gives a current loading of:
N.O
Sims = S—Tﬂ‘ = 368 A/lcm (5.7)
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The rotor slot dimensions are shown in Figure 5.2. Using this rotor slot shape
with 5 conductors per slot, a slot area of 216 mm? (Autocad drawing data) and
assuming a copper fill factor of 45.6%, gave a current density of 5.88A/mm?
(RMS) in the copper. In the actual machine, the five conductors were each made
of 25 strands with diameter 0.95mm. The copper area is thus 88.6 mm? which
gives afill factor and current density of 41% and 6.5A/mm?, respectively.

34.5

R2

1.08

Fig. 5.2 Rotor slot dimensions. All dimensions are in mm.

All sharp corners have a radius of 0.25-0.5mm due to the laser cutting of the
sheets. This was necessary both for the stator and rotor laminates.

5.2.2 Calculation of the“DRM” magnet thickness

An accurate calculation of the magnet thicknessis essential in the design of per-
manent magnet machines. In this design magnetic saturation is taken into con-
sideration by increasing the analytically calculated magnet thickness by 20%.
The thickness was calculated from equation (5.8) and equation (5.9). With
Bs =0.76T, B magn= 1T, 1, =1.05 and the magnet arc angle a= 60° for an air-
gap length & =1mm, amagnet thicknesst,, of 2.56 mm was achieved. Taking sat-
uration into account the thickness becomes 3mm.

~ 1
Bog— (5.8)

=-I

Bm—4
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1
m = Br, magn 5 (5.9

14y,
m

B

Where 5, = 6 [t; istheequivalent air gap length, i.e. the physical air gap length
d times the carter factor c;.

Thisinitial analytical design was further investigated and validated with the FE
method.

5.2.3 Basic design of the Sator

The stator airgap radius was determined by the inner rotor radius and the outer
rotor thickness. The outer radius of the stator was defined by the geometrical lim-
its set for the prototype. The active length and the pole number are the same as
for the DRM.

The base speed of the stator was 4000rpm and the base torque was 70Nm. This
gave abase output power of 29.3kW. Assuming an efficiency of 95% and adis-
placement power factor equal to unity, gives an input power of 31kW.

Using the same battery as for the DRM gives, with the voltage drop over thein-
ternal resistance in the battery, the following voltage level of the DC voltage at
rated load is estimated to be:

Uge = Epa— Roar Omax= 250V (5.10)

where Ep4 is the battery voltage, Ry the internal resistance of the battery and
I max 1S the maximal current from the battery. According to equation (5.2) theline
to line voltage becomes square root of two times lower:

U= 177v (5.11)
This gives a phase voltage of:
Uphz 102v (5.12)
Using this phase voltage the phase current 1 ,, becomes:

|,n= 101A (5.13)
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Assuming an airgap flux density é5 =0.8T givesfor values of diameter D=217.2
mm, number of poles p=12, frequency f=400Hz and a base speed of
n=4000rpm, the following number of conductors per slot (Ng) according to [15]:

Us

- § (5.14)
J2 On[L [D [ [B

S

This value became N¢g=3 which is an integer.

The slot pitch of the machine with the number of stator slots Q=36 becomes
18.95mm according to equation (5.6). This gives a current loading of
Sims=160.4A/cm according to equation (5.7).

The stator slot dimensions are shown in Figure 5.3. Using this stator slot shape
with the numbers of conductors per slot equal to 3, aslot area of 99.8 mm? (Au-
tocad drawing data) and assuming afill factor of 45.6%, gives a current density
of 6.68A/mm? (RMS).

The real copper area, fill factor and current density for the prototype machine
with 19 strands with 0.95mm diameter per turn and 3 turns became 40.4mm2,
40.5% and 7.5 A/mm? RMS respectively.

5
5.1 &+
~1 o
+— &y S

—

0 0.91

™

Fig. 5.3 Sator slot dimensions. All dimensions are in mm.

5.2.4 Calculation of the“ Stator” magnet thickness

The magnet thickness of the Stator was calculated from equation (5.8) with the
same method as used for the DRM. The magnet thickness becomes 2.8mm and
by taking saturation into account the thickness becomes 3.4mm.
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5.3 FEM investigation of the design

The analytical design was confirmed and the cogging torque, torque ripple, in-
ductance and field weakening performance were investigated using FE models
of the 4QT.

5.3.1 Magnetic airgap flux density

The 4QT has two airgaps and therefore two different airgap flux densities. The
inner airgap flux density is produced by the inner magnets and the outer by the
outer magnets for the outer airgap. Theinner magnets are surface mounted on the
inner surface of the outer rotor and the outer magnets are of inset type and bread-
loaf shaped. This breadloaf shape gave a more sinusoidal airgap flux density
wave shape compared to the case of magnets with constant thickness. The outer
magnets had a distance of twice the airgap to the iron in the circumferential di-
rection to reduce flux leakage. The flux distribution created by the magnets at no-
load in the machine is shown in Figure 5.4. The resulting magnet flux at no-load
penetrates straight through the outer rotor and into the inner rotor.

The outer magnets are bandaged with a carbon fibre composite to hold them in
place when centrifugal forces are acting on them. The shapes of the airgap flux
densities in the outer and inner airgaps are shown in Figure 5.5 and Figure 5.6,
respectively. As can be seen in the figures, the peak value of the fundamental
component of the airgap flux density is0.76T for the outer airgap and 0.85T for
the inner airgap. The outer airgap has lower airgap flux density even though the
outer magnets are thicker. Thisis because the outer airgap lengthis 1.6mm while
the inner airgap length is 1mm. The larger airgap is necessary to accommodate
the carbon fibre bandage. The inner magnets do not require a bandage since they
are pressed against the rotor surface by the centrifugal forces.

The analytical values of the airgap flux density used for calculating the magnet
thickness are 0.8T for the outer airgap and 0.76T for the inner airgap. To the
magnet thicknesses an extra 20% is added to take the saturation effects into ac-
count. For the inner airgap this gives a magnet flux density slightly higher using
FEM than the analytical value. For the outer airgap which is larger and which is
magnetised by inset magnets this give an airgap flux density slightly lower using
FEM than the analytical value.
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Fig. 5.6  Inner airgap flux density and corresponding harmonics.

5.3.2 Back EMF

The back EMF (Electromotive Force) or the voltage induced in the windings by
the magnetic flux is one of the factors that decides the operating voltage of the
machine.

The 4QT isin fact made of two separate machines with two separate windings
and thus there are two different back EMF's. The back EMF was cal culated both
with asemi-analytical method from [9] and by the time stepping FE method [12].

The values from the semi-analytical, FE and measurements are shown in
Table 5.1. The FE analysis and measured waveforms are shown in Figure 5.7 and
Figure 5.8.

The semi-analytical calculated and measured RM S values show good agreement
with an error of between 1.2 to 11%. The difference between the FE values and
the measured values lie between 6.2- 7% for the two windings. One of the factors
that contributes to this difference is the skewing of the windings, which is
skewed by one slot pitch both for the DRM and the Stator, thus reducing the
winding factor. The winding factor for a motor with one slot per pole per phase
and a pitch length of three slots is equal to one [15] and that is the case for the
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non-skewed machine. When skewing the slots by one slot pitch, the winding fac-
tor is reduced according to equation (5.15) from [3],[15] to 0.95, which will also
reduce the induced voltage by 5%. If thisis included in the calculation the dif-
ference between the FE analysis and the measured values will lie between 1.2-
2% for the Stator and DRM, respectively.

Kooy = —3 (5.15)
6q

The wave forms for the FE analysis and the measured values show good agree-
ment as seen in Figure 5.7 and Figure 5.8. As seen in the figures the measured
curves are much smoother than the curves from the FE analysis, this is because
the FE analysis was based on a 2D model while the measured values of course
include the slot skewing.

Table5.1 Back EMF values for semi-analytical, FE and measured values.

Semi analytical FE analysis Measured
Back EMF | Difference | BackEMF | Difference | Back EMF
[V] [%0] [Vl (%] [V]
Stator 166 12 1755 7 164
DRM 200 11.2 191 6.2 179.9
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Fig. 5.7 Measured and FE simulated back EMF for the Stator machine.
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Fig. 5.8 Measured and FE simulated back EMF for the DRM machine.
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5.3.3 Cogging

The cogging torque occurs when the magnets are moved close to a non-smooth
surface such as slot openings in a stator. The cogging torque is the resulting
torque from the forces at the leading and lagging ends of the magnets, that either
holds or pushes the magnets against or along the direction of rotation of therotor.

There are several ways to reduce the cogging torque such as magnet design,
changing the geometry of the machine or skewing of either the rotor or the stator.

It is possibleto design the magnets with chamfered edges and/or change the pole
arc design to an optimal value to reduce the cogging torque [27].

The machine geometry can be changed in different ways, as an example dummy
slots can be inserted between the real slots. This will reduce the amplitude and
increase the frequency of the cogging dependent on the shape and number of
dummy slots [28].

Skewing is usually used in induction machines where the rotors are continuously
skewed. In a PM machine the skewing of the rotor means staggering of the mag-
nets which has to be done in steps. This reduces the cogging but is not as effec-
tive as in the case of a continuous skew. In the 4QT machines another approach
was used; instead of skewing the PM rotor, the windings in the Stator and thein-
ner rotor were skewed continuously by one slot pitch. When the skewing angle
isequal to the period of the cogging torque, and the skewing is one slot pitch, the
cogging torque is theoretically reduced to zero [29].

When the windings are skewed, as in the 4QT machines, the magnet shape can
be chosen for easy and cheap manufacturing with straight edges. The skewingin
the 4QT, from the cogging point of view, isin fact not continuous but made up
of 315stepswhich isequal to the number of laminations. Thistogether with some
end effects will give some cogging contribution in the machine.

The cogging was simulated with 2D FE analysis [12] and with analytical meth-
0ds[30]. For the FE model the skewing was simulated by changing the geometry
of the model to different steps of skew. Figure 5.9 shows an example of a 2-step
skew of the inner rotor. When the number of steps were increased the cogging
decreased. According to [34] 8 steps gives satisfactory results for the 4QT ma-
chines.

Figure 5.10 shows the cogging for the Stator machine cal culated both analytical-
ly according to [30] and with the FE method for different numbers of the step
skewing. As can be seen from the figure, the cogging was reduced when increas-
ing the number of steps. Figure 5.11 shows the FE cogging torque for the DRM
which shows the same trend as for the Stator machine with decreasing cogging
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torque when increasing the number of steps.

Skewing of the lamination packages of the stator and inner rotor of the 4QT ma-
chine will reduce the cogging torque to almost zero except for the contribution
from the axial sides of the machine.

Fig. 5.9 An example of step skewing for the inner rotor winding used in the
FE simulations.
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Fig. 5.10 Cogging torque for the Stator calculated analytically and using the
FE method with varying number of stepsin the axial direction to sim-
ulate winding skew.
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Fig.5.11 Cogging torque for the DRM, calculated using the FE method for
varying number of steps in the axial direction to simulate winding
skew.

5.3.4 Torqueripple

Thetorque ripple in an electrical machine is much lower than in combustion en-
gine, where there is a large peak torque at every ignition. Thisis the reason why
aflywheel isused in aconventional vehicle driveline. In the 4QT system thein-
ner rotor inertia could act as a flywheel, it is possible that the system also needs
a conventional flywheel but this has not been included in the investigation. The
torque ripple of the two electrical machines in the 4QT has been investigated
with the help of time stepping FEM.

FEM simulations of the torque ripple at base speed of both the Stator and the
DRM was performed with windings skewed in different steps. Figure 5.12 and
Figure 5.13 show the ripple torque for the DRM and Stator respectively, with
windings skewed in steps as described by Figure 5.9. The values of the ripple
torque are presented in Table 5.2. There it is quite obvious that the torque ripple
of the machines are drastically reduced when skewing is used. When the number
of skew steps are increased, the torque ripple will be smaller. In the torque ripple
calculations only the active part of the machine contribute to the torque ripple.
In areal machine there will be an extra torque ripple contribution from end ef-
fects, eccentricity and mechanic tolerances.
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Table5.2 Mean torque and peak-to-peak torque ripple for the Sator and the
DRM.
Stator DRM
[Nm] [%] [Nm] [%]
Mean 67 100 118.2 100
1step 15 22 37.9 32
2 steps 59 9 16.1 13.6
4 steps 1.1 1.6 5.0 4.2
140 ;
+ = 1 segments
" -, = = 2 segments
135} 1 1 ' — 4 segments ||

Torque [Nm]

95

0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Time [ms]

Fig. 5.12 Torqueripple for the DRM.
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Fig. 5.13 Torque ripple for the Sator.

5.4 Inductances

The inductances of the 4QT machines are calculated with FEM by inserting si-
nusoidal currents in the slots in Figure 5.14 defined by equation (5.16). When
calculating the Stator inductances the inner rotor slot currents are set to zero and

vice versa.
ip = ?cos(wt)
A (5.16)
ig = ic = —%i cos(wt)

Using FEM the winding flux linkage Y can be obtain, then the d- and g-axisin-
ductance can be cal culated using equation (5.17) for the two different geometries

presented in Figure 5.14.
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l'IJA
d-axis (5.17)
l'IJA
Lq = I_
A g—axis

(a) (b)
Fig. 5.14 Model for (a) g-axis, (b) d-axis inductance calculation.

The FEM simulated inductance values are corrected with the skewing factor
from equation (5.15) and then the analytical end winding inductance 6.9 uH for
the Stator and 24.2 pH for the DRM from [35], which are added to the FEM in-
ductance values. The results are presented Figure 5.15.
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Fig.5.15 FEM calculated (a) Sator and (b) DRM, d- and g-axis inductances.

5.5 Field weakening

Thefield weakening operation is essential for the Stator, thereforeits field weak-
ening capability has been investigated both analytically and by the use of the
time stepping FEM, [14]. At field weakening in the constant volt-ampere region
theiy and iq currents need to be known to cal culate the torque. Solving equation
(5.18) to equation (5.20) suggested in [16] makes it possible to calculate the
field-weakening region of the stator analytically.

t = Apigq+ (Ig=lg)igig (5.18)
()7 = O+ 1417+ )7 (519)
i = Q5+ (5.20)

The inductances |4 and |4 are the d- and g- axis inductances, iy and iy are the d-
and g- axis currents, and A, isthe PM flux linkage. In the Stator case thereis a
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salient-rotor design and the d- and g- axis inductances are not equal. This gives
a reluctance torque contribution from the last term in equation (5.18).
Figure 5.16 shows the field weakening torque for the Stator in p.u. for both the
analytical calculations and the time stepping FEM calculations. The FEM field
weakening calcul ations were done with an external circuit connected to the FEM
model. The circuit consisted of the end winding inductances and resistances,
which were calculated analytically and included in the circuit. The motor was as-
sumed to be fed from sinusoidal voltage sources. The field weakening control
strategy was made with a simple voltage/frequency control. It should be possible
to simulate the control using the vector control method which will give more
torque from the machine.

The results of these simulations show that the required wide field-weakening
range of the Stator can be achieved. The stator is only required to utilize field-
weakening up to two times the base speed of 4000rpm. At double base speed,
that is 8000rpm, the maximum torque becomes about 45% of the nominal torque
for the Stator machine.
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Fig. 5.16 Field weakening torque for the stator in (p.u).
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5.6 Mechanical design

5.6.1 Bandage

The outer magnets cannot be held in place with glue only. Glue is not sufficient
to withstand the large centrifugal forces at maximum speed that will attempt to
throw the magnets loose. If this failure occurred, the |oose magnet can cause ex-
tensive damage to both the rotor and the stator of a PM machine. To avoid this
scenario a bandage is wound around the rotor to hold the magnets against the
centrifugal forces.

The bandage thickness is dependent on the weight of the magnets, the maximum
rotating speed and the radius of the rotor. The centrifugal force and the magnet
design determine the thickness of the bandage.

The bandage was obtained by applying five layers of Toray T1000GB carbon fi-
bre mixed with epoxy resin, this gave a bandage thickness of about 1mm. After
bandaging the rotor was baked in an oven for 6hin 100°C and 8hin 130°C. The
maximum allowable continuous temperature of the magnetsis 150°C [46]. Thus
there is sufficient margin to avoid damage to the magnets from too high temper-
atures during the baking process. The bandaging was performed at Sicomp AB.

Fig. 5.17 (a) Sart of bandaging, (b) end of bandaging.
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5.7 Redesign after inner rotor failure

After extensive testing at high load on both machines the inner winding over-
heated and the insulation failed, see Figure 5.18. Due to this, a redesign of the
prototype machine was done. The redesign can be divided into two different
steps:

¢ Repair and replacement of the laminations and winding of the inner rotor
« Improvement of the cooling of the inner rotor

The new laminations were manufactured exactly the same as the first ones. One
improvement that could have been made was the use of shallower rotor slots but
this was not possible as the required copper area and consequently the required
slot area was the same. For an inner rotor design, the area increase of the slot is
smaller as the slot grows deeper, which inevitably leads to deep slots. The wind-
ing was redesigned and divided into a two layer winding to get a more compact
and easy to wind solution. The winding configurations are shown in Figure 5.19
where the turns numbers 1 and 2 in the first slot in the lower parts of the figure
are led to the positions 4 and 5 for the second slot in the same phase. Similarly
turn numbers 1, 2 and 3 in the second slot are led to positions numbers 3, 4, 5in
the third slot.

To improve the cooling of the machine the internal cooling system for the inner
rotor which consisted of acirculating air flow, driven by two shaft mounted fans,
was removed. This was due to the fact that the fans actually never drove any air
flow through the machines. The new design relies on a separate external fan that
forces outer air through new openingsin the end shields at both sides of the 4QT
machine.

Fig. 5.18 Inner rotor after failure.
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Fig. 5.19 Winding arrangements of the inner rotor, both before and after the
rewinding.

5.8 Cooling

The cooling of the 4QT machine was solved by using water cooling for the Stator
machine and air cooling for the inner rotor. Theinitial ideato cool theinner rotor
was to use shaft mounted fans to drive a circulating air flow through the airgap
and the axial holes in the inner rotor, then up into the heat sink which is integrat-
ed in the aluminium housing, see Figure 5.20 and Figure 5.21.

The Stator cooling consists of water flowing through the Stator housing,
Figure5.21. The water cooled housing cools the active parts of the Stator
through conduction.

The two cooling methods had some advantages and disadvantages. First the ad-
vantages:

* Theinternal air cooling system creates a sealed machine which is desirable
for automotive application.

» Thewater cooling is effective and makes it possible to overload the Stator.
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The following are the disadvantages:

e Thecirculating air flow driven by the shaft mounted fan did not perform
well at low speed, which is critical especially at high torque loads that

require high current and thus cause high copper |osses.

» Design errorsin the fan mounting. The axial fan was mounted too close to
the end windings and the outer end shield which gave limited space before

and after the fan, thus limiting the pumping effect of the fan.

Radial fan in the
outer rotor Cooling duct Air flow
]

Axial air holes in the
inner rotor

Fig. 5.20 Old air cooling system of the inner rotor in the 4QT.

Water cooling Air cooling ducts Stator  Stator housing

O O
O

Inner rotor

Air holes
Outer rotor|

Permanent magnets Shaft

O O
O O

Fig. 5.21 Radial cross-section view of the 4QT, showing the water and air

cooling channels.
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After the devastating failure of the 4QT, see section 5.7, the inner rotor was re-
wound and the cooling system of the inner rotor redesigned. To improve the
cooling effect of theinner rotor aforced air cooling system driven by an external
fan was used. The fan was mounted on the top of the 4QT, Figure 5.22. Thisfan
pressed the cooling air through the new axial holesin the end shields and through
the 4QT, cooling the inner part, and out through the other axial end, Figure 5.23.

Cooling air fan

——— - ——

Fig. 5.22 4QT prototype with mounted external cooling fan.

The external fan gave an air flow independent of the rotational speed of the
shafts, this is the solution recommended for automotive applications. The draw
back of this method is that it needs external air so that the machine is no longer
hermetically sealed. This can be solved by leading the cooling air from the fan
through the 4QT into a heat sink for cooling and then back to the fan and again
into the 4QT in aclosed circuit.

The cooling and thermal modelling of the 4QT machine are described in more
detail in chapter 7.
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Fig. 5.23 New forced air cooling system for the inner rotor of the 4QT proto-
type machine.

5.9 Prototype layout

The prototype was constructed with the different parts shown in Figure 5.24.

Fig. 5.24 Prototype layout.
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In Figure 5.24 the different parts are:

End shield to support the output shaft

End shield with water cooling channels

Stator with laminations and windings

Housing in Aluminium, includes water and air cooling channels

End shield with water cooling channels

End shield to support the input shaft

Bearing

Output shaft from the outer rotor

End shield with axial fan for the outer rotor. Also supports the end of the inner

rotor shaft(19) via bearing(14).

10. Outer rotor, with splines for magnets and integrated radial fan

11. Magnets

12. End shield for the outer rotor, support bearing(13) against the outer end
shield(6) and bearing(20) against the inner rotor (19)

13. Bearing

14. Bearing

15. Nut to hold the inner rotor laminations by fastening through threads made at the
end of theinner rotor shaft(19)

16. Washer between the nut(15) and the inner rotor (17)

17. Inner rotor with laminations and winding

18. Washer between the inner rotor (17) and the end of the axial tracksin the
shaft(19) for the laminations.

19. Input shaft from ICE end

20. Bearing

©CoOoNOUA~WNE

Pictures of the assembled inner rotor, the outer rotor and the stator with the hous-
ing are shown in Figure 5.25.

(@ (b)

Fig. 5.25 (a) Inner rotor, (b) Outer rotor and (c) Sator with housing.

75



The Four Quadrant Transducer System

5.10 Conclusions from the prototype design

A 4QT prototype dimensioned for a medium size passenger car has been de-
signed and manufactured. The first design had insufficient cooling of the inner
rotor which led to overheated inner rotor windings.

When repairing the prototype, modifications of the inner rotor winding and to the
cooling system were done and thus aforced air cooling system was installed.

Design criterions as back-EMF, cogging, torque ripple, winding resistance and
inductance have been investigated both with analytic methods and by FEM. Ini-
tial measurements shows good agreement with tested val ues on the manufactured
prototype.
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6 Prototypetesting

The 4QT prototype has been tested mostly in generator mode and the resistances,
inductances, losses, efficiency and the thermal behaviour of the two separate ma-
chines, the Stator and the DRM has been tested separately and in combined op-
eration tests. The Stator efficiency has been investigated with calorimetric
measurements and for the DRM the dlip ring friction losses has been measured.

6.1 Test setup for generator test

During the generator tests the temperatures in the machine, the cooling water
flow and temperature, electrical output power, voltage, current, torque and speed
were measured. The load power was dissipated into two resistive load banks via
two passive rectifiers, Figure 6.2, one for each winding. This setup was used to
simplify the adjustment of the resistance when loading the machine. If the recti-
fiers were not used three separate resistors would have been used for each wind-
ing which gives atotal of six resistors each one able to handle 10kW of electric
load at a current of 100A (RMS). Using rectifiers decreased the amount of resis-
tors but of course increased each resistor size to 30kW.

Rotor winding 4QT
DC /o~
/ACH—o ]

Variable
resistance

Locked or
free Inner rotor

Power meter Load/drive motor

DC /o3
i AC oo

Variable
resistance

Torque meter

Stator winding

Fig. 6.1  Generator test setup.

The inner rotor was either locked or freely rotating, dependent of the type of load
test. When only testing the Stator machineit is desirable to let the inner rotor fol -
low the outer rotor at synchronous speed to avoid extra iron losses in the inner
rotor that should have otherwise been included in the Stator machine measure-
ments. Loading both machines requires alocked inner rotor which makes it pos-
sible to apply load torque to the inner rotor as well.
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Fig. 6.2 (&) Six pulse diode-bridge rectifier (b) Resistance bank, used for the
generator tests.

6.2 Placement of the measurement sensors

To measure the temperatures in the 4QT, the cooling water and the ambient en-
vironment, different temperature sensors were used. These sensors were con-
nected to a computer to record the temperatures during the tests.

6.2.1 Water temperature sensors

The water inlet and outlet temperatures as well as the water flow were measured
with temperature sensors and a flow sensor placed on an aluminium plate as
shown in Figure 6.3. The flow sensor was fed with 15V DC and the signalswere
read through a 9pin D-sub contact to a data acquisition unit! and then saved in a
computer through a GPIB bus.

The water flow was measured with a flow sensor?, Figure 6.4. The sensor output
signal was 5700pulsed/litre in a square wave form and has an inaccuracy of
+1%. The frequency was measured by the data acquisition unit! and when the
measured frequency was transferred to a computer the water flow in litre/min

1. HP 34970A Data acquisition/Switch unit
2. Swissflow SF-800-B
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was calculated. The water temperature was measured using PT-100 sensors in-
serted into a holder as shown in Figure 6.5. A rectangular piece of plastic was
inserted before the sensor in order or to create amore turbulent flow over the sen-
sor and thus avoiding a temperature profile over the sensor.

The water temperature and flow module, Figure 6.3, made it possible to measure
the calorimetric losses of the 4QT machine through the cooling water. Using
equation (6.1) it is possible to calculate the total calorimetric losses.

G = MC,AT (6.1)

wherethe heat flow is g, the massflow m, the specific heat coefficient for water
Cp: and the temperature difference between the inlet and outlet water AT .

9-pin D-sub to HP
data acquisition unit

PT100 water temp ~ (T T
-V

I I
Y 7

From cooling

water source | l I To machine

_— O E—
PT100

Inlet water Hose Flow sensor
temperature

F

Out From machine
<o u _From mach
PT100

Outlet water
temperature

Power to flow sensor
5-12 V max 36 mA

Fig. 6.3  Sensor setup for water flow and inlet/outlet water temperature.

Fig. 6.4  Flow sensor Swissflow SF-800-B.
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PT-100 Temperature sensor

Rectangular piece of
plastic to create a
turbulent water flow
over the sensor

gy Holder

Fig. 6.5 Water temperature measure component.

6.2.2 Sensorsinthe4QT

In the 4QT there are seven temperature sensors, three in the inner rotor and four
in the Stator and housing. The three sensorsin the inner rotor are mounted on the
winding, one at each end winding and onein aslot in the middle of therotor. The
Stator temperature sensors are mounted, one on the heat sink, one in the air, one
on the endwinding and one in the stator slot.

All temperature sensors in the 4QT Stator and housing are thermocouples of T-
type while the sensors in the inner rotor are of PT-100 type. The sensor place-
ment are shown in Figure 6.6 to Figure 6.8 for the inner rotor, the Stator and the
housing. The temperature sensors in the end windings and the slots of the inner
rotor and Stator winding are placed inside the windings before vacuum pressure
impregnation. The temperature sensors on the housing are for the heat sink glued
to the aluminium heat sink fin and for the air channel freely placed in one of the
air cooling channelsin the heat sink.
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Temperature sensor in the middle of the slot

Temperature sensor on end winding

Temperature sensor on end winding

Fig. 6.6  Temperature sensor placement in the inner rotor.

Temperature sensor between tooth and winding in the slot

Fig. 6.7 Temperature sensor placement in the Stator.

Temperature sensor on heat sink

Temperature sensor in air channel

Fig. 6.8  Temperature sensor placement in the housing.
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6.3 Generator tests

The4QT machine was|oaded as agenerator to investigate its efficiency and ther-
mal behaviour. The thermal issues of the 4QT, especially the temperature in the
inner rotor windings are of great importance and critical to the design of the sys-
tem.

6.3.1 Sator test

The Stator machine was tested as a generator prior to and after the failure of the
inner rotor. Table 6.1 shows the different evaluated load steps, the first four be-
fore the failure and the last four after the failure. The first four had locked inner
rotor which gave extraironlossesin theinner rotor. Thelast four tests were made
with the inner rotor rotating freely and synchronously with the outer rotor. This
gives negligible iron losses in the inner rotor since the magnets and the inner ro-
tor lamination rotate at same speed. The bearing friction between the rotors can
also be neglected; since the bearings are mounted between the rotors their rela-
tive speed is zero.

Table6.1 Load steps at Sator loading.

nl;rrﬁer [SrF[))er$1(]:I E_I\?r?f]j Test method digz;-n
T1 4000 29 Locked inner rotor First
T2 4000 55 Locked inner rotor First
T3 4000 62 Locked inner rotor First
T4 4000 71 Locked inner rotor First
T5 1500 30 Loose inner rotor Second
T6 3000 54 Loose inner rotor Second
T7 4000 67 Loose inner rotor Second
T8 4000 78 Loose inner rotor Second

The temperature increase from the inlet temp of the cooling water to the end
winding and the slots of the Stator are shown in Figure 6.9 and Figure 6.10.
Figure 6.11 shows the temperature increase of the end windings and slots at dif-
ferent loads for the two different designs. The second design had a smaller tem-
perature rise than the first design, due to mainly two reasons. Firstly, in the
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second test forced air cooling was used for the inner rotor machine instead of the
internal air cooling system; secondly, the first test was carried out with alocked
inner rotor causing iron and friction losses in the inner rotor which did not exist
in the second test.
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Fig. 6.9 Temperaturerisesinthe Sator during load tests with the old designs
before the inner rotor failure, seetest T1-T4 in Table 6.1.

Ascan be seen in Figure 6.11 the cooling of the new design is more effective due
to the lower temperatures, and since there were no changes made to the Stator
during the repair of the 4QT prototype the decrease in temperature can be mainly
related to the improved cooling system. The changes in the cooling system both
increased the cooling air speed and decreased the cooling air temperature thus
increasing the cooling efficiency of the machine.

Comparing the temperatures of the two designs in Table 6.2 it can be observed
that there is a temperature decrease of 38.7% for the Stator end winding and a
temperature decrease of 30.6% for the Stator winding in the slot. The larger de-
crease for the end winding can be explained by the increased efficiency of the
forced air cooling on the exposed end windings as compared to the winding in
the slot which is are buried in the laminations.
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Fig. 6.10 Temperature rises in the Stator during load tests with the new de-
signs after the inner rotor failure, seetest T5-T8 in Table 6.1.
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Table 6.2 Temperaturerisesat the Sator end winding and the Sator winding
ina dot for both the old and new designs of the 4QT at full load.

Temperature rise [K]

Old design New design
Load [%] End winding Slot End winding Slot
100 62 49 38 34

6.3.2 DRM test

The DRM was tested in the same way as the Stator before and after the failure of
the 4QT machine. Table 6.3 shows the test operation points used when |oading
the DRM in generator mode with locked inner rotor and the outer rotor connected
to aload machine. When using this method the Stator iron losses are included in
the total losses. To measure the efficiency of the DRM the Stator iron losses has
to be separated from the total losses.

Figure 6.12 shows the inner rotor temperature for no-load operation at nominal
speed. The temperature of theinner rotor winding reaches 92°C at steady-state.
Thistemperatureis onthe air outlet side of the forced air cooling. At theair inlet
side of the 4QT prototype the end winding temperature becomes approximately
13°C lower.

When rewinding the inner rotor, temperature sensors were mounted in the wind-
ing, which madeit possible to evaluate the influence of DRM load current on the
inner rotor temperature. Figure 6.13 presents the temperature in the inner rotor
versus the DRM load current. The actual tests were limited to 64A (RMS) and
115°C. If the temperature is extrapol ated up to the rated current of 100A (RMS)
the temperature in the winding will be about 150°C. The winding is of tempera-
ture class F and thus withstands a hot spot temperature of 155°C at continuous
operation. To be able to load the inner rotor at nominal load it has to be cooled
in a more effective way, for example by using a more powerful fan. But, since
the required life time in an automotive application normally islow compared to
an industrial life time of an electrical machine, it is possible to run the machine
at a higher temperature compared to a conventional industrial motor.
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Table6.3 Load points for the DRM.
Speed Torque | Voltage | Current Inner rotor steady-
rpm] | [Nm] | [V] [A] Sare maximum
temperature [°C]
30002 - 183.1 - 92
3000° 57.2 165.2 5.7 -
3000 26.75 1829 22.8 94
3000 45.75 177.9 44.9 104
3000 65.4 173.8 64 115.7

a No-load test with locked inner rotor

b. Test of thefirst inner rotor was without temperature sensors
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Fig. 6.12
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Inner rotor temperatures, no-load test at 3000rpm.
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Fig. 6.13 Inner rotor temperature versus load current.

It is possible to estimate the magnet temperature rise from the difference in in-
duced voltage at no-load if the magnet temperature coefficient for the used mag-
nets is known. In the 4QT prototype VACODYM 655HR magnets were used
with a temperature coefficient of -0.090%/°C for the remanence flux.

The induced voltage is dependent on the flux density from the magnets. When
the magnets are heated the remanent flux density in the magnets are reduced and
thus the flux linkage and the induced voltage will be reduced. This means that
the temperature can be determined i.e. from the measured induced voltage.

At no-load and a cold machine the induced voltage was 185.6V and when run-
ning the machine until thermal steady-state, i.e. the first point in Table 6.3, the
induced voltage becomes 183.1V. This gives a magnets temperature rise of
15°C. Assuming an ambient temperature of about 25°C the magnet temperature
becomes 40°C at steady-state no-load condition.

6.3.3 Combined tests Sator and DRM

When loading both the Stator and the DRM the inner rotor islocked and the two
windings are each connected to a rectifier and a resistive load bank, see
Figure 6.1. The drive motor must supply the load torque for both machines,
which at nominal torque becomes 170Nm. The speeds at this tests were the same
for both machines because the magnets for the machines are mounted on the
common outer rotor, which limits the flexibility of the combined load test for the
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two machines. Table 6.4 shows the |load points for the combined tests of the Sta-
tor and the DRM.

Table6.4 Load points for combined tests of the Sator and DRM before the

failure.
st | e | T | T T | | icinsy
[Nm] [Nm] [kw] [kw] [kw]
3000 58.5 90.5 154 35.6 41.8 95
3000 51 83 134 24.1 375 95.7
3000 46 76 11.6 21.6 33.2 96.9
3000 - - 85 16.8 253 95.8

The DRM winding temperature was calculated from the increase in resistance of
the rotor winding from the start value to the thermal steady-state value for each
specific test. The load points of the tests are the same as those shown in
Table 6.4. The results of the temperature increase from the water inlet tempera-
ture of 7.7°C to the inner rotor winding temperature are shown in Table 6.5.

Table6.5 Temperature of theinner rotor windings at different load
conditions before the failure. Sator cooling water inlet
temperature was 7.7 °C.

Stator Inner rotor winding
Speed Current Current Temperature
[rpm] [A](RMS) | [A](RMYS) steady-state [°C]
3000 44 61 64
3000 62 81 73
3000 74 95 85
3000 87 109 102

Thetemperaturesin Table 6.5 are the mean value of the temperature in the inner
rotor winding since they are based on calculations of the winding resistance in-
crease. Itispossible, and also proven, that hot spotsdid exist in the winding. This
is based on the fact that the windings actually failed due to overheating at higher
load than the last row in Table 6.5, though the mean temperature was not to high
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for the used class F insulation.

6.4 No-load losses

The no-load losses were measured at motor operation fed viaarotating converter
and at generator mode when rotating the 4QT with aDC motor. The no-load loss-
es was measured both for the Stator and the DRM.

6.4.1 Sator no-load losses

Theno load losses for the Stator were measured from 500 to 4000rpm. The meas-
urementswere carried out with a power meter for the motor operation, torque and
speed sensors for the generator operation and by calorimetric measurement. The
Stator no-load losses are shown in Figure 6.14. The losses from generator and
motor tests were done for a cold machine while the calorimetric measurement
was done at steady-state temperature, thus with a warmer machine. The no-load
|osses decreased therefore by 200W. The motor tests were only done at 500 and
600rpm since the Stator was operated as a motor via a rotating converter with a
maximum frequency of 60Hz. The calorimetric measurement was only made at
one operation point, which was at nominal speed 4000rpm.
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Fig. 6.14 Stator no-load losses from calorimetric, motor and generator tests.

89



The Four Quadrant Transducer System

6.4.2 DRM no-load losses

The DRM no-load |osses were measured with a digital torque meter! in combi-
nation with a torque sensor? and the losses were derived from the speed and
torque measurements. The no-load losses were measured both with and without
the brushes mounted in the slip ring unit, see Figure 6.15, which makes it possi-
ble to separate the slipring friction losses, see Figure 6.16.
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Fig. 6.15 DRM no-load losses, with and without the slipring friction losses,
versus speed.

Aspresented in Figure 6.15 the slipring losses are small compared to the conven-
tional iron and friction losses in electrical machines for the 4QT prototype.

6.5 Friction lossesin thedipring units

The friction losses of the sliprings had an minor impact on the efficiency meas-
urements. Even though in the Stator test, where the dlipring friction should not
be included in the efficiency measurements it had to be separated. When meas-
uring the Stator efficiency the Stator machineis|oaded at different loads for dif-
ferent speeds and torques. To avoid iron losses in the inner rotor lamination
during the Stator test the inner rotor can be made to rotate at a speed that is syn-

1. Oni Sokki TS-800B
2. Oni Sokki SS-200
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chronous with the outer rotor. This also means that the sliprings are rotating and
producing friction losses that should not be included in the Stator efficiency
measurements.

To measure the slipring power losses the torque and speed of the machine at no-
load were measured both with the brushes on the sliprings, and with the brushes
lifted from the slipring surfaces. The difference between these two measure-
ments gives the slipring friction losses which are shown in Figure 6.16. The val-
ues are mean values from a series of measurements, since the slipring friction
torque is small compared to the torque from the iron losses, and the subtraction
of these two torques has low accuracy. According to measurements on slipring
units donein [25],[26] thefriction losses of adlipring is, asafirst approximation
(neglecting temperature and current effects etc.), proportional to the surface
speed of the sliprings. As seen in Figure 6.16 the friction losses are small com-
pared to the iron losses and has a general tendency of increasing proportional to
the speed. The linear curvein Figure 6.16 is used to correct the efficiency meas-
urements of the Stator machine.
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Fig. 6.16 Measured slipring friction losses versus speed.

6.6 Efficiency tests

The efficiency of the 4QT prototype was measured at generator mode for speed
and torque up to nominal load. The efficiency was calculated by measuring the
input torque and speed and the output three phase power, then cal culating the ef-
ficiency according to equation (6.2):
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n=- (6.2)

where n isthe efficiency, Pj, is the mechanical measured input power and Pg
the three phase output power measured by a power meterl. Duri ng the tests the
4QT was electrically loaded by aresistive load bank via a rectifier, Figure 6.2.

The efficiencies of the two separate machines were plotted into efficiency maps
asafunction of operating speed and torque and compared to analytical efficiency
calculations from [23].

6.6.1 Sator efficiency test

The Stator efficiency was measured at speeds up to 4000rpm and torque up to
70Nm, i.e. base speed and base torque. The results of the efficiency measure-
ments are presented in Figure 6.17.
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Fig. 6.17 Measured Stator efficiency map based on input and output power.

Comparing the measured efficiency for the Stator with the calculated efficiency
from [23] in Figure 6.18 there is a difference of about 1% in favour of the meas-

1. Yokogawa 1030M
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ured values. The basic shapes of the efficiency maps are approximately the same
with the highest efficiency in the centre of the map. Comparing the analytical
calculated efficiency with the cal orimetric measured values of 93.4% at hominal
speed and torque (see section 6.7) shows good agreement between the measured
values and the theoretical values.

70 0.94

10.92
60

10.9
50

Torque [Nm]
N
o

30

20

0.8

10
500 1000 1500 2000 2500 3000 3500 4000 Efficiency

Speed [rpm]

Fig. 6.18 Calculated efficiency of the Stator machine fromthe licentiate thesis
[23].

6.6.2 DRM efficiency test

The DRM efficiency was measured for speeds up to 3000rpm and torques up to
100Nm, i.e. base speed and base torque. The measured efficiency map of the
DRM is presented in Figure 6.19 and the calculated efficiency map from [23] is
presented in Figure 6.20. The measured and calculated efficiency maps shows
similar trends and the maximum value differs by approximately one percent.
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Fig. 6.19 Measured DRM efficiency map.
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6.7 Calorimetric measurements

Calorimetric measurements are made by thermally isol ating the machine from its
surroundings and measuring the losses of the machine by measuring the total
heat flow transferred by the cooling media. For the 4QT this was done by insu-
lating the whole 4QT machine with closed cell foam so no or minimal thermal
exchange existed between the 4QT and the surrounding environment,
Figure 6.21. Theinlet and outlet temperatures, and the flow of water were meas-
ured according to section 6.2.1. The hoses were insulated between the machine
in/outlet and the measurements sensors, Figure 6.22.

Insulation used to
cover the motor

Fig. 6.21 Motor insulation for calorimetric measurements.
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Fig. 6.22 Insulation of water cooling hoses.

To seal the machine, the air cooling fan was removed and the air cooling holes
in the shields were sealed, Figure 6.23. These combined steps where effective in
thermally sealing the machine fromits surrounding, whichis an essential precon-
dition for accurate calorimet

Fig. 6.23 Air cooling holesin shields, (a) sealed air holes, (b) open air holes.

The machine is first run as a generator until thermal steady-state conditions are
reached. The water flow rate and temperatures are then measured to give the ca-
lorimetric losses. By measuring the three phase output power with a power meter
both the output power and the power |osses can be determined thus the efficiency
can by calculated. Thiswas done for the operating pointsin Table 6.6. As can be
seen in the table, the efficiency for the 4QT Stator is around 93.5 and 93.4% at
90 and 95% respectively of the load torque at nominal speed. The inaccuracies
of the calorimetric measured efficiencies are determined in section 6.8. Using the
values of the input power from the torque meter at the drive motor, which has a
reading error of 0.25Nm, and the speed from the frequency of the current com-
bined with the output power measured with the power meter gives an efficiency
of 95%.
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Table6.6  Operating points for calorimetric |oss measurements in generator

mode.
Speed | Torque PTase Phase | Output C_al ?” met Efficien
rrom] | [Nm] Voltage | current | power | riclosses oy [%]
[V] [A] [W] [W]
4000 62.75 85.6 104.6 25050 1733 935
4000 66.75 84.5 112.6 26600 1872 934
4000 | No-load 92.9 0 0 995 -

6.8 Accuracy of the efficiency results

In the measurements the output power was measured with a power meter! and
the inaccuracies of this power meter are shown in Table 6.7 according to a data
sheet in [37]. The power meter was equipped with a current? probe with an inac-
curacy of 2% inthe 200A range. The flow sensor® had an inaccuracy of 1% [39]
of the reading value and the temperature sensors” had an inaccuracy according
to EN 60751 class B, which is 1°C of the measured temperature.

Table6.7  Inaccuracies of the used power meter [37].

Voltage and

Power
current

Frequency

45-66 Hz 0.1%rdg+0.1%rng | 0.2%rdg+0.5%rng

66-1000 Hz 0.1%rdg+0.1%rng | 0.1%rdg+0.1%rng

rdg = reading, rng = range

Power meter was calibrated in November -04

Yokogawa WT1030M

Prova DC/AC Current Probe CM-05
Swissflow SF-800-B

BEO3, PT-100

APwWDdDE
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6.8.1 Calorimetric efficiency accuracy

For the 4QT Stator running as a generator at an operation point determined by
the 2" row in Table 6.6, (4000rpm and 66.75Nm) the following measurement
inaccuracy can be determined.

The inaccuracy for the calorimetric losses:

Plosses = Cpllerror Merror = Cp [(2L(0,041[0,01) = 3,46W  (6.3)

Where C,=4186Ws/(kgK), Aty o,

Merror = 1% Of the measured value.

=2°C (1°C per temperature sensor) and

The power meter inaccuracy for the same operation point is according to
Table 6.7 and using current probesl with 2% inaccuracy:

P, = '1%16 26600 + %’16 200 [150 + I(ZJ_o 26600 = 588,6W  (6.4)

Then the efficiency becomes:

0,931

_ _1872+3,46 _ 0,928
26600+588,6 | 0,931

0,928

=1 (6.5)

The mean value and the inaccuracy of the efficiency measurements then becomes
93.0+£0.2%. Thisisavery accurate value due to the measuring method used. The
inaccuracy in percentage points did not affect the accuracy of the efficiency sig-
nificantly because of the division of two numbers with large numerical differ-
ence.

The accuracy is good for al the calorimetric measurements at high power while
for the measurements of no-load losses the calorimetric method is less accurate.
When making no-load |oss measurementsit is best to operate the 4QT as a motor
and measure the input power viathe power meter and obtain an accuracy accord-
ingto Table 6.7.

1. ProvaDC/AC Current Probe CM-05
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6.9 Prototype parameters

The machine parameters such as inductance and resistance of the 4QT prototype
were calculated and measured in [35]. The parameters and results are presented
below.

6.9.1 Inductance measurements

The d- and g-inductances of the 4QT were measured and calculated in [35]. The
measured inductances are presented in Figure 6.24. Before the inductances were
measured the rotor wasfirst aligned in the d or q direction by applying aDC cur-
rent to the winding via phase A, which connected in series with phases B and C,
which are connected in parallel. Then an AC current was supplied at different
frequencies to phase A via phases B and C, giving the following currents in the
different phases:

ip = fcos(w t)

) (6.6)
iy = i = —%icos((.o t)

Measuring the frequency w, current | , (RMS), voltage U, (RMS) and the phase
angle 6 between the current and voltage, and using equation (6.7) for the g- or
d-direction, gives the inductances for the windings:

L= U,sin® 67)
d’/q — iAOL) '
Using equation (6.7) the inductances of the two 4QT windings were calcul ated
as a function of the frequency as shown in Figure 6.24 together with the calcu-
lated values from section 5.4. The calculated and measured values show good
agreement. The second and third points for the inductance measurements show
deviant values and should be disregarded. This deviations are due to mechanical

vibrations (resonance phenomenon) that occurred during the measurements.
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Fig. 6.24 Measured and calculated d- and g-inductances of a) the Sator b) the

DRM.

6.9.2 Resistance measurements

The resistance of the 4QT machine was calculated and measured in [35],[40],
and the values are presented in Table 6.8. These values shows good agreement
between the measured and cal culated values. For the Inner rotor one phase shows

aminor deviant value.

Table6.8 Measured and calculated resistances for the 4QT prototype.
Measured resistances [mQ ] Calculated
Phase | Phase | Phase res[lrsntzn]ces
A B C
Stator 10.9 11.0 10.6 10.9
Inner rotor 142 150 135 149
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6.10 Test of the new rotor winding

When the two rotors where rotated at different speeds after the inner rotor was
redesigned a braking torque at no-load was observed. The braking torques at dif-
ferent speeds and operation conditions are shown in Table 6.9.

Table6.9  Braking torgue at no-load tests of the 4QT.

.[Srr:)er;e](]:i T[ONr?nL]'e P[o\yvv]e ' Operation specifications
400 11 461 Locked inner rotor
600 15 942 Locked inner rotor
800 16 1340 Locked inner rotor
400 10.5 440 Locked outer rotor
800 15 1257 Locked outer rotor
700 3 220 Synchronous rotating rotors

During the tests the bearing and end winding temperatures were measured.The
temperature sensors on the inner bearings at each side of the outer rotor were
placed as close as possible to the bearings, the sensor placement are shown in
Figure 6.25. Figure 6.26 and Figure 6.27 show the temperatures of the bearings
and the end windings during the tests specified in Table 6.9.

Thermocouple end Thermocouple end
winding ICE side winding drive side

—

hermocouple
earing drive side

Thermocouple
bearing ICE side

o

atorwinding ]

B

Fig. 6.25 Thermocouple placement for bearing and end winding temperature
measurements.

Input shaft/]

2

The bearing temperatures shown in Figure 6.26 are measured when the outer ro-
tor islocked and the inner rotor is rotated at 400 and 800rpm. As seen thereisa
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rapid and almost linear increase of the temperature, 66 °C/h at 800rpm and 24°C/
h at 400rpm. The temperature thus increase 2.8 times faster when the speed is
doubled. Figure 6.27 shows the end winding temperature when the inner rotor is
locked, which made it possible to access the temperature sensors in the inner ro-
tor. During this test the initial temperature rises are 204°C/h at 800rpm and
52°C/h at 400 rpm. The temperature rise is aimost 4 times faster when the speed
is doubled. Since the temperature rise is much faster for the winding than the
bearingsit is probable that the losses are located in the inner rotor windings. The
losses could be due to circulating currents in the windings or short circuits be-
tween the phases in the windings. Insulation tests made earlier on the windings
did not indicate any earth fault between the inner rotor winding to the lamina-
tions or the shaft. Since the measured phase resistance of the three phases are
equal as shownin Table 6.10 the possibility of ashort circuit between the phases
in the inner rotor is small.

Analysis of the measured temperatures at the inner rotor showed that the temper-
ature increase was almost 4 times faster for 800rpm than for 400rpm. Doubling
the speed will also double the induced voltage. If we assume a constant resist-
ance in the circuit the current will also be double. Since the power loss is the
product of the voltage and the current the power loss will increase by a factor of
4 when the speed is doubled. Thisimplies that the heating power in the inner ro-
tor is generated through the induced voltage. It is therefore very likely that the
fault originates from circulating currents or short circuit in the windings. Thecir-
culating currents are further investigated by FE simulations in section 8.6.

Table6.10 Phase to phase resistances of the inner rotor [40].

AppliedDC Measured Resistance
Phases voltage
current [A] [Q]
[Vl
L1-L3 10 0.283 0.028
L1-L2 10 0.298 0.030
L3-L2 10 0.292 0.029
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Fig. 6.26 Bearing temperatures at 400 and 800rpm between the rotors. The
outer rotor was locked during the test.
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Fig. 6.27 End winding temperatures at 400 and 800rpm between the rotors.
The inner rotor was locked during the test.
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After dismantle of the 4QT prototype it was discovered that short circuit between
the phases had occurred in the inner rotor winding. One strand of one phase from
one of the turns of one phase was connected to another phase, as shown in
Figure 6.28. Due to this manufacturing fault a one-strand short circuit between
two phases occurred which introduced power losses that burned the insulation
and heated up the inner rotor.

Another fault that had occurred was that the end windings at the | CE side of the
inner rotor winding were bent outwards due to centrifugal forces and touched the
outer rotor. This happened because of the bad or non existing bandaging of the
inner rotor end windings. A picture of the bent end windings are shown in
Figure 6.29.

A simulation of the short circuit current through the strand can be performed ac-
cording to the method described in section 8.5 for circulating currents, by short
circulating coil number 75 in Figure 8.9 down to the point in the circuit between
coil 116 and 121. The simulated short circuit current is shown in Figure 6.30 and
hasaRMS value of 182A. Thislarge FEM simulated short circuit current at no-
load implies that a one-strand short circuit between two phases will give a sig-
nificant short circuit current even when the machine is operating at no-load con-
ditions.

Fig. 6.28 One strand short circuit between two phasesin the inner rotor wind-
ing.
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Fig. 6.29 End winding bent outwards due to centrifugal forces and lack of suf-
ficient bandaging.
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Fig. 6.30 FEM simulated short circuit current in one strand phase to phase
short circuit.
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6.11 Conclusions

The 4QT prototype has been tested both at no-load and at load conditions. The
machine givesthe rated torque at rated speed and current. Induced voltage for the
machines are according to calculations.

Thethermal performance of the machine were both better and worse than expect-
ed. The Stator thermal performances are good and the water cooling is effective.
The inner rotor cooling was at the beginning not sufficient so the rotor windings
failed dueto high temperature. After aredesign of the windings aunwanted brak-
ing torgue between the rotors was discovered and thus no testing at load or at
speeds over 800rpm was possible. When a second rewinding of the inner rotor
was done it was possible to test it, then the DRM showed efficiency close to the
predicted but the temperature of the winding was too high at load conditions.
Better cooling of the inner rotor is required to achieve the desired performance.

The efficiencies of the Stator and DRM are close to the analytically calculated
efficiencies from [23].
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7 Thermal modelling

Thermal modelling is used to predict the thermal design of the machine and to
investigate possible design improvements. The modelling of the 4QT prototype
has been performed by lumped circuit modelling in order to achieve high cal cu-
lation speed and flexibility for small design changes in the thermal system. This
model is then verified by FE modelling and by measured values from generator
tests of the prototype.

The FE modelling has been made for a 2D geometry of the 4QT prototype, with
no consideration taken to the axial heat flow out of the machine and no modelling
of the end windings of the Stator and theinner rotor. In the lumped circuit model,
the end winding, the heat flows in the axial direction through the shaft, and the
convection in the end regions of the machine are included as simple models.

7.1 Lumped circuit modelling, steady-state

To make a lumped circuit model of the 4QT, a quarter of the axial cross section
was chosen. When performing electromechanical FE modelling of the 4QT only
one pole was chosen, but in the thermal analysis aquarter of the machineis need-
ed to achieve thermal symmetry. The quarter of the 4QT cross section is further
divided into layers and sections as shown in the example of a 90 degree circle
sector in Figure 7.1. In thisfigure the circle sector is divided into four layers and
three sections which givestwelve network pieceswith a network nodein the cen-
tre of each piece. The lumped circuit is then modelled between the nodes, in this
case with twelve nodes, the thermal network consists of seventeen thermal resist-
ances. To calculate the thermal resistances between the nodes equation (7.1) are
used.

Rtth[p\
c

(7.1)

Where| isthe distance between the nodes, A isthe area between the nodestaking
into account the axial length of the machine and A is the thermal conductivity.
The thermal network is solved iteratively by using equation (7.2) [22] for each
node until the desired accuracy is reached. It is aso possible to make a transient
thermal analysis if adding the thermal capacitance in each node [50].
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T T R (7.2)

In equation (7.2) the thermal source g is the lossesin the specific nodei, tj isthe
temperature in node j where j is the number of one of the adjacent nodes and R; i
is the thermal resistance between nodesi and j where i is the node of which the
temperature is to be calculated. Solving equation (7.2) for all nodes gives the
temperatures at steady-state for all the nodes in the thermal lumped circuit.

Layer 4
Layer 3

Layer 2

Layer 1

Natural boundery condition

Natural boundery condition

Bl Thermal resistance
O Network node

Fig. 7.1  Example of a thermal lumped circuit network of a circle sector of
90degrees.

The thermal network used for the 4QT machine is a bit more complicated than
the example shown above. This is because the complex 4QT geometry which
consists of slots, air and water cooling channels etc., makes it necessary to use

108



Thermal modelling

between 2 and up to 72 sections for each layer. The 4QT is made up of 14 differ-
ent layers according to Table7.1. The 4QT network model is shown in
Figure 7.2. The model network in Figure 7.2 consists of 331 different network
pieces and the model will thus contain 331 nodes. One extra node is also added
for the external air so the total sum of nodes becomes 332. The model contains
even more thermal resistances but many of them have the same value so there are
only about 50 different thermal resistance values in the model. The thermal net-
work for the part of the 4QT which is an axial symmetry is shown in Figure 7.3.

Water cooling regions

Corner area outside
the water cooling
channels neglected
during the simulations

Fig. 7.2  4QT machine geometry divided into rectangular network for thermal
modelling.
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Table 7.1 Layer description for the 4QT thermal model.

Layer Description Number of
nodes
1 Shaft 2
2 Rotor lamination with axial air 6
cooling channels
3 Rotor Laminations 6
4 Rotor slots and laminations 36
5 Inner air gap 1
6 Inner magnets with intermediate air | 9
7 Outer rotor steel tube 9
8 Outer magnets with intermediate 9
steel
9 Outer air gap 1
10 Stator slot and laminations 36
11 Stator back laminations 36
12 Second stator back lamination 72
13 Housing with air cooling channels | 72
14 Housing auminium with water 36
cooling channels
Outer air | Constant outer air temperature 1 (divedinto 3

layer

for the circuit
figure)
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Ambient temperature

=\

Ambienttemperature

Ambient temperature

Water cooling regions

Thermal network node

Fig. 7.3  Thermal network with lumped circuit for the 4QT machine.

To model the slots of the 4QT machine a method, which is a modification of the
method used in [32], is introduced. The slot models are shown in Figure 7.4 for
the Stator and the inner rotor. The insulation thermal coefficient was chosen ac-
cording to [32] to 0.0735W/m°C. Then the different copper layers in the slot
model are connected by thermal resistances and inserted in the model for the
complete machine. The copper lossin each slot is distributed within the different
copper layersin proportion to the area of each layer.
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Fig. 7.4 Yot models for the 4QT thermal lumped circuit model.

The axial modelling was carried out by assuming symmetry at the axial centre
and modelling only half thelength of the 4QT and assuming no thermal exchange
between the halves. The end windings need then only to be modelled on one side
of the machine and they were only modelled with one node for each slot. The end
winding thermal resistance was cal culated by using the model in Figure 7.5 were
the length and cross section area are presented.

The convection resistance to the surrounding air was modelled with the total out-
er area of the model in Figure 7.5 and a chosen convection heat transfer coeffi-
cient according to [32] and [33].

Length used to calculate
the thermal resistance

Node location in
center of end windin:

Cross section area equal to
the copper area of the winding

Fig. 7.5 End winding model used for thermal resistance calculations.
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7.2 Resultsfrom thelumped circuit modelling

The results at full load in both the Stator and the DRM are shown in Figure 7.6.
The losses in the model are taken from analytical calculations while the air tem-
perature is taken from measurements made in the comparing test. The cooling
water temperature is changing throughout the water cooling channels. To use the
Newton’s law of cooling in the model a mean temperature value has to be used.
The generally accepted method is to use the logarithmic mean temperature dif-
ference (LMTD) defined in equation (7.3). Using the values of the inlet and out-
let cooling water temperature from measurements during the load test, this value
becomes 12.8°C.

t,—t

_ in™ “out
tmtp = In(t -/t (7.3)

Air gap temp 53°C
Ambient temp 20°C

@ | —19°Cat Stator end
A sensor winding temp

attached to 108

heat sink 102
bottom 94
sz
| —65°Cat \75
W sensor located ~73 Temp at
, at endwinding  sensor location
Q 78
88
98
Rotor end
winding temp
% 140
136
56 |™—52°C at sensor 140
— located in slot 141
61 143
P 144
64 145
. 144

142

]
<

113°C in mean value from resistance measurment

Fig. 7.6 Measured and simulated values of the temperature distribution at full
load in the 4QT machine.
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Table 7.2 Smulated and measured values of the temperature in the 4QT.

Simulated | Measured | Difference
[°C] [°C] [%]
Stator slot 48 52 -8
Stator end winding 65 73 -12
Heat Sink 21 19 +10
Inner rotor winding 129 113 +14

As can be seen in Figure 7.6 the simulated and the measured values at the full
load test show good agreement. Table 7.2 presents a comparison between the
simulated and the measured values at some selected positions in the 4QT ma-
chine and it can be seen from the table that the difference is between 8 to 14%
which can be considered to be good enough for evaluating the impact of the de-
sign changes on the cooling system.

Onewarning which can beinterpreted from the simulationsis the inner rotor end
winding temperature. The maximum simulated value is 145°C and with an error
equal to the maximum error for the simulations which is 14%, this becomes 165°C.
Thisliesat thelimit of the maximum winding temperature, allowing for unaccounted
hot spots the maximum temperature can be much higher which can lead to an insu-
lation breakdown of the machine. Sadly this was also the case and as a very unfor-
tunate timing, the present simulations were performed after the machine
breakdown.

To decrease the inner rotor end winding temperature, different cooling methods
can be used, a number of them are shown later in this chapter, including the
method of forced air cooling using an external fan which was also implemented
in the new design of the 4QT prototype.

7.3 Different cooling options

As can be seen from tests and simulations the most challenging part of the 4QT
is to cool the inner rotor and specially the inner rotor winding. To improve the
cooling of the 4QT four different ways were investigated:

¢ Modified water cooling channels

¢ Fluid cooling in the shaft

e Air cooling in the rotor slot

« Forced air cooling of the inner rotor
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Thefirst method has an impact mostly on the cooling of the Stator while the sec-
ond and the third have an impact mostly on the inner rotor and the fourth has an
impact the whole machine.

7.3.1 New water cooling channels

The water cooling of the Stator has been improved in quite a conventional way.
The improvement consists of the removal of the air cooling ducts between the
Stator and the housing and to modify the shape and the distribution of the water
cooling ducts. This gives a shorter distance and a lager area for the heat flow
from the Stator to the cooling water as shown in Figure 7.7. This change in cool-
ing of the 4QT mostly has an impact on the cooling of the Stator.
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Fig. 7.7  New design with a more efficient water cooling of the Stator.

This design change give a better cooling of the Stator and reduced the tempera-
ture from 73 to 50°C for the end winding, and from 48 to 36°C for the stator slot
temperature at full load, according to the lumped circuit model. This is because
removal of the heat sink, that was primary introduced to cool the internal air
flow, decreased the thermal resistance between the Stator core and the cooling
water.
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7.3.2 Fluid cooling in the shaft

The second ideawasto increase the cooling of the 4QT by introducing fluid cool-
ing in the inner shaft. If oil is used as the fluid it should be possible to lead the
inlet oil through an oil pipe in the centre of the inner rotor shaft as shown in
Figure 7.8. The drawback with this method is that it requires an eccentric place-
ment of the propulsion shaft between the ICE and the 4QT in order to allow in-
sertion of a pipe in the axial direction for the cooling fluid. It may also be
possible to use a fluid “slipring” for the transfer of the cooling medium to the

rotating inner rotor.
\ 7 Gear wheel

Inner rotor shaft

Holder

Qil inlet | — T

Down to oil pan /

Qil pipe QOil flow

Fig. 7.8  Proposal for oil cooling systemin the inner rotor shaft.

This was simulated by adding one extra layer before the first layer in Table 7.1
which is the shaft layer. The nodes of the shaft were thus connected to the node
in the new oil cooling layer. Then the axial air cooling channelsin theinner rotor
were replaced by lamination material as the air holes do not contribute too much
to thetotal cooling when liquid cooling is used in the shaft. The oil cooling layer
consists of one node with a constant temperature of 60°C.

This gives a decrease of temperature from 145°C to 102°C in the inner rotor end
windings and from 156 °C down to 106°C in the inner rotor slots, according to
the lumped circuit model. Thisis a decrease of about 30% in the rotor tempera-
ture. Using a cold fluid would decrease the temperature even further.
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7.3.3 Air cooling of therotor dot

Thethird alternative was to introduce an air cooling channel in therotor slot, see
Figure 7.9. This should reduce the winding temperature if the air is made to flow
close to the winding. The large draw back is of course the reduced fill factor in
the slots but this draw back should be evaluated in relation to the gain in expected
improved cooling.

When evaluating this method a node was added in the rotor slots with a constant
temperature and the thermal resistance was cal culated from the data of air veloc-
ity, assuming along channel, and the area of the cooling duct.

The results are shown in Figure 7.10 for different forced air cooling speeds. The
temperature doesn’t decrease until the air speed reaches 5m/s, thisis because be-
low 5m/sthe air flow in the cooling channel islaminar and the temperature field
isfully developed. In this case the Nusselt number is constant with constant wall
temperature or constant heat flux and this gives a constant convection heat trans-
fer coefficient [33] until the air flow becomes turbulent for air speeds above 5 m/
S.

The temperature decrease by introducing the air cooling ductsin the slot are from
156°C down to 145°C for an air speed of 5m/s and down to 126°C for an air
speed of 9m/s. This gives a decrease of 20% for the higher air speed which is
lower than for the fluid cooling of the shaft. But still there is a decrease in the
inner rotor winding temperature.

Forced air cooling
below the rotor winding

in the rotor slots ' '

74

o
4
-

Fig. 7.9  Air cooling of the rotor slots.
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Fig. 7.10 Jot temperature at different forced air cooling speeds.

7.3.4 Forced air cooling of theinner rotor

Forced air cooling of the 4QT by an external fan is simulated in steps with dif-
ferent convection heat transfer coefficients in the axial air holes. Figure 7.12
shows the heat transfer coefficient in the axial air holes and the inner air gap as
a function of the cooling air speed used in the simulation. The heat transfer co-
efficients were cal culated analytically according to [22] [33]. The constant value
of heat transfer coefficient between 1-2m/sin the air holes and 1-5m/sin the air
gap iswhen the air flow is laminar and thus the Nusselt number is constant and
this gives a constant heat transfer coefficient [33]. No consideration has been
taken to the influence of rotation of the rotors on the heat transfer coefficients.

According to [33] the heat transfer coefficient for turbulent flow in tubes for air
with an air speed between 1-10m/s is between 10-50W/(m2°C) and this is ful-
filled in the heat transfer coefficient calculation.

Ascan beseenin Figure 7.11 the inner rotor winding temperature decreases from
184 down to 103°C when the air speed is increased from 1-10m/s. In this case
the air temperature was assumed to be 30°C. With this knowledge a suitable size
of the forced air cooling fan can be chosen.
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Fig. 7.11 Inner rotor winding temperature at different cooling air speeds.
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Fig. 7.12 Heat transfer coefficients in the axial air cooling holes in the inner
rotor and in the inner air gap versus the cooling air speed.
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7.4 Thermal FE modéelling

Thermal FE modelling was carried out for aquarter of the 4QT machinein FEM-
LABL The simulations was done for the geometry shown in Figure 7.13, with
the same losses, heat transfer coefficients and materials as used in the thermal
lumped circuit model in sections 7.1 to 7.3. Figure 7.14 shows the results from a
steady-state FE simulation of the temperature distribution when loading both the
Stator and the DRM with nominal load.

Stator slot

O Water cooling channels

Air cooling channels

Stator slot insulation

Rotor slot

Rotor slot insulation
Rotor slot insulation |

Air cooling
Shaft

Fig. 7.13 The FE geometry used in the thermal modelling.

In the lumped circuit simulations the heat flow in axial direction through the
shaft of the machine was included in the model. To include this axial heat flow
in the FE model, equation (7.4) was first used to calculate the heat flow in watts
through the shaft. The heat flow was thereafter added as a negative heat source
on the shaft surface.

AT = q[Ry, (7.4)

Inequation (7.4) AT isthetemperature difference between the centre and the end

1. FEM program from Comsol
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of the shaft, g is the heat flow in the shaft, and Ry, is the thermal resistance from
the centre to the end of the shaft used in the lumped circuit model. Using the
same approach, the heat flow in the air cooling channels of the housing were cal-
culated.

Theinternal air in the simulation was set to 53°C as in the lumped circuit mod-
elling. In the lumped circuit modelling the air temperature was set as a fix tem-
perature, but in the FE modelling the air temperature was set as an external
boundary condition in equation (7.5) for boundariesthat are facing an air surface.

NOKOT) = q+h(T;, —T) + Cconst(Tgmb _T4) (7.5)

Where q is the boundary heat flux source, which is not used in this simulation,
Ccongt isthe constant for the radiation heat flux, which is also not used in the sim-
ulation, h is the convection coefficient, T;y; and T4y are the external tempera-
tures.

t 4320

4018

o
DRM temperature - Stator temperature 260
Fig. 7.14 FE simulated steady-state results of the temperature distribution in
the 4QT machines, both operating at nominal load. Temperaturesare

given in degrees Kelvin (i.e. degrees Centigrade +273).

Figure 7.14 shows the results from the FE steady-state simulation at nominal
load in both machines. The figureis separated into Stator and inner rotor temper-
ature distribution for higher resolution. Table 7.3 shows the temperatures for the
Stator and inner rotor in the 4QT machine for the FE and lumped circuit simula-
tions. As can be seen from the table, the FE model simulates a lower value for
the Stator slot temperature and a higher value for the inner rotor slot temperature.
This could be because the axial cooling of the end windings has a larger impact
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onthetotal cooling of theinner rotor windings than of the Stator windings, where
the water cooling is the dominating cooling system. Table 7.3 also shows the
temperatures when the heat transfer coefficients in regions with cooling air are
doubled simulating forced air cooling. It is clearly seen that the DRM tempera-
ture is strongly correlated to the air cooling while the Stator temperature is al-
most only dependent on the water cooling.

The simulated values are dependent of the coefficientsin the models and this will
give some differences between the val ues calculated from the FE and lumped cir-
cuit model. The lumped circuit model takes the axial heat flux into consideration
which the 2D FE model is not capable of doing. To make afair comparison a 3D
FE model should be used. The lumped circuit model also cal culates with the con-
tact resistance and interface gaps between the solid materials [32]. This cannot
be easily implemented in the FE model.

Table7.3  Comparison of FE and lumped circuit temperatures.

FEM [°C] FEM [°C]2 Lumped circuit [°C]

Stator slot 36-48 36-48 43-73

Rotor dot 156 107 127-133

a. Doubling of the heat transfer coefficient, simulating forced air cooling.

7.5 Conclusion

A thermal lumped circuit model has been developed for the 4QT prototype. The
model has been verified by measurements and by comparison with FE modelling.
The results show good agreement between simulated and measured val ues.

According to the model the most critical part of the construction istheinner rotor
where the windings are the most sensitive part. The thermal limitations of thein-
ner winding are nearly reached in the simulations and there istherefore arisk that
some spot could reach too high temperature. This was observed in the first 4QT
prototype, which failed due to an over heated inner winding.

The lumped circuit has then been used to investigate possible design improve-
ments for the 4QT cooling system. To improve the cooling for the existing pro-
totype the only real possibility is to use an external fan with forced air cooling.
An external fan for forced air cooling has been introduced when modifying the
prototype after the first breakdown.
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8 L ossesin thedQT

The losses in the 4QT can be separated into:

* Resistive losses

e Iron losses

* Mechanical losses
o Stray losses

Theresistive or copper losses are the losses due to the resistance in the windings,
theiron losses are the | osses due to the eddy currents and the hysteresis losses in
the iron cores, the mechanical |osses are |osses due to friction and windage, and
the stray losses are the remaining losses in the machine. Figure 8.1 shows the
power flow and the different losses for the 4QT machine operating as motor and
generator.

Motor mode

Mechanical
output power

Electrical
input power

Mechanical
Stray losses

losses

Iron
Copper losses
losses

Generator mode

Electrical
output power

Mechanical
input power

Copper
Iron losses
losses

Mechanical ~losses
losses

Fig. 8.1  Power flow in any one of the 4QT machines operating either in motor
or generator mode.

8.1 Resistivelosses

The resistive or copper losses can be calculated as:

2
Pey = 3[Ry, Oy (8.2)
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For the 4QT the measured DC resistances are 10.9mQ for the Stator and
14.2mQ for the inner rotor windings at room temperature; this gives a current
load dependent copper losses as shown in Figure 8.2 with 400W for the Stator
winding and 795W for the rotor winding at nominal load and room temperature.
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Fig. 8.2 Analytically calculated copper losses for the 4QT.

8.2 Iron losses

Theiron losses have been calculated both analytically and with FEM. These val-
ues have then been compared with the measured values from the motor tests.

8.2.1 Iron lossesfrom an analytical model

There are a number of different ways to analytically calculate the iron losses in
permanent magnet machines. The basic principleisto first cal culate the flux den-
sity in the core parts such as the core back and/or teeth and then together with the
power loss density information at the required frequency obtained from the data
sheets from the iron sheet manufacturer, calculate the iron losses for the specific
amount of active iron used in the machine.

[15] gives equation (8.2) and equation (8.3) for the iron losses in the stator teeth
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and in the stator back (ring):

Pioe = KBT ({0, 06 OW, [ ({100 + f) [(BZ [10™°) (G, (8.2)
P,,, = KBR 0, 06 DW, [ ({100 + f) (B 110™°) (13, (8.3)

Where f isthe electrical frequency, KBT and KBR are correction factors for the

teeth and the back, G,5 and G, are the weights of the teeth and back and W, and

W, are the loss factors for the teeth and the back at a flux density of 1.5T.

Figure 8.3 shows the iron losses for the stator and DRM back, teeth and the total

losses. The total losses at nominal frequencies 400 and 300Hz are 739W and

490W for the Stator and DRM respectively.
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Fig. 8.3 Ironlossesin the Stator and the DRM cal culated using an analytical
model.

8.2.2 Ironlossesusing FEM

The iron losses can be calculated for the magnetic core region by the program
FLUX2D if some parameters are known. These parameters are ki, the hysteresis
losses coefficient, ke the excess loss coefficient, the conductivity o, the stacking
factor ki, and the lamination thickness 1. These parameters are combined into
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equation (8.4) from [48],[49] to determine the iron losses of a certain material.
Coefficients ki, and ke can be obtained from the data sheet of the magnetic steel
|amination.

T T

1 _ 2 ﬁ dB dB . .\%2

Z[dP ()t = k,BAfk + | [o 12( dt 1) +k = ) }kfdt (8.4)
0 0

Using a time stepping FE simulation over one electric period for each speed of
the 4QT gives the speed dependent iron losses that are shown in Figure 8.4. In
this figure the inner rotor iron loss curve is obtained by rotating the inner rotor,
and the Stator iron loss curve is obtained by rotating the inner and outer rotors
synchronously in the FE simulation program.

800

—&— FEM Stator

7001 ~— FEM DRM 1
—— Analytical Stator
—— Analytical DRM

Iron losses [W]

50 100 150 200 250 300 350 400
Frequency [Hz]

Fig. 8.4 FE simulated of the Stator and of the DRM iron losses versus electri-
cal frequency compared to analytical values.

Figure 8.4 shows the iron losses for the Stator and the DRM both FE simulated
and analytically calculated. The FE and analytical iron losses for the Stator ma-
chine show good agreement, while for the DRM the FE simulated values are
slightly higher than the analytical values.
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8.3 Mechanical losses

The mechanical |osses are the mechanical friction losses, mostly in the bearings,
and the air friction losses due to the two cooling fansintegrated in the outer rotor,
and the windage losses of the rotors.

In a PM machine the mechanical friction losses are difficult to measure due to
the influence of cogging and the iron losses from the magnetic flux of the per-
manent magnets, which are present at no-load. To measure the friction losses a
rotor without magnets can be manufactured and used for friction measurements.
This has however not been done for the 4QT prototype. The friction losses can
be predicted analytically with equation (8.5) and equation (8.6) from [41]:

T, = 10 'fo(vn)*°d (8.5)

where T is a friction torque independent of the bearing load and which is the
dominating friction torque at low loads, fq is a factor dependent on the bearing
type and the lubrication method, v is the kinematic viscosity of the lubricant, n
the rotational speed and d,,, the mean diameter of the bearing:

b
T, = f,Pid;, (8.6)

where T, is abearing load dependent friction torque, f; is afactor dependent of
the bearing type and load, P4 the bearing load force and a and b exponents de-
pendent of the bearing type. In the case of no-load tests of the Stator with the in-
ner and outer rotors rotating at the same speed, P; is made up of only the
gravitation force from the inner and outer rotor, neglecting any magnetic forces
caused by rotor eccentricities. Solving these equations for no-load of the Stator
with the inner and outer rotor rotating at the same speed gives the friction torque
asin Figure 8.5.
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Fig. 8.5 Calculated bearing friction losses of the Stator.
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Fig. 8.6  Calculated windage losses of the outer rotor from[36].

The windage loss of the outer rotor of the 4QT can be estimated as the windage
losses [36] of a drum of the same size as the 4QT rotor. The windage losses of

128



Lossesin the 4QT

the outer rotor of the 4QT are shown in Figure 8.6. As can be seen from thisfig-
ure the windage losses are small compared to the other |osses at these |ow speeds.
At twice the speed, i.e. 12000rpm, the total windage losses are 440W. At such
high speeds, these losses can no longer be neglected.

For the 4QT prototype there are two internal fans that will increase the windage
losses, which means that the windage losses in Figure 8.6 are an underestima-
tion.

The calculated windage lossis for adrum of the same size as the outer rotor, this
isan ideal case since the geometry of the outer rotor when rotating synchronous-
ly with the inner rotor isin fact not an ideal drum but consists of a complex ge-
ometry with two fans and air holes as shown in Figure 8.7 below.

The windage losses of the inner rotor will be even smaller than of the outer rotor
due to the lower rotational speed, the smaller radius and the shorter axial length.
Performing windage cal culations of the inner rotor using the same method as for
the outer rotor gives windage losses at 3000rpm which are less then 3W, these
have no significant impact on the efficiency calculation for the machine.

Radial fan o
—‘
‘—
End shield
o d Magnets

Shaft Outer Rotor
End shield
with axial fan o

Shaft

l‘*

00V

Inner rotor

Fig. 8.7 A detailed layout of the two rotors of the 4QT prototype.
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8.4 Sray losses

The stray losses are in short the remaining losses of the total losses when sub-
tracting the copper, iron, friction and windage losses. According to |EEE Std 112
[43] the stray |osses are defined as shown in equation (8.7) and equation (8.8).

I:’stray = (Pinput_Poutput) —Peonventional 8.7)
%/—J
Total losses
IDconventional = IDCopper + I:>I ron + IDMechanicaI (8'8)

The stray losses are |osses caused by |eakage flux and/or by space harmonic flux
components[13]. According to [44] stray losses are made up of lossesin the sta-
tor teeth and yoke iron due to the axial fringing flux, lossesin the frame and other
structural parts caused by leakage flux and losses from constructional sources
such as core piling, core segment joints, rotor eccentricity and other manufactur-
ing variations.

For the 4QT prototype the stray losses will be defined as described by IEEE Std
112 [43].

8.5 Circulating currentsin thewindings

To avoid circulating currents between the strands of the winding in an electric
machine the winding is usually transposed. This reduces the difference in in-
duced voltage between the parallel strands of the winding. This voltage has its
origin from magnetic flux that is linked with the different strands. Using deep
narrow slots in the machine such as these used in the DRM of the 4QT, the |eak-
age flux acrossthe slots will make the amount of flux linked with the strands dif-
ferent for strands placed at different depthsin the slot.

FE analysis was carried out using the geometry shown below in Figure 8.8 as-
suming different placement of the conductors and strands in the two slots con-
taining each side of the coil.

« Case 1: Straight connections between conductors and strands in the slots

e Case 2: Straight connections of the conductors but transposed strands

¢ Case 3: Crossed connections of conductors but straight connection of strands
e Case 4: Crossed connections of conductors and transposed strands

130



Lossesin the 4QT
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Fig. 8.8  Connections for the FE simulation of circulating currentsin the in-
ner rotor winding.

As seen in the figure, each slot is divided into 25 different regions, each region
represents a strand in the winding and 5 regions representing one turn. The real
inner rotor has 25 strands in each turn but to reduce the size and complexity of
the problem only 5 strands were used to simulate each turn. All regions repre-
senting strands are connected to a coil conductor? that is placed in the circuit
shown in Figure 8.9 containing acircuit layout of the whole inner rotor winding.
The circuit contains atotal of 150 coil conductors and two resistances R1 and R2
that are small resistances used to investigate the current between the phases.

During the FE analysis the inner rotor is rotated at the desired speed thus induc-
ing voltage in each strand/region. The voltage in each coil conductor in the cir-

1. Function used in Flux 2D for coupling between a geometry and an exter-
nal circuit.
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cuit will depend on the position of the strand/region in the slot. By connecting
the strands in different ways asin Figure 8.8 different currents will be produced
by the difference in induced voltage of the different strands.

It is then possible to calculate the losses in each coil conductor and by adding
them together it is possible to calculate the total losses in the machine with dif-
ferent connections and to see how the winding method influences on the losses
caused by circulating currents.

The circulating currentsinduced in the strands placed at different positionsin the
radial direction are shown in Figure 8.10. It is clearly seen that the currents are
drastically reduced when transposing the strands inside each turn while the
crossed connections between the turns have no significant effect.
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Fig. 8.9 Circuit used for the FE analysis of circulating currents in the 4QT.
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Fig. 8.10 Circulating current [A] in the phases for each of the four cases de-
scribed earlier. The currents are separated in the five different
strands in one turn.

The power losses due to these currents are shown in Figure 8.11. The losses show
the same behaviour as the currents. As can be seen when comparing the mean
power losses for case 2 and case 4 in Figure 8.11, the difference is ailmost zero
whilethe difference between cases 1 and 2 and cases 3 and 4 are significant. This
indicates that the significant parameter for the reduction of the circulating cur-
rentsisthe transposition of the strands inside each turn. The mean power for cas-
es 2 and 4 is 564W which is arelatively high value and could be dependent on
the 5 times larger area used for each strand as can be seen in Figure 8.8. To min-
imize this error each strand has to be modelled, which means modelling
125strandsin each slot which gives atotal of 1256 = 750 coil conductorsin the
geometry in Figure 8.9. To make this simulation possible it is necessary to re-
duce the size of the problem. This simulation will of course give more accurate
results, but the most important conclusion from the simulation which is the sig-
nificant decrease in losses when transposing the strands can be derived from the
simplified model using 25 strands per slot. The above results indicate the impor-
tance of correctly transposition of the strands when the windings are placed in
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deep slots. Thisresult could be used for all PM machines and could be one of the
sources of a unwanted constant braking torque at no-load which was observed on
the 4QT prototype after it was repaired.
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Fig. 8.11 Power losses due to circulating currents in the different strands.

8.6 Measured and calculated losses

The losses have been separated into copper, iron, mechanical and stray losses.
The mechanical losses are the friction and the windage | osses combined. Copper,
iron, and mechanical losses have been cal culated whil e the total |osses have been
measured using the calorimetric method. The difference between the measured
and the calculated losses is defined as stray losses. This has been done both at
no-load and load conditions operating the 4QT Stator as a generator.

8.6.1 NoLoad

The losses has been measured calorimetrically to 995W at 4000rpm when rotat-
ing the outer and inner rotor synchronously. At no-load there are no resistive
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mechanical losses
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Fig. 8.12 Lossesat no-load operation, 4000rpm. Both rotorsrotating synchro-
nously.

losses since no current is applied to the windings in the generator mode of oper-
ation. The existing losses, which are iron losses, mechanical losses and stray
losses have been separated in Figure 8.12.

At no-load operation the dominating | osses are the iron | osses, while the mechan-
ical and stray losses are low in comparison.

8.6.2 Load

During amost nominal load at 4000rpm, 66.75Nm, with a load current of
112.6 A and a three phase output power of 26600W, the total measured calori-
metric losses of the 4QT prototype machine was 1872W. Using theoretical val-
ues for the copper, iron, and the mechanical losses for this operating point gives
aloss distribution as shown in Figure 8.13.

Asseenin Figure 8.13 the dominating losses at nominal load are the stray losses
which are 38% of the total losses or 2.7% of the output power. For an induction
motor with ratings 1-90kW the stray losses are approximately 1.8% of the rated
load [43]. The stray losses are high in the 4QT Stator at |oad, the complex geom-
etry of the machine is one of the explanations. The end windings of the 4QT Sta-
tor, are situated between the aluminium heat sink and the solid steel outer rotor,
Figure 8.14, induces stray losses both in the heat sink and in the outer rotor. In a
conventional machine the rotor have the same axial length as the stator, thus the
magnetic flux from the end windings will not interact with any extended outer
rotor causing losses.

135



The Four Quadrant Transducer System

24% Analytical

copper losses
PP 38% Stray losses

7% Analytical
mechanical losses

31% FEM Iron losses

Fig. 8.13 Load loss distribution, nominal load at 4000rpm.

Fig. 8.14 Sator end winding placement between housing heat sink and outer

rotor.

8.7 Conclusions

The different losses in the 4QT have been calculated analytically and with FE
methods. The losses have been separated into different loss components and

show high stray losses at load for the 4QT machine.

An investigation about the impact on the losses from circulating currents in the
inner rotor windings due to winding method has been performed. The results in-
dicate the importance of correctly transposing the strands when the windings are

placed in deep slots.
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9 Conclusion and future work

9.1 Conclusions

This thesis describes the novel 4QT (Four-Quadrant Transducer) system with its
advantages and disadvantages. The main purpose of the system isto decrease the
fuel consumption and emissions of road vehicles. The 4QT system has be simu-
lated for a 12-ton vehicle using the FTP75 drive cycle and the results show a de-
crease of fuel consumption of about 30%. At constant speed operation there is
no significant difference in the fuel consumption. Figure 9.1 shows the fuel con-
sumption for the 12-ton vehicle both with and without a 4QT hybrid system for
two different auxiliary loads. The lower power is for the electrical load of ave-
hicle and the higher load is for a truck equipped with a freezer.

351 33.5

26.2 26.7

25.5 254
4QT

4QT

175
4QT

1/100k
&
[

FTP 75 3.65kW FTP 75 12.6kW  100km/h 3.65kW

Fig. 9.1  Comparison of the fuel consumption for hybrid (4QT) and conven-
tional 12-ton vehicles.

A 4QT system is also dimensioned for a 12-ton vehicle, both for one equipped
with a gearbox and one with only a constant gear. The use of a gearbox gives a
smaller Stator but it does not significantly affect the size of the DRM sinceitis
mostly dependent on the | CE torque output.

A prototype of aradial-radial flux 4QT transducer has been designed and manu-
factured. The prototype is scaled to fit the testing facilities at the electric ma-
chines laboratory at KTH. The 4QT is divided into two different machines; the
DRM with rated torque and base speed equal to 200Nm and 3000rpm respective-
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ly, and the Stator with rated torque and base speed equal to 70Nm and 4000rpm
respectively. The prototypeis presented together with some initial measurements
which show good agreement with the designed values.

I'n the machine design FEM has been used both for the electromagnetic and ther-
mal calculations. The thermal FEM show that the hot-spot in the machine isin
the bottom of the inner rotor slots. The electromagnetic values such as the back-
EMF show good agreement with the measured values. The 4QT Stator is ther-
mally easy to cool viathe water cooling system, whilethe DRM has shown to be
more difficult to cool so aforced air cooling system has been introduced to make
the cooling of the inner rotor more efficient.

9.2 Futurework

9.2.1 Drivesystem simulation of the 4QT system

A special test bench has been developed for the 4QT system [20],[21] and it
should be used to test the complete 4QT system in different driving and fault sit-
uations. Preferably the 4QT prototype should replace the two machine now act-
ing as DRM and Stator in Figure 9.2.

Power electronics and control equipment §

y

" ' g Electric
‘machine 7 —= ol SRR machine
R ' PR e 25 ICE

N

Fig. 9.2  4QT systemtest bench.

9.2.2 Thedlipring-lessdouble rotor machine

During a visit to the technical museum in Munich, a cut-up of a brush less car
alternator gave an idea on how to make a double rotor machine without sliprings
for the 4QT application.
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The machine should be a 3-phase claw pole machine with two air gaps as in
Figure 9.3. The machine has coils as shown in Figure 9.4. These coils produce a
magnetic flux that propagates axially through the centre core up the laminated
side parts and then across the first airgap into the claw foot. Thereafter the mag-
netic flux crosses the next airgap from the top of the claw into one magnet and
then circumferentially through the outer rotor back to the next magnet and once
again across the outer airgap into the next claw and back through the claw foot
across the inner airgap and into the next side part. The flux has now travelled
around a closed loop linking the winding and the active parts of the machine.
Combining three phases in the axial direction as shown in Figure 9.5 with a
120e€lectrical degree phase shift in space between them a three phase machine
can be realised that will produce a three phase travelling flux wave in the outer
air gap. If the claws are connected to the input shaft the rotating magnetic field
will rotate relative to the speed of the claws. In thisway it is possible to change
the speed between the inner and outer rotor which is the main function of the
double rotor machine.

A complete 4QT system without sliprings can be realised by adding magnets on
the outer side of the outer rotor and a Stator for additional torque production.

Center core

Laminated side parts, stationary

Claws, inner rotor

W Magnets of outer rotor
Outer rotor back

Fig. 9.3 Exploded view of a 45 degrees section of one phase of the slipring-
less double rotor claw pole machine.
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Fig. 9.4  Coil placement of the slipring-less double rotor claw pole machine.

Winding B8
Outer rotor
Inner rotor

Output shaft

T

o

N

Fig. 9.5 Axial view of the double rotor claw pole machine.

As shown in Figure 9.5 the coils are connected to the voltage source through a
hollow shaft. To access the connections a side displacement of the input shaft is
necessary.
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Magnetic flux density [T]

Fig. 9.6  Flux density and direction of the flux for a 45 degree piece of one
phase of the slipring-less double rotor claw pole machine.

Preliminary calculations to seeif it is possible to build a machine with this con-
figuration has been done by 3D time stepped FEM®. The geometry is shown in
Figure 9.6, and the results show that the concept are interesting for further work.

Since slipringsin the 4QT system are a part that need maintenanceit is desirable
to construct a 4QT system without them. This section of the thesis shows that it
could be possible to do so. Even though much more work is needed on such a
double rotor claw pole machine it has been shown that this design could be in-
teresting for future work on the 4QT system.

1. Flux 3D, Cedrat
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List of symbols and abbreviations

List of symbolsand abbreviations

List of symbols

A Area [m?]
b Slot width [m]
Bs Airgap flux density [T]
Bm Maximum flux density in airgap over magnet [T]

Ct Carter factor [-]
Cp Specific heat coefficient [JkgK]
dm Mean diameter [m]

D Diameter [m]

f Freguency [HZ]

I ph Phase current (RMS) [A]

Iy Current (x= a,b,c dependent of phase) [A]
ix Current (x=d or g-axis) [A]

L Length [m]
Ly Inductance (x= g or d-axis) [H]
Lys Length of end winding [m]
Kskew Skewing factor [-]

m Mass flow [ka/s]
n Rotational speed [rpm]
Ng Number of conductors [-]

P Power [W]
Pcu Copper losses [W]
Pre Iron losses [W]
Pin Input power [W]
Pout Output power [W]
Pstray ~ Stray losses W]

q Number of slots per pole per phase [-]

q Power [W]
g Power source number i [W]
Qr Number of slots [-]
Rih Thermal resistance [K/W]
S Current Density [A/m?]
t.mTp Logarithmic mean temperature difference [°C]
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The Four Quadrant Transducer System

t Temperature of node number i [°C]
tin Inlet temperature [°C]
tm Magnet thickness [m]
tout Outlet temperature [°C]
AT Temperature Difference [°C]
Uy Voltage (x= a,b,c dependent of phase) [V]

u Voltage [V]
U Line-line voltage (RMS) [V]

a Half a magnet pole angle [rad]
) Airgap length [m]

O Equivalent airgap length [m]

n Efficiency [-]

Ac Thermal conductivity [W/mK]
Ao PM flux linkage [Vs]
M, Relative permeability [-]

v Kinematic viscosity [m?/s]
Tg Slot pitch [m]
W, Flux linkage (x=d or g-axis] [Vs]
) Angular speed [rad/g]

Abbreviations

2D Two Dimensions

3D Three Dimensions

4QT Four Quadrant Transducer
CVT Continuous Variable Transmission
DC Direct Current

DRM Double Rotor Machine

EMF Electro Motive Force

EV Electric Vehicle

FC Fuel Cell

FE Finite Element

FEM Finite Element Method

FTP Federal Test Procedure

GPIB General Purpose Interface Bus

HEV Hybrid Electric Vehicle

ICE Internal Combustion Engine
IET Integrated Energy Transducer
ISG Integrated Starter Generator

LMTD Logarithmic Mean Temperature
Difference

Optimal Operation Line

Root Mean Square

State Of Charge

ooL
RMS
SOC
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| ndex

A
Air gap flux density

B
Back EMF
Bandage

C

Calorimetric measurements
Cogging

Cooling

Curb weight

D
Drag coefficient
DRM test

E

ECE15

Electric vehicle
EV

EV range

F

Field weakening

Friction losses

Front area

FTP72

FTP75

Fuel cell

Fuel consumption measurement

G

Gearbox

Generator test

Grade ability

Gross vehicle weight

I

IET

Inductance

Integrated energy transducer
Integrated Starter Generator




Iron losses
1SG

L
Lumped circuit

M

Maximum speed
Mean weight

M easurement sensors
Mechanical losses

N
No load losses

O
Optimal operation line

P

Parallel Hybrid
Payload

Pole number
Prototype layout
Prototype parameters

R

Resistance
Resistive losses
Retarder

Rolling radius
Rolling resistance

S

Series hybrid
Slot dimensions
Start ability
Stator efficiency
Stator test

Stray losses

T
Temperature sensor placement
Temperature sensors

Thermal resistances
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