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ABSTRACT

The cable wound VHV (Very High Voltage) synchronous machine is a new machine
type directly driven by a HVDC-Light inverter and is used on oil platforms. However,
in order to find more cost-effective designs, a design tool is necessary.

In this thesis work, a FEM model for cable synchronous machines is developed.
Python language has been used to model and mesh the geometry under the Flux2D
FEM environment. Delphi is used to control the simulation flow. The thesis work
includes software design, coding and debugging according to requirements. The
model has been tested on a typical design of a cable synchronous machine designed
by ABB Machines, Vasteras.

Additionally, the model has been integrated in the ABB simulation program, SynFEM,
which is a FEM platform for different analysis, such as magnetostatics, time-stepping,
and thermal calculations, for synchronous machines. This integration made it easier
and more efficient to use the VHV model in the designer's environment.

To achieve the above, the accumulated knowledge on different computer languages,
simulation platforms, and machines is required. To build this model which has a more
complicated stator geometry compared to conventional stators is also time-
consuming.

This report includes the main files of the VHV machine model and some simulation
results of both magnetostatics and time-stepping simulations.

Key words: VHV machine, SynFEM, simulation.
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NOMENCLATURE

)

Induced voltage (V)
Rotor current (A)
Magnetic flux (T)

Input power (kW)
Output power (kW)
Efficiency

Winding factor
Number of pole pairs
Synchronous speed (rad/s)
Angle speed (rad/s)
Magneto Motive Force
Electro Motive Force

Flux density (Tesla)

Number of stator slots

Finite Element method
Apparent power (kW)
Rated voltage (V)

Rated current (A)
Frequency (Hz)

Stator outer diameter (mm)

Magnetic torque (kNm)

Number of coil turns

Moment of inertia (kgm?)



1 INTRODUCTION

1.1 Purpose

The purpose of the work described in this report is to build a finite element model for
VHV (Very High Voltage) synchronous machines with a cable wound stator and to
give simulation results and analysis.

1.2 Scope

This report focuses on the new design of VHV synchronous machine model in the
program SynFEM. Firstly, it doesn’t attempt to describe the entire code in detail, but
tried to give a good introduction and overview of the programs and files which are
used, so that a reader can easily find the main idea of the new part in SynFEM.
Secondly, some details of the geometry and mesh design are described and shown in
pictures to make a clear understanding. Last but not least, some results of the
simulations done in this new SynFEM version are presented.

The high voltage cable windings in VHV machines provide the possibility to be directly
connected to a high voltage power network without a step-down transformer. One
typical application is as compressors on oil platforms. The machines can be driven
directly by a HVDC-Light inverter. Although the whole system of SynFEM is not a new
program, the VHV synchronous machine part is completely new because the special
voltage needs special stator slot shapes and special windings (HV-cable). Compared
with the conventional machines in SynFEM, the new model is much more
complicated in geometry and time-consuming in running.

1.3 Structure
This report has the following structure:

Section 1 Introduction (this section) describes the purpose, scope for this report and
overview of the VHV synchronous machine.

Section 2 gives a general background to machines (synchronous VHV machines) and
their applications.

Section 3 describes the VHV FE model and its implementation. To build the SynFEM,
the program Delphi, Flux, and Python languages are used.

Section 4 presents the simulation results of VHV machines by using SynFEM. They
include both magnetostatics and time-stepping analysis. For the magnetostatic
condition, the no-load and load points are considered while in the time-stepping
condition, we can do the analysis of:

1) Steady state, current source in the stator,
2) No-load
3) A 2-phase short-circuit in the simulation of this special machine.

Section 5 and 6 give conclusions of the project and a plan of future work in some
relevant aspects.
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2 SYNCHRONOUS MACHINES AND VHV MACHINE
APPLICATIONS

2.1 Machine background

2.1.1 Basic knowledge of electrical machines

An electrical machine is a device, which converts electrical power into mechanical
power when it works as a motor. Power can also be converted in the opposite way,
which means that mechanical power is converted into electrical power. Under these
circumstances the electrical machine works as a generator.

Or we can say
Generator: Electrical power=Mechanical power-Losses
Motor: Mechanical power= Electrical power-Losses

Because of losses in the machine: mechanical losses (due to mechanical friction and
windage), copper losses (which is also called FR losses that can be found in all
windings like armature windings and field windings) and core losses (hysteresis
losses and eddy current losses), we can calculate the efficiency as the ratio between
output power P, and input power Piy:

Poul

n= P. (2.1)

2.1.2 EMF in slots of machine

According to basic knowledge of electrical machines, the magnetic fields from dc
currents in the rotor windings will generate an electromagnetic force (EMF) in the
stator windings when the rotor is rotating at a speed 2z f. The phase voltage at no-
load can be expressed as:

E . =444xfxNxky XP, (2.2)

where f is the frequency, N is the number of turns in the stator phase winding, k., is
the winding factor, and @, is the maximum value of the linked flux.

11



2.2 Machine construction

2.2.1 Stator construction

o end winding cover

stator winding

- "-'1\5.'.

FEFrr rr.;

gable f outer end
sheets windings
stator sheet inner end
windings

package

1

Fig 2.2.1 ABB stator in a salient pole machine 7

For the VHV machine, the stator winding is different from the conventional machines.
A conventional stator is shown in Fig. 2.2.1. The concept of VHV machine is based on
using cable windings, instead of the traditional stator windings with rectangular
conductors, based on proven high-voltage cable technology with solid dielectric. This
will be further discussed in Section 2.3.2.

2.2.2 The rotor construction

There are two main types of rotor constructions of synchronous machines: one is the
cylinder-rotor while the other type is the salient-pole rotor, which are described in Fig.
2.2.2 below. The cylindrical rotor construction can be used for 2- and 4-pole turbine
generators for instance. The salient-pole machine can be used for multipolar, slow-
speed hydro generators and synchronous motors for example. The number of poles
of synchronous motors can be different, although the most common type is the one
with four poles as in Fig 2.2.3.

12



Fig. 2.2.2 Rotor types
a) round-rotor b) salient-pole rotor

Pole winding

N

North - ‘

g
y, South

Fig. 2.2.3 Salient pole rotor (four poles) ™

Although the stator of the VHV synchronous machine is a definitely new design, the
rotor can be chosen from the conventional ones to do the simulation and in real
production as well.
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2.2.3 Cooling system

The internal parts of a salient pole synchronous machine are cooled by forced
convection using either an axis mounted fan or external fans. External fans give more
flexibility to control the flow rate and in the case of a variable speed machine it is
essential to provide cooling at low speeds. Axis mounted fans are however easier and
cheaper to manufacture and will also contribute to a higher efficiency.

Machines are either open or closed. In the case of a closed machine, there is
normally some kind of heat exchanger on top of the machine. The air that enters the
machine is thus circulating in a closed loop from the heat exchanger and back again
I The heat exchanger can be either of water type or air type. The ventilation
arrangement of a closed machine with heat exchanger is shown in Fig.2.2.4.

As described in Johan Ohlsson’s report !, the importance of efficient cooling of
electrical machines can not be underestimated. The power which can be taken out of
a given electrical motor is primarily limited by the allowable temperature in the
windings. Moreover, excessive temperatures radically shorten the lifetime of the
insulation material.

It has been noticed that the lifetime of the insulation is closely related to the
occurrence of so-called hot spots in the winding . The hot spots may arise from
stationary or re-circulating air. This is due to the fact that the heat taken away from
the windings by convection is strongly dependent on the velocity of the flow. The
location of hot-spots in synchronous machines is found behind the coil supports and
at the inlet of the stator radial ducts — areas where turbulent air is assumed to create
re-circulation. There is also a tendency that the rotor may be warmer towards the
middle of the machine, due to the fact that the flow rate decreases along the rotor.
The VHV stator is cooled by circulating water in plastic pipes along the cables in order
to control the temperature.

Airfwater heat exchanger

Fzn blades mounted anthe shaft

Fig. 2.2.4 Ventilation arrangement for a closed machine with symmetrical ventilation
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2.3 VHV machine

2.3.1 Benefits of VHV machine systems

The benefits of a VHV machine system is summarized below compared with a
conventional machine system (see Figs. 2.3.1 and 2.3.2). It is seen that when
comparing with a conventional system, the high voltage cable winding motors (VHV

machines) can be directly connected to the high voltage power network without costly
step-down transformers.

1a normal machine

3 surge amester
b WHY machine

4 step-down transformer
5 line circuit-breaker

2 circuit-breaker

Fig 2.3.1 a) Conventional machine system
b) VHV machine-based station

Conventional
system

r

power

Shaft
power

WHY machine

system

v

B

Fig 2.3.2 Use of VHV machine eliminates transformer losses (A).
Only motor losses (B) remain ',
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According to reference!"! the VHV machine also reduces the total system losses by as
much as 25% (see Fig 2.3.2). Being epoxy-free, it also has important environmental
benefits, including being easy to recycle. Further, fewer components mean higher
system reliability and availability, plus reduced costs for service, maintenance and
spares.

2.3.2 Special design of VHV machine

The special design of a stator cable winding as well as the housing of a VHV machine
is shown in Fig. 2.3.3. The VHV machine uses a conventional rotor in combination
with the new stator design.

Fig 2.3.3 The stator cable winding of VHV machine (a) and corresponding machine housing (b) (Photo: ABB)

For VHV machines, the thick insulation layer surrounding the copper core in the
cables provides high voltage insulation ability. On the other hand, the cable insulation,
which is made from the plastic material PEX, cannot withstand the same temperature
as the insulation materials in conventional machines. If the temperature in PEX rises
above 90°C, the insulation capacity of PEX is getting worse. The higher the
temperature is, the quicker the material ages.

Fig 2.3.4 shows the 3D model of a VHV machine consisting of only one slot and two
half teeth. It is impossible to model the whole machine or a pole of the machine due
to the enormous problem size.

According to a reference paper ?, the criterion of temperature in the cables for design
practice is limited to 70°C. If the ambient temperature is set t030°C, the temperature
rise in the stator due to all the losses is not allowed to be higher than40°C. However,
in conventional motors, the stator temperature rise can in principle be as high
as120°C. It is thus obvious that the limitation of temperature in a VHV motor is
extremely strict.

16



Fig 2.3.4 3D model of cable windings in a stator slot, detail of cables "

In order to reduce the temperature in the stator core, a water-cooling system is
applied in the stator core. The heat from the eddy losses in the cables (stator winding)
is transferred through the stator core to the cooling water through the thick PEX
insulation.

In the electrical design of the machine, the temperature calculations are mainly made
based on the common iron losses in the stator since the core end iron losses usually
are quite small compared with the main iron losses.

2.3.3 Applications

As it is a relatively new invention, the applications of the VHV machine are becoming
wider and wider. The first VHV machine to go into commercial operation, at the AGA
plant in Sweden, has verified the many benefits of using HV cable technology in large
electric motors. Cable machines are suitable for many applications where
conventional technology is used today.

The first product to be based on this principle was an HV cable-wound generator.
Shortly afterwards, the same concept was applied to motors, resulting in the
development of a synchronous machine, named ‘VHV machine’. The first unit was
installed in 2001 at an air separation plant in Sweden, where it drives a compressor.
This motor is directly connected to a 42-kV bus.

Now, as described in reference paper'", new technologies are making it easier than
ever before to deliver electrical power to offshore installations, lowering operating
costs and reducing environmental impact at the same time. 70 kilometres off the
Norwegian coast, two of these technologies-HVDC Light™ and VHV machines are
helping to power 40-MW compressor units on an oil-platform without any local
generation of power, as shown in Fig 2.3.4 and 2.3.5. There, two VHV machines are
connected to the HVDC power transmission line with a converter connected in
between. The VHV machines are cable wound and are working at a rated voltage of
56kV and at a power of 2x40MW.

17



Fig 2.3.4 Application in oil platform-Troll A "

Fig 2.3.5 Application in oil platform, photo of the working platform "’
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3 VHV FE MODEL AND IMPLEMENTATION
3.1 Descriptions of SynFEM

SynFEM is a program used to do the simulation of different types of synchronous
machines with a friendly interface to the users. It can be used to make both
magnetostatics analysis of load and no-load points as well as time-stepping
simulations including circuits, motion equations and mechanical loads.

SynFEM is based on Flux-2D which can be built up by several applications which are
controlled by Python scripts and has a window-based user interface (see Fig 3.1.1).

W SynFEM 3.3,4 =101 ]

File Edit Wiew Tools Help

DEE? RS 2R F |
IVH\-"machine

Fuozition IVHV maching Reference no I Special design I

F'roduc:tl Product id IU version |0 Design type I

General | Statnrl Ratar I Pt Fatar | Simulation Datal Dutputl

L Lo

Main and Supply |

COMMENTS |‘\-"HV rachine/cable maching
DESGNER |
MACH_TYPE Sy -1 Machine type
ROTOR_TYPE | Electiamag. ex ¥ |
MOT_GEN [Motr =]

SN [ 1izEskw

UN [ e

FN [ fohe

2P [ <
EFF_ETA [ %

COSFIN [ om

Fig 3.1.1 Interface of SynFEM

Flux, according to the official website ' is a type of finite element software for
electromagnetic and thermal simulation, both in 2D and 3D with 30-year experience.
Featuring a tremendous number of functionalities such as extended multi-parametric
analysis, advanced electrical circuit coupling and kinematical coupling, it is suitable
for static, harmonic and transient analysis.

Flux is suitable for designing, optimising and analysing any electromagnetic devices
such as, among others, electrical motors and generators, linear actuators,
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transformers, induction heating devices, sensors, HV devices, cables,
electromagnetic compatibility and non destructive evaluation devices.

Python code (or PyFlux code) is used not only to draw the geometry and mesh
generation but also set the conditions of each boundary with Preflu2D.There are two
types of python files. One is the run-time file in which different parameters can be
defined while the other is the predefined file where the centre parts of the machine
such as the stator and rotor has been defined.

Delphi is used to build the library file named SynFEM.dIl which can not only select
and call the relevant python files in a set sequence for Flux, but also build up the
simulation by applications that control the different steps from pre-processing to post-
processing.

According to reference paper ", the overview of flow and design programs can be
described as shown in Fig 3.1.2. The procedures in SynFEM.dIl (green) generate
script files and data files (blue) that are used as input for FLUX. The different FLUX
programs (red) are always called through the SynFEM.dIl procedure Execute
Command (not included in the picture). Which programs to call, and which input files
to use, are defined in the run-time generated batch scripts init.bat or init1.bat
(lavender), which also sets some environment variables. Depending on the
application, the output files from FLUX (yellow) may be read or modified to perform
certain analysis.

20



Fig.3.1.2 Overview of flow diagram and design program

21



3.2 Programs and computer languages

3.2.1 Overview of SynFEM interface and abilities

As shown in Fig 3.2.1, the FE models of machines are parameterized with machine
data. The model of each part of a machine can be set and modified by filling the
blanks with values in the interface (see Figs 3.2.2 - 3.2.4). In the interface (Fig 3.2.2),
those parameters which are blocked (with colour grey) are not used for cable
machines since now it is under cable machine mode (see Fig 3.1.1, machine type).
However, these parameters will be available for conventional machines. The rotor
part interface is shown in Fig 3.2.3. As seen here not only the parameter values but
also the materials and the field windings of the rotor can be set and modified here.

-ioi
File Edit View Tools Help

DESEH®PBERE| L BR|F]]
[VH machine

Pasition |VHV maching Reference no I Special design I LI
F'roduct| Product id Iﬂ— WVersion IU_ Design bype | L!
General Statarl Fiotor | PM Rotor | Simulation Data | Dutput |

Core and slot | Winding Cable machine |

Cable data Slot data Bolt data

CONNECTT  [Sta =] Bsni Omm D_BOLT_1 0 mm

MACLI Cu ~| Hsy1 Omm D_BOLT_2 0 mm

NUM_CABLE | 12 BN Omm R_BOLT_CENTER_1 0 mm

DCOND | Omm  BSY1_MIDSLOT Omm R _BOLT_CENTER_2 0 mm

HBW.CABLE |  Omm piswi Omm  ANG_BOLT_1 | 0’

H_CABLE1 [ 0 Hsw Omm ANG_BOLT_2 [ o

H.CABLE2 [ Omm BSH_MIDWEDGE 0 mm

B_CABLE_MIDSLE]  Omm  MAIWET Air -

LM1 | Omm  SLTWANG | 0

R_TEMP | 0°C SLTR1 0 mm

XSLE [ 0 SLTR2 0 mm

SLTR3 0 mm
SLTR4 P
| 2008-05-1015:30:19 [0 4

Fig 3.2.1 Detail of stator (cable machine) interface in SynFEM
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Fig 3.2.2 Detail of stator (both conventional and cable machine) interface in SynFEM

Fig 3.2.3 Detail of rotor (conventional machine) interface in SynFEM
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W) GynFEM 3.3/4 T =101 x|

File Edit Wiew Tools Help

DEEY 3RE |22

I WHY machine
Pazition IVHV machire Feference no || Special dezigh I j
Product I Froduct id ID Werzion IU Diesign type I j

Generall Statorl Rator  PM Rotor |Simulation Datal Dutpull

General | Materiall Surface mountedl W-tupe mountedl W-type for Vaasal Pale embeddedl Radial mountedl Inter-pale mountedl

MOUNT_TPE I 'I
POLETYFE I‘I 'I

DELTA, |—Drnrn
D22 [ omm
LF I 0 rrm
LRR I 0

| z008-05-1015:30:19 [0 4

Fig 3.2.4 Detail of stator (PM rotor) interface in SynFEM

After setting the general data (main parameters and supply) and stator and rotor data,
the geometry model of the machine can be build definitely by calling Delphi and Flux-
2D. The main simulation types of conventional machine are three in total
(Magnetostatics, Time-stepping and Thermal) as we can see from the Fig 3.2.5 and
3.2.6 below.

Eenerall Stah:url Ratar I Ft Fotor - Simulation Data |I:Iut|:|ut|

Main IMagnetnstaticsI Time-steppingl Speed and I-:ual:II Thermall Thermal/Repetitive

FE_METHOD I Time-stepping ™ I

MESHREF 0%

ITER_ACC I a

Fig 3.2.5 Simulation data (Main) interface in SynFEM
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Generall Statnrl Fotar I Pt Raotor  Simulation Data IEIutputI

Main I Magnetustaticsl Time-steppingl Speed and IDa-:II Thermall Thermal/R epetitive

FE_METHOD  |Magretostatics v |
MESHREF . .

Time-ztepping
ITER_ACE | Therrnal

Fig 3.2.6 Simulation data (Main) interface in SynFEM

Fig 3.2.7 and 3.2.8 below show the simulation data interface of magnetostatics and
time-stepping in SynFEM. The simulation types of VHV synchronous machine, in
respect of the SynFEM, are only two (Magnetostatics and Time-stepping). For the
Magnetostatics, we have two different cases as No-load and Load point. In the Time-
stepping condition, analyses of the steady state current source in stator, no-load and
2-phase short-circuit are performed.

W SynFEM 3.3/4

File Edit Miew Tools Help

=101 x|
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Pogition IVHV machine Feference no I Special design I

Product id ID Wersion ID Dezign type I

Generall Statorl Ruatar I Pt Faotor - Simulation Data |Dutput|

Product I

Main Magnetostatics |Time-stepping| Speed and Ioadl Thermall Thermalfﬂepetitivel

ANALYSIS [No-Load =]

Mo-load data: L ol Poit Load Paint data:

M ML P Power-Angle Characternistics I 4254 | LINE MS I 22400
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Fig 3.2.7 Simulation data (Magnetostatics) interface in SynFEM
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W SynFEM 3.3/4
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Fig 3.2.8 Simulation data (Time-stepping) interface in SynFEM

The simulation cases for VHV synchronous machine can be summarized as follows.

Simulat
Magn

ion cases:
etostatics:
No-load: to calculate the no-load voltage in the stator from the rotor.

Load point: first to find the voltage U and stator current | from the initial load
angle INIT_LA_MS, rotor current Rt.Current_MS and the initial power factor
COSPHI_MS. Once the results are not the same as given values, system will
automatically set other load angle and I, to calculate until the correct point is

found. Orwe cansay untilU_ . =U I,=1

rated result * ~rated result *

Time-stepping:

Current source: sinusoidal current sources are applied in the circuit in each
phase. A certain amount of currents are forced to flow through the stator. The
terminal voltage is floating.

No-load: stator windings are open. The rotor runs at a constant speed. No-
load voltage and cogging torque can be calculated with different rotor
positions.

2-phase short circuit: two-phase short-circuit from no-load operation. With a
zero value of the inertia, JLOAD, a constant speed 2-phase short circuit case
can be simulated.
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3.2.2 Flux and Python code
The list of python files is shown in table 3.1 below.
Table 3.1 Python files

PyFlux file Created Comment
Main | F3d_ini.py Run-time Main file used to call the others
files Update.py Run-time Defines parameter values to build
geometry
Functions.py Pre-defined | Contains short form functions
*Setnewp.py Pre-defined | Set the new parameters which cannot
be found in the basic SynFEM
programme Synbasic.flu due to the
new type geometry of VHV machine.
Version.py Pre-defined | Defines a string with the correct
version of Flux
Stator | *Stator_defcable.py | Pre-defined | Prepares the drawing of the stator
part geometry. Modifies the stator mesh
points and lines.
*SSLOTcable.py Pre-defined | Draws the stator slot of the cable
machine
*Alloc1cable.py Pre-defined | Set the three-phase condition
*Stator_corecable.py | Pre-defined | Draws the remaining part of the stator
Rotor | Modifyrtmesh.py Run-time Modifies some rotor mesh points
Part | Dampbar.py Pre-defined | Defines the central part of the pole
surface and its damper bars
Rtgeom.py Pre-defined | Draws the rotor poles for conventional
machines
Core.py Pre-defined | Creates the air gap (connect stator and
rotor)

* Setnewp.py is a special file only used for the VHV machine model.

* Alloc1cable.py - Although the conventional files can be written by Delphi, the file
for the cable version has to be written in advance because of the complicated
situation. In the future, there could be a table for different winding conditions. Then
the suitable case can be called by F3d_ini.py to match more VHV machine versions.

*Stator_defcable.py, *SSLOTcable.py, *Alloc1cable.py and *Stator_corecable.py
- All of the special python files for VHV machines are named with ‘cable’ to tell the
difference as compared with others except Setnewp.py which is completely new.

27




3.2.3 Delphi files

In order to match the special VHV machine interface and the python code, the
involved Delphi files (shown in Table 3.2) are modified to take the condition of the
VHV machine (stator) in to consideration.

Table 3.2 Delphi Source files

Delphi Source file Comment

Preflu2D Generating the geometry and the mesh

Cirflu Describing the circuits

Cslmat Managing the materials database

Prophy Describing physical properties (materials and bound
conditions)

Modpro Modifying the physical properties

Resgen Carrying out the solution of problems

Demevo Initializing a transient computation with a resolved problem

Expgen Result analysis

Couple Preparing the data for coupling between two applications

expren_ad_flu922_v2 | Tailored, user-defined programs for time-stepping with non-

and standard wave-form

resgen_ad flu922 v2
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3. 3 VHV machine parameters

The new design of the interface for the VHV machine is shown in Table 3.3 below.
The dimensional parameters are also illustrated in Figs 3.3.1 and 3.3.2.

Table 3.3 Parameter list for the stator of the VHV synchronous machine

1) Cable data

Parameter name Unit | Comment

CONNECTH1 Connection (Star or Delta)

MACU1 Copper material

NUM_CABLE Number of cables in each slot

DCOND mm Diameter of cable conductor

H BW_CABLE mm Height between cables centres

H_CABLE1 mm | Height from inner surface of stator to 1*' cable centre

H_CABLE2 mm | Height from inner surface of stator to 2" cable centre

B_CABLE_MIDSLOT | mm Width between the cable centre and the middle line of
slot

LM1 mm | Half length of a coil

R_TEMP °C Temperature of stator resistance

XSLE(%) Y% Stator end-winding reactance (in %)

2) Slot data

Parameter name Unit | Comment

BSY1 mm | Width of stator slot opening

HSY1 mm | Height of stator slot opening

BSI1 mm | Width of stator slot (airgap-side)

BSY1_MIDSLOT mm | Width between the middle of slot and the left slot edge

BISW1 mm | Width of slot wedge

HISWH1 mm | Height of slot wedge

BSI1_MIDWEDGE mm | Width between the middle of slot and the left slot edge
between the wedge and 1% cable

MAIWE1 Material of the slot wedge

SLTWANG ° Angle for slot wedge

SLTR1 mm | Radius of 1% arc on right side

SLTR2 mm | External radius of cable

SLTR3 mm | Radius of arc between two cables

SLTR4 mm | Radius of Arc at slot bottom

3) Bolt data

Parameter name Unit | Comment

D _BOLT 1 mm | Diameter of 1% bolt at the left side of tooth tip

D BOLT 2 mm | Diameter of 2" bolt at the right side of tooth tip

R BOLT _CENTRE_1 | mm | Radius from the centre of machine to the centre of 1%
bolt

R_BOLT_CENTRE_2 | mm | Radius from the centre of machine to the centre of 2™
bolt

ANG_ BOLT 1 ° Angle to place 1°' bolt

ANG BOLT 2 ° Angle to place 2" bolt
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Fig 3.3.1 Interface picture of stator slot
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Fig 3.3.2 Interface picture of stator slot
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3.4 Physical, material and meshing

Due to a very complicated geometry of the stator, both designing and meshing the
stator part are very time-consuming.

To build it, four python files (Stator_defcable.py, SSLOTcable.py, Alloc1cable.py and
Stator_corecable.py) with more than 1000 lines in total are built. These files are
shortly explained in Table 3.1 and explained more in detail below.

3.4.1 Stator_defcable.py

This file is used to prepare the drawing of the stator geometry. Further, the stator
mesh points and lines are defined in this file with 127 lines. Twenty-five middle
parameters which can predigest the future calculation in the coming files are set here
as well.

3.4.2 SSLOTcable.py

This is the centre part; to draw the main geometry of stator and modify the mesh
condition.

The currently used design has twelve cables in each slot. At least 100 reference
points have to be calculated to set the location of these cables under the stator slot
reference frame called STSLOT. Also, more than 120 points are used per slot for the
slot itself, slot teeth and bolts in respect of some other reference frame named SXY7.

The picture Fig 3.4.1 shows the point setting detail of one slot. The red points are only
used to give the coordinates for drawing the arcs but are not drawn in Flux.
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Fig 3.4.1 Detail of one slot

In Fig 3.4.2 below, the face conditions are marked clearly.

Although the material of the stator teeth and the stator teeth tips are the same, the tip
part is set separately to make the tip loss calculation available in the future work.

There are some holes used for the bolts which fix the laminations together. In this
VHV synchronous machine two small holes beside the slot are set representing the
bolts.

In the present SynFEM version, the location and diameter of each bolt can be
modified by changing the input value in the interface ‘cable machine’. In this report,
the simulation is done mainly with two holes (bolts) like shown in Fig 3.4.2.
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6 7
1.AIRGAP 2.STEETH_TIP 3.AIR_S(AIR) ¢
4 AIRGAP_S(BOLT) 5.SWEDGE1 6.AIR_S(INSULATION)
7.STEETH 8. PHASE(SAP.SBP.SCM.SAM)

Fig 3.4.2 Stator face conditions

The yellow and red circles represent the conductor in the cable. This cable (See Fig
3.4.3), which is used in VHV synchronous machines, is used instead of the
conventional windings. As the cable has a very thick insulation layer, the material of
the insulation part and some air in the middle of the cables are set together,
considered as air (AIR_S).

1. a stranded conductor 2. an inner semiconducting layer

3. a solid dielectric 4. an outer semiconducting layer

Fig 3.4.3 Stator cable 31
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For setting all six slots in the stator under each rotor pole, five more slots are needed.
This is done just by propagate the union of all settings of the first slot and slot teeth
for another five unions. In this case, the rotation is defined by angles and pivot point
coordinates. The rotation angle is 360/Q1, where Q1 is the number of stator slots and
the coordinates of the pivot point is (0, 0) in the definition coordinate system XY1.

After doing the propagation, the stator slots for one pole can be drawn with their face
and mesh settings (See Fig 3.4.4 and 3.4.5).

)

| X
L

E S SXY1

Fig 3.4.4 Stator under one pole
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3.4.3 Alloc1cable.py

Although the conventional phase condition can be written by Delphi, the one for the
VHV synchronous machine has to be written in advance because of the complicated
situation. There are more than 200 lines of code in Alloc1cable.py so far.

Because the different types of 3-phase cable windings can be edited separately
(different number of cables in one slot or different three-phase settings), a table of
different ‘Alloc1cable.py’ is hoped to be built in the future work. Then the program can
select the various windings automatically according to any input value in the SynFEM
interface. Then the ‘VHV machine’ in SynFEM will become suitable for universal VHV
machine versions.

Fig 3.4.5 Stator under one pole with mesh
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3.4.4 Stator_corecable.py

This file draws the remaining part of the stator which is shown as SYOKE in Fig 3.4.4
after the stator slots under one pole have already been built by previous files. As
being one of the simplest files, there are 61 lines of code.

Meshing and calculation of the model in the finite element program is in respect of
edge elements and the mesh (which can influence the result) is obviously a very
important part in the whole simulation. In order to get suitable mesh elements, the
setting of Mesh _point and Mesh_line have to be considered very carefully and
compared with many different setting results in order to single out the best choice,
which is also very time consuming. For the design focused on in this report, four
cases of mesh-points and six cases of mesh-lines are set. The details are shown in
Fig 3.4.6 while the detail of elements in the stator slot is shown in Fig 3.4.7.

* MESHPOINT
+ MESHLINE

Ls2
MLS1 ML_SY_MID2
“M_BOLT
N
M_AIRGAP_S MLS4_1_2

Fig 3.4.6 Mesh setting detalil
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Fig 3.4.7 Mesh detail

3.4.5 Rotor part

Even though a new stator design is used in this machine, the rotor can be chosen
from the conventional ones for any simulation.

After adding the rotor part, which is a salient-pole in this simulation, the Flux problem
will be saved automatically as a PostFlux document named GEOMETRY (following
the last sentences in the main file F3d_ini.py). Fig 3.4.8 shows one complete pole-
pitch of the machine.
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Fig 3.4.8 Machine under one pole (geometry and mesh)
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4. SIMULATION RESULTS AND ANALYSIS
4.1 Machine data
In this chapter, the simulation and result analysis are shown based on a VHV

machine with data summarized below.

The investigated machine is a 4-pole 3-phase cable wound motor with a solid pole
rotor. The rotor has the same construction as conventional AC machines.

Rated data:
S, =17.265MVA, U =22.4kV,

I, =445A, =60 Hz, cos¢, = 0.98,
I, =420.5A, Load angle = 15.2°

Dimensions:

D, =2250 mm

Parameters:
Number of stator slots = 24
Number of layers of cables = 6

Number of columns of cables = 2
4.2 Magnetostatics

4.2.1 No-load

The magnetostatics interface with input values is shown in Fig 4.2.1. In the no-load
case, the program use different input current values (field current) to calculate the
related voltage values in the stator and make points according to these results. And
then find the point (Interpolated point) which is the closest to the rated voltage value
in the curve made by these points. As show in Fig 4.2.1, 10 points are calculated in
the no-load case.

Generall Statar I Fator I PH Fiotor  Simulation Data | Elutputl

Main  Magnetostatics | Time-sleppingl Speed and Iu:nadl Thermall Thermal/Repetitive

ANALYSIS -

Mo-load data: Load Faint data:

NHL_F 10 ~| NP8 [ 254 ULNEMS | 2zeE0v
NL_RI_T 754 NL_RIS | 4504 | LINE_MS W

ML_Ril_2 | 1504 ML_RI_10 | BO0A  EXCITAT_MS IDverExcited "I
NL_RI_3 [ 304 MRt [ oA cospmms [ T
NL_RI_4 [ 3ma w12 [ oa wmems [ 1837
NL_RI_5 [ 0a MLRL13 [ om wmRms [ 402A
NL_RI_E EE AT [ oa
NL_RI_7 [ a0& wL_RL1S [ oa

Fig 4.2.1 Magnetostatics interface with input values
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Calculation of no-load voltage is shown in Fig 4.2.2 a).

As can be seen in Fig 4.2.2 a, voltage value of the no-load point at a field current of
337A which is just at the red point Interpolated point in the graph is very close to the
given rated voltage value. The voltage at Interpolated point we get is 22402V, which
is only with 0.009% difference. This simulation result is almost equal to the given
value 22400V.

Generall Statorl Ratar | Pk Hotorl Simulation Data  Dutput |

Data sheet Mo-load curve |

No-load curve
000 f— R s T SR S B = i
0 { 0 0 0 { { { 0 -4 Calculated points
PR E_________J:_________%_________:L _________ E_________J:_________% _______ s E_________J: ¢ Interpolated poirt
22Dgg.T.:.:E.—.:.:.::.:..-e::.::.:.:.:i:.:.r{:: 'T""'"":’"""'"E"""'"‘:
R T e e i e e S S
180004 --------- T L e Y e ey P R EECEERE |rr --------- jmmm ey
= teono] SR AR S . N N — S
=S ; . ; ; : | | | |
= 14000 §-------- Faieieielele bl el Tttt ol el Fleleieleleelebel Relleleiely el Helieleieleleetef sieheeielelelete iielielelell
g H 1 H H H i | i
= 12000 g------oo- R U ot S i A | """""""""""""""""
.; H 1 ' H H 1 1
A A 8 s S S B o S R
T L .
BO000§--------- A e RO e al ST e Ee ST e RaRGEEt : ————————————————————————————————
4000 oo Ao S S S S S o S S S
2000 - AR S AR S— AR 0 SO
o |
1 U 1 1 1 T T T T T
0 a0 100 150 200 250 300 350 400 450 00
Rotor Current [A]

Fig 4.2.2 a) No-load curve

As the machine should work at the saturation point for the best design, the outer
diameter of the stator can be reduced to save material and cost. The current could be
increased towards the point of saturation as well. The simulation of the VHV machine
with a smaller outer diameter may give a better result. That is what will be included in
the future work.
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The details of the output value can be found in Fig 4.2.2 b) below.

W SynFEM 3.3/4 =10l x|

File Edit ‘iew Tools Help
DEEH? SRS s 2| F ||
WHY

Pozition |"~"'H"~"' Reference no I Special design I_

Product I Product id I':I Werzion I':I Deszign type I_

Generall Stator I Fatar I Phd HDtDrI Simulation Data  Output |

Data zheet | MHo-load curve I
3k : |
RATIHGS LOAD-POINT (HS)
MOT _GEN Motor U_Line MS 22390.0 ¥
MACH TYFE SEMOT Cable I Line HMS 445 .0 A
Cosphi_HS 1.000
Sn 17265 .0 kWA g
Tn 22.4 LV Ft  Current_ NS 0.0 A
fn 60.0 Hz Load angle HS n.a
2F 4
NO-LOAD AHATYSIS
Rt. current [A] St. voltage [V]
75.0 Seed .0
150.0 11278.0
aoo.0 20971.0
335.0 22334.0
350.0 22816.0
375.0 23503.0
400.0 24078.0
425.0 24588 .0
450.0 25059.0
500.0 25901.0
n.a 64392 .0
n.o 67127 .0
n.o 6EE969 .0
n.a 70491 .0
n.o 71750.0
Hominal woltage—-point:
337.0 22402 .0
3k : |
4| | 3

Fig 4.2.2 b) Data of no-load condition
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4.2.2 Load point

Load point result data is shown in Fig 4.2.3 while the interface with input parameters
value is shown in Fig 4.2.1.

Load point calculation is to find the load point from the initial load angle INIT_LA_MS,
rotor current Rt.Current_MS and the initial power factor COSPHI_MS. Once the

results of voltage U and stator current | are not the same as given values, system will
automatically set other load angle, I, to calculate until the correct point which makes

U =U I =1 is found.

rated result * “rated result

The results of rotor current 1, and load angle are presented in the output datasheet

(see Fig 4.2.3). Inload point case, because of the armature reaction, the current in
stator demagnetize. For getting the same voltage result as in the no load case, rotor
current I, must increase. Then we get the result of I, =420.2A in load point case

instead of 337A in no load case.

W' SynFEM 3.3/4 =10 x|

File Edit Wiew Tools Help

DzEH® $RE| 2R F ||

WHY

Fozition |"'~"'H"'-"' Reference no I Special dezign I

F'ru:u:luu:tl Product id IEI Yerzion IEI Dezign type I

Eenerall Statl:url Fiotor I P Fh:uh:url Simulation Data  Output |

Data sheet | Mao-load l:urvel

3 e —
RATIHNGS LOAD-POINT (MS)
MOT_GEN Motor U _Line MS 22390.0 W
MACH TYPE SEMOT Cable I Line MS 445 .0 A
Co=phi_HMS 1.000
Sn 17265 .0 LVA ry
Un 22.4 k¥ Et . Current M5 420 .2 A&
in &0.0 Hz Load angle_HMS -15 .2
2P 4

Fig 4.2.3 Data of load point condition
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4.3 Time Stepping

In this section, cases of no-load, current source and a 2-phase short circuit are
analyzed with time stepping simulations.

4.3.1 No-load simulation

In time-stepping simulations, ‘No load ‘, can be used to check the variations of the

induced no-load phase voltage in the stator windings with time and make Fourier
analysis.

As in Fig 4.3.1 a) the field winding current in the no-load case simulation is 337A. The
simulation result is recorded from the first step with 72 steps in total in two periods.

Paszition IVHV Feference no I Special design I

Product I Product 1d ID Wersion ID Dezign type I

Generall Statar I Ratar I P Rotor  Simulation Data I Dutputl

b air I Magnetostatics  Time-stepping I Speed and Iuadl Thelmall Thermal.-’F!epetitiveI

TSANAL | Norload =]

STEPS_PERIOD | 3 U_UNETS | 22400%
STEPS_TOTAL | 72 I_LNE_TS [ ama
CONTINUE ~ [Stathomzero »] EXOITAT TS [OuverEucied =]
savesTer [ 1 cosewts [ 1
sTEPS.BSC | 0 mWTTs | 1827
TS_NL R 3A NT_R_TS | 40A

SCRES 0 ohrn

_ANG_PHA I 0
IMIT_RT_POS I 0
[t E IDirect Online 'I

L L

Fig 4.3.1 a) no-load simulation interface and parameter data

The no-load line voltage (rms) = \/§><U><2p = \/§><3.3><4 =22.86(kV) (4 poles),
where U__ =3.3(kV) can be calculated by peak value of voltage shown in Fig4.3.1

b) and also directly show in program. The 3-phase voltage figure can be found below

in Fig 4.3.1 b. In the magnetostatics no-load calculation, the voltage is 22400 Volt. It
is 2% of difference.
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N Circuit / Woltage
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: | CURVE C2D 2
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Time

_ Sext res2 ;

_ CURVE C2D 3
— Circuit / Voltage

7 rrrr | T | Tme

Sext resd

Fig 4.3.1 b) 3-phase voltage in two periods (36 steps in each)

As can be seen in the Fourier analysis below and in the picture 4.3.2, the curve is
sinusoidal and the influence of harmonics is rare. Treating a 3 phase machine, we get
mainly the 5™ and 7" harmonics. There are also 11" and 13" harmonics as the teeth
harmonics because it has 6 slots in the stator under each rotor pole.
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TIME_STEPPING

2,489

(

[
IIII|IIII|IIII|IIII

E3y volt

CURVE C2D 3
Crrcut / Voltage

Time

GSext res3,

Full cycle / Mormal

SPECTRUM Spectr 3
From C2D_3
Fundamental 60

Fig 4.3.2 1-ph voltage and Fourier analysis (zoom in)

Fourier analysis of Uyc(t) with 36 steps in one period for phase C (Sext_res3)

N

© 0O N o o A O N =

- a4 a4 a4 a4
a »h O N =+ O

X value ()

4,469243E3
288,498352
297,835296
288,905975
301,247802
289,361114
286,847625
289,508911
281,706878
288,979918
289,332672
287,350646
273,818114
286,081604
284,903686

Y value (volt) Phase

-164,948546 (fundamental)

174,318268E-3
-1,509128
70,039376E-3

8,68537(phase bond)

-1,991698E-3

-1,309945(phase bond)

-176,348596E-3
995,254933E-3
-373,643695E-3

-6,785354 (teeth)

-447,743564E-3
1,820759  (teeth)
-286,877274E-3
-910, 564302E-3
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4.3.2 Current-source load simulation

The following analysis is for the VHV synchronous machine with a sinusoidal current
source while considering a constant rotor speed.
As in Fig 4.3.3 a) the simulation is run by current source withI __, = 445A. The circuit

is shown under in Fig 4.3.3 b). Field current is shown as INIT_RI_TS while load angle
is shown as INIT_LA_TS in Fig 4.3.3 a).

Faszitian I\"'H‘\'r Feference no I Special design Il j

Froduct I Froduct id IU Yersion IU Design type I j

Generall Stator I Rator I Pt Fotor  Simulation Data | Dutputl

(T I Magnetostatics  Time-stepping |Speed and Ioadl Thermall Thermalf’FiepetitiveI

TSAMAL IStead_l,J state, | zource stator j

STEPS_PERIOD | 24 WLNETS | 224007
STEPS_TOTAL | 144 |_LINE_TS R
COMTINUE IStartfmmzemj EXCITAT_TS Ovwer Excited j

save sTEP [ 1 coseets | 1
sTeps.BSC | 0 wTaTs | 152°
TS_NL R [ e wrmrs [ s0a
SCRES | 0 ohm
UaNGPHE [ 07
mTRTPOS [ 07
IWAVE [Direct Online =]

Fig 4.3.3 a) no-load simulation interface and parameter data

TE STEPPING

@ = = ="
aan’ — — hd
e = T m

Fig 4.3.3 b) no-load simulation interface and parameter data
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Magnetic torque

TIME_STEPPING

(E3)MN.m

CURVE C2D_1

Mechanics / Magnetic torque
Tine

Fig 4.3.4 a) Magnetic torque

Fig 4.3.4 a) shows the Magnetic Torque for the first period (36 steps). As can be seen,
the torque is nearly constant but there are still some small ripples caused by the
salient-poles. The average magnetic torque in the first period is 22.4 kKNm (per pole)

(see Fig. 4.3.4 b).

P
Rated torque is T = —=-

Hean walues of CZD_1
Mechanics f Magnetic torogque

Time

Mean walue: Z,230545e+004 N.m
Pectified mean walue: Z,230545e+004 N.m
Em = waluea: Z,2385897e4+004 N.m

Fig 4.3.3 b) Magnetic torque

P, 17265
Q 2zxf 2xx60 = 91.6(kNm)
p 2

So the rated torque under each rotor pole is 91.6/4=22.9(kNm) . The torque
difference between the calculated value and the rated value is then -2.17%.
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Phase voltage
The phase voltages on this machine for current source are shown in Fig 4.3.4 c).

TIME STEPPING

CURVE C2D 2
Circut f Voltage
Time
S15RC1,

0,005E6 —

CURVE C2D 3

Cireutt § Voltage
Time
S1ISRCZ

CURVE C2D 4

Circutt / Voltage
Tine
S15RC3,

-0,005E6

Fig 4.3.4 c) Phase voltage (under per pole) in current source condition

The voltage (rms) value is 3.31 kV (per pole). Then the calculated line voltage (rms) =
3.31x4x+/3 = 22.86(kV) (4 poles). Compared with the rated voltage (22.4 kV), the
difference is 2.06%. The results from both methods agree well with each other.

Fig 4.3.5 shows the flux density in the stator under one rotor pole. The maximum
value is 2.43 Tesla. This is the value when the machine carries rated load. From the
Fig 4.3.5, the part with lightest colour means that it is highly saturated. As can be
seen, rotor is counter clockwise rotation which give the reason why the left side (to
reader) is with higher flux density. And for mathematic reason, too sharp mesh
elements can cause higher values in some areas as well. The flux lines under one
pole is shown in Fig 4.3.6. We use 50 lines in this picture to describe the field.
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Color Shade Results
Cuantity : [Fhux density] Tesla

Time (5] : 100E-12 Pos (d=g): 7,5
Seals / Color

LE1682E6 [ 151,66941E-3
151,66941E-3 ¢ 303,33722E-3
303,33722E-3 f 455,00502E-3
455,00502E-3  606,67286E-3
06,67288E-3 f 755,3406E-3
756,3406E-3 / 210,00843E-3
9210,00843E-3 ¢ 1,06168
L0§l68 [ 1,21334

1,21334 [ 1,36301
138501 [ 151688
151868 | 1,66835
188835 [ 1,82002
182002 / 197188
197168 [ 212335
2,12335 | 2,27302
2,27302 | 242669

Fig 4.3.5 Flux density under one rotor pole

Isovalues Results
Quatity © Equi fhize Weber

Time (3.3 : 100E-12 Pos (degh 7.5
Lie / Vahae

1 ¢ -5322814E3
2/ -S10fSB46TE3
3/ -489)08794E3
4 F 46T ASIMEZ
3 F M5 E04S4EZ
6 F AM27RIEZ
7 F A0 T011IE3
8 F -3811043BE3
9/ 359 50768E3
W 337 SI09SE3
11/ -31631425E3
12 1 24 ITIIEE
13 ! 273 12082E3F
4/ A1 SMIAEZ
15 [ 20 0aTI0EZ
16 [ -20833068E 3
17 -186,73396E-3
18 [ -165]3726E3
19/ -14354055E3
PLUNNF IS b o kX3 )
a1 -l0024TI2E:
2 ) P TIME:
a3 ) -57,15360E3
# ) ZESI60BEZ
25 7 -1396026E3
26 7 TAI6HSES

27 7 2923316E3
@ 5022088E3
@7 TIAM6RED
07 94 PI3IED

31 7 11562002E3
32/ 137 21673E3
33 7 LBRIMSEZ
34/ 120AL015EZ
35/ 20100686E-3
36/ 2EH03IREE
377 MI20020EE
38/ 266 70T0IER
39/ 288 393TIE3
407 309 99044E3
41/ 33158TMEZ
42 3531EETEZ
43/ FTR0ITEZ
4] ME3ITTIED
45 ] 417 0TIIER
46 7 430 STOTIER
47 7 461 16T42E3
48 7 482 76412E3
49 7 50436085E3
0 523 95738EE

Fig 4.3.6 Flux lines of the stator part under one rotor pole
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4.3.3 2-phase short circuit

By choosing an infinite J load in this condition, we have a constant rotor speed. The
analysis is valid for the VHV machine in a 2-phase symmetrical short circuit. The
circuit graph of 2-phase short circuit is summarized in Fig 4.3.7. Three-phase
resistances S1AR1_1, S1BR1_1, S1CR1_1 are coloured in orange.

TIE STEPPIMNG

= =3 S
= S
=3 S

Fig 4.3.7 2-phase short circuit
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Magnetic torque

Fig 4.3.8 below shows the Magnetic torque for the first period (36 steps).
Maximum magnetic torque: T, =173x4 = 692(kNm) (4 poles). This occurs at 3.7 ms

after the short circuit.
Torque ratio is T, /T, = 692/91.6 = 7.55, which means for this machine the peak value
of the torque is 7.55 times of rated torque.

TIME STEFFING

CURVE C2D 1
Mechanics # Magnetic torgque
Time

1} 0,005 oo 0,015

Fig.4.3.8 a) Magnetic torque
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Fig 4.3.8 b) shows the magnetic torque for 10 periods with 18 steps each. During the
initial period the torque is reduced by approximately one third, where after it is

gradually reducing with time in a slower rate. At the end of the tenth period, the peak
torque value is 85kNm per pole which means it is reduced to 49% of the peak torque

value when the short circuit occurred.

TME_STEPPING

(E3)N.m
49 899 —

ELL

CURVE C2D 1

Mechanics / Magnetic Erque
Time

Fig.4.3.8 b) Magnetic torque in 10 periods (18 steps each period)
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The phase current
The phase current of the first period is shown in Fig. 4.3.9.
Maximum short circuit current: I, = 6.11 kA at time 4.63 ms after the short circuit.
Short current ratio is I, /I, = 6.11x10°/445 =13.7 , which means for this machine the
peak value of the short current is 13.7 times of rated current value.

We have short circuit at phase A and B. As shown in the simulation result (Fig 4.3.9 a)
and b)), current in these two phases are I, =-Ic and the current in phase C is

I =0.

TIME STEPPING

N CURVE C2D 2
0,005 86 — Circwt f Current

Titne

N S1ARLD 1,

CURVE C2D 3

, Crrowt / Current
_ Titne
SIBR1_1;

P CURVE C2D 4

Circuit / Current
Titme
T T 1 T T [T T 1 [ ] SICRI 1.

il 0,005 0,01 0o1s

Fig.4.3.9 a) Short current in 2-ph SC (1st period with 36 steps)
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Fig 4.3.9 b) below shows the phase current for the first 10 periods with18 steps each.

During the initial period the currents in phase b with short circuit are reduced from
6.11kA to around 4.75kA which is approximately 22.2% reduced. After that it is also
gradually reducing with time in a slower rate as the torque. At the end of the tenth period,
the peak current value is 4.45kA in phase b which means it is reduced to 72.8% of the
peak current value for the same phase when the short circuit occurred.

TIME_STEFFING

7 CURVE C2D 2
0,005E6 — Circutt / Current

Time

7 S1AR1_1,

CURVE C2D 3
Cireutt / Current
] Time
21BR1_1;

-4,899E3 — CURVE C2D 4
Circutt / Current
T 11 T T T T | i

S1CR11:

Fig. 4.3.9 b) Phase current in 10 periods with 18 steps in each period
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4.4 Analysis of air gap length

In this part, analysis of the influence of air gap length is performed. The goal in this
part is to study about how the airgap length can influence the magnetic field. All of the
results are gotten in no load case. The simulations in this part are for 20mm, 30mm,
40mm (normal) and 49mm air gap length. Longer air gaps could not be set which
means that there is some limit in the rotor part file. This could be a point of
improvement in future work.

In Fig 4.4.1, the path used to calculate flux density along the middle line of the air gap
is drawn in purple.

In this part, we use rated values: S, =17 MVA, U =22.4 kV and f=60 Hz. Simulations
are running under no-load case.

From different colours in Fig 4.4.1, higher flux density value is shown with brighter
colour. This is the result of no-load simulation for a VHV machine with 20mm air gap

when the field current is the right value to make stator voltage equal to the rated
value.

Fig 4.4.1 Flux density along the a path in the centre of different air gap lengths (air gap of
20mm shown)

As is shown in the curves in Fig 4.4.2, the values of flux density along the path is
decreasing while the airgap length is increasing. The fundamental harmonics of
different airgap length are similar. However, the harmonics in the 20mm air gap are
the largest while the lowest harmonics were found in the 49mm air gap. For larger
airgap, there is more flux leakage in the airgap which means less flux density.
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Flux density
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Fig 4.4.2 Flux density along the central line in different airgaps (hormal component)
The table 4.4.1 below shows the differences of harmonic influence and field current If
while changing the airgap length.

In no load case, for getting the rated stator voltage, we can see from Table 4.4.1
below that the field current is increased while increasing the air gap. And thus I°R
loss increase in the field windings.

For the harmonics, with larger air gaps the slotting influences the air gap flux less, so
the harmonics decrease.

Table 4.4.1
Airgap length (mm) | Harmonic influence I, (A
20 biggest 245
30 2nd biggest 295
40 2nd least 337
49 least 505
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5 CONCLUSIONS

As a definitely new design in ABB, the cable wound VHV (very high voltage) salient
pole synchronous machine is directly driven by a ABB HVDC-Light inverter and used
on oil platforms.

To find more cost-effective designs, a design tool is necessary. 2D FEM programs,

Python language (model and mesh the geometry) and Delphi (control the simulation
flow) were used to define the problem, design the software, program and debug for

building the model in this tool.

The model has been integrated in the ABB simulation program, SynFEM, which is a
FEM platform for two types of simulation analysis of magnetostatics and time-
stepping, for ABB synchronous machines. The model has been tested on a typical
design of cable synchronous machines designed by ABB Machines and the two
simulation cases of magnetostatics (no-load and load point) and the three simulation
cases of time-stepping (no-load, current source, 2-ph short circuit) are all achievable.

The integration made it easier to use the VHV model both conveniently and efficiently
in a designer's environment. The model can be used for optimizing and testing of
existing machine designs as well.

6 FUTURE WORK

In the future, key designs, like the phase condition of the VHV machine, may be
modified for matching different conditions. Files for those conditions must be updated
accordingly. Examples of such updates are:

® Python file Allocicable.py is planned to be linked to a table in the interface
(SynFEM) to show the phase condition setting of each cable for the universal
phase location.

® HSN1, a parameter in the interface of the stator which is not avaliable in the VHV
machine case, can still influence the load point result during calculation. This will
then influence the current source results in subsequent time stepping calcuations.
This parameter will be set as modifiable in order to remove this bug.

This program could be used for the optimization of VHV machines, for example by
simulations of influence of bolt conditions in the stator or different machine materials
(stator or rotor) on magnetic field, losses, etc.

® The position of the bolts at the teeth side could be changed or even removed for
an optimized design (both electrical and manufacturing points of view).

® The material of the stator core, (can be found in the SynFEM interface of stator
‘core and slot’) is also an interesting part to investigate further.
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