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Abstract

This M.Sc. thesis focuses on the modelling andfigcation of a 54-pulse step-down
AutoTransformer Rectifier Unit (ATRU) used in thewer system of the airborne early
warning and control system ERIEYE®. A BLDC generatnd a Pl-controller with abc to dq
transformation is designed in Saber® and used énittplementation of the entire radar
power system supplying three power units mainlysggimg of large capacitor banks and
step-down DC/DC converters as loads.

The system using a 54-pulse step-down ATRU has bealuated and compared to an older
system incorporating 6-pulse rectification and @svelearly seen that using the newer system
improves the quality of the current drawn from BleDC generator. The'5and 7 harmonic

of the voltage and current were reduced by 90%.

The M.Sc. thesis has also resulted in a fully fiomihg and verified model of the 54-pulse
step-down ATRU with a PI-controlled BLDC generaamd three power units as loads.

An evaluation of sharing and administrating Saben®dels within a company with high
security demands has been carried out. It was shbainthis can be done in a safe and
effective way.

Keywords: Airborne radar, Autotransformer rectifier unit, RU, ERIEYE, Multiphase
transformer rectifier unit, MPTR, Saber.
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Acronyms

AC
ATRU
BLDC
DC
DS
DVM
ERIEYE®
MAST
MCT
MPTR
PSU
SMPS
THD

Alternating Current
AutoTransformer Rectifier Unit
BrushLess DirectCurrent
Direct Current

Direct Symmetric

Digital Voltage Meter

Airborne Radar System
Hardware desqription language
Magnetic Component Tool
MultiPhase Transformer Rectifier
Power Supply Unit

Switched Mode Power Supply
Total Harmonic Distortion
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Chapter 1. Introduction

1 Introduction

1.1 Background

Situations that are difficult, expensive or dangerto realize in a laboratory are beneficial to
be able to simulate first using an accurate soffwaodel. During the fall of 2008, a M.Sc.
thesis was conducted at Saab Microwave Systems (SBMWere the usability of the
multidomain simulation software from Synopsys chl&aber® was evaluated [1]. One of the
conclusions was to start using Saber® at SMW aslad simulate larger parts of the electric
power system, thereby making the design processremsd quicker. This M.Sc. thesis is a
continuation of the previous work and focuses nyaioin modelling a MultiPhase
Transformer Rectifier unit (MPTR) which is usedctinvert AC to DC. Also an investigation
is performed how Saber® can be used to encrypshadce models within the Saab Group.

In the new airborne radar system the radar systenfea from the same generators as the
flight avionics which has resulted in new and mstrengent requirements on power quality.

The requirement that current harmonics from theraystem must not influence the rest of
the electrical system is an important aspect witthis area. Furthermore the generator
feeding the MPTR will operate in a variable freqeaemange (360-800Hz) instead of at a

fixed frequency (400Hz) as in the previous radatays which had a dedicated generator for
this purpose.

The length of the cables between the generatotrenPTR will differ depending on which
airplane the radar system is installed in. Simaiketiof different scenarios and configurations
of the entire radar power system have becausasobdtome even more important.

1.2 Obijectives

The M.Sc. thesis shall result in a Saber® modekthaf MPTR that can be used when
simulating and evaluating different scenarios aathmeter changes that can occur. The last
part of the thesis aims at evaluating the poss#slito share Saber® models in a safe way
within the Saab Group.

1.3 Outline of thesis

The first part of the thesis is devoted to giving averview of scientific papers and other
information about AutoTransformer Rectifier Unit&TRU’s), MPTR, Saber®, ERIEYE®,
power distribution in aircrafts and the behaviond éheory behind the hysteresis loop in soft
magnetic materials. Basic electrical and magneticuits were simulated in Saber® using
templates and the Magnetic Component Tool (MCTlowed by the implementation and
simulation of an 18-pulse ATRU and an 18-pulse -stepyn ATRU. The simulations were
then expanded into implementing and simulating34epulse step-down MPTR in Saber®
using the MCT. Measurements were carried out onMR@R to verify the Saber® model.
Components such as non ideal diodes in the rectifiet and a Pl-controlled generator
feeding the MPTR were then added to the model.

To evaluate the possibilities to share Saber® nsodéthin the Saab Group and with
customers, the safety features such as encryptidnpassword protection of the Saber®
models have been investigated.
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Chapter 2. Theory

2 Theory

2.1 AC/DC conversion

For variable frequency systems the AC/DC converssonsed to generate a DC bus which
supplies power to the secondary step-down DC/DGrexbers. There exists two alternative
ways to achieve this. One is by using switchedvadtiont-ends and the other is by using a
AutoTransformer Rectifier Unit (ATRU) which is a gmve solution. A Switched Mode
Power Supply (SMPS) requires more development tet it requirements in reliability for
aircraft applications [2]. The ATRU is a well knovwomponent and has proven reliability
[3],[4]. Since there is no need for galvanic ismatan autotransformer can be used to reduce
the kVA rating, size and weight. Due to the highuieements for input harmonics and output
voltage ripple for the AC/DC converter, an 18-putgsgoTransformer Rectifier Unit (ATRU)

or more is often used in aircraft applications.

2.1.1 Operation of a Direct Symmetric Autotransformer Redifier Unit

In an 18-pulse Direct Symmetric AutoTransformer fRiec Unit (DS ATRU) a multiphase
autotransformer is used to create two additionadettphase systems (six additional phases),
one leading the supply voltage by 40° and the ddgging by 40° with amplitudes equal to
the supply voltage [2],[5]. The input voltages,(Y Vyin and Vi) have the same magnitude
and phase as the output voltages (namngd/ly and \} in Figure 2.1, Figure 2.2 and Figure
2.3). The winding configuration of the autotransfer results in three 3-phase systems (nine
phases in total) that are connected to the thiedediridges (consisting of 18 diodes in total).
Each of the diode bridges is conducting one thirthe load and each diode is carrying the
full load current during 40°. The load is directgnnected to the diode bridges as seen in
Figure 2.1, hence the term direct symmetric is used

Compensating inductors

Va+40 Y Y Y R Vdc+

Vain Vb+40 Y Y Y SZX
Ve+40 Y Y Y ] T Vdc-

Leading bridge

. Vb LYY YL g
Multiphase | ~~~~ . “To

autotransformer Through bridge
Va-40 Y Y Y L R vdc+ —

vein Vb-40 Y Y Y 5 Zl

Ve-40 LYY YL T Vdc-
e Lagging bridgs
Figure 2.1: Block diagram of a DS ATRU

Va Y Y Y R vdc+ —
Vbin §

%




2.1. AC/DC conversion

2.1.2 Different winding configurations

Additional 3-phase systems can be created usirigrelift types of winding configurations.
Examples of possible winding configurations in &@ipliise DS ATRU are T-Delta, Delta,
and Polygon. See Figure 2.2 where the differendinin topologies are shown. Figure 2.3
shows how the different winding configurations duilp nine phases shifted by 40° using a
vector phase diagram.

Va+40
Va-40
Va+40 Va-40 Va+40 Va-40
Vc-40 Vb+40 Vc-40 Vb+40 Vc-40 Vb+40
Vc+40  Vb-40
Vera0  Vb-40 VC+40 Vb-40
Figure 2.2: T-Delta, Delta and Polygon winding confjurations (parallel windings are located at the sae
E-core leg)
Va
Va+4(, Va-40 Va+4l Va-40 Va+40, Va-40

Voo Vb+40 V-4 Vb+40

[ S

Vc+40 Vb-40 Vc+40 Vb 40 Vc+40 Vb-40

Vc-40

Figure 2.3: T-Delta, Delta and Polygon vector diagams

The Delta and T-Delta configurations offer the Istveower rating (small physical size of the
transformer) and the polygon configuration offetge tlowest number of unconnected
windings per 3-phase transformer leg (high manufatility, low leakage inductance) [2].
Since the sensitivity for leakage inductance ineesaat higher frequency the polygon
configuration is preferred in a 360-800Hz systein [5
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2.1.3 Voltage step up/down

All three winding configurations can be modifiedarder to achieve higher or lower output
voltage and this requires an increased number ofliwgs because none of the output
voltages are now in phase with the input voltagégin( Vpin and \j,). The procedure

preserves the 40° angle between the nine phasds mbeting the required voltage level.
Figure 2.4 shows the vector diagram for the poly§diRU in the step-down configuration.
As mentioned above none of the three created 3epbgstems are now in phase with the
supply voltage. This creates additional harmonitshe input of the ATRU due to imbalance
in impedances [2].

Vb-40

Figure 2.4: Step-down Polygon vector diagram



2.1. AC/DC conversion

2.1.4 54-pulse Autotransformer Rectifier Unit

Instead of building an ATRU that produces nine Adltages that are rectified to form a DC
voltage, an ATRU that produces and rectifies 27 &@ages (henceforth called MPTR) can
be built to achieve a DC output voltage with lapple. This requires 54 diodes instead of 18
and a more complex winding configuration of the tiphlase autotransformer.

2.1.4.1Derivation of the 27-phase autotransformer windiagfiguration

Assume an E-core with one winding (N=72 turns) acheleg connected in delta and fed with
3-phase AC as seen in Figure 2.5. The input phalsages are in this case

Van =120090° (2.1)

Vin = 1200 - 30° (2.2)

Van = 1200 -150° (2.3)
which results in the line to line voltages

Va =+/30.200 - 60° (2.4)

Ve =+/30L2000° (2.5)

Ve =+/30L20060°. (2.6)

The line to line voltages can also be expressed as

. d&

Va=N 1 2.7
ab ™ (2.7)

. d&

V¢ =-N—22 2.8
b o (2.8)

Vo= NI (2.9)

dt

and due to a balanced 3-phase system the sum thixhehange must be zero.

@t P+ 9, =0 (2.10)
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Vain
3 1
@l @2 ®3
1 2 3 Vcin 2 Vbin
2.5.a: E-core 2.5.b: Delta connection

Figure 2.5: E-core (a) that shows the fluxes anddenumbers and delta connection (b) that shows the
phases and leg numbers

The objective is to create 27 output voltages sdpdrbyna=360/27%13.333° with magnitude

U in order to achieve the desired DC voltage laftdr rectification. Since the magnitudes of
the input voltages in this case are 1.2U a stepadsivuicture is needed. Figure 2.6 shows how
V4110 Vg5 are built up using a vector diagram.

Output V, is created by connecting,) to a new winding with pturns on leg 1. Magnitude
and angle are given by

\7al:\7ain+%\7ab. (2.11)
Choosing g=8 results in

Va =1.007U08341°.

Output V,, is created by connecting,yto a new winding with fiturns on leg 1 andgrturns
on leg 2. Magnitude and angle are given by

-

- - n -

Vaez =Vt 2V p+ 8y (2.12)
N N

Choosing g=2 and g=7 results in

Va =1.01U06997° .

Output V,3is created by connecting,Yto a new winding with pturns on leg 2 andgrturns
on leg 1. Magnitude and angle are given by

—

\733 =Va2+&\7cb+ﬁ\7ab. (2.13)
N N



2.1. AC/DC conversion

Choosing g=5 and =4 results in

Vas =1.012J05717.

Output V4 is created by connecting,¥to a new winding with giturns on leg 1 and;rturns
on leg 2. Magnitude and angle are given by

Vs =Vas+ BV 4+ 2LV . (2.14)
N N
Choosing g=6 and B=3 results in

Vas =1.008J04413°.

Output V5 is created by connecting,yto a new winding with giturns on leg 2 andgrturns
on leg 1. Magnitude and angle are given by

- - n. - n, -
Va5 :Va4+_8Vcb+_gVab. (215)
N N

Choosing g=1 and =8 results in

Vas = 1U030° .

Va1.t0 Vgs.is designed in the same way (equal number of wasland turns) but leg 3 is
used instead of leg 1. Figure 2.6 shows hqw ¥ V45_are built up using a vector diagram.

\7a1— :Omn_%gca (216)

[n, =8] = Va =100U09659°

Vi =Va =2V -2V (2.17)

[n, =2,n, =7]= V- =1.010011003

- - nsﬂ

Va3— :Vaz—_&gcb__Vca (218)
N N

[n, =51, = 4] =V =1.012J012283

N N n N n N
Va4— :Va3__6Vca__7Vcb (219)
N N

[ng =61, =3] =V au =1.008J013587°

Ng \; Ny \;

Vs =Var ——2Vg——2Ve (2.20)
N N

[n; =1n, =8] = Vs =1UO15C°
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Figure 2.6: Vector diagram for output voltages conected to Vi,

Vps. to Vs and V5. to V5 are connected to )y, and \j, in the same way asgy.to Vgg
are connected to ), It can be observed that,¥& Vs, Vps & Vs, Veg & V g5 have the
same magnitude and angle respectively as seemune=2.7. If the electrically equal outputs
are connected together and the three delta cortheatelings with 72 turns are removed, the
flux in the core will not change and the outputtagés will remain the same. This winding

configuration without a delta connection is the ygoh topology of a 27-phase
autotransformer as seen in Figure 2.7.

Vain

Figure 2.7: Vector diagram for the output voltages



2.2. The ERIEYE® distributed power system

2.2 The ERIEYE® distributed power system

The complete system for converting AC to DC in &IEYE® radar system, see Figure 2.8,
consists of two variable frequency 200V 3-phase BlLdenerators feeding the left and right
MPTR respectively. Before reaching the MPTR theegated AC supply voltage passes
through a relay which opens when a fault is detectgince the MPTR includes an

autotransformer there is no galvanic isolation leetvthe input and output of the MPTR.
Each MPTR supplies three power units (PSU/6), masohsisting of a large capacitor bank
and step-down DC/DC converters that transforms2ff@/DC bus voltage to 42VDC. The

transmitting radar modules are fed with 42VDC frtira six PSU/6'’s.

In order to protect the PSU/6's the MPTR has a wigien sensing overvoltages,
overcurrents or overtemperatures. There is no giote if there is a shortcircuit in the
MultiPhase Transformer itself. To protect othepkine equipment the supervision board also
monitors voltage distortion.

Generator L Generator R
200VAC 200VAC
Relay L Relay R
200VAC 200VAC
MPTR L MPTR R
Status signals 270VDC Status signals 270VDC

si‘;f’oenr' PSU/6 1 | PSU/62 | PSU/6 3| | PSU/6 4/ | PSU/65 PSU/6E6
pSU 42VvDC  42VDC  42VDC  |42VDC |42VDC | 42vDC

Figure 2.8: Overview of the ERIEYE® distributed power system

10
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3 Measurements

Measurements were carried out at different freqiesnand loads in order to validate our
software model of the MPTR designed using Saber®.lddd losses were measured and
compared to the no load losses in the simulatidie results were used to design the
hysteresis loop in chapter 4.1.1. Load losses attdge drop for the MPTR were measured
and compared to the designed model in Saber®.

3.1 Measurement equipment and setup

All the used measurement equipment is listed belod their position is shown in Appendix
B. The symbol explanations are as follows:

Equipment under test

Equipment under test number sym c
1. MPTR

PSU/6

PSU/6

PSU/6

PSU Frame

Supervision

o 0 kWD

Test instruments
Test instrument number symb@

1. Oscilloscope

LeCroy 9354TM PA3704

2. Current Probe Digital Kyoritsu

3. Current Probe Hioki 3274

4. Current Probe Hioki 3274

5. Current Probe Hioki 3274

6. Current Probe Supply Hioki 3269

7. Differential Probe LeCroy AP031

8. Differential Probe LeCroy APO31

9. bVM Fluke 87

10.DVM Fluke 87

11.DC Power Source 28V Delta SM7020
DC Power Source 28V Delta SM35-45

12.AC Power Source Pacific 390AMX

13.Power Quality Analyzer =~ Norma 4000

11



3.1. Measurement equipment and setup

Test cables

Cable number symbol#NN:

1.

© 00 N o 0k WD

AC Power input cable MPTR
DC Power input cable PSU/6
DC Power input cable PSU/6
DC Power input cable PSU/6
MPTR X5 cable

MPTR X1 to PSU P7 cable
PSU P1 cable

PSU P2 cable

Output cable PSU/6

10. Output cable PSU/6
11.Output cable PSU/6

Test boxes ,=.

nni

Test boxes number symbol*. _*

12

1.

o ok~ b

MPTR Input Power Relay
MPTR output connection box
PSU Fault indicator box

PSU P8 jumper

Cooling air monitoring

Water cooled resistive load
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3.2 No load losses

During the no load measurements the MPTR (equiprhewas fed with a variable frequency
generator (test instrument 12) set to 115V phas&ag®. Input currents were measured with
current probes (test instruments 3, 4 and 5). Tdwep quality analyzer (test instrument 13)
was connected to the current probes and the inpltages. A digital voltage meter (test
instrument 9) was connected to the MPTR output.

The results from no load measurements of the MPiT&fferent frequencies can be seen in
Table 3.1. Since magnetic flux is inversely prooral to the frequency the no load losses
(hysteresis losses) decreases as the frequencgages. Overall, the results from the
measurements agreed well with theory and expeotatio

Table 3.1: Measured data for no load losses at défent frequencies

Frequency Active power Reactive power Apparent power Current | Output DC voltage

(Hz) (W) (VAr) (VA) (A) (V)

360 139.4 -383 414 1.20 273.2
400 101.3 -545 557 1.62 273.2
498 74.2 -819 742 2.39 273.2
577 64.6 -1013 1017 2.95 273.2
700 60.6 -1292 1293 3.75 273.2
800 61.1 -1504 1506 4.37 273.2

13



3.3. Losses with load

3.3 Losses with load

During the measurements with different loads theTRP(equipment 1) was fed with a
variable frequency generator (test instrument #2}® 115V phase voltage or the 400Hz grid
within the SMW building. PSU/6’s (equipment 2-4) econnected to the MPTR and loaded

with different resistive loads in a water cooledkdtest box 6). The complete test setup can
be seen in Appendix B.

Input currents were measured with current probest (hstruments 3, 4 and 5). The power
quality analyzer (test instrument 13) was connedtedhe current probes and the input
voltages. The measured input currents, voltagespaneers were displayed on a computer
interface seen in Figure 3.1. A digital voltage engtest instrument 9) and a current probe
(test instrument 2) were connected to the MPTR wutphe oscilloscope (test instrument 1)
was used to observe the output voltage ripple.

[E]Powes VIEW (Default)

gﬁﬂ
&
106.75 V Uzrms 7V 107.01
57.395 s 57.468 &
6.1242 : 6.1445 oy,
6.1270 . 6.1499
185.76 257.21 e
0.9995 ¢ 0.9991 ==
n
106.34 V "
s 56.860 A o
+ 18.132 kW
18.142 k VA
288.14 VAr
0.9994 i

1.8578 %

1.8596 %
6.1242 kW
6.1270 kVA
185.76 VAr
0.9995

Figure 3.1: Computer interface used during load mesurements

Measurements were conducted with different loadseoted to the MPTR and at different
frequencies. Up to three PSU/6 and full load (apipnately 18kW) were used. At loads
exceeding 9kW the 400Hz grid within the SMW builgliwas feeding the MPTR since the

variable frequency power source can only delivgsragmately 9kW. As expected active
power losses and voltage drop increases at highéds|

14
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3.3.1 Measurements with one PSU/6 connected

Table 3.2: Measured data with one PSU/6 connectedl 498Hz and different loads

Frequency| Reactive Active Active Efficiency | Input Input Input Output | Output
(Hz) input input output (%) phase | current| current DC DC
power power power voltage (A) THD voltage | voltage
(kVAr) (kW) (kW) V) (%) V) ripple
(V)
498 -0.830 0.297 0.189 63.64 114.89 2,559  20.595 0.727] N/A
498 -0.620 3.998 3.814 95.40 114.42 11.787 9.763 4.126 1.867
498 -0.657 5.990 5.801 96.84 114.11  17.449 7.557 3.126 N/A
3.3.2 Measurements with two PSU/6 connected
Table 3.3: Measured data with two PSU/6 connected different frequencies and loads
Frequency| Reactive Active Active Efficiency | Input Input Input Output | Output
(Hz) input input output (%) phase | current | current DC DC
power power power voltage (A) THD voltage | voltage
(kVAr) (kW) (kW) V) (%) V) ripple
V)
360 0.781 8.969 8.664 96.60 113.61 26.415 6.967 .4261 2.273
400 0.175 12.028 11.752 97.71 109.97 36.475 2.25552.52| 1.477
498 -0.831 0.445 0.323 72.58 11486  2.788 22406 0.27 1.091
498 -0.735 8.974 8.726 97.24 113.69 26.398 6.067 1.726 1.906
800 -1.074 8.912 8.697 97.59 113.66  26.324 N/A @61. 1.781
3.3.3 Measurements with three PSU/6 connected
Table 3.4: Measured data with three PSU/6 connectest 400Hz
Frequency| Reactive Active Active Efficiency | Input Input Input Output | Output
(Hz) input input output (%) phase | current | current DC DC
power power power voltage (A) THD voltage | voltage
(kVAr) (kW) (kW) V) (%) V) ripple
(V)
400 0.288 18.132 17.566 96.88 106.34 56.860 1.86043.52| 1.477
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Chapter 4. Simulations

4  Simulations

The MPTR model in Saber® was built based on thermal documents [6]-[13] and

measurements of no load losses in chapter 3.2 aldack of information about the core

material in the autotransformer core. Different gliaions were conducted in order to verify
different aspects of the MPTR-model designed ineB&bagainst measurements of the
MPTR.

4.1 Designing the MPTR in Saber®

4.1.1 Autotransformer

Based on the theory presented in chapter 2.1.4atiequ (2.1) to (2.20) and internal
documents[6],[7],[8] at SMW the Magnetic Componé&obl (MCT) in Saber® was used to
design the 3/27-phase autotransformer core andingadMCT is a powerful tool enabling
the user to easily specify core geometry, lamimati@irgaps, hysteresis loop, type and layout
of windings and dielectric layers between/arounddinigs.

In order to create 27 output voltages with a maglatgiving 270VDC after rectification from

a 200V 3-phase input source (phase magnitude 163.8MWvindings at each core leg were
needed. Like the autotransformer in the real MPR& windings were implemented as foil
made of copper surrounded by semiconducting lagecsrding to internal documents. The
core were implemented as laminated steel with ggshaped cross-sectional area, thickness
of lamination and stacking factor according to ing¢ documents. The hysteresis loop was
based on the results presented in Table 3.1 andsireinterface for core and hysteresis loop
implementation is seen in Figure 4.1.
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4.1.a: Core interface in MCT 4.1.b: Hysteresisrifatee in MCT

Figure 4.1: MCT interfaces in Saber®

Since Saber® only supports 7 windings on one cegewhen designing the model with the
Magnetic Component Tool each of the core legs bazktdivided into three series connected
sections with six windings on each section. Becanfs¢his the lengths of the windings
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4.1. Designing the MPTR in Saber®

become slightly shorter and they also get closeth&o core which results in lower series
resistance and higher inductance than in the rewtransformer. The final design of the
autotransformer is presented in Figure 4.2.
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Figure 4.2: Multiphase autotransformer winding conrections

To validate the Saber® model autotransformer wigdionnections the autotransformer was
connected to an ideal 400Hz 3-phase 200V voltageceaand studied at no load (resistances
of 1IMQ were connected to the outputs). Setup circuithisws in Figure 4.3. Several
simulations were run to determine that all the attpltages had the correct magnitude and
were separated by 360°/27. As seen in Figure #4l,27 output voltages have the same
magnitude and are all evenly separated.
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1meg

Figure 4.3: 3/27-phase autotransformer test setupt@o load
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4.1. Designing the MPTR in Saber®

4.1.2 Rectifier bridges

Three diode bridges consisting of 18 diodes eaehha rectifying units of the MPTR [6],[9]
as seen in Figure 4.5. Saber® provides severardiit methods to implement diodes, among
these are different templates and the power diodé Both the power diode tool and the
ideal diode template were investigated. Since tperating frequency was between 360-
800Hz the recovery losses were negligible and glsinmodel could be used without losing
any accuracy in the simulations. The |-V charast&s of the diodes were determined from
[10] and implemented in the ideal diode template.

dc+
o o o o o o o o o
: : : s s : : s : /\
ke, ke, ke ke, ke, ke ke ke, ke
2| 5| 3 5| 5| 3 3 5| = AN

L L S 1L L L B I A L e (L R
3 4 5 6 7 8 9
Figure 4.5: Diode rectifier bridge
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Chapter 4. Simulations

4.1.3 Input and output filters

The MPTR has filters on the input and output teatsr6],[11],[12],[13]. The output filter
has a smoothing function on the rectified voltagd aonsists of inductors and capacitances
implemented in Saber® as seen in Figure 4.7. Conmmaafe voltages are suppressed and the
generator and flight avionics are protected froghhrequency harmonics by the input filter.
The inductive part of the input filter was designesing MCT and the complete input filter is
presented in Figure 4.6.
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Figure 4.6: MPTR AC input filter
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4.2. No load losses

4.2 No load losses

Several simulations with no load were carried outtWvo reasons; to determine if the losses at
no load agreed with the measured no load lossesefils determining if the hysteresis loop
designed using MCT were correct) and that the satedl DC output voltage of the MPTR
complied with the measured DC output voltage (thgreetermining that the threshold
voltage implemented in the ideal diode templateensarrect). The test setup used in Saber®
is shown in Figure 4.7. Both measured and simul&@€doutput voltage was 273.2V for
frequencies between 360-800Hz. Figure 4.8 showsithelated output DC voltage at 498Hz.
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Figure 4.7: MPTR at no load connected to an ideal-Bhase voltage source

Results from simulations of the MPTR no load lossesdifferent frequencies and a
comparison against the measured losses can bens€ahle 4.1. At no load, the input power
and the losses are equal. The losses at no loachairdy caused by hysteresis losses in the
autotransformer core since other losses such adivgrand diode losses are negligible due to
low current.

Several corrections of the hysteresis loop wereartadnatch the measured no load losses.
As seen in Table 4.1, measurements and simulatgnse well for all frequencies. This
indicates that both the width and the total arethefDC-hysteresis loop designed in Saber®
are correct. Final design of the hysteresis loghtswvn in Figure 4.1.
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Figure 4.8: Output DC voltage of the MPTR at no lod and 498Hz

Table 4.1: Simulated and measured data for no loalbsses at different frequencies

0.198

Voltage (V) t(s)
VDC_out

0.199

Frequency | Measured active input powerSimulated active input power Difference Difference
(Hz) (W) (W) (W) (%)
360 139.4 130.56 8.84 6.77
400 101.3 100.85 0.45 0.44
498 74.2 81.39 -7.19 -8.83
577 64.6 72.79 -8.19 -11.25
700 60.6 62.60 -2.00 -3.19
800 61.1 59.79 1.31 2.19
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4.3. Losses with load

4.3 Losses with load

When performing measurements on the MPTR at SMWIpuesistive loads were connected
to the PSU/6’s. A PSU/6 is a power unit consistiiga number of converters fed by a large
capacitor bank. In order to simulate this scenari8aber® equivalent circuits of the PSU/6’s
capacitive behaviour had to be designed. Basediraoitcdiagram [14] the PSU/6’s were
implemented with a capacitor and two inductors. filkerboards were designed using circuit
diagram [15] and connected between the MPTR and®$SHccording to Figure 4.9.

In chapter 3.3 voltage drop and power losses #réifit frequencies and loads were measured
on the MPTR. Several simulations were run with shene frequency and magnitude of the
input voltage and active output power of the MPTRim each measurement case. For a
specific load and frequency case in the measurenfayter the ideal voltage source seen in
Figure 4.9 was implemented with the measured implitge and the given frequency. To get
the same active output power for each case in ihelations as in the measurements a
resistance causing this was calculated and impladeafter the PSU/6’s as seen in Figure
4.9. The resistance for each PSU/6 load can be ise€able 4.2, Table 4.3 and Table 4.4.
Since an ideal voltage source with no internal atdoce was used the input current THD was
higher in the simulations compared to the measunésrfer all load cases.
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Figure 4.9: MPTR connected to an ideal 3-phase valge source and three PSU/6’s with resistive loads
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4.3.1 Simulations with one PSU/6 connected

The results from the simulations in Saber® with ®8UJ/6 connected are seen in Table 4.2.
The simulated voltage drop across the MPTR is &amylar to the measured voltage drop

seen in Table 3.2 with one PSU/6 connected. Theeksvere lower in the simulations

compared to the measurements. The simulated inpuerd also has higher THD but the

waveshape of the input current depends on bothdher source and the connected load.

Table 4.2: Simulated data with one PSU/6 connected 498Hz and different loads

Frequency| Active | Active | Efficiency | Input Input Input Output | Output | PSU/6
(Hz) input output (%) phase | current | current DC DC load
power | power voltage (A) THD % | voltage | voltage (Q)
(kW) | (kw) V) V) ripple
V)
498 3.904 3.797 97.25 114.4p  11.744 17.68 264.4 882.0 18477
498 5.910 5.776 97.73 114.11  17.457 14.%59 263.2 001.9 12.013

Input voltages and currents for phase A to the MRGIRthe simulated cases are shown in

Figure 4.10 and Figure 4.12 while the output DCQtagiés and currents are shown in Figure
4.11 and Figure 4.13.
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Figure 4.10: Input voltage and current for phase Aat input power 3.904kW
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Figure 4.11: Output DC voltage and current at inputpower 3.904kW
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Figure 4.12: Input voltage and current for phase Aat input power 5.910kW
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Figure 4.13: Output DC voltage and current at inputpower 5.910kW




4.3. Losses with load

4.3.2 Simulations with two PSU/6 connected

The results from the simulations in Saber® with tRS8U/6 connected seen in Table 4.3
complied fairly well with the measurements carriggt at SMW seen in Table 3.3. The
simulated voltage drop across the MPTR is very laimb the measured voltage drop with
two PSU/6 connected. The losses were lower in timeulations compared to the
measurements. At 360Hz and 400Hz the DC outpuageltipple had a harmonic content not
seen in the measurements. This is probably caugéldebhigher inductance of the simulated
autotransformer (see chapter 4.1.1) not matchiagthput filter of the MPTR. The simulated
input current also has higher THD (significantlgimer for 360Hz) but the waveshape of the
input current depends on both the power sourcetl@donnected load. As stated in chapter
4.3 an ideal voltage source was used in these ations.

Table 4.3: Simulated data with two PSU/6 connecteat different frequencies and loads

Frequency| Active | Active | Efficiency | Input Input Input Output | Output | PSU/6
(Hz) input output (%) phase | current| current DC DC load
power | power voltage (A) THD voltage | voltage (Q)
(kW) (kW) V) (%) V) ripple
V)
360 8.850 8.642 97.64 113.61 26.642 20.91 261.6 024.1 15.843
400 11.992| 11.763 98.09 109.97 36.582 9.791 252.7 2213 | 10.884
498 8.861 8.709 98.28 113.69 26.003  9.027 261.8 611.9 15.766
800 8.847 8.690 98.23 113.66 26.087 6.261 261.7 301.1 15.807

Input voltages and currents for phase A to the MRGIRthe simulated cases are shown in
Figure 4.14, Figure 4.16, Figure 4.18 and Figug® 4vhile the output voltages and currents
are shown in Figure 4.15, Figure 4.17, Figure 4A4® Figure 4.21.
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Figure 4.14: Input voltage and current for phase A360Hz
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Figure 4.15: Output DC voltage and current for 360K input




. Losses with load

(V):K(s)

vain

(A):1(s)

i(vain)

Figure 4.16: Input voltage and current for phase A400Hz
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Figure 4.17: Output DC voltage and current for 400k input
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Figure 4.18: Input voltage and current for phase A498Hz
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Figure 4.19: Output DC voltage and current for 498 input
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Figure 4.20: Input voltage and current for phase AB00Hz
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Figure 4.21: Output DC voltage and current for 800k input
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4.3.3 Simulations with three PSU/6 connected

The results from the simulation in Saber® with hRSU/6 connected are seen in Table 4.4.
The simulated voltage drop across the MPTR is éxdloe same as the measured voltage
drop with three PSU/6 connected. The losses weaverlin the simulations compared to the
measurements.

Table 4.4: Measured data with three PSU/6 connectest 400Hz

Frequency| Active Active | Efficiency Input Input Input Output | Output | PSU/6
(Hz2) input output (%) phase | current| current DC DC load
power power voltage (A) THD voltage | voltage (Q)
(kw) (kw) V) (%) V) ripple
V)
400 17.925 17.561 97.96 106.34  56.305 6.580 2485 .6382 | 10.146

Input voltage and current for phase A to the MP®Rtiie simulated case are shown in Figure
4.22 while the output voltage and current are shimwigure 4.23.
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Figure 4.22: Input voltage and current for phase A400Hz
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Figure 4.23: Output DC voltage and current for 400k input
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4.4 Designing the Saab 2000 generator using Saber®

4.4.1 Generator
The following parameters for the generator in thalts2000 aircraft were given [16]:
e Type of generator: Brushless DC
e Operating frequency range: 380-606Hz
* kVArating: 45kVA @ 404-480Hz
60kVA @ 480-606Hz
Rating degraded linearly to 36kVA between 380-494H
* Power factor: 0.85 (lagging)
* Number of poles: 4

In order to build a model of the generator in S@heat least inertia, line to line inductance
and resistance have to be known. Under the assomgtian efficiency of 90%, power factor
0.85 at 606Hz and rated power, the resistance raheciance was determined to @2mand
0.102mH respectively. The inertia was set takgins.

In a Brushless DC generator the output voltagegpesportional to the angular velocity on
the shaft. Since the output voltages shall be emigor the entire operating frequency range,
field weakening of the BLDC generator needs torbglémented.

In the BLDC generator model that comes with Sab#m® back-emf constant gk is a

parameter that cannot be altered during simulatidre output voltage will therefore be
proportional to the frequency. After contact witinSpsys [17] a model withgas an input

variable was provided and a simplified model ofdfizveakening during simulation can be
implemented.

4.4.2 Pl-regulator

To keep a constant output voltage (200V) from th®8 generator regardless of the angular
velocity and current (internal voltage drop), ar@gulator controlling the back-emf constant
(ke) was designed.

The angle of the rotor, the three output voltages eurrents from the BLDC generator are
measured and by using abc to dq coordinate transfton [18] the voltages can be
transformed as

co{¢ + 3—”) co{¢ + 5—”] co{¢ + Ej Va
Va|_2 2 6 6) |y @.1)
Va] 3 —sin(¢ +3_71j —sin(¢ +5—7Tj —sin(¢ +7—Tj Vb |
2 6 6 ¢
and the currents can be transformed as
co{¢ + 3—”) co{¢ + 5—”) co{¢ + I—Tj ls
{Id} _2 2 6 6 4.2)
.| 3 _Sin( 3 5

Ib
¢+7nj —sin(¢+?nj —sin(¢+gj I
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4.4. Designing the Saab 2000 generator using Saber®

where \j, Vq and |, I are DC quantities that can be controlled with arefgulator.
Implementation of the coordinate transformatiorSetber® according to (4.1) and (4.2) can
be seen in Appendix C. The complete control cirmgtuding Pl-regulator with anti-windup
and control signal limiter implemented in Saber® ba seen in Figure 4.24.

0.12369m |
k100

Figure 4.24: Pl-regulator with anti-windup

4.4.3 Cable

Since the generator is located at the motor sostardie from the MPTR the non idealities of
the cable connecting the generator and the MPTRIshe® be accounted for. A template
modelling a screened cylindrical 3-phase cable walagsen. The phase conductors (also
cylindrical) have a crossectional area of 20fnamd are made of copper. Semiconducting
layers surround each phase.

The chosen template takes many parameters intaaiccderies resistance and capacitance,
inductance and conductance between phases are letbd€apacitance, inductance and
conductance between each phase and ground (scaeenialso modelled. Although no
significant difference where noticed between tHéedknt cable templates an advanced cable
template was chosen since the simulation time imcheased slightly.
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4.5 Benefits of using MPTR

In chapter 1.1 the importance to avoid interferesiceensitive electric devices such as flight
avionics connected to the same generator as tlae pagver system was stated.

In the previous ERIEYE® radar power system eaclthefPSU/6’s had a 6-pulse rectifier
bridge and the six PSU/6’s was fed from one dedatgenerator running at 400Hz.

To compare the two methods of AC/DC conversion aehoepresenting half the previous
radar power system (three PSU/6’s) was built ineBBbThe MPTR model was removed and
the PSU/6’s were replaced by the ones used in lther sadar power system [19]. The
filterboards were replaced by three PSU/6 inpué [fitters and nine inductors [20],[21].
Connecting the new system to the Saab 2000 BLDCrgémr designed in chapter 4.4.1
resulted in the circuit seen in Figure 4.25. Cigwised in Saber® for comparison are shown
in Figure 4.25 and Figure 4.26.
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Figure 4.25: Saab 2000 generator connected to theepious PSU/6’s with resistive loads
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Figure 4.26: MPTR connected to the Saab 2000 genéoaand three PSU/6’s with resistive loads

The generator was set to 400Hz or 498Hz and 200sd& two frequencies were chosen
since the new system mostly operates at 498Hz lamcprtevious system only operates at
400Hz. Furthermore measurements have been condatt8§IW on the previous system
connected to the Saab 2000 generator running &z00

Figure 4.31 shows the results from the measuremwht purely resistive load (21.4kW)
connected to the PSU/6’s. The waveshapes of thagelnd current are very similar to the
simulated ones of the previous radar power systeB0RW presented in Figure 4.30. The
THD for the voltage and current at the generatathia system is mainly determined by the
line inductors and the parameters of the generatwe. |-V characteristics of the diodes and
the capacitive and inductive content of the PSUige very small influence on the THD at
the generator. Since the measured voltage andnturk#D agrees fairly well with simulated
THD (seen in Figure 4.32, Figure 4.33 and Tabl¢ 4rfsl the value of the line inductors are
known, the Saab 2000 generator designed in chdptetr probably is accurate enough to be
used in an ERIEYE® power system simulation.

The simulated waveforms of the voltages and cusrahthe generator were compared at full
and half load (20kW & 10kW) connected to three R&dfor the two different ERIEYE®
power systems. As expected the improvement of usINGPTR were significant, resulting in
a much smoother voltage and current waveshapeawer [ITHD as can be seen in Figure
4.27 to Figure 4.30, Figure 4.32 to Figure 4.39 dradble 4.5.
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Table 4.5: Voltage and current THD for different frequencies and loads

MPTR 6-pulse MPTR 6-pulse MPTR 6-pulse MPTR 6-pulse
10kW 10kW 20kwW 20kwW 10kw 10kW 20kwW 20kwW
400Hz 400Hz 400Hz 400Hz 498HZ 498Hz 498Hz 498Hz
Voltage 2.008 13.86 2.329 15.73 1.939 13.04 2.445 15.1
THD (%)
Current 2.345 24.09 1.356 13.64 2.179 17.9 1.179 10.4
THD (%)

(A):t(s)
lain_MPTR

lain_6pulse

V):(s)

Vain_MPTR

Vain_6pulse

Figure 4.27: Current (top) and voltage (bottom) athe BLDC generator with MPTR (green) compared to
6-pulse rectification (pink) at 400Hz and 10kwW
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(V):f(H2)
Vain_MPTR

(V):f(H2)
Vain_6pulse
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0.0 200.0 400.0 600.0 800.0 X . X X 2.2k 2.4k 2.6k 2.8k 3.0k 3.2k 3.4k

Figure 4.28: Voltage THD at the BLDC generator withMPTR (top) compared to 6-pulse rectification
(bottom) at 400Hz and 10kW(Note the logarithmic scale)

(A):f(H2)
lain_MPTR

(A):f(H2)

lain_6pulse

10.0m T T T T T T T T T T

0.0 200.0 400.0 600.0 800.0 2.0k 2.2k 2.4k 2.6k 2.8k 3.0k 3.2k 3.4k 3.6k

Figure 4.29: Current THD at the BLDC generator with MPTR (top) compared to 6-pulse rectification
(bottom) at 400Hz and 10kW(Note the logarithmic scale)




Chapter 4. Simulations

(A):(s)
lain_MPTR

lain_6pulse

(V):t(s)

Vain_MPTR

Vain_6pulse

Figure 4.30: Current (top) and voltage (bottom) athe BLDC generator with MPTR (green) compared to
6-pulse rectification (pink) at 400Hz and 20kW
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4.27.a: Voltage, current and power

4.27.b: Voltage current THD

Figure 4.31: Measurements of the previous radar poer system connected to a Saab 2000 generator
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(V):f(H2)
Vain_MPTR

(V):f(H2)
Vain_6pulse
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Figure 4.32: Voltage THD at the BLDC generator withMPTR (top) compared to 6-pulse rectification
(bottom) at 400Hz and 20kW(Note the logarithmic scale)
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Figure 4.33: Current THD at the BLDC generator with MPTR (top) compared to 6-pulse rectification
(bottom) at 400Hz and 20kW(Note the logarithmic scale)
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(A):(s)
lain_MPTR

lain_6pulse

(V):t(s)
Vain_MPTR

Vain_6pulse

Figure 4.34: Current (top) and voltage (bottom) athe BLDC generator with MPTR (green) compared to
6-pulse rectification (pink) at 498Hz and 10kW
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Figure 4.35: Voltage THD at the BLDC generator withMPTR (top) compared to 6-pulse rectification
(bottom) at 498Hz and 10kW(Note the logarithmic scale)
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Figure 4.36: Current THD at the BLDC generator with MPTR (top) compared to 6-pulse rectification
(bottom) at 498Hz and 10kW(Note the logarithmic scale)
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Figure 4.37: Current (top) and voltage (bottom) athe BLDC generator with MPTR (green) compared to
6-pulse rectification (pink) at 498Hz and 20kW
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(V):f(H2)
Vain_MPTR
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T T T T
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Figure 4.38: Voltage THD at the BLDC generator withMPTR (top) compared to 6-pulse rectification
(bottom) at 498Hz and 20kW(Note the logarithmic scale)
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Figure 4.39: Current THD at the BLDC generator with MPTR (top) compared to 6-pulse rectification
(bottom) at 498Hz and 20kW(Note the logarithmic scale)
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4.6 Simulation of the ERIEYE® power system

The MPTR were connected to the Pl-controlled BLDEDiayator through a 3-phase shielded
cable described in chapter 4.4 and implementechbe®® as seen in Appendix D. The three
PSU/6’s were connected to switched resistive |@di@sing the power output from the MPTR

between full (20kW) and half load (10kW). The toequn the generator shaft was studied for
the whole simulation and is presented in Figuréd4Moltage levels and transients were
observed at the MPTR input and output for differeable lengths (20&40m) between the
generator and the MPTR.

DC output voltage of the MPTR during the whole dimtion for the two different cable
lengths are shown in Figure 4.41. Before 40ms #reegator is running at no load and 498Hz.
At 40ms a load step (10kW) with a risetime of 0.limgpplied and DC output voltages are
shown in Figure 4.42. Figure 4.43 presents anathemtical load step of 10kW added at
60ms causing the system to run at full load. At 8Qme load is shifted back to 10kW
presented in Figure 4.44. At 100ms a speed stdp tvé rise time of 1ms is applied to the
generator and the frequency is increased from 438H577Hz. DC voltage levels during this
transition can be seen in Figure 4.45. At 120msladhd is yet again increased to 20kW as
seen in Figure 4.46.

The AC input phase voltage of the MPTR during Iségp from 10kW to 20kW (498Hz) for
the two different cable lengths are shown in Figdré7. The load step causes a small
distortion on the input voltage. The difference3@/) in magnitude of the input voltage at
full load and 498Hz for the two cables is presentedfigure 4.48. Figure 4.49 shows the
input phase voltages for the two cable lengthsndutie speed step. The input phase voltages
during the speed step are kept constant by thedrilator.

Figure 4.40: Torque on the BLDC generator shaft
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(V): (s)
V_DC_out_20m!

V_DC_out_40m

Figure 4.41: Output DC voltage of the MPTR for 20m(green) and 40m (pink) long cable

(V):t(s)
V_DC_out_20m!

V_DC_out_40m

Figure 4.42: Close-up of output DC voltage of the TR at 40ms for 20m (green) and 40m (pink) long
cable
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(V): (s)
V_DC_out_20m!

V_DC_out_40m

Figure 4.43: Close-up of output DC voltage of the TR at 60ms for 20m (green) and 40m (pink) long
cable

(V):t(s)
V_DC_out_20m!

V_DC_out_40m!

Figure 4.44: Close-up of output DC voltage of the TR at 80ms for 20m (green) and 40m (pink) long
cable
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(V): (s)
V_DC_out_20m!

V_DC_out_40m

Figure 4.45: Close-up of output DC voltage of the MTR at 100ms for 20m (green) and 40m (pink) long
cable

(V):t(s)
V_DC_out_20m!

V_DC_out_40m!

2260.0]

Figure 4.46: Close-up of output DC voltage of the MTR at 120ms for 20m (green) and 40m (pink) long
cable
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(V):K(s)
Vcin_20m

Vcin_40m

Figure 4.47: Input phase voltage of the MPTR betwee57ms and 63ms for 20m (green) and 40m (pink)
long cable

(V) :t(s)
Vain_20m

Vain_40m

Delta Y: 0.39079

66.56m  66.58m 66.6m 66.62m  66.64m  66.66m 66.68m 66.7m 86.7266.74m  66.76m  66.78m 66.8m 66.82m  66.84m  66.86m  66.88m
t(s)

Figure 4.48: Input phase voltage of the MPTR betwee66.5ms and 66.9ms for 20m (green) and 40m
(pink) long cable
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(V):K(s)
Vcin_20m

Vcin_40m

96.0m 97.0m 98.0m 99.0m 0.1
t(s)

Figure 4.49: Input phase voltage of the MPTR betwae95ms and 105ms for 20m (green) and 40m (pink)
long cable
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5 Saber® models at Saab Group

At a company that is conducting research and dewsémt on high technology products such
as Saab Group it is important to protect inforna@md models of products at the same time
as product development and research is made ds agicefficient as possible. To allow this

an evaluation of the capabilities of protecting asithring models in Saber® have been
conducted.

5.1 Protection of Saber® models

It is possible to protect Saber® models by encngptihem using the Encryption Tool in
Model Architect [22],[23]. The .sin file that is o to be encrypted shall be selected and the
start and stop point for the encryption shall blected. The top part containing template,
constants, variables, input and output pins shatl be encrypted. Starting point for the
encryption shall be selected right below thesetardstopping point at the bottom of the file
as seen in Figure 5.1a. When the model is encryptedption to save the unencrypted model
as a .bak file appears. The encrypted file careba & Figure 5.1b.

There are two different ways to set one or seveagkwords for the model. One way is to
create a .c file which then is compiled to a .dd.fSome extra code also needs to be added in
the MAST code of the Saber® model. An example ahsaic-code and the extra MAST code
is found in Appendix A. Another way to do this sddd the password check directly in the
MAST code.

B S ber Horgption Jps) g| K= Saber, Encryption Tool

File Edit Help File Edit Help
Ta v =
@‘ 0 | - )|m| E resistor_saab.sin E‘ resistar_saab. sin
encrypted template resistor_saab p m = res. passward], pazsword? encrypted template resistor_sasb p m = res, password], password2
number res = 1000 number res = 1000
number passwordl, passwaord? number password], password2
electrical p.m electrical p.m
lcrypt_gtark lcrypt_start
pack 002 008abach7c2526a0a6
0086427 0EBCI0c1 b1 a5
{ 056292749220 286/ ecadBBa2b28257b 2 26 o080 2cac0dad aafbSib
BEdachie?fedl o¥B0T09571 Barecc08by 81 3bE41bdb339:4 48305710
fareign LICFILE  # declare the foreign subroutine 024575516580:1 5201 4013001 46fed72f1 B3971 £ 30 2cac0da?
[1B495E0 01 30959094061 3145526410803
number fune_val 032a96b532dde972daa3dal b21 965F7 e 73450796 245 de b aBbaq 24
- ffaclcae
parammeters | 024a664402290940692384b 7571 6df241 27 aR971 53041 4od 344
056fce?dedeycd] 77 2958021 d1 o7 ifebaste i 7 B980T feldiDasi 2a42b
func_wal = LICFILE [passwordl) 058=4ch3975fR06I 7B TE35ad264 32826 7 cBd28ebb 329249001 61 55
0080227 066c30c1 b1 45
if [func_val "= 1)1 0325040080641 04101 4beadBf9al 34c5c56af271 7E5 3020 2bEf 427 34eh
enor 'Paszword] is wiong! Model cannot be used!"'] 830c1b1a5

07 2acc992067349ac51 aBa1 40a53564b4e9a3100:4 5463582 7 0a7 7443
206facdbaeadbl351 461 30657 0acef24904d4c1 142921 2748290e0edc44
if [pazeword? ~=12345] § bcb340e8d5c3f5a429b31 32122333870
ermar Pazsword? (MAST -check] iz wiongl Model cannot be used!”) 008b4b9c0cd 26412303
} 0034413425841 4c1844
01 6befl7(23337 a2f2be2 706G 3dI6e a0
} 024eabB0edecE711f0:f4bal 3ac7835302bel2754EcEL39E0 7D
0086227 066c90:10155
equations § 003feb30647363c1210
(1 6eBic83bb7S1 5bah3bBbebabc2cacida?
i}[p->rn]+= wip.mlfres

}

lcypt_end
Either enciypt the file or add another Encryption start line. This file iz encrphed.
5.1.a: Unencrypted MAST code [23] 5.1.b: Encrypt&AST code

Figure 5.1: Example of unencrypted (a) and encrypte (b) MAST code from Saber Encryption Tool
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5.2 Sharing Saber® models within the Saab Group

The possibility to make a site library that specifisers have access to is excellent with
Saber®. A folder containing the schematics and ®ymlhas to be created and a new
environmental variable has to be added in Windowgh wthe variable name:
“Al_SITE_PATH” and the variable value: “(the path the site library)”. When Saber®
Sketch is opened a file named aimpart.site is edeat the site directory. In parts gallery a
new site library shall be created. To get acceskdaite library the user has to have access to
the folder and then specify the user variable urelerironmental variables in windows
[22],[23].

It is good if only one or a few persons that woskaaiministrators have the possibility to write
to the site library and that the rest of the usenly have reading rights to prevent unintended
changes or deletion of models.

It is not possible to run the models if you do hate access to the site library. One way to be
able to run the model even if there is no accesiseite library is to copy the files directly to
the local model library and run them from there.

At Saab Microwave Systems it is possible to spewrfyich people that shall have write
permission to a folder/area and who shall have psschission so that they can open the files
or copy it to their own computers [24].
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6 Discussion

The first part of the M.Sc. thesis was devotedttrdture studies to get an understanding of
how the AutoTransformer Rectifier Unit (ATRU) worksd also what has been previously
done within this field. There were some articleattescribed 18-pulse ATRU’s in a good
way [2],[3],[4],[5]. After acquiring knowledge abbuhe theory behind the ATRU, basic
electric and magnetic circuits were implementedaber® to get more knowledge how the
program worked. After evaluation of the differennétionalities incorporated in Saber® the
decision was made to implement the MultiPhase Toamer Rectifier unit (MPTR) using the
Magnetic Component tool (MCT) instead of using téatgs. The reason behind this decision
was that the MCT is better suited for modelling MBTR due to its detailed graphical user
interface and the possibility to implement the vings as foil. Developing the MPTR model
in Saber® was made in small steps so it was easgrity and see if anything was wrong.
However, one drawback with the MCT is that it idyopossible to implement a maximum of
7 windings on each transformer leg. Since the MPRaR 18 windings on each leg they had to
be divided into 6 groups of windings and put oreéhequivalent legs in series.

The realization was made according to the timefilahwas set at the beginning of the M.Sc.
thesis. During the thesis work additional objectiveere added such as modelling the Saab
2000 BLDC generator, control circuit to the generand the cable between the generator
and MPTR. These objectives were added since when MPTR was designed and
implemented in Saber® the point of interest wasedr towards how much the MPTR
improves the quality of the reflected voltage todgathe generator compared to the previous
radar power system that uses 6-pulse rectificafhogreat amount of work was put into trying
to find all parameters for the BLDC generators #ratused in Saab 2000 aircraft. Since those
parameters were not provided by either Saab omémeufacturer some assumptions had to be
made. Based on the ratings of the BLDC generatdraamestimated efficiency of 90%, the
most important parameters were determined. To eetabmplement field weakening during
simulation it was necessary to be able to contreldack-emf constant gk Saber® does not
have any BLDC generator where the back-emf consfegt can be changed during
simulation, but after contact with Synopsys a BLIgEnerator model with a simplified
version of field weakening was delivered [17]. Aol circuit that uses abc to dg coordinate

transformation seen in Appendix C and a Pl-cordgradeen in Figure 4.24 was designed and
implemented together with the new BLDC regulatosesn in Appendix D.

Saber® is a mixed domain simulation software witsgbilities to implement electrical,
magnetic, mechanical and control signals as they#o one single model.

Possibilities of protection and sharing of Saber®deils were evaluated through contacts
with Frank Lehmann at Synopsys [23] and the IT supat Saab Microwave Systems
(SMW) [24].
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7 Conclusion

The hysteresis loop was implemented and matchedsadhe real one through evaluation of
no load losses of the MPTR at different frequenci€ee no load losses from the
measurements complied well with the no load losseghe simulations verifying the

hysteresis loop.

In Figure 4.4 it is shown that the winding configtion is correct since the magnitudes of the
27 phases are equal and that their phaseshifOi¥ 26

The levels of the simulated output DC voltages agvell with the measurements confirming
that the implementation of the diodes in the remtibridges is correct. Since the frequency is
low it was sufficient to use a diode template il&® not modelling recovery losses.

Measurements and simulations of the voltage drag the MPTR complied well regardless
of frequency and load. Losses at load proved tohigher in measurements than in
simulations. The equipment with the lowest accuratythe measurement setup is the
currentprobes which were used to measure the iopuent. If the measured input current
would have been 1% lower the measured and simuldie@R losses would have agreed
much better.

The BLDC generator model together with the abcdacdordinate transformation and a PlI-
controller made simulations with switching loadsdawmarying speeds possible while
maintaining constant AC output voltage from the ELDenerator.

Simulations with the previous radar power systeih f@éth a Saab 2000 generator were

carried out and it agreed well with measuremends lad been carried out at SMW earlier.

This indicates that the designed BLDC generat@aber® resembles the generator installed
in a Saab 2000 aircraft. When comparing the previadar power system with 6-pulse

rectification and the new radar power system witAT® it was shown that the new system
had much lower THD content in the voltage and aur@n the feeding side towards the

BLDC generator. The'5and 7' harmonics were reduced by 90% in the new radarepow

system using the MPTR.

The simulations with different cable lengths betwé®e BLDC generator and MPTR showed
that at load switching and speed steps the behiawiasi similar for the two cable lengths.

Encrypting Saber® models is easily done by usirgEhcryption Tool in Model Architect.

Adding password protection of models is done bytimgi some extra code directly in the
MAST code seen in Appendix A.2 or by writing c-camled compiling it to a .dll file seen in
Appendix A.1.
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8 Proposed further work

A more exact model of the BLDC generator and theabmur of the control circuit are of
great interest when modelling the system. To be &bbdo this, it is essential to get access to
more information than the authors of this M.Scsthdave had access to. To mention some,
such information would be the layout and properviethe control circuits, inertia and viscous
damping of the BLDC generator.

Building an exact model of the PSU and the loadilprof the transmitting/receiving modules
of the radar are also of great interest.
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A  Password protection of Saber® models
A.1Example of the c-code for password protection

__decl spec(dl | export) LICFILE(double* in,int* nin,int* ifl,int*
ni fl,double* out,int* nout,int* ofl,int* nofl, doubl e* aundef,int* ier)

{
if (in[0] == 12345 ) {

out[0] = 1;
el se {

out[0] = O;
}
}
[23]

A.2Example of the MAST code for password protection

encrypted tenpl ate resistor_saab p m= res, passwordl, password2

nurmber res = 1000
nunber passwordl, password2

electrical p, m

{

foreign LICFILE # declare the foreign subroutine
nunber func_va

paraneters {

func_val = LI CFl LE( passwordl)

if (func_val ~=1) {

error ("Passwordl is wong! Mdel cannot be used!")

}

i f (password2 ~= 12345) {

error (" Password2 (MAST-check) is wong! Mdel cannot be used!")
}

}

equations {

i (p->m+= v(p,mM/res
}

[23]
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Appendix B. Measurement setup




Appendix C. abc to dq coordinate transformaticimesnatics
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Figure C.1: abc to dqg coordinate transformation
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Appendix D. ERIEYE® power system schematics

D ERIEYE® power system schematics
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Figure D.1: MPTR fed with a PI controlled BLDC genaator through a shielded 3phase cable and
connected to three PSU/6’s
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