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Abstract: Brushless synchronous generators, which have the structure of three-stage generators to
realize brushless excitation, are the most commonly used aero-generators. With the development of
more electric aircraft technology, the output frequency of aero-generators is changing from constant to
variable, and the characteristics of generators are also changed. To make sure that the generators can
be adapted to the variable frequency operation, this paper analyzes the effects of different operating
conditions on generator performance and proposes corresponding design methods. The design and
verification of the electromagnetic field, fluid field, temperature field and stress field are carried out
for the variable frequency generator. A prototype generator is manufactured according to the design
results. An experimental platform is set up to test the performances of the designed generator. The
final experimental results show that the generator can work well in variable frequency generation
systems, which proves the design method proposed in this paper is effective and feasible.

Keywords: more electric aircraft; brushless synchronous generator; electric machine design

1. Introduction

Since the beginning of the 21st century, more electric aircraft (MEA) technology has
been widely applied, aiming to replace part of the aircraft’s secondary energy system with
the electrical system, most of the onboard equipment are powered by electrical energy.
MEA technology can effectively improve aircraft reliability and maintainability, reduce
operating costs and the weight of the aircraft [1-3].

At present, civil airliners with MEA technology features mainly include Airbus” A380,
A350XWB and Boeing’s B787. The most important feature of these aircrafts is the replace-
ment of the original Integrated Drive Generator (IDG) with a variable frequency generator
(VFG). Table 1, below, shows the generator data of several wide-body aircraft. The genera-
tors before 2000 are in the range of 90 kVA to 120 kVA. The frequency of the output voltages
is fixed to 400 Hz. The generators of MEAs are changed from IDG to VFG, the capacities
are increased to the range of 100 kVA to 250 kVA. At the same time, the voltage level of the
A350 and B787 are both doubled, thus the losses and weights of the cables can be reduced.

IDG is a kind of generator that integrates constant speed drive (CSD) and brushless
synchronous generator (BSG). The constant speed operation of the generator is realized by
CSD, which results in the output of alternating current with a constant 400 Hz frequency.
Table 2 lists the weight data of several IDGs; it can be found that the weight of CSD generally
accounts for about 60% to 70% of the total weight of IDG, which seriously restricts the
power density of aero-generators.
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Table 1. Typical wide-body passenger aircraft power system capacity data [4].

Type Twin-Engine Jet Four-Engine Jet
Aircraft A330 B777 B787 A350 B747 A380
First flight year 1992 1994 2009 2013 1988 2005
Rated voltage/V 115 115 230 230 115 115
Number of generators 2 2 4 4 4 4
Rated capacity /kVA 115 120 250 100 90 150
Generator type IDG IDG VEG VEG IDG VEFG

Table 2. IDG’s weight data comparison [5].

Aircraft Rated Power CSD Weight IDG Weight CSD Weight Share
A-10A 30/40 kVA 209 kg 345kg 69.7%
F-14A 60/75 kVA 31.3 kg 51.7 kg 60.5%
F-15 40/50 kVA 222 kg 38.6 kg 57.5%
F-16 40 kVA 222 kg 37.6 kg 59.0%
B747 90 kVA 41.7 kg 62.6 kg 66.6%

In addition, the power density of the generator section is also affected by the need
for a constant frequency. The rotor speed and pole pairs of the synchronous generator
are constrained by the output voltage frequency, so increasing the rotor speed requires
a corresponding decrease in the number of pole pairs. Therefore, in the 400 Hz constant
generation system, the maximum generator speed is 24,000 rpm, which corresponds to
1 pole pair synchronous generator, so the increase in generator power density is limited [4].

The variable frequency generator eliminates the CSD and removes the frequency con-
straint, thus allowing for higher power density and greater generation capacity. However,
compared to IDG, the operating frequency of VFG varies in the range of 360-800 Hz [6-8],
the generator performance varies with the speed and frequency, which increases the diffi-
culties of the generator design [9,10].

There are usually two methods to the design an aero-generator. The first method
is to the optimization design based on the original generator [11]. In those cases, the
electromagnetic load, current density and rotor stress can be easily selected based on the
performance of the original generator. Another method is that when there is no original
generator for reference, it is necessary to explore the verification of the working limit of the
generator [12]. This means involving the calculation of multi-physical fields calculations,
which includes electromagnetic field, fluid field, temperature field and stress field. While
the working conditions of VSVF generator are far more than others, which leads to more
calculations required in the design process. Therefore, for the design of VSCF generator, it
is necessary to analyze the influence of different working conditions on its performance in
advance, sort out the relationship and analyze and obtain the working conditions when
various performances reach their limit values, so as to reduce the amount of relevant
calculation and improve the design efficiency.

Literature [13-16] have studied the design method of aero-generator applied to high
voltage direct current (HVDC) systems, but they only involve the design method of elec-
tromagnetic performance, lacks the content related to multi-physical fields. The authors
of [17] proposed the electromagnetic, mechanical and thermal models of the aero-generator.
These models are based on the analytical formula and are relatively simple. They are used
to evaluate the impact of key dimensional parameters such as the length diameter ratio
on the overall performance of the generator. The three-dimensional lumped parameter
thermal network model of generator is proposed in literature [18], which lays a foundation
for the multi-physical field design of aero-generators. Referring to the generator applied
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in B787, the authors of [9] designed a generator with the same index, and simulated and
verified the electromagnetic field, stress field, temperature field and other physical fields.
The results show that the designed prototype can further improve the power density by
replacing air cooling method with liquid cooling method.

It can be seen from the above literature that with the development of MEA technology,
the design requirements of brushless synchronous generator are gradually improving, and
the research on its multi-physical field design method is paid attention to by researchers.

In this paper, the influence of different operating conditions on the performance of
BSGs is analyzed. The design method is proposed based on the previous analysis. The
design and verification are implemented based on the electromagnetic field, fluid field,
temperature field and stress field analysis. A prototype generator is manufactured and
tested in an experimental platform. The performances of the designed generator operating
at variable frequency are demonstrated in the last section.

2. Influence of the Operating Conditions

BSG consists of three stages: main generator (MG), exciter and permanent magnet
generator (PMG) [8,19]. It is the most commonly used aero-generator because the brushless
excitation is achieved by the application of the exciter, which improves the service life of
the synchronous generators. The complete BSG system structure is shown in Figure 1.

Main BSG
Generator Exci
Stator Xxciter
Stator PMG

o B Sator
s D
E ] Rectifier

<

i

Variable speed input
power from engine

=~ O +~0 X

Field
......................... Quurent A2
Current .
To aircraft 11 ! Transformers
loads < " H
Lececcccccccacs GCU

pereccccha

Point of Regulation (POR) '

Figure 1. BSG system schematic.

The design requirements of BSGs are mainly divided into three kinds: electromag-
netic performance, mechanical performance and cooling performance: the electromagnetic
performance requirements include rated voltage, rated power, rated frequency, power
factor, efficiency, overload capacity and power quality; the mechanical performance re-
quirements include generator weight, volume size, rated speed, maximum over-speed
and static suspension moment; the cooling performance requirements include the cooling
method and cooling medium. For example, the performance requirements of an emergency
generator used for Ram Air Turbine (RAT) are shown in Table 3, where the items 1-7
are electromagnetic performance requirements, items 8-12 are mechanical performance
requirements and the item 13nis the cooling performance requirements.
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Table 3. Generator performance requirements.

No. Performance Items Unit Performance Indicators
1 Rated voltage Vrms 230/400

2 Power rating kVA 10

3 Rated frequency Hz 453~641

4 Power factor 0.75 (lag.) to 1.00
5 Efficiency #£80%

6 Overload capacity kVA ;g 822; g ;r)ﬂn)

7 Electricity quality MIL-STD-704F

8 Weight kg #40

9 Size mm #600 x 600 x 600
10 Rated speed rpm 6795~9615

11 Maximum overspeed rpm 10,000 (last 5 min)
12 Static suspension torque N-m #100

13 Cooling method Forced air cooling

The power quality requirements of generators include voltage accuracy, crest factor,
voltage modulation amplitude, voltage phase difference, distortion factor, harmonic content
and distortion spectrum. These indicators are usually determined by the electromagnetic
design of the MG.

The impact of different operating conditions on generator performance varies. The
influences of flight altitude, temperature, rotor speed and load conditions, on the generator
performance, are as follows.

(1) Flight altitude

The flight altitude of military helicopters is generally 3000 to 6000 m, civil airliners
are generally 10,000 to 13,000 m, and the fighters are 18,000 to 20,000 m. Accordingly, the
onboard equipment needs to adapt to the change in flight altitude. When the altitude
rises from 0 to 20,000 m, the atmospheric pressure decreases by 94.6%, the air temperature
decreases by 71.5 °C, the air density and the specific heat capacity of air volume decrease
by 92.8%. The flight altitude is higher, the air becomes thinner. Although the friction loss of
the generator will be significantly reduced at this time, the cooling capacity of the air-cooled
system decreases sharply.

(2) Temperature

According to DO-160G, aero-generators need to adapt to the ambient temperature
of —55 to 70 °C. Different ambient temperatures affect the physical properties of electro-
magnetic materials and cooling media. At the same time, the losses generated by the
generator in the process of power generation will also be converted into heat, affecting the
temperature of the motor components.

To increase the power density of the generator, the winding of the generator is usu-
ally selected as C-class insulation material, which can withstand temperatures of 200 to
240 °C. Therefore, the temperature of the generator winding will vary between —60 and
180 °C. When the temperature of the winding becomes higher, the changes in the generator
performances are as follows:

(@) The armature winding temperature rise leads to an increase in voltage drop, resulting
in more excitation power requirements.

(b) The winding temperature rise leads to higher winding resistance, increased copper
losses and lower efficiency.

(¢) Theresistance of dumping windings becomes larger, the negative sequence impedance
increases and the generator performances under unbalanced loads become poorer.
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(d) The rotating rectifier operating mode is affected by the winding temperature.
(e) The performance of permanent magnets in PMG decreases and the risk of demagneti-
zation is greater.

(3) Rotor speed

Compared with IDG, VFG needs to meet the performance requirements at different
rotor speeds, which will affect the magnetic saturation characteristics of the generator
and change the reactance, thus affecting the generator performance. The specific impact
includes the following aspects:

(@) The speed is higher, the core saturation is less and less excitation power is required.

(b) The skin effect and proximity effect of the generator windings will be more obvious
with the increase in frequency, so the AC loss is greater.

(¢) Eddy currentlosses in the damping windings of the main generator and the permanent
magnets of the PM machine become larger as the frequency increases.

(d) High speed corresponds to high frequency, the reactance of the generator becomes
larger, the armature reaction is enhanced.

(e) Variations in the MG excitation current and the armature reactance of the exciter also
affect the rectifier operating mode of the rotation rectifier.

(f)  The stress of the generator rotor will be greater under the higher speed, which will
increase the risk of structural damage to the generator rotor.

(4) Load conditions

Aero-generators need to work under different load conditions. Not only the output
power but also the power factor changes. At the same output power, the armature reaction
of the MG under inductive load will be greater compared to the resistive load, so the
generator needs more excitation power when the power factor becomes smaller.

In addition, generators need to have a certain overload capacity and short-circuit
capability, these variable load conditions can also have impact on the electromagnetic
performances.

A comprehensive analysis of the impact of the above operating conditions on the
performance of generators can be summarized as the following operating conditions that
need to be considered in the design process of generators.

(a) The power capability of the generator needs to be checked at high temperature and
low-speed conditions.

(b) The magnetic circuit saturation of the generator needs to be checked under high
temperature, low speed and inductive overload conditions.

(¢) The power quality of the generator needs to be checked under high temperature and
high-speed conditions, the load conditions depend on the specific situation.

(d) The electromagnetic losses of the generator reach their maximum values at high
temperature, low speed and inductive overload conditions.

(e) The winding temperature rise of the generator needs to be checked at high flight
altitude, high temperature, low speed and inductive overload conditions.

(f)  The structural strength of the generator rotor needs to be checked under high temper-
ature and high-speed conditions.

3. Design Method

Based on the previous analysis, the generator has variable operating conditions and
performance requirements, which requires the designers to adopt a multi-physics field
design approach in the design process [20]. The complete design process of a generator
consists of three parts: electromagnetic design, cooling design and structural design.
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The design of exciter and PMG depend on the excitation power of MG and exciter
respectively, so it is necessary to design the MG first, then the exciter and finally the PMG,
the design process is shown in Figure 2.

Excitation
. . MG: Requirements exciter:
Design Rqunements. 1. Design dimensions 1. Design dimensions
1. Electromagnetic Performances . .
2. Cooling Requirements _— 2. Choose Materials —_— 2. Choose Materials
’ . 3. Design Structure 3. Design Structure
3. Structure Requirements e e
4. Optimize performance 4. Optimize performance
Structure
Structure dimensions Excitation
dimensions Requirements
Generator v
Losses .
Cooling and structure: PMG:

Simulation validation:
1. Winding Temperature —
2. Mechanical structure strength

1. Design dimensions

— 2. Choose Materials

3. Design Structure
Structure Structure 4. Optimize performance

dimensions dimensions

1. Design cooling circuit
2. Design Structure
3. Select standard parts

Figure 2. The flow chart of the BSG design process.

3.1. Electromagnetic Design

The effective material weight of the MG usually accounts for 50% to 70% of the total
weight of the BSG. Take a JF-10D generator as an example, the total weight of the generator
is 8.5 kg and the effective material weight of the stator/rotor of the main generator is 2.78 kg
and 1.47 kg respectively, the effective material weight of the MG is exactly 50% of the total
weight of the generator, as shown in Figure 3. Therefore, the effective material weight of
the MG can be set as 50% of the total weight of the generator during the design process.

\ MG stator:
% 32.7%

Other
50%

MG rotor:
17.3%

Figure 3. JF-10D generator weight distribution diagram.

The conventional electromagnetic design process of the MG is shown in Figure 4. The
related formula calculation can be found in the literature [21].
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Figure 4. Schematic diagram of the conventional main generator electromagnetic design flow.

For variable frequency BSGs, the power quality requirements are more difficult to
meet under high-speed conditions, so extra attention is needed in the electromagnetic
design process. The most important power quality requirements are the harmonic content
of the output voltage and the voltage unbalance and phase shift under the unbalanced load,
the latter determined by the MG’s negative sequence impedance [22]. There are three main
influencing factors, which are analyzed in detail as follows.

(1) Air gap

The air gap shape parameters mainly include armature slot opening Bsp, air gap
length 6 and pole arc coefficient a), their effects on generator voltage harmonic content and
negative sequence impedance are shown in Figure 5. According to the data in the figure, it
is known that:

(@) When the Bsg becomes greater, the negative sequence impedance decreases sharply
and the harmonic content decreases slightly.

(b) The more uneven the air gap is, the smaller the harmonic content is.

(c)  ap has a limited influence on the negative sequence impedance, but its effect on the
harmonic content is significant, as a, gradually increases, the harmonic content first
increases and then decreases.

T T T T T T T T T 068 IS T T T T T T T T T T 050
—=— Harmonic Content ik = @
—=*— Negative Sequence Impedance |~ g 1.2} 4048 g
Joe0 3 Iz 5
g § ool lo4s &
o056 & S 8
5 o 5]
] = e
£ £ 061 4044 3
Jos52 & £ &
] < ()
2 e 2
b= 0.3 L 4042 5
4048 2 —=— Harmonic Content 2
< —— Negative Sequence Impedance
1 L 1 L L i1 1 L L 0.44 0.0 1 i L 1 1 I L 1 1 1040
04 06 08 10 12 14 16 1.8 20 22 08 10 12 14 16 18 20 22 24 26 28
Armature Slot Opening (mm) Oiaed Orvin
(a) (b)

Figure 5. Cont.
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Figure 5. Harmonic content and negative sequence impedance variation curve with air gap size
parameters: (a) Effect of armature slot opening; (b) Effect of air gap length; (c) Effect of polar arc

coefficient.

(2) Damping winding
The damping winding parameters mainly include damper slot opening B;o, damper
slot opening height H;9, damper diameter D; and damper slot pitch SP, their effects
on generator voltage harmonic content and negative sequence impedance are shown in
Figure 6. According to the data in the figure, it can be seen that:

(@) The parameters related to the damping winding have an almost slight effect on the
harmonic content and are mainly used to reduce the negative sequence impedance.
(b) The negative sequence impedance decreases significantly with the increase of By.
(c) Hjp has a greater effect on the negative sequence impedance.
(d) The influence of D; on the negative sequence impedance is small. When Dj, increases,
although the negative sequence resistance decreases, the leakage reactance of the
damping winding increases, which leads to a larger negative sequence impedance.
(e) The effect of SP on the negative sequence impedance is small.

0.68

T T T T
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Figure 6. Cont.
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Figure 6. Harmonic content and negative sequence impedance variation curve with damping winding
parameters: (a) Effect of damper slot opening; (b) Effect of damper slot opening height; (c) Effect of
damper diameter; (d) Effect of damper slot pitch.

(3) The turns of armature winding

Figure 7 shows the effect of turns-in-series per phase of the armature winding N; on
the harmonic content and negative sequence impedance, while the airgap flux density
keeps constant. It can be found that N, have a significant effect on both performances, and
both become significantly larger as N; increase.

1.9 S — 3.0

T T T
—=s— Harmonic Content &
1.8 L | —*—Negative Sequence Impedance Jo5%
= =
s <
a g
c

g 171 5.5 &
g =)
o g
2 g
g 1.6 L o 1.5 g_
- E
1.5L 410 &
50
)
Z

1.4 PR SPUR RPUR TR SRR UPUN S SRR T 05

40 50 60 70 80 90 100 110 120 130
Turns-in-series per phase

Figure 7. Harmonic content and negative sequence impedance variation curve with armature
winding turn.

According to the previous analysis, in the electromagnetic design process of the MG,
it is necessary to adjust the air gap shape according to the voltage harmonic content and to
adjust the damping winding parameters according to the negative sequence impedance. If
the two adjustments cannot meet the requirements, it is necessary to reduce the turns-in-
series per phase, which means reducing the power density of the MG in exchange for the
improvement of power quality.

According to the above analysis, in the VSVF systems, in order to design the main
generator more reasonably, the design process should be divided into two parts, including
the design of main dimensional parameters and the design of waveform performance. The
proposed design method is shown in Figure 8.
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Figure 8. Proposed design method.

After the design of the MG is completed, its excitation data can be calculated by the
Finite Element Method (FEM) simulation software, the optimization design of the exciter
can be started. The exciter is a rotating-armature synchronous generator, whose electro-
magnetic design process is similar to that of the MG, but the performance requirements are
completely different. In order to achieve the linear current amplifier characteristics of the
generator, the exciter needs to reduce its air gap length, increase the number of winding
turns and reserve sufficient margin for current overshoot during transients.

The PMG is also a synchronous generator, but the excitation winding is replaced
with permanent magnets, so the design approach will be somewhat different. Due to the
characteristics of permanent magnets, the PMG cannot be demagnetized in a short circuit
fault, so their armature windings should be designed to high impedance to reduce the short
circuit currents.

The parameters of the BSG obtained from the final design are shown in Table 4. Since
this BSG is a technology verification prototype, the generator cores use silicon steel instead
of iron—cobalt-vanadium alloy.

Table 4. RAT10k generator-related parameters.

No. Parameters Unit MG Exciter PMG
1 Number of slots 60 30 12
2 Number of pole pairs 4 5 5
3 Core length mm 145 12 9
4 Stator outer diameter mm 186 186 70
5 Stator inner diameter mm 150 148.8 50
6 Air gap length mm 1.0 0.4 15
7 Rotor inner diameter mm 64 110 34
8 Pole arc coefficient 0.65 0.72 0.9
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Table 4. Cont.

No. Parameters Unit MG Exciter PMG
9 Armature winding turns 40 20 180
10 Armature winding strands 1 13 2
11 Armature winding size mm 28 x 1.8 20.63 20.45
12 Excitation winding turns 14 58 -
13 Excitation winding strands 1 3 -
14 Excitation winding size mm 63 x 14 20.63 -
15 Damping winding diameter mm 3.0 - -
16 Thickness of permanent magnets mm - - 2
17 Effective material weight kg 20.6 1.97 0.33

3.2. Cooling Design

According to the parameters of the designed generator, the loss data are obtained by
the FEM simulation [23,24] as shown in Table 5, the generator is operating under 180 °C
winding temperature, 6795 rpm, two times overload, 0.75 power factor. Based on these loss
data, the design of the cooling system can be carried out.

Table 5. BSG loss data (unit: W).

C L
Core Opper .0 Rectifier
Loss Armature Excitation Damper Loss
Winding Winding Winding
MG 280.11 245.47 506.69 28.16 -
Exciter 12.62 110.19 67.24 - 4.0

The BSG is axially ventilated and cooled, its internal air path is set up as shown in
Figure 9, the red arrows indicate the direction of cooling air flow. The cooling airflow
enters the BSG from the non-drive end cap, passes through the exciter and the rotating
rectifier first, and then passes through the MG, and finally is pumped outside the drive end
cap by the fan. The air paths of the exciter as well as the MG are 3-way parallel structure,
passing through the stator, the air gap and the rotor, respectively. The fan is used for the
ground testing.

Air outlet

Air inlet

Figure 9. Schematic diagram of generator cooling air path structure.
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In order to calculate the total ventilation resistance of the cooling circuit, it is necessary
to simplify the flow-network structure and perform s eries/parallel equivalent calculations
to obtain the total value. The calculation formula of ventilation resistance is [25]:

2@ M

where w;, is the friction coefficient, - is the specific gravity of air, g is the gravity acceleration,
Sy is the cross-sectional area of the air path.

The value of the friction coefficient a;, is determined by the path structure. The air
specific gravity 7y can be calculated by the following equation:

Py

where Py is the air pressure at a specific altitude and Ty is the air temperature at a specific
altitude.

It is known that the BSG’s working altitude is from 0 m to 13,000 m, and the ambient
temperature is from —55 °C to 70 °C, so the air resistance of the generator can be obtained
as shown in the Table 6

Table 6. Ventilation resistance under different operating conditions (unit: kg-s?/m®).

High Temperature Low Temperature
(70 °C) (=55°C)
Sea level (0 m) 1922.33 3025.51
High altitude (13,000 m) 365.80 574.83

The ventilation resistance characteristic curve of the BSG can be calculated from the
above table, as shown in Figure 10.

400

| —&—(0m,70 C
—e—(m, -55 C
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[ —6—13,000m, -55 C
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Flow rate (m’/s)

Figure 10. Ventilation resistance characteristics of the BSG.

The active pressure generated by the airflow during forced ventilation is

T2
H = gv 3)
where v is the flight speed. This equation shows that the forced-air cooling system provides
a fixed source of air pressure, which is related to the flight altitude, the ambient temperature
and the flight speed.
Take B787 as an example, the lowest equivalent airspeed of its RAT at 13,000 m altitude
is 180 KEAS, which is about 92.5 m/s; the lowest equivalent airspeed at sea level is 120
KEAS, which is about 62 m/s, so the air pressure data of forced-air cooling system can be
obtained as shown in Table 7.
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Table 7. Pressure generation under different operating conditions (unit: kg/m?).

High Temperature Low Temperature
(70 °C) (=55°Q0)
Sea level (0 m) 202.64 318.83
High altitude (13,000 m) 74.01 116.45

According to the ventilation resistance and ventilation pressure, the flow rate can be
calculated under different working conditions as shown in Table 8. From the table, it can
be seen that the air flow generated by forced ventilation is not affected by the ambient
temperature because the pressure and resistance are both proportional to y, while the flow
rate is exactly equal to the square root of pressure divided by resistance, so it is not affected

by 1.

Table 8. Flow rates under different operating conditions (unit: m3/s).

High Temperature Low Temperature
(70 °C) (=55°Q)
Sea level (0 m) 0.32 0.32
High altitude (13,000 m) 0.45 0.45

Based on the previous analysis, the airflow at sea level is the smallest, meanwhile
the specific heat capacity of air is large and the heat dissipation ability of the airflow is
better. Therefore, the winding temperature needs to be checked under high temperature
conditions at high flight altitude.

The cooling flow rate obtained from Table 8 was input into MotorCAD software
to calculate the winding temperature of the generator, and the results were obtained in
Figure 11. The maximum temperature of the armature winding is 142.6 °C and the value of
the excitation winding is 165.8 °C, both are under the pre-taken value of 180 °C and meet
the operation requirements of the C-Class winding.

(a) (b)

Figure 11. Generator temperature distribution during forced air cooling: (a) The armature winding;

(b) The excitation winding.

3.3. Structural Design

The structure of the BSG is shown in Figure 12, including the PMG stator/rotor
assembly, exciter stator/rotor assembly, MG stator/rotor assembly, housing, front/rear end
caps, bearings and drive shaft.
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Figure 12. Generator structure diagram.

The rotor of a generator consists of four main parts: fan, MG rotor, exciter rotor and
PMG rotor, as shown in Figure 13. The MG rotor includes the rotor core, excitation winding,
damping winding, slot wedge and hoop ring, the exciter rotor includes the rotor core,
armature winding, bracket, shield, rotating rectifier and heat sink and the PMG rotor
includes the rotor core, permanent magnet and shield.

PMG rotor Exciter rotor MG rotor Fan
% N\

Figure 13. Generator rotor structure model.

Variety of materials are used for the generator rotor, corresponding to different com-
ponents, and their physical properties are shown in Table 9.

Table 9. Physical properties of the rotor materials.

Young’s Yield

Materials ;(Dke;/i;?; Modulus E(;it?(s)on’s Strength égg;ﬁ:ie?:s
/GPa /MPa
Pure copper 8890 117.7 0.35 315 Winding
Aluminum alloy 2780 68 0.33 325 Brackets
Electrical steel 7750 200 0.27 425 Iron core
Permanent magnets 8400 120 0.24 510 PMG rotor
Alloy steel 7740 119 0.32 1630 Shaft
Carbon Steel 7850 198 0.30 335 Iron core
Titanium alloy 4440 110 0.34 860 Sheathing
Laminate 2200 38.1 0.4 20 Insulated

end plates
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The rotor of the BSG has a complex structure and many materials, its stress cannot be
simply calculated by the formula, but needs to be checked with the help of FEM simulation.

After inputting the rotor structure model and the corresponding material data into
the simulation software, the obtained generator rotor mesh dissection model is shown in
Figure 14.

Figure 14. Generator rotor mesh sectioning model.

The rotor speed is set to 10,000 rpm, the equivalent stress distribution of the BSG rotor
is obtained in Figure 15. The result shows that, the maximum value of the rotor stress is
361.56 MPa, which is located at the main generator rotor hoop ring.

B: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

361.56 Max
3214
281.24
241.08
200.93
160.77
12061
80448
40.289
0.12974 Min

Figure 15. The equivalent stress distribution of the generator rotor.

After the above simulation verification, the stresses on the generator rotor are less than
the yield strength of the relevant materials, so the rotor structure meets the mechanical
requirements.

4. Experiments

A variable frequency BSG is developed based on the previous design results, as shown
in the Figure 16. The generator contains three electrical interfaces: the MG electrical
interface, the exciter electrical interface and the PMG electrical interface, which correspond
to the stator windings of each stage of the generator, and the exciter electrical interface is
responsible for the outputs of J-type thermocouples buried inside the generator.
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PMG electrical interface

Exciter electrical
interface

Figure 16. Prototype generator.

The architecture of the power generation system test platform is shown in the Figure 17,
where MG_A, MG_B, MG_C and MG_N are the load voltage sampling signals, IF_+
and IF_— are the excitation windings of the exciter, TEMP1, TEMP2 and TEMP3 are
the voltage signals of J-type thermocouples, PMG_A, PMG_B and PMG_C are the three
phase armature windings of the PMG. The upper computer and the Generator Control
Unit (GCU) are placed in an isolated room behind the wall to ensure the safety of the
experimental personnel during the experimental operation. The generator is connected
to the test-bed through an adapter plate and a shift sleeve, the output shaft speed of the
test-bed can be controlled by the upper computer to drive the generator. The electrical
interface of the MG is connected to the load bank, the voltage sampling line is connected to
the GCU at the end of the load bank, and the electrical interfaces of the exciter and PMG
are also connected to the GCU to realize the closed-loop control of the load voltages.

Test-bed

MG_A
MG_B
MG_C
MG_N

PMG_A
PMG_B
PMG _C

Control

cabinet
 /Z /7 7

Upper
computer

TEMP1
TEMP2
TEMP3

Figure 17. Schematic diagram of power generation system test platform.
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Due to the short cable during the experimental test, the effect of its voltage drop can
be almost ignored, so the rated output voltage of the generator is set to 235 V instead of
230 V in the experiment. The no-load characteristic of the generator at 6795 rpm is shown
in Figure 18. Figure 18 shows that the results between experiment and FEM simulation are
very close, so the FEM simulation applied in Section 3 is reliable. The saturation coefficient
of the generator can be calculated from the no-load characteristic data, and the result is 1.03.

T T T T T T T T T T
| —s— Experiment
—e—FEM

(%)
o
(=]

N
a1
o

N
(=]
(=]
T

Output Voltage (V)
S @
S o

al
o

O 1 1 1 1 1 1 1 1 1
0.0 05 1.0 1.5 2.0 25 3.0 3.5 40 45 50
Excitation Current (A)

Figure 18. No-load characteristic of the BSG.

The external characteristics of the generator mean the variation of generator output
voltage with load current at a certain speed, a certain excitation current and a certain power
factor. The external characteristics curves of the BSG obtained from the experiment are
shown in Figure 19. According to the data in the figure, the voltage regulation rate of the
generator connected to inductive load and resistive load are 6.8% and 2.4%, respectively,
at 6795 rpm; when the speed is increased to 9615 rpm, the voltage regulation rates under
these two load conditions rise to 24.9% and 7.0%, respectively. This shows that the external
characteristics of the BSG are softer at higher frequency.

T T T T T 300

—&—cosp=0.75 |

—&—cosp=0.75

280 ]
S 240 —9—c05w=1.0014 . —&—cos¢@=1.00
v Z 260 ]
£0230 . @
8 g
S 220 | § 240 ]
a0 1 220 3
& 200 . &
190 F ] 200 .
180 L L : : - 180 L L L L L
5 10 15 20 25 30 0 5 10 15 20 25 30
Load Current (A) Load Current (A)
(a) (b)

Figure 19. External characteristics of the BSG: (a) External characteristics at 6795 rpm; (b) External
characteristics at 9615 rpm.

The steady-state test data of the generator are shown in Table 10. These data show

that the generator can operate normally from 6795 rpm to 9615 rpm, no load to overload
and inductive load to resistive load.
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Table 10. Generator steady-state test data.
Rotor Excitation Excitation Output Output
Speed Load Conditions Voltage Current Voltage Current
/rpm v /A v /A
No load 3.1 2.98 234.9 0
100% load, cos ¢ = 0.75 3.7 3.54 235.0 14.3
6795 200% load, cos ¢ = 0.75 44 4.18 235.1 28.6
100% load, cos ¢ = 1.00 3.3 3.14 235.0 14.4
200% load, cos ¢ =1.00 3.7 3.46 235.0 29.0
No load 2.0 1.95 235.1 0
100% load, cos ¢ = 0.75 2.6 2.44 235.0 14.3
9615 200% load, cos ¢ = 0.75 3.2 3.01 235.0 28.6
100% load, cos ¢ =1.00 22 2.08 235.1 14.5
200% load, cos ¢ =1.00 2.6 2.39 235.0 29.0

The harmonic data of the generator at different speeds and load conditions are shown
in Table 11. Since the MG armature winding adopts 120° phase belt with 5/6 short pitch,
which weakens the 3rd and 5th harmonic. As a result, the 7th harmonic is the highest
content among all harmonics. MIL-STD-704F requires that the single harmonic content
of the output voltage should not exceed 1.5% and the total harmonic content should not
exceed 3.0%. From the data in Table 11, it can be seen that this designed BSG meets the
requirement under full working condition.

Table 11. Harmonic data of the BSG under different load conditions.

Rotor Speed Load Conditions 7th Harmonic Total Harmonic

/rpm

No load 1.21% 2.21%

50% load, cos ¢ =0.75 1.19% 1.88%

100% load, cos ¢ = 0.75 1.04% 1.66%

150% load, cos ¢ = 0.75 0.99% 1.43%

6795 200% load, cos ¢ = 0.75 0.97% 1.46%

50% load, cos ¢ =1.00 1.00% 1.70%

100% load, cos ¢ = 1.00 1.08% 1.66%

150% load, cos ¢ = 1.00 0.94% 1.48%

200% load, cos ¢ = 1.00 0.97% 1.46%

No load 1.17% 1.99%

50% load, cos ¢ =0.75 1.06% 1.61%

100% load, cos ¢ = 0.75 1.04% 1.47%

150% load, cos ¢ = 0.75 1.00% 1.43%

7500 200% load, cos ¢ = 0.75 0.97% 1.46%

50% load, cos ¢ =1.00 1.05% 1.63%

100% load, cos ¢ = 1.00 1.03% 1.54%

150% load, cos ¢ = 1.00 0.99% 1.45%

200% load, cos ¢ = 1.00 1.00% 1.60%
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Table 11. Cont.

Rot(/):Pi}:eed Load Conditions 7th Harmonic Total Harmonic

No load 1.34% 1.96%

50% load, cos ¢ =0.75 1.38% 1.92%

100% load, cos ¢ = 0.75 1.32% 1.83%

150% load, cos ¢ = 0.75 1.26% 1.92%

9615 200% load, cos ¢ = 0.75 1.22% 1.91%
50% load, cos ¢ =1.00 1.30% 1.91%

100% load, cos ¢ = 1.00 1.19% 1.89%

150% load, cos ¢ = 1.00 1.14% 1.84%

200% load, cos ¢ = 1.00 1.10% 1.68%

5. Conclusions

This paper analyzes the performance requirements and operating conditions of the
variable frequency BSGs, summarizes the influence of different operating conditions on the
generator performances.

Based on the system characteristics and operating conditions, this paper proposes a
corresponding design method that uses a multi-physical field design process including
electromagnetic, fluid, temperature and stress fields.

In the electromagnetic design, this paper studies and analyzes the effects of generator
air gap shape, damped winding structure and armature winding turns on generator har-
monic content and negative sequence impedance, provides a reference basis for the optimal
design of its power quality.

This paper analyzes the design of cooling duct characteristics such as air resistance
and flow rate for the generator under forced-air cooling conditions, and calculates the MG
winding temperature by temperature FEM simulation.

The overall structure of the generator is designed and the rotor stress is calculated
to verify that the structural strength is enough to cope with the overspeed in the design
requirements.

Finally, based on the previous analysis and design results, a prototype generator is
manufactured and tested. The results show that the design method proposed in this paper
can meet the requirements of the BSG under variable frequency operating conditions.
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