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Modern energy

Energy
types
> Endless

Fossil fuel 1§ > Clean
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! H (Oil & Gas) » Continuous
et : (Oil: 45.7 years :
Coal E Gas: 62.8 years) [1] E » Low cost
L (119years) ™ 1 H
Wood :
First stage Second stage Third stage Fourth stage

Candidate energies for the fourth stage

Energy types Clean Safety Reliability Price / cent
Nuclear Yes ? ? 13
wind Yes Yes _ 8

Ground solar Yes Yes ?eeszgirc?ohr:sc _ _12_ _
Hydropower Yes Yes 6
Space solar Yes Yes Yes 6

Space solar: satisfy energy demand for human society

SSPS : agood choice to solve the energy problem
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Main parts:

& Solar power collection
Antenna

and photoelectric conversion

@ Wireless power transmission

& Ground-receiving system |
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Process of energy conversion:

Sunlight
!

Direct current

l

Microwave

l

Direct current




Background

OOO - Collectoj'\> OOQ

PV cell

Antenna




Background

Non-condenser

Rectenna

¥

T ’ﬁf‘
o~ aaey Gird

Condenser




G

] "“

25 5%
- SN
£5° }“‘
e gise I

B . Rectenna

Background

= \|on-condenser

Condenser

v

v

v

PV cell

Advantages: Easily Extensible

Simple construction

Disad.: Low ratio on power to mass
Low optical collection efficiency

Large inertia (difficult to control)

PV cell toward the sunlight

}relative rotation
Antenna toward the earth
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Reference Model

Power-mass ratio: 51 W/ kg

Thin-film
: PV cell ¥

Central backbone
and cable

Sun Tower
Power-mass ratio: 72 W / kg
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Thin-film R s
: PV cell ¥

Central backbone
and cable

Antenna ﬁ



Presenter
Presentation Notes
1>非聚光即太阳光直接照射光伏电池表面，其优点是系统构型简单，容易扩展，缺点是需要庞大的光伏阵列实现光能收集，效率低、系统功率质量比（单位质量可实现的发电功率）低；
2>聚光式则通过聚光器将功率密度成倍的光能照射到光伏电池表面，聚光式的优点是降低了光收集面的尺寸，缺点是需要实时跟踪太阳光，控制策略复杂，光收集面的热问题突出。


Background

o - 1 PV cell
= \|on-condenser AR oo

B s

Rotary joints: GW level

mm) Dottleneck
Implementation: 75 kW

ectenna

I 'g\
s Gird

Condenser



Presenter
Presentation Notes
1>非聚光即太阳光直接照射光伏电池表面，其优点是系统构型简单，容易扩展，缺点是需要庞大的光伏阵列实现光能收集，效率低、系统功率质量比（单位质量可实现的发电功率）低；
2>聚光式则通过聚光器将功率密度成倍的光能照射到光伏电池表面，聚光式的优点是降低了光收集面的尺寸，缺点是需要实时跟踪太阳光，控制策略复杂，光收集面的热问题突出。


Background

>
N iy PVcell
= \|on-condenser U TR
q = =

e

. Collect

(p Qr\u
Oo(j% PV cell
2

ectenna

£

Condenser

Multi-Rotary Joints Concept
China Academy of Space Technology, 2013
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Condenser

Non-condenser .

PV cell

Advantages: Reduce the area of PV cell

High ratio on power to mass

Condenser

Disadvantages: Complex control

Heat dissipation
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Non-condenser

OOO - CollectK OOQ

PV cell

ALPHA Concept
Power-mass ratio: 79 W / kg

Condenser

Integrated Symmetrical Concentrator
Power-mass ratio: 63 W / kg
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Non-condenser

PV cell array
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TR viooneecevie

o N N
_L\ Antenna
Condenser .
- Advantages: high modular scheme

Disadvantages: Complex control

Light leakage

Heat dissipation
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Non-condenser
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Spherical
Condenser

OMEGA Concept (Xidian University)
Power-mass ratio: 98 W / kg
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Background

Non-condenser

Condenser

Advantages:
€ Main reflector without adjustment
€ Lower heat dissipation

Assumption:

Thin film material: semi-transparent for sunlight
Electric syste Antenna

PV cell

TN\ p- o3 i

Spherical
Condenser

OMEGA Concept (Xidian University)
Power-mass ratio: 98 W / kg



Background

Electric syste Antenna
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X Y2 S Yl PV cell
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Spherical “
Condenser X,
/
Spherical

Condenser
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€ Multi-domain Physical Systems

Synthesization, Coordination, and Optimization

€ Wireless Power Transmission

Antenna Transmitting antenna & Rectenna
Beam control (shape & direction)

Electric syste

PV cell
Z,N\ \—dZ S & In-orbit assembly
\ £ ) _

o)y & B ) Assembly sequence design

LY, e Y, Vibration attenuation
X, [t e s S

& Deployable array

Sphgical "' Large scale, Low areal weight, Small stowed package
Condenser Dynamic analysis and control

& Heat dissipation

& Transport rocket

_ _ } Uninvolved here
@ Operation security
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Key technologies

Multi-systems

Effective WPT

In-orbit assembly

Deployable array
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—

Condenser

Sub-system
Electric syste

; Antenna
PV cell
Electric Antenna ZoN\ N5 %_ S
Sub-system Sub-system 0, .
X \ “"“HY@ % Yl__,,
2 H“““~~~:‘s'1_; _______ ——="

Spherical
Condenser

OMEGA - SSPS
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—

Condenser
Sub-system

Electric Antenna
Sub-system Sub-system

Coordination Synthesization
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WITHESYS G Effective WPT |In-orbit assembly | Deployable array
—

Condenser Synthesization
Sub-system

: | '
relative | > stable operation I
movement | _ oo
1 > functional coordination |

|

|

: > Low cost

Electric Antenna ek e -
ﬁ
Sub-system Sub-system l

Coordination
equation
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WITHESYS G Effective WPT |In-orbit assembly | Deployable array
—

Condenser Synthesization
Sub-system

_ I I Jicninli I
energy relative 1 > stable operation J ~ multidisciplinary [
flow ovement I _ ... I > Subsystems l
1 » functional coordination I

I

I

:> Low cost I
Electric IV ————— -~ ————— == — — g ——— — —
>
Sub-system = ——> QERESSETIL l _ I _
Coordination Coupling
equation model
I |
Systematic

Optimization
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Key technologies

WITHESYS G Effective WPT |In-orbit assembly | Deployable array
—
Sub-system
energy lati F-T T TS TS T T T T T s -
flow / »\\‘vazr:,\gent » Rigid modules
> No relative movement

Electric Antenna among modules
Sub-system Sub-system e o o o e e e — i

» lack of coordination equation

» lack of coupling model among

I
I
I
I
1 among multi-sub-systems
I
I
I
I

multidisciplinary in SSPS

oo oo oo oo e e e e o

Space station
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Multi-systems

—

Effective WPT |In-orbit assembly | Deployable array

energy relative
flow ovement

Electric
Sub-system

Condenser
Sub-system

€
—

Coordination quation

F(mV,J,x, -,

X,)=0

Antenna
Sub-system

Attltude stabilization—distributed/centralization (Xn)
 Inertia (J) distribution of sub-systems :

Mass (m). Volume (V) Coordination
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WITHESYS G Effective WPT |In-orbit assembly | Deployable array

——
Condenser
Sub-system
energy relative
flow ovement
Electric Antenna

€

Sub-system = ——> QRSN

Coordination quation

F(mV,J,x,-,%x)=0

Coupling model
—> Coordination between the condenser and antennal

=

Fz(rlirz’rs’nlz’nzs’nls) =0

~—~

Coupling model of condenser
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Condenser Sub-system

i [z Structural o6 o%u
¢ =27R, * X
00 o%v
I, A +G)—+GViv+f°=0| p° —
L =T, -2(N.-[)N. ( )ay ' (p GIZJ
light pressure 5
Cone angle of the light 7 +G) 86_0 LGV £ =o( K Zt WJ
z

N Thermal
Heat radiation o©- slﬂh.a{lfl; —L | Field
V100 )
_ & e, é & & & & Mq'-|-Cq+kq:F
Heat conduction pcg—a(ia}—a(i 5}—5(25)—&
Control equations
i — Thermal Field
light pressure Dis. Field

Factors of manufacture
Coupling model of condenser & assembly
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Effective WPT

Multi-systems In-orbit assembly

Deployable array

—

Condenser
Sub-system

relative
ovement

Antenna
Sub-system

energy
flow

Electric
Sub-system

€
—

Coordination quation

Fl(leI‘Jlxll...lxn) =0
Coupling model [ (Sy:0(8),7,T)=0

Fz(rlirz’rs’nlz’nzs’nls) =0
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Electric Sub-system

Structural
parameters

qv +1R,) V + IR, ,
e PR

$ oo
oy ot
0 s O°w

(4° +G)6—‘29+Gv w+ f —O(p e J

Elastic mechanics

Heat radiation @==5C, AI[

&t
Heat conduction pc5—=—( a}—a( 5}_5( —Z} g,

Dis. Field
Thermal Field
light distribution

L, (P T, 8(B),7)=0

Factors of manufacture

Coupling model of electric & assembly
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Effective WPT

Multi-systems In-orbit assembly

Deployable array

—

Condenser
Sub-system

relative
ovement

Antenna
Sub-system

energy
flow

Electric
Sub-system

€
e

Coordination quation

F(mV,J,x,-,%x)=0

Coupling model [ (Sy:0(8),7,T)=0

F(@T,T,I,,0,I,I,)=0< T,(P,T,5(8),7)=0
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Antenna Sub-system

Structural

parameters 2
(/15 +G)%+GV2U+ f>=0| p° 6_2

OX ot
- - &b _ o0 oV
VxH=J+— V-B=0 s ou 2 s _ sOV
ot High power > (#°+0) oy +GVv+, —O(p Pe

eB 00 o’w
F=_2 D= A°+G)—+GV’w+ f’ =0| p°
VrE ot vV-D=p Electromagnetic ( ) 0z ! P o
border %, % _ )
Maxwell : % %, '/%( %9 Elastic mechanics
electromagnetic equation : s %, ©
& 2
&8‘
N N Thermal
- - G — C AI ' _]_ | | _] ] -
Heat radiation 2=&C:4 [Lmu; \ 100 } Field
: & 8,8t &, & B, & ol ) —
Heat conduction pe— == (2 225y 225y, MG+Cq+kg=F
gr &x &x &y & & é:

Dis. Field Control equations

Thermal Field
Factors of manufacture & assembly

Ele-mag. Field \
TTEEY e
\ Control force

Coupling model of antenna
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WITHESYS G Effective WPT |In-orbit assembly | Deployable array

——
Condenser
Sub-system
energy relative
flow ovement
Electric Antenna

€

Sub-system = ——> QRSN

Coordination quation

Fl(leI‘Jlxll...lxn) =0
Coupling model [ (Sy:0(8),7,T)=0

F(@T,T,I,,0,I,I,)=0< T,(P,T,5(8),7)=0

IL(ET,6(8).7.F)=0



Presenter
Presentation Notes
按键翻页


Key technologies

WITHESYS G Effective WPT |In-orbit assembly | Deployable array
—
Parameters of J
Struc./Ther./Ele-mag.
Condenser & control
Sub-system DA
Synthetical evaluation
energy relative /[ to the power-mass ratio J
g(X)<Oj—12 ....... NUS
Electric -— > Antenna X)<0 j=12-- NUT
Sub-system = ——> QRSN ig' (X)=0.) Behaviors
C(X)<O j=12,---,NUC
.. : X)<0,j=12,---,NUE
Coordination quation 9:.::(::::?'::::::::J::::::::::::::::::::::::: .....
ST T, (Sy. (), 7. T) =0
R(MV,Jd,x, %) =0 i, (P.T,6(8),7) =0 .
. T(ET. 209 F) =0 Coupling
Coupling model sF mV.J, X)=0 &
M%) = coordination
F (0, Ty, Ty, I, I, I,) = 0 F(FFFH””)_
X<X<X boundary conditions
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Key technologies

Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

Type: Active phased array antenna Operating frequency : 5.8GHz

Friis Equation: n= 1-—e W Dr e
/ Transmitting/vf,"' |

beam collection efficiency (BCE) antenna j ! Microwave

L. beam
area of transmlttlng antenna

W, area of rectenna ’, |
T — :"" \\\
/@4 j \ Power
wavelength / |

distance between two antennas

Efficiency requirement mmmp BCE >95%

l « Dr —
Receiving antenna
D, D, >3.7x10° m* ¢mmm T > 2

System cost
(Reduce the Trans. antenna size) D, =10km D, =400m; D, =20km D, =200m
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Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

Subdivision

Beam control

RF-DC conversion
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Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

High power oscillator Power Phase Power

(5.8 GH2) divider shifter amplifier
-‘---- —> Microwave device

Radiating Radiating
element B clcment

Antenna

PV cell array

Beam control

Radiating
element

» Heat dissipation Transmitted power: 100kW/m?

RF-DC conversion
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Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

High power oscillator Power Phase Power

(5.8 GH2) divider shifter amplifier
-‘---- —> Microwave device

Radiating Radiating Radiating
element element element

Antenna

PV cell array

Beam control

_ » Heat dissipation
RF-DC conversion

» Radiating region Near field

I
[
Fresnel field : Far field
I
|

Antenna

D? ”" diameter
0.62 7 2

Wavelength
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Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

High power oscillator Power Phase Power
(5.8 GH2) divider shifter amplifier

—> Microwave device

Subdivision R R R e l
Radiating Radiating Radiating
element element element

PV cell array

Beam control

Antenna
_ > Heat dissipation I D |
RF-DC conversion |
. ) 6ooo| / '
» Radiating region [oocoo| .
oooo|
00 00|~

» Structural design  Element Module Sub-array Array
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Multi-systems BSIEHOWEAYIEM In-orbit assembly | Deployable array

Subdivision

Beam control

RF-DC conversion

—
Tran. "N \

antenna GEO
0.0005°

Microwave

36000km

] i Pilotsignal

b
@ ?14m

Disturbance

1. Accurate and high efficiency microwave
power density measurement

2+ Retrodirective antenna array technique

NN\
QOO

Retrodirective array
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Key technologies

Deployable array

Multi-systems RSIEAWEAVIAN [Nn-orbit assembly

Schottky Diode

/ Load
Antenna /
element
Stepped taper
Low pass RF
filter Capacitor
Rectenna element
Beam control Rectenna array
i . Receiving antenna
Incident microwave . .
- P efficiency
RF-DC conversion l l l Rectifying diode
Receiving Low Pass - | DC Pass Load — .
antenna filter filter

Rectifying circuit

\

Rectifying circuit
efficiency

RF-DC
efficiency
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Key technologies

Deployable array

Multi-systems RSIEAWEAVIAN [Nn-orbit assembly

Outside test — Sichuan University

2016, Ppwer: 1 kW, Distance: 1.6km
Efficiericy: 8%

Magnetron: 2.45GHz, 500W, Eff.=75%

Advantages: High efficiency

Disadavantages: Difficulty of phase lock
Lifespan problem

Inside test — CAST & Xidian University

—

2015, Power: 50 W, Distance: 11 m
Efficiency: 16%

GaN solid-state amplifier: 5.8GHz
50W, Eff.=63

Advantages: High frequency stability
Disadvantages: Lower Efficiency
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- Inter-subsystem

Assembly <

) Intra-subsystem
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Multi-systems | Effective WPT QLagelgeli®:t:1leli¥d Deployable array

Condenser

______________

Inter-subsystem Electric __

Antenna

Assembly <

) Intra-subsystem
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Key technologies

Multi-systems

Effective WPT JIRelgeli®-:1leli¥d Deployable array

Assembly <

. Inter-subsystem Electric

) Intra-subsystem

Condenser

——————————————

Antenna

Subarray \\tg >i</
< >
b / / &

Subarray ‘@

\- ..4’/

Subarray
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Multi-systems | Effective WPT QLagelgeli®:t:1leli¥d Deployable array

- Inter-subsystem

|
I
|
Assembly <! !
|
I

) Intra-subsystem : ;
Large-scale. flexible objects

In-orbit assembly
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Key technologies

Multi-systems

Effective WPT JIRelgeli®-:1leli¥d Deployable array

Assembly sequence design Vibration attenuation

Assembly Model

Assembly Functional
structure study | | material selection

|
: I ! :
| | I 1
| o | ! I
I I : 1 1 I
| | |
I I : ' I
' | Const | !MPut | | Structural-material |
' | raints . N integration 1
| | |

3.0 - |
: Optimization : ! Feedbackl 1 Feedback :

. |
: algorithm : 1 || Vibration analysis Impact and :
I I : - of Sub-array collision analysis =
: Feedback : I structure of assembly :
! ! ' l I
: Performance : : v !
! _evaluation | : Tolerant assembly |
| oty i Wt | ! & Vibration attenuation !
|

v v
Adaptive assembly technique

of sub-systems & sub-arrays
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Subdivision

Deployable
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Key technologies

Multi-systems | Effective WPT |In-orbit assembly ginZol{oVz1e] CR-1a ¢\

Fuller theorem

N
-G

&’

s,
L

Sub-array Module
Deployable Sub-system
Regular Regular Non-regular
Pentagon Hexagon Hexagon
Number 12 (1) 20 (1) 3210 (21 kinds)
Size 0.0446R 0.0410R 0.0446 R -0.0410R

Pen.: 44.6m
Condenser radius R=1km, side length:
Hex.: 41m - 44.6m
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Key technologies

Multi-systems

Effective WPT |In-orbit assembly gl {oYz1el X1 ¢\

Subdivision

Deployable

Mesh
antenna

Film
antenna

— solar sail

Max size: 22m
Surface density: 0.4kg/m?
Surface accuracy: 0.1 mm level

Size restriction

Max size: 14m

Surface density : charger mass
Surface accuracy: mm level

Reliability restriction

Max size: 5m

Surface density: 1kg/m?
Surface accuracy: 0.1 mm level

Laboratory stage

Max size: 1200m?
Surface density: ultralight

Surface accuracy: low
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Multi-systems | Effective WPT |In-orbit assembly ginZol{oVz1e] CR-1a ¢\

Subdivision High storage

/ A | pusEsmmssssssssssssssssssssssssssssnng ]
Integrated stowed/deployed :
Deployable \_‘j : states optimization

Dynamic analysis and control :

Innovation deployable E>

structures for SSPS Inter-modules connection

scheme

Truss-membrane structural
design technique
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|
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Prototype of SSPS

FAST 50 experiment model

|_ocation ?

|

Xi’an City

l

South campus of

the Xidian University

|

FAST 50m experimental site



Prototype of SSPS

Pingtang county, Guizhou province
(Accomplished at 25/09/2016)

o N ¢

FAST 50 experiment model e
Major scientific event of 2016



Prototype of SSPS

Sun trajectory

.Su n

West East

Spherical ~ Trans. P
condenser antenna

i o fTower

FAST 50 experiment model i i

6
1
Schematic diagram of the OMEGA - SSPS model
(Mode 1: Vertical transmission)



Prototype of SSPS

FAST 50 experiment model

Sun trajectory

.Su n

East

Spherical ~ Trans. P
Cat{ condenser antenna
""" fTower
3

5 M Coa

_6 H__l
Schematic diagram of the OMEGA - SSPS model
(Mode 1: Vertical transmission)



Prototype of SSPS

Sun trajectory

sun

East
Spherical ~ Trans. &
condenser antenna
/""\

1 M Tower

VY = i
- e 3

2

Load J

6
1
Schematic diagram of the OMEGA - SSPS model
(Mode 2 Horizontall transmission)

=




Prototype of SSPS

Sun trajectory

Expected system efficiency

sun

4 py/cells!

e | |
: Photoelectric conversion: 30% : East
I e e e e e e e e e e e —— - -~ |
! : DC- RF : 45 % : : Spherical ~ Trans. &
: I . : | Cable condenser antenna
I : I : \ /
: | Microwave Transmitting: 80% !, (
! ! [ : M Tower
I Q=
! ! i
! : Beam collection: 90% I : ’
|
! : I
! ;!
1! P!
I I

RF- DC: 50% 5 M [Coad N T i
/" Rectenna
l ' e e e e e e e e e e e e e = = — I 2
e o e e e e - |

Overall efficiency: 4.32%
DC-DC efficiency: 16.2% (14.7% Japan) i

6
- - 0 1
BCE is enhanced (Ste_pped ampll_tude (90 96) vs. Schematic diagram of the OMEGA — SSPS model
Uniform amplitude (81.7 %))
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Technologies Developments
_—

Innovative
structure New SSPS concept; New antenna structural form

AV S High efficiency thin-film PV cells
Heat dissipation Creative heat-dissipation structure design

MW generator High efficiency amplifiers, phase shifters, power dividers
New Material Light weight and high strength material




Prospects
Technologies

' senior consultant(é academicians)
|XIJI Wang, Guirong Min,
' Lehao Long, Shizhong Yang,

1 Baoyan Duan, Changchun Ge
|

: part|C|pat|ng experts:
| 16 ministries

| 49 organizations

| 130experts




Road Map

! GEO v > GW level
N~ . q
D_:,.o _ ¥ ~space station Commercial SSPS
- Repeatable or_bital / A
transfer vehicle .~ > upgrade technology :
/V & verification _
LEO in-orbit Pl DC-DC2 50%
manufacturing. *... . PTE >50%
""""""" » | MW level SSPS Diameter of TA: 1 km
> / ________ y System test Diameter of RA: 4 km
= [ T T Val
o Heavy lift launch, ... _——_
£ DC-DC> 40%
'S PTE > 40%
c Diameter of TA: 300m
S Diameter of RA: 13 km
(«B]
- S - » Electrical Diameter of TA: 300m o
management In-orbit assembly
Beam control
Ground & floating 4
' Electrical management
/ System simulation —p IMW Rotary joint
SSPS DC-DC >35%
systematic |y ~ PTE=35%
research 2020 20‘25 20A30 20‘40 205&
mid-term: 2015 ~ 2030 long-term: 2030 ~ 2050
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RA: rectenna array
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Thanks for your attention!
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