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Abstract:

D–SEND is a project to demonstrate a low sonic boom aerodynamic design concept. In the #2 part of this

project, an unpowered test vehicle is lifted to an altitude of 30 km by a balloon from which it then separates. Af-

ter separation, the vehicle’s on-board flight control computer selects a target Boom Measurement System (BMS)

according to the separation point. The vehicle then autonomously flies to the selected BMS and establishes

prescribed sonic boom measurement flight conditions. The design of the GNC system for D–SEND#2 project

is exceptionally challenging since 1) there is no nominal trajectory, 2) there is only limited control available

to meet the requirements, 3) the required test conditions are difficult to achieve, and 4) the flight envelope is

quite wide. The dynamic inversion method and time-scale separation technique are applied to deal with these

problems. This paper describes the D–SEND#2 control system design in detail which solves these problems.
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ṙ


 = I−1







L

M

N


−



p

q

r


× I



p

q

r







(5)



η̇

λ̇

ḣ
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
 (8)
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100Hz
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機体モデル
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舵角指令

Azセンサ

ADS

EGI
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生成機能

*1: アンチエイリアシングフィルタ
*2: 構造連成防止フィルタ

4

Lift = CLQS (9)

D = CDQS (10)

Y = CyQS (11)

Mx = ClQSb (12)

My = CmQSc (13)

Mz = CnQSb (14)

Xa = Lift sinα−D cosα (15)

Ya = Y (16)

Za = −Lift cosα−D sinα (17)

Fx = Xa + n1mg0Esrange

(
R0

R0 + h

)2

(18)

Fy = Ya + n2mg0Esrange

(
R0

R0 + h

)2

(19)

Fz = Za + n3mg0Esrange

(
R0

R0 + h

)2

(20)

L = Mx + Za(ycg − yac)− Ya(zcg − zac) (21)

M = My +Xa(zcg − zac)− Za(xcg − xac) (22)

N = Mz + Ya(xcg − xac)−Xa(ycg − yac) (23)

VE =




uE

vE

wE


 (24)

VA =




uA

vA

wA


 =




uE

vE

wE


− TBH




uH
w

vHw

wH
w




(25)

VTAS =
√
u2
A + v2A + w2

A (26)

VEAS = VTAS

√
ρ

ρ0
(27)

Mach = VTAS/Cs (28)

α = tan−1

(
wA

uA

)
(29)

β = sin−1

(
vA

VTAS

)
(30)

V H
E =




uH
E

vHE

wH
E


 = T−1

BHVE (31)

γ = tan−1


− wH

E√
uH2
E + vH2

E


 (32)

Tall = T

(
1 +

κ− 1

2
M2

)
(33)

Q =
1

2
ρV 2

TAS (34)
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4

4.1

3

3

EGI

ADS

Az z

4.2 EGI

EGI GPS–

4.2.1

EGI

TBHm

4.2.2

(λ) (η)

X,Y

[
X

Y

]
=

[
Re0(λ− λ0)

Ra(η − η0) cosRamp

]
(35)

Ramp = tan−1

(
Rb sinλ

Ra cosλ

)
(36)

Xsns =
[
X Y h

]T
(37)




xnav

ynav

znav


 = T−1

BHm
(TBHm

Xsns − lEGI)

= Xsns − T−1
BHm

lEGI (38)

lEGI =




lEGIx

lEGIy

lEGIz


 =




xEGI − xcg

yEGI − ycg

zEGI − zcg


 (39)

4.2.3

vnav = vsns − ω × lEGI (40)

4.2.4

vcg = vegi − ωm × lEGI (41)

v̇cg = v̇egi − ω̇m × lEGI (42)

ω̇

anav = asns − ω̇m × lEGI (43)

4.2.5




ϕnav

θnav

ψnav


 = D2R×




ϕsns

θsns

ψsns


 (44)

4.2.6

ωnav = D2R× ωsns (45)

4.3

(ADS)

D–SEND#2 ADS

EGI

V Asns = Vtassns



cosαsns cosβsns

sinαsns cosβsns

sinβsns


 (46)

V Anav = V Asns − ωm × lADS (47)

Vtasnav = ∥V Anav∥ (48)

αnav = tan−1

(
VAnavz

VAnavx

)
(49)

βnav = sin−1

(
VAnavy

Vtasnav

)
(50)
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4.4 Az

EGI

Az

Az

Az

aznav = azsns −
[
0 0 1

]
· (ω̇m × lAZ) (51)
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6.1

14)

6.1.1

6 HSDI

( )

( )

i i

xi xic

x(i+1)c

x̃i

ẋi = f i(xi,x(i+1)c, x̃i) (52)

ẋi = −Ki(xi − xic) (53)

x(i+1)c HSDI

(52)

ẋi = ẋi0 +
∂f i

∂xi+1

(
x(i+1)c − xi+1

)
(54)

x(i+1)c = xi+1 −
(

∂f i

∂xi+1

)−1

{ẋi0 +Ki(xi − xic)}

(55)

i

Ki

(55)

0

Appendix (216) (232)

0

D–SEND#2

D–SEND#2 6

6.1.2 2

5 2 γ

2 γc θc

3

3 HSDI

A2 =
∂γ̇

∂θ
(56)

∆θc =−A−1
2 {γ̇ +RR3(γ − γc)−RR3γ̇c

· γ̇c}
(57)

6.1.3 3

5

3 αc, βc, ϕc, ψc, Nzc

2 θc

3

pc, qc, rc 1

HSDI

1

1

θF -z (

) θF

θc θF

θF = − cos−1 (cos θ cosϕ) (58)

θ̇F =
θ̇ sin θ cosϕ+ ϕ̇ sinϕ cos θ

sin θF
(59)

A3 =
∂θ̇F
∂q

(60)
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∂θ
(56)
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2 {γ̇ +RR3(γ − γc)−RR3γ̇c

· γ̇c}
(57)

6.1.3 3

5

3 αc, βc, ϕc, ψc, Nzc

2 θc

3

pc, qc, rc 1

HSDI

1

1

θF -z (

) θF

θc θF

θF = − cos−1 (cos θ cosϕ) (58)

θ̇F =
θ̇ sin θ cosϕ+ ϕ̇ sinϕ cos θ
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(59)
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�K1

�K2

�K3

�K4

X

Xc

Vc

V

⇥

⇥c

⌦c

⌦

uc

ẋ = f(x, uc)
1

s

+

�

�

�

�

+

+

+

V

⇥⌦

uc

X

制御

運動

位置

速度

姿勢角速度

舵角指令

f�1
1

f�1
1f�1

2

f�1
2

f�1
3

f�1
3

f�1
4

f�1
4

Ẋ

V̇

⇥̇

⌦̇

f1

f2

f3

f4

6

∆qc = −A−1
3

(
˙θF +RR2(θF − θc)

)
(61)

2 1

2 α qc

qc = Kqc · (ᾱc − α) (62)

2 2

α

βc =0 (63)

ϕc =





ϕcmax 22 −Kψ(ψe − ψc) > ϕcmax 22

−ϕcmax 22 −Kψ(ψe − ψc) < −ϕcmax 22

−Kψ(ψe − ψc) otherwise

(64)

A3 =

[
∂ϕ̇
∂p

∂ϕ̇
∂r

∂β̇
∂p

∂β̇
∂r

]
(65)

[
pc

rc

]
=

[
p

r

]
−A−1

3 ·

[
ϕ̇+RK2(ϕ− ϕc) +RK2int

∫
(ϕ− ϕc)dt

β̇ +RB2(β − βc) +RB2int

∫
(β − βc)dt

]

(66)

qc =Kqc · (ᾱc − α) (67)

ᾱc 19

α

3

2

2 (63)– (66)

2 θc qc

qc =q −

(
∂θ̇

∂q

)−1

·
{
θ̇ +RR2 · (θ − θc)

}
(68)

4,5

ϕc =

{
−Kψ(ψe − ψc) 4

0 5
(69)

βc =0 (70)

A3 =

[
∂ϕ̇
∂p

∂ϕ̇
∂r

∂β̇
∂p

∂β̇
∂r

]
(71)
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6

2 3 4

1 1 θc → qc qc,→ δec, [ψF , Ay] → [δac, δrc]

2 1 αc → qc qc → δec, [ψF , Ay] → [δac, δrc]

2 2 αc → qc, [ψc, βc] → [pc, rc] [pc, qc, rc] → [δec, δac, δrc]

3 3,4 γc → θc θc → qc, [ψc, βc] → [pc, rc] [pc, qc, rc] → [δec, δac, δrc]

4 4 Nzc → qc, [ψc, βc] → [pc, rc] [pc, qc, rc] → [δec, δac, δrc]

5 5 Nzc → qc, [ϕc, βc] → [pc, rc] [pc, qc, rc] → [δec, δac, δrc]

[
pc

rc

]
=

[
p

r

]
−A−1

3

·

[
ϕ̇+RK2(ϕ− ϕc) +RK2int

∫
(ϕ− ϕc)dt

β̇ +RB2(β − βc) +RB2int

∫
(β − βc)dt

]

(72)

qc =−RR2(Nz −Nzc) (73)

6.1.4 4

4

1

1

1

(6.3 )

HSDI

A4 =
∂q̇

∂δe
(74)

Cdp =




max
{
min

(
Q

550.0 , 1
)
, 0
}

1

1 2

(75)

δe = δec0 −A−1
4 {Cdp · q̇ +RR1(q − qc)} (76)

2

2 3

A4 =




∂ṗ
∂δe

∂ṗ
∂δa

∂ṗ
∂δr

∂q̇
∂δe

∂q̇
∂δa

∂q̇
∂δr

∂ṙ
∂δe

∂ṙ
∂δa

∂ṙ
∂δr


 (77)

qLC =CLC · xLC +DLC · q (78)

uc =



δec0

δac0

δrc0


−A−1

4 ·




ṗ+RK1(p− pc)

q̇ +RR1(q − qc) +KcLC · qLC

ṙ +RB1(r − rc)


 (79)

xLC =ALC · xLC +BLC · q (80)

(ṗ, q̇, ṙ)

ϕ = p = q = r = β = 0, α = ᾱc

(Appendix D.1 )
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6.3

1

PID

ϕ ψ

HSDI

PID ψ

(ψF )

ψF FORTRAN atan2

ψF =atan2 (−(sinψ sin θ cosϕ− cosψ sinϕ),

−(cosψ sin θ cosϕ+ sinψ sinϕ)) (81)

28 – 33

90[Pa]

29

(ψF − ψc0)

ψc0 (Appendix D.5 )

Q∞c

Q∞c =

{
0.4 Q < 2 000 [Pa]

800/Q otherwise
(82)

30

7

ψerr1 =max {min (ψF − ψc0, ψlim1) ,−ψlim1}
(83)

ψerr2 =max {min (ψF − ψc0, ψlim2) ,−ψlim2}
(84)

Sψ =Sψ +∆tGNC · ψerr1 (85)

SAy =SAy +Ay ·∆tGNC (86)

Sψa =Sψ · FBaψ ·Q∞c (87)

SAya =SAy · FBaAy ·Q∞c (88)

Sψr =Sψ · FBrψ ·Q∞c (89)

SAyr =SAy · FBrAy ·Q∞c (90)

Sψa =max
{
min

(
Sψa, Sψatrim

)
,−Sψatrim

}
(91)

SAya =max
{
min

(
SAya, SAyatrim

)
,−SAyatrim

}
(92)

Sψr =max
{
min

(
Sψr, Sψrtrim

)
,−Sψrtrim

}
(93)

SAyr =max
{
min

(
SAyr, SAyrtrim

)
,−SAyrtrim

}
(94)

δac = {FBaψ · ψerr2 + FBaAy ·Ay + FBap · p
+FBar · r} ·Q∞c + Sψa + SAya (95)

δrc = {FBrψ · ψerr2 + FBrAy ·Ay + FBrp · p
+FBrrr} ·Q∞c + Sψr + SAyr (96)

6.4

−80◦

pc = rc = 0 (97)

6.5

26

6.6

Cd =

{
−∆uc

Kcd ·Cd otherwise

(98)

0 < Kcd < 1

7

6.7

1

1 19.8Hz,

28.2Hz 15% 18Hz

14 dB 1Hz

20ms

14 dB 20% 20ms
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GLC(s) =
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A.4
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α

HSDI 4 q̇

αc = 4.5◦ α

q̇

HSDI 4

( )

δec =δec0 −A−1
4 {q̇ +RR1(q − qc)} (102)

q̇

(266) –

(270)

β

β

2

1. β Mach < 0.6

β

2. 0.7 < Mach < 0.8 β

δac =

{
FBaψ · (ψF − ψc0) + FBaAy ·Ay + FBap · p

+ FBar · r + FBaψI

∫
(ψF − ψc0) dt

+ FBaAyI

∫
Aydt

}
·Q∞c (103)

δrc =

{
FBrψ · (ψF − ψc0) + FBrAy ·Ay + FBrp · p

+ FBrrr + FBrψI

∫
(ψF − ψc0) dt

+ FBrAyI

∫
Aydt

}
·Q∞c (104)

1 (ψF −ψc0)

ψF BMS ψc

ψc0 ψF

(Q ≤ 90 [Pa]) ψc0 = ψF

Mach > 0.3 ψc0 10o/s

20◦, 15◦

2

0 < Kcd < 1

0

1

2

(ϕcmax)

A.5 ( )

MCS

,

MCS

B 4

4 ṗ, q̇, ṙ

ϕ = p = q = r = β = 0, α = αc
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9

π 3.141592653589793

D2R π/180.0

g0 9.8250381450 m/s2

( ) R0atmos 6356.766 km

( ) R0Esrange 6359.646 km

( ) Re0 6390.720 km

(WGS84 ) Ra 6378.137 km

( ) Rb 6356.752 km

λ0 68.25 deg

η0 21.0 deg
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9

π 3.141592653589793

D2R π/180.0

g0 9.8250381450 m/s2

( ) R0atmos 6356.766 km

( ) R0Esrange 6359.646 km

( ) Re0 6390.720 km

(WGS84 ) Ra 6378.137 km
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10 1:

i( )

1 2 3

ψ FBaψi -0.116743251681 -1.551739573478 -1.551739573478

Ay FBaAyi 0.0 0.0 0.0

p FBapi -0.655498505 -0.87759017944 -0.877590179444

r FBari 0.125896549 0.0191211044788 0.0191211044788

ψ FBaψIi 0.000001912453267 -0.00008523674911 -0.00008523674911

Ay FBaAyIi 0.0 0.0 0.0

ψ FBrψi 0.04603149 0.814464037 0.4790964922446

Ay FBrAyi 0.312539321 0.000426199382 0.000426199382

p FBrpi 0.005479129 0.0037633944195 0.0037633944195

r FBrri 34.04025528615 4.641717633513 4.641717633513

ψ FBrψIi 0.02754058166916 0.002228768111312 0.002228768111312

Ay FBrAyIi 0.0 0.0 0.0

i
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11 2:

i ( )

1 21 22 3 4 5

RK1i 4.212 2.63881069 6.01623 3.6176844

RR1i 3.984388632 1.85538025 1.1976678 0.9 1.05 0.4

RB1i 4.0 1.788535089 4.179348 3.13529797

RK2i 1.38775614 2.665465344 1.2 2.1083257

RR2i 0.58526159 1.5 0.7 0.5

RB2i 0.8334712 0.86716854 2.0 1.79159884

RR1inti -0.026983254 -0.083492111 -0.003 -0.020038107

RK2inti 0.74840568 0.263636926 0.0 0.524283648

RB2inti 0.0 0.0 0.0 0.5773742

RR2FFi -0.0919962 -0.0622535

Kψi 0.5 5.0 0.0 0.0

RR3i 0.474977344

RK1pinti 0.0 0.0 1.00E-02 0.0

RK1rinti 0.0 0.0 0.0 0.0

RB1pinti 0.0 0.0 0.0 0.0

RB1rinti 0.0 0.0 -2.00E-01 0.0

RR3γ̇c
1.0

KcLC 4.0 6.0 4.3

Kqci 0.7 0.7

Kqc2inti -1.0 -1.0

2 K,R,B

i
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RK1rinti 0.0 0.0 0.0 0.0

RB1pinti 0.0 0.0 0.0 0.0
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12 3:

Intγ max 0.034906585(= 2◦)

Intϕmax 0.174532925(= 10◦)

Intθmax 1.745329252(= 100◦)

Intαmax 0.174532925(= 10◦)

Intβmax 0.174532925(= 10◦)

IntNz max 10.0

Intδec max 0.104719755(= 6◦)

Intδec max 3 0.05235987756(= 3◦)

Intδec max 5 0.05235987756(= 3◦)

Intδacmax 0.05235987756(= 3◦)

Intδrcmax 0.078539816(= 4.5◦)

trim limit δa 0.034906585(= 2◦)

trim limit δr 0.034906585(= 2◦)

Kcd 0.98

αmax 0.209439510239320(= 12◦)

αmin −0.174532925199433(= −10◦)

ϕcmax 22 0.174532925(= 10◦)

ϕcmax 33 0.436332313(= 25◦)

ϕcmax 34 0.349065850(= 20◦)

ϕcmax 4 0.610865238(= 35◦)

KA421 -90.6221

δacf 0.082030475(= 4.7◦)

δrcf 0.099483767(= 5.7◦)

δec0 −0.0174532925(= −1◦)

Int strt DP 300.0

ψlim1 15.0◦

ψlim2 20.0◦

τψ 10.0◦

T1LC 2.0

CLC 0.05

δmax 0.349065850(= 20◦)

δ̇max 13.9626340.(= 80◦)

δemaxlow 0.05235988(= 3.0◦)
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D

(Isw dive

)

IG lon

IG lat

D.1

11

,

A2 γ̇ θ

A2

Vh =



ue

ve

we


 = T−1

BH



u

v

w


 (105)

γ̇ =
∂γ

∂u
u̇+

∂γ

∂v
v̇ +

∂γ

∂w
ẇ +

∂γ

∂ϕ
ϕ̇+

∂γ

∂θ
θ̇ +

∂γ

∂ψ
ψ̇

(106)

A2 =
∂γ̇

∂θ
(107)

A4

ṗ, q̇, ṙ ϕ = β = p = r = q = 0, α = ᾱc

A4 =




∂ṗ
∂δe

∂ṗ
∂δa

∂ṗ
∂δr

∂q̇
∂δe

∂q̇
∂δa

∂q̇
∂δr

∂ṙ
∂δe

∂ṙ
∂δa

∂ṙ
∂δr


 (108)

Tflt

Tflt =

{
0.1 IGlon > 2

10−
20 log10|A4(2,1)·A3(2,2)|

40 otherwise

(109)

D.2

13

α, β

• h > 18 km Mach< 0.6

• h > 32 km Mach< 0.9

• h > 38 km Mach< 1.2

α = tan−1 wA

uA
(110)

Vtas =
√
u2
A + v2A + w2

A (111)

β =

{
0 Vtas ≤ 1× 10−6

sin−1 vA

Vtas
otherwise

(112)

VWH =




[
0 0 0

]T Mach ≤ 0.2&

IGlon == 1

−T−1
BH · Vtas ·



cosα cosβ

sinβ

sinα cosβ


 otherwise

(113)

Ve = T−1
BH



u

v

w


 (114)

15

1

Q∞c = max

(
Q

Q∞0
, 1.0

)
(115)

RK1 = RK11 ·Q∞c (116)

RR1 = RR11 ·Q∞c (117)

RB1 = RB11 ·Q∞c (118)

RK2 = RK21 ·Q∞c (119)

RR2 = RR21 ·Q∞c (120)

RB2 = RB21 ·Q∞c (121)

RR1int = RR1int1 (122)

21

RK1 = RK121 (123)

RR1 = RR121 (124)

RB1 = RB121 (125)

RK2 = RK221 (126)

RR2 = RR221 (127)

RB2 = RB221 (128)

RR2int = RR2int21 (129)

RK2int = RK2int21 (130)
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A4 =




∂ṗ
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∂ṗ
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∂δe
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α, β

• h > 18 km Mach< 0.6

• h > 32 km Mach< 0.9
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uA
(110)
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√
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A (111)
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otherwise

(112)
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BH


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
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1

Q∞c = max

(
Q

Q∞0
, 1.0

)
(115)

RK1 = RK11 ·Q∞c (116)

RR1 = RR11 ·Q∞c (117)

RB1 = RB11 ·Q∞c (118)

RK2 = RK21 ·Q∞c (119)

RR2 = RR21 ·Q∞c (120)

RB2 = RB21 ·Q∞c (121)

RR1int = RR1int1 (122)
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RK1 = RK121 (123)

RR1 = RR121 (124)

RB1 = RB121 (125)

RK2 = RK221 (126)

RR2 = RR221 (127)

RB2 = RB221 (128)

RR2int = RR2int21 (129)

RK2int = RK2int21 (130)
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RB2int = RB2int21 (131)

RR2FF = RR2FF21 (132)

RR1int = RR1int21 (133)

22

RK1 = RK122 (134)

RR1 = RR122 (135)

RB1 = RB122 (136)

RK2 = RK222 (137)

RR2 = RR222 (138)

RB2 = RB222 (139)

RR2int = RR2int22 (140)

RK2int = RK2int22 (141)

RB2int = RB2int22 (142)

Kψ = Kψ22 (143)

RR2FF = RR2FF22 (144)

RR3 = RR322 (145)

RR3int = RR3int22 (146)

RR1int = RR1int22 (147)

RK1pint = RK1pint22 (148)

RK1rint = RK1rint22 (149)

RB1pint = RB1pint22 (150)

RB1rint = RB1rint22 (151)

3

RK1 = RK13 (152)

RR1 = RR13 (153)

RB1 = RB13 (154)

RK2 = RK23 (155)

RR2 = RR23 (156)

RB2 = RB23 (157)

RR2int = RR2int3 (158)

RK2int = RK2int3 (159)

RB2int = RB2int3 (160)

Kψ = Kψ3 (161)

RR3 = RR33 (162)

RR3int = RR3int3 (163)

RR1int = RR1int3 (164)

RK1pint = RK1pint3 (165)

RK1rint = RK1rint3 (166)

RB1pint = RB1pint3 (167)

RB1rint = RB1rint3 (168)

4

RK1 = RK14 (169)

RR1 = RR14 (170)

RB1 = RB14 (171)

RK2 = RK24 (172)

RR2 = RR24 (173)

RB2 = RB24 (174)

RR2int = RR2int4 (175)

RK2int = RK2int4 (176)

RB2int = RB2int4 (177)

RR2Nzd = RR2Nzd4 (178)

RR2Nzq = RR2Nzq4 (179)

Kψ = Kψ4 (180)

RR1int = RR1int4 (181)

RK1pint = RK1pint4 (182)

RK1rint = RK1rint4 (183)

RB1pint = RB1pint4 (184)

RB1rint = RB1rint4 (185)

5

RK1 = RK15 (186)

RR1 = RR15 (187)

RB1 = RB15 (188)

RK2 = RK25 (189)

RR2 = RR25 (190)

RB2 = RB25 (191)

RR2int = RR2int5 (192)

RK2int = RK2int5 (193)

RB2int = RB2int5 (194)

RR2Nzd = RR2Nzd5 (195)

RR2Nzq = RR2Nzq5 (196)

Kψ = Kψ5 (197)

RR1int = RR1int5 (198)

RK1pint = RK1pint5 (199)

RK1rint = RK1rint5 (200)

RB1pint = RB1pint5 (201)

RB1rint = RB1rint5 (202)
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26 JAXA-RR-17-XXX

δec =




max (min (δec, δemaxlow) ,−δemaxlow)

Q < 100

max (min (δec, δmax) ,−δmax)

otherwise

(203)

δac = max (min (δac, δmax) ,−δmax) (204)

δrc = max (min (δrc, δmax) ,−δmax) (205)

StbLc = δec + δac, StbRc = δec − δac (206)

StbLc = max (min (StbLc, δmax) ,−δmax) (207)

StbRc = max (min (StbRc, δmax) ,−δmax) (208)

StbL0 = δe0 + δa0, StbR0 = δe0 − δa0 (209)

∆StbL =
StbLc − StbL0

∆tGNC
(210)

∆StbR =
StbRc − StbR0

∆tGNC
(211)

StbLc = max
(
min

(
StbLc, δ̇max

)
,−δ̇max

)

(212)

StbRc = max
(
min

(
StbRc, δ̇max

)
,−δ̇max

)

(213)

δec =
StbLc + StbRc

2
(214)

δac =
StbLc − StbRc

2
(215)

D.3

,

16– 19

D.4 HSDI

HSDI 20 – 33

ẋ

ẋ 3.2

ṗ, q̇, ṙ , ϕ = β = p =

q = r = 0, α = αc

3 A

θ̇F =

{
(θ̇ sin θ cosϕ+ϕ̇ sinϕ cos θ)θF

|θF |×10−6 |θF | < 10−6

θ̇ sin θ cosϕ+ϕ̇ sinϕ cos θ
sin θF

otherwise

(216)

ζ3 = θ̇F +RR2(θF − θc) (217)

qc0 = q − ζ3
A3(2, 2)

(218)

pc = 0 (219)

rc = 0 (220)

3 B

qc =Kqc2 · (α1 − α) (221)

Cqc =

{
Kcd · (qc0 − qc) IGlon ̸= IGlon

Kcd · Cqc otherwise
(222)

qc =qc + Cqc (223)

3 C

IGlon ̸= IGlon0 IGlat ̸= IGlat0

Intθ = 0

Intϕ = 0

Intβ = 0

ζ3 =

[
ϕ̇+RK2(ϕ− ϕc) + Intϕ

β̇ +RB2 · β + Intβ

]
(224)

Intϕ =Intϕ +RK2int(ϕ− ϕc) ·∆tGNC (225)

Intθ =Intθ +RR2int(θ − θc) ·∆tGNC (226)

Intβ =Intβ +RB2int(β − βc) ·∆tGNC (227)

Intϕ =max {min (Intϕ, Intϕmax) ,−Intϕmax}
(228)

Intθ =max {min (Intθ, Intθmax) ,−Intθmax}
(229)

Intβ =max {min (Intβ , Intβmax) ,−Intβmax}
(230)

det32 =A3(1, 1) ·A3(3, 3)−A3(1, 3) ·A3(3, 1)
(231)

det32 =

{
0.2 · |det32|

det32 |det32| < 0.2

det32 otherwise
(232)

A42 =
1

det32

[
A3(3, 3) −A3(1, 3)

−A3(3, 1) A3(1, 1)

]
(233)

[
pc

rc

]
=

[
p

r

]
−A42 · ζ3 (234)

qc =Kqc2 · (ᾱc − α) (235)
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26 JAXA-RR-17-XXX

δec =




max (min (δec, δemaxlow) ,−δemaxlow)

Q < 100

max (min (δec, δmax) ,−δmax)

otherwise

(203)

δac = max (min (δac, δmax) ,−δmax) (204)

δrc = max (min (δrc, δmax) ,−δmax) (205)

StbLc = δec + δac, StbRc = δec − δac (206)

StbLc = max (min (StbLc, δmax) ,−δmax) (207)

StbRc = max (min (StbRc, δmax) ,−δmax) (208)

StbL0 = δe0 + δa0, StbR0 = δe0 − δa0 (209)

∆StbL =
StbLc − StbL0

∆tGNC
(210)

∆StbR =
StbRc − StbR0

∆tGNC
(211)

StbLc = max
(
min

(
StbLc, δ̇max

)
,−δ̇max

)

(212)

StbRc = max
(
min

(
StbRc, δ̇max

)
,−δ̇max

)

(213)

δec =
StbLc + StbRc

2
(214)

δac =
StbLc − StbRc

2
(215)

D.3

,

16– 19

D.4 HSDI

HSDI 20 – 33

ẋ

ẋ 3.2

ṗ, q̇, ṙ , ϕ = β = p =

q = r = 0, α = αc

3 A

θ̇F =

{
(θ̇ sin θ cosϕ+ϕ̇ sinϕ cos θ)θF

|θF |×10−6 |θF | < 10−6

θ̇ sin θ cosϕ+ϕ̇ sinϕ cos θ
sin θF

otherwise

(216)

ζ3 = θ̇F +RR2(θF − θc) (217)

qc0 = q − ζ3
A3(2, 2)

(218)

pc = 0 (219)

rc = 0 (220)

3 B

qc =Kqc2 · (α1 − α) (221)

Cqc =

{
Kcd · (qc0 − qc) IGlon ̸= IGlon

Kcd · Cqc otherwise
(222)

qc =qc + Cqc (223)

3 C

IGlon ̸= IGlon0 IGlat ̸= IGlat0

Intθ = 0

Intϕ = 0

Intβ = 0

ζ3 =

[
ϕ̇+RK2(ϕ− ϕc) + Intϕ

β̇ +RB2 · β + Intβ

]
(224)

Intϕ =Intϕ +RK2int(ϕ− ϕc) ·∆tGNC (225)

Intθ =Intθ +RR2int(θ − θc) ·∆tGNC (226)

Intβ =Intβ +RB2int(β − βc) ·∆tGNC (227)

Intϕ =max {min (Intϕ, Intϕmax) ,−Intϕmax}
(228)

Intθ =max {min (Intθ, Intθmax) ,−Intθmax}
(229)

Intβ =max {min (Intβ , Intβmax) ,−Intβmax}
(230)

det32 =A3(1, 1) ·A3(3, 3)−A3(1, 3) ·A3(3, 1)
(231)

det32 =

{
0.2 · |det32|

det32 |det32| < 0.2

det32 otherwise
(232)

A42 =
1

det32

[
A3(3, 3) −A3(1, 3)

−A3(3, 1) A3(1, 1)

]
(233)

[
pc

rc

]
=

[
p

r

]
−A42 · ζ3 (234)

qc =Kqc2 · (ᾱc − α) (235)
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3 D

IGlon ̸= IGlon0 IGlat ̸= IGlat0

Intθ = 0

Intϕ = 0

Intβ = 0

ζ3 =



ϕ̇+RK2(ϕ− ϕc) + Intϕ

θ̇ +RR2(θ − θc)

β̇ +RB2 · β + Intβ


 (236)

Intϕ =Intϕ +RK2int(ϕ− ϕc) ·∆tGNC (237)

Intβ =Intβ +RB2int(β − βc) ·∆tGNC (238)

Intϕ =max {min (Intϕ, Intϕmax) ,−Intϕmax}
(239)

Intβ =max {min (Intβ , Intβmax) ,−Intβmax}
(240)

det32 =A3(1, 1) ·A3(3, 3)−A3(1, 3) ·A3(3, 1)
(241)

det32 =

{
0.2 · |det32|

det32 |det32| < 0.2

det32 otherwise
(242)

A42 =
1

det32

[
A3(3, 3) −A3(1, 3)

−A3(3, 1) A3(1, 1)

]
(243)

[
pc

rc

]
=

[
p

r

]
−A42

[
ζ3(1)

ζ3(3)

]
(244)

qc =

{
q − ζ3(2)

10−6 · |A3(2,2)|
A3(2,2)

|A3(2, 2)| < 10−6

q − ζ3(2)
A3(2,2)

otherwise

(245)

3 E

IGlon ̸= IGlon0

IntNz = 0

Intϕ = 0

Intβ = 0

Nz =− Az

g0Esrange
(246)

ζ3(1) =−RR2(Nz −Nzc) (247)

ζ3(2) =ϕ̇+RK2(ϕ− ϕc) + Intϕ (248)

ζ3(3) =β̇ +RB2β + Intβ (249)

det32 =A3(2, 1) ·A3(3, 3)−A3(3, 1) ·A3(2, 3)
(250)

det32 =

{
0.2 · |det32|

det32 |det32| < 0.2

det32 otherwise
(251)

A42 =
1

det32

[
A3(3, 3) −A3(2, 3)

−A3(3, 1) A3(2, 1)

]
(252)

[
pc

rc

]
=

[
p

r

]
−A42

[
ζ3(2)

ζ3(3)

]
(253)

qc =ζ3(1) (254)

A

Intδec =Intδec +Kqc2int · qc ·∆tGNC (255)

B

Intδec =Intδec+


RR1int(Nzc −Nz) · KA421
A4(2,1)

·∆tGNC

|A4(2, 1)| < 10−6

RR1int(Nzc −Nz) · KA421
10−6 ·∆tGNC

otherwise

(256)

C

Intδec =Intδec +RR1int(qc − q) ·∆tGNC (257)

D

Intδec =max {min (Intδec , Intδec max) ,−Intδec max}
(258)

E

Intδec =max {min (Intδec , Intδec max 3) ,−Intδec max 3}
(259)

F

Intδec =max {min (Intδec , Intδec max) ,−Intδec max}
(260)

G

Intδec =max {min (Intδec , Intδec max 5) ,−Intδec max 5}
(261)

H

Intδac =Intδac +RK1pint(pc − p) ·∆tGNC

+RK1rint(rc − r) ·∆tGNC (262)

Intδac
=max {min (Intδac

, Intδac max) ,−Intδac max}
(263)

Intδrc =Intδrc +RB1pint(pc − p) ·∆tGNC

+RB1rint(rc − r) ·∆tGNC (264)

Intδrc =max {min (Intδrc , Intδrc max) ,−Intδrc max}
(265)
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28 JAXA-RR-17-XXX

4 A

Cdq =max

{
min

(
Q

550
, 1

)
, 0

}
(266)

ζ4 =Cdq · q̇ +RR1(q − qc) (267)

du(1) =

{
− ζ4

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ3(2)
A4(2,1)

otherwise

(268)

du(2) =0 (269)

du(3) =0 (270)

4 B

ζ4 =q̇ +RR1(q − qc) (271)

du(1) =

{
− ζ4

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ3(2)
A4(2,1)

otherwise

(272)

du(2) =0 (273)

du(3) =0 (274)

yLC =ALC · xLC +BLC · q (275)

xLC =CLC · xLC +DLC · q (276)

ALC =− ∆tGNC − 2βLCT1LC

∆tGNC + 2βLCT1LC
(277)

BLC =
4βLCT1LC∆tGNC

(∆tGNC + 2βLCT1LC)
2 (278)

CLC =1.0 (279)

DLC =
βLC(∆tGNC + 2T1LC)

∆tGNC + 2βLCT1LC
(280)

4 C

du(1) =

{
δec0 − ζ4(2)

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

δec0 − ζ4(2)
A4(2,1)

otherwise

(281)

du(2) =

{
δac0 − ζ4(1)

10−6 · |A4(1,2)|
A4(1,2)

|A4(1, 2)| < 10−6

δac0 − ζ4(1)
A4(1,2)

otherwise

(282)

du(3) =

{
δrc0 − ζ4(3)

10−6 · |A4(3,3)|
A4(3,3)

|A4(3, 3)| < 10−6

δrc0 − ζ4(2)
A4(3,3)

otherwise

(283)

4 D

du(2) =

{
− ζ4(2)

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ4(2)
A4(2,1)

otherwise

(284)
[
du(1)

du(3)

]
=−A−1

42

[
ζ4(1)

ζ4(3))

]
(285)

4 E

du =−A−1
4 ζ4 (286)

HSDI

du = du0 +



Intδec

Intδac

Intδrc


 (287)

Cd =




Cd ·Kcd
IGlon == 2&

IGlon ̸= IGlon0

−du otherwise

(288)



δec

δac

δrc


 = du+



δe

δa

δr


+Cd (289)

(290)

D.5

28 – 33

ψerr

ψerr1 =max {min (ψF − ψc0, ψlim1) ,−ψlim1}
(291)

ψerr2 =max {min (ψF − ψc0, ψlim2) ,−ψlim2}
(292)

δac = {FBaψψerr2 + FBa AyAy + FBa pp+ FBa rr}
·Q∞c + Sψa + SAya (293)

δrc = {FBrψψerr2 + FBr AyAy + FBr pp+ FBr rr}
·Q∞c + Sψr + SAyr (294)

A

FBaψ =FBaψ1 (295)

FBaAy =FBaAy1 (296)

FBap =FBap1 (297)

FBar =FBar1 (298)

FBaψI =FBaψI1 (299)

FBaAyI =FBaAyI1 (300)

FBrψ =FBrψ1 (301)

FBrAy =FBrAy1 (302)

FBrp =FBrp1 (303)

FBrr =FBrr1 (304)

FBrψI =FBrψI1 (305)

FBrAyI =FBrAyI1 (306)
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4 A

Cdq =max

{
min

(
Q

550
, 1

)
, 0

}
(266)

ζ4 =Cdq · q̇ +RR1(q − qc) (267)

du(1) =

{
− ζ4

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ3(2)
A4(2,1)

otherwise

(268)

du(2) =0 (269)

du(3) =0 (270)

4 B

ζ4 =q̇ +RR1(q − qc) (271)

du(1) =

{
− ζ4

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ3(2)
A4(2,1)

otherwise

(272)

du(2) =0 (273)

du(3) =0 (274)

yLC =ALC · xLC +BLC · q (275)

xLC =CLC · xLC +DLC · q (276)

ALC =− ∆tGNC − 2βLCT1LC

∆tGNC + 2βLCT1LC
(277)

BLC =
4βLCT1LC∆tGNC

(∆tGNC + 2βLCT1LC)
2 (278)

CLC =1.0 (279)

DLC =
βLC(∆tGNC + 2T1LC)

∆tGNC + 2βLCT1LC
(280)

4 C

du(1) =

{
δec0 − ζ4(2)

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

δec0 − ζ4(2)
A4(2,1)

otherwise

(281)

du(2) =

{
δac0 − ζ4(1)

10−6 · |A4(1,2)|
A4(1,2)

|A4(1, 2)| < 10−6

δac0 − ζ4(1)
A4(1,2)

otherwise

(282)

du(3) =

{
δrc0 − ζ4(3)

10−6 · |A4(3,3)|
A4(3,3)

|A4(3, 3)| < 10−6

δrc0 − ζ4(2)
A4(3,3)

otherwise

(283)

4 D

du(2) =

{
− ζ4(2)

10−6 · |A4(2,1)|
A4(2,1)

|A4(2, 1)| < 10−6

− ζ4(2)
A4(2,1)

otherwise

(284)
[
du(1)

du(3)

]
=−A−1

42

[
ζ4(1)

ζ4(3))

]
(285)

4 E

du =−A−1
4 ζ4 (286)

HSDI

du = du0 +



Intδec

Intδac

Intδrc


 (287)

Cd =




Cd ·Kcd
IGlon == 2&

IGlon ̸= IGlon0

−du otherwise

(288)



δec

δac

δrc


 = du+



δe

δa

δr


+Cd (289)

(290)

D.5

28 – 33

ψerr

ψerr1 =max {min (ψF − ψc0, ψlim1) ,−ψlim1}
(291)

ψerr2 =max {min (ψF − ψc0, ψlim2) ,−ψlim2}
(292)

δac = {FBaψψerr2 + FBa AyAy + FBa pp+ FBa rr}
·Q∞c + Sψa + SAya (293)

δrc = {FBrψψerr2 + FBr AyAy + FBr pp+ FBr rr}
·Q∞c + Sψr + SAyr (294)

A

FBaψ =FBaψ1 (295)

FBaAy =FBaAy1 (296)

FBap =FBap1 (297)

FBar =FBar1 (298)

FBaψI =FBaψI1 (299)

FBaAyI =FBaAyI1 (300)

FBrψ =FBrψ1 (301)

FBrAy =FBrAy1 (302)

FBrp =FBrp1 (303)

FBrr =FBrr1 (304)

FBrψI =FBrψI1 (305)

FBrAyI =FBrAyI1 (306)
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B

FBaψ =
FBaψ2 − FBaψ1

0.1
(Mach-0.7) + FBaψ1

(307)

FBaAy =
FBaAy2 − FBaAy1

0.1
(Mach-0.7) + FBaAy1

(308)

FBap =
FBap2 − FBap1

0.1
(Mach-0.7) + FBap1

(309)

FBar =
FBar2 − FBar1

0.1
(Mach-0.7) + FBar1

(310)

FBaψI =
FBaψI2 − FBaψI1

0.1
(Mach-0.7) + FBaψI1

(311)

FBaAyI =
FBaAyI2 − FBaAyI1

0.1
(Mach-0.7) + FBaAyI1

(312)

FBrψ =
FBrψ2 − FBrψ1

0.1
(Mach-0.7) + FBrψ1

(313)

FBrAy =
FBrAy2 − FBrAy1

0.1
(Mach-0.7) + FBrAy1

(314)

FBrp =
FBrp2 − FBrp1

0.1
(Mach-0.7) + FBrp1

(315)

FBrr =
FBrr2 − FBrr1

0.1
(Mach-0.7) + FBrr1

(316)

FBrψI =
FBrψI2 − FBrψI1

0.1
(Mach-0.7) + FBrψI1

(317)

FBrAyI =
FBrAyI2 − FBrAyI1

0.1
(Mach-0.7) + FBrAyI1

(318)

C

FBaψ =FBaψ2 (319)

FBaAy =FBaAy2 (320)

FBap =FBap2 (321)

FBar =FBar2 (322)

FBaψI =FBaψI2 (323)

FBaAyI =FBaAyI2 (324)

FBrψ =FBrψ2 (325)

FBrAy =FBrAy2 (326)

FBrp =FBrp2 (327)

FBrr =FBrr2 (328)

FBrψI =FBrψI2 (329)

FBrAyI =FBrAyI2 (330)

D

FBaψ =FBaψ3 (331)

FBaAy =FBaAy3 (332)

FBap =FBap3 (333)

FBar =FBar3 (334)

FBaψI =FBaψI3 (335)

FBaAyI =FBaAyI3 (336)

FBrψ =FBrψ3 (337)

FBrAy =FBrAy3 (338)

FBrp =FBrp3 (339)

FBrr =FBrr3 (340)

FBrψI =FBrψI3 (341)

FBrAyI =FBrAyI3 (342)

E

FBaψ =
FBaψ3 − FBaψ2
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ṙ

1

A+

0

@
RK1 0 0
0 RR1 0
0 0 RB1

1

A

0

@
p� pc
q � qc
r � rc

1

A+KcLC

0

@
0

yLC

0

1

A

第4階層C 第4階層D

|A4| < 0.2

A42 =

✓
A4(1, 2) A4(1, 3)
A4(3, 2) A4(3, 3)

◆

|A42| < 0.2

no

yes

yes

no

第4階層E

27 HSDI 4

D–SEND#2 45

スタート

終了

 c0算出

ゲイン設定と積分器計算

舵角指令算出

Q1c =

⇢
0.4 Q < 2000
800/Q otherwise

計算 err

�ac0 = �ac

�rc0 = �rc

Int�ac = Int�ac + (�ac � Int�ac) ·�tGNC

Int�rc = Int�rc + (�rc � Int�rc) ·�tGNC

Int�ac = max (min (Int�ac, Int�acmax) ,�Int�acmax)

Int�rc = max (min (Int�rc, Int�rcmax) ,�Int�rcmax)

IPHASE = IPHASE0

28

D-SEND#2 の制御系設計 45

This document is provided by JAXA.



46 JAXA-RR-17-XXX

スタート

終了

IPHASE=IPHASE0

IPHASE=0

 c0 =  F ( c −  c0) ≥ 0

Q>90

IPHASE=1

yes

no

no

yes

no

yes

 c0 = min ( c0 + ⌧ ·D2R ·�tGNC ,  c)

 c0 = max ( c0 � ⌧ ·D2R ·�tGNC ,  c)

29 ψc0

宇宙航空研究開発機構研究開発報告　JAXA-RR-17-01146

This document is provided by JAXA.



46 JAXA-RR-17-XXX

スタート

終了

IPHASE=IPHASE0

IPHASE=0

 c0 =  F ( c −  c0) ≥ 0

Q>90

IPHASE=1

yes

no

no

yes

no

yes

 c0 = min ( c0 + ⌧ ·D2R ·�tGNC ,  c)

 c0 = max ( c0 � ⌧ ·D2R ·�tGNC ,  c)

29 ψc0
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スタート

終了

Mach<0.8

Mach<0.7

ゲイン設定A ゲイン設定B

Mach<1.1

Mach>1.2

ゲイン設定C

ゲイン設定E

ゲイン設定D

積分計算A 積分計算B

積分計算C

積分器リミッタ

yes

no

yes

no

yes

no

yes

no
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スタート

終了

Q>Int_strt_DP

yes

no

SAy =SAy +Ay ·�tGNC

S =S +  err1 ·�tGNC
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スタート

終了

Q>Int_strt_DP

yes

no

SAy =SAy +Ay ·�tGNC

S =S +  err1 ·�tGNC
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スタート

終了

Imem1=0

yes

no

detK  10�9

積分器初期化

Imem1=1

yes

no

detK = FBa I · FBrAyI � FBaAyI · FBr I

S = 0

SAy = 0

S = S +  err1 ·�tGNC

SAy = SAy +Ay ·�tGNC

32 B

D-SEND#2 の制御系設計 49

This document is provided by JAXA.



50 JAXA-RR-17-XXX

スタート

終了

Imem2=0

yes

no

detK  10�9

積分器初期化

Imem2=1

yes

no

detK = FBa I · FBrAyI � FBaAyI · FBr I

S = 0

SAy = 0

S = S +  err1 ·�tGNC

SAy = SAy +Ay ·�tGNC
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