
 1  

A A S  01-38 2  

T A RG E T IN G  O F PRE CE S S IO N  M A N E UVE R W IT H  A CT IVE  N U T A T IO N  
CO N T RO L 

S erg ei T anyg in* 

S imultaneous precession maneuver and  active nutation control h as 
been proposed  recently for axisymmetric spinners. T h e proposed  
meth od  mod ifies nominal start and  stop times of each  pulse d uring  
th e precession maneuver in ord er to red uce resid ual nutation wh ile 
maintaining  precession accuracy. T h is paper examines several open- 
and  closed -loop approach es to refining  th e orig inal solution via 
targ eting . Parametric stud ies ind icate sig nificant accuracy 
improvements as well as potential fuel saving s.  

 

IN T RO D UCT IO N  

S p in sta b iliza tion r em a ins a  p r efer r ed option for m a ny sm a ll sp a cecr a ft. A  num b er of 
la r ger sp a cecr a ft a r e a lso sp inning a t lea st dur ing som e p ha se of their lifetim e1-4. D ur ing 
sp inning, the sp a cecr a ft r eor ienta tion is a ccom p lished using p r ecession m a neuver. This 
involves p ulsing the offset a xia l thruster a t tim es when the a p p lied torque ca n m ove the 
a ngula r  m om entum  vector in the desir ed dir ection. This induces nuta tion of the 
a xisym m etr ic sp a cecr a ft, which m oves its sp in a xis. W ith the a p p rop r ia te choice of inertia  
m om ents, the nuta tion ca n b e ca ncelled by the end of the m a neuver a nd sp a cecr a ft p la ced 
into a  p ur e sp in a bout its new inertia l or ienta tion.2,4 If inertia  m om ents do not ha ve certa in 
r a tios, the nuta tion will not be fully ca ncelled a nd ca n a ctua lly incr ea se significa ntly. 5-7 Rigid 
obla te sp inners a nd p rola te sp inners m a y r equir e a ctive nuta tion control (A N C ) to ca ncel 
r esidua l nuta tion.4 O ne r ecently p rop osed m ethod m odifies sta rt a nd stop  tim es of ea ch p ulse 
dur ing the p r ecession m a neuver to reduce the r esidua l nuta tion while m a inta ining p r ecession 
a ccur a cy for a  wide r a nge of inertia  m om ents.5,7 A ccom p lishing this ca n lea d to a  b etter 
p ointing a ccur a cy a s well a s fuel a nd tim e sa vings. This p a p er seeks to im p rove the 
p er for m a nce of the or igina l m ethod by incorp or a ting closed-loop  cor r ections a nd differ entia l 
cor r ections for a djusting sta rt a nd stop  tim es. The next section closely follows trea tm ent in 
Ref.7, wher ea s subsequent sections descr ib e the p rop osed im p rovem ents.  
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S IM ULT A N E O U S  PRE CE S S IO N  M A N E UVE R A N D  A CT IVE  N U T A T IO N  
CO N T RO L 

The m ethod a p p lies to idea lly a xisym m etr ic sp in-sta b ilized sp a cecr a ft tha t is r equir ed 
to undergo p r ecession m a neuver. The goa l of this m a neuver is to re-or ient both the a ngula r  
m om entum  vector a nd the sp in a xis so tha t a t the end of the m a neuver the la tter a chieves the 
desir ed new orienta tion a nd the sp a cecr a ft is p la ced in the p ur e sp in. This ca n b e 
a ccom p lished by p ulsing the a xia l offset thruster dur ing short interva ls of tim e when 
dir ection of the induced torque a ligns closely with the desir ed cha nge in the a ngula r  
m om entum  vector. However, for a xisym m etr ic or a sym m etr ic sp a cecr a ft, ea ch p ulse will a lso 
induce nuta tion, which will gener a lly p ull the sp a cecr a ft out of the p ur e sp in. For certa in 
r a tios of inertia  m om ents of a xisym m etr ic sp a cecr a ft, it is p ossible to p ulse every sp in p er iod 
(or m ultip les of it) to a chieve nea r  ca ncella tion of r esidua l nuta tion a t the end of the 
m a neuver. The m ethod p rop osed in Ref.7 develops for m ula  for sm a ll a djustm ents of sta rt 
a nd stop  tim es of ea ch p ulse in order to a chieve this nea r ca ncella tion for a  wider r a nge of 
inertia  m om ent r a tios. The for m ula  is b a sed on closed for m  tr a nsition for both a ngula r  
velocity vector a nd the dir ection of the sp in a xis a fter ea ch p ulse cycle. It is a ssum ed tha t 
thrust p ulses a r e idea l squa r e wa ves a nd the thruster is a ligned p er fectly with the sp in a xis.   It 
is a lso a ssum ed tha t the sp a cecr a ft is a xisym m etr ic, however, no sp ecia l r equir em ents a r e 
im p osed on its inertia  m om ents. The nota tion in this section follows closely the nota tion 
used in Ref.7. The obla teness p a r a m eter indica tes degr ee of a sym m etry of the sp a cecr a ft: 

ta II /≡σ ,         (1) 

wher e aI  a nd tI  a r e the a xia l a nd the tr a nsverse m om ents of inertia , r esp ectively. The 
p a r a m eter is gr ea ter tha n 1 for a n obla te sp a cecr a ft (e.g. disc sha p ed) a nd is less tha n 1 for a  
p rola te sp a cecr a ft (e.g. rod sha p ed). V a lues fa rther a wa y from  1 in either dir ection indica te a  
m or e a sym m etr ic sp a cecr a ft. O bla teness of 1 cor r esponds to a  sym m etr ic sp a cecr a ft (e.g. 
sp her e). The body observed nuta tion fr equency indica tes how fa st the a ngula r  velocity vector 
is seen rota ting a bout the a ngula r  m om entum  vector: 

( )Ω−≡ 1σλ ,         (2) 

wher e Ω  is the sp in r a te a bout sp a cecr a ft’s a xis of sym m etry (or sp in a xis). Tha t sa m e 
m otion observed in the inertia l fr a m e ha s fr equency Ω=Ω+ σλ . A  thruster loca ted on the 
side of the sp a cecr a ft a nd fir ing a long the sp in a xis p a sses through its desir ed p r ecession 
a lignm ent every integer num b er of sp in p er iods. A ny m ultip licity of sp in p er iods ca n b e used 
a s the p ulse cycle p er iod: 

Ω≡ /2 kT π , ,...3,2,1=k ,       (3) 

but the fa stest a nd sim p lest str a tegy ca lls for p ulsing dur ing every r evolution of the 
sp a cecr a ft, i.e. 1=k . A ll p ulses a r e a ssum ed to ha ve the sa m e dur a tion t∆ , which does not 
need to be sm a ll in der iva tions below. However, given tha t the sa m e thrust im p ulse 
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tFIF ∆≡ ,         (4 ) 

wher e F  is the m a gnitude of the r esulta nt force, is m ore effective if p roduced dur ing shorter 
p ulses, a  useful sim p lifica tion ca n b e obta ined for 1<<Ω∆t . The der iva tions in this section 

seek to decoup le the m otion of the sp in a xis from  the sp in itself. In doing so, a  shortha nd 
nota tion for two-dim ensiona l p a r a m eter iza tion of the for m er is convenient. The two-
dim ensiona l vector of tr a nsverse a ngula r  velocity com p onents is denoted a s [ ]Tω 21 ωω≡ .  
A nother two-dim ensiona l vector conta ins a ngles, which define the sp in a xis dir ection. The 
vector is introduced a s [ ]Tθ 21 θθ≡ , wher e the a ngles a r e collected from  the 312 θθθ −−  
Euler sequence. Fina lly, two-dim ensiona l (p la na r) counterclockwise rota tion is m echa nized 
via  the following op er a tor 








 −
≡
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αα

α
cossin
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}{R ,       (5) 

wher e α  is the a ngle of rota tion. 

A nother p a r a m eter is introduced: 

( ) MRω p








−
≡

21
π

σ
σ

ah
,       (6) 

which r ep r esents the influence of two-dim ensiona l vector of tr a nsverse torque com p onents, 
[ ]TM 21 MM≡ , on the tr a nsverse a ngula r  a cceler a tion ω& , wher e Ω≡ aa Ih  is the a xia l 

a ngula r  m om entum . 

The a ttitude m otion dur ing a ny given p ulse cycle is b roken into three p ha ses. The 
first p ha se p r ecedes the p ulse a nd the la st p ha se succeeds it. The ith p ulse cycle sta rts a t tim e 

1−it  with its p r e-p ulse p ha se nom ina lly running until 2/*1,*1 tttt ii ∆−+≡ −−  a nd p ost-p ulse 

p ha se nom ina lly sta rting a t ttt ii ∆+≡ − ,*1*, . The next p ulse sta rts a t Ttt ii +≡ −1 . The nom ina l 

m id-tim e of the p ulse, *t , is the sa m e within ea ch p ulse cycle. W ithout loss of gener a lity, the 
p ulse ca n b e p ositioned in the m iddle of ea ch cycle, 2/* Tt ≡ , thus, introducing convenient 
sym m etry into the p roblem . This is p ossible b eca use the sta rt tim e of the first p ulse ca n b e 
a lwa ys a djusted so tha t the p ulses initia te desir ed p r ecession. The funda m enta l idea  of the 
p rop osed m ethod consists of a dding sm a ll tim e a djustm ents, itδ , to ea ch p ulse, such tha t the 

a djustm ent sim ulta neously m oves ith p ulse sta rt tim e, iii ttt δδ +≡ −− ,*1,1 , a nd its stop  tim e, 

iii ttt δδ +≡ *,, , thus, p r eserving the p ulse dur a tion, t∆ . 

D ur ing ea ch p ha se, the a ngula r  velocity ca n b e integr a ted in closed-for m . The 
tr a nsverse torque only a ffects the tr a nsverse a ngula r  velocity com p onents, which a r e found a s 
follows:5-7  
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( ) 1iωR −−−= }{)( 1ittt λω , δ,11 −− ≤≤ ii ttt , )( ,1 δ−− ≡ itωω δ1,ι ,   (7) 

( ) ( ) ppδ1,i ωωωR +−−= −− }{)( ,1 δλ itttω , ii ttt ,,1 δδ ≤<− , )( ,itδωω ≡ιδ, , (8) 

( ) iδ,ωR }{)( ,ittt δλ −=ω , ii ttt ≤<,δ , )( itωω ≡ι .    (9) 

Their evolution sp a nning a ll thr ee p ha ses is a  p iecewise sm ooth function of tim e, which will 
b e further used to solve for a ttitude kinem a tics.  

A b ility to a p p roxim a te a ttitude m otion in closed-for m  dep ends gr ea tly on the choice 
of a ttitude p a r a m eter iza tion. Judicious selection of non-sym m etr ica l Euler a ngle sequence 
“p r ecession-devia tion-sp in” fa cilita tes develop m ent of the closed-for m  a ttitude solution 
dur ing the p r ecession m a neuver. W ithout loss of gener a lity, let the p r ecession b e defined 
a bout the r efer ence inertia l 2i  a xis a nd the devia tion b e defined a bout the p r ecessing (but not 
sp inning) 1a  a xis. This wa y the devia tion ca n b e inter p r eted a s the a ngle b etween the sp in 
a xis a nd the p r ecession p la ne. Fina lly, the sp in a ngle is defined a bout the body 3e  a xis, which 
is consistent with the selection of the a xia l a ngula r  velocity com p onent. This sequence of 
Euler a ngles is not only convenient geom etr ica lly, but a lso p er m its linea r iza tion of the 
a ttitude kinem a tics using only one sm a ll a ngle a ssum p tion.1,4 N a m ely, the devia tion is 
a ssum ed sm a ll, which is r ea sona b le a s the p rop osed m ethod seeks to m inim ize it. Thus, the 
linea r ized a ttitude kinem a tics b ecom e7 

)(}{)( ttt ωRθ Ω≈& , 11 <<θ .       (10) 

The r esulting a p p roxim a te Euler a ngle der iva tives a r e p iecewise integr a b le in closed-for m .   

)( itθθ i ≡  , )( 1−− ≡ itθθ 1i  
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This for m ula  a long with the for m ula  for the tr a nsverse a ngula r  velocity (Eqs.6-8) ca n b e 
r ewr itten a s functions of the a djustm ent, itδ , a nd in this for m  will r ep r esent a  single p ulse 
cycle sta te tr a nsition equa tion7 

( ) )( 2
ii tt δοδ +++= − pt01i0i ωBBxAx ,     (12) 

wher e the sta te is defined a s 
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B  a nd their exa ct for m  ca n b e found in Ref.7. S tr a ightforwa rd 
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r ep e a ted a p p lica tion of the single p ulse cycle tr a nsition r esults in the following N  p ulse cycle 
tr a nsition equa tion: 7  

)(
1

0

1

0
lkjN

N

j

N

j
ttt δδοδ +++= −

−

=

−

=
∑∑ pt

j
0p0

j
00

N
0N ωBAωBAxAx , Nlk ,...,2,1, = , (13) 

wher e 0x  is the initia l sta te. This tr a nsition equa tion r ela tes the initia l sta te with the sta te 
a fter N  p ulse cycles a nd serves a s the b a sis for the solution develop ed in Ref.7. Given the 
desir ed ta rget sta te a fter N  p ulse cycles, Nx̂ , the a djustm ent vector 

[ ]TNδt NNNN ttt δδδ ...21≡  is sought such tha t NN xx ˆ→ . The a p p roxim a te m inim um -
nor m  solution of Ref.7 is r eca lled b elow in the for m  r ep r esenting initia l iter a tion of a  
differ entia l cor r ector: 

NNN yΦδt += ,         (14 ) 

wher e )(ˆ)( 0δtxx0δtyy NNNN =−≡=≡  is the ta rget vector a nd NΦ
+  denotes a  p seudo-

inverse of the Ja cob ia n 

0δt

N
NN δt

x0δtΦΦ
=∂

∂
≡=≡ )( . The p seudo-inverse is com p uted using a  “thin” for m  of 

singula r  va lue decom p osition (S V D ), which p er m its inversion of r a nk-deficient m a tr ices.7,8 
The N  p ulse tr a nsition equa tion (Eq.(13)) a lso p rovides a na lytic for m ula e the sta te a fter N  
nom ina l p ulses7  

p0
j
00

N
0N ωBAxA0δtx ∑

−

=

+==
1

0

)(
N

j
.       (15) 

a nd for the Ja cob ia n eva lua ted with nom ina l p ulses7 

[ ]NN2N1NNΦ ϕϕϕ ...≡ ,       (16) 

wher e 

ptNN ωB≡ϕ ,         (17) 

N1m0mN A ,+≡ ϕϕ , 1,...,2,1 −= Nm .      (18)  

D IFFE RE N T IA L CO RRE CT O R 

 The m a in goa l of this study is to refine a na lytica l solutions develop ed ea r lier 7 using 
sever a l ta rgeting schem es. Refinem ent m a y b e needed b eca use of a p p roxim a tions used in the 
develop m ent of the a na lytica l solutions, e.g. linea r iza tion with r esp ect to the tim e 
a djustm ents itδ  a nd with r esp ect to the devia tion a ngle 1θ . In gener a l, these a p p roxim a tions 
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will ca use the a ctua l ta rget sta te not be r ea ched p r ecisely. However, for m ula tions of the 
p r evious section ca n b e str a ightforwa rdly p la ced within the differ entia l cor r ector fr a m ework. 
A  b a sic idea  of the differ entia l cor r ector is to p r e-m ultip ly ta rget vector by the Ja cob ia n 
inverse to up da te the desir ed a djustm ent vector. The ta rget vector a nd the Ja cob ia n a r e then 
r ecom p uted using the up da ted a djustm ent vector a nd the p rocedur e is r ep ea ted (Fig. 1). The 
p rocedur e is stop p ed if either the ta rget vector or the up da tes to the a djustm ent vector r ea ch 
sp ecified vicinity of zero. In a ddition, it ca n b e stop p ed if the num b er of iter a tions exceeds a  
p r e-im p osed lim it.  

 

 

 

 

 

 

 

 

 

 

Fig ure 1 G eneric D ifferential Corrector 

A  va r iety of im p lem enta tions for the differ entia l cor r ector ca n b e consider ed. They 
differ b a sed on the following cr iter ia : how the sta te is tr a nsitioned through the p r ecession 
m a neuver a nd how a s well a s how often the Ja cob ia n is up da ted.  

The sta te ca n b e tr a nsitioned either a na lytica lly using Eq.(13), sem i-a na lytica lly using 
a ngula r  velocity tr a nsition from  Eq.(13) with num er ica l integr a tion of kinem a tics or 
num er ica lly using integr a tion of both a ngula r  velocities a nd kinem a tics. W hile a na lytica l 
a p p roa ch is gener a lly the fa stest, its a ccur a cy suffers from  using kinem a tics linea r ized with 
r esp ect to the devia tion a ngle 1θ . The full num er ica l a p p roa ch is gener a lly the slowest of the 
thr ee, but is m ore a ccur a te then the a na lytica l a p p roa ch. A lso, unlike the a na lytica l or the 
sem i-a na lytica l a p p roa ches, the full num er ica l integr a tion p er m its a ccur a te sta te tr a nsition 
even for im p er fect nea r -a xisym m etr ic m odels. It is p ossible tha t even on-boa rd com p uters 
should b e a b le to run such num er ica l integr a tions fa ster tha n r ea l tim e, which is why this 
a p p roa ch wa s selected for this study.   

C om p uta tion of the Ja cob ia n ca n b e done a lso either a na lytica lly using Eqs.(16-18) or 
num er ica lly using p ertur b a tions a nd num er ica l differ encing. However, unlike the sta te 
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tr a nsition, the a na lytica l a p p roa ch a p p e a rs to be fa vor a b le for the Ja cob ia n com p uta tion. The 
r ea son is tha t, while the num er ica l a p p roa ch still r ep r esents a p p roxim a tion, it ca n b e a lso 
p rohib itively exp ensive com p uta tiona lly. Indeed, this a p p roa ch would r equir e p ertur b ing 
every tim e a djustm ent a t lea st once (or twice for centr a l differ encing) a nd num er ica lly 
tr a nsitioning sta te from  the cor r esponding p ulse cycle to the end of the m a neuver. A s the 
num b er of tim e a djustm ents equa ls to the num b er of p ulses, the num b er of num er ica l runs 
ca n b e quite la r ge (e.g. ~ 100 or a t lea st ~ 10s). Thus, com p uta tiona l cost of the a na lytica l 
a p p roa ch is gener a lly m uch sm a ller. A nother issue r ela ted to the com p uta tiona l efficiency of 
the differ entia l cor r ector is how often to re-com p ute the Ja cob ia n. Two lim iting ca ses a r e to 
never r e-com p ute the Ja cob ia n, i.e. to use the or igina l Ja cob ia n eva lua ted with no 
a djustm ents, a nd to re-com p ute it a s often a s the a djustm ent vector is up da ted. N ote tha t, in 
p r a ctice, la r ge a djustm ents a r e undesir a b le a s they m ea n tha t the a ngula r  m om entum  vector 
does not tr a vel a long the p r ecession a rc, which r educes the over a ll efficiency of p ulses. This 
m ea ns tha t only solutions with sm a ll tim e a djustm ents a r e p r a ctica l, for which the Ja cob ia n 
eva lua ted without tim e a djustm ents should b e a  good a p p roxim a tion of the a ctua l Ja cob ia n. 
In a ddition, the differ entia l cor r ector is typ ica lly toler a nt to im p er fections of the Ja cob ia n, 
p rovided tha t the ta rget vector is close to be linea r  with r esp ect to the tim e a djustm ents, 
which is the ca se. These a r gum ents p rom p ted the selection of the a na lytica l a p p roa ch for the 
Ja cob ia n com p uta tion in this study. A lso, this com p uta tion is done only once a nd is b a sed on 
the nom ina l p ulsing. 

A  p a rticula r  im p lem enta tion of the differ entia l cor r ector used in this study is 
dep icted in Figur e 2.  

 

 

 

 

 

 

 

 

 

Fig ure 2  Implemented  D ifferential Corrector 
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KIN E M A T ICS  CO RRE CT O R 

The differ entia l cor r ector descr ib ed in the p r evious section seeks to reduce the 
r esidua l nuta tion a nd the devia tion a ngle a fter p er for m ing N  p ulses in the course of the 
p r ecession m a neuver. The cor r ector p roduces the a djustm ent vector tha t conta ins sta rt tim e 
a djustm ents for ea ch p ulse. In the sp ecia l ca se, when the m a neuver is initia ted from  the p ur e 
sp in, it is p ossible to com p ute one a dditiona l cor r ection, which ca n com p letely ca ncel the 
devia tion a ngle p rovided tha t the a xisym m etr ic m odel is a ccur a te. This cor r ection is b a sed on 
using dihedr a l a ngle m e a sur ed b etween the fina l or ienta tion of the sp in a xis a nd the desir ed 
p r ecession p la ne a bout the initia l sp in a xis dir ection. S ta rting the p r ecession m a neuver in the 
desir ed p la ne, i.e. 010 ≡θ , a nd from  p ur e sp in, i.e. 02010 ≡≡ ωω , m ea ns tha t the over a ll sta rt 
tim e of the m a neuver ca n b e a djusted without a ffecting its nuta tion ca ncella tion p rop erties. 
C ha nging the over a ll sta rt tim e will effectively m ea n rota ting the entir e m a neuver tr a jectory 
a bout the initia l sp in a xis dir ection. Given the dihedr a l a ngle a nd the sp in r a te it is p ossible to 
com p ute the tim e cor r ection tha t should p la ce the fina l sta te exa ctly on the p r ecession p la ne, 
thus, reducing the fina l devia tion a ngle to zero (Fig.3). 

 

 

 

 

 

 

 

 

 

Fig ure 3 Kinematics Corrector 

 S p her ica l geom etry b a sed on Figur e 3 yields the following for m ula :  
 

)sin/(tantan 21
1 δθθδϕ N

−≡ ,        (19) 
 

wher e 2022 θθδθ −≡ N . The a dditiona l tim e a djustm ent 0/ Ω=′′ δϕδt  a p p lied to every p ulse 
will ca use the desir ed rota tion of the entir e m a neuver tr a jectory (Fig.4 ). This technique ca n 
b e used with a ny differ entia l cor r ector a p p roa ch. 
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Fig ure 4 O pen-Loop Pred ictor-Corrector 

 

CLO S E D -LO O P S O LVE R 

A ll com p uta tions em p loyed in the p r evious sections rely on a n a  p r ior i infor m a tion, 
i.e. no m ea sur em ents of the sta te dur ing the m a neuver a r e used. This m ea ns tha t a ny 
m odeling er rors in the sta te tr a nsition a r e not cor r ected a nd ca n dir ectly a ffect the m a neuver 
a ccur a cy. If m ea sur em ents of the sta te a r e a va ila b le dur ing the m a neuver, a  concep tua lly 
sim p le wa y to incorp or a te them  is to re-solve the entir e ta rgeting p roblem  a fter every p ulse 
cycle. This closed-loop  solver will p roduce a  new a djustm ent vector a fter every p ulse. O ut of 
this vector only the first (the up com ing) a djustm ent will b e a p p lied a nd the p rocess is 
r ep ea ted a fter the p ulse cycle is com p leted. It is likely tha t, a s the num b er of r em a ining p ulses 
b ecom es sm a ller towa rds the end of the m a neuver, r e-solving the p roblem  m a y p roduce 
a djustm ents tha t a r e too la rge. In order to p r event this b eha vior, the closed-loop  solver m a y 
b e switched to a n op en-loop  solver som e num b er of p ulses b efore the end of the m a neuver 
(Fig.5). 
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Fig ure 5  Closed -Loop S olver 

PA RA M E T RIC S T U D IE S  

A ll studies p r esented in this p a p er use the following sp ecifica tion: p r ecession 
m a neuver a r c of 20 deg; a xia l m om ent of inertia , 1=aI ; sp in r a te, 120=Ω  deg/s; p ulse 
dur a tion t∆  such tha t 5=Ω∆t  deg; sp a cecr a ft is initia lly in p ur e sp in. A  num b er of 
obla teness p a r a m eter va lues a r e consider ed, which cover the interva l from  0.5 to 2.0. A lso the 
num b er of p ulses va r ies from  4  to 100. C losed-loop  solver is exa m ined for a  nea r -
a xisym m etr ic sp a cecr a ft with a ctua l tr a nsverse m om ents of inertia  differ ent by 5 %  from  the 
ones used in the solver, i.e. the a ctua l inertia  m om ents a r e tI05.1 , tI95.0  a nd aI . This study 
is done for a  50 p ulse m a neuver with the switch from  closed- to op en-loop  occur r ing a fter 4 0 
p ulses. O ver a ll p er for m a nce in every ca se a gr ees with the one seen in Ref.7, however, it 
should b e noted tha t the differ entia l cor r ector is gener a lly m or e successful a t r educing 
r esidua l nuta tion a nd devia tion a ngles for a  wider r a nge of obla teness p a r a m eters esp ecia lly 
for r ela tively sm a ll num b er of p ulses. Exa m ina tion of the closed-loop  solver for a  set of thr ee 
obla teness p a r a m eter va lues shows tha t it ca n im p rove p r ecession a ccur a cy even in the 
p r esence of m a ss p rop erty im p er fections. However, a t lea st in one ca se, devia tion a ngle 
a ctua lly incr ea sed a fter a p p lica tion of the closed-loop  a djustm ents. This indica tes tha t a  m or e 
deta iled study m ust be done to eva lua te p er for m a nce of the closed-loop  solver. 
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Fig ure 6 Resid ual N utation with  N ominal Pulses, d eg  

 
Fig ure 7 Resid ual N utation with  A d justed  Pulses, d eg  
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Fig ure 8  Resid ual N utation with  A d justed  Pulses (D etails), d eg  

 
 

 
Fig ure 9 Resid ual N utation with  D iff. Corrector A d justed  Pulses (D etails), d eg  
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Fig ure 10 Resid ual D eviation with  N ominal Pulses, d eg  

 
Fig ure 11 Resid ual D eviation with  A d justed  Pulses, d eg  
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Fig ure 12  Resid ual D eviation with  A d justed  Pulses (D etails), d eg  

 
Fig ure 13 Resid ual D eviation with  D iff. Corrector A d justed  Pulses (D etails), d eg  
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Fig ure 14 Resid ual A ng le E rror with  N ominal Pulses, d eg  

 

 
Fig ure 15 Resid ual A ng le E rror with  D iff. Corrector A d justed  Pulses, d eg  
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Fig ure 16 M ax Resid ual A ng le E rror with  N ominal Pulses (D etails), d eg  

 
Fig ure 17 M ax Resid ual A ng le E rror with  D iff. Corrector A d justed  Pulses (D etails), d eg  
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Fig ure 18  N umber of D ifferential Corrector Iterations, d eg  

 
Fig ure 19 T h rust Impulse S aved , %  
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Fig ure 2 0 T h rust Impulse S aved  (D etails), %  

 
T A B LE  1. CLO S E D -LO O P S O LVE R PE RFO RM A N CE  IN  T H E  PRE S E N CE  O F M A S S  PRO PE RT Y  
IM PE RFE CT IO N S  

 
O bla teness 
Pa r a m eter 

Residua l N uta tion A ngle, deg 
N om ina l         A djusted 

Residua l D evia tion A ngle, deg 
N om ina l          A djusted 

0.8 0.6824               0.3299 0.5013              0.8001 
1.2 0.4 796              0.1686 0.4 790              0.1705 
1.7 0.0670              0.0390 0.0978              0.0179 

 

CO N CLU S IO N S  

Exa m ina tion of sever a l ta rgeting a p p roa ches to p r ecession m a neuver with 
sim ulta neous a ctive nuta tion control dem onstr a ted their usefulness a nd efficiency. The 
a p p roa ches gener a lly im p rove a ccur a cy a nd ha ve the p otentia l for r educing a m ount of fuel 
tha t would otherwise b e needed for p ost-m a neuver a ctive nuta tion control. In p a rticula r, the 
differ entia l cor r ector with num er ica lly integr a ted sta te a nd a na lytic Ja cob ia n exhib its robust 
beha vior a t the lowest com p uta tiona l cost. A dditiona l kinem a tics cor r ection ca n b e a p p lied in 
som e ca ses in order to further r educe r esidua l devia tion from  the desir ed p r ecession p la ne. 
Fina lly, closed-loop  solver is p rop osed, initia l study of which indica tes its usefulness a nd 
robustness with r esp ect to m a ss p rop erty im p er fections. However, m ore investiga tion is 
needed to fully eva lua te this a p p roa ch for a  wider r a nge of m odels a nd initia l conditions.   
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