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Abstract— I n th is p ap er we p res en t t h e ap p lic ation of th e
N on lin ear M od el b as ed P red ic t ive C on trol to th e m otion c on trol
of an u n d erac t u ated b rac h iation rob ot. T h e rob ot h as 3 lin k s an d
on ly on e join t , t h e s ec on d on e, is ac t u ated . T h e aim of th is work
is to d evelop a c on trol in p u t s eq u en c e th at m oves c on t in u ou s ly
forward th e rob ot over an h oriz on tal lin e. We in ves t ig ate th e
u s e of M P C to c on trol t h e u n d erac t u ated b rac h iation rob ot
d u e to it s ad van tag es , m ain ly t h e c on s tru c t ion of an op t im al
s tab iliz in g c on trol law an d d u e to it s ab ilit y to c on s id er in a
d irec t way th e c on s train t s in to th e op t im iz ation p rob lem . We
p res en t c om p u tation al s im u lation s with t h eir res p ec t ives res u lt s
an d we h ig h lig h t s om e im p ortan t c on s id eration s .

I. INTRODUCTION

O ver the p ast two d ecad es a n ew ty p e of mobile robot,

called Brachiation Robot, has been stu d ied an d d evelop ed .

F irst p rop osed by [ 1 ] , the fu ll-actu ated robot has six lin k s

an d imitates the movemen t of an ap e swin gin g from bran ch

to bran ch. T his n ew ty p e of mobile robot effectively u sed the

gravity for swin gin g, in stead of ju st comp en sate for it. In the

seq u el a simp ler two lin k brachiation robot was p rop osed in [ 2 ]

an d it was d esign ed as an u n d eractu ated sy stem, i. e., a sy stem

with fewer con trol in p u ts than d egrees of freed om. T he con trol

of u n d eractu ated mechan ical sy stems is a research top ic that

for some y ears has been in vogu e in the literatu re [3 ] – [ 8 ] .

In [ 9 ] the feed back con trol also con sid ered the d irection of

the arm to the target. Differen t con trol strategies has been

d evelop ed for con trollin g the brachiation robot [1 0 ] , [ 1 1 ] .

In this work we p rop ose the ap p lication of a brachiation

robot in the in sp ection of p ower tran smission lin es, su bsti-

tu tin g the hu man p resen ce in su ch haz ard ou z task . S imilar

work , with d ifferen t solu tion s, are d escribed in [ 1 1 ] – [ 1 5 ] . T he

main ad van tage of the robot p rop osed in this p ap er is its

cap ability to overcome obstacles on the su p p ortin g lin e d u e

to its locomotion str u ctu re.

T he con trol architectu re p resen ted in this work ap p lies the

N MP C scheme to an u n d eractu ated brachiation mobile robot,

with three-lin k s: two arms an d a bod y . T he N MP C scheme

is ad op ted becau se it can d eal with con strain ts on in p u ts

an d state an d gen erates an imp licit op timal con trol law [1 6 ] .

If on e is in terested in d ifferen t ap p lication s of su ch con trol

scheme, see [1 7 ] , [ 1 8 ] . A lso, ou r ap p roach d oes n ot su p p ose

the ex isten ce of a referen ce trajectory , bu t it con sid ers that

the robot mu st achieve the horiz on tal lin e, in a p osition as
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far as p ossible. F u r thermore, bearin g in min d the id ea of

tak e ad van tage of gravity forces to move the robot, it can

be su p p osed that the op timal con trol wou ld be on e that mak es

effective u se of su ch forces. H en ce, the N P MC wou ld gen erate

a con trol that ex p loit the gravity forces.

T his p ap er is organ iz ed as follows. In section II is d evelop ed

the d y n amic mod el of the brachiation robot an d in section III

the n on lin ear mod el-based p red ictive con trol scheme is p re-

sen ted . In the seq u el (section s IV e V ) the con trol scheme

p rop osed is ex p lain ed an d some resu lts of simu lation are

p resen ted . Discu ssion con cern in g the resu lts an d the con trol

scheme u sed an d some con clu sion s are given in section V I.

II. UNDERACTUATED BRACHIATION ROBOT DYNAMICS

T he referen ce an d coord in ates sy stems of the robot is shown

in fi gu re 1 . C on sid erin g the brachiation robot as a robotic

man ip u lator, its d y n amics can be given , in a matricial form,

as:

D(θ)θ̈(t) + H(θ, θ̇) + G(θ) = τ − Fv ( 1 )

O n ce we have an u n d eractu ated n on lin ear sy stem, it is su itable

to d efi n e u su ch that τ , Pu, with P = [0 1 0 ]T .

T hu s, the d y n amics of the robot, d efi n ed in ( 1 ) , can be

d escribed in a gen eral state sp ace form as:

q̇ = f(q, u) ( 2 )9851-4244-0681-1/06/$20.00 '2006 IEEE
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Fig. 2 . NM P C s c h e m e p r o p o s e d in th is wo rk .

where q = [θ θ̇]T is the s tate vec tor, u is the in p u t of the

s y s tem an d

f(q, u) =

[

θ̇

D−1(θ)(Pu − Fv − H(θ, θ̇) − G(θ))

]

(3 )

T he d etailed d evelop m en t of the d y n am ic s eq u ation s for the

brac hiation robot p res en ted in this work c an be s een in [ 1 9 ] .

III. MODEL PREDICTIVE CONTROL

Mod el p red ic tive c on trol is an op tim al c on trol s trateg y that

u s es the m od el of the s y s tem to obtain an op tim al c on trol

s eq u en c e by m in im iz in g an objec tive fu n c tion an d ac c ord in g

to [1 6 ] there are d ifferen t im p lem en tation s , bu t all with the

s am e g lobal s tru c tu re. A t eac h s am p lin g in terval, the m od el is

u s ed to p red ic t the behavior of the s y s tem over a p red ic tion

horiz on . B as ed on thes e p red ic tion s , an objec tive fu n c tion is

m in im iz ed with res p ec t to the fu tu re s eq u en c e of in p u ts , thu s

req u irin g the s olu tion of a c on s train ed op tim iz ation p roblem

for eac h s am p lin g in terval.

A lthou g h p red ic tion an d op tim iz ation are p erform ed over a

fu tu re horiz on , on ly the valu es of the in p u ts for the c u rren t

s am p lin g in terval are u s ed an d the s am e p roc ed u re is rep eated

at the n ex t s am p lin g tim e (mov in g h or iz on ) .

In this s ec tion we p res en t the eq u ation s of the n on lin ear

m od el p red ic tive c on trol (N MPC) an d then the ap p lic ation to

the c on trol of an u n d erac tu ated brac hiation m obile robot.

A . N M P C P rob le m For mu la tion

T he bas ic elem en ts p res en t in all m od el-bas ed p red ic tive

c on troller are: p red ic tion m od el, objec tive fu n c tion an d op ti-

m iz ation p roc ed u re. T he p red ic tion m od el is the c en tral p art of

the MPC, bec au s e it is im p ortan t to p red ic t the fu tu re ou tp u ts

of the s y s tem . In this s c hem e, the s tate s p ac e m od el is u s ed as

p red ic tion m od el, bu t in d ifferen t MPC s c hem es , other m od els

c ou ld be u s ed [ 2 0 ] . T he objec tive fu n c tion d efi n es the c riteria

to be op tim iz ed in ord er to forc e the g en eration of a c on trol

s eq u en c e that d rives the s y s tem as d es ired .

In the followin g we will d evelop the the N MPC s c hem e

p rop os ed in this work , rep res en ted by the bloc k d iag ram in

fi g u re 2 . Con s id er a g en eral n on lin ear m od el, ex p res s ed as :

ẋ(t) = f(x(t), u(t)) (4 )

where x(t) is the s tate vec tor an d u(t) is the c on trol in p u t

vec tor. T he n on lin ear m od el, n ow d es c ribed in d is c rete tim e,

is g iven by :

x(k + 1) = f(x(k), u(k)) (5 )

T he objec tive fu n c tion to be m in im iz ed as s u m es , in g en eral,

the followin g form :

Φ(t) =
N

∑

j= 1

xT (k + j|k)Qx(k + j|k)

+
N

∑

j= 1

uT (k + j − 1|k)Ru(k + j − 1|k) (6 )

where N is the p red ic tion an d c on trol horiz on an d Q ≥ 0 an d

R ≥ 0 are weig htin g m atric es that p en aliz e the s tate error an d

the c on trol effort, res p ec tively .

Con s id erin g the fac t that every real s y s tem is in p rac tic e

s u bjec ted to s om e c on s train t (for ex am p le p hy s ic al lim its ) , we

d efi n e the followin g g en eral c on s train t ex p res s ion s :

x(k + j|k) ∈ X , j ∈ [1, N ]

u(k + j|k) ∈ U , j ∈ [0, N ]

where X is the s et of all p os s ible valu es for x an d U is the s et

for all p os s ible valu es for u. B y s u p p os in g that s u c h c on s train ts

are lin ear with res p ec t to x an d u, we c an write:

Cx(k + j|k) ≤ c , j ∈ [1, N ] (7 )

Du(k + j|k) ≤ d , j ∈ [0, N ] (8 )

T hu s , the op tim iz ation p roblem , to be s olved at eac h s am p le

tim e k, is to fi n d a c on trol s eq u en c e u? an d a s tate s eq u en c e x?

s u c h that m in im iz e the objec tive fu n c tion Φ(k) u n d er im p os ed

c on s train ts , that is :

u∗, x∗ = a r g m in
u ,x

{Φ(k)} (9 )

s u bjec ted to:

x(k|k) = x0 (1 0 )

x(k + j|k) = f(x(k + j − 1|k), u(k + j − 1|k)),

j ∈ [1, N ] (1 1 )

Cx(k + j|k) ≤ c , j ∈ [1, N ] (1 2 )

Du(k + j|k) ≤ d , j ∈ [0, N ] (1 3 )

where x0 is the valu e of x in in s tan t k.

T he p roblem of m in im iz in g (9 ) is s olved for eac h s am p lin g

tim e, res u ltin g in the op tim al c on trol s eq u en c e:

u∗ = {u∗(k|k), u∗(k + 1|k), . . . , u∗(k + N |k)} (1 4 )

an d the op tim al s tate s eq u en c e is g iven by :

x∗ = {x∗(k + 1|k), . . . , x∗(k + N |k)} (1 5 )

with an op tim al c os t Φ∗(k). T hu s , the c on trol law d efi n ed

by N MPC is im p lic itly g iven by the fi rs t term of the op tim al

c on trol s eq u en c e:

h(δ) = u∗(k|k) (1 6 )

where h(δ) is c on tin u ou s d u rin g the s am p lin g in terval T .

H en c e, from the above, the c los ed - loop s y s tem read s :

ẋ(δ) = f(x(δ), h(δ)) (1 7 )
986



IV. BRACHIATION MOBILE ROBOT CONTROL

A c c ord in g to th e eq u ation s of th e N MP C, it is n ec es s ary to

d es c r ibe th e d yn am ic s of th e s ys tem in d is c rete tim e. T h u s ,

th e s ys tem given by (2 ) c an be d is c retiz ed u s in g E u ler m eth od

an d on e c an rewrite:

q(k + 1) = q(k) + Tf(k) + Tg(k)u(k) (1 8 )

wh ere T is th e s am p lin g in terval.

T h e objec tive fu n c tion tak es in to ac c ou n t th e c artes ian

p os ition of th e en d -effec tor of th e robot, in s tead of c on s id er in g

d irec tly th e join t c oord in ates , bec au s e th e robot m u s t reac h

th e s u p p ortin g lin e (y = 0) , in d ep en d en tly of th e join t

c on fi gu ration . It is im p ortan t to h igh ligh t th e fac t th e robot

is n ot fu lly ac tu ated . T h u s , th e objec tive fu n c tion is given by:

Φ (t) =
N

∑

j=1

XT (k + j|k)QX(k + j|k)

+
N

∑

j=1

uT (k + j − 1|k)Ru(k + j − 1|k) (1 9)

wh ere X = [x y]T is th e c artes ian c oord in ates vec tor, Q is a

2 × 2 m atr ix an d R is a real s c alar.

T h e N MP C d eals with th e s ys tem c on s train ts as d es c r ibed

by eq u ation s (7 ) an d (8 )

D =

[

1
−1

]

, d =

[

τm a x

τm a x

]

(2 0 )

with τm a x = 3 0Nm an d

C =

[

I

−I

]

, c =

[

θm a x

θm a x

]

(2 1 )

wh ere θm a x = 4π
3

is th e m ax im u m an gu lar d is p lac em en t of

eac h join t

V. SIMULATION RESULTS

In th is p ap er we p res en t two d ifferen t c om p u tation al s im u -

lation s im p lem en ted u s in g th e s oftware Matlab c©. For both

s im u lation s th e gain s are Q = dia g(3 0), R = 0.15 an d

h oriz on N = 4. For th e fi r s t s im u lation th e an gu lar p os ition s

are θ1 = −3π
4

, θ2 = −π
2

an d θ3 = π
4

an d in th e s ec on d

s im u lation th e robot is p os ed in a s tretc h ed p os ition , with

th e two u p p er arm s in th e h oriz on tal lin e, c orres p on d in g to

th e an gu lar p os ition s θ1 = −π, θ2 = 0 an d θ3 = π
2

. O n e

c an obs erve in fi gu re 3 th at arou n d tim e t = 15 s th ere is a

d is c on tin u ity in th e an gu lar c oord in ates , wh ic h oc c u r s d u e to

th e s witc h in g of th e arm s . A t th e ex ac t m om en t th at th e en d

effec tor reac h es th e h oriz on tal lin e y = 0 c los es th e grip p er.

By c h an gin g th e fi x ed h an d of th e robot, it is n ec es s ary to

reas s ign th e variable join ts . Fu r th er m ore, it is im p ortan t to s ee

in fi gu re 5 th at wh en th e arm s witc h h ap p en s , th e an gu lar

veloc ities of join ts 1 an d 2 are z ero (both h an d s are in c on tac t

with th e h oriz on tal lin e) an d th e las t join t m ain tain s th e s am e

an gu lar veloc ity.

O n c e again , in fi gu re 6 it is p os s ible to obs erve a d is c on -

tin u ity d u e to th e arm s witc h in g. T h e valu es of th e objec tive
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fu n c tion are p lotted in fi gu re 7 . T h e arm s witc h in gs oc c u r

ex ac tly at th e m in im a valu es of th e objec tive fu n c tion .

D ifferen tly of th e fi r s t s im u lation , th e robot m u s t s win g

to ac q u ire s u ffi c ien t en ergy to ac h ieve th e h oriz on tal lin e, as

p res en ted in fi gu re 8 . Figu re 9 s h ows th e objec tive fu n c tion .

In a fi r s t look at th is fi gu re, on e c ou ld as k wh y th e s witc h in g

d id n ot oc c u r in th e m in im al c os t valu e. Bu t after a d etailed

an alys is it is p os s ible to verify th e m in im al p oin t oc c u r s wh en

th e en d effec tor c ros s es th e h oriz on tal lin e, bu t n ot in an

ad van c ed p os ition (th e ax is p os ition is s till beh in d th e fi x ed

h an d ) . If th e en d effec tor h old s th e h oriz on tal lin e at th is

m om en t an d releas es th e fi x ed h an d , it wou ld m ove bac k ward

an d n ot forward , wh ic h is n ot th e d es ired m otion .

VI. CONCLUSION AND FUTURE WORK

T h e fac t th e objec tive fu n c tion to be m in im iz ed in th e op ti-

m iz ation p roc es s is d es c r ibed in ter m s of th e c artes ian p os ition

of th e en d effec tor of th e robot lead s on e to c on s id er th e

d yn am ic s of th e robot d es c r ibed by th e c artes ian c oord in ates

of th e robot. So, we in ten d to d evelop th e d yn am ic m od el in

c ar tes ian c oord in ates to an alyz e th e res u lts of th e s im u lation .

Moreover, in th e s eq u el of th is work we will s tu d y th e overall

s tability bas ed on th e Lyap u n ov th eory (p os s ibly u s in g th e987
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contractive M P C ) .

In th e continu ation of th is work we will analy z e th e tim e

req u irem ents of th is control s ch em e, im p lem enting th e alg o-

rith m s tak ing into acou nt th e real tim e res trictions and th e

am ou nt of com p u tational effort req u ired b y th e overall s ch em e.
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