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Abstract. This paper addresses the modeling of a planar parallel robot including electric motors.
The dynamic model of the system is derived by applying the substructure method and Lagrangian
equations with multipliers in the form of redundant generalized coordinates. These equations are then
transformed to the form of minimal coordinates of operational variables. Based on this form, a sliding
mode controller (SMC) is designed for trajectory tracking in a task space. Numerical simulations in
MATLAB are carried out based on the 3RRR parallel robot in order to show the effectiveness of the
proposal approach. The obtained results show a good behavior of the proposed task space tracking
controller.
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1. INTRODUCTION

Nowadays, parallel robotic manipulators are used widely in industrial applications due
to their advantages such as high stiffness, accuracy, and light links. This kind of robots has
attracted numerous researchers. Many of them deal with the modeling of parallel manipu-
lators [4, 8]. In many work such as [1, 2] the parallel manipulators are modeled by a closed
loop rigid multibody system driven directly by torques/forces. To establish the dynamic
equations of a parallel robot, there are some approaches proposed in literature including
Lagrangian formulation with multipliers, Newton-Euler equations, the principle of virtual
work, the Jourdain principle, and Kane equation such as in [2, 3, 6-8, 13, 14]. In general,
manipulators are driven by electric motors with gear transmission, therefore the dynamic
of actuators should be considered. The modeling of electromechanical systems of a parallel
robotic manipulator has been examined by only some researchers [19-21].

Besides modeling, the control design of parallel manipulators is also an important prob-
lem. Similarly to serial manipulators, many control laws such as PD plus gravity compensa-
tion, exact feedback linearization, sliding mode, adaptive, fuzzy and neural network are also
exploited to design controllers for parallel manipulators. Several authors have designed con-
trollers for the robot in active joint coordinates [9-11, 17, 18]. This design method required
solving the inverse kinematic problem.

In this study, the substructure method is applied in the modeling of a parallel manip-
ulator driven by electric motors. The whole system is divided into three parts: actuators,
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massless gear transmissions, and manipulator as a closed loop multiboby system. The dy-
namic equations of electric actuators are derived, mainly based on the angular momentum
law combined with Kirchoff’s laws. The equation describing a massless gear transmission is
obtained by the power balance at the input and output of the gearbox. For the closed loop
multiboby system, the redundant generalized coordinates and the Lagrangian formulation
with multipliers are used to establish the equations of motion [1, 2, 4]. Being combined with
the constraint equations, the dynamic model of a parallel robot is presented in a form of
differential-algebraic equations (DAEs). The obtained equations are then simplified with the
assumption that an electric time constant is much smaller than a mechanical time constant.
Moreover, to design the controller for the robot the simplified equations in a DAEs form are
then converted into the form of minimal coordinates of operational variables.

The rest of this paper is organized as follows: Section 2 presents a dynamical modeling
of parallel manipulator actuated by electric motors and the transformation of the differential
equations into the minimal form in space of operational coordinates. The controller design
in task space is described in Section 3. Some numerical simulations are shown in Section 4.
Finally, the conclusion is given in Section 5.

2. DYNAMICAL MODEL

2.1. Equations of motion of a parallel robot driven by electric motors

Let us consider the parallel robot having n degrees of freedom driven by n electric motors
as shown in Fig. 1. For governing the equations of motion, the symbols and notations in
Table 1 will be used.

Figure 1. Model of an electric motor with gearbox and a 3RRR parallel robot

The system dynamic model is derived by applying Lagrangian equation with multipli-
ers and the substructure method. The three mentioned substructures are described by the
following equations: Dynamics of actuators is described by the mechanical and electric equa-
tions as [15, 16].
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Table 1. The generalized coordinates and parameters of the system

Order Notations Name
0 =1[01,02,....0,]" = qq Active joint variables
2 B = [B1, B2, ..., Bi|* Auxiliary variables (unactuated joint)
3 x = |1, T2, ..., Tp) Position of moving platform
4 p=[8", 2" Combination of auxiliary and moving plat-
form variables
5 q=1[0",8" 27" Redundant coordinates
6 A=A, A, AT Lagrangian multipliers
7 r=7;=0pm,/0; Gear reduction ratio
8 0 = [0m1,0m2; oy Orn ] Angle of the motor shaft
9 To = [T21,T2,2, Ton)T Torque/force at the output of transmission
10 T1=[T11,T1.2y 0, T10) T Torque/force at the input of transmission
11 To = [70.1,70.25 -+, To.n) Torque/force of the motor
12 I = diag(Jm.1, Jm,25 s Jmon) Moment of inertia of rotors
13 L, =diag(Ls1,Laz2, - Lan) Motor coil inductances
14 R, = diag(R,,1, Ra2,...; Ra.n) Motor coil resistances
15 K. =diag(Ke1,Ke2,...; Ke ) Back-emf constants
16 K,, = diag(Km 1, K 2, ..., Kmn) | Torque constants
17 u=[Uy,Us,...,U,]T Motor input voltages
18 i = [i1,42, ... in]T Current in motors
19 D, = diag(by, bs, ..., by,) Viscous friction coefficients of motor shafts
Jmém—f—Dmém:To—Tl. (1)
La%JrRai:u—ue. (2)

The mechanical and electric interaction in DC motors is shown by the relationship be-
tween current and motor torque; between motor speed and EMFE’s voltages as follows

To = sz; Ue = Keém- (3)
For the gear transmission, by neglecting the mass and power loss, the constraint equations
are written as follows

rg, = r0 = ém, (4)

Ty =1T1. (5)

For a closed loop multibody system the redundant generalized coordinate will be used
and the dynamic equation is described in form of DAEs as follows

M(q)i+ C(q.q)q+g(q) + DG+ ®"(q)A = Brs, (6)
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#(q) =0, (7)

where M (q) is the mass matrix; g(q) the potential generalized force vector; Dgq is the vector
of generalized forces of non-conservative forces (linear damping force); ¢(q) = 0 is the vector
of constraint equations; ®(g) = d¢/dq is the Jacobian matrix; B = [Epxp, 0}, , |7 is the
matrix related to the control input arrangement; the coriolis and centrifugal matrix C(q, q)
can be determined from the mass matrix by using the Christoffel formula [2].

Normally, the electric time constant is much smaller than mechanical time constant, so
the approximation L,di/dt ~ 0 when t > ¢ > 0 can be used to simplify the system of
differential equations describing the system. After some calculations one gets

(M(q)+ BJ,r*Z) i+ C(q,d)d +9(q) ()
+(D+B(Dp+ KnR,'K.)r*Z) ¢ = BK, R, 'ru+ ®](q)A

in which the matrix Z = [E,,xn, On,m—n] has been used. By defining the following matrices

By(q) = (M(q)+ BJ.*Z), Cs(q.q)=C(q,q)
D, = (D+B(Dy+KnR;'K.)r?Z)
gs(q) = g(q)a Bs:BKnglr

the equation (8) is rewritten in a compact form as

M(q)§+ Cs(q,4)d + Do + g,(q) = Bo(q)u + BT\ (9)

Noting that BJ,,7?Z is a constant matrix, so the Coriolis matrices C,(q, §) or C(q, q)
calculating from mass matrices M¢(q) or M(q) are the same, and the skew-symmetric
property of matrix IN = Ms(q) —2C;(q, qg) is remained.

Thus, the dynamic model of a planar parallel robot driven by electric motors is described
by a set of differential algebraic equations (9) and (7). These equations show the dynamic
relationship between input (voltage w) and output (motion g(¢) including the motion of
moving platform x(¢)). These will be used for the inverse and forward dynamic problems of
parallel robots.

2.2. Equations of motion in a minimal coordinate form in a task space

The equations of motion in a redundant generalized coordinates form are convenient for
deriving it as well as simulation. To design a controller in a task space, the equations need
to be transformed to minimal coordinates form of operational variable & with a number of
equations equal to the degrees of freedom. By differentiating (7) with respect to time (w.r.t.)
one gets

®,(q)g=J,9+J.&=0, with y=1[07, 37" (10)

Assuming that Jacobian matrix Jy(q) = 0¢/0y is regular. From (10), after some calcu-
lations one gets
=R, (11)

Here matrix R;(q) € R™*" is defined by

R, = [ _Ji;‘]x ] : (12)



SLIDING MODE CONTROL FOR A PLANAR PARALLEL ROBOT... 329
By differentiating (12) w.r.t. time one gets
4= R,%+ R,%. (13)
Noting that matrix R, (q) defined by (12) satisfies the following formula
®,R, =0 or R.®] =0 (14)
To eliminate multipliers A in equation (9) one premultiplies it from link with RZ;

RT [M(q)d + C;(q.9)d + Dsg + g,(q)] + RZ®I ()X = R B,u. (15)

In order to get the equation of motion in minimal coordinates, substituting q, § defined
from (11) and (13) into (15), one obtains

M, (x)& + Cy(x,&)& + Dy + g, () = RIBou =: T, (16)

where

Mﬂc(w) = Rng(Q)Rx, Cx(wa IE) = Rg(cs((b Q)Rx + MS(Q)Rm)a
D,(x) = R]D,R,, g,(z)=R.g,(q).

In equation (16) the following properties are still guaranteed: M ,(x) is a symmetric and
positive definite matrix and N, = [My(x) — 2C,(x, )] skew-symmetric matrix [5]. These
properties are important for control design in the next section.

3. DESIGN OF A SLIDING MODE CONTROLLER IN A TASK SPACE

The objective of the control problem is to find the law of the motor voltage so that the
motion of the mobile platform tracks the given trajectory defined by x4(t). The basis for
the design of controller in a task space is the equation (16). To design a controller based on
sliding mode, the sliding surface is chosen as follows

s =é,(t) + Aey(t), A =diag([\1, Ae,...\n]) >0, (17)
with the tracking error e, (t) = x(t) — x4(t). Defining
& = &q(t) — Aey(t), s=a& — &, § =& — &,. (18)
To find a control law, a Lyapunov candidate function is chosen as

V= %STMm(l')S. (19)

Differentiating this function w.r.t. time, one gets

. 1 .

V=s"M,(x)s+ §STM3¢($)S. (20)
From (16), (18) and the skew-symmetric property of M, — 2C,, ones obtains

V =sT[r, — Colx, &), — Dy()dk — g, (x) — M,(x)&,]. (21)
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The formula (21) suggests to choose a control law as
To = My(2)#, + Co(@, &), + Do()dy + §,(x) — Kpgs — K, sgn(s) (22)

where M, (z), C,(z, &), D.(x), §,(x) are the estimators of M ,(x), Cy(x, &), D.(x), g,(x),
sgn(s) = [sgn(s1), sgn(sa), ...,sgn(sy) |7, Kpq and K, are the symmetric positive definite
matrices, Kpq = K;}Fd >0, K=K CSF > 0. For simplicity, these two matrices are selected to
be in diagonal form as

K, = diag{kyy, k2, ... kni}, Ko =diag{kl', k2, ..., kI"}.
Substituting control law (22) into (16) one gets

M, (x)(& — &) + Cyp(x, ) (& — &) + Dyp(& — &) =

~ . = .\ . ~ . ~ 23
— Kpgs — Kgsgn(s) + M, (x)&, + Cy(x, )&, + Dy@y + §,(q) (23)
or
M, (x)$+ Cyp(x,)s + Dys = —K,qs — Kgsgn(s) + dy(x, &, &, &), (24)
where system uncertainties are
M, (z) = M,(z) - M,(2), Cy(z,2) = [Cy(w, &) — Cua, &),
D,=D,—-D,, §.(q) = §.(q) — gx(q%
d = M,(2)i, + Cy(z, &)Z, + Dy + §,(q)-
From (24) it leads to

Substituting (25) into (20) one obtains
sTM,(x)s + %STMI(QZ)S

D, + Kpi)s — sT(Kssgn(s) — dy) + %ST[MI(x) —2C(xz, )]s (26)
(D d;).

Assuming that the system uncertainties are bounded, it means |d| < dp, or |d;| < d;,
with the above selection, one gets

vV =

M,(x)$ = —Cy(x,&)s — Dys — K qs — Kgsgn(s) + dy(x, &, &, &r). (25)

o+ Kpals — sT(Ksgn(s) —

V = —sT[D,+ Kpls —s" ngn( )+s'd
= —8"[D;+ Kpils — Y7 1I<11 |85l + 2001 8,d
< —8T[Dy+ Kpals — S0 (K — |dy))s;.

To be sure V < 0, the elements of the matrix K, will be chosen such that K¥—|d;] > 0or
K% > |d;| > 0. In control law (22) the discontinuous terms sign(s) can cause the chattering
phenomenon in the system. In order to reduce this effect, the sign(s) function will be replaced
by an approximation (2/m)atan(ks),k>> 1.

In summary, the control law is determined with the following quantities

s =é,(t) + Aea(t), eult) =a(t) — zq(t),
@, = dq(t) — Aey(t),
B = Balt) — Aéy(t), s =d(t) — @ (t),
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T, = M;E(q):ﬁr + C’x(q, q)x, + D, + §.(q) — Kpas — %Ksatan(ks), (27)
u=(RIB,) 'r,. (28)

The control diagram in the task space is given in Fig. 2.

::B.d
;.Bd
T, Calculating q.4q
z,(27) il »/  Robot >
and u (28)
¥ 0 + q.9
E

Figure 2. Control diagram

4. NUMERICAL SIMULATIONS

4.1. Stabilization technique in simulation

The numerical simulation of a parallel manipulator requires to solve the DAEs (16) and
(17). In order to solve the DAEs, normally, the constraint equations are derived twice w.r.t.
time to transform the DAEs to ODEs. Because the second order derivative instead of the
constrained equation is used in the simulation, the constraint stabilization is needed. Here
the Baumgarte’s technique is applied in the simulation [12]. The main idea of this approach
is that the constraint in acceleration level, gb(q) = 0, is replaced by the following equation

é(q) + 20wod(q) + wid(q) =0, (29)

with two parameters of the method 0 < § < 1 and wp > 0. Differentiating twice (7) w.r.t.
time, yields

®,(q)d + &4(a)q = 0. (30)
So the constraint equation using in simulation derived from (29) will be
B4+ ®,G + 20wP,q + wigp = 0. (31)

Combination with the equation (15), the dynamic model used for simulation of parallel
manipulator becomes

RI (M (q)d+ Cs(q,d)d + Dsq + g,(q))

®,(q)G + D4(q)q + 20wP,(q)§ + wid(q)
or in the matrix form as follows

[RE;MS@].. +[zwzf[cs(q,mwsw. [Rzggs(q)}:[Rst“] (32)

RI'B,u,
0,

®,(q) @, + 20w ®,(q) wie(q)
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4.2. Numerical simulations

Some simulations with a 3-DOF planar parallel manipulator which moves in the horizon-
tal plane driven by 3 actuators are implemented. The numerical simulations are carried out
in Matlab. The model of the robot is shown in Fig. 1. The mechanical parameters of the
robot are given as follows [22].

Base: L =1.2m.

Two links of the legs:

lin =0.581m, m;; =2.072kg, Jeo1 = 0.13kg.m?,

liz = 0.620m, m,y = 0.750kg, Joo = 0.03kg.m2,
7001 1

g™ g™ —T].

Platform: a = 0.2m, m7 = 0.978kg, Jor = 0.007kg.m?, «o; = [ 6™ 3

Gear trans: r = 10 (transmission ratio).
DC motor : J,, = 0.0lkg.m?, K,;, = 3.00Nm/A, K, = 0.10Vs/rad, R, = 3.000hm.

In order to compare the controller proposed in this paper to an augmented PD controller,
two simulations are carried out. The first one is implemented with the SMC and the second
one is conducted with the augmented PD controller, that is given as

Ty = My(x)&q+ Cy(x, )Tq + Dy(x)tg + g, (x) — Kgé — Kpe, Kg,K,>0. (33)

This control law is driven from a Lyapunov candidate function as

1 1
V:§'TMm(a;)é—i—§eTer, Kp:Kg>O, e=x— x4 (34)
In two simulations, the center of the platform will be moved along a circular trajec-
tory, while its orientation is constant, ¢ = m/3[rad]. The trajectory has a center at

(xc,yc) = (0.6,0.4)[m] and radius R = 0.12[m]. This trajectory is chosen to be in the
work space of the mobile platform. The parameters of two controllers are chosen as

SMC: A =30diag(1,1,1), K,q = 200diag(1,1,1), K, = 0.01diag(1,1,1),
PD: K, = 850diag(1,1,1), K, = 150diag(1,1,1).

Additionally, the robot parameters such as masses and moments of inertia used in the
control laws are chosen about 15 — 25% different compared to those that are used in the
dynamic model.

The results are shown in Fig. 3. to Fig. 12. The results show that with the SMC the
motion of the mobile platform tracks the desired trajectory after about 0.22 second (Fig. 7
and 9), while this time is about 1 second with the PD controller (Fig. 8 and 10). The moving
platform errors in position are kept about 107° mm and error in angle is kept about 107>
radian. Fig. 11 and 12 show that the center of mobile platform tracks the desired trajectory
better than the one with the augmented PD controller. These results show the robustness
of the SMC controller.
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5. CONCLUSION

This paper presented the modeling of a parallel robot driven by DC motors. The equa-
tions of motion for parallel manipulator were derived by using the redundant generalized
coordinates and the Lagrangian multipliers. Moreover, the dynamics of DC motors were
also integrated in the whole models of the system. The obtained model in this study in-
cluded electric and mechanical parts, so it described better a mechanical system that is
driven by electric motors such as parallel manipulators. The equations of motion in DAEs
form were then transformed to ODE form of task space variables for the control design. The
sliding mode controllers in the task space has been proposed for the manipulator. Simula-
tion results have shown that the controller is effective for trajectory control of the parallel

manipulator.
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APPENDIX: THE DYNAMIC MODEL OF A 3RRR PARALLEL ROBOT
For this model, the following vectors have been used in Section 2
0 =[01,02,65]", B=[B1,52.5]", @=[zc.yo,¢]"
Here g = [01, 1,62, B2, 63, B3, ¢, ye. ¢

The equation of motion is derived with the kinetic and potential energy

[a—

7
T(Q7 q) = 5 Z(mkvgk + JCkwlz)a H(q) =0.
k=1

The constraint equations of the manipulator are given as follows
¢(q) = ¢(07B7m) =0,
o1 + 11 cos by + lacos(01 + B1) = xc + beos(p + ),
yo1 + l1sin 6y + la sin(61 + 51

yo + bsin(p + a1),

(
(
xo2 + 11 cos Oz + Iy cos(02 + P2 xo + beos(p + az),
(
(

)

)

)

yo2 + lisinfy + la sin(02 + B2) = yo + bsin(p + ag),

xo3 + 11 cos b3 + la cos(03 + B3) = xc + beos(p + ag),
)

yo3z + l1sin b3 + Iy sin(93 + 083) =yo + bSiD(gO + 013).

The mass matrix M 4(q) is obtained as

[ m11 mi2 0O 0 0 0 0 0 0
mo1 M™Mo2 0 0 0 0 0 0 0
0 0 mg3 msa O 0 0 0 0
0 0 my3  1My4 0 0 0 0 0

M, = 0 0 0 0 mss msg O 0 0 )

0 0 0 0 mes Mee 0 0 0
0 0 0 0 0 0 mer O 0
0 0 0 0 0 0 0 mgs O

| O 0 0 0 0 0 0 0 mgy |

1 1
mi1 = Je + Je2 + Zmll% +mal} + 72T, mip = §m2lll2 cos(bh — ),

1 1
ma1 = Mmi2, M2 = Zm2l§7 ms3s3 = Jc1 + zmll% + mQZ% + T'2J'r7

1
mas = §m21112 cos(f — B2),  muz = may,



336

1]

NGUYEN QUANG HOANG, VU DUC VUONG

1 1
Mg = Jo, + gmald,  mss = Jey + malf +molf + 1,

1 1
mse = §m211l2 cos(f3 — B3), mes = ms, Mes = Je, + zmzlg,

Mm77 = M3, Mgg =m3, Mgy = Je,.

The coriolis and centrifugal matrix Cs(q, ¢) are given below and other elements are zero
1 . . 1 . .
co1 = *imzlllz sin(01 — B1)01, c12 = §m211l2 sin(01 — B1)B1,

1 ' . 1 ' .
c43 = —§m211l2 sin(fy — B2)b2, 34 = §m211l2 sin(6z — B2) e,

Co5 = _%m2l112 sin(03 — Bs)03, cs6 = %m2l112 sin(03 — fB3) 5.
The damping matrix Dy is given with
D, = R;'r*K,, K.diag([1,0,1,0,1,0,0,0,0]).
The control input matrix By is given with zero elements except for

B(1,1) = B4(3,2) = B(5,3) = R, 'rK,,.
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