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Abstract: Today, most researchers in the field of robot research has focused on legged robots. The biggest
advantage of these robots is capability that can pass through areas have a lot of ups and downs like a man. The
aim of this study 1s sunulation motion of four led robot usimg MATLAB. At the begining, equations of
position, speed and acceleration is achieved m kinematic mode. Then, the mathematical model 1s formed by
obtaining kinetic equations. Then, using the obtained model, transfer function of system can be determined.
Using obtained transfer function, behavior of system can be analyzed and alse design of controller can be

changed for improving behavior of system.
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INTRODUCTION

Robotics is formed of the three main branches:
electronics (including robot brain), mechanics (including
the physical body of the robot) and software (including
the faculty of thinking and decision-making robot).

If a robot be likened to be a man, the man’s physical
appearance part of robot 1s constructed by mechanical
professionals, electronics specialists of robot’s brain are
designed with the help of complex electronic circuits and
software experts simulate imagination of robot by means
of a computer prograrm.

Today, 90% of robots areindustrial robots that are
applied in factories, laboratories, warchouses, power
plants, hospitals and other same industries. In previous
yvears, the majority of industrial robots used in car
factories but today only about half of the world’s robots
are used in car factories. Using of robots in all aspects of
life 1s rapidly spreading. For example, a robot developed
for nvestigating the pile of used to not harm humans,
radioactivity. Moving of robot can be studied using our
surroundings. For example, considering move of the
elephants there are joints in the legs that caused the legs
can move backward, forward, left and right are. When this
animal moves, divides your weight on lus legs. So 1s it
possible to maintain balance and not fall on the ground.
The same problem exists in the robots. If one of the
robot’s legs is in the air it stopped and it is possible to fall
on the ground.

Be taken to move of ants. This amimal has 6 legs.
When moving forward it moves its three legs forward and
pusses three her other legs backwards i the same
position. Two feet on the one hand and one foot on the
other hand always do the same work and this work move
ant to the front.

Because of having more legs and more comfortable
form of legs, inspects can moveeasier than four legged
animals can maintain theirs balance (Tedeschi and
Carbone, 2014; Senthilkumar and Suresh, 2013; Gor et af.,
2015; Zhang et al., 2014).

A REVIEW OF RESEARCH DONE

Mr. Daniel T. Pack and colleagues in 1995 examined
the effective control of a forward moving of 4 leg robot.
In this study, a simplified step forward for fourlegged
walking robot was presented. Tt was shown that for a
given position of the center of gravity of the robot, only
certain arrangements of the displacement of the legs
produced moving. Finally, experimental results confirm the
proposed step.

Mr. Ganesh Kumar in 2012 have examined modeling
and dynamic simulation of a four legged jumping robot.
Page curve and limited steps have been taken to simulate.
In order to save energy, passive dynamic agree with legs
(linear springs) are used. Different state variables for
analysis are obtained. Control measures on dynamic
modeling are used to control the speed forward
(Kumar and Pathak, 2013).

SELECTING THE SIZE OF THE ROBOT

The body of the robot 1s considered in the form of an
ellipse with a large diameter 2a, small diameter 2b and the
diameter 2¢ about axis z. It is located in the center of the
oval axis origin that 1s as follows:

Tts x-axis is along small diagonal of oval, its y-axis
oriented in the direction of large diameter, its z-axis is
perpendicular to these two axes and its positive direction
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Fig. 1: The body of the given robot

is downward. Figure 1 shows the body of the given robot.
One of the assumptions on the basis is that the length of
the legs, the length of tibia and radius of attached
bulletare equal with each other at all times. In other words,
L, represents the length of the legs and L, represents tibia
length and r, represent the radius of the shots attached to
the tibia at all legs.

The left leg in front of the robot named LF, the right
leg in front of the robot named RF, the left leg in rear of
robot named LR and right leg of rear of the robot named
RR. Each robot leg 1s composed of four parts.

Hip, thigh, leg and pellet attached to the bottom of
leg are named numbers 1, 2, 3 and 4 are named. For
example, (LR), shows the leg of left rear leg of robot.
Coordinates of the hip of each leg is checked respect to
the robot’s center of mass as follows:

Coordinates of the hip of left leg in front of the robot
in alocal coordinate system: (-x, y, 0)

Coordmates of the hip of night leg in front of the
robot in a local coordinate system: (x, v, 0)
Coordinates of the hip of left leg in rear of the robot
in alocal coordinate system: (-x, -y, 0)

Coordinates of the hip of rightleg in rear of the robot
in alocal coordinate system: (x, -y, 0)

Where x and y are optional parameters of the robot.
Since, the center of mass of roboet 1s mobile, coordmates
systems must be measured relative to a fixed reference.
For this purpose, the mitial position of the robot mn the
local coordinate system assume match to the generally
coordinate system in first position. Next, how far the robot
center of mass travelsevery step can be shown by 1.
Therefore, hip coordinates of each leg of the general
coordinate system is as follows:

Coordinates of the hip of left leg in front of the robot
n a general coordinate system: (-x+1,, y+1,, I,)
Coordinates of the hip of right leg in front of the
robot in a general coordinate system: (x+r,, y+1,, 1,)
Coordinates of the hip of left leg in rear of the robot
n a general coordinate system: (-x-+1, -y+1,, I,)
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Coordinates of the hip of rightleg in rear of th- robot
in a general coordinate system: (x+r,, -y+1,, I,)

KINEMATIC EQUATIONS OF THE ROBOT

If the angle of each leg with z-axis is shown by 0 and
picture of angle between each link in xy-page and x-axis is
shown by ¢, equations of motion can be achieved
parametrically. To obtain the equations of motion of any
link, equation of motion of end of link comes down.

The first case 1s the hup, the second case 15 thigh link
and the third case leg link. For example, equations of
motion of hip, thigh and leg of left leg in front of the robot
(LF leg) are obtained in the general coordinate system as
shown in Hq. 1-3:

(1)

T ap, = (L, —X){ +(x, -y)} + rZ1A<

Tip, =1 (LF)1+ Tumy, = (r,-x+ L, sin (E)(LF)2 I

oS (Qur, Vi + (1, + y+ L,sin(8, 5 )x 2)
SIN (P ))3 +(r + Lycos(B ))E

Top, = TLF),+T =

(r,-x+ L,sin(8, ;, 1*cos(@,p )+

L sin (O py, ) * cos{@yp, )i+ 3)

(ry +y+L, sin(E)(m2 ”‘Sin((pU_F)2 )
L, sin (8, , ) *sin(@,, ))j+
(t, + L, cos(8,p, )+ L, cos (6, Ik
Velocity equations of hip, thigh and leg of left leg in

front of the robot (LF leg) are obtained in the general
coordinate system as shown in Eq. 4-6:

Vimy = Opp, XTup, =

i

1k )

m
#(LF) FLEy Z(LFy

Ly I,

Z
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i ] i
V(LF)l = V(LF)l v (LF)gn ™ mX(LFjl (DY(LFjl (DZU_F)1

X Lty I,
i i k
™, m

Z(1F) J(Lry Z(LFy

L;sin (8 p, )*cos(@ op, ) Lysin(B;q )*sin(@ ) L,cos(Byp, )

i ] k
V(Lm = V(LFJZ * V(LF)W = (DXtLFn (DY(LF)I (DZtLFJl
LK Iy T
O ry, Dy, D1y, +
L, sin (B(LF)Z )*cos ((P(LF)2 ) L, sin (e(l_,F)2 )*sin ((p(LF)2 ) L, cos (e(l_,F)2 )
E(LF)3 Ty mZ(LF)s
L,sin (e(LF)3 )*cos ((P(LF)3) L, Sin(e(LF)3 Y*sin{g (LF)B) L;cos (B(LFJB)

coordmate system as shown in Eq. 7-9, respectively:

T, = Drp, ((’J(LF)I X Tpy, )+ Qerry, XLy, = ((Dx(mll T Opmy 1T mz(LF)lk)x

i i k i j k
(DXU-FH (DY(LFJI (DZ(LFJI (DXU-FJI mﬁ’(ml (DZU.FJ1
X Ly i X -y i
i j k
d(LF)2 = dw + d(LF)m = ((Dx(w)liJr cuy(m1 j ooz(ml )>< oox(m1 mchl _—
X Ly i
I T T~
GXU-FH G'thl aZ(LFJI + (thLFni + UJV(LFsz * (DX(LFDK)X
| LX LY I,
- ; j 12 .
1y (DY (LFp Z(1F) +
7L ,8in (8(LFJ2 ) *cos ((p(LF)2 3 L,sin (8(LF)2 )*sin ((p(LF)2 ) L,cos (8(LF)2 )7
- I 3 12 B
E(F OLY(LF)z Z(Lg
7L 2 SIN(E ) *cos (@ ) Ly sin(0p )*sin(@,,, ) L,cos(8, )7
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Acceleration equations of hip, thigh and leg of left leg in front of the robot (LF leg) are obtained i the general

(7

(8)
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1 j k
Topy, = A p, T O om, = (mxmi tay i+ mz(mlk)x D D, 2 m,
I,-X Ly I,
i ] k
- ony(ml onzim1 + (ooX(mzi + cuy(m2 i+ @, k)
X Ly i
- . j ¢ _
E(LF)z F (L Z(LF) +
7L2 sin (G(LF)2 )*cos ((p(LF)2 ) L,sin (8(“)2 ) *sin ((p(LF)2 ) L,cos (e(LF)2 )7 (D
- . 3 ‘ -
E (LR F(LFy Z(LF) = ((DX(LF)si + mY(LF)sj + mxuﬁs k) x
7L3 sin (B, p, )*cos (e, ) L,sin(Ogq )*sin{@ur ) L,cos(8,p, )7
- : j ‘ -
E(LEy3 Y (LF)z Z(LF) +
_L3 sin (B(LF)3 1*cos ((p(LF)s) L,sin (B(LF)3 )*sin ((p(LF)s) L, cos (8(LF)3 )_
- : 3 ‘ -
(L Y(LF) Z(LF5
_L3 sin (E)(LF)3 )1*cos ((p(ms) L, sin (9@3 ) *sin ((p(ms) L,cos ((?J(LF)3 )_

KINETIC EQUATIONS OF THE ROBOT

In his part, the kinetic equations of is proposed for obtaining transfer function of dynamical behavior of robot. Tn
this robot, the left foot in the front and the right foot in the backward of robot moves together at the same time. Similarly,
the right foot in forward and the left foot in backward of robots move at the same time. Thus, due to the symmetrical
shape of the robot, the equations are written only for the front legs. The center of gravity is in the middle of the calf’s
legs but the center of gravity of the thigh due to a pellet attached to one end is not in the center of the thigh.

The hip coordmates relative to the rotational position of the center of mass components in the left leg forward 1s
obtained according to Eq. 10 where geometrical parameters is visible in Fig. 2

%sin B(LF)3 *nL, (1"32 -r3‘2) +(L, sinB(LFJS +r,) *%Tcrf

Yor, =
Zvi 7L, (r32 —r'i I+ i:l'u:r43
3 (10)
L, * 2 WA
B E - 7cos Bpm, 1L, (17 ) + (L; o8O,y +1) chr4
Zupy, = -
sz nl, (1] -r'i)-#—%nrj
The total weight of the robot which mecludes a robot m
N= | amrmbm, ) v an

body weight and weight per foot splits on the legs. Since,
the LF leg and RR moves together and also RF and LR
moves together, normal force of each leg is equal to half If the linear acceleration of the robot’s center of mass

of robot weight as shown in Eq. 11: to be shown by ¥, linear acceleration of the center of mass
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A

Fig. 2: Center of mass of legs and bullet attached to it

y

Fig. 3: Left foot in front of the robot

of every link in the robot can be wrote center according to
acceleration of center of mass and angular acceleration.
Linear acceleration of the center of mass of the thigh and
leg of left foot are in accordance with the relationship 12
where geometrical parameters are visible in Fig. 3:

5

(LF)y

GILE), =+
2
Z(LF)B

080

(12)

JILE), = F4L.0 o i Been

3

(LF}
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Fig. 4: Free-body diagram of robot

Using the total free-body diagram (Fig. 4), the
relationship between the forces of friction and linear
acceleration of the robot is obtained in accordance with
Eq. 13. Because of the symmetry, the friction force of RR
leg is equal to friction force of LF leg and also the friction
force of LR leg is equal to friction force of RF leg:

YF, = (m+A4(m, +m, +m, o, = 2f, 0 + 2650,

=(m+4(m, +m, +m, ))j}:>f(LFJS + f(RF)3

(13)

[%+ 2(m, +m, + m4)]y

Using free-body diagram for the LF leg (Fig. 4-6) and
apply Newton’s second law for leg and tibia, Eq. 14-15
were obtained:

}é(m)j

T, _
—2(m, Mg N * Yo, +

Zim,

cOos G(LF)3

f(LF)3 '(mz + m4) y+ Lzé(LF)2 +{

_ _ L. .
Zyp, TILE *{Y(LFJB —735111 O, } fm, ™
(L, cos e(LF)3 )+ 'E(Ll-')3 )+ (N-m,g)

(L, sin e(LF)3 It 'y(u")3 )+ Lum, e(LF33

(14)
T,
%-((m3 +m,)g-N+m,g)* %sin G(Lm +
. Zur,  |a
f(LF)3 <{m,+m,)| ¥+ Lze(u-') + B(LF) -
* | cos G(LF)3 s
A (15)

. L L
m, (y + 7280-% D *p 72003 Om, +

- = Z(LF)
f(LF)3 -(m, +m,)| ¥+ LZE)(LF)2 +| —2—
cos E)U_F)3

}é(m")a J -

L L, . -
72005 O, -((m; +m, )g-N) *723111 Owm, = lor: O,
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#(LF)3 VA Rzu_F),

Ru_F»7
/\—r Ry,

Fig. 5. Free body diagram of left leg Fig. 6: Free body diagram of left tight

A subsidiary relationship can be derived using geometry problem. The first relationship comes from the left leg and
the second relation comes from leg of the rnight according to Eq. 16:

y=L,sinB, +L,sinB .
y=L,sin6 . + 1, sin6 (16)
= L,sin8 ;p +L;sin0 p =

L,sin® gp, +L,sin0 op

The linearization of the equations 1s performed in this part. That assumes that the time mterval angle of each link
18 so small that it can be replaced sin (8) with 0 and cos (0) with 1. At the same time equations can be written about angle
and angular acceleration of links as shown in Eq. 17 and 18.

_ - _ - - m
L, 7, (= 008 o+ (Zp ) (m, + 00+ Tar, ) + {(;g + m4g-N)L3}

T
(LF - ..
(LF)s — T)BJF (L +r)f s, “Zip, (m; +m, )y + (N-m,g)r,

z

m,LS - - = m
[(mz Tm, )Lzz + Z Lt lop, Je(LF)2 +((m, +m4)LzZ(LF)ae (LF)B_((2+ m, Jg}

T L ..
e(LF)2 = % sz(LF)3 'jz(mz +2(m, + m, )}y
(17)
LZ. . (m,+m)8 . +(Z. FOm, +m)+len, +| | 228 4 meN L
2 Zrm, M 4V e, T W, 3 4 (RF), 5 m,g 3
T(RF)a = 5
(FJ(RF)3 = 72 (L, + r4)f(RF)3 “Zign, (m, +m, )y + (N-m,g)r,
2 msz2 - - - m
(m, +m, )L, + , + Lizm, G(RF)2 +(m, + m4)LZz(RF)38(RF)3— (?+ m,)g
T L ..
RF), %sz(mr)z - ?z(mz + 2(m,; + m, )y
L. e, T LBB(LF)3 = Lze(LF)2 + LBB(LF)3 (18)
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DETERMINING THE TRANSFER FUNCTION:

Due to the complex solve of Eq. 17, it can be solved using transfer functions. To obtain the transfer function, it can

use Laplace transform these equations assuming zero imtial conditions that it obtained by Eq. 19:

_ _ - m
(LZZ(LF)3 (m, +m, )SZ)GS(LF)2 + (((z(ms ¥ o(m, +m )+ e, )Sz + [;g + m4g-N)L3}

o st
S(LF); — 3

+ (N-m,g)r,

- 2 Tscms 2 mszz T 2
-z(LF),(m, + m, )s"y, + N m, +1m, )L + A Lar, |s°-

m L Ts LF L L f _
[[—+m4]g}ﬂesw e R A 25“”3 (L2 Zgey, (m; + 8700, s, )+

(g, (my )+ T, )5 [m;g +m,g-NJL, j

(Lt ), +(N-MLE T,
s(RF)y — g

L - L
[{ma +m, )L+ m24 Llizmy, JSZ'[(%+ I, )g)i}es(RFb T

= 2 S(RFR
“Zgr, (m, +m, )8’y +—=

S(RF2 sz(RF)3

2

_ L
(((m3 +m, )L, Z g, )8’ )BS(LF)3 + —(Fzm2 +20m, +m, sty +

After solving the equations using Cramer and simplifymg Eq. 20 is obtained:

- 2, i 1, #iv

« Vg 1.
BT U8 g RS gy Cen g gy

F(Lry - E
Parameters that are used in these equation can be written as Eq. 21 and 22:

# = (28T, +4f 0 L, )NL,-lam,s™)-

Hip, L,s* (Zyr, y +233T(LF)2 (Zr, Y-

2.5 T, Zum, ANL TS 0y, A, Lol o5 2,
L,LT,s" g, 465, L1872, +2L,m,8°(Z, )
{(m,+m, )'(ngsT(LF)2 +2f(LF)3gL2L3)(m3 +2m, )+

(21am, L& y-2NL,L s y)(m, +2m, +2m, ) +
(Lsy)m,m,+2m,m, +
(2gL,Ls"y)(m; +2mi) + (gl,s")| 6m,m, )'4m3m4r45(u73 -
4mir42(m3
#ii = (-2L,g’L,m, Yan+m, L. mg L m,-4L mg’Lm, -
4L3g2L2mj +(4L3g2L22H1352 )(m,+3m, )Jrijszzzmjs2 +
(4gl.,m,gs’ W Zyr, Y +2mglL s’ (Zyr, ¥-
(2L3§:’gL22m452)(ijrilm4 o P
8lwr,s (Z(LF)3 )
(m, +m, ) + (2NL gL s> 2L e, gL,s>) (m+2m, 3+ (4l m, L.gs®) (m, +2m, i+
(2Lam, Lis"-2NL,Lis"y ) am, +4m, +4m, +(8lom,s” ) (Iom,s NL,)
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#Hii = (4wn,s’ +L5m,s* (ST g +2N1 H2F

(27, 8L (Ly 41 ) + gLos Ty +2NgLomr, -2¢°L,m,r, )(m+2m, -8gLim;T,s’ -

Lim,s*+8f Tars® )L+, -

8glun,m,r,S%- 8Lun,S Y7 r), L8 T p, Zum, T80, L3s Z0n, +
S L Bf, LA st -SNLALst AL T, {2LEm s7yZ )

(m, +m, )-(2gL’ m,r,s* ) (m, +4m, )-(2gLm,r,s” Y, +4m,
(ZgLZS3y£(m3 )(2mjmm3 +mm,+2m,m,)
#iv= (28T, +4fp L)NL, Tm,s”)-

M, LS (i, )+ 25 T, (2, '

218 T, (Zuy, ) -ANL LS Zigy, A0, LS Ziay, -4,

L1s’ Zpe, +2L,m,8"(Zpp, ¥
(i +1m )-(gL; S Tipey, +2p, gL, Ly ) (m, +2m, )+
(2w, L 8" y-2NL, LS y)(m, +2m, +2m, )+

(L ,sy)m,m, +2m,m, +
(2gL,L.8°y)(mi+2m. +gL ") 6m,m, HAmmrz - (22)
élrnjrﬁ(Rma
#v = (-2L,g L m, ) (m+m, }-Lomg L m,-4L g 'L, m; +
(4L,gL;m, ") (m,+3m, HL,m,glims’ +
(18Lm,5")(Zar, ' +2MeL 5" (Z, )

(2L,glim,s*)(m, +4m, - - ’ \ ) Z(Z{F) » i (RZF)
SI(RF)ss (E(R.F)g) + 21'1’12]_,25 (Z(RF)s)
(m, +m, J+{2NL gL s?-2I&r, gL,s* }n+2m, 1+ (41w, Lgs” ) (m, +2m, 1+
(2L, 128" -2NL, LA 5 (m, +4m, +4m, )+ (8Lwy,s* W Ler,s* -NL, )

#vi = (4lan,s” +LAm,s ) (S Ty, +2NIL (2 gy Lim,s? 88, Tm,s7) (L, 41, -

(2f(ngL2(L3+r4)+ngsT( +2NgL2mr4-2g2L2m4r4)(m+2m4)—Sngzmjrzsz-

RF)3
- 5. — 3 — 2 2=
8l S Y Zam, +4L28 Tirry, Zam, 8 (5r), 138" Zige, +

8f g, Lor,s" BNLY1,s*-4L s T A(2L5m 8’ yZ o )

8glmm, m, 1,5’ -

(m,+m, )-(2§:’gL22m4r452 )(m,+4m, )-(2§:’gL22m4r452 Hm,+4m,

(Zngsij(RF)s Y{2mmm, +mmm, +2m,m, )

Usi.ng the Laplace transform in Eq. 13-18 and 23-24 Lo 2, # af T2 Hl L. * 1, v +
are obtained: : ii ’ :

#i S #i S #v
LB*{l*@}i{mz*(#nf%*(#ﬁi)} 25)

S #v #ii
(23) Ly * (#iv)+ L, *(#vi) | _
. -

for, e,

S = (%"' 2(m, +m, + m4))52ys

m
= f(LF)3 + f(m3 = (E +2(m, +m, + m4))53y5

The string (#ii) and (#v) are equal to each other

B (24) because the dimensions of legs are equal. The result is

L85, + LiBsan, = LoBsm, + LiBsen), equality between z.r, and zgs, between Ips, and Igs,
and between Igs, and Ty,. As a result and after

Using Eq. 21-23 and 25 is obtained. simplification Eq. 26 1s aclueved:
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Table 1: Numerical values of the robot parameters

Length Mass Tnertia Radius
Values (tn) (kg) (kg.m?) (mn)
Rody - 3 - R
Leg 0.1 0.1854 1.6x107* 0.01
Tigth 0.1 0.1854 1.6x10~* 0.01
(#vil)y + (Fviii) (f(m3 + f(RF)s) + (#ix) (26)
(T, * Tam, 1+ 0 (Typ, + e, 1+ (#1x) =0

By substituting Eq. 23 in Eq. 26, the only remaining
unknown parameter, friction force 15 also deleted from the
equation. And the relationship 27 is obtained where it is
the final transfer:

(#xii)y + (#xiii)(T(Lsz + Tiar, 3+ (H#xiv)
(T(LF)3 + T(RF)3 I+ (#V)=0

27

Robot parameters such as mass, length, etc. are
assumed with data given in Table 1 to obtain the system
transfer function.

Seme other parameters are defined as = 9.81 m/sec’,
N=21.88(N), Zs, =005 m and Zg, = 0.05 m. Body of robot
is assumed to be steel by density 7.85 g/cm’ that the mass
and radius of the ball is negligible compared to other
dimensions. By substituting and simplifying, transfer
function 1s obtained as Eq. 28:

(7.69x10*s +11.078 ) (T, + Ty, )+
(2.68x10%8-56.555") (T

s(LF);

+ Tomp, )+ (28)

(2.26x%10°-8.29x 10%%3.69x 10"’ +5"-10.525" )y, = 0

The transfer function of the input torque of tight and
mput torque of the leg are achieved as Eq. 29 and 30,
respectively:

Y, - 11075 + 7.69x10%s
(Top, + Teap,)  19.528°5"3.60x10'° +8.29x10°5*-2.26x10°
(29)
¥, B 56555 + 2.68x10"s
(Lo, L, ) 1952875 3.6910%7+829x10'57-2.26x 10°
(30)
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CONCLUSION

Transfer function shows relationship between output
function, move the center of gravity with the nput
function, torque applied by the motor. Usmg transfer
function determines the behavior of the system and its
improvement 1s possible. Therefore, the continuation of
the project can be added controller designed to improve
system performance.

Since, the transfer function of the system is
calculated, a Proportional-Tntegral-Derivative (PID)
controller can be a designed using Ziegler-Nichols
method. For this purpose, after calculating the starting
pount this point will be enough to change parameters such
as maximum overshoot, the peak time and so affordable.

Coordinate system used in the project, Cartesian
coordinate system 1s not recommended. It 13 suggested
that the coordinate system used Dnavyt-Hartnbrg.

Linearization of nonlinear equation was assuming at
small angles. This assumption is acceptable in a small
range of angle. So, ancther solution must be offered. Tt is
suggested that the mass and radius of ball connected to
the leg be negligible.
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