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8 Abstract: Present paper is dealing with the adaptive static balancing of robot or other mechatronic

9 arms that are moving in vertical plane and whose static loads are variable, by using counterweights
10 and springs. Some simple passive and approximate solutions are proposed and an example is
11 shown. The active and exact solutions by using adaptive real time control in the case of unknown
12 variation of static loads are simulated on VIPRO platform developed at Institute of Solid Mechanics
13 of Romanian Academy.
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16 1. Introduction

17 Static balancing of a mechanical system is one of the first demanding steps in the design process
18  of any mechanical system which is moving with relatively small accelerations and which is
19  overcoming relatively large forces, in order to match first of all the need of energy consumption, and
20  itisalso an important aspect of the overall performance of it [1].

21 Static balancing can be regarded as the total or partial cancellation of the mechanical effects
22 (force or moment) of static loads to the actuating system of mechanical system, in all configurations,
23 respectively in a finite number of configurations, from functioning domain, under quasi-static
24 conditions [1], [2]. The effect of this action is the maintaining of the mechanical system in a rest state
25  atany configuration or at a finite number of configurations respectively, from working field, and its
26 actuators are not required to overcome the static loads. The movement inside working field can be
27  done with a power-less actuating system which consumes energy only for overcoming the friction
28  forces and balancing errors. The friction forces are dependent on the motion sense and are opposed
29  tothe movement, contributing in this way to the maintaining of the mechanical system in a rest state.
30 The main static load is given by gravitational field of Earth, i.e. the weight forces of all bodies
31  that compose the mechanical system. In the case that weight forces are the only static loads of static
32 balancing operation then the mechanical system is called gravity compensate. Also the effect of these
33 loadsto the actuating system is present only in the case that the mechanical system is not working in
34 horizontal plane with respect to gravity field. Consequently, the potential energy of mechanical
35  system remains constant or approximately constant and the center of gravity of mechanical system
36  remain fixed with respect to a referential frame or is moving along a horizontal direction or into a
37  horizontal plane with respect to Earth. Another important observation and hypothesis is that due to
38  the small displacements of the centers of gravity of mechanical system bodies, with respect to the
39  distance from the center of the Earth to each body mass centers, then the weight forces are constant.
40  In this case the actuators of mechatronic system are not required to sustain the weight of its moving
41  elements.

42 But, in the case of a manipulation robot for example, as is also the case of cranes too, the
43 manipulation weight could be variable in steps. As is presented in article [5] for the case of an
44 industrial robot [9] which is designed to manipulate payloads of 16 kg maximum mass, balanced by
45  springs for a middle weight mass of 8 kg, the forces induced in actuating system are amplified about
46 4 times when the weight is increasing or decreasing from the mean value. In fact, in terms of
47  resistance moments (torques) at shafts of rotating actuators, as is shown in Figure 1.a for the most
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48  frequent case of an articulated arm, this variation occurs (and has a cosine variation) even the
49  payload has constant weight Gy . In case the load has variable weight (as is the case of oil pump-jack
50  systems for example [4]) then a more complex variation is possible (Figure 1.b — solid curve line 1). A
51  special situation is the one when the variation is known and it is repeating during one cycle. In this
52 case the adaptive solution could be a passive one (i.e. not actuated). Otherwise the balancing system
53  should adapt in real time by using a local and supplementary actuation system and by aid of a
54 controlling system and the required sensors and transducers [2].

55 Many other mechanical systems, which are automatized more and more in these days,
56  becoming in this way mechatronic systems, have to overcome variable payloads or resistant forces
57  during the functioning. Beside the manipulation robots used in palletizing for example [5-9],
58  articulated cranes [10-12] and pump-jack oil pumps [13-15], a large category of ergonomic
59  manipulators [16-18] are facing the variable payload and have to adapt to this condition.

60

61

62 (a) (b)

63 Figure 1. (a) Rocker arm (b) Gravitational moment variation of the variable weight forces

64

65 By balancing, another moment which is opposing the load moment (Figure 1.b — dotted curve

66  line 2) should be induced in order to compensate or eliminate the effect of load. If the difference
67  between the load moment and the balancing moment is zero then the system is perfect (exact)
68  balanced in all positions from its work field [19]. If there are only some positions where the

69  difference is zero (Figure 1.b - discontinuous curve line 3) then an approximate balancing is
70  obtained [20].

71

72

73 Figure 2. Industrial robot static balanced by counteweight and spring

74

75 In order to compensate the effects of static loads that depend to displacements then forces

76 which depend also to displacements should be used. The main candidates are the weight forces
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77  represented by counterweights, and the elastic forces of springs or gases. Industrial robots are using
78  both of these solutions (Figure 2) for example ABB industrial robot of IRB 6499 RF model [6].

79 Even in the case of static balancing by using counterweights the overall mass of the mechanical
80  system is increased and from dynamics point of view the situation could become worst than in the
81  case the mechanical system is even unbalanced, this solution is still useful and widely used in
82  engineering because of the simplicity and for mechanical systems which are manipulating large
83  loads and which are operating at low or moderate dynamics.

84 2. Adaptive Balancing by using Counterweights

85 The method of adding the counterweights involves the increasing of moving masses, overall
86  size, inertia and the stresses of the mechanism links [20]. Some of the mechanical systems [1] accept
87  this method because of operating at low or moderate dynamics, from security reasons or in cases
88  where the right spring is difficult and costly to be obtained [2], or the spring balancing solution is too
89  complicated to be fitted to [21]. Anyway, an internal mass redistribution so that parts of mechanical
90 systems (actuators, electric motors, other mechanical transmission, either electric or electronic parts
91  from controlling cabinet which could be relocated on the robot body) to act as counterweights like in
92  the case of industrial robots [9], is first step when the static balancing problem starts [2].

93 Variation of gravitational moment given by the weight force of the rocking arm @ (Figure 1.a)
94 Giand by the variable payload Gy has the expression:
95 M;(t) =-G1 OC1 cos@(t) —Gp(t) OP cosg(t) = fi(t) cosg(t) 1
96  where:
97 fi(t) = c1+ 2 Gy(t) 2)
98  with:
99 c1=-G1 OC1 = const. and ¢2 =-OP = const. 3)
100  Then the balancing moment should be:
101 M = Mi(t) = fo(t) 4)
102 sothat:
103 f2(t) = - fi(t) cose(t) )
104 Let suppose the case of the rocking arm @ which is gravity compensated for its weight G1 and

105  for the weight of the constant part from the variation of payload Gy (Figure 3) by a counterweight
106  mounted fixed on the rocking arm @ at a proper distance on the opposite side then center of mass Ci
107  according to origin point O (not represented in the following). In this case:

108 c1=-Gi1 OCi — Gpe OP = const. (6)
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Loading stage
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110 Figure 3. Parabolic variation of a cyclic payload
111
112 A variation of static load in linear form (as is represented in Figure 3 - dashed line) was studied

113 in [22] and will be taken as comparison in Example section. By taking into consideration some
114 frictions in the mechanical system of payload let suppose the variation of payload is known and
115 cyclic with a symmetric variation of second degree evolution during one period of time T (Figure 2):

pv,max

116 Gp(t)=GpE+4:

vaax
t—4 ;’2 t* where tE[O,T] (7)

117 In order to gravity compensate the variable component Gy» by using also a supplementary
118  counterweight then 2 possibilities could be taken into consideration: a variable weight of the
119  additional counterweight or a movable counterweight with a fixed weight.

120 To make a variable weight for the counterweight is not impossible but is complicated and in
121 order to compensate a continuous variation then liquid weights are needed, which are complicating
122 much more the system and the dynamics became also very important. From practical point of view
123 the changing of the location of the additional counterweight on the balanced element (as is the
124 studied rocking arm @ in Figure 1.a) is a feasible solution when the speeds and accelerations are not
125  very high.

126 There are also 2 possible ways of moving the additional counterweight @ relatively to the
127  balanced element: by translating onto it (Figure 4.a without bar ®) or by rotating around a point
128  which is becoming a joint on it by using an additional bar (Figure 4.b without bar ®).

129

130

131 (a) (b)

132 Figure 4. Movable counterweight in order to compensate variable payload

133

134 Despite of the pretentious prismatic joint the solution with translating counterweight became

135  very popular [4, 15] due to the better dynamics of the multi-body system and due to the simplicity of
136  the transmission of the supplementary actuator.

137 In case of a known cyclic variation of payload, as it is represented in Figure 3, then a passive
138  adaptive solution is possible to be used. The simplest solution is presented in [15] by linking the
139 counterweight @ to the mechanism base through a simple bar denoted by @ and connected by 2
140  joints as is shown in Figure 4.a.

141 In Figure 3.a is presented the symmetric solution which is leading to a reduced number of exact
142 balancing positions (maximum three). In this case the gravitational moment which has to be
143 compensated is:

144 M(t) = - Gya(t) OP cosg(t) = ¢ fo(b), ®)
145 where:
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146 Gpv(t) = Gp(t) - Gpc (9)
G vV, max
147 c=—40p— 2% (10)
T
148 and:
t
149 fih =1 (1= ) coselt) where ¢ € [o,7], 11)
150 The balancing moment of counterweight @ has the expression:
151 Mi(t) = G2 OB(t) coso(t), (12)

152 where in the weight G2 could be count as added the part of the weight of the connecting bar ®
153 concentrated in point B because is fixed (Figure 3.a).

154 The position of the counterweight on the balanced arm @ has the expression:
155 OB(t) =x/AB2 — 04’ cos’ p(t) — OA sin ¢(t) (13)
156 or:
2 2 2
157 OB" =0A" + AB° =204 ABcos ¢ (14)
158 where:
T 0A

159 =——@-y and siny =——cos 15

S=S eV Y =5 c0se (15)
160 Unbalancing moment is given by relation:
161 Mu:Me"'Mg, (16)

162  and by comparing relations (12) and (13) with (8)-(11) is obvious that unbalancing can not be zero
163 which is anyway shown in Example section. But the unbalancing is better than in the case of linear
164  variation of payload in same condition.

165 As for the solution from Figure 4.b, with the rocking counterweight, the balancing is also
166  approximate. The position of bar BC with respect to reference system XOY has a more complicated
167  form (resulted by the solving of positional kinematics of RRR dyad composed by elements BC and
168  CA)because it depends to:

169 - the position of points A and B;
170 - thelength of bars BC and CA.
171 Analytic solving (and numerical one too [23]) leads to two mathematical solutions from

172 kinematics but only one is correct from balancing point of view, the one when 7t/2<I{ |<7.

173 3. Adaptive Balancing by using Springs

174 There are many papers and patents [1, 2] which studied during the time the problem of static
175  balancing by using springs. Most of them consider the problem when the static load is constant and
176  more of that do not take into consideration the spring mass.

177
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178
179 Figure 5: Static balancing by spring
180
181 In this way a better idea is to join the spring to the balanced arm so that its weight concentrated

182  in the joint to act as a counterweight too (Figure 5). But as is wrote in many papers, and even from
183  thebeginning started by Carwardin [24], the solution from Figure 5 requires zero-free-length springs
184  [21] or elastic systems [25]. One of the solution is to remove one of the spring joints and to intercalate
185  some linkages with zero degrees of freedom. In case of variable load this solution requires to
186  intercalate linkages with active joints in order to obtain the required adaptation. In [26] is proposed a
187  solution with active prismatic joints. Prismatic joints are always more complicated from
188  maintenance point of view and not only. So revolute joint are more proper and in Figure 6 are
189  represented solutions to relocate spring joints by using active controlled joints.

190
&
S
-
B
X X

191
192 (@ (b)
193 Figure 6. (a) Controlled relocation of joint 4 of spring; (b) Controlled relocation of fixed joint B of spring
194
195 Joint C and D are only controlling active joints. Once the adaptation to the variable load Gy is
196  done thenjoint A, and joint B respectively, are fixed to the arm and to the ground respectively.
197 Mixed solution with prismatic and revolute joints as active control joints are presented in

198  Figure7.
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201 Figure 7. (a) Controlled relocation of joint 4 of spring; (b) Controlled relocation of fixed joint B of spring
202
203 Let take as example the simple one degree of freedom relocation of fixed joint B by a prismatic
204  joint presented in Figure 9.
M x 1
Y A
NS G
Q - p
-
B
® ¢
C
1
oA
X
205
206 Figure 8: Controlled relocation of fixed joint B of spring by active prismatic joint
207
208 Without any reduction of the generality of the study let consider joint A on Ox1 axis and also the

209  point of action of payload in same point A. In this case the equilibrium equation of rocking arm @ is
210  given by equation:

211 F. OA sin(0—@) — M =0 17)
212 where:
213 Mg = (m1 OC1+ mp OA) g cosg (18)
214 F. = Fao + k (la - lao), (19)
Y, -Y X cos —sin X
215 9 _ ataIlM , A _ . qD] qD] 14 , (20)
X,-X, Y, sing, cosg, 0
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216 OA= X2 472 L=AB= (X, - X, +(Y,-Y,)*, 1)

217  and where are known or considered known: Fu, I, x1a, Xz and Y5 .

218 When a modification of payload occur then:

219 Gy = Gy + AGy or my’ =myp + Amp (22)
220 According with this modification the Y-coordinate of point B should be changed by controlling
221  systemi.e.

222 Y#' = Y + AYs (23)
223 Accordingly Relations (19)-(21) will became:

224 Fi'= Fay + k (1= log) = Fa + k Al (19")
225 Li=lo+ A= AB = /(X , =X ;)> +(Y, -Y})?, 20
226 0’= atanLYl;, (219

4~ Xp

227  and new balancing equation:

228 F’ OA sin(0 —gn) — Mg — AMg=0 17"
229  where:

230 AM; = Ams g OA cosgr = AGs OA cosgn (24)
231 Due to nonlinearity of Equation (17”), comes from Relations (19’), (20") and (21’), it is impossible
232 to get an explicite relation like:

233 Y8 = Y5 (ms(t)) (25)
234 or

235 AYs=AYs (Ams(t)) (25"

236  which is necessary to the control. Only by using a numerical method could solve this problem.

237  4.Results

238 In the case of solution from Fig. 4.a let suppose that the variable part of payload has the maximum
239 value Gpmax = 4 N and is acting at distance OP = 2 m while the workfield of balanced arm (D is
240  symmetric with respect to the horizontal axis: ¢ € [-7/2, 7/2]. Suppose that the counterweight @ has
241  the weight G2=3 N and the connecting road () has the length AB =2 m and is articulated on vertical
242 direction at distance OA =1 m.

243 By taking into consideration a variation of payload as is represented in Figure 3 the maximum
244 unbalancing moment is when the position of balanced arm (@) is near the horizontal (¢ = 0.095[rad])
245  and has the value 0.828 Nm (represented by function h2(x) plotted in red color in graph from Figure
246 9).

247 The plotted red dashed curve - represented by function hi(x) in Figure 9 — show the variation of
248  unbalancing moment in case o linear variation of static load [27] which has the maximum value
249  about double than in case of parabolic variation (about 1.4 Nm at position ¢ =- 0.5 rad).
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Figure 9: Gravitational moment, unbalanced moments and counterweight balancing moments
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