18-331 Junior Project:

Coordination Control of The Lunar Mobile Manipulator

By Alongkrit Chutinan

Spring 1994 Final Project Report

Objectives

Two main objectives wer e pursued during the course of this pr oject. The first objective was to come up with an optimal strategy to coor dinate the motion of a five degr ee of fr eedom manipulator and its mobile base. The second one is to develop a softwar e contr oller to achieve smooth motions of the r obot. This r eport is thus or ganized ar ound these two objectives.

Coordination Scheme

By Optimizing A W eighted Function

Ther e ar e virtually infinite ways to coor dinate the position of the mobile base and the configuration of the manipulator so that the position of the end effector is at the specified point in cartesian space. However , we need to choose only one combination, which has to be optimal in some sense. The question then arises as to what we would like to optimize in trying to coor dinate the motion of the base and the manipulator to r each the final position. For the DLMM, we consider thr ee issues. The first issue we ar e concer ned with is the manipulability of the manipulator . The second one is the distance that the base has to move in or der to get to the goal position. Finally, the thir d issue involves the static stability of the whole r obot when it takes on a load. Befor e we continue and look at each of these issues, let us consider the general pr oblem setup first.

General Problem Setup

Consider the case when the base of the manipulator , which is attached to the mobile base, is initially at the coor dinates (0,0,0) and the goal position wher e the final position of the end ef fector is supposed to be is specified by the coor dinates (x,y,z) as shown below.

Goal (x,y,z) z

x y Base (0,0,0)

Figur e 1

The side view of the manipulator at its final configuration is shown below,

From figur e 2, we can write the forwar d kinematics of the manipulator as follows.

In figur e 2, the end ef fector is shown pointing down. In general, the orientation of the end ef fector will be specified, depending on what angle we want the manipulator to appr oach the goal. This specification imposes a constraint on the joint angles. In the above case, the end ef fector is pointing down, thus the constraint imposed on the joint angles is

In general, equation (4) would be

wher e γ is a specified angle describing the orientation of the end ef fector . From the forwar d kinematics of the manipulator , the distance that the manipulator str etches in the x-y plane can be written as

We will r efer to these equations as we pr oceed and discuss the thr ee factors we want to optimize in trying to get the r obot the goal position.

z d

L_2

L_1

L_4

L_3

θ_2 θ_3

θ_4

d is the distance that the manipulator str etches in the x-y plane

Figur e 2 θ_1

x L_2 θ_2sin L_3 θ_2 θ_3+( ) sin L_4 θ_2 θ_3 θ_4+ + ( ) sin + + ( ) θ_1sin −= y L_2 θ_2sin L_3 θ_2 θ_3+( ) sin L_4 θ_2 θ_3 θ_4+ + ( ) sin + + ( ) θ_1cos = z L_1 L_2 θ_2cos L_3 θ_2 θ_3+( ) cos L_4 θ_2 θ_3 θ_4+ + ( ) cos + + + = 3( ) 2( ) 1( )

θ_2 θ_3 θ_4 + + 180° = 4( )

θ_2 θ_3 θ_4 + + γ= θ_4 γ θ_2 θ_3−−= or 5( )

d L_2 θ_2sin L_3 θ_2 θ_3+( ) sin L_4 θ_2 θ_3 θ_4+ + ( ) sin + + = 6( )

Manipulability of The Manipulator

Manipulability is a quantity that r epr esents the ability of the manipulator to move ar ound at a given configuration. W e will assume that the gr eater manipulability, the better the r obot can move or change to a new configuration. Ther efore, we would like the maximize the manipulability of the manipulator at its final configuration to make it easier for the r obot to per form the next task.

Neglecting link 4 in figur e 2, the manipulator’s forwar d kinematics reduces to

By dir ectly dif ferentiating the forwar d kinematic equations with r espect to time and putting all the equations in matrix for m, we have that

The matrix J above is the so called Jacobian matrix and the manipulability ω is defined as the absolute value of the deter minant of the Jacobian matrix .

The final expr ession for the manipulability of the DLMM after simplification is found to be

Distance That The Mobile Base T ravels

As the mobile base is r elatively har der to move than the manipulator , moving the base usually consumes a lot mor e ener gy than moving the manipulator . The distance that the base has to move is r elated to the ener gy r equir ed to move the base. Ther efor e, if we minimize the distance that the base has to move, we also minimize the ener gy consumption of the mobile base.

x L_2 θ_2sin L_3 θ_2 θ_3+( ) sin + ( ) θ_1sin −= y L_2 θ_2sin L_3 θ_2 θ_3+( ) sin + ( ) θ_1cos = z L_1 L_2 θ_2cos L_3 θ_2 θ_3+( ) cos + + =

ẋ ẏ ż L_2s_2 L_3s_{23} + ( ) c_1

− L_2c_2 L_3c_{23}+( ) s_1

− L_3c_{23}s_1 − L_2s_2 L_3s_{23} + ( ) s_1

− L_2c_2 L_3c_{23}+( ) c_1 L_3c_{23}c_1 0 L_2s_2 L_3s_{23}+ ( ) − L−_3s_{23} θ̇_1

θ̇_2

θ̇_3 =

wher e c^1 θ1cos=

s_2 θ_2sin = s_1 θ_1sin = c_2 θ_2 cos = s_{23} θ_2 θ_3+( ) sin = c_{23} θ_2 θ_3+( ) cos =

J

ω det J( ) =

ω L_2L_3 L_2 θ_2sin L_3 θ_2 θ_3+( ) sin + ( ) θ_3sin = 7( )

Let D be the total distance along the x-axis between the initial position of the base and the goal point as shown in the figur e below.

We will consider the case in which the base only moves in a straight line along the x-axis. Fr om figur e 3, the distance that the r obot has to move in or der to get to the final position is given by | D+dsin θ1|. The r eason why we have to take the absolute value is because the optimization r esult might give a value of D+dsin θ1 that is negative in which case the base will actually move backwar ds.

Static Stability of The Robot When T aking On A Load

The r obot might fall over if the load it is taking on is too heavy. It might also fall over if it is str etching too much to r each the load, since the moment pr oduced by the load incr eases as the str etching distance of the ar m incr eases. The chance of the r obot falling over can be r educed by keeping the center of mass of the whole system with the load closest to wher e it was befor e without the load. Since all gravitational for ces (i.e. the weights) ar e vertical, they cannot pr oduce any moment ar ound the z-axis. Thus, we can r estrict our attention to only the x-y plane when considering the center mass of the system.

From figur e 4, we can find the location of the new center of the mass with

D x= initial position final position θ_1 θ_1 0= x-y plane

Figur e 3 x y d

d old CM θ_1

x y Load

L_{base}

L_{cm}

Figur e 4 respect to the old center of mass as follows.

To keep the new center of mass closest to the old one, we minimize the distance squar e x2+y2.

Formulating The Optimization Function

In summary, we would like to per form the following optimizations simultaneously when we move the r obot to the final position. The first one is to maximize the manipulability of the r obot at its final configuration. The second one is to minimize the distance that the base travels. The thir d one is to minimize the distance squar e of the new center of mass fr om the old one.

To per form all thr ee optimization at the same time, we would have to put all the factors we ar e considering into one function. Each element in the optimization function is weighted accor ding to its significance. For example, we might put the priority on the static stability of the r obot and make the coef ficient for the distance squar e of the center of mass lar ger than others. All the weighted elements in the combined function have to change in the same dir ection. W e have chosen to per form the optimization by maximizing the combined function. Thus, we have to put a negative sign in fr ont of every element we want to minimize befor e to tur n it into a maximization pr oblem.

Now we can for mulate our optimization function which we would call f with thr ee weighted elements in it, namely the manipulability ω the distance that the base travels | D+dsin θ1| and the distances squar e of the center of mass from the old center of mass x2+y2.

The coef ficients k1, k2, and k3 ar e positive, and f is to be maximized. Substituting the expr ession for θ4 into equations (3) and (4), we obtain that the optimization function f can be written in ter ms of only θ2 and θ3, and its constraint is essentially equation (3) with θ4 substituted. All the parameters other than θ2 and θ3 ar e completely specified.

Thus, our optimization task can be stipulated as follows.

x L_{cm} L_{base} − ( ) d θ_1sin−

( ) W_{load} W_{load} W_{base} + ( ) =

y d θ_1 cos ( ) W_{load} W_{load} W_{base} + ( ) =

f k_1 D d θ_1sin+

− k_2ω k_3 x^2 y^2+( ) − + = 8( )

f θ_2 θ_3,( ) k_1 D d θ_1sin+

− k_2ω k_3 x^2 y^2+( ) − + = maximize

subject to z L_1 L_2 θ_2cos L_3 θ_2 θ_3+( ) cos L_4 γ( )cos + + + =

An attempt to solve this optimization pr oblem using the Lagrange multiplier method has been made. However , the inter mediate r esults wer e far too complicated, and the final analytical r esult was never achieved. Ther efor e, a brute for ce method using a computer pr ogram to find the combination of θ2 and θ3 that maximizes f has been used instead.

To speed up the optimization pr ocess, instead of going thr ough all combinations of θ2 and θ3, we will just look for θ3 that satisfy the constraint for a given θ2, which will run fr om 0 to 90 degr ees by 1 degr ees.

For a given θ2, we can solve for θ3 by the following manipulations of the constraint equation.

θ_1 y d ( ) acos y d ( ) acos − = , x< 0

, x > 0 wher e D x=

d L_2 θ_2sin L_3 θ_2 θ_3+( ) sin L_4 γ( )sin + + = ω L_2L_3 L_2 θ_2sin L_3 θ_2 θ_3+( ) sin + ( ) θ_3sin =

x L_{cm} L_{base} − ( ) d θ_1sin−

( ) W_{load}

W_{load} W_{base} + ( ) = y d θ_1 cos ( ) W_{load} W_{load} W_{base} + ( ) =

z L_1 L_2 θ_2cos L_3 θ_2 θ_3+( ) cos L_4 γcos + + + = z L_1 L_2 θ_2cos L_3 θ_2 θ_3cos L_3 θ_2 θ_3sinsin− cos L_4 γcos + + + = z L_1 L_2 θ_2cos L_3 θ_2 θ_3cos L_3 θ_2 1 θ_3cos( )^2−sin− cos L_4 γcos + + + = L_3 θ_2 1 θ_3cos( )^2 − sin L_1 L_4 γcos z− L_2 θ_2cos + + ( ) L_3 θ_2 θ_3coscos+ = L_3 θ_2 sin ( )^2 1 θ_3cos( )^2

−( ) L_1 L_4 γcos z− L_2 θ_2cos + + ( )^2 L_3 θ_2 θ_3coscos( )^2 + + = 2 L_1 L_4 γcos z− L_2 θ_2cos + + ( ) L_3 θ_2 θ_3coscos

L_3^2 θ_3 cos ( )^2 2 L_1 L_4 γcos z− L_2 θ_2cos + + ( ) L_3 θ_2 θ_3cos( ) cos + L_1 L_4 γcos z− L_2 θ_2cos + + ( )^2 L_3^2 θ_2sin( )^2 − [ ] + 0=

The above r esult is a quadratic equation in cos θ3. Thus, we have two solutions for cos θ3. We can take an inverse cosine for each solution to get θ3 that satisfy the constraint.

Simulation Results

The coor dination scheme was simulated in MA TLAB. All the MA TLAB scripts used in this simulation ar e also attached to this r eport. Most of the variable names ar e consistent with the conventions established in the pr evious discussions. Thus, the r eader can r efer to the pr evious discussions and figur es to understand the MA TLAB simulation code. The script file coordinate.m is the one to be run in or der to start the simulation. The script file will ask the user to specify the goal coor dinates (x,y,z), the wrist orientation γ, and the weight of the load ( Wload ). The r esulting run time was r easonably fast and can be used to generate a r eal-time optimization and execution of the coor dination contr ol.

The simulation r esults ar e shown on the next 4 pages. W e can see the effect of the load on the optimization r esult. W ithout out the load, the optimization only compr omises between the manipulability and the distance that the base travels. W ith the load, the r esult is dif ferent. The r obot now tries, at the same time, to move its base as little as possible, maintain as high manipulability as possible, and keep the overall center of mass as close to its center of mass as possible. The last two plots show the same kind of r esult when another wrist orientation is specified. The optimization r esult will be dif ferent if the weighing coef ficients, which ar e now set to be all 1’s, ar e alter ed. These coef ficients can be experimentally tuned in the simulation to achieve a r easonable behavior of the r obot befor e the actual implementation.

Software Controller Design

The contr oller implemented to contr ol the DLMM is not a conventional one. It basically is a PI contr oller with some additional featur es, one of which is the damping ter m which is pr oportional to the velocity of the output. The basic contr oller output is of the for m

wher e e is the err or signal r(t) - y(t) v is the joint velocity y’(t) The underlying idea behind this contr oller is the dif ficulty of establishing an accurate model for a complex system dynamics. That is, designing the contr oller accor ding to the plant dynamics can become incr easingly dif ficult as we have a mor e complex model of the plant. The added damping ter m makes it possible to achieve the r esponse that is fast, yet being over damped in natur e by the trial and err or tuning of the gains Kp, Ki, and Kdamping. The tuning of the contr oller can be done without actually having to know the detailed dynamics of the system. W e can just assume that the higher the output voltage, the gr eater the tor que for the motor . Even though this assumption is not necessarily true all the time, it is good enough for the purpose of designing our contr oller .

The main purpose of putting the damping ter m into the contr oller is to pr event overshoots. Most of the physical systems tend to overshoot with a high pr oportional gain. The output will move at a high speed, gaining some momentum and causing overshoots. The damping ter m is pr oportional to the velocity of the output; however , it is going against the motion of the output. At small speed, the damping ter m won’t have much ef fect on the contr ol output. However , if the speed is too high, the damping ter m will help slow the r esponse down as it can become so lar ge that the overall contr ol output is negative. Once the speed is slowed down, the pr oportional gain takes char ge again. Thus, the pr oportional gain can be cranked up to a higher value than usual. The higher pr oportional gain can help the system get to the set point faster when the err or is small. Incr easing the integral ter m to push the system to the steady state faster is usually not a good idea for it can cause some overshoots, and it would actually take mor e time for the system to settle with a lar ge integral gain.

Ther e ar e some additional detail we need to take car e of in our contr oller . The first one has to do with the integral ter m. Since we usually do not want a lar ge integral ter m, we would not tur n it on until we got into some close range ar ound the set point.

The second thing to be taken car e of is friction in the system. W e defined some friction ter ms for the contr oller . The right values of friction ter ms will help the contr oller over come the friction faster so the system will not get stuck when the pr oportional ter m is too small (e.g. small err or). However , the friction ter ms defined ar e only used to over come the static friction. In other wor ds, they ar e tur ned on only when the velocity is zer o. At some point wher e the err or is r eally small, we cut the friction ter m out and let the integral ter m takes car e of pushu t( ) K_pe K_i e∫ K_{damping}v − + = ing the joint position to the set point.

The thir d one is the gravity ter ms. Gravity ter ms ar e needed to compensate for gravitational ef fects on some joints that the gravity compensation system cannot compensate for .

Reference Signal Generation

To limit the maximum err or signal, we made the r efer ence position lead the measur ed position towar ds the set point by a constant amount (curr ently 7.5 degr ees). However , when the leading r efer ence signal r eaches the set point, we hold it ther e. The a hypothetical lead r efer ence signal and the r esponse is shown below.

In contr oller.c, the portion of the code that generates the r efer ence signal lies in the function feedfor() . Please r efer to the commented sour ce code attached to this r eport for mor e infor mation.

Experimental T uning of The Controller

As mentioned earlier , the contr oller tuning can be done by trial and err or, by looking at the r eal r esponse of the system and adjusting the gains accor dingly. However , we can r ecor d the data for each trial run and plot it to give us some idea about how the system r esponds and to help us tune the contr oller . We can look at various r esponses of the system to help us adjust the gains, the friction ter ms, and the gravity ter ms.

Ther e ar e some rules of thumb that we can use to decide whether the current gains for the contr oller ar e appr opriate. If the r esponse is too slow, or the tor que applied by the motor is too weak when we try to twist it by hands, the pr oportional gain is pr obably too small. If the motion was too fast, then we reduce the pr oportional gain. If near the final set point, the motor is shaking back and forth and it takes so long to settle, then the integral gain is pr obably too big. The integral gain is pr obably too small if the system takes a considerable amount of time to go fr om the point wher e the err or is small to the set point. The damping gain should not be too big. The output position will never

Set Point

Constant Lead

System Response

Refer ence Signal

Tur n the integral ter m on in this region.

get to the set point if the damping ter m is too sensitive and keeps pushing har d against the desir ed motion. The friction ter m should be just enough or almost enough for the motor to over come the friction. The friction ter m should be helping the pr oportional ter m when the system get stuck. It should not become the dominant ter m all the time.

The contr oller is implemented in the r outine feedback() in the file contr oller.c. See the sour ce code for the value of gains used for each joint.

Samples of The Real Responses And Controller Problems

Two sets of data wer e gather ed fr om two experimental runs of the contr oller. The r esults wer e fairly satisfactory. Most of the r esponse wer e over damped and we did not see much of the oscillations going on. In some of the plots, we can see stair -case-liked kind of r esponses. These stair -case patter n is pr esumably due to friction in the system. The system got stuck at some point then moved on because we had a static friction ter m for each joint. As soon as the system moved, the static friction ter m went away so the system got stuck again at some other point. These r esults suggested that we add another friction ter m to our contr oller , namely the kinetic friction ter m, to help smoothing the responses.

Even though we had a damping ter m for each joint to damp out the response of each joint and pr event overshoots, the damping ter m is sometimes not enough to compensate for the momentum or the gravitational for ces that acted on the system. One key pr oblem was that the damping ter m cannot be raised so high as it would make the system become too sensitive to any change in velocity and would induced a lot of oscillation. Small change in velocity would cause the contr oller to output a high voltage in the opposite dir ection which would cause the big velocity change in that dir ection. This change in velocity would again cause the contr oller to try to push the system back in the original dir ection even har der . The cycle would r epeat and the system could even become unstable if the damping ter m is not pr operly set.

The data for joint 7 (steering) was not included since we wer e working on the case wher e the base only moved in a straight line and the steering was kept straight all the time.

Another pr oblem with this contr oller is that right now the contr oller cannot operate over all range of dynamics. If the r obot has to carry a heavy load, the contr oller might not be able to make the r obot hold the load and stay in the specified configuration at the same time. This is because the gains ar e too low right now (The main objective at first was to achieve a smooth motion for the robot without the load). If the gains ar e raised, the r esponse would not be smooth anymor e, but mor e for ce could be applied to each joint. Per haps, the next thing we have to think about is the development of some kind of adaptive contr oller that can operate over a wide range of dynamics and pr oduce a desir ed smooth motion for the r obot.

User Interface

The user can execute the coor dinating contr ol of the DLMM by writing a sequence of command in a command file. Eight basic commands ar e alr eady developed for the DLMM. Each command is a letter followed by variable number of parameters, depending on which command is being executed. Each line contains only one command. The user inter face part lies essentially in the feedfor() routine in the file contr oller.c. (See the sour ce code).

‘g’: Go to A Specified Point

Command Syntax: g x y z wrist_orient hand_orient check_time x,y,z: coor dinates of the goal position wrist_orient: angle (in degr ees) describing the orientation of the wrist ( γ) hand_orient: angle in degr ees describing the orientation of the gripper (joint 5). It is only used when gamma is 180 degr ees, i.e. when the end ef fector is pointing straight down. If a zer o degr ees is specified, the hand orientation will be parallel to the gripper that is attached to the base. If a 90 degr ee is specified, it will be perpendicular to the base gripper .

check_time: the amount of time (in 1/10th’s of a second) during which the r esponse of the system need to be accurate (near the set point) and stable befor e the contr oller can r ead in the next command.

‘w’: Specify The W eight of The Load

Command Syntax: w Wload Wload: The weight of the load in lbs.

‘s’: Set The Steering Angle

Command Syntax: s steering_angle check_time steering_angle: the desir ed steering_angle in degr ees

‘b’: Move The Base T o A Specified Point

Command Syntax: b base_position check_time base_position: the desir ed position of the base along the x-axis

‘j’: Specify The Joint Positions

Command Syntax: j T1 T2 T3 T4 T5 check_time Ti: The desir ed joint angles in degr ees

‘o’ Open The Gripper

Command Syntax: o check_time Need to use the gripper enable button during the execution of this command.

‘c’: Close The Gripper

Command Syntax: c check_time Need to use the gripper enable button during the execution of this command.

‘q’: Quit

Command Syntax: q Quit, end the execution.

Example of A Command File

An example of a command file sequence is shown below.

w 40
j -90.0 45.0 90.0 45.0 0.0 10
g 20.0 -30.0 20.0 180 0.0 0
g 20.0 -30.0 5.0 180 0.0 10
g 20.0 -30.0 -1.0 180 0.0 10
c 20
g 60.0 40.0 20.0 180 90 0
g 60.0 40.0 10.0 180 90 10
g 60.0 40.0 0.0 180 90 10
o 20
g 60.0 40.0 15.0 180 90 0
g 76.0 -30.0 10.0 180 90.0 10
g 76.0 -30.0 -1.0 180 90.0 10
c 20
g 76.0 -30.0 10.0 180 90 0
g 60.0 40.0 20.0 180 90 0
g 60.0 40.0 10.0 180 90 10
g 60.0 40.0 0.0 180 90 10
o 20
g 60.0 40.0 10.0 180 90 10
b 0.0 0
j -90.0 45.0 90.0 45.0 0.0 50
q

Source Code Listing

The sour ce code contr oller.c is attached to the back of this r eport.