
2.165 Robotics
Spring 2006

Problem Set #2

Issued : Tue 02/28/2006
Due : Tue 03/14/2006

Problem 1:

In class, we have often come across derivatives of the form shown below:

∂

∂x
(xTGx + vTx)

For a constant symmetric matrix G and a constant vector v, simplify explicitly the
above expression containing a variable vector x. How would your simplified answer
change if G is not symmetric?

[Hint: Start with a vector x with 2, or maybe 3, components, (and appropriate G and
v) to do the explicit matrix algebra.]

Problem 2:

Consider the dynamic equations that we have examined for a two degree-of-freedom
planar manipulator in the vertical plane with two rotational joints:

H(q)q̈ + C(q, q̇)q̇ + g(q) = τ

where

q =

[
q1

q2

]
,H =

[
H11 H12

H12 H22

]
,C(q, q̇)q̇ =

[
−2hq̇1q̇2 − hq̇2

2

hq̇2
1

]
,

H11 = m1l
2
c1 + I1 + m2(l

2
1 + l2c2 + 2l1lc2cosq2) + I2

H22 = m2l
2
c2 + I2

H12 = m2l1lc2cosq2 + m2l
2
c2 + I2

h = m2l1lc2sinq2
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(a) The Coriolis and centripetal torque vector C(q, q̇)q̇ is a uniquely defined physical
quantity. Show that, however, given C(q, q̇)q̇ alone, a unique solution cannot be
obtained for the matrix C(q, q̇). Identify two possible solutions of C(q, q̇).

(b) You have been given the Coriolis and centripetal torque vector C(q, q̇)q̇. In
addition, now use the condition that Ḣ− 2C is a skew symmetric matrix to solve
for the unique value of C(q, q̇).

(c) Verify that C(q, q̇) that you found above satisfies the following component-wise
definition for the case of a n-link manipulator:

Cij =
1

2
Ḣij +

1

2

n∑
k=1

(
∂Hik

∂qj

− ∂Hjk

∂qi

)q̇k

Problem 3:

(a) Consider a 2-link manipulator, in the horizontal plane. Assume that the manip-
ulator is subject to a unit force at its endpoint, pointing towards its “shoulder”.
Compute and plot the joint torques required so that the manipulator does not
move, as a function of configuration.

(b) Same question as (a), but in the vertical plane. (You may need some extra
numerical assumptions, please make them simple and explicit.)

Problem 4:

Consider a 2-link manipulator in the vertical plane. Choosing arbitrary initial con-
ditions, simulate the dynamics of the manipulator. Here, we assume no joint torque,
no friction, only gravity, so that you can imagine this manipulator as a 2-link free
pendulum.

Problem 5:

Compute the dynamics of the manipulator in Problem 3(b) (without the endpoint unit
force) using a recursive Newton-Euler algorithm, and verify that you obtain the same
final equations as in class.
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Problem 6:

For the manipulator of Problem 3, simulate and comment on the performance of a P. D.
controller, in a point to point task from (q1 = −300, q2 = 450) to (q1 = 450, q2 = 100),
in the (a) case, and then in the (b) case. Also, simulate an endpoint P.D. controller
corresponding to the same task.


