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SUMMARY

In this study, a control algorithm is proposed and evaluated for a special type of kinematically redun-
dant manipulator. This manipulator is comprised of two mechanisms, macro and micro mechanisms,
with distinct acceleration and work space characteristics. A control algorithm is devised to minimize
the task completion duration and the overall actuator effort with respect to the conventional manipu-
lator. A general framework multi-priority controller for macro-micro manipulators is introduced by
utilizing virtual dynamics, which is introduced in null-space projection to achieve secondary tasks.
The proposed controller is evaluated on a simulation model based on a previously constructed macro-
micro manipulator for planar laser cutting. Task completion duration and the total actuator effort are
investigated and the results are compared.

KEYWORDS: Redundant manipulators; Robot dynamics; Control of robotic systems; Macro-micro
manipulation; Multi-priority control; Computed torque control.

1. Introduction
Kinematically redundant manipulators can provide the task designer with an infinite number of solu-
tions that can achieve the same primary task, since they possess more degrees of freedom (DoF)
than required to execute a given task. Self-motion of the redundant manipulator, which has no
effect on the primary task,' has been used to achieve a variety of subtasks, for example, singu-
larity avoidance and minimizing total joint motion. Several redundancy resolution algorithms have
been proposed in the literature that allow the ability to optimize for various criteria using subtasks
without interfering with the primary/top task. Redundancy resolution in velocity level by making use
of the pseudo-inverse approach has been widely used in various subtask controls such as singularity
avoidance,” joint velocity minimization,® obstacle avoidance,* mechanical joint limit avoidance® and
manipulability.® These controllers have based their redundancy resolution algorithms on only kine-
matic parameters. Additionally, multi-priority controllers which base their redundancy resolution
algorithms on dynamic parameters with torque controllers were developed.”® In terms of dynamic
consistency, a wide overview of torque controllers which utilize redundancy projections is given and
analyzed in ref. [9].

A special set of kinematic redundancy is formed by the use of different mechanisms that inherently
have distinct capabilities. Such systems can be distinctly categorized under macro-micro manipula-
tion (MMM) because of their unique configurations. MMM, as its name suggests, is comprised of
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218 A controller for macro-micro manipulation

a macro mechanism with a relatively larger work space and a lightweight micro mechanism deal-
ing with confined motions with relatively higher dynamic capabilities. Concisely, mounting a micro
manipulator to the end of a macro manipulator can provide fine adjustment of errors in position or
force and thereby enhance accuracy and/or inertial characteristics of the overall manipulator while
maintaining a large work space. In this regard, the human upper limb can be observed and imitated
as a macro-micro system, especially for tasks such as writing,'” where the shoulder and elbow joints
act as a macro manipulator for coarse positioning, and wrist and fingers deal with finer motions.

The development of the MMM originated from the need for better accuracy and dynamic perfor-
mance. To the best knowledge of the authors, the MMM was first mentioned explicitly in the study
of Sharon and Hardt'! in 1984. Khatib, in his work,'? analyzed the control and effective inertial
characteristics of MMM. In ref. [13], a general control framework for macro/mini manipulator to
improve the force and compliant motion control performance is introduced. In ref. [14], hybrid posi-
tion/force controllers are used on a mechanism which is the combination of a flexible macro and a
rigid micro mechanism. Henceforth, the MMM became a field of study for improving positional and
force accuracy as well as dexterous manipulation.

In terms of applications, many studies are conducted to enhance the performance of systems by
means of accuracy and force control. An MMM welding robot based on the vision navigation is
designed in ref. [15], which is used for seam tracking. The control is achieved by the task space
division method in which motion is planned for the macro manipulator, while the micro manipula-
tor is used to compensate the tracking errors in real time. In ref. [16], a general control framework
for the macro/mini manipulator to improve the force and compliant motion control is introduced.
The experimental system in this study comprises 7-DoF Mitsubishi PA-IO as the macro manipulator
and 1-DoF voice coil as the mini manipulator. A force/position controller is devised so that it could
reduce the impact when the manipulator makes contact with the workpiece. In this case, the micro
manipulator is used to regulate the contact forces during the motion of the macro manipulator. MMM
control architecture is developed in ref. [17] to enhance the accuracy of robotic machining. An indus-
trial robot, KUKA model KR125, is used as the macro manipulator, while an external piezo-actuated
compensation mechanism is used as the micro manipulator. This integrated system is reported to
offer significantly higher bandwidth control of the relative position between the tool and the work-
piece. The experimental results show that the proposed approach offers higher accuracy, with up to
eight times improvement in the milling operation.

Another approach that utilizes MMM is shown to enhance the acceleration capability of the
total system by adding a lightweight micro manipulator to a conventional machine. Trumpf com-
pany devised a solution in their planar laser cutting machine called Trumatic 7000 to increase the
acceleration of the machine by adding additional axes alongside the X- and Y-axes, namely, making
the configuration of the machine XY + xy.!® Prima Power Company, from Italy, designed Syncrono
Series planar laser cutting machines with two additional axes. Syncrono has the capability of reach-
ing a combined acceleration of 6 g. In this system, the conventional machine axes (X, Y) which can
be named as the macro manipulator axes are used to position laser head for macro displacements,
and the additional two axes (u and v), which can be named as the micro manipulator axes, are used
to move the laser head in a relatively smaller work space.'® 20

The MMM that is used in this study is a simplified model of the kinematically redundant machine
in ref. [21], which is designed for the planar laser cutting operation. Similar to the applications
mentioned above, the MMM concept is implemented by adding a micro mechanism at the distal end
of a conventional Cartesian manipulator (an x-y table). However, the parallel mechanism used for
the micro manipulation and redundancy resolution algorithms used in this study is different from the
previous examples in the industry. The agility of the relatively smaller sized parallel mechanism with
lower inertia with respect to the macro mechanism is used to enhance the total acceleration capability
of the system while the work space dimensions are preserved. In this previous study, a trajectory
generation scheme with an off-line task division method and an online compensation to generate
the micro mechanism’s motion trajectory is proposed and employed on an industrial laser cutting
machine.?!"?> The main novelty of the study presented in this article is that it limits the maximum
acceleration of the macro manipulator within the desired acceleration bounds during the operation
without the need for an iterative procedure as presented in ref. [22]. The proposed methodology also
results in the minimization of the total actuation effort.
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Fig. 1. Model of the macro-micro manipulator (MMM).

The proposed method is a multi-priority control where the first priority is end-effector’s motion
trajectory tracking and the secondary priority is limiting the maximum acceleration of the macro
manipulator to the desired limits while not violating the work space boundaries of the micro
manipulator. Redundancy is resolved by designing the null-space controller utilizing a simplified
dynamic model of the proposed MMM.

In the first section, the derivation of the dynamic model of the MMM is given. Also, kinematic and
dynamic properties of the model are listed. In the following section, the controller designed for the
MMM is explained. The redundancy resolution algorithm to regulate the acceleration and work space
of the macro and micro manipulators is proposed along with the optimization of the parameters of this
algorithm. A simulation test is prepared that has MMM model parameters similar to ref. [21] and the
same trajectory as the previous experimental study.?? The proposed redundancy resolution algorithm
is tested in simulations, and the obtained test results are discussed in the conclusions section.

2. Model of the Macro-Micro Manipulator

In this section, a simplified model of the MMM concept that was used for the planar laser cutting
machine?">?? is introduced. To make use of inertial properties of macro-micro mechanisms, assessed
specifications on the design of the MMM is given as follows:

1. The macro manipulator has larger work space with 1 g acceleration limit.
2. Micro manipulator is lightweight and has a smaller work space with better acceleration capabili-
ties.

The MMM devised in the study comprises a Cartesian prismatic planar macro manipulator and a
five-bar parallel micro manipulator. The Cartesian manipulator has a work space of 1000 x 1500 mm
and a planar mechanism devised to use 100 x 150 mm free from kinematic singularities. The mech-
anism’s kinematic structure is represented in Fig. 1. ¢; and ¢, are Cartesian macro mechanism’s
prismatic joints and g3 and g4 are micro mechanisms active revolute joints of five bars. Due to the
closed chain, parallel mechanism’s gs and gg joints are passive. Consequently, given a desired trajec-
tory on planar space, the manipulator has two extra DoF. Therefore, in addition to the main objective,
which is to follow end-effector trajectory, a secondary objective can be planned by using extra DoF.
The dynamic model developed is defined in a compact and structured form and is used to implement a
computed torque control method with the novel secondary-task definition for redundancy resolution.
However, the computation of the dynamics of the parallel micro mechanism is more complicated
than serial macro mechanisms because of their closed-form structure. The model of the mechanism
with constraints is derived utilizing reduced-order model method as proposed in refs. [23, 24].

For the model given in Fig. 1, kinematic and dynamic parameters of the MMM in ref. [21] are
listed in Table I. Links 1 and 2 are the macro manipulator’s links in Cartesian configuration, which is
a conventional x-y table in planar laser cutting machines. In the micro manipulator, five-bar parallel
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Table I. Kinematic and dynamic parameters of MMM used in simulations.

Link Moment of
length/maximum Center of inertia about the
travel distance (mm) Mass (mm) Mass (kg)  z-axis (kgmm?)

Link 1 1500 (max) 750.2 422.49 1,020,718.61
Link 2 1000 (max) 100 29.87 36,363.92
Link 3/Link 4 150 80.35 3.40 1800.02
Link 5/Link 6 150 82.66 391 1312.99

mechanism’s Links 3 and 6 are identical to Links 4 and 5, respectively, which shows that they have
the same kinematic and dynamic parameters. The length AypBy given in Fig. 1 is chosen to be zero
in simulations to be consistent with the actual MMM in ref. [21]. Global axes are represented by x,
and y,, where end-effector’s motions are defined, while the micro manipulator’s axes are indicated
with u# and v on its base frame. The coordinate of five-bar mechanism’s workspace middle position
is chosen at [0 0.212] m with respect to its base frame.

The model of the closed chain mechanical system can be designed by subjecting constraints to
the open-loop model. The 2-DoF five-bar linkage closed-loop mechanism is constructed from two
open-chain serial links, and the holonomic system is governed by the following differential equation:

T'=M'(q)§ +N'q.q)q +G'q) (D

T . . . . . . . T
=10 29919591, ¢=1414 4 Gs G5 Go (2)

where ¢’ is the vector of generalized coordinates of the manipulator including the passive joints on
the five bars and 7’ is the corresponding computed torques. M'(q’) € R®® is the generalized inertia
matrix, N'(¢’, ¢') € R®® is a matrix including centrifugal and Coriolis terms, and G'(q') € R® is
gravity term that are acquired using the Lagrangian method. After obtaining equations of open-chain
dynamics, a reduced model in the form of Eq. (3) can be extracted by subjecting it to constraints as
follows:

T=M@)j+Nq.q)q+Gq) 3)
q=rq)q.q =0 )

9 Al q1
SRR

qa qa qa
M(q) = p(g)" M (q)p(q) (©6)
N.q) = p@)'N'@.q)p@) + pld)'M@)p(d. ) 7
G(g) = p(g) G'(q) )

Using the constraint equation, the parameterization with ¢' = o (¢) is implicit and requires solving
a differential equation. For a five-bar parallel mechanism, equations can be computed analytically.
The determination of M(q') € R** N(q', §) e R¥** G(q") e R*, p(q") e R*S, p(q’, ¢)) e R*® | and
o (q) € R for the five bars are calculated as given in ref. [24]. The constrained equations are given
in the equation below. Therefore, o (q) = [ ¢q] is obtained by constrained equations and active joint
positions. p(q’) and p(q’, §') are calculated by taking the time derivative of o (q).

(€))

l3c08(q3) + Iscos(g3 + g5) — l4c0s(qs)—Isc0S(g4 + g6)
l3sin(q3) + Issin(gs + g5) — l4sin(qs) —lesSin(gs + q6)
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Redundant manipulator has a Jacobian matrix J € R*.

| _ [asin(gs + go)sin(gs)  3sin(gs + gs)sin(ge)
J— sin(g3 + gs — g4 — q¢)  sin(qs + qs — g4 — qe) (10)
10 l4c08(q4 + go)sin(qs)  —I4c08(g3 + g5)sin(ge)
sin(q3 +qs — g4 — qe)  sin(g3 + g5 — g4 — o)
The task space motion of MMM is represented in Cartesian space with x. The relationships of
manipulator end-effector velocity and acceleration are described as:

x=Jq

¥=Jq+Jq

g=Jtx+4qy

G=J G —J9) +iy (11)

where ¢ € R*, g € R* joint velocity and acceleration vectors, ¢y € R*, gy € R*S are joint space
projections to the null space and x € R?, ¥ € R? are task space velocity and acceleration. The
pseudo-inverse of Jacobian matrix denoted by J* € R*? is defined when J has full rank.

3. The Control Law

The computed torque method is used to control the MMM. The control input torque, 7, is formulated
in Eq. (12) as in ref. [25], in which the term J* (¥4 + K, ¢ + K,e — J¢) ensures the primary objective
which is trajectory tracking. The vector ¢y € R? is in the null space of the Jacobian matrix which is
(I — J*J) and obtained by multiplying a secondary objective function with the null-space projection
matrix. It is proven in ref. [25] that the main task, which can be also named as the primary task, is not
affected by any arbitrary demands associated with the null-space vector. Also, gravitational terms are
neglected since the planar mechanism does not make any motion against gravity.

T =MW" Ga+Koe+Kpe—J§) + by} + N, ) (12)

where K, € R*? and K, c R*? are constant diagonal gain matrices. Error vectors e and é are
computed with the desired task trajectory x4, X; € R?> and end-effector x, x € R? motions.

e=Xj—X,6=X4—X (13)

It should be noticed that that in addition to primary objective controller commands which includes
(task-space) command accelerations ¥, and the null-space command ¢, the components of Coriolis
and centrifugal forces, N(q', ¢), are completely compensated in the control Eq. (12) to ensure stabil-
ity. The stability proof of the overall control algorithm is based on the task-priority-based controllers
using pseudo-inverse, which was used in ref. [25] to prove the stability of the overall system for any
vector of ¢, which is projected in the null space.

The closed-loop system is given by Eq. (14) is reduced to Eq. (15).

M@)i+N(q.q)=M@){J* G+ Keé +Kpe—J§) + by} + NG §) (14)
§=J* G+ Koe +Kpe —J§) + ¢y (15)

Equating (11) and (15) results in the following expression
JtE+K,e+Kye) =gy — oy (16)

where gy — ¢ belongs to the null space of J and J has full rank. Later Eq. (16) is multiplied with J.
(é+K,e+Kye)=0 (17)

Linear analysis tools can be used to show that error, e, goes to zero exponentially with the use of
constant positive definite diagonal gain matrices. It should also be noted that the micro mechanism
is singularity free as long as the work space boundary, which is set as 100 x 150 mm, is not violated.
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Fig. 2. Double mass-spring-damper model representation for secondary dynamics.

The torque demands for secondary task are decoupled by using null space of the Jacobian. To
achieve a stable system behavior in the null space of the system, the impedance-like controller’s
stability should be issued. The defined virtual inertia M, damping By, and stiffness K; determine
the behavior of the robot when subjected to secondary control inputs. The controller used in null
space:

¥y = ¥aa + M7 [(Bax + Kg%) — F,]

To analyze the stability properties of the equation above, Lyapunov candidate function is created:
Lo~ L.t X 1 ~Tyr ~
Vix,x,t)= Ex M x + Ex K x
Differentiating V(J;c, X, t) with constant My and K yields:

VE E D) =% MgE + K&
— & (—Bu — K %) + i K &
— - B

It can be concluded that the stability is preserved as By is assigned as a positive definite matrix.

3.1. Secondary Control

The secondary control is realized by projecting a lower priority dynamic characteristic into the null
space of the Jacobian. Previously, in refs. [8, 26, 27], a dynamic-level secondary task called Cartesian
impedance control was realized in null space. A control law is devised for desired force and motion
with a multi-priority impedance control in ref. [26]. In ref. [28], the dynamic coupling of macro and
micro manipulator is investigated and it is deduced that higher frequency force or motion demands
can be allocated to micro manipulator which improves the accuracy of the overall system. The algo-
rithm proposed in this study is inspired by ref. [28] in terms of designing a virtual dynamic model
(VDM) for the MMM to carry out secondary tasks. A decoupled control law is used for primary
and secondary tasks by using the null-space projection of the Jacobian. The algorithm is designed to
promote the distinct advantages of both manipulators. The VDM used for secondary tasks is used to
regulate internal motions of manipulators, while the first task is carried out to track the desired end-
effector trajectories. The VDM is presented in (18) by desired mass My, damping By, and stiffness
K, matrices.

Myx + Bax + K% =0 (18)

i‘=de—xM,.é=.fch—xM,;=X'Md—X'M (19)
where ¥ € R*, ¥ € R*, and ¥ € R* error signal vectors are computed by subtracting the planar motions
of the macro and micro manipulators, xy; € R*, xp € R*, and ¥y € R*, from the desired planar
motions, Xy € R*, Xpa € R*, and ¥pgg € R*.

A double mass-spring-damper model is used to describe the dynamic behavior of secondary task
as shown in Fig. 2. The subscript 1 denotes the macro manipulator and the subscript 2 denotes the
micro manipulator. The m; mass, k; spring constant, »; damping constant, and x,;; motion are used
to represent the macro manipulator’s VDM, while m;, mass, k, spring constant, b, damping constant,
and x), motion is used to represent the VDM of the micro manipulator. For each Cartesian axis
(x- and y-axes in Fig. 1), a double mass-spring-damper model is used with the selected parameters
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that are discussed in the next section. With respect to these, VDM presented in Fig. 2 and its
abovementioned parameters in (18) are calculated as follows:

fmy, 0 0 0
| 0 m 00
=10 0 m 0
0 0 0 m
—kl + ky 0 —ky 0
0 ki+k 0 —k
K;= 20
a4 —ky 0 ky 0 (20)
o k0 ke
_bl + by 0 —by 0
0 by+b 0 —b
By =
—by 0 by 0
0 b, 0 by

Secondary joint acceleration demands are computed from VDM introduced in Eq. (18). First of
all, (18) is reshaped as shown in Eq. (21).

¥y = Xpa + M7 [(Bax 4 Ki%)] 1)

An augmented Jacobian, J; € R**, presented in Eq. (22) is formulated to relate the MMM'’s sec-
ondary joint space demands to VDM’s task space motion which is the Cartesian motions of macro
and micro manipulators.

First row in the matrix maps the y-axis demands of macro manipulator to the respective Cartesian
space motion in y-axis. Second row in the matrix maps the x-axis demands of macro manipulator
to the respective Cartesian space motion in x-axis. Third and fourth rows in the matrix map the
active joint demands of micro manipulator to the respective Cartesian space motion in y- and x-axes,
respectively.

0 1 0
0 0
J.=lo o - {3sin(q4 + g6)sin(gs) l_3sin(q3 + g5)sin(ge) 22)
sin(qz + g5 —qa — q¢)  sin(q3 +qs — g4 — q¢)
0 0 l4c08(q4 + g6)sin(gs) —l4cos(q3 + gs5)sin(gs)

sin(q3 + g5 — g4 — qs)

sin(q3 +qs — g4 — qs) _

Inverse kinematics is used to calculate the secondary joint acceleration demands, 0, by substituting
(21) in (23) as shown in (24). Finally, the null-space vector is calculated by using null-space mapping
in (25). With this simplified model in Eq. (18), the null-space vector, ¢, to be used in (12) is found
by computing secondary joint motion demands, 6.

¥u=J0+J,0 (23)
0 = J7 Fna + M7 [(Bax + Kg%)) — J,6) (24)
oy =U—Jt])b (25)

In particular, secondary task demand, Eq. (24), represents a dynamic equation (VDM) expressed
in terms of secondary task space variables projected to joint space by J;. By proper choice of the
dynamic matrices My, By, and Ky, it is possible to achieve the desired dynamic behaviors of macro
and micro mechanisms without affecting the task-space dynamics and stability of the system. To
achieve a stable system behavior in the null space of the system, the impedance-like controller’s
stability should be issued.
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Fig. 3. The overall control scheme for the MMM.

The stability of the expression in Eq. (21) can be analyzed via the Lyapunov function V = %JLCT

Md.i‘ + %iTKdi, where M, and K are positive definite matrices. The derivative of Lyapunov function

is obtained as V = —)LcTBdJLc from which it is concluded that the stability is preserved as By is positive
definite. The defined virtual inertia M4, damping By, and stiffness K; determine the behavior of the
robot when subjected to secondary control inputs.

The overall control scheme is illustrated in Fig. 3, where primary and secondary tasks and their
information flow are distinctively shown. The primary task is created according to the trajectory
generation of desired end-effector/cutting path and motion limits designated for the end-effector
motion. The trajectory for the given path is planned by using the algorithm presented in ref. [21],
which generates S-shaped velocity profiles to ensure finite jerk limits. The motion demands created
from the primary task along with the position and velocity feedback of the end effector are used
to generate error signals to be fed into the controller, which is explained in Eq. (12). The motion
demand in the acceleration level is fed forward directly to the controller.

The secondary task block in Fig. 3 is used to distribute motion demands according to the acceler-
ation and work space capabilities of the macro and micro manipulators. In this secondary task, the
acceleration of the macro manipulator is constrained by complying with the work space limitation
of the micro manipulator. The algorithm for such a distribution of motion demands is explained in
detail in the next section.

A designed VDM, represented in Eq. (18), is used to formulate the secondary controller which
is given in Eq. (23). The optimization of VDM parameters is described in the next section. The
secondary controller’s outputs, @, are projected to null space, and ¢y is issued as a controlled input
to the actuators of the MMM model along with the other control inputs issued by the primary task’s
controller and the nonlinearity effects cancellation term N.

Designing the system in this way allows adjusting the desired dynamic behaviors of MMM in a
redundant configuration. The VDM parameters can be optimized depending on the acceleration and
work space capabilities of the macro and micro manipulators. In this article, a case study is presented
which optimizes these parameters for the MMM designed in ref. [21].

3.1.1. Secondary control tasks. The aforementioned secondary control tasks are achieved by design-
ing the desired Cartesian space motions of macro and micro manipulators separately. For this
application, the external forces acting on the secondary control is neglected in (21), because the
algorithm is developed for a laser cutting machine in which the tool is never in physical interac-
tion with its environment. Parameters of VDM (My, By, K; ) should be optimized for the selected
secondary tasks and the motion demands of this system X4, X)24 should be accordingly set to
achieve these secondary tasks. These tasks are selected as limiting the maximum acceleration of
macro manipulator’s axes and the work space for micro manipulator.
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Maximum acceleration limitation of the macro manipulator is achieved by saturating the desired
end-effector acceleration demands to accomplish primary task. The primary task acceleration should
be selected complying with the combined acceleration capabilities of the MMM. A saturation law
is devised for the secondary task acceleration demands for the macro manipulator Xys14, yar14 by
saturating the motion demands for the end-effector’s desired acceleration demands, X; along x- and
y-axes. In (26) and (27), X}, ¥, and X, ¥, are acceleration limits of macro mechanism which are

set to accomplish +9.81 m/s? (+1 g) and -9.81 m/s? (-1 g) limitations, respectively.

. . . o . o
fsat’ fd z fsat y sat? y d = y sat

XM1d = '.x.sa[’ Xq = x.yat s YMld = _Xsa[’ Ya = ysa[ (26)
X4, else Vd, else

On the other hand, the micro manipulator’s acceleration demands are generated to compensate
for the difference between the primary task’s assigned motion and the motion of macro manipulator.
This is done by extracting the saturated macro manipulator demands from MMM'’s desired task
trajectories in the Cartesian space.

o ey . o ey vy
?fd fsat’ ?fd = ?fsat fd -Xsat’ fd = -}fsat

Xmod = Xa — Xyyy Xa <Xy v YM2a = Xd — Vsrr  Xd = Vs 27
0, else 0, else

Hence, the secondary control task’s acceleration demands, Xy, are formed as shown in Eq.
(28), which are the input signals of the secondary controller in Eq. (24). The velocity demands are
calculated by integrating the acceleration demands for both manipulators, respectively.

XM1d

g = | M (28)
XM2d

');MZd

Although a saturation on the acceleration level is implemented by using the above-mentioned
methods, the algorithm still needs to guarantee that work space limitation of the five-bar planar
micro manipulator is not violated. To ensure this, the VDM spring constants and springs’ neutral
position should be adjusted. For this study, to comply with the work space limitation of the micro
manipulator, the neutral position of the spring in between the micro and macro manipulators is chosen
at the middle position of the micro manipulator’s work space by designing the position demand of
the secondary control.

Designing the secondary task with VDM-based secondary control allows adjusting parameters to
achieve both tasks at the same time. Also, by integrating a dynamic model, a continuous behavior
of the secondary tasks is targeted in the presence of the discontinuity imposed by the saturation
function.

3.1.2. Parameter optimization of secondary control objective. The VDM presented in Eq. (18) is
designed to impose saturated accelerations and not to violate the work space of the micro manipu-
lator. In this section, optimization of the VDM parameters is discussed. Parameters are optimized to
meet the secondary control task explained in the previous section. To explain the optimization proce-
dure, the VDM is analytically represented for only one Cartesian axis, which is, in the end, applied
to both x- and y-axes.

Parameter optimization for the proposed model is realized by constructing a state-space repre-
sentation of the VDM and running VDM parameter optimization with the selected performance
index.

The VDM in state-space representation is given as follows:

z=Az+Bu (29)
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In Egs. (30) and (31), state vector, z, and system matrix, A, are defined as:

21 Xm1
= 22 _ XMm1 (30)
23 Xm2
2 Xm2
0 1 0 0
—(ki +k)/ My — (b1 +b2)/My  ko/My  by/M,
A= (31
0 0 0 1
ky /M, by /M, —ko/My  —ba/M,

Optimization of VDM parameters consists of determining parameters ki, k», b;, and b, by min-
imizing the selected performance index, W. For this problem, W penalizes state variables. In the
conventional form, W would be formulated as follows:

W= f @' Qz)dt (32)
0
where @ € R** is a positive definite weighting matrix. In conventional form, the @ matrix is
given as:
T d’
A
2_", R 33
7' 0z iR (33)
—Q=A"R+RA (34)

where Re R** is a symmetric matrix. In this work, W is modified, so that accelerations of masses
are included with term, Z.

W= / @0z +5 SEdr (35)
0

Based on the VDM, accelerations are calculated by [iM ! :| = Vz, where the matrix V is defined
M2

as follows:
V_[—(k1+k2)/M1 —(by +b)/ My ko/My by /M,y i| 36)
ka/M> by /M> —kay/My  —by/M,

Making use of the abovementioned relation, W is rewritten as follows:

W= / 2" (Q+V'SV)zdr 37)
0

At this moment, we can define a new weighting matrix O, in Eq. (38).

Q,=0+V'sy (38)

where S is a weighting matrix which is chosen to impose minimization for only macro manipulator’s
acceleration.

—Q,=A"R+RA (39)

The R matrix is a function of VDM parameters. Finally, the optimal solution is found by the
minimization of W.

W=z'Rz (40)
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Table II. Parameters of VDM.

Initial values  Optimized values
of parameters of parameters

ky 0 1.61
ky 12 10.28
b 35 58.07
by 1 4.46

Fig. 4. Visualization of simulations done with Matlab™ Simscape™ Multibody™ model.

W is subjected to the Nelder—-Mead optimization method using Matlab functions to find minimum of
the constrained nonlinear multivariable function. A local minimum is found for parameters given in
Table II with initial conditions and constraints with upper and lower bounds of parameters as 0< k| <
10,0 <k, < 100, 0 < by < 100, 0 < by < 100. It is known that with different initial parameters, the
parameters for resultant minima changes, because of this the initial values are set manually by trial
and error by making use of simulation test results to accomplish secondary tasks with more precision.

As a result, the system matrix A with optimized parameters (Table II) has eigenvalues of
—2.2567 + 2.2984i, —2.2567, —2.2984, —0.0291, and—0.5460. It should be noticed that the real
part of eigenvalues of the system matrix A used in the simulations are all negative, which shows
that the system satisfies the condition of stability. The parameters obtained with this optimization are
used in the controller and tested in simulations, which are presented in the next section.

4. Simulation and Results

A case study is presented to show the performance and viability of the proposed method. Simulation
model is constructed by using Matlab ™ Simscape™ Multibody™ blocks. A simplified model of
the MMM presented in ref. [22] with the physical parameters presented in Table I is built in this sim-
ulation environment and its visual representation is presented in Fig. 4. Initially, a dynamic analysis
of the MMM is carried out and validated with the results of the model constructed with Matlab™
Simscape™ Multibody™ blocks. This validated model is used in computing the respective matri-
ces (e.g., generalized inertia matrix) in the computed torque method which is implemented as the
control law for the primary task. Simulations are run with 2 kHz sampling rate and with ODE4
(Runge—Kutta) solver.

The contour that was studied previously in ref. [22], shown in Fig. 5, for the end-effector’s
trajectory is used for the planar laser cutting process as the benchmark test of the proposed
controller. For this contour, the trajectory is generated with 40 m/min velocity, 4150 m/s* jerk, and
43.13m/s? acceleration limits. These values are assigned with respect to the aimed capabilities of
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Fig. 5. End-effector path used in simulations.
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Fig. 6. Macro mechanism’s g; joint accelerations and end-effector’s accelerations along y-axis.

the MMM in refs. [21, 22]. The trajectory for the primary task is planned to have S-shaped velocity
profiles as explained in ref. [21] for finite jerk limits.

With the abovementioned limitations of the MMM, the task completion duration is calculated to
be 7.22 s. The same trajectory with the conventional machine (only the macro manipulator) with 1 g
acceleration limitation is calculated to be completed in 11.27 s. This result indicates that there is a
35.93% drop in the total task completion duration if the acceleration levels are increased for this case
study. Obviously, as the cutting path would have more small contours, the task completion duration
decreases relative to the conventional machine’s completion duration as reported in refs. [21, 22].

The controller is tested with the integrated secondary controller to investigate the impact of the
proposed algorithm. Figs. 6 and 7 show the accelerations realized along the global y- and x-axes,
respectively, which are drawn for the macro manipulator’s axes (g; and ¢,) and end-effector’s axes
(x, and y,). It is observed from Figs. 6 and 7 that the macro manipulator actuators’ accelerations
are kept within 1 g limitation (highlighted in figures with the green lines) along both axes. This
result indicates that the first task of the secondary controller has been accomplished for limiting the
acceleration of the macro manipulator.
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Fig. 7. Macro mechanism ¢, joint accelerations and end-effector’s accelerations along x-axis.

300 T T T T T

Upper boundary
~——— Lower boundary
——— End-effector position | |

250 -

200

150 -

u (mm)

100

50

0
=300 =200 =100 0 100 200 300
v (mm)

Fig. 8. End-effector position with respect to micro manipulator’s fixed axes.

The second task of the secondary controller is used to keep the motion of the micro manipulator
within its work space boundaries. The result of the micro manipulator motion in terms of u«-v coordi-
nates of the end effector with respect to the frame that is fixed to the micro manipulator is presented
in Fig. 8. This figure indicates that the work space boundaries are not violated during the operation
and the second task of the secondary controller is also accomplished.

The same trajectory is run for the conventional case (while only macro manipulator’s joints are
activated) where the motion limits in terms of acceleration and jerk are kept the same. In reality, the
trajectory generated for the combined motion capability of MMM is not feasible for the conventional
machine since it would call for much larger actuation capacity to move large amount of moving
mass at the selected motion limits. However, in order to compare the effectiveness of the MMM
with the proposed algorithm with a conventional machine, the simulation tests are repeated with the
conventional machine by using the same motion limits. As a result, the total actuator effort calculated
as drawn power by the total system with the MMM and conventional machine are shown in Fig. 9. It
should be noted that the friction models are not included in the simulation model of both machines.
It is clear that the effort is considerably lower when the MMM is used for the same task instead of
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Fig. 9. Total actuator efforts for two simulation cases.
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Fig. 10. End-effector position error (a) in y-direction (b) in x-direction.
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the conventional machine. The total energy consumed when the MMM is used is 2397.82J, while it
is 8118.56J for the conventional machine for this specific task.

The end-effector positioning errors calculated for both the MMM and the conventional machine
simulation tests are shown in Fig. 10. The positioning errors are bounded for both cases within
0.035mm throughout the motion. The maximum positioning error is found to be 0.0347 mm.
Positioning errors for both machines are found to be similar, hence it can be deduced that secondary
control does not affect the primary task, which is tracking the end-effector’s assigned trajectory.

5. Conclusions

For a laser cutting process, the laser head/end-effector velocity limitations are determined with the
laser power and workpiece specifications (material and thickness). Increasing the acceleration of the
end-effector’s motion is one way to reduce the task completion duration. In the previous studies,
the MMM concept was used to increase the acceleration capability of the laser cutting process in
order to shorten the task completion duration. In this concept, a relatively lightweight and more
agile micro manipulator attached to the conventional macro manipulator is utilized to increase the
acceleration capability with combined motions of MMM. In this study, the macro manipulator is
set as a conventional x-y table and the micro manipulator is designed as a five-bar parallel planar
mechanism based on the industrial machine presented in ref. [21].

The major contribution of this article is the implementation of a control algorithm utilizing redun-
dancy resolution for the MMM. A multi-priority controller making use of virtual dynamics, which is
a double mass-spring-damper system, is introduced in null-space projection to achieve two desired
secondary tasks. The primary task is set as end-effector trajectory tracking which is realized with
computed torque control. Moreover, a secondary task is designed to distribute the acceleration
demands of the end effector to macro and micro manipulators, complying with their acceleration
and work space capabilities.

The algorithm is tested in simulations using a model based on the industrial setup presented in ref.
[21]. A trajectory is designed according to the selected motion limitations of the MMM, so that the
task completion duration is reduced by 35.93% with respect to the conventional machine operation.
The test results indicate that the secondary tasks for keeping the macro manipulator’s acceleration
below 1g and not violating the micro manipulator’s work space are accomplished. These results
prove that the design algorithm can be used in MMM systems in which the acceleration and work
space limits are to be regulated.

When compared to the previously devised algorithm in ref. [21] which is tested on an industrial
setup, the proposed algorithm is not task-specific. The virtual dynamics (double mass-spring-damper)
utilized in the secondary controller makes the control of MMM versatile since the parameters and
even the VDM can be adjusted to obtain the desired internal behavior of a redundant robot in MMM
configuration. The control strategy along with the MMM concept introduced here can be utilized
for various sub-task strategies in MMMs. The results achieved in this paper can be extended to the
generation of anthropomorphic motions for MMMs that imitate human arm—wrist motions.

Another difference of this new algorithm is that it enables online control without the need to
process desired end-effector trajectory, which overcomes many problems in the previous study.
Specifically, if a trajectory is paused during an operation, the trajectory must be re-calculated with the
previously studied preprocessing algorithms. However, with the algorithm proposed in this article,
the trajectory tracking can be reinitiated at any moment.

Finally, if the same trajectory is cut with only the macro mechanism, with the same end-effector
motion constraints, it is seen that actuator effort is increased relative to the results obtained with
the MMM that uses the proposed algorithm. The effectiveness of the proposed method in terms of
actuator effort is maximized when contours of the cutting path are relatively small and complex. The
actuator effort is mainly reduced as a result of saturating macro manipulator’s accelerations by using
the secondary controller. The main reason to focus on the macro manipulator’s acceleration is that
the macro manipulator has relatively larger inertia and mass and, therefore, higher influence relative
to the micro manipulator in terms of energy consumption.
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