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Abstract.Macro-micro systems have many different implementations in robotics. It is especially important since it com-
bines the characteristics of two different robots, reaching a new different configuration with a performance that would not
be possible using the systems separately. However, the implementation of interaction controllers depends on the compliant
behavior of the structures, sensors, tools and environment. This paper presents a macro-micro modeling and interaction
controller implementation, using a Delta robot (micro) and a Kuka KR16 (macro). Both robots are controlled for stability.
The Delta robot has significantly lower stiffness compared to the Kuka, leading to a different modeling from the usual
impedance controller with industrial robots. Results are presented for compliance and impedance controllers, along one
and two degrees-of-freedom. The architecture proposed is stable for interaction, where impedance control with higher
damping factor presented an enhanced behavior.
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1. INTRODUCTION

The macro-micro concept applied into robotics returns to studies conducted in the 1980s (Tilley and Jr., 1986; Sharon,
1988), which proposed the idea of connecting two robots with different characteristics to achieve better results when
compared to the systems in an isolated configuration. With the development of electronics and computation, macro-micro
systems have been implemented on robotics, from chromosomes manipulation (Feng et al., 2012), surgery aid (Selmy
et al., 2017) to forklifts fine motion (Aref et al., 2014). Several industrial tasks can also apply these systems, taking
advantage on its dynamic behavior for tasks such as assembly and machining (Schneider et al., 2014).

One of the advantages in using a macro-micro configuration is the ability to unify different characteristics between two
different robots: it creates a new mechanism with more degrees of freedom and different dynamic behavior. The macro
portion consists of a robot with large constructive dimensions which has a large work envelope, with lower positioning
precision if compared to the micro portion. The last is characterized by having a smaller range but with higher speeds
and better positioning accuracy than the macro portion. In terms of position control, the macro system position the whole
system in the surroundings of the task, while the micro executes the fine motion. For interaction control, the micro system,
due to lower inertia and higher damping interface, brings a new force control approach to the resulting system.

This work presents results with a macro-micro architecture consisting of a KR16 robot (macro) and a Delta robot
(micro), implementing an interaction control in one and two directions. A one degree of freedom (DOF) model is proposed
and simulated results are presented. Experiments of interaction control for one DOF were conducted with impedance and
compliance controllers only for micro system movement. A conjugated movement is presented, with displacement of the
macro in one direction and force control on the perpendicular direction with the micro system.

2. INTERACTION CONTROLLERS

Interaction controllers are used when mechanical interaction between robot and environment is needed. Instead of
dealing the contact as a disturbance or a uncertainty, this class of controllers emulates a dynamical behavior for the
manipulator which fits the application. In this way, transitions of control policies are not required, because switching
between controllers may lead to instabilities.

There are two main classes: direct and indirect controllers. Direct is the name given to the techniques which control
forces and torques through closing the loop with the measurement of the efforts themselves. Parallel (Chiaverini and Sci-
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avicco, 1993) and hybrid (Raibert and Craig, 1981) controllers are examples of this category. On the other hand, indirect
controllers modulate a relationship between flow (position and velocity) with effort (forces and torques). Compliance
control (Mason, 1981) and impedance control (Hogan, 1985) are implementations examples of this class. Since it is not
possible to actuate directly on the torques of industrial robots, due to its high reduction ratios and tuning of the position
controller (Caccavale et al., 2005), indirect interaction controllers are studied.

Impedance, at the mechanical domain, is a measure that correlates effort and flow. When it comes to industrial robots,
efforts are forces and torques that may be measured using the force-torque sensors, while flow is given by displacement.
Specifically for contact, the force measured is named interaction force (Fj,+(s)) and the displacement of the TCP is given
by X (s). Their relationship is given by Eq. (1), where the impedance parameters of interest are stiffness (KX), damping
(B), and inertia (M).

X 1
()= (1)
Fint Ms?+ Bs+ K

The same relationship between force and displacement applies for compliance control, with only the difference that
it does not take into account high order derivatives, only the spring-like behavior. Thus, Eq. (2) displays the transfer
function with the compliant term C, which is the inverse of the stiffness for linear systems, adopted in this study.
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Several effects may lead to instability during the interaction, such as environment stiffness, initial impact, non-
collocated control, low damping interface and others (Eppinger and Seering, 1987).

3. MACRO-MICRO ARCHITECTURE

The first studies on macro-micro architectures argued that the industrial robots were not precise, responsive, or suitable
to interact with the environment (Sharon et al., 1993; Cho, 1997). These characteristics have changed a lot with the
advancement of engineering. However, the dynamic concepts and the evaluation of the assembly of the systems are still
valid for the control of these systems.

Sharon et al. (1993) point out that the position of the TCP is defined by reading the encoders of all joints, which
can generate problems in certain applications where, for example, thermal expansion and mechanical deformation are not
detected by the encoders. Add to this the problem that manipulators with large work envelopes need high torque motors
to move all links and the load, so they lose in position accuracy and also the errors are carried from link to link until
the TCP. And, despite all the improvements and changes that industrial robots have undergone, the best way to measure
the forces in the tool is still to place the force sensor as close to the tool as possible. However, these robots have the
actuators at the base of the links, resulting in a situation known as unplaced control, in which there is a dynamic between
the sensor-actuator pair. This is problematic when high gains are needed (Eppinger and Seering, 1986).

Another complicating factor for the interaction controller is the initial impact, characterized by the sudden change of
real speed and desired speed of the robot. The force generated by this interaction is read by the force sensor, however,
in order for the controller calculation to take place and the control action to be performed on the actuator, some machine
cycles have already occurred, generating a delay. This delay implies a post-impact performance and more values of path
correction, which can generate instabilities. This feature is the source of a problem known as bounce or chatter, which
is the effect of the robot losing contact with the surface (Love and Book, 1995), then returning to a stable position and
strength, in more severe cases, the stabilized contact can never be reached. This problem can be alleviated by decreasing
the TCP inertia, since velocity changes are defined by accelerations which are related to the inertia of the manipulator
(Sharon et al., 1993).

In this context, a micro system connected to a macro reduces this problem by providing a stable and adequate archi-
tecture for TCP control. Sharon ef al. (1993) list three advantages of the macro-micro system in relation to the isolated
systems. First, the regulation of the impedance of the tool center can be realized using the micro system, which increases
the number of possible systems of interaction. Second, a micro system must be able to compensate for the accommodation
time of a task, thus reducing cycle time. Third, the TCP inertia is physically reduced, which requires less effort by the
actuators in the transient part of the contact, since the impact must first be felt by the micro system that has a lower inertia
by definition.

Fig. 1a presents a serial manipulator (macro) connected to a parallel robot (micro) as an example of application. Fig.
1b presents a model of the proposed architecture: the macro manipulator is represented by joint dynamics equivalents,
once the structural dynamics is detrimental in industrial robots (Sharon et al., 1993), noted by M;, B; and K;; force
transducer (M>, K5) and micro (M7, B, K1) are all represented, the interaction is presented as a interaction force, Fj.
Each position along the DOF are noted by .
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Figure 1: Macro-micro modeling

Assuming a linear and time invariant model for Fig. 1b, it is possible to write the transfer function of the system, in
respect with z3 and the interaction force. Equation (3) is the respective transfer function, with the auxiliary equations
noted by @ = M;s% + B1s + K1 + Ky, o = M3s? + Bys + Ky + K3 and 8 = M3s? + Bss + K. These equations are
related to each DOF.

Some numerical values are available or computed in accordance with the real values of the experimental setup used
in this study. The force sensor parameters are defined by the manufacturer (ATI, 2016), as M2 = 0.93 kg and Ko =
59x 10" N /m. For the macro robot, the parameters were adopted based on works with other robot models (Jubien et al.,
2014), which are K; = 8.0 x 10" N/m, By = 500 N's/m and M3 = 50 kg. Experimental verification will be conducted
in future work, but the micro robot dynamics during interaction will experience low variation if changes are made to the
macro’s parameters, due to difference being orders of magnitude.
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Figure 2 shows two Bode plots, which are related to the variation of the micro robot stiffness and damping parameters.
The micro structure was measured with an scale, defining M3 = 0.64 kg, while K3 and Bs still open problems. Both
parameters were simulated by varying from a specified range to evaluate the output and stability, with results shown at Fig.
2a for stiffness, and Fig. 2b for damping. All simulations presented a stable behavior for the linear case. Nonlinearities
from change of unconstrained to constrained movement and stiffness of the environment are some causes that could lead
to instability, which must be studied in future works.
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(a) Bode plot for the variation of delta robot stiffness: (b) Bode plot for the variation of delta robot damping:
50 N/m < K3 < 450 N/m with damping maintained con- 10 Ns/m < Bs < 45 Ns/m. Stiffness constant at K3 =
stant at B3 = 25 Ns/m. Maximum stiffness is displayed by 250 Ns/m. The blue curve shows the system with the less
the blue curve, while minimum is displayed by the green curve, damped system, i.e., B3 = 10 Ns/m, while the green curve
all other values are intermediate. shows the system with highest damping.

Figure 2: Bode plots for varying stiffness and damping for the delta robot
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4. EXPERIMENTS

The macro-micro setup is shown by Fig. 3, where the force sensor (B) is placed between macro (A) and micro robots
(C). The coordinate system of the delta robot is highlighted in the Fig. 3, and the blue Z axis is positive in the direction
in which the delta robot distances itself from the base of the force sensor. The X (red) and Y (blue) axes form a plane
parallel to the surface of the force sensor.

-

Figure 3: Experimental setup: (a) macro robot, a open kinematic chain Kuka KR16, with controller KR C2, maximum
load of 16 kg and position accuracy of + 0.05 mm and a work envelope of 1,611 m without tool. The RSI (Robot Sensor
Interface) library version 2.3 is used to enable external communication using Ethernet UDP/IP protocol, with PC and the
force torque sensor (b), from ATI Industrial Automation, model SI-660-60, which has a 1/8 N resolution on X and Y
directions, and 1/4 N on Z direction. On (c) is the micro system, a closed chain delta robot, developed by the project
EEROS. It has a maximum load of 0.5 kg and with a BeagleBone Black as controller, running with Linux as operational
system.

Due to different hardware implementations, both systems have different time cycles. Kuka runs at a stable rate of 12
ms for each loop iteration, meanwhile, Delta is a robot in development, its loop varies between 15-19 ms. For this project,
the loop was closed around the largest time step, creating a synchronous application with higher sampling time.

Two experiments were conducted to evaluate the assembly. Both experiments require the macro robot moving only
on position control, with the micro only programmed with interaction control. The first experiment (Fig. 4a is a same
direction movement with environment interaction, both moving on Z axis. For the second (Fig. 4b), Kuka moves on X
direction and the Delta regulates the interaction in Z axis, where in its way is a bump-like shape along the way. In both
the experiments, the desired force and position are zero.

(a) Initial position (b) Final position
Figure 4: Same direction experiment: the contact surface is soft, thus allowing better impedance matching. The micro
system came into contact with a paperboard environment
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4.1 Compliance control

Three different compliance controllers were tested for the same axis movement experiment, assuming a linear relation-
ship for the stiffness-compliance pair, meaning that each compliance relates to a stiffness through its linear relationship
(Eq. 2). The positions and forces are shown on Fig. 5.

It can be related that as the controller diminishes its compliance, the maximum force experienced increases. This is
due the responsive behavior that is enhanced in highly compliant systems, when the compliance starts to decrease, the
system becomes stiffer and, consequently, has a higher force. Also, indirect force controllers demand two inputs: desired
position and force, which means, the delta was trying to control null force concomitantly with null displacement, i.e., it
also was looking to remain at the same position. This indicates the existence of higher forces as the complacence lowers.

It can be defined as good performance a system with low oscillation and low contact forces, tending to an active
compliant system. Controller C'5 presents, as the definition suggests, a poor performance system: it has a maximum
contact force of 13.6 N, which is 10% higher than the controller C5, with 12.2 N. Adding the facts that it is a situation
with a nonlinear environment (soft) and the compliance controller just deals with zero-order parameters, i.e., displacement,
active compliance for this situation is not suitable. C presented small position changes, but the interaction force had a
peak of 18.5 N, the highest between all three. As a mechanical interaction situation, controller C had a better performance
between over the other two candidates.
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Figure 5: Compliance control with Delta output: Blue - C; = 0.5m/N; Red - C5 = 1.0m/N; Green - C3 = 2.0m/N

4.2 Impedance Control

As the same experiment was conducted with impedance control, due to the amount of possible combinations, the
following reasoning was applied: the chosen spring stiffness is the inverse of the used compliance; the mass value was
chosen to be constant (M = 0.004kg); and the damping value was doubled once. The obtained results help to compare
with the previous compliance, although we are aware that some practices may be applied to choose the best impedance
parameters (Erickson et al., 2003; Lahr et al., 2017).

Six experiments are displayed at Fig. 6. The first group displays the micro robot relative position (Fig. 6a) and its
respective forces (Fig. 6b) with damping coefficient of ¢ = 0.35. For its turn, the position and forces of the second group
are shown by Fig. 6¢ and 6d, respectively, which are result from ¢ = 0.7. Table 1 shows the relationship about the time
metrics and controller parameters, such as maximum force (| Fyy, 42 |), maximum displacement (|Az,,,4.|), and presence or
not of high frequency oscillations.
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Figure 6: Impedance control: Blue - K = 2.0 N/m;Red - K = 1.0 N/m; Green - K = 0.5 N/m

Fig. 6a presents high frequency oscillations, specially in approximation and return of the system. Fig. 6c shows
the most interesting results, compared to the previous: although has three experiments with a factor of 2 at the stiffness
differing each curve, all three present a maximum force very close to each other. This is related to the fact that the damping
factor () was doubled, with a higher impact than stiffness. Small oscillations are presented, specially at the beginning
and the end of the contact, which, in this case, stiffness tends to alleviate the oscillations.

In comparison with compliance controller results, the impedance approach presented more oscillations with higher
amplitude for the experiment with lower damping factor. As the impedance controller presents more parameters, it allows
a fine tuning of the characteristics of the task output, although it is harder to choose the best parameters.

Table 1: Impedance control parameters and time metrics
Color B [Ns/m] KI[N/m] |Fpnaz| [N] |AzZpaee| [mm]  Oscillations

(=035 Blue 0.06 2.0 16.6 26.8 yes
Red 0.04 1.0 19.6 36.7 yes
Green 0.03 0.5 15.7 45.8 yes
¢=0.7 Blue 0.12 2.0 18.3 10.4 no
Red 0.09 1.0 12.5 13.5 yes
Green 0.06 0.5 9.7 18.0 no

4.3 Lateral movement

The lateral movement is defined by Kuka moving in the X-axis with only position control, the velocity was set to 25
mm/s, while the Delta robot corrects the interaction with impedance control on Z-axis. While the current macro system
has a high mechanical stiffness, the micro has a low stiffness, which forced the experiment to have a soft environment for
interaction. Otherwise, even controlling the interaction only in Z, the Delta robot experienced mechanical deformations
in direction which was supposed to be maintained still. Fig. 7 presents the displacement and interaction forces (5.4 N for
¢ = 0.35 and 4.7 for (=0.7) for the experiment.
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Figure 7: Outputs for impedance control during lateral movement

5. CONCLUSIONS

A macro-micro structure was proposed, consisting of an industrial open-chain manipulator as the macro robot, and
a delta robot as the micro. This architecture is stable for well tuned compliance and impedance controllers, where both
presented similar results. Impedance controller with low damping factor had the most oscillatory behavior and higher
amplitude, while compliance control presented a satisfactory performance. Compared to only one parameter at compliance
control, impedance is a strong candidate for future applications, once it deals with higher derivatives of flow (velocity and
acceleration).

Future work includes the identification and simulation of the rigid body model of the coupled macro-micro system, as
well as the investigation of interaction performance with stiff objects or environments. Furthermore, improvements in the
control architecture of the delta robot will be performed in order to further enhance the interaction performance. Finally,
more complex trajectory profiles and assembly tasks will also be tested.
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