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Abstract— The significance of physical human-robot in-
teraction (pHRI) with collaborative robots in the industry
is growing steadily. Within this domain, an admittance con-
troller is crucial for enabling robots to follow or assist human
intentions. However, a persistent challenge with admittance
controllers is ensuring their passivity. Various strategies
have been developed to address this issue by adjusting the
control signals derived from the admittance model. While
these strategies achieve passivity, they often inadvertently
impact collaborative performance, preventing the system from
accurately aligning with the intended dynamics. Accordingly,
this paper introduces an adaptive hierarchical control ap-
proach for redundant robots to handle this problem. This
approach diverts non-passive power into the null space with-
out diminishing the robot’s responsiveness to human input.
Implementing this null-space controller involves the dynamic
adjustment of compliance control error, ensuring joint limit
avoidance while facilitating integration with energy tanks
for enhanced reliability. Moreover, the method enables the
calculation of adaptive error gain in a closed form, simplifying
its real-time application. Experimental validation with a 7-
DOF manipulator showed a reduction of non-passive energy
from 1.61 J to 0.12 J without compromising task performance.

I. Introduction

As a branch of modern robotics, physical human-
robot interaction (pHRI) is growing in importance,
driven by the need for robots that can interact safely
and effectively with humans in various environments.
The development of cooperative robots equipped with
admittance controllers has enabled applications of pHRI,
such as rehabilitation [1], [2], force augmentation [3], [4],
[5], and teleoperation [6], [7], demonstrating the potential
and versatility of its technologies. However, ensuring
safety while interacting with humans is a prerequisite for
pHRI. From this perspective, the robot’s passivity plays
a pivotal role in keeping human operators safe during op-
eration [8]. Recent research’s progress on passivity-based
controllers highlights its importance for maintaining safe
interactions between humans and robots, underscoring
the need for reliable control mechanisms [9], [10].

Despite advancements in the admittance control
scheme, stability challenges persist, particularly when
the admittance parameters for inertia or damping are
too low [11]. Additionally, the stability of the system can

This work was supported by the National Research Foundation
of Korea(NRF) grant funded by the Korea government(MSIT) (No.
RS-2023-00209266).

The authors are with School of Mechanical Engineering,
Sungkyunkwan University, Suwon, Korea. Corresponding author:
Ja Choon Koo jckoo@skku.edu

979-8-3503-7769-9/24/$31.00 ©2024 IEEE

vary significantly depending on the force and velocity
profiles taught by the human to the robot, and this
human behavior is difficult to model in advance. As a
result, a simple combination of an admittance controller
and a PI controller alone cannot guarantee the negative
definiteness of the total system energy when human
interaction is involved. Solutions such as disturbance
observer-based control [12], feed-forward strategies [13],
and variable admittance [14], [15], [16] have been devel-
oped to address these issues. However, these approaches
may lead to deviations from the initially intended
robot motion, potentially making the generated path
unpredictable and reducing the system’s practicality in
real-world applications. Ideally, robots should maintain
predictable and consistent interactions with humans,
closely following the pre-designed admittance model
without sacrificing safety or performance.

The introduction of the energy tank method initially
proposed in [17] offers an appropriate solution by defining
a limit on the available system energy, allowing for
controlled non-passivity to enhance performance. This
approach increases the system’s utility and flexibility
in managing human interactions. For this reason, the
energy tank method has been widely used in impedance
or admittance control [18], [19], [20], [21]. Tank-based
methods have also shown benefits in controlling redun-
dant robots, facilitating the simultaneous execution of
multiple task execution through the hierarchical con-
trollers [9], [22], [23], [24]. By prioritizing effectively,
redundant robots can be controlled with configurable
strategies to take advantage of their null space. Also,
due to the decoupling torque input introduced in [22],
lower-priority tasks do not interfere with higher-priority
tasks, allowing the controller of each task to be designed
independently and increasing the robustness of the con-
trolled system.

Therefore, this paper proposes a method of adaptively
modifying the null-space dynamics using hierarchical
controllers with energy tanks. This approach addresses
critical issues such as the difficulty in maintaining
passivity and the deviation from the initially intended
dynamics due to performance degradation. The proposed
controller ensures overall system passivity by applying
an adaptive rule to the null-space dynamics, which dis-
sipates excess energy generated in the system, excluding
the null-space controller, when more energy is produced
than the work done by the human. This mechanism is
referred to as “non-passive power bypassing.” Through
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this approach, the proposed controller ensures that
human-robot interaction is predictable and consistent,
closely following a pre-designed admittance model with-
out compromising safety or performance. Additionally,
the adaptation of the null-space dynamics not only
dissipates excess energy from the system but is also
designed to achieve effects similar to existing compliance
control techniques for joint limit avoidance.

In the following sections, the architecture of the
admittance controller based on end-effector motion and
the null-space controller is described, and the passivity of
the entire system is shown. Next, experiments using a 7-
DOF manipulator (Franca Emika Panda) are presented
for validation, demonstrating the feasibility of the pro-
posed method to achieve the desired performance while
maintaining system passivity.

II. Modeling and Analysis
A. Preliminaries

In order to deal with the robot’s end effector motion
task and null-space dynamics separately, the framework
of a two-level hierarchical controller, first proposed in
[22], is exploited. First, the dynamics of n > 6 joint
redundant robots can be expressed as follows:

M(q)g+C(q.9)q+g(q) =7+ T, (1)

where M(q) € R™*™ is the symmetric positive definite
inertia matrix, C(q,q) € R™*™ is the Coriolis and
centrifugal matrix, g(q) € R™ is the gravitational torque,
the joint motor torque is 7 € R"™, and the torque
exerted by the human on the robot joint is 7, € R™.
To define the end effector twist for 6-DOF out of the
total n-DOF of the robot and apply the null-space
compliance control rule for the remaining (n — 6)-DOF,
The Jacobian J(q) € R%*" that maps the 6-DOF end
effector Cartesian motion task @ = f(q) to joint space
is expressed as

b= J(@d I@)= o 2)

Next, the extended Jacobian J.(q) € R"*™ of the full-
rank square matrix is defined for the extended space
velocity vector

&, — [ g ] - { N }q—uq)q, (3)

where &, € R"° is the null-space velocity vector
decoupled from @, and N(q) = (ZMZ")~'ZM is the
null-space Jacobian matrix that makes J. non-singular.
The Z used here is the base matrix that spans the null
space of JT. The expression transformed from (1) to
extended space dynamics using J., with &, as the new
coordinate, is

Ae-;te +H’edje = J;T(_g(q) +T+Th)7 (4)

where extended space inertia A, = J. 7 MJ_ !, and the
extended space Coriolis and centrifugal matrix can be
expressed by the following formulas and submatrix:

. = A. (JeM’lCJf Je) Jol= [ Ha o Haon } . (5)
l’l’nw I'LTL
In (5), p, € R®*6 and p, € R"6%"=6 are the block
diagonal parts of p,. The off-diagonal parts of u,,, and
W, cause velocity coupling of the two tasks, and the
torque to decouple this effect is

0 pyy :
ro=at |0 e | 0
nr
where u’ = —p, .. This property makes the input

power qTr# =0, so it is possible to decouple the effects
of the two tasks passively by adding 7, to the torque
input. As a result, summing the torques computed from
the two tasks, the gravity compensating and the velocity
decoupling torque, the input commanded torque becomes

T=g(qQ+J F,+ N"ZF, +7,, (7)

where F’, € RS is the wrench computed from the admit-
tance controller and velocity PI controller, and F’, € R"
is the joint space force. The following sections will
describe how each of these control inputs is computed.

B. Formulations and Passivity Analysis

Here, the methodology of bypassing the non-passive
power generated by the 6-DOF end effector admittance
controller, a higher priority task, to the null-space task
will be described while simultaneously showing the over-
all system passivity using the energy tank and adaptive
gain tuner. First, the virtual dynamics of the robot is
represented by the following admittance model:

i + g = F, (8)

where x; € RS is the desired Cartesian motion profile
of the end effector, A € R%*6 is the virtual mass of
the robot, ji € R6%6 is the virtual damping coefficient.
The force input F,, = oF . is the adjusted external force
F. obtained through sensors (or estimators) using the
energy tank level dependent coefficient o.

The velocity PI controller was used as the inner
controller to follow the desired trajectory @&, obtained
in (8), so the desired force in the task space can be
expressed as follows:

Fa — Ka,pé:l + Ka,idj/ (9)

where & = x4—x, and ()’ means that another regulating
coefficient controls the state to ensure passivity, which
will be explained later. The null-space task input force
that makes joint angles restore the desired pose is

F,=K,,i+K,.q. (10)

In (9) and (10), K,p, Ko € R%*6 and K, ,, K, 4 €
R™ "™ are all positive definite matrices. The error vector
between the joint angle and the desired joint angle is
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g = g, — q, and the joint angle error multiplied by the
adaptive gain 3, which is the modulated joint angle error,
is ¢ = q. Thus, B is used to control the magnitude of
the error adaptively, ensuring that the system does not
become non-passive. The F, and F,, calculated by the
above formulas are regulated based on the energy tank
in such a way that they are converted to F! = oF,
and F) = oF,, and then passed to (7). Next, the total
energy of the system, which can be derived from the
equations set up so far, is

]. . . ]- 2 e
S :imeTAe:ce + imgAacd

1. - 1. -
+ iw/TKa,iw/ + gq/TKn,pql + E,

(11)
and due to the terms expressed in quadratic form, it is
obvious that if E; is positive definite, then S becomes
positive definite. Now, using (8), (9) and (10), and with
the property M(q) = C(q,q) + C(q,q)T, the time
derivative of S is defined as
B,
S=q"my+ & F,+@,YF, +i;F,
B,

— .
_|_ i/TFa + a/TKn,pql

E.

(12)

T . K3 B d
—ilpe, - 2TK, 3 + E,

where E,. is the energy regulated by the tank, FEj is
the energy to be adaptively compensated, which are the
terms that are bypassed to null space, and E. are the
negative definite terms that serve to keep the energy
tank and null-space gain from being depleted. Next, the
energy tank is charged or discharged by the rule of

B, = {0 L

—-E, —akb,
which implies that the energy of the system is contin-
uously monitored when the energy tank level is within
the specified range (0, Etmaz), and then the incoming
power is dissipated when the level reaches the maximum
E} maz- When the tank level is within the bounds,
each energy variable () can be expressed in terms
of effort x() and flow #(), which can be represented
as By = %x(.)2. Consequently, the relationship can be
simplified as follows:

if Et Z Et,maw

. (13)
otherwise,

Ty 1 0 0 T,

T, | = — 0 0 . ar. (14)
Tt . . .

mt _xr _xc 0 xt

Therefore, in (14), the power conversion relationship
of the multiport junction is represented by a skew-
symmetric matrix, which implies that the energy ex-
changed during the charging and discharging process of
the energy tank is conserved.

Here, a is a variable greater than 0 and less than 1
that regulates the ratio of energy tank charge and
compensation, i.e,

___B
B + Et/Et,maz ’

and can be regarded as the principle of charging the more
discharged side at a larger ratio. Then, the regulating
coefficient

o (15)

J{o if B <0 (16)
1 otherwise
is set to limit the power of E,. so that the tank level can
no longer decrease when the energy tank is depleted. It
ensures that F; is always within the bound between 0
and Et g, leading to S always being positive definite.
In contrast to E,, which can easily control the tank
level through input effort regulation, the end effector
velocity error and null-space angle error dynamics are
determined by the flow input, as shown in (9) and
(10). Therefore, instead of including these two powers
in the energy tank’s charge and discharge expressions,
the power from these two dynamics is mutually canceled
out by monitoring Fj, and adaptively varying ¢'7 K nypZ]'.
So now it is necessary to determine the rule of 5 to create
the appropriate ¢7 K n.pq - For the excluded part of the
previous proof of passivity with energy tanks, for all
t > 0, the inequality
Ey+(1-a)Be+q"Kunpg <0 (17)

must be shown to be satisfied to prove complete
passivity. Integrating the above expression gives for all
t>0

t
2 / B~ (1-a)E.dt >§"K,,§  (18)
0

and since q = 8q, If

w2

_ w2 19
3 o (19)
where
1
wy = 5‘_1TKn,p‘_1 (20a)
t .
wy = / —Ep — (1 — a)E. dt + w1]t=o, (20b)
0

then (18) always satisfies the equation. The last term
w1 |t=o on the right-hand side of (20b) is the supplemen-
tary value for initializing wy to set § =1 at t = 0 by
simply computing and adding w; at ¢ = 0. Since the null-
space controller does not affect the higher priority task,
it can be assumed that the robot pose does not reach
the desired position perfectly and is always g # 0. Under
this condition, it is obvious that it is always w; > 0, but
if we < 0, there may be a problem that (19) cannot
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Fig. 1.

Bond graph of the entire system. The 1-junction highlighted in the background corresponds to, from left to right, admittance,

velocity PI controller, and null-space joint angle PD controller dynamics. The D is a Dirac structure, with the property that the input

and output energy is conservative for the connected ports.
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Fig. 2.

A block diagram of the proposed controller. JM+ = M~1JT(JM~1JT) is the inertia weighted pseudoinverse of J. Any of

the force F entering through the energy tank becomes F’ after being regulated by multiplying o.

be defined. So, using a similar approach to tank-level
regulation, another regulating coefficient

w:{o if B<0 (1)

1 otherwise
could be used for (9) and (10) to define a regulated flow
(-) = ¥(-). Now, by applying (21) to g and &, it can be
guaranteed that wo > 0 for all cases. Finally, applying
all of the above rules and grouping the terms in (12)
that cancel each other out, it becomes

Negative Definite
—_——

S =¢"1h+ E, +aF, + E;
Negative Definite

(22)

+E+(1-)E.+4¢TK,,q

which proves the passivity of S for the input-output pair
(Th,q). The bond graph representation of the entire
system is shown in Fig. 1, and it can be seen that
causality is satisfied throughout the system. A schematic
of the controller using a block diagram for clarity can
also be found in Fig. 2.

ITI. Experiments

In order to verify the performance of the proposed
controller, the same task was performed with an adaptive

controller and a controller with constant gain, i.e., a
conventional null-space compliance controller, and the
results were compared. The constant gain controller to
be compared is the same as the one with § = 1 for all
times in (10). However, an energy tank was also used for
this controller for a more straightforward comparison.
First, in addition to the representation in (12), the S
shown earlier can also be described as follows:

S :qTTh
ET
+aTF +&lYF, +alF +3"F,+q"F,
Ec

— &l iy — 3T K, @ — T K, aq + Ey.
(23)
The charging and discharging rule for the constant gain
controller’s energy tank can also be set similarly to (13),
which is given by

.

(24) means that the negative definite powers are not
modulated using « and are all used to fill the energy tank.
Therefore, monitoring the tank level makes it possible

0 if Et 2 Et,max

. . ] (24)
—F, — E. otherwise.
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to determine if the entire system is exhibiting passive
or non-passive behavior. For the proposed controller,
the power canceled by the adaptive gain due to (22)
will always be zero for ¢ = ¢ = 1, so comparing the
energy tank levels of the two controllers can be used
to determine how passive the controller and robot are
behaving.

A. Experimental Setup

t=0s

t=24s

Fig. 3. An experimental setup. In order to keep the robot’s posture
as consistent as possible throughout the interaction, three poles and
a track corresponding to each pole were used as visual aids to guide
the robot to perform the same task. The end effector was moved
along a path of two connected hexagons, and a force was applied
to the robot so that each side of the hexagon took two seconds to
move.

The experiments were conducted using a Franka
Emika Panda 7-DOF manipulator, and the controller
was implemented using ROS to run at 1 kHz. To validate
the controller’s performance in the context of compliant
motion with human-applied forces, a human force was
applied to the robot by holding the manipulator’s end
effector and forcing it to move along a specific trajectory.
The starting point and path of the tool center point
(TCP) are shown in Fig. 3. In order to make the task as
identical as possible between the two experiments, the
experiment was conducted by teaching the same path as
much as possible based on the three pillar-shaped guides.
The path was set to the task of drawing two hexagons
on the x-y plane, and a metronome aided the human’s
teaching speed to ensure that each side of the hexagon
took 2 seconds. This experiment measured the human’s
force using the momentum observer [25]. This results in
the transfer function of the real human torque and the
estimated torque having a relationship of

Th(s)

Th(s)
but this does not disturb the proof of passivity shown
above because the phase lag of (7,, 71) is always between
+90°, so the entire system remain passive [26]. The
parameters of the controller used in both experiments
were set to be the same except for the adaptive gain,
which is shown in Table I, where g, is set to the midpoint
of the upper and lower limits of each joint angle.

kyos
- , 25
s+ kyons ( )

TABLE I
Controller Parameters

parameters value unit
A 1 kg
m 10 Ns/m
kyvos 10 -
K, p 10- Igxe -
K, 10 - Isxe -
Kn,p 2. I7><7 -
K4 2-Irxr -
Ey; 10 J
FEt maz 20 J
qq [0,0,0, —0.57,0,0.87,0]7  rad
B. Results
1.5 T T T T T T T
Tank Level w/o Bypass |~
. 1.0} Tank Level w/ Bypass //'—'
) -
S10s) / ™N i ]
5 ..——§¥\ L~
@ 10.0 /7 \ / 4
c
L
>t /1 '
9.0

o

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (s)

Fig. 4. Changes in energy tank levels in two experiments. The
interval marked by the colored background is where the interaction
with the person took place.
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Fig. 5. The change in adaptive error gain 3 between experiments
on a controller with null-space bypass. The interval marked by the
colored background is where the interaction with the person took
place.

In Fig. 4, both experiments show that the initial energy
tank level starts at F;; = 10 J, ending at 11.18 J for the
controller without bypass and 11.02 J with bypass. The
maximum peak-to-peak decrease during the 2 s to 26 s
interval of human interaction was about 1.61 J from 8.97
s to 18.12 s for the controller without bypass, while the
maximum decrease in energy tank level was about 0.12 J
from 8.21 s to 13.07 s for the controller with adaptively
bypassing power to null space. The S calculated by
(19) during the same experiment is shown in Fig. 5.
Its value started at 1.000 and ended at 1.043 after the
task ended, increasing by a maximum of 1.469 in 9.36
seconds and decreasing by a minimum of 0.678 in 18.22
seconds. The sum of the admittance storage F, and
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Fig. 6. Comparison of the sum of the storage energy in the
admittance controller and the null-space controller, with and
without adaptive gain.
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Fig. 7. The work done by the human to the robot in each of the
two experiments. The interval marked by the colored background
is where the interaction with the person took place.

null-space controller storage FE,, during the interaction
with the human is shown in Fig. 6. In this result, the
maximum peak-to-peak difference was approximately
0.059 J with the bypass and approximately 1.757 J
without the bypass.

Next, a graph showing the work done by the human to
the robot fot q" 7, dt for the same experiment is shown
in Fig. 7. Without bypass, the human did 1.10 J of work
by the end of the experiment, while with bypass, the
human did 1.07 J of work. When comparing the two
tasks, the root mean square error (RMSE) during the
human interaction is 0.03 J and the maximum absolute
error is 0.08 J. Finally, in Fig. 8, graphs of ||g; — q||2
for both experiments and f||q; — q||2 for the experiment

1.6 L] L] LI L] L] ! L]
=== Joint Error w/o Bypass

14 F [====Joint Error w/ Bypass Jd

|====Regulated Joint Error w/ Bypass| \

! \ / \ ]

NI ]

0.6

llag-all, (rad)

1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (s)

Fig. 8. The Lo norm computed from the error vector between the
joint angle and the desired angle across all seven joints, which is the
llgg — allz = v/(gaq —a)T(gg — q) for the two experiments. And
Bllag — al|2 of the experiment with bypass is also represented. The
interval marked by the colored background is where the interaction
with the person took place.

with bypass can be seen. The Ly norm RMSE for both
experiments is 0.026 rad, and the maximum absolute
error is 0.057 rad. The f||q; — q||2 shows that the
magnitude of the regulated error norm ranges from a
minimum of 1.017 rad to a maximum of 1.050 rad, with
an average of 1.034 rad.

IV. Discussion

From Fig. 7, it is observed that the work exerted
by the human on the robot in both experiments is
nearly identical, indicating that the energy generated
by the robot controller to support the human effort
is similar in both cases. This result suggests a min-
imal difference in admittance controller performance,
regardless of the bypass implementation. However, as
shown in Fig. 4, a notable reduction in E; occurs
when non-passive power is not bypassed, causing the
system to behave non-passively. In contrast, with the
bypass implemented, F; exhibits a comparatively smaller
reduction, indicating more passive behavior from both
the robot and the controller. The effectiveness of the
bypass in achieving system passivation is more clearly
demonstrated in Fig. 6, where the fluctuations in the
storage energy of F, and E,, are reduced. This reduction
was achieved by regulating the total system energy
through the null-space gain, which can be interpreted as
using an additional energy reservoir to buffer the overall
system energy fluctuations in addition to the energy
tank. These findings demonstrate that the proposed
method effectively transfers non-passive energy to the
null-space compliance controller. Moreover, maintaining
constant admittance inertial parameters and damping
coefficients preserved the robot’s intended dynamics.

Additionally, Fig. 8 illustrates that the angular error
norm remains consistent whether a bypass is used. This
result is partly due to the projection of F’, into a lower
dimension with N7 Z, significantly reducing its influ-
ence. However, another critical factor in achieving this
consistency is the application of (20a), which normalizes
the whole joint angular error vector. This normalization
maintains the error correction weights for each joint, en-
suring the controller’s effectiveness in implementing joint
limit avoidance strategies. Consequently, S||lq; — q|l2
observed in Fig. 8 exhibits minimal fluctuations, staying
close to a value of 1. The stability of this regulated error
norm is attributed to the relatively small changes in the
value of (20b) throughout experiments in this paper.
Despite these phenomena, the angle-based PD controller
effectively prevented the robot from reaching its angular
joint limits. This outcome indicates that the controller
can fulfill multiple functions within redundant robotic
systems, obviating the need for additional null-space
control rules. Moreover, it highlights the controller’s
potential for straightforward integration into universal
hierarchical controller frameworks.
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V. Conclusion

This paper proposes a method to mitigate the non-
passive behavior of the admittance controller by adjust-
ing the compliance controller’s error state within the
null space of a redundant robot. This approach can
maintain interactive performance by incorporating an
energy tank method while ensuring passivity. While the
null-space dynamics change arbitrarily, The admittance
parameter was kept constant during the controller’s
design, facilitating seamless human-robot interaction
according to the intended dynamics. Moreover, through
a hierarchical control framework, it was shown that
two tasks with different priorities could operate simul-
taneously without interference. The adaptive gain was
calculated using closed-form expressions only involving
square roots, numerical integration, and algebraic oper-
ations, enabling real-time control. This capability was
verified through experimental validation. These results
suggest a path forward for research to improve robotic
controllers’ adaptability and operational efficiency in
pHRI environments.
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