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Robust Torque Control Based on 7., Criterion
of an Active Knee Orthosis
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Abstract— The authors present in this paper a robust torque
control of an active orthosis designed to assist the knee joint
flexion/extension during physical therapy. The ortheosis is driven
by a rotary Series Elastic Actuator presented in authors’
previous paper. The adopted control strategy is based on .o
criterion in order to ensure good system performance even
when it is subjected to parametric uncertainties and external
disturbances. The controller performance is evaluated through
the frequency response function analysis. Experimental results
involving the interaction between a subject and the active knee
orthosis are also presented to show the performance of the
developed prototype.

I. INTRODUCTION

To effectively assist human motion and at the same time
guarantee patient safety, rehabilitation robots must satisfy
certain requirements such as precise and large torque gen-
eration, with a bandwidth that approximates the muscular
movements one, and the ability to absorb impacts. It is also
essential to ensure a backdrivable behavior, characterized
by a low mechanical impedance. Traditional stiff and high-
precision actuators do not meet these critical requirements
[1], [2]. A simple and effective solution, initially proposed
in [3], is the SEA concept, where elasticity is intentionally
introduced in series between a gear-motor and the load.
This configuration allows decoupling the gear-motor inertia
and other nonlinearities from the output and isolates the
drivetrain from shocks introduced by the load. Another
important feature is that the elastic element can be used as
a torque sensor considering the linear relationship between
spring deflection and torque.

Series Elastic Actuators are able to provide large torque
and allow the implementation of torque and impedance
control [4], which can be used as a rehabilitation strategy
to adjust the level of interaction between device and patient
[5]. For example, support torque can be provided by the SEA
(properly attached to an orthosis) only when needed during
gait training. During the rest of the gait, the SEA should
take a low impedance behavior, so that the orthosis is fully
complacent with the patient’s actions.

A rotary SEA to assist the movement of the lower limbs
was presented in [6]. It consists of a geared DC motor, a con-
ventional torsion spring and two rotary potentiometers used
to detect the position of the output shaft and the deformation
of the spring. In the proposed configuration, the spring is
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directly placed between the gear-motor and the human joint,
therefore supporting large torques. Conventional springs able
to support large torques are usually stiff. However, stiff
springs deteriorate compliance of the control system, making
it difficult to obtain an accurate torque control. Moreover,
their nonlinearities are not negligible. Taking into account
these considerations, a new rotary SEA model was proposed
by the same authors in [7]. In this new configuration, the
spring is inserted between the worm gear and the output
gears, thereby enabling the use of a spring with lower
stiffness. The disadvantage of this configuration is that the
nonlinearities associated with the output gears compromises
the fidelity of measured torque, increasing the uncertainties
in the system.

A solution adopted by some researchers is the develop-
ment of customized elastic element [8], [9]. In addition to
allowing the elastic element to be connected to the load
in a direct-drive configuration, this approach can help to
overcome some problems like residual deflection, hysteresis
and a non-linear behavior in the torque versus angle rela-
tionship, that can compromise accurate torque estimation and
consequently control performance.

In the authors’ previous paper [10], a new rotary SEA,
a customized torsion spring, and a conventional control
algorithm were presented. However, conventional controllers
do not have the capacity to deal with the disturbances caused
by interactions with humans. So, in this paper, a control
algorithm based on H, criterion is proposed.

This paper is organized as follows: Section II presents the
mechanical design of the rotary SEA and the customized
torsion spring; Section III presents the dynamic equation
of the system; Section IV presents the robust controller
design; Section V presents the results of the implementation
of controller and Section VI presents the conclusions.

II. MECHANICAL DESIGN

In this section, it is presented the design process of the
SEA, including the customized torsion spring characteriza-
tion. The mechanical design was conceived in order to obtain
a compact and lightweight architecture. All housing parts
were made of aluminium for the purpose of reduced weight.
The final assembly of the rotary SEA consists of a) Maxon
Motor RE 40, graphite brushes, 150 Watt DC motor, b)
worm gear set (M1-150 of HPC Gears International Ltd.)
with reduction ratio of 150:1, ¢) customized torsion spring,
d) angular contact bearings, e) magneto-resistant incremental
encoder, and f) opto-electronic incremental encoder. The
overall dimensions are shown in Fig.1 and the resulting mass



is 2.53 kg, allowing direct mounting of the actuator on the
frame of a knee orthosis.

Fig. 1. Cross section of the rotary SEA showing drivetrain components

The design requirements were based on gait pattern data
described in [11]. Considering that the maximum power
exerted by the knee joint is 0.739 W/kg, with a maximum
torque of 0.365 Nm/kg, and that active knee orthosis should
be able to supply 60% of the peak torque from the gait
pattern of a healthy person with approximately 70 kg,
the new robotic device must provide a torque assistance
up to than 15 Nm. The minimum torque bandwidth was
determined by the Power Spectral Density (PSD) of knee
joint torque. Regarding that more than 95% of the PSD of
knee joint torque is in the frequency range between O and 5
Hz a minimum bandwidth of 5 Hz is defined as a requirement
to torque control.

The choice of gear-motor was made based on charac-
teristics of the knee joint considering of gait pattern of a
healthy person. The angular velocities of the knee joint are
in the range of +/- 50 rpm and the maximum required torque
is 15 Nm, while the maximum continuous torque and the
maximum speed of the selected motor are respectively 0.181
Nm and 8200 rpm. Therefore a worm gear set with reduction
ratio of 150:1 is used to adjust the operating range of motor
in order to fulfill the requirements for velocity and torque.
Thereby the worm gear output can operate in a velocities
range of +/- 55 rpm and, if the efficiency of the gears is
not considered, can provide a maximum continuous torque
of 27.15 Nm. However, the friction between the gear sig-
nificantly reduces the efficiency and the torque amplification
ratio is not necessarily the same as the ratio speed reduction,
[7]. For this reason, a safety factor of 1.8 to the torque
requirement is considered.

All relevant information to the control system, i.e. motor
rotation, actuator output, and spring deflection estimate, are
obtained by two encoders. A magneto-resistant incremental
encoder with a resolution of 4096 pulses per revolution in
quadrature decoding mode is used to measure the motor ro-
tation and allows to estimate the position of the worm wheel
and a opto-electronic incremental encoder with a resolution
of 2000 pulses per revolution in quadrature decoding mode
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is used to measure the actuator output. The spring deflection
estimate is obtained by the difference between the position
of the worm wheel and the actuator output. The theoretical
output torque resolution is given by k,(27/2000), where kg
is the spring constant.

To meet the requirements of the proposed application the
elastic element should be compact, lightweight, and able to
withstand high torque with low intrinsic stiffness. However,
this characteristics are not found in commercially available
torsion springs. For this reason, a new topology torsion
spring was developed. Fig. 2(a) shows perspective view of
the torsion spring. It is composed of two rings interconnected
by flexible elements. The shape and size of the flexible
elements were defined by finite element analysis, see [10]
for details. The material selected for analysis and fabrication
was chromium-vanadium steel (AIST 6150), with a Young’s
modulus of 205 GPa and a yield strength of about 1320 MPa
after a heat treatment process. The torsion spring has been
manufactured using the Wire Electrical Discharge Machining
(WEDM) process. The mass of the spring is 0.384 kg with a
thickness of 8 mm and maximum diameter of 125 mm. The
final assembly of the rotary SEA is shown in Fig. 2(b).

(a) Customized torsion spring (b) Rotary Series Elastic Actuator

Fig. 2. Picture of the developed prototype

Fig. 3 shows a preliminary setup of a knee orthosis with
the rotary SEA attached to it.

Fig. 3.

Rotary SEA attached to a knee orthosis



III. DYNAMIC MODEL OF THE SYSTEM

The dynamic equation of the rotary SEA can be obtained
by applying Newton’s Laws, as described in the sequence.

Fig. 4. Dynamic model of the rotary SEA

The input torque (7;,,) can be expressed by

(Jm + Jwg)gm - Bmémv (1)

where T, represents the torque generated by the motor,

Jm and Jy,4 the inertias of the motor and the worm gear,

respectively, and B,,, the damping coefficient of the motor.
Similarly, the output torque (7,,:) can be written as

Tin = Tm —

Tout = (Je + wa)éww + (wa)eww + T, (2)

where J; and J,,,, represent, respectively, the inertias of the
spring and worm wheel, B,,,, the damping coefficient of
the drivetrain, and 7; the torque applied to the load that can
be calculated as 7, = kg (0w — 6;), Where kg is the spring
constant.

Since the torque generated by the motor is amplified by
the speed reduction ratio, the following kinematic conditions
can be considered

3)

Tout = NTin

and

éww = N(_l)émv (4)

where N(—1 is the reduction ratio.
Substituting (1) and (2) into (3), and (4) into the resulting
equation, one obtains

Jeqéww + Beqéww = NTm — T, (5)

being J., the equivalent inertia and B, the equivalent
damping coefficient, defined as

Jeg = Jww + Js + (Jum + Jug)N?,
Beq = Byw + (Bm)N2-

(6)
)
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In the adopted approach, the motor is treated as a velocity
source. According to [12], [13] this approach helps to
overcome some undesirable effects of the gear-motor such
as static and dynamic friction intrinsic to the drivetrain.
Therefore, considering that the desired current is equal to
the actual current, the motor torque (7,,,) can be calculated
as

Hd

m

t
T = ki (kp(04, — 0,) + k/ (0% —6,,)dt),  (8)
0
where k,, and k; are the proportional and integral gains of the
velocity controller and k; the torque constant of the motor.

Rewriting (4), the following relation can be obtained

1 [t

Consider the change of variable, where ém is replaced
by w,, and substituting (8) and (9) into (5), taking the
Laplace transform of equations, one gets the open-loop
transfer function of the system as a function of two variables
0w and w,,. However, for the controller design consider the
case where the load is fixed (6; = 0). Therefore, open-loop
transfer function of the system is given by

€))

Nksk?tk Nk}sk?tk}i
71(8) (7(](3(1 p)s—’—(ijcq ) (10)
- Beg+kpN? ki N2y
wm(s) 34 ( athy )82 + (kk-&:]l:qN )s

where the parameters of the equation are defined in Tab. L.

TABLE I
ROTARY SERIES ELASTIC ACTUATOR PARAMETERS

Jeq Beg k¢ ks N kp ki
(kgm?) | (Nms/rad) | (A/Nm) | (Nm/rad) | no unit | (Nms/rad) | (Nm/rad)
0,47 60 0,03 105 150 11,9 1,19

The parametric uncertainties and external disturbances
acting on the plant input can be grouped in a combined
disturbance w(t). The state space representation of rotary
SEA, regarding the above assumptions, can be computed as

Azx(t) + Bru(t) + Baw(t)
Cx(t) + Du(t)

(1)

where z(t) is the state, y(¢) the measured output, u(t) the
control input, and

Beg+kpN? Lok N2
Jeq Jeq
A = I 0 0 ? Bl - B2 - ’
0 1 0
B Nkokikp — Nkokiks —
o=[o Mhb wges ] p=[o].



IV. ROBUST CONTROLLER DESIGN

In this section are presented the basics of linear Hoo
control design and the procedures to apply it for torque
control of rotary SEA. The reader is referred to the vast
literature on the subject for more details in [14]. Fig. 5 shows
the system block diagram, where P(s) represents the plant
and K (s) the controller. The plant has two sets of input
signals, the internal input u and the external input w, and
two sets of output signals, the measured signal y and the
regulated output z.

P

A

Y

K

Fig. 5. Block diagram for Ho control systems

The objective of an H, controller is to guarantee that
the Hoo norm of a multivariable transfer function 7., (s) is
bounded by a level of attenuation 7, ||Tyw($)|lco < 7. The
parameter vy indicates the level of robustness of the control
system, or how much the input disturbances are attenuated
in the output of the system.

The design of the robust controller is performed consid-
ering the nominal model and weighting functions specially
selected to improve controller performance. Started by find-
ing a state-space realization of the augmented plant P(s)
through the definition of the performance objectives W,(s)
and W, (s), which are related to the frequency response of
the sensitivity function S(s) = (I + P(s)K(s))~!, where
K(s) is the robust controller. To define W,(s), we select
a bandwidth wy, a maximum peak M;, and a small € > 0.
With these specifications in hand, the following performance-
shaping, diagonal weighting matrix can be determined as

S+ wyp

M(s + wpe)” (12)

We(s) =

To define W, (s), we select the maximum gain M, of

K(s)S(s), the controller bandwidth wp. and a small €; > 0
such that

S + Wpe

Wu(S) = Mu(€187—|— Wbc) .

13)

In the H ., design procedure, they are selected in order to
guarantee

15(8)lle < (W (3)]loo

and
1K (5)S(5)]loo < Wyt (8)]]oo
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The H., torque control was designed considering the
weighting functions parameters shown in Tab. II.

TABLE II
WEIGHTING FUNCTIONS PARAMETERS

M (dB) | wy (rad/s) €
764 600 0.0012

My, (dB) | wpe (rad/s) | e1
5.62:10° 103 0.01

From (12) and (13), and procedures described previously,
the following controller K(s) is achieved

4420s% +4.42 - 108s + 3.7 - 10®
K(s) = 2 6 5
s34+ 192052 4+ 1.34 - 1065 + 9.373 - 10
Fig. 6 shows the graphics of the sensitivity function S(s)
versus the weighting function W, !(s), and of K(s)S(s)
versus W, 1(s) for the resulting controller. Note that the con-

trolled plant curves are lower than the weighting functions
for all frequency.
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Fig. 6. Sensitivity function S(s) vs. Wz 1 (s) and K (s)S(s) vs. W *(s)

V. IMPLEMENTATION AND EXPERIMENTS

The control hardware consists of a EPOS 24/5 Positioning
Controller sold by Maxon Motor and an ordinary computer
hardware equipped with a CAN communication card sold
by National Instruments. The EPOS is a full digital smart
motion controller capable of operating in position, velocity
and current modes. The device also is responsible to decode



the signals from quadrature encoders. The communication
interface between the computer hardware and the EPOS con-
troller is performed by CANopen communication protocol.
The frequency of the control-loop is set at 200 Hz.

The block diagram of the torque control loop is illus-
trated in Fig. 7. The inner velocity loop was performed
by the built-in EPOS velocity control and the controller
parameters were automatically determined by the device. The
torque controller and metrics considered to measure their
performance were implemented through the programming
interface Microsoft Visual Studio in the computer hardware,
as described in sequence.

SEA

Torque
Controller

Velocity
Controller

Fig. 7.

Robust torque controller with inner velocity loop

A. Torque control bandwidth

Torque control bandwidth of the SEA was evaluated
through the frequency response function (FRF) analysis
proposed in [15]. To implement the estimation method, the
desired torque (7;,4), seen here as input signal, was defined as
a chirp signal with amplitude of 5 Nm and frequency varying
from 0 to 20 Hz and back to 0 Hz in over a period of 20 s.
The signal is repeated four times, totaling a sampling period
of 80 s. Fig. 8 shows the Bode plot of the closed loop transfer
function computed from H;(w) and Hs(w) estimators and
the coherence function C(w). From the bode plot, the torque
control bandwidth is approximately 9.6 Hz.
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S
‘
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i

—-100¢
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-300
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o

Frequency [Hz]

Fig. 8. Toque control response frequency
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B. Experimental results with active knee orthosis

According to [6], to realize a good torque control in robots
interacting with humans, an accurate actuation system with
low impedance is desired. In other words, the active orthosis
must follow the knee joint motion, so that the subject does
not feel any resistance, when the desired torque is zero.
Therefore, the following experiment was performed. One
subject walked on a treadmill using the active knee orthosis
with the desired torque set to zero.

As expected, the motor followed the human joint motion
to keep zero spring deflection. Fig. 9 shows the angle and
velocity of the knee joint and the interaction torque between
user’s limb and the active orthosis, for a gait cycle duration
of 3 s. Note that the resistive torque generated by the actuator
is proportional to the joint angular velocity. This is due to
the presence of an intrinsic damping in the actuator [16].
That is, the active knee orthosis works like a damper, when
the desired torque is set to zero. Note also that the stability
was not affected by the human motions.

Joint Angle [rad]

Joint Velocity [rad/s]

Interaction torque [Nm]

Time [s]

Fig. 9. Experimental data of active orthosis during walking when the
desired torque is set to zero

The active knee orthosis was commanded to track a torque
profile defined as a sine wave with amplitude of 6 Nm
and frequency of 0.1 Hz, in order to evaluate accuracy and
robustness of the adopted control strategy while interacting
with a human. Fig. 10(a) shows the reference and actual
torque as well as magnitude of the torque error when the
subject resisted the generated torque, i.e., the knee joint angle
is zero. The root mean square (rms) value of the torque
error is 0.1 Nm, demonstrating that the active orthosis is able
to generate the desired torque accurately. Fig. 10(b) shows
the knee joint angle, the reference and actual torque and
magnitude of the torque error when the subject is complacent
with the generated torque. The rms value of the torque error



is 1.06 Nm. Note that the torque error shown in Fig. 10(b)
is much greater than that shown in Fig. 10(a) because the
human motion. However, it should be noted that the stability
was not affected.
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Fig. 10. Experimental data of active orthosis when the desired torque is

set as a sinusoidal wave

VI. CONCLUSION

This paper presented a robust torque control of an active
orthosis designed to assist the knee joint flexion/extension
during physical therapy. The performance of the controller
was evaluated through the frequency response function anal-
ysis. The adopted control strategy, based on H., criterion,
allows the rotary SEA to provide a continuous torque of
5 Nm with a bandwidth of 9.6 Hz. Experiments, involving
the interaction between a subject and active orthosis, were
performed in order to evaluate performance of the developed
prototype. The initial results show that the proposed control
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method has good performance with respect to external dis-
turbances.
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