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Abstract

The design of a motion control system for a powered reciprocating gait orthosis is considered. Models for the orthosis
are obtained using least squares identification. The control system design is based on pole-placement techniques and a
restricted Youla parametrization of the controller. Experimental results are included. © 2006 ISA—The

Instrumentation, Systems, and Automation Society.
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1. Introduction

Many investigations on orthotic devices for
paraplegics have been undertaken during the last
25 years. Ferris et al. [1] investigated an ankle-
foot orthosis powered by artificial pneumatic
muscles. Harwin [2] discussed the theoretical con-
siderations for the design of simple teleoperators
and powered orthosis. Despite substantial ad-
vances, a suitable orthosis that gives paraplegics a
minimum ability to walk without strenuous efforts
has yet to be developed. The principal disadvan-
tages of current devices are their high complexity
and low degree of anthropomorphism. An anthro-
pomorphic orthosis is usually defined as a portable
mechanism with a configuration and degrees of
mobility that correspond to those of patients body
[3]. In addition, a walking orthosis should produce
locomotion cycles that closely resemble those of a
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healthy human being. Such walking patterns can
be generated by special computer programs and
realized by means of slave drives with the aid of
suitable motion control systems. This paper pre-
sents a developed motion control systems for a
reciprocating gait orthosis (RGO). The hip joints
are actuated by electronically commutated direct
current (dc) motors (brushless motors). It is worth
stressing at this point that it is not our intention or
aim to provide all the power required for human
mobility, but rather to assist the efforts of the up-
per body musculature. The patient still contributes
some motive effort and maintains balance with the
aid of crutches or frames. Adopting this approach
has enabled us to minimize the size and weight of
the components in the external drive Engineering
[4-6].
The objectives of this research are:

(1) to extend the ambulatory capability of
paraplegics beyond that provided by an un-
powered orthosis and

(2) to improve the dynamical control of the
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Fig. 1. Diagram of the powered orthosis.

orthosis beyond the performance that can be
achieved by classical proportional integral
differential (PID) controllers.

2. System description

The device under consideration is based upon
conventional RGO, and modified to incorporate
two electrical drive units. The device is developed
to counteract flaccidity of the lower limbs of
paraplegics. The lineage of this form of aid ex-
tends at least to the 1960s, with earlier designs in
turn being the product of an evolution develop-
ment originating from the earliest caliper designs.

Fig. 1 shows a diagram of the considered pow-
ered orthosis with all its components and Fig. 2
presents detailed information of the used mechan-
ics for the actuator drive system of the powered
orthosis. The major components of the powered
orthosis are numbered such in Fig. 1 and described
as the following.
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Fig. 2. Mechanics of drive actuator system.

The motor is contained within the cover of the
drive unit (1), which is mounted on the sacral band
of the orthosis. The motor actuates a lever (3), that
is attached to the coupling at the hip joint (5) by
means of a ball screw and nut arrangement (2).
Each hip joint has a latch plunger.

When the plunger is set in its locked position the
motor flexes or extends the hip joint, thereby as-
sisting walking. Disengagement of the plunger al-
lows the hip to rotate freely so that the user can sit
down whilst still wearing the orthosis. During
walking, rotation of the motor and screw are
stopped and reversed at each end of the actuator
stroke by electronic control. The motor produces a
rotational torque, which is converted to a transla-
tion force by the ball screw mechanism and that is
converted to a rotational motion via a lever at-
tached directly to the hip.

The actuators of RGO are electronically com-
mutated brushless dc motors, that have the advan-
tage of small size and high power capability. The
used dc motors can deliver up to 100 W peak
power with 80% efficiency and more than
0.700 N m peak torque. However, the maximum
continuous deliverable power of which 20%
should be thermally dissipated (80% efficiency) at
room temperature, produces a maximum continu-
ous torque at the motor shaft of 0.152 Nm (
26.3 N m at the hip).

The estimated continuous torque at the hip
(26.3 N m) indicates that a subject of 70 kg mass,
1 m leg, and 0.75 m stride can attain walking
speed of about 22 m/min.

Since the actuators of the RGO are electroni-
cally commutated dc motors, a suitable motor
driver (controller) is needed. The motor driver
should be able to provide torque and speed in both
direction, and a holding torque at zero speed. For
that purpose, a four quadrant driver is used; it con-
sists of an analogue proportional-integral control-
ler that has suitable gains. The supply voltage of
the controller is in range 12—50 V dc (in the labo-
ratory, a 30 V dc and +6 A is used). To make the
orthosis fully autonomous, a 24 V NiCad batteries
could be used.

For the purpose of control, the speed of the dc
motors is measured by digital encoders (500
pulses/rev) that are mounted directly at rotor of
each motor. The relative angular displacement be-
tween the leg and the hip is measured by a poten-
tiometer that is mounted at each hip joint. These
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potentiometers are used for controlling the posi-
tion of the whole orthosis, i.e., to control the size
of the stride.

3. System identification

The model of the orthosis can be derived by
analytical or experimental means. The analytical
approach is the only option during the design stage
when no prototype has been constructed. It is also
useful for the selection of suitable actuators. Ex-
perimental methods provide more accurate mod-
els, and can be implemented once the system is
built. The considered powered orthosis is already
designed and constructed; Section 2 presented the
description of the orthosis. For this reason, an ex-
perimental identification procedure of linear
discrete-time models using least squares tech-
niques is carried out. Several experiments are con-
ducted on each driving dc motor for swinging one
leg at a time. In these experiments, pseudorandom
binary inputs with different amplitudes, and sev-
eral sampling frequencies are used, and different
loading conditions including a person are used.
Fig. 3 shows a block diagram of used experimen-
tal setup. In order to reduce quantization and alias-
ing effects, an amplifier and a first order filter are
used prior to sampling. The data were processed
off-line using Matlab and the System Identifica-
tion Toolbox. The general form of model to be
identified is

A(g Ny =B(g " u(r) + e(1), (1)
Alg)=1+aig "+ +ag™, (2

Blg ) =big " +byg?+ - +byg™, (3)

where ¢! is the unit backward shift operator (unit
delay), u(r) denotes the input voltage to the motor
drive, y(7) is the output of the antialiasing filter,
and e(f) represents noise/errors that cannot be
measured directly. The unknown parameters are

the orders of the polynomials na, nb, time delays
and the polynomial coefficients a;, b;.

The early experiments indicate that for the sam-
pling time intervals of 10 and 20 ms, the output
data are substantially corrupted by noise (even
with the filter). Under these conditions it is diffi-
cult to obtain consistent results using least squares
identification. The source of the noise was largely
due to mechanical vibrations in the orthosis. Since
the potentiometer measures the relative angle be-
tween the hip and leg, it is the most important
element in reducing the noise subjected to vibra-
tions in the orthosis. This problem can be solved
by increasing the sampling time interval to 40 ms
and limiting the maximum amplitude of the motor
drive input voltage to 4 V. For this sampling time
interval, the usual rule of thumb indicates that a
closed loop bandwidth of 1.25-2.5 Hz can be
achieved. For the orthosis it is anticipated that a
bandwidth of 0.5 Hz is sufficient.

All the experiments show that the identified
models have always the same structure, i.e., na
=4, nb=5 and b;=0 (a time delay of 80 ms).
There are small variations in the numerical values
of the polynomial coefficients but all the identified
models are stable. A typical model for the consid-
ered orthosis is

AlgH=1-1.7167¢g""+0.752047% + 0.30614~>
-0.3341¢7%, (4)

B(g™') = 0.0743¢72 + 0.0285¢73 + 0.0291¢™*
+0.0432¢75. (5)

The model is stable, has a crossover frequency of
about 1.2 Hz, a dc gain of 23.99 and is minimum
phase. The model is obtained for a pseudorandom
binary input amplitude of 4 V. Fig. 4 shows the
experimental output and a simulation of the model
using the same input.

The model [Egs. (4) and (5)] is crosschecked
with other derived models and validated. The
model also managed to capture the behavior of the
orthosis when it is loaded. That makes the model
suitable to be used for designing a suitable con-
troller.

4. Controller design

Among the more traditional methods for con-
troller design are PID, lag, lead, and pole-
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Fig. 4. Experimental and simulated outputs for a pseudo-
random binary input (4 V).

assignment controllers. The pole-assignment
method is particularly appealing since the designer
can completely specify the closed-loop poles of
the system. For any given set of closed loop poles
the controller computation is a straightforward
task of solving a set of simultaneous linear equa-
tions. The main problem in designing a pole place-
ment controller involves the selection of the
closed loop poles to achieve good performance
and a reasonable degree of robustness.

Once a controller has been designed, a family of
stabilizing controllers using Youla’s Parametriza-
tion can be obtained [7,8]. The main advantage of
this technique is that it can be applied to any sys-
tem despite its poles and zeros locations. More-
over, using Youla’s parametrization we have addi-
tional degrees of freedom for tuning the controller
to improve performance and robustness of the
closed loop system. However, the resulting con-
troller will become more complex.

The feedback scheme for the model given by
Eq. (1) is shown in Fig. 5. The signal r(z) denotes
the reference or set point for the controller and
will be used to specify gait cycles. An integrator
was added to the model to ensure zero steady state
error for a step input and reject constant distur-
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Fig. 5. Pole-assignment controller configuration.
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bances e(f). Notice that the integrator is in fact
part of the controller as shown in Fig. 5.
The closed loop system is given by

B(zHH(z™") Fiz)(1-2z

y(1) = T (1) + T e(r),

(6)
Az HH(Z™Y) G(z™")
u(t) = Wr(t) - T(Z_l)e(t), (7)
where

Tz =AY -z HFH) + BTG,
(8)
T Y =1+tz7"+ - +1,27™", 9)

F(Z_l) = 1 +flz_1 + +fnfz_nf9 (10)

Gz =go+ gz + - +g,,".  (11)

The precompensator H(z™') is chosen as a con-
stant, so that the closed loop system r(r)— y(z)
has unity gain. Since an integrator is included in
the controller we have

H= G(Z_l)|z:1, (12)

and hence, H does not depend on the model pa-
rameters. We now consider a parametrization of
all controllers that will yield the same closed loop
polynomial 7(z~!). This parametrization was es-
sentially introduced by Youla er al. [9-12]. Let
Fy(z") and Gy(z7!) be the minimum order con-
troller satisfying Eq. (8). Then any other F and G
are given by

F(zY)=Fyz ") +B(zH)P(z"), (13)

Gz =Gz -AEH(A -z HPE™).
(14)

In this work P(z™!) is restricted to be a finite poly-
nomial to simplify calculations

P(z D) =po+piz '+ + P,,z".  (15)

For such a polynomial the degrees of F and G are
increased by the same amount (np+1).
Equations (13) and (14) provide additional free-
dom to design the controller F' and G. Some im-
portant questions are asked, such as: How do we
select P to achieve good results? Can we choose P
to prevent the closed-loop system becoming un-
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Fig. 6. Closed loop step response for the chosen T(z7!).

stable under model mismatch? Can P be chosen to
prevent actuator saturation or fast variations in
control signals? Can P be chosen to reduce the
effect of noise in y and u? What is a suitable order
np of P(z7')? These issues have been considered
in detail by Refs. [7,13]. A summary of results and
outline of the computational procedure are given
listed as follows.

Once T is selected, solve Eq. (8) to obtain the
minimum order controller polynomials. For a cho-
sen value of np, the computation of P involves
minimising the sum of squares of the coefficients
of G with respect to p;’s (this is equivalent to
minimising the L, norm of G).

5. Selection of closed loop poles

The selection of the polynomial 7(z!) is based
on several criteria. The location of the roots is
chosen so that the closed loop system would have
a closed loop bandwidth of about 0.5 Hz and a
closed loop step response with no overshoot. The
chosen roots for the closed loop polynomial 7(z™")
are: 0.86, 0.77, 0.5, and 0.6+0.5j. Fig. 6 shows a
Matlab simulation of the closed loop system step
response.

The next step is to compute the controller poly-
nomials. Solving Eq. (8) for the minimum order
controller yields

Fo(z7) =1+0.3867z7" + 0.2368z7% + 0.16067 3
+0.0957774, (16)
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Fig. 7. Effect of noise on the control signal u(t) as the order
of the controller is increased.

Go(z71) =2.1305-3.522977! + 1.5714772
+0.6743773 - 0.740177. (17)

Both have their roots inside the unit circle. The
gain and phase margins for this controller are 3.85
at 2.64 Hz, and 47.7 deg at 0.89 Hz, respectively.
Selecting np="7 gives

P(z71)=2.0353 +1.9212z7" + 1.69577 2
+1.3980z73 + 1.0132z74 + 0.62157°
+0.2911z76+0.084477". (18)

F and G are obtained from Egs. (13) and (14). The
gain and phase margins for this case are 2.09 at
1.43 Hz and 39 deg at 0.63 Hz, respectively.
There is a small degradation in relative stability,
however, this occurs at lower frequencies where
model uncertainty is likely to be small.

5.1. Benefits of the used technique

(a) Equation (7) and Fig. 7 show that the used
technique has a substantial reduction of high fre-
quency noise contributions in the control signal
u(t).

Fig. 7 shows the effect of noise on the control
signal u(r) as the order of the controller is in-
creased. Looking at the minimum order controller
it is clear that noise is amplified throughout the
entire frequency spectrum. On the other hand, the
high order controller attenuate noise in the high
frequency region. Although the difference between
the different order controllers is very small, the
results are actually better at low frequency. The
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Fig. 8. Bode plot of the loop gain [BG/AF(1-z7')| for
different order controllers.

difference is very prominent at high frequency.
The general trend is a faster roll of as the order of
the controller increased.

(b) A substantial reduction of the loop gain in
the high frequency region, see Fig. 8. Hence, the
control system is more robust with respect to mod-
eling errors in the high frequency band, with the
minimum order controller there is attenuation of
approximately —20 dB; with the selected control-
ler (12th order) the attenuation reaches —80 dB.

(c) When F, is not stable, the design can yield a
stable polynomial F' provided that the plant is
strongly stabilizable.

(d) Since an integrator is used, the dc gain of G
remains constant [see Eq. (14)].

5.2. Disadvantages of the used technique

(a) The dc gain of F increases and in general
noise contributions to y can degrade in the low
and mid frequency ranges. Adding an integrator to
the controller alleviates this problem in the low
frequencies but some degradation still occurs in
the mid frequency band, see Eq. (6) and Fig. 9.

Fig. 9 shows the effect of noise on the output
signal y(f). As we have mentioned previously, we
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Fig. 9. Effect of noise on the output signal y(r).

sometimes work in control on the basis of trade
off. That is the choice of T(z™') could be to have
noise rejection or optimal performance. Fig. 9
shows clearly that as the controller’s order in-
creases, the noise has more effect on the output
signal. This is more prominent in the middle fre-
quency range and not so obvious at high fre-
quency. This degradation is not uniform over all
frequency ranges. In the middle frequencies range,
the high order controllers seem to be better. At
high frequency, there is no real difference between
them. It is worth noting that the Matlab analysis is
done for sine waves having uniform amplitude of
1 V. Itis unrealistic to assume that the system will
contain noise levels of this amplitude, for example
quantization noise may have amplitude of 5 mV.

(b) The gain and phase margins can reduce,
however, this degradation is again at lower fre-
quencies where the models are more accurate. Fig.
10 shows a clear degradation in relative stability
between the minimum order and the 12th order
controllers. Taking these figures at face value
seems to indicate that these results contradict our
statement that “relative stability is improved as the
order of the controller is increased.” Fig. 11 shows
in more detail the frequency range where the deg-
radation occurs. The figure shows that the degra-
dation occurs in the middle frequency region. Im-
provements in relative stability occur in the
frequency region beyond 2 Hz. A judicious selec-
tion for np can be made considering the above
issues.
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6. Experimental behavior of different order
controllers

Figs. 12-15 show a comparison of different or-
der controllers for the same reference signal.
Looking at Fig. 12 for the minimum order it can
be seen that the orthosis follows the general shape
of the reference signal closely, but problems occur
when the orthosis is attempting to hold a certain
position. That is the transition from one position to
another is done perfectly but when holding is re-
quired, the orthosis seems to be staggering all the
time, resulting in small deviations (oscillation)
from the reference signal. As the order of the con-
troller is increased (see Figs. 13—15), there is an
improvement from the minimum order in terms of
holding. However, the orthosis seems to overshoot
at some point, tries to correct but over corrects
resulting in slight movement when it is supposed
to hold. Fig. 15 clearly shows that the orthosis
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Fig. 11. Comparison of relative stability for minimum or-
der and 12th order controller.
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Fig. 12. Performance of minimum order controller (4th or-
der). (a) Desired (dashed line) and measured (solid line) hip
angular position. (b) Control effort of the 4th order
controller.

follows the reference signal very closely and is
also capable of holding, only at one instant it over-
shoots but quickly corrects and holds.

Another comparison is the control effort for dif-
ferent order controllers. These are also shown in
Figs. 12-15. The control effort for the minimum
order controller has clearly more variations than
any of the others. That is the controller has to send
a signal very quickly all the time to maintain the
preset trajectory. In terms of amplitude the differ-
ent order controllers do not show very different
behavior (approximate peaks of 1.5 V). The con-
trol effort intensity decreases as the order of the
controller is increased. The control effort for the
selected controller is much smoother than any of
the others.
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Fig. 13. Performance of 7th order controller. (a) Desired
(dashed line) and measured (solid line) hip angular posi-
tion. (b) Control effort of the 7th order controller.

7. Experimental results

Most volunteers did not report any discomfort
during the experiments to gather data for identifi-
cation. For walking, training volunteers took ap-
proximately 45 min. The subjects were required to
take their body weight from the moving leg to the
stance leg. Then they were asked to hold that po-
sition while the orthosis was swinging the leg for-
ward. Then the subjects were requested to transfer
their body weight to the other leg allowing the
stance leg to move forward. This procedure was
repeated continuously. All the tests were carried
out on a flat and smooth level surface (in door).

Fig. 16 shows a typical response of the left and
right legs. The results indicate that the orthosis
followed the preset reference signal closely. It can
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Time (Sec)
(@)

m
-
S
>
-
o
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°
=
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Fig. 14. Performance of 9th order controller. (a) Desired
(dashed line) and measured (solid line) hip angular posi-
tion. (b) Control effort of the 9th order controller.

be seen that during the transition cycle of the gait
there is a slight hesitancy in the orthosis move-
ment. Holding position was also slightly difficult.
This is shown in the figures by the ragged peaks of
the response rather than a smooth peak. Several
problems were encountered:

(1) The subjects were “fighting” the motion es-
pecially during the initial transient. This is
largely due to the fact that the volunteers
did not have any disabilities.

(2) None of the volunteers felt comfortable
standing on one leg while the swing leg was
brought forward.

(3) The completion of the gait cycle can fail
when the foot of the swing leg is dragged
across the floor. This depends on the
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amount of floor friction but we can forsee
that this poses a serious problem for walk-
ing on irregular terrain and even level sur-
faces with carpets.

8. Conclusions

The performance of the control system was en-
couraging and the feasibility of the design tech-
nique has been validated. The technique of system
identification and controller parameters computa-
tion can be implemented entirely on-line as an
adaptive controller [14]. This is an area for future
work and would take into account effects of com-
ponent variations, e.g., differences in leg inertia,
and friction.
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Fig. 16. Gait orthosis experimental response under load. (a)
Left leg response. (b) Right leg response.

To overcome some of the problems encountered
during the experimental trials it is important to
reduce as much as possible mechanical vibrations
in the orthosis. Having a powered knee joint
would avoid dragging the foot of the swing leg
across the walking surface [15]. The existing
orthosis has an unlockable knee joint but it is a
passive joint. The estimated hip accelerations to
unlock this joint are rather high and might not be
realistic to use in experimental trials with volun-
teers or patients.
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