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Active and Passive Control of Walk-Assist Robot
for Outdoor Guidance

Chun-Hsu Ko, Kuu-Young Young, Yi-Che Huang, and Sunil Kumar Agrawal

Abstract—In the currently aging society, walk-assist robots can
play an important role in improving the activities of daily living
of the elderly. In this paper, we propose a robot walking helper
with both passive and active control modes for guidance. From the
perspective of human safety, the passive mode adopts a braking
control law on the wheels to differentially steer the vehicle. How-
ever, if the user walks uphill in the outdoor environment, external
forces need to be supplied to the human-walker system. In this
paper, we add an active mode to guide the user in situations where
the passive control mode alone with user-applied forces is not ad-
equate for guidance. The theory of differential flatness is used to
plan the trajectory of control gains within the proposed scheme of
the controller. Since the user input force and slope angle of the path
are not known a priori, the theory of model predictive control is
used to periodically compute the trajectory of these control gains.
The simulation and experiment results show that the walk-assist
robot, along with the structure of this proposed control scheme,
can guide the user to a goal on a slope effectively.

Index Terms—Differential flatness, model predictive control
(MPC), slope guidance, walk-assist robot.

I. INTRODUCTION

ANY robot walking helpers have been proposed to
Massist in walking and enhance the user range of ac-
tivities of daily living [1]-[16]. Machine systems have been
proposed that support useful functions of the users such as
guidance [1], [9]-[16], obstacle avoidance [2], [10], and health
monitoring [1], [7]. To control a robot walking helper, Spenko
et al. [7] used a variable damping model to increase the walk-
ing stability. Chuy et al. [2] used passive behavior to enhance
the interaction between the user and the active support system.
Hirata et al. [10] proposed an adaptive motion control algorithm
for obstacle/step avoidance and gravity compensation. Agrawal
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et al. [12] proposed a two-phase passive control algorithm for
guiding a user to attain desired position and orientation, while
allowing for small errors.

In general, the robot walking helpers can be classified as:
1) active and 2) passive. The active robot walking helpers [1]-[5]
use servo motors to guide the user, while actively adding energy
to the system. The passive walking helpers [10]-[12] move
only by user supplied forces. Controlled brakes are used to
steer the walker while continuously dissipating energy from
the system. With this property of dissipation of energy, they
are intrinsically safe when used by humans. However, if a user
wants to walk uphill in the outdoor environment, energy must
be added to the walker. The passive mode may not be enough to
achieve the required control. Hence, it is important to consider
an integrated strategy with both active and passive controls in
the slope guidance.

In this paper, we propose combining passive and active con-
trol modes for effective guidance of the robot walking helper.
Passive mode uses a braking control law on the wheels to differ-
entially steer the vehicle. When a user pushes the walker uphill,
active mode is used to compensate for gravity. The motor con-
trol torques are then obtained by adding brake torque and active
torque. Since the robot applies the active torque to help hu-
man walking, the required user-applied force for walking uphill
can be reduced. Hence, the proposed active—passive integrated
method has the advantages of the improvement of the safety of
the robot compared to the active-type robot and energy saving
of the user on an uphill road compared to the passive control
method. Furthermore, the method of differential flatness is used
to select time varying trajectories of the control gains so that the
vehicle achieves a desired final position and orientation [16].
The differential flatness method [16]-[19] has been proposed to
solve both the trajectory planning and robot control problems
within a common framework. A system is differentially flat if
there exists a set of outputs, called flat outputs, equal in num-
ber to the number of inputs, such that all states and inputs can
be algebraically expressed in terms of these outputs and their
derivatives [17]. For a flat system, the trajectories of flat outputs
can be first planned with a set of parameters and mode functions.
The system dynamic equations and the input constraints can then
be transformed into a set of algebraic equations, which are gen-
erally simpler to solve [18]. Previous studies [17], [18] have
demonstrated the efficiency of the differential flatness method
in controlling wheeled mobile robot in a plane, which motivates
us to further explore its possibility in controlling robot walker
on a slope.

In this approach, the nonlinear structure of the vehicle dy-
namic equations on a slope, under the active and passive
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control, is explored to seek the property of differential flatness.
The states and inputs of the robot walker are first represented as
functions of the flat outputs and their derivatives. The trajecto-
ries of flat outputs are then planned with three planning meth-
ods that include static path planning, constant speed trajectory
planning, and acceleration/deceleration trajectory planning. To
efficiently select the braking gains during guidance, a passive
guidance controller based on user-applied force is proposed.
Since the user-applied forces and slope angles are not known
a priori, model predictive control (MPC) is used to find the
solution repetitively. Finally, simulations and experiments are
performed with this robot walker on a slope to demonstrate the
effectiveness of the proposed approach.

The remainder of this paper is organized as follows: Section II
describes the developed robot walking helper. In Section III, the
differential flatness approach is addressed. Trajectory planning
and controller design are described in Sections I'V and V, respec-
tively. Sections VI and VII present a short summary of MPC
and the simulation results, respectively. Experimental results are
included in Section VIII. Finally, concluding remarks are given
in Section IX.

II. DEVELOPED ROBOT WALKING HELPER

The robot walking helper is shown in Fig. 1. It contains a
support frame, two wheels driven by motors with encoders, two
passive casters, a force sensor, a slope sensor, and a pc-based
controller. The support frame has a semienclosed design that
allows the user to walk at the center of the helper and provides
good support and stability. The motors provide the torques for
controlling the motion of the robot walking helper. The encoders
are used to measure the wheel speed. A force sensor detects the
user-applied force and the slope sensor detects the slope angle.
The controller is used to control the torques of the motors with
the measured sensor information. To design the controller, a
simplified dynamic model on a slope is described next.

Fig. 2 shows the robot on a slope in the world coordinates
xyz [16] given by

q=[Te,Ye, 2, 0" (1)

where x., y., z. are the coordinates of the center of mass and 6
is the heading angle of the robot. The slope angle « is assumed
to be a function of y., @ = a(y. ). When the robot moves on the
slope, the body coordinates x'y'7’ rotate by 6 about z-axis and «
about the x-axis. The rotation matrix R is calculated as

cos —sinf 0
R = |cosasinf cosacosf —sina|. 2)
sinasinf sinacosf  coso

With the assumption of no-slip at the wheel contact points on
ground, the velocity of the robot is parallel to the heading direc-
tion. Hence, ¢ can be expressed as

T cos
Yo | =v2d’ =v | sinfcosa 3)
% sin @ sin «v

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 3, JUNE 2013

Fig. 1. Robot walking helper.
z
Y,
X
Fig. 2. Configuration of a robot walking helper on a slope.
and

0=w “
where v is the heading speed and w is the turning speed. The

angular velocity can be expressed as

G=di+wi=[d -wsina wcosa]’ 5)

where & = o/ (y..)y.. With the user-applied force F, robot ap-
plying torques, the gravity force and the no-slip constraint, the
equations of motion are written as

mlic ge i) = <F+—” :”) & —mgs+2g + fu2
(6)
and
b(1, —7)

IS+ & % Id = 24 M@+ M. (7)

r
Here, m is the robot mass, I is the moment of inertia of the robot,
r is the wheel radius, b is half distance between the two wheels,
7, and 7; are the motor torques on the right and left wheels, A
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is the constraint force, f,, is the normal reaction force and M,,,
M, is the constraint moments. The moment of inertia / can be
calculated as

Iy Iip I
I =RlyoayR"  Tnoay = | Tiz Iy Iz |. (8
Lz Iz I3

With the assumption of symmetry about the plane x'7,
the values of ;o and I3 are zeros. By differentiating (3),
[#e, i, 2.]T = vi' + ©#'. On substituting [#., §., %.]7 into (6)
and premultiplying by 2’7, we obtain

miJ:F+TT+T[

— mgsin # sin a. 9)
Furthermore, by differentiating (5)

&= [¢@ —wsina —wcosad wcosa — wsinad]T
(10)
On substituting (10) into (7) and premultiplying by 27, we
obtain
b(r —m)

— &% cosOsin (I, — Iyy) — ésinfwlis.
,

(11)
From (3), (4), (9), and (11), the state equations of the robot
on a slope are expressed as

I3zw =

T, = vcosh
Yo = vsinf cos «

%, = vsinfsin o

0=w
. T+7n  F . .
U= + — —gsinfsina
mr m
br_ . . I _I
oijzu—cﬁcosé)smaui22
I33r 33
I
— Gsinfw =2 (12)
33

Note that the term —g sin # sin « in the aforementioned equa-
tions arises from gravity effect. To compensate for the gravity
and control in passive behavior, the control law is chosen as

. 1
. =—K,0, + §mgr sin 6 sin «,

|
7 =—-K,0; + imgrsinf)sinoz (13)

where 7, and 7; are the control torques of the right and the
left wheels, respectively. 6, and 6, are the angular speeds of the
right and the left wheels, respectively. K, and K; are nonnegative
parameters. With the no-slip condition, the angular speeds 0,
and 91 can be calculated as

0, = (v+bw)/r, 0 = (v—Dbw)/r. (14)
Substituting (13) and (14) into (12), we can obtain the dynamic
equations of the robot given by

g=5SV

V =AK + B (15)
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where
) cos 07
V=" S = SI.HGCf)SOL 0
|w sinfsinae 0
0 1]
v+ bw v— bw A
mr?2 mr? K.
A == K — r
_b(v—|—bw) b(v —bw) |’ [Kl]
- L3372 Iy3r?
[ F/m
b= —a? cos 0sin HM — dSingwIﬁ - (16)
- 33 133

The nonnegative parameters in K can now be regarded as the
new control inputs that need to be planned to steer the vehicle
from its current state to the desired goal state. To design the
feedback controller, we select the brake gain K by using the
differential flatness approach, described in the next section.

III. DIFFERENTIAL FLATNESS APPROACH

In the differential flatness approach [16]-[19], we first define
the flat outputs and then express all state variables and input in
terms of the flat outputs and their derivatives. The wheel mobile
robot has been shown to be differentially flat with the flat outputs
1, y2) = (xc, ye) [17]. We, thus, use these flat outputs to express
the robot states and input gains on a slope. With a given slope
height z(y,), the slope angle and its derivatives can be expressed
as

a=tan"' 2/ (y2)

"

. z .
&= —-
1+ 272 Y2
Z///y% —‘y—Z”@z B ZZ/ZNQ:Q% . (17)
1+ 272 (1+27?)2
Define s as the length of the slope, then
$=1s/cosa
§— o + o2’
~ cosa
B 2.. /- 2. /2 .2 . .2 . ] e
g Yo + 22 + 2yp27a” +1pa” + 1 (18)
cos
and
f = arctan (8)
Y1
v =/ + &
© 8 — s
w = 0 = —_n
g+
. iy + S8
v = . .
VT A+ S
W= (=Y sinf + Scosf — 20w)/v. (19)
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With (16)—(19), the control gain K can be expressed with the
flat outputs and their derivatives, given by

K(yhyhy17y27927y2,y2):14_1([Z}J _B> (20)

Note that K should be nonnegative in passive control. When
the angular speed 0, or 6, is zero, A~! does not exist due to
singularity and K cannot be obtained. Under this condition, the
walker speed should be increased with the brake gain K set to
zero. The aforementioned equation can be used in planning a
desired trajectory with the passive mode.

IV. TRAJECTORY PLANNING FOR SLOPE GUIDANCE

In trajectory planning of this walk-assist robot for slope guid-
ance, we intend to find a smooth trajectory (y;(#), y2(#)) that
passes from the initial point to target point during a period of ;.
Here, ¢ is derived via an optimization process described shortly.
Three planning methods, that include static path planning, con-
stant speed trajectory planning, and acceleration/deceleration
trajectory planning, are used to determine the brake gain for the
proposed controller in real time, which will be discussed later
in Section IV for controller design. Note that the process of
trajectory planning is executed each time the current speed of
the walker is updated. These trajectories planning methods are
briefly described as follows.

A. Static Path Planning

In static path planning [20], we first select a set of waypoints
that can be connected into a smooth path. As shown in Fig. 3(a)
and (b), there are two starting circles with radius ¢ tangent
to the starting position and direction. On the other hand, two
ending circles with radius ¢ are tangent to the end position and
direction. There are four smooth paths that consist of a starting
arc, a straight line, and an ending arc, to be selected. Since an
arc path is more difficult to follow than a straight line, the path
combination with the minimum sum of starting arc angle 6, and
ending arc angle 6, is preferred. Fig. 3(a) shows that a minimum
arc-angle path with three waypoints is selected. Furthermore, if
starting arc angle 6, or ending arc angle 6, is larger than a
predefined arc angle 6,,, the arc is split into small arcs that
have smaller arc angle than 6,,. As shown in Fig. 3(b), five
waypoints are added to the path. With this waypoint selection,
we can quickly obtain a smooth path that consists of subpaths
of small angle arcs (< 6,,) or straight lines. The robot can, thus,
guide the user to pass through these waypoints consecutively.

B. Constant Speed Trajectory Planning

The stable walking trajectory with a small variance of walk-
ing speed is generated by using this constant speed trajectory
planning. It takes the current speed of the walker as a constant
speed to plan a reference trajectory for guidance. Because each
subpath is a line or an arc, the trajectory can be fitted with the
following polynomial function of time [21]:
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Fig.3. Pathplanning: (a) three waypoints path planning and (b) five waypoints
path planning.

Yj (t) = Cjo —+ let + Cj2t2 —+ Cj3t3
+ejut(t—ty) + et (t—t4)*, j=1,2. (21)

With the boundary conditions ;(0), 9;(0), 4;(0), y;(ty),
y;(ts),4;(ts), the coefficients c;;, can be easily calculated as

¢jo = yj(0),¢j1 = 9;(0), ¢j2 = 0.54j;(0)
cjiz = (yj(ty) —cjo —trejn — t?ijQ)/t;}
cja = (9;(tr) — cj — 2tycj2 — 3tess) [t
Cj5 = (05yj (tf) — Cj2 — 3thJ'3 — 3t§er4)/t?,j = 1,2. (22)
Here, the initial conditions y;(0), ¢1(0), #1(0), y2(0),
92(0), #j2(0) and the final conditions yy(ts), g1 (ty), 41 (t5),
ya(ts), Y2(ts), Yo (ty) of the trajectory can be calculated from
the initial state x.(0), y.(0), 6(0),v(0), w(0), the final state
xo(tr), ye(ty), 0(ts),v(ts), w(ty), and the given slope height
2(y2), with those parameters expressed as

Y1 = Te, Y1 = vcosh, i1 = Vcosh — vwsin O

Yo = Ye, Yo = vSinb cos a

o = U sin @ cos a

+ vw cos B cos a — v*a sin® fsin a cos a.

(23)

Note that these expressions in (23) demand the values of the
initial and final accelerations ©(0), 0(¢). For guiding the user
into stable walking, the constant speed trajectory is preferred
and the values of ©(0), v(¢y) are set to be zeros. Furthermore,
the final speed v(ty) is set to be the initial speed v(0) and the
final angular speed w(t¢) set to be zero.
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Once the flat outputs are obtained using (21)—(23), the robot
states and inputs can be represented as functions of #;. The
constant speed trajectory (y§(¢), y5(t)) and the value of the final
time ¢, are then obtained by solving the following nonlinear
optimization problem:

[

minJ = —

yinJ = — [ (u(t) — (0)dt
f tJo

(24
where J is the difference between the walking speed and initial
speed. A smaller J implies a more stable walking trajectory. Note
that only the parameter #; is required in solving the optimization
problem so that constant speed trajectory planning can be fast
executed.

C. Acceleration/Deceleration Trajectory Planning

The acceleration/deceleration trajectory planning is used to
change the robot speed during guidance. In this planning, we
propose using the time transform technique on the constant
speed trajectory (y$(t), y5(t)) already obtained. With a given
time transform function u(t), the acceleration/deceleration tra-
jectory (yf(t), y5(t)) is expressed as

yi (8) = i (u(t)), y3 () = y5 (u(t)).

The acceleration/deceleration speed v®(t) is calculated as
u(t)ve(t), where v°(t) is the speed of the constant-speed tra-
jectory. The derivative «(t) of time transform function can be
regarded as the speed scaling function, set as

(25)

wt)=(1—a)e +a (26)

where a is the speed scaling parameter and ~ time constant. If
a > 1, the velocity v (t) isincreased; if < 1, v (t) is decreased.
By integrating «(t) with w(0) = 0, the time transform function
u(t) can be obtained as

u(t) =~(1—a)(1 —e /) +at. 27)

Furthermore, the derivatives of the acceleration/deceleration
trajectory are calculated as

a ¢ .
Yy =y u
a2 c
yp =y wtypu

Yo =y + 3y iy i, j=1,2. (28)

Equation (28), along with (19) and (20), can be used in plan-
ning an acceleration/deceleration trajectory with passive control
gain K.

V. CONTROLLER DESIGN

As the robot should provide proper passive control gain K
according to the user’s walking intention, detected with the
force sensor, the ratio of the control force K || /r to user-applied
force F is an important factor in controller design. For the two
wheel torques to be checked for passivity, the smaller one is
selected for calculating the passive parameter. We, thus, define
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a dimensionless passive control index p as

o . Kr|91‘ Kl‘él|
p=mn|———— | .
Fr Fr

The index p is calculated when the user-applied force F is
positive. The larger the p is, the higher brake torque is used in
passive mode. When p is positive but small, the control gain K is
small. Under this situation, the robot is suggested to increase the
brake torques and the deceleration trajectory planning is used.
On the other hand, when p is large and the speed is small, too
much energy is dissipated. The brake torque should be decreased
and the acceleration trajectory planning is used. Furthermore,
if p and the walking speed are appropriate, the robot can guide
the user for stable walking with the constant speed trajectory.
Based on the aforementioned discussion, an algorithm for deter-
mining proper brake gain is developed. Given the current robot
state, user-applied force F, walking speed v, angular speed w,
tolerance force F\,], tolerance speed v, the minimum passive
index value py,i,, and the maximum passive index value py,ax,
the brake gain K can be efficiently selected using the following
algorithm.

(29)

Algorithm for Brake Gain K Selection
Choose constants § € (0.5, 1), p;€ (0, 1), and p; > 1;
If F < F,, or v <v,,, then select K=0;
Else
Calculate p, v, @ using constant speed trajectory
i @), y3(0)3
Ifp<punor v>v or > a, then robot decreases speed;
set n=0;
while p <pmor v>v or @ > @
n=ntl;
calculate p, v, wusing deceleration trajectory
(0.3 (1) With a=p7;
end
calculate K using deceleration trajectory (y{ (¢), ys (¢))
with g = pa’,' 5
Else if p > p,.c and v < g7 and @ < B& , then robot
increases speed,
set n=0;
while p > pracand v < v and @ < S,
n=ntl;
calculate p, v, wusing acceleration trajectory
(0,5 @) with a=p';
end
calculate K using acceleration trajectory (y! (), ys (¢))
with g=p”;
Else robot keeps speed using constant speed trajectory
(¥{(®),y5 () and calculate K;
End
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measured slope angle

measured force v v

target Path planning Robot -
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Proposed model predictive control scheme for robot walking helper.

user-applied force
7T\

measured state

Fig. 4.

In the algorithm, the control gain K is determined according
to the value of the force sensor. The force sensor noise affects
this value, and consequently the accuracy of the guidance. To
enhance the robustness, the proposed MPC, discussed in next
section, updates the control gain K iteratively according to the
current sensor information. Therefore, unless there is persistent
large noise, the MPC should be able to deal with sensor noise.
Later, the simulation results also verify this.

VI. MODEL PREDICTIVE CONTROL FOR SLOPE GUIDANCE

Fig. 4 shows the proposed MPC scheme [22]-[24] for robot
walking helper, with which a feasible trajectory and the torques
are predicted for the period ¢, given the current waypoint, cur-
rent measured states, slope angle, and user-applied forces. To
achieve real-time control, we do not use a cost function to search
for the optimal solution, but only set a constraint of nonnegative
K to find a feasible solution. Predictive inputs are then used for
controlling the robot when pushed by the user. Note that the
slope model is required in MPC, and a fitted slope model z(y)
is used. Given the current position (y.1, z.1), the target position
(Ye2, Zc2), the measured current slope angle «v;, and the target
slope angle «, a predictive slope function z(y) are then fitted
with the following form:

2(y) =do+di(y — yer) + do(y — ye1)® +ds(y — yer)*.
(30)

With the boundary conditions z(y.1) = z.1, 2 (ye1) = tan(ay),
2(¥e2) = Zeo, and 7'(y.2) = tan(aw), the coefficients d; (i =
0,...,3) are solved as

dy = z1,dy = tana
d? = 3(2(;2 - Z(tl)(y(¢2 - yc1)72

— (2tanag + tan ag)(ye2 — ycl)71

ds = —2(262 — 251)(?/(:2 - yc1)73

+ (tan ay + tan ) (ye2 — Ye1) 2. (3D

The MPC is based on a constant value of current measured
slope angle and user-applied force, while in reality the slope
angle and user-applied force are time varying and may be with
noise. Therefore, the MPC only uses the predictive inputs to
control the robot over a period of time At. At the next time step,
MPC needs to read the states, slope angle, and user-applied
force, and generate a new trajectory. The procedure will be

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 3, JUNE 2013

0.8 : -

@ starting point
0.7 O waypoints -
06 robot trajectory e

y(m) x(m)

Fig. 5. Robot trajectory on a slope in S-shaped simulation.

repeated until the stop criterion is satisfied. Meanwhile, the
robot guides the user walking through waypoints consecutively.
The slope guidance algorithm with MPC is developed and stated
as follows.

Slope Guidance Algorithm With MPC

Step 1: Specify the initial and target points.

Step 2: Generate a set of sequential waypoints (N) with static
path planning.
Execute model predictive control and set the first way-
point as current waypoint, n = 1.
Perform robot control algorithm to obtain a brake gain
K.
Use the predictive gain K to control the robot over a
period of time At.

Step 6: Measure the robot state and check the stop criterion.
If the robot does not reach the current waypoint, go to step 4;

else if n < N, set the next waypoint as the current waypoint,
n=n+ 1, goto step 4;

otherwise, stop.

Step 3:
Step 4:

Step 5:

VII. SIMULATIONS

To evaluate the performance of the proposed approach, it was
applied to a robot walker for guidance. The parameter values of
the robot were set to be m = 30 kg, I;; = 2.61 kg~m2, I =
2.61 kg'm2, I33 =522 kg-mQ, L3 =174 kg-m2, r=0.0605 m,
and b = 0.295 m. The user-applied force F' was assumed to
follow the function 10(1 + 0.1sin(7¢/2)) N and the time step
At was set as 0.25 s. The parameter values for the passive
controller were settobe v = 0.3 m/s, w = 0.3 rd/s, Fio1) = 0.1 N,
Vol = 0.03 m/s, pin = 0.1, prax = 0.3, 5 =0.95, p; = 0.98,
and p; = 1.02.

Two sets of simulations, S-shaped guidance and turn-around
guidance on a slope, were performed with slope height z
assumed to be a function of y as z(y) = 0.3/(1 + e 2(¢=3)) m,
Figs. 5-7 show the simulation results of S-shaped guidance with
the start and end points (x, y., 0) set to (0 m, 0 m, 7/2 rd) and
(6 m, 6 m, /2 rd), respectively. The turn-around guidance is
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Fig. 6. State variables x, y, z, 6, v, and w of the robot in S-shaped simulation.

with the start and end points (3 m, O m, 7 rd) and (6 m, 0 m,
—m/2 rd), and the simulation results are shown in Figs. 8-10.
Fig. 5 shows the robot trajectory on the slope for the S-shaped
guidance. It was observed that two waypoints were generated.
The robot trajectory accurately passed through the waypoints,
while approaching the target gradually. Fig. 8 shows the robot
trajectory on the slope for the turn-around guidance. The sim-
ulation result shows that the proposed scheme generated four
waypoints and smoothly guided the user to turn around on the
slope. The trajectories of x, y, z, 6, v, w of two guidance simu-
lations are shown in Figs. 6 and 9, respectively. The (x., y., 0)
errors of S-shaped guidance and turn-around guidance between
the desired and actual end points are (9.22e-6 m, 8.68e-5 m,
5.15e-4 rd) and (1.72e-6 m, 3.83e-4 m, 9.6e-5 rd), respectively.
We also observed that the mean walking speed and maximum
turning speed of S-shape were about 0.315 m/s and 0.139 rd/s,
respectively. Meanwhile, the user-supplied energy was com-
puted to be 185.4 J when the walking helper was under the
passive mode, and it became 97.59 J when the active control
was added, leading to effective energy saving. In turn-around
guidance, the mean walking speed and maximum turning speed
were about 0.375 m/s and 0.223 rd/s, respectively. Since the
turn-around guidance includes downhill path, larger speed was
obtained. Figs. 7 and 10 show the values of the robot-applied
torques 7., 7; for two kinds of guidance, respectively, which
included active torques for gravity compensation and passive
torques for walking guidance. The active torques varied with
slope angles. When the user walks uphill (downhill), the active
torques were all positive (negative). The passive torques were
all negative and also showed oscillations to compensate for the
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Fig. 8. Robot trajectory on a slope in turn-around simulation.

oscillating user-applied force for stable walking. The mean time
needed for trajectory planning in MPC was only about 0.2 ms
with 1.66 GHz CPU and 1 GB memory. The simulation results
show that the robot walker with the proposed guidance scheme
helped the user to walk on the slope in real time, and guided the
user to the target stably and accurately.

To demonstrate the robustness of the MPC, the S-shaped
simulations with force sensor noise were performed. The force
noise was randomly generated in each time step, with its amount
set to be within 25% user-applied force. For several simula-
tions, we observed that the trajectories with noise were slightly
different from the trajectory without noise (see Fig. 5), but they
still passed through the waypoints with small deviations, demon-
strating the robustness of the MPC.
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VIII. EXPERIMENTS

For demonstration, we performed the straight-line and
S-shaped experiments on a slope. Fig. 11 shows the experimental
scenario. In the straight-line experiment, the user repeated twice
walking straight uphill. One was with robot control torques and
the other without. Fig. 12 shows that the user-applied forces
with robot control were smaller than without robot control. This
demonstrates that the proposed control method can effectively
help the user walking uphill. For S-shaped experiment, the start
and end points (x., y., #) were set to be (0 m, 0 m, 7/2 rd) and
(4 m, 5 m, 7/2 rd), respectively. Fig. 13 shows the robot trajec-
tory on the slope during S-shaped guidance, which indicates that
the robot guided the user to be near the waypoints with accurate
orientations. The position error between the final robot position
and the target is about 0.45 m. Fig. 14 shows the trajectories
of x, y, z, 0, v, w. The human walking speed was with a mean
value of 0.19 m/s and maintained within 0.36 m/s. The turning
speed was within 0.34 rd/s. Fig. 15 shows the human-applied
force (with a mean at about 7.068 N), the brake gains K, and
the robot-applied torques 7,, 7;. Furthermore, the right wheel
torques were initially smaller than left wheel torques for right
turn. When the robot was approaching the end point, the right
wheel torque was larger than left wheel torque for left turn.
We also invited additional users to conduct the S-shaped exper-
iments. The resultant trajectories were slightly different from
that in Fig. 13, while the robot guided the users to be near the
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waypoints with accurate orientations successfully, as Fig. 16
shows one of the trajectories, which is with 0.4 m position error
between the final robot position and the target. For the errors
present between the actual and desired robot positions in Figs.
13 and 16, we consider they might result from wheel slipping. In
summary, the experiment results demonstrate that the proposed
scheme can help the user to walk stably on slope and guide the
user to reach the target.
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IX. CONCLUSION

In this paper, we have presented a novel method to choose
time-varying control gains for a robot walking helper. The dy-
namic model of the vehicle on a slope with passive/active con-
trol law was first established. The trajectories of the gains were
developed by using approaches from the theory of differen-
tial flatness. Accordingly, feasible trajectories were found by
using the proposed passive/active method. Furthermore, MPC
was also implemented for the robot walking helper since user-
applied forces and slope angles are not known a priori. The
simulation and experimental results show that the robot walk-
ing helper with MPC can accurately guide the user to a goal on
a slope, demonstrating the effectiveness of the proposed control
scheme. In future works, we will continue working on the re-
duction of power consumption for the robot walker helper and
also improve its guiding performance.
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