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ABSTRACT

The control objective of exoskeleton for human performance
augmentation is to minimize the human machine interaction
force while carrying external loads and following human mo-
tion. This paper addresses the dynamics and the interaction
force control of a 1-DOF hydraulically actuated joint exoskele-
ton. A spring with unknown stiffness is used to model the human-
machine interface. A cascade force control method is adopted
with high-level controller generating the reference position com-
mand while low level controller doing motion tracking. Adaptive
robust control(ARC) algorithm is developed for both two con-
trollers to deal with the effect of parametric uncertainties and
uncertain nonlinearities of the system. The proposed adaptive ro-
bust cascade force controller can achieve small human-machine
interaction force and good robust performance to model uncer-
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tainty which have been validated by experiment.

INTRODUCTION

Exoskeleton for human performance augmentation is a
human-machine interaction system which combines the power of
the robot with the intelligence of the human. Due to the great po-
tential in reducing the burden for people who carry heavy loads,
it has attracted great interest from military and the industry. The
development of exoskeleton began in the early 1960s and has ex-
perienced great progress in 21th century [1,2]. The Berkeley
Lower Extremity Exoskeleton(BLEEK) [3], Raytheon/Sarcos
exoskeleton(XOS) [4]and the HAL exoskeleton [5—7] are typi-
cal examples. Exoskeleton robots can be classified according to
the measurement method of the human-robot interaction: cHRI-
based system and pHRI-based system [8]. The cHRI-based sys-
tem,like HAL, measures the electric signals from the central ner-
vous system to the musculoskeletal system of humans and use
them as inputs to the robot controller. While, the pHRI-based
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system, such as XOS and BLEEK, measures the force or posi-
tion/velocity changes that are the results of the motions by the
human musculoskeletal system and use them as inputs to the
robot controller.

The control objective of exoskeleton for human performance
augmentation is to minimize the human machine interaction
force while carrying external loads and following human mo-
tion. HAL used the EMG signal to compute the muscle torque
and finally obtain the assistance torque for exoskeleton based on
the muscle torque. The unreliability of EMG sensors limits the
generalization of this control algorithm. BLEEK adopted sen-
sitivity amplification control(SAC) in which a positive feedback
controller using the inverse dynamics of the plant is used to in-
crease the sensitivity to the force from the human. However,
robust performance cannot be guaranteed due to the impossibil-
ity of obtaining an accurate inverse dynamics. The XOS sys-
tem used human-machine interaction force as input of the robot
controller. Unfortunately, few papers can be found on the de-
tail of its control method. As for the human-machine interaction
force control, several control algorithms have been proposed in
the upper exoskeleton systems, such as admittance control in [9],
impedance control in [10], and the human-machine cooperation
controller design in [11]. Usually these exoskeleton controllers
adopt a cascade control method in which the control system is
grouped into two levels. High-level controller receives interac-
tion force and produces reference commands(such as position,
acceleration or force) while the low level controller is to track
the reference from the high-level controller.

It is observed that although there has been significant
progress in the development of exoskeleton for human perfor-
mance augmentation, a number of challenging issues still remain
in the precise control of exoskeletons. First, the properties of
hydraulic actuator(like significant oil compressibility, leakage)
should be considered in the low-level controller design. Also,
model uncertainties both from actuator and human-machine in-
terface should be dealt with explicitly for good robust perfor-
mance. Finally, the hardware physical constraint, low accuracy
of the encoders in our system, should be considered when design-
ing control algorithm. If the control algorithm requires velocity
or even acceleration feedback, the system cannot be be imple-
mented properly.

In this paper, the modeling and cascade interaction force
control of a 1-DOF hydraulically actuated joint exoskeleton is
proposed. Springs with unknown stiffness are used to model
the human-machine interaction. A simplified first order model
for the hydraulic actuator is proposed which makes the low-level
controller design simple. In the cascade interaction force control,
the low-level controller is chosen to be a trajectory tracking con-
troller since the force tracking of the cylinder is hard to achieved
due to the oil leakage. The reference trajectory which can also be
considered as human intent, is obtained form the high-level con-
troller by making the integral of the human-machine interaction

force become zero. The ARC control methodology is employed
in both controllers to deal with the effect of parametric uncer-
tainties and uncertain nonlinearities of the system. In order to
guarantee the stability and performance of the whole system, a
low-pass filter is used to describe the interaction effect between
two subsystems. Comparative experiment verifies that the pro-
posed adaptive robust cascade force control can minimize the
human-machine interaction force and good robust performance
to load change can be achieved.

MODELING OF THE 1-DOF JOINT SYSTEM
Full-Order Model

The whole hydraulically actuated lower extremity is shown
in Fig. 1. This paper only addresses the control problem of the
knee joint exoskeleton. It includes three parts, as shown in Fig. 2,
the human-machine interface due to the physical contact between
the human and the machine, the mechanic system of 1-DOF
joint(including the load), and the electro-hydraulic actuator.

B

FIGURE 1. An exoskeleton system with electro-hydraulic actuation.

For simplicity, a spring is used to model the the human-
machine interface and the stiffness of the spring is assumed un-
known. The dynamics of the valve is neglected and the control
input is assumed to be the displacement of the valve. The whole
system is described by Eq.1, which includes the human-machine
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FIGURE 2. A schematic of 1-DOF exoskeleton system.

load

interaction dynamics, motion dynamics of the cylinder, the pres-
sure dynamics of two hydraulic chambers, and flow rates of the
servo valve.

Ton = K (qn — ) + D1
J§ = —h(PlA| — PyAy) — mglesing — Bg— A-S(q)
+Thm+D2
épl =A1hg+ Q1+ D3y
FP = —Achg— 01+ Dy
Pi—P if x,>20
01 = kg /IAP, AP =4 e
P—Pifx,>0
Q2 = kppxy\/|APy], AP, = pS—P; ifx: <0

Xy =1U

e))

where T}, is human-machine interaction force; K is the stiffness
of the human-machine interface; g, and g are the positions of
human and the machine, respectively; D; is the lumped uncer-
tainties and disturbances at the human-machine interface; J is
the moment of inertia of the robotic shank and external payload

lumped together; % is the moment arm of the output force of hy-
draulic cylinder; P; and P, are the absolute pressures of chamber
1 and chamber 2; A; and A, are the acting areas of two cham-
bers, respectively; m is the total load mass; I. is the distance
between the joint and the contact point; B is the combined coef-
ficients of the damping and viscous friction, A is the unknown
Coulomb friction coefficient and S(¢) is a known continuous
function used to approximate the traditional discontinuous sign
function sgn(q) for effective friction compensation in implemen-
tation, S(g) = % arctan(9004), D; is the lumped uncertainties and
disturbances acting on the joint exoskeleton; Vi, V, are volumes
of two chambers, Vi = Vj,; — hq, Vo = Vi + hq; Vi, Vip are two
chamber volumes when ¢ = 0; 3, is effective bulk modulus, Q,
Q> are the supply flow and return flow,respectively; D3;,D3, are
the lumped modeling error and uncertainties in the forward and
return loop respectively; x, is the spool displacement, k,; and
ko are the flow gain coefficients for the forward and return loop,
respectively, Py is the supply pressure of the pump and P, is the
reference pressure in the return tank; u is the control voltage for
the valve.

Since the relationship among 7},,, g, and q is static, in order
to dynamically control the interaction force, the integral of in-
teraction force is controlled instead of the pure interaction force
in the controller design [12]. Finally, the problem addressed in
this paper is the construction of a control law u(t) that causes the
integral of human-machine interaction force fé Ty to gO to zero
quickly and exactly.

. T A — ~

Letx=[ [0 Tim g g P P»] . Ay = Kqy + D1, A3 = 1Dy,
Ay = Dsy Be/“,—: + D3y ﬁe%. Separating the lumped uncertainties
into constant part and the time-varying part A; = A;, +A;,i =

1,3,4. Let 6 = [K Ay, } ™k B A A, B Al . The entire
system can be expressed as
X1 =—01x2+ 6+ A
X2 =1x3
X3 = —03h(A1xg — Apxs) — Oy sinxy — Bsx3
—96~S(X3)—|-98 + A3 (2)
Aqx4 —Axis = 63 (Ql 44 Qzﬁ) + 63 (Aih+ Ajh) X3
Vi V2 Vi Va
4609+ Ay

Reduced-Order Model

For the full-order model as shown in Eq. 2, by differentiating
the dynamics of x3 and substituting the dynamics equation of
X4,Xs , the last two dynamics of Eq. 2 become as

2 2
i3+ Osi3 + (63h98 (é—l‘th %h) 10, cosxz) X3

- 3)
= —063h6s (Q1'371' +Q2%) +A.
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where A, = — 6 - S(x3) + A3 — 83hA4 which is the equivalent dis-
turbance.
The natural frequency of this second order system is

AT, A
W, = 1/ 63106 (V—thr 72}1) + 04 cosx2 4

Often 6y is very large in the level of 108, and V;,V, mainly de-
pend on the volume of pipes and change little. If 65 is also large
which means the inertial is small, and the moment arm # is large,
then w, has a large value. Therefore the dynamics shown in Eq. 3
can be neglected and the steady-state relationship becomes

2 2
(93h98 (%th %h) + 64 COsz) X3

)
= 6305 (013 + 0272 ) + 6.+ A

where 6, and A, are the constant part and time-varying part of
the lumped distrubance A., which means A, = 6, + A,.

Finally, the reduced-order dynamics of the whole human-
machine system is with order of two and the state-space repre-
sentation becomes

X1 ==0ix2+ 6+ A

. 6
XZZO'(XQ) (Ql%+Q2%)+(P2(.x2)9g+Ag2 (6)
where o(x) = -— yo 63:'26 3 , ;) =
6;h6g <V—llh+v—§h> 46,4 cosx)
L Ao = —1 A,.

AL A A, A3
63h6g W]’H’WI’! +64cosxy 63h06g WthWh +64cosxy

The following nomenclature is used throughout this paper:
® is used to denote the estimate of e, & is used to denote the
estimation error of e, e.g., 6=06-06 , ®; is the ith component
of the vector e, o,,,,, and e,,;,, are the maximum and minimum
value of e(¢) for all ¢ , respectively.

ADAPTIVE ROBUST CASCADE FORCE CONTROL

The controller design is based on cascade control strategy in
which the high-level force controller receives interaction force
and produces trajectory reference while the low level motion
controller makes the exoskeleton joint track the trajectory ref-
erence from the high-level controller. It is assumed that only
01, 0,, 6, to be unknown parameters. The design procedure is as
follows.

High-level Force Controller Design
The high-level force controller is designed based on the fol-
lowing dynamics

X1 =—0x+ 6+ A @)
Let
21 =X — X4 ®)
where x4 is the integral of desired human-machine interaction
force trajectory and can be set to be any small values( x4 is set
to be zero in the following experiment).

The problem addressed in this stage is the construction of a
control law x,(z) that causes the interaction force tracking error

z1 to go to zero quickly and exactly. Let f = [ 6) 6, | " Differ-
entiating Eq.8 and substituting Eq.7 into it, one obtains
21==0ix2+ 6+ A —Xig )

Design a control law ¢ for x; as follows:

Q) = O + 0151 + Q152

Oélaz—éil(xld—éz) (10)
g1 = —ﬁ (—kisiz1), ki = g1|[Tion||* + ki

where k; >0, g; >0, '] > 0is a diagonal adaptation rate matrix.

T
01 = [7?164 1] .
Let Ay = Ay, 71 = 019121 where @ is a positive weighting
factor, o157 is chosen to satisfy the following two conditions

2 (—(PITB +A;+ (-6 Ollsz)) < g
—01z1015 <0

QY

where &1 is a positive design parameter which can be arbitrarily
small. Then the error subsystem becomes

0 -
A kg =0 B+A +(—Oaun)  (12)

1 min

Choose V1 = %(Dl z%. Its time derivative becomes

01

Vi =~ kg + oz (& - 61oup) —BTn (13)

1 min
The adaptation law is chosen to be

A

ﬁ :Proj(l“lrl) (14)
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Low-level Motion Controller design
The low-level motion controller is designed based on the fol-
lowing dynamics

X =0(x2) (Ql%‘ +Q2%) + @2(x2) 0, + A2 (15)
Let
2 =X2— X4 (16)

where x4 is the desired trajectory that x, want to track. For the
exoskeleton system, x4 is obtained by passing the control input
o designed in high level loop through a low pass filter.

The problem addressed in this stage is the construction of a
control law u(z) that causes the trajectory tracking error z; to go
to zero quickly and exactly. Differentiating Eq.16 and substitut-
ing Eq.15 into it, one obtains

2 =0(x2)0L+ @2(x2) 0, +Ap2 — 24 a7

where O = Q17 + Q272
Design a control law o for Oy as follows:

0y = Og + Os1 + 0252

g = ﬁ(XZd - (PZ(XZ)ée)
051 = ﬁ(—kmzz)

kst = g2||Taa|* + ko

(18)

where k, > 0, go > 0, I'; > 0 is a diagonal adaptation rate matrix,
¢ =@2(x2).

Let Ay = App, Tn = Pz wWhere @ is a positive weighting
factor, oy is chosen to satisfy the following two conditions

2 (=" 0+ A +0o(x)mp) <&

220(x2)0nn <0 (19)

where & is a positive design parameter which can be arbitrarily
small. Then the error subsystem becomes:

2 =—kyza+ (—02" 6+ A+ 0(x2) 022) (20)
Choose Vy = %(ozz% Its time derivative becomes

Vo = 0 (ka3 + 22 (927 0. + A + 0(x2) O112) )

67, @

Finally, the control input () can be solved from the follow-
ing:

= (22)
A
Trkg1/TAP + 52K/ |AP|
The adaptation law is chosen to be:
8, = Proj(T21y) (23)

Main Results
The ARC control law Eq.10 and Eq.22 guarantee the follow-
ing
A. In general, for each local closed loop system (low-level loop

and high-level loop), all signals are bounded. Furthermore,
Vi1, Vio are bounded above by

Vi (1) < exp(—Ai1)Vii (0) + £
Vo (t) < exp(—2at)Via (0) +

[1—exp(—=Ai1)]

Mt
L1 —exp(—har)] 2V

*\»‘PE’F

where l] },2 2k2

B. For each local closed loop system, if after a finite time
to, A1 =0, App =0, Vt > 1y, i.e., in the presence of para-
metric uncertainties only, then, in addition to results in A,
asymptotic output tracking (or zero final tracking error) is
achieved, i.e.,z; — 0,20 — 0, as t — oo,

Following the standard discontinuous projection-based ARC
arguments as in [13—15], the theorem can be proved.

The theory results achieved above can only guarantee the
stability and performance of each independent local closed loop
system. If we want the whole closed loop system to work effec-
tively, the closed loop bandwidth of the high-level loop cannot be
chosen too large since the high level controller design is based
on the hypothesis that the low-level closed loop system is fast
enough.

The reference trajectory for low level motion controller is
generated by passing & computed from high-level controller to
a low pass filter with order no less than two. It has two func-
tions:1) Generate the desired velocity which is needed in the low
level controller design. 2) In some level, consider the interaction
effect between the two closed loop subsystems, which is useful
in increasing the bandwidth of the high level controller.

COMPARATIVE EXPERIMENT

To illustrate the above design, experiment results are ob-
tained for a 1-DOF joint exoskeleton having the following pa-
rameters: P, =4.6Mpa, P, =0.05Mpa, A =3.142¢ —4m?, A, =
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1.131e — 4m?, Vj,; = 9.896e — 5m3, Vi = 2.0595¢ — 5m>. Sam-
pling time is #; = 10ms. A force sensor is mounted in the joint ex-
oskeleton to measure the human-machine interaction force. An
encoder is mounted in the knee joint to measure the joint posi-
tion. Backward difference plus filter is used to obtain the velocity
information. Human manipulate the joint by pulling and press-
ing the force sensor by hand. For simplicity, the needed robust
control terms 0y and Oy are implemented by simply choose
the linear feedback gain large enough. The off-line estimate of 6
is 6(0) = [103.420.7 1.50.164 08.7¢7 0], 6,(0) = 0.

For the low-level motion controller, the following three con-
trollers are compared:

C1: PID control with velocity feedforward. The control law
is

u= kpzz - VFXQd (25)

where kp=30, VF=0.6.

C2: Deterministic robust control in low-level controller de-
sign but without using parameter adaptation. The control gains
are chosen as k» = 30, @, = 1. The adaptation rate is set as
I =0.

C3: The adaptive robust motion controller in low-level con-
troller design. The control gains are chosen as k; = 30, w, = 1.
The adaptation rates is set as I’ = 2¢3.

For the high-level force controller, the following two con-
trollers are compared:

FDRC: Deterministic robust force control in high level con-
troller design without using parameter adaptation. The control
gains are chosen as k1 = 20, @; = 1. The adaptation rate is set as
r=[00].

FARC: Adaptive robust force control in high level controller
design. The control gains are chosen as k| = 20, w; = 1. The
adaptation rate is set as I'y = [0 60].

The control schemes are applied to the following test sets:

Setl: To test the trajectory tracking performance of the low-
level controllers. The reference is chosen to be a point to point
trajectory with maximum velocity of 0.1rad /s and maximum ac-
celeration of 0.3rad /5.

Set2: To test the interaction force control performance of
the high-level controllers. The low level controller is fixed and
chosen to be C1.

Set3: To test the interaction force control performance with
different low level controllers. The high level controller is fixed
and chosen to be FARC.

Set4: To test the robust performance of cascade force con-
trollers to parameter variations, a 1.72 kg payload is mounted on
the knee joint.

The trajectory tracking error for Setl is shown in Fig.3. It
can be seen that the trajectory tracking performance of ARC and

TABLE 1. NORMALIZED AVERAGE INTERACTION FORCE

727 —
FDRC+C1(Set2)  0.1954
FARC+C1(Se2)  0.1370
FARC+C2(Set3)  0.1345

FARC+C3(Set3)  0.1231
FARC+C1(Setd)  0.1381
FARC+C2(Setd)  0.1261
FARC+C3(Setd)  0.1253

DRC are much better than PID. Also, due to parameter adapta-
tion as shown in Fig.4, ARC can achieve a smaller tracking error
than DRC.

Since it is impossible for the human to manipulate the ex-
oskeleton with identical velocity across individual experiments,
we do the normalization of interaction force when demonstrat-
ing the comparative experiment results. Define the perfor-
mance index: normalized average interaction force (|| Fium|| s =
(%fOT \Fhm|2dt)1/2/(%for|q'|2dt)1/2). Experimental results in
terms of the normalized average interaction force are given in
tablel.

The human-machine interaction force and velocity of the
joint exoskeleton for Set2 are shown in Fig.5-Fig.6. The pa-
rameter estimate of lumped modeling error of human-machine
interface(6,) for FARC is shown in Fig.7. In terms of normal-
ized interaction force in Set2, FARC can achieve smaller inter-
action force than FDRC which demonstrate the effectiveness of
parameter adaptation in high-level controller.

When testing the interaction force control performance with
different low level controllers in Set3 and Set4, from Fig.8-Fig.9
and table.1, it can be seen that the proposed adaptive robust cas-
cade force controller(FARC+C3) can achieve a small interaction
force and consistent performance to load change. However, lit-
tle performance difference exist for various low level motion
controllers. The reason is that the ARC force controller in the
high level loop has achieved a good performance that only small
model uncertainties left in the low level loop. Also, due to the
low accuracy of the encoder, the closed loop bandwidth achieved
in low level loop is not large(about 20rad/s). Small model un-
certainties and closed loop bandwidth lead to the almost same
motion tracking performance for various low level motion con-
trollers. A more evident comparative result can be achieved if
the closed loop bandwidth of the system can be increased. We
will improve the experiment results in future work.

Copyright © 2015 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



—
9
=] |
IS
=
2 |
‘©
o |
)
> ) ‘ ‘ ‘ ‘ ‘ FDRC+C1

0 2 4 6 8 10 12 14 16
—_ 2
9
=] |
IS
=
2 |
‘©
o |
)
: > ) ‘ ‘ ‘ ‘ ‘ FARC+C1
0 10 20 30 40 50 60 0 2 4 6 8 10 12 14 16
Time(sec Time(sec)
FIGURE 3. Trajectory tracking error for Setl. FIGURE 6. Joint velocity for Set2.

200
150+ :
N
° s
-
%5 100t : 8
g o
& IS
£ ol 3
D w
L
0
50 ‘ ‘ ‘ f i _
0 10 0 a0 40 50 60 Time(sec)
Time(sec) . FIGURE 7. Parameter Estimation of FARC for Set2. o is the human
FIGURE 4. Parameter Estimation of C3 for Setl. . .
intent computed from high level controller.
041 b —~ 04F T T T T T T T T |
D ool |
S o2t i g o2
< E > ]
IS 0 q £ 02 4
< L o4 ‘ , j , j ; FARC#CL
W -02p ] 0 1 2 3 4 5 6 7 8 9
0 2 4 6 8 10 12 1 16 2 o2
IS 0
< 02 |
0.4f ] (TR FARC+C2
S o2t i 0 1 2 3 4 5 6 7 8 9
S | P R L
£ D oo ]
L -02 ] g o 1
-0.4¢ i i i i i i i ] W o4l ; : ; : ; ; FARC+C3
0 2 4 6 8 10 12 14 16 "o 1 2 3 4 s 6 7 s o
Time(sec) Time(sec
FIGURE 5. Human-machine interaction force for Set2. FIGURE 8. Human-machin(e intc):raction force for Set4.
7 Copyright © 2015 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



@ 2 T T T T T T T T

el

)

S, ‘ ‘ ‘ ‘ ‘ ‘ FARC+CL
0 1 2 3 4 5 6 7 8 9

T\n\ 2 T T T T T T T T

el

°

>, ‘ ‘ ‘ ‘ ‘ ‘ FARC+C2
0 1 2 3 4 5 6 7 8 9

@ 2 T T T T T T T T

3

= of 1

E ) ! ; ; ; ; B ——— FARC+C3
0 1 2 3 4 5 6 7 8 9

Time(sec)
FIGURE 9. Joint velocity for Set4.
CONCLUSIONS

In this paper, a modeling and control of a 1-DOF knee joint
exoskeleton aims at minimize the integral of the human machine
interaction force for human performance augmentation is pro-
posed. A spring with unknown stiffness is used to model the
human-machine interface and a simplified first order system is
used to model the hydraulic actuator. A cascade force control
method is adopted and adaptive robust control theory has been
applied to improve the robustness performance of the system to
various model uncertainties. Comparative experiments demon-
strated that the proposed adaptive robust cascade force controller
can achieve smaller interaction force as well as good robust per-
formance to model uncertainties.
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