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ABSTRACT Hydraulic exoskeleton is a kind of the human robot interaction system, which can augment the
human performance in the application of heavy load carrying. Due to the existence of complicated multi-
joint nonlinear dynamics and various uncertainties, traditional robust control of these systems is hard to be
realized inmost of the practical research. In this paper, an adaptive robust cascade force controller is proposed
for 3-DOF hydraulic leg exoskeleton to achieve accurate tracking of human motion. Specifically, the control
strategy includes two levels. The desired joint positions, which can be assumed as the human motion intent
as well, are generated in the high-level by attenuating the integral of human–machine interaction force. And
in the low-level, an observer-based MIMO motion controller is developed for 3-DOF dynamics to track the
generated human motion intent accurately. Adaptive robust control algorithms are developed in both control
levels to address the strongly coupled high-order dynamics under parametric uncertainties and uncertain
disturbances. Comparative simulations show that the human–machine interaction force can be attenuated
exactly and robust performance to various uncertainties can be guaranteed, validating the effectiveness of
the proposed scheme.

INDEX TERMS Adaptive robust control, cascade control, hydraulic exoskeleton, multi-joint coupling,
observer design.

I. INTRODUCTION
Lower limb exoskeletons for human performance augmen-
tation are wearable robots which guarantee the wearer’s
endurance and agility when walking with heavy loads [1].
As a typical human machine interaction system, robot power
and human intelligence are integrated perfectly in the system
leading to a good performance in unstructured environment.
Specifically, the heavy load mounted on the exoskeleton is
supported by the exoskeleton actuators while the healthy
operator gives the motion commands that the exoskeleton
needs to follow. Due to the small size-to-power ratio and the
ability to provide high force and torque, hydraulic actuators
are often selected in these exoskeleton systems. When the
exoskeleton can track the humanmotion accurately, the heavy
load is transferred to the ground through the exoskeleton and
the human almost can not feel the existence of the load, and
thus can complete various actions flexibly. Therefore, the
high performance human machine synchronization control

algorithm design becomes the key technology in the devel-
opment of lower limb exoskeleton for human performance
augmentation.

Various control schemes have been designed to improve
the performance of exoskeletons, which can be divided into
two types. In the first type, the human-machine interaction
force is not measured directly. Typical examples include the
virtual joint force control [1], sensitivity amplification control
(SAC) [2], and fictitious gain method [3]. Since it is impossi-
ble to obtain a precise inverse dynamics, robust performance
of these control methods usually cannot be guaranteed. Also,
because of the large compressibility of hydraulic oil, the out-
put force of the hydraulic actuator is hard to be tracked.
Thus the performance of the above interaction force con-
trollers in which the control input should be the joint torque
are often quite limited in hydraulic exoskeleton systems.
In another category, such as admittance control [4], [5] and
human machine cooperation controller design [6], a direct
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measurement of human-machine interaction force is done.
In these approaches, the two-level cascade control structure
is adopted. Often the human motion intent is inferred in the
high level controller while the motion tracking is done in the
low level. However, because of using human data to infer
the human motion intent, the method in [4] and [5] can not
be easily generalized to various wearers which limits the
effectiveness in practical implementation. In [6], the desired
position is generated by a model-free PID force controller.
However, the robust performance of the controller is poor
due to the neglect of the model uncertainties in the algorithm
design. Also, it is not clear how to tune the gains of the
PID controller. Other exoskeleton force control methods such
as [7]–[9] are developed for motor driven systems. It is known
that the presence of complicated nonlinear dynamics and
various types ofmodel uncertainties in the hydraulic actuators
makes it more challenging to control hydraulically actuated
exoskeleton.

To solve this problem, an adaptive robust cascade force
controller is proposed in [10] for 1-DOF hydraulic exoskele-
ton system. Parameter uncertainties and uncertain nonlin-
earities are considered in the modeling and be addressed
effectively through the adaptive robust control (ARC) algo-
rithms. In this paper, the problem is extended to more prac-
tical and typical 3-DOF leg exoskeleton, which leads to
more challenging issues. The system in study has various
types of model uncertainties, including the appearance of
unknown parameters in the inertia matrix which makes the
joint acceleration can not be linearly parameterized. In the
controller design, the integral of human-machine interaction
force are minimized to generate the desired positions in the
high level (which can also be seen as the human motion
intent). In the low level, different from the 1-DOF controller
design, an additional observer is first synthesized to esti-
mate the joint acceleration which is needed in the following
motion tracking controller design. Then, a MIMO motion
tracking controller using backstepping technique is designed.
ARC algorithms are applied in both control levels to effec-
tively handle all the uncertainties for a guaranteed robust
performance.

II. DYNAMICAL MODELS
The 3-DOF hydraulically actuated support leg exoskeleton
system as shown in Fig. 1 includes three parts: the hydraulic
actuators, the 3-DOF mechanic system(including the load),
and the human-machine interface resulting from the physical
contact between the exoskeleton and the human. The human
machine contact point is on the back. With only considering
the compliant properties in the interface and also neglecting
the valve dynamics, the overall system dynamics can be
described by Eq.(1) [11]

Fhm = K (xh − xe)+ D̃1
q = invkine(xe)

τact + JT (q)Fhm = Msp3(q)q̈+ Csp3(q, q̇)q̇
+Gsp3(q)+ Bq̇+ D̃2

FIGURE 1. 3-DOF hydraulic support leg exoskeleton system.

τact = [ τ1 τ2 τ3 ]T ,

τi = (P1iA1i − P2iA2i)
∂xLi
∂qi

V1i
βe
Ṗ1i = −A1i

∂xLi
∂qi

q̇i + Q1i + D̃31i

V2i
βe
Ṗ2i = A2i

∂xLi
∂qi

q̇i − Q2i + D̃32i

Q1i = kq1ixvi
√
|1P1i|, Q2i = kq2ixvi

√
|1P2i|

1P1i =
{
Ps − P1i if xvi ≥ 0
P1i − Pr if xvi < 0

1P2i =
{
P2i − Pr if xvi ≥ 0
Ps − P2i if xvi < 0

xvi = ui, i = 1, 2, 3 (1)

where Fhm =
[
Fx Fy τz

]T is the human-machine inter-
action force at the contact point. K = diag{Kx ,Ky,Kz}
represents the stiffness of the human-machine interface.
xh =

[
xhx xhy θhz

]T and xe =
[
xex xey θez

]T represent
the human position and exoskeleton position at the contact
point, respectively. q =

[
q1 q2 q3

]T represents the joint
position and can be related to xe by the inverse kinematics,
which denotes as q = invkine(xe). τact is the joint torque
from the actuators. J (q) = ∂xe

∂q is the Jacobian matrix.
Msp3(q), Csp3(q, q̇)q̇, Gsp3(q) represent the inertial matrix,
centrifugal/Coriolis force and gravity force, respectively.
B = diag{B1,B2,B3} is the damping ratio. xLi is the displace-
ment of the cylinder i and ∂xLi/∂qi represents the first-order
partial derivative of xLi with respect to qi. P1i, P2i, A1i and
A2i represent the absolute pressures and the acting areas of the
two chambers in cylinder i, respectively. V1i = Vh1i+A1i ·xLi
and V2i = Vh2i−A2i ·xLi are total volumes of two chambers in
cylinder i. Vh1i, Vh2i are two chamber volumes when qi = 0.
βe represents the effective bulk modulus. Q1i, Q2i are the
supply and return flow of cylinder i, respectively. kq1i and kq2i
are the flow gain coefficients for the two loops of cylinder i,
respectively. xvi is the spool displacement of valve i. Ps is
the supply pressure and Pr is the pressure in the tank. D̃1,
D̃2, D̃31i, and D̃32i represent the lumped modeling errors and
uncertain disturbances in each dynamic model.
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The first equation of (1) is algebraic in nature. As shown
in [12]–[14], integral force feedback control is more suitable
for algebraic type of model. Thus the integral of interaction
force

∫ t
0 Fhmdτ is adopted in the controller design. Finally,

a first order dynamics from xe to
∫ t
0 Fhmdτ is obtained as

d
dt

∫ t

0
Fhmdτ = K (xh − xe)+ D̃1 (2)

The third equation of (1) has the following properties that
will facilitate the controller design.
Property 1: For the finite workspace �q in which all

kinematic transformation are well defined, MSp3(q) is an
s.p.d. matrix with k ′r I3 ≤ MSp3(q) ≤ k ′′r I3, where k

′
r , k
′′
r

are some positive constants and I3 represents an 3×3 identity
matrix.
Property 2: The matrix ṀSp3(q) − 2CSp3(q, q̇) is a skew-

symmetric matrix.
Property 3: MSp3(q), CSp3(q, q̇), GSp3(q) can be linearly

parameterized in terms of β, i.e.,

MSp3(q)q̈r + CSp3(q, q̇)q̇r + GSp3(q)

= f0(q, q̇, q̇r , q̈r )+ Y (q, q̇, q̇r , q̈r )β (3)

where q̇r , q̈r are any reference vector. β is the system param-
eters related to the leg exoskeleton.

III. CONTROLLER DESIGN
A. DESIGN MODEL AND CONTROL OBJECTIVE
Define the following lumped disturbances and parameter
vectors:

1̃1 = xh + K−1D̃1, 1̃3 = −D̃2

1̃4 = [D̃311
βeA11
V11

− D̃321
βeA21
V21

, D̃312
βeA12
V12

− D̃322
βeA22
V22

, D̃313
βeA13
V13

− D̃323
βeA23
V23

]T

1̃i = 1in +1i, i = 1, 3, 4 (4a)

Kθ =
[
1/Kx 1/Ky 1/Kz

]T
11n =

[
11nx 11ny 11nz

]T
Bθ =

[
B1 B2 B3

]T
13n =

[
13n1 13n2 13n3

]T
14n =

[
14n1 14n2 14n3

]T
θF =

[
KT
θ 1T

1n

]T
θq =

[
βT BTθ 13n

T βe 14n
T
]T

θ =
[
θTF θTq

]T
(4b)

where 1in and 1i represent the constant and time-varying
part of 1̃i, respectively. Assume that θ ∈ �θ

1
=

{θ : θmin ≤ θ ≤ θmax} and |1̃| ≤ δd (t, x) where θmin =

[θ1min, · · ·, θ17min]T , θmax = [θ1max, · · ·, θ17max]T , and
δd (t, x) is known.

Define the following state variables:

x1 =
[ ∫ t

0 Fxdτ
∫ t
0 Fydτ

∫ t
0 τzdτ

]T
x2 = q, x3 = q̇

x4 = P1 =
[
P11 P12 P13

]T
x5 = P2 =

[
P21 P22 P23

]T
x =

[
xT1 x2T x3T x4T x5T

]T (5)

and the state-space form of system dynamics (1) can be
expressed as:

ẋ1 = −Kxe + K11n + K11

x2 = invkine(xe)

ẋ2 = x3
ẋ3 = M−1Sp3(x2)[hPL + J

TFhm − CSp3(x2, x3)x3
−GSp3(x2)− Bx3 +13n +13]

ṖL = QLβe − qvx3βe +14n +14

QL = Kqu (6)

where invkine denotes the inverse kinematics.

h = diag{
∂xL1
∂q1

,
∂xL2
∂q2

,
∂xL3
∂q3
}.

A1 = diag{A11,A12,A13}.

A2 = diag{A21,A22,A23}.

PL = A1x4 − A2x5.

QL =
[
Q11A11
V11

+
Q21A21
V21

,
Q12A12
V12

+
Q22A22
V22

,
Q13A13
V13

+
Q23A23
V23

]T
.

qv = diag{(
A211
V11
+
A221
V21

)
∂xL1
∂q1

, (
A212
V12
+
A222
V22

)
∂xL2
∂q2

,

×(
A213
V13
+
A223
V23

)
∂xL3
∂q3
}.

Kq = diag{kq11
A11
V11

√
|1P11| + kq21

A21
V21

√
|1P21|,

× kq12
A12
V12

√
|1P12| + kq22

A22
V22

√
|1P22|,

× kq13
A11
V13

√
|1P13| + kq23

A23
V23

√
|1P23|}

Under the situation that the wearer is capable of exe-
cuting the necessary motions for achieving locomotion, the
exoskeleton is only asked to follow the humanmotion quickly
and accurately. Thus, the control objective is to design a
control input u =

[
u1 u2 u3

]T based on Eq.(6) so that the
human machine interaction force Fhm can be minimized and
accurate motion tracking of exoskeleton output xe to human
motion xh can be achieved.

B. OVERALL CONTROL STRUCTURE
Fig. 2 shows the block diagram of the adopted cascade
force controller. As for the control of hydraulic systems with
various uncertainties, much work has been done [15]–[18].
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FIGURE 2. Overall control structure.

The ARC [19], [20] is an effective control algorithm to
address both parametric uncertainties and uncertain nonlin-
earities with a number of successful applications [21]–[26].
Thus, it will be applied in our proposed force controller
design. Actually, the control architecture of the proposed
method is similar with admittance control. They both adopt
the cascade architecture in which the outer loop force con-
troller is in series to the inner loop position controller.
However, the detailed control algorithms are quite different.

C. HIGH-LEVEL HUMAN MOTION INTENT INFERENCE
With the position of exoskeleton xe treated as the virtual
control input, the control objective of high level controller is
to generate a virtual control law xm for xe so that the integral
of force tracking error z1 = x1−x1d can converge to zero or to
be bounded. x1d is the desired trajectory to be tracked by x1.
Depending on the actual application requirements, the desired
human machine interaction force can be selected as zero or as
a scaled-down version of the load force. Define Kf = K−1.
The following can be obtained considering Kf is linear
w.r.t. θF

Kf ẋ1d −11n = fθF (ẋ1d )+ YθF (ẋ1d )θF (7)

where fθF ,YθF are known. From the first equation of (6),
the error dynamics becomes

Kf ż1 = −xe +11n +11 − Kf ẋ1d (8)

The following ARC control strategy is designed:

xm = xma + xms
xma = −K̂f ẋ1d + 1̂1n = −fθF (ẋ1d )− YθF (ẋ1d )θ̂F
xms = K1z1 + xmsn
˙̂
θF = Proj(−01Y TθF z1)

Proji(•i) =


0 if θ̂Fi = θFmaxi and •i > 0
0 if θ̂Fi = θFmini and •i < 0
•i otherwise

(9)

where xma and xms represent the model compensation and
robust feedback term, respectively. K1 and 01 represent the
positive definite matrix for linear feedback and adaptation
rate, respectively. xmsn is a robust control function having the
following two properties:

zT1

(
11 +

1
2
K̇f z1 + YθF θ̃F − xmsn

)
≤ ε1

−zT1 xmsn ≤ 0 (10)

where ε1 > 0 is a design parameter. θ̃F = θ̂F − θF is the
parameter estimation error. Define z2h = xe − xm , the first
error subsystem becomes

Kf ż1 = −K1z1 − z2h +11 + YθF θ̃F − xmsn (11)

It is seen that when the exoskeleton tracks the desired
position xm, the interaction force can be minimized. Thus the
virtual control law xm can be regarded as the human motion
intent. Finally the desired joint position qm can be solved by

qm = invkine(xm) (12)

D. DESIRED TRAJECTORY GENERATION
The same as [10], the desired motion trajectories of the
exoskeleton joints are obtained through the following output
differential observer:

ξ̇1i = ξ2i + a1(qmi − ξ1i)

ξ̇2i = ξ3i + a2(qmi − ξ1i)

ξ̇3i = ξ4i + a3(qmi − ξ1i)

ξ̇4i = a4(qmi − ξ1i), i = 1, 2, 3 (13)

where ξ1i = q̂mi, ξ2i = ˆ̇qmi, ξ3i = ˆ̈qmi, ξ4i =
.̂..
qmi rep-

resent the estimated desired position, velocity, acceleration,
and jerk. a1, a2, a3, a4 are design parameters which can be
specified by pole placement method. The estimation errors,
seen as the lumped disturbances, can be addressed by robust
control.

E. LOW-LEVEL MIMO MOTION TRACKING CONTROLLER
The control objective of low level controller is to gener-
ate a control law for u so that the position tracking error
z2 = x2 − q̂m can converge to zero or be bounded. Accord-
ing to the last four equations of (6), a MIMO adaptive
robust motion controller is proposed. Also an adaptive robust
observer is developed to estimate the joint acceleration which
will be used in the motion tracking controller design. The
backstepping design procedure using ARC Lyapunov func-
tions is as follows.

step 1: Figure out the desired load force PLd for PL
that achieves precise motion tracking (i.e., x2 → q̂m if
PL = PLd ).
Define a switching function- like quantity as

z3 = ż2 + K2z2 = x3 − q̇r , q̇r
1
= ˙̂qm − K2z2 (14)

where K2 is any positive diagonal matrix. With
Gp(s) = z2(s)/z3(s) = diag{ 1

s+K2i
, i = 1, 2, 3} as a stable
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transfer function matrix, the rest design is to make z3 small.
Define Bx3 = YB(x3)Bθ . Differentiating (14) while noting (6)
and property 3, the dynamics of z3 is as follows

MSp3ż3 + CSp3z3 = hPL + JTFhm − f0 − Yβ

−YBBθ +13n +13 (15)

The resulting ARC control law PLd is constructed as

PLd = PLda + PLds
PLda = h−1(f0 + Y β̂ + YBB̂θ − 1̂3n − JTFhm)

PLds = h−1(−K3s1z3)+ PLdsn
φ3 =

[
−Y −YB I3×3 03×1 03×3

]T
K3s1 = g3‖02φ3‖2 + K3 (16)

where PLda and PLds represent the model compensation and
robust feedback term, respectively. K3s1 and 02 represent the
positive definite matrix for linear feedback and adaptation
rate, respectively. K3 > 0, g3 > 0. PLdsn is a robust control
function having the following two properties:

zT3
(
−φT3 θ̃q +13 + hPLdsn

)
≤ ε3

zT3 hPLdsn ≤ 0 (17)

where ε3 > 0 is a design parameter. θ̃q = θ̂q − θq is the
parameter estimation error. Let z4 = PL −PLd , then the third
error subsystem becomes

MSp3ż3 + CSp3z3 = hPLdsn + hz4 − K3s1z3 − φT3 θ̃q +13

(18)

step 2: Figure out the desired flow QLd for QL such
that the actual load force tracks the desired load force
synthesized in Step 1.

As seen from (18), precise motion tracking can be achieved
if z4 = 0. Therefore, in this part, a control function
should be generated such that z4 converges to zero or to be
bounded. In the ARC backstepping design, the feedback of
joint acceleration q̈ is necessary when computing ṖLd for
adaptive model compensation. Here, without measuring the
joint acceleration directly, the estimates of the joint velocity
and acceleration are obtained through the following adaptive
robust observer [27], [28].

Observer Design
The following observer errors are defined

eo1 = x2 − y

eo2 = ėo1 + Ko1eo1 = x3 − ẏr , ẏr
1
= ẏ− Ko1eo1 (19)

where y and ẏr represent the estimates of x2 = q and x3 = q̇
respectively. Ko1 is any positive feedback gain matrix. The
proposed nonlinear observer is :

M̄Sp3ÿr = hPL + JTFhm − C̄Sp3ẏr − ḠSp3 − B̄ẏr
+ 1̄3n + Tos + (Ko2 + Ko2s)eo2 (20)

where M̄Sp3, C̄Sp3, ḠSp3, B̄ and 1̄3n are the estimates of related
matrices in which a new set of parameter estimation named as

θ̄q is used. Ko2 is positive definite matrix for linear feedback.
Ko2s is the nonlinear feedback gain which will be specified
later. Tos is the robust feedback term.
Noting the third equation of (6), the derivative of eo2 can

be calculated as

MSp3ėo2 + CSp3eo2 = (M̄Sp3 −MSp3)ÿr + (C̄Sp3
−CSp3)ẏr + (ḠSp3 − GSp3)

−Beo2 + (B̄− B)ẏr +13n

− 1̄3n +13 − Tos
− (Ko2 + Ko2s)eo2 (21)

where

ÿr = M̄−1Sp3(hPL + J
TFhm − C̄Sp3ẏr − ḠSp3

− B̄ẏr + 1̄3n + Tos + (Ko2 + Ko2s)eo2) (22)

Define

ÿr1 = M̄−1Sp3(hPL + J
TFhm − C̄Sp3ẏr − ḠSp3

− B̄ẏr + 1̄3n + (Ko2 + Ko2s)eo2)

φTo θ̃qo = (M̄Sp3 −MSp3)ÿr1 + (C̄Sp3 − CSp3)ẏr
+ (ḠSp3 − GSp3)+ (B̄− B)ẏr +13n − 1̄3n (23)

where θ̃qo = θ̄q − θq. Thus (21) becomes

MSp3ėo2 + CSp3eo2 = −(Ko2 + Ko2s)eo2 − Beo2
− (I − (M̄Sp3 −MSp3)M̄

−1
Sp3)Tos

+φTo θ̃qo +13 (24)

If the parameter estimation error θ̃qo makes ‖(M̄Sp3 −

MSp3)M̄
−1
Sp3‖ < 1, then there exist a robust control function

Tos(q, q̇, θ̄ , y, ẏ) having the following two properties:

eTo2[−(I − (M̄Sp3 −MSp3)M̄
−1
Sp3)Tos + φ

T
o θ̃qo +13] ≤ εo

− eTo2(I − (M̄Sp3 −MSp3)M̄
−1
Sp3)Tos ≤ 0 (25)

where εo is a design parameter. θ̄q is updated via the adapta-
tion law below

˙̄θq = −Proj(0oφTo eo2) (26)

Replacing the joint velocity q̇ with its estimate ẏr in the
control law PLd , the estimate of PLd named as P̂Ld =
PLd (q, ẏr , θ̂q, t) can be obtained. Let ẑ4 = PL − P̂Ld be the
new load force tracking error. Then (18) becomes

MSp3ż3 + CSp3z3 = hPLdsn+hẑ4 − K3s1z3 − φT3 θ̃q+13+µ

(27)

where µ = h(P̂Ld −PLd ) represents the effect of the observer
error, which has the following property.
lemma 1: µ is bounded by

‖µ(q, ẏr , θ̂q, eo2, z3, t)‖≤σe(q, ẏr , θ̂q, eo2, z3, t)‖eo2‖ (28)

where σe is a positive scalar function.
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Proof: Replacing ẏr for q̇ in z3 and q̈r , we obtain their
estimates ẑ3 and q̈r as

ẑ3 = ẏr − q̇r = z3 − eo2
ˆ̈qr = q̈r + K1eo2, ẏr = q̇− eo2 (29)

Thus all estimation errors are at least a linear function of the
observer error eo2 and are zero when eo2 = 0, which leads to
lemma 1.

The following is to synthesis the desired flow QLd for QL
such that ẑ4 = PL − P̂Ld converges to zero or be bounded.
From (6), the derivative of ẑ4 is calculated as

˙̂z4 = QLβe − qvx3βe +14n +14 −
∂P̂Ld
∂x2

x3

−
∂P̂Ld
∂ ẏr

ÿr −
∂P̂Ld
∂t
−
∂P̂Ld
∂θ̂q

˙̂
θq (30)

Treating QL as the control input, the resulting ARC control
law is constructed as:

QLd = QLda + QLds

QLda =
1

β̂e

(
−φT4cθ̂q − hz3 +

∂P̂Ld
∂x2

x3 +
∂P̂Ld
∂ ẏr

ÿr +
∂P̂Ld
∂t

)
QLds =

1
βemin

(
−K4s1ẑ4

)
+ QLsn

K4s1 = g4‖02φ4‖2 + d4‖
∂PLd
∂θ̂q
‖
2
+ K4 (31)

where QLda and QLds represent the model compensa-
tion and robust feedback term, respectively. φ4c =[
φ4c1 φ4c2 φ4c3 φ4c4 φ4c5

]T is the vector of regressors with
φ4c1 = 03×7, φ4c2 = 03×3, φ4c3 = 03×3, φ4c4 =
−qvx3, φ4c5 = I3×3. K4s1 is the positive definite linear
feedback gain matrix. K4 > 0, g4 > 0, d4 > 0. φ4 will be
defined later. QLdsn is a robust control function having the
following two properties:

ẑT4
(
−φ4

T θ̃q +14 + βeQLsn
)
≤ ε4

ẑT4 βeQLdsn ≤ 0 (32)

where ε4 > 0 is a design constant. φ4 = [∗20cφ4c1 φ4c2 φ4c3
φ4c4 φ4c5]T is the vector of regressors of which all the ele-
ments are the same as φ4c except φ44 = QLa − qvx3. The
fourth error subsystem becomes

˙̂z4 = −hz3 −
βe

βemin

(
K4s1ẑ4

)
+ (−φ4T θ̃q +14 + βeQLsn)−

∂P̂Ld
∂θ̂q

˙̂
θq (33)

Like θ̂F , the adaptation law for θ̂q is designed as:

˙̂
θq = Proj(02(φ3z3 + φ4ẑ4)) (34)

where 02 > 0 is a positive definite adaptation rate matrix.

Finally, the control voltage of the valves can be obtained
by:

ui =
QLdi

kq1i
A1i
V1i

√
|1P1i| + kq2i

A2i
V2i

√
|1P2i|

, i = {1, 2, 3} (35)

F. MAIN RESULTS
Following the standard ARC arguments shown in[19], [29],
and [30], the following theoretical results can be obtained.
Theorem 1: In the inner loop (low level motion track-

ing), if the control gain matrices are chosen such that
λmin(Ko2) ≥ ko2, λmin(Ko2s) ≥ 1/2σ 2

e , λmin(K3) ≥ k3 + 1/2,
λmin(K4) ≥ k4, g3 > 2

4d4
, g4 > 2

4d4
, the control law (35) can

guarantee the bounded motion tracking errors and observer
errors by

Vs4(t) ≤ exp(−λt)Vs4(0)+
ε

λ
[1− exp(−λt)] (36)

where

Vs4 =
1
2
(eTo2MSp3eo2 + zT3MSp3z3 + ẑT4 ẑ4),

λ = 2min{
λmin(K3)

supt {λmax(MSp3(t))}
,
βe

βemin
λmin(K4),

λmin(Ko2)
supt {λmax(MSp3(t))}

}, ε = εo + ε3 + ε4.

Furthermore, if, after a finite time, 1i = 0, i = 3, 4, zero
final tracking error can be achieved, i.e., z2→ 0, as t →∞.
Proof of Theorem 1: Differentiate Vs4 while noting (24),

(27) and (33) and property 2, one can obtain

V̇s4 = eTo2(MSp3ėo2 +
1
2
ṀSp3eo2)+ zT3 (MSp3ż3

+
1
2
ṀSp3z3)+ ẑT4 ˙̂z4

= eTo2(MSp3ėo2 + CSp3eo2)+ zT3 (MSp3ż3
+CSp3z3)+ ẑT4 ˙̂z4

= −eTo2(Ko2 + Ko2s)eo2 − e
T
o2Beo2

− eTo2[(I − (M̄Sp3 −MSp3)M̄
−1
Sp3)Tos

+φTo θ̃qo +13]+ zT3 (hPLdsn − φ
T
3 θ̃q +13)

− zT3K3s1z3 + zT3µ− ẑ
T
4
βe

βemin

(
K4s1ẑ4

)
+ ẑT4 (−φ4

T θ̃q +14 + βeQLsn)− ẑT4
∂P̂Ld
∂θ̂q

˙̂
θq (37)

With the adaptation law of (34), noting the characteristics of
the projection mapping

‖
˙̂
θq‖

2
= ‖Proj(02(φ3z3 + φ4ẑ4))‖2

≤ ‖02(φ3z3 + φ4ẑ4)‖2

≤ 2(‖02φ3‖2z23 + ‖02φ4‖
2ẑ24) (38)
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Thus, if g3 > 2
4d4
, g4 > 2

4d4
, then

|ẑT4
∂P̂Ld
∂θ̂q

˙̂
θq| ≤ (d4‖

∂P̂Ld
∂θ̂q
‖
2
‖ẑ4‖2 +

1
4d4
‖
˙̂
θq‖

2)

≤ d4‖
∂P̂Ld
∂θ̂q
‖
2
‖ẑ4‖2 + g3‖02φ3‖2‖z3‖2

+ g4‖02φ4‖2‖ẑ4‖2 (39)

Noting (17), (25), (32), (37) becomes

V̇s4 ≤ −eTo2(Ko2 + Ko2s)eo2 − e
T
o2Beo2 − z

T
3K3z3

+ zT3µ− ẑ
T
4
βe

βemin

(
K4ẑ4

)
+ εo + ε3 + ε4 (40)

If the gain matrices satisfy the conditions in Theorem 1,
by completion of square, we have

V̇s4 ≤ −[ko2 + λmin(Ko2s)]‖eo2‖2 − (k3 + 1/2)‖z3‖2

+‖z3‖σe‖eo2‖ −
βe

βemin
k4‖z4‖2 + εo + ε3 + ε4

≤ −ko2‖eo2‖2 − k3‖z3‖2 −
βe

βemin
k4‖z4‖2

+ εo + ε3 + ε4

≤ −λVs4 + ε (41)

which lead to (36).
When 13 = 0,14 = 0, choose a function Va4 = Vs4 +

1
2 θ̃

T
q 0
−1
2 θ̃q+

1
2 θ̃

T
qo0
−1
o θ̃qo. Differentiate Va4 while noting the

adaptation law (26) and (34), one can obtain

V̇a4 = V̇s4 + θ̃Tq 0
−1
2
˙̃
θq + θ̃

T
qo0
−1
o
˙̃
θqo

≤ −eTo2(Ko2 + Ko2s)eo2 − z
T
3K3s1z3 + zT3µ

− ẑT4
βe

βemin

(
K4s1ẑ4

)
− ẑT4

∂P̂Ld
∂θ̂q

˙̂
θq

+ θ̃Tq 0
−1
2 (Proj(02(φ3z3 + φ4z4))

−02(φ3z3 + φ4z4))+ θ̃Tqo0
−1
o (Proj(0o(−φoeo2))

−0o(−φoeo2))

≤ −eTo2(Ko2 + Ko2s)eo2 − z
T
3K3s1z3 + zT3µ

− ẑT4
βe

βemin

(
K4s1ẑ4

)
− ẑT4

∂P̂Ld
∂θ̂q

˙̂
θq

≤ −ko2‖eo2‖2 − k3‖z3‖2 −
βe

βemin
k4‖z4‖2 (42)

Therefore, eo2, z3, z4 ∈ L2. Also ż can be proved to be
bounded. So, z → 0 as t → ∞ by the barbalat’s lemma.
Since the transfer function matrices Gp(s) = z2(s)/z3(s) =
diag{1/(s + K2i), i = 1, 2, 3} and Go(s) = eo1(s)/eo2(s) =
diag{1/(s + Ko1i), i = 1, 2, 3} are stable transfer functions,
z2 and eo1 will also converge to zero exponentially.
Theorem 2: In the outer loop (high level human motion

intent inference), if the zero tracking error z2h = 0 is
achieved in the inner loop, the control law (9) can guarantee
the bounded tracking error of the human-machine interaction
force by

Vs1(t) ≤ exp(−λ1t)Vs1(0)+
ε1

λ1
[1− exp(−λ1t)] (43)

where Vs1 = (1/2)zT1Kf z1, λ1 = 2 λmin(k1)
supt {λmax(Kf (t))}

. Further-

more, if, after a finite time, 11 = 0 and K̇f = 0, force track-
ing error is bounded with integral asymptotically converging
to zero, i.e., z1→ 0, as t →∞.
Proof of Theorem 2: Differentiate Vs1 while noting (11),

one can obtain

V̇s1 = zT1 (Kf ż1 +
1
2
K̇f z1)

= zT1 (−k1z1 − z2h+11+YθF θ̃F − xmsn+
1
2
K̇f z1) (44)

If z2h = 0, noting (10), (44) becomes

V̇s1 = −zT1 k1z1 + z
T
1

(
11 +

1
2
K̇f z1 + YθF θ̃F − xmsn

)
≤ −zT1 k1z1 + ε1 (45)

which leads to (43).
When11 = 0 and K̇f = 0, choose a function Va1 = Vs1+

1
2 θ̃

T
F 0
−1
1 θ̃F . Differentiate Va1, one can obtain

V̇a1 = V̇s1 + θ̃TF 0
−1
1
˙̃
θF

= −zT1 k1z1 − z
T
1 xmsn

+ θ̃TF 0
−1(Proj(−01YθF z1)− (−01YθF z1))

≤ −zT1 k1z1 (46)

Therefore, z1 ∈ L2. Also ż1 can be proved to be bounded.
So, z1→ 0 as t →∞ by the barbalat’s lemma.
Remark 1: The proposed control algorithm is a typical

cascade architecture as shown in Fig. 2. The closed-loop
stability and the precise interaction force tracking can be
realized if z2h = 0 is achieved in Theorem 1. However, z2h can
not be 0 for all the time due to the effect of disturbance and
modeling uncertainties. Thus, the traditional cascade design
in which the inner loop bandwidth should bemuch larger than
that of the outer loop (usually 5 ∼ 10 times) is necessary.

IV. SIMULATION RESULTS
A. SIMULATION SETUP
A simulation model based on (1) is set up by using
Matlab/Simulink. The simulation parameters are selected
part from our exoskeleton platform and part from the
human data in [31]. Parameters of the 3-DOF support leg
exoskeleton are: ms = 3.25kg, mt = 7kg, mub =
47.5kg, Ls = 0.4987m, Lt = 0.4287m, LGs =

0.2828m, LGt = 0.2431m, LGub = 0.1885m, hGub =
−0.05m, Is = 0.0738kg · m2, It = 0.1342kg · m2,
Iub = 2.9676kg · m2. Hydraulic cylinder parameters
are: A1 = diag{3.1416e−4, 3.1416e−4, 6.1575e−4}m2,
A2 = diag{1.1310e−4, 1.1310e−4, 4.6181e−4}m2, Vh1 =
diag{9.8960e−5, 9.8960e−5, 1.9396e−4}m3, and Vh2 =

diag{2.0595e−5, 2.0595e−5, 8.4096e−5}m3. The valve
parameters are kq1 = diag{1e−8, 1e−8, 1e−8} m3

sec
√
PaV

and

kq2 = diag{1e−8, 1e−8, 1e−8} m3

sec
√
PaV

. The supplied pres-

sure is Ps = 5e7Pa and actual bulk modulus is βe = 8.7e7Pa.
The initial system parameter estimates are set as the real
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values and the lumped disturbances are set as zero. The
sampling time ts = 0.001s.

B. SIMULATION RESULTS
In the following simulations, the desired human-machine
interaction force is selected as zero and three low-level con-
trol algorithms are compared:
C1: Independent joint based PID control with velocity

feedforward given by

u = −Kpz2 − KI

∫ t

0
z2dt − Kd ż2 + VFẋ2d , (47)

The control gains are selected as Kp = diag{4, 4, 4},
KI = diag{50, 50, 50}, Kd = diag{6, 6, 6}, VF =

diag{0.1, 0.1, 0.1}.
C2: The controller proposed in section III − E but with

the adaptation turned off. The control gains are selected
as K2 = diag{30, 30, 30}, K3 = diag{200, 100, 100},
K4 = diag{200, 100, 100}, Ko1 = diag{60, 60, 60}, Ko2 =
diag{400, 200, 200}, 0o = 02 = 017×17.
C3: The controller proposed in section III − E . The con-

trol gains are selected as K2 = diag{30, 30, 30}, K3 =

diag{200, 100, 100}, K4 = diag{200, 100, 100}, Ko1 =
diag{60, 60, 60}, Ko2 = diag{400, 200, 200}. The adaptive
rates for the first and fifth element of θ̄q and θ̂q are selected
as γo1 = 10, γo5 = 2, γ21 = 10, γ25 = 10.

Two high-level force controllers are tested for comparison:
FDRC : The controller proposed in section III−C but with

the adaptation turned off.
FARC : The controller proposed in section III − C .
To verify the effectiveness of these controllers, the follow-

ing test sets are performed:
Set1: To test the tracking performance of motion con-

trollers in the low level.
Set2: Fixing the low level controller to test the force control

performance using different high level algorithms.
Set3: Fixing the high level algorithm as FARC to test

the force control performance using different low level
algorithms.
Set4: To test the performance robustness of the proposed

force controllers to load change.
In Set1, the adaptation law is switched off so that the

influence of different control structures on motion tracking
performance can be seen. Thus only C1 and C2 are compared.
The sinusoid curves x2d = [−2 + 0.2 sin(π2 t −

π
2 ), 0.5 +

0.2 sin(π2 t −
π
2 ), 0.2 sin(

π
2 t −

π
2 )]rad is used as the desired

motion trajectory. Fig.3 shows the tracking errors and control
input. Without using any model information and neglecting
the coupling effect of multiple axes, the control gains of
C1 are quite limited leading to large tracking errors. For C2,
the control gains can be increased due to the consideration of
multi-joint hydraulic exoskeleton dynamics and thus better
tracking performance can be achieved.

For Set2 and Set3, by passing x2d in Set1 into the
kinematics equations, the human motion trajectory xh can
be obtained. Table 1 shows the gains and adaptation rate

FIGURE 3. Simulation results for Set1: (a) tracking error of C1 and C2,
(b) control input of C1 and C2.

TABLE 1. Controller gains of high level controllers in simulation.

FIGURE 4. Simulation results for Set2: (a) human machine interaction
force, (b) parameter estimation.

matrices of high level controllers which vary with different
low level controllers. Without compromising much control
performance, only11n is adapted in the simulation. As shown
in Fig.4, due to the online parameter estimate in the high
level controller(FARC), the human motion can be learned
effectively, resulting in a smaller human machine interaction
force over FDRC. Furthermore, Fig.5 shows that with FARC
as the high level controller, cascade force controller with
C2 achieves more accurate parameter estimation and more
precise force control performance than that with C1. The
reason is that C2 achieves higher inner loop bandwidth with
all the system dynamics considered which leads to larger
control gains and adaptation rate in its high level controller.

FIGURE 5. Simulation results for Set3: (a) human machine interaction
force, (b) parameter estimation.

In Set4, a 2.72kg load is mounted in the shank making
the parameter uncertainties exist in the first and fifth element

VOLUME 6, 2018 8581



S. Chen et al.: Precision Cascade Force Control of Multi-DOF Hydraulic Leg Exoskeleton

FIGURE 6. The human machine interaction force for Set4 : (a) FARC+C1,
(b) FARC+C3.

FIGURE 7. Estimation of 11n for Set4: (a) FARC+C1, (b) FARC+C3.

FIGURE 8. Estimations of Y2 and J2 of FARC+C3 for Set4: (a) estimations
in the low level controller, (b) estimations in the low level observer.

of θq (denote as Y2 and J2). From Fig.6, it is seen that the
proposed ARC cascade force controller(FARC+C3) achieves
a more consistent performance to load variation, compared to
the PID cascade controller(FARC+C1). The reason is that fast
parameter adaptation in FARC+C3 as shown in Fig.7-Fig.8
makes the model uncertainties resulting from the load change
be learnedmore quickly and then be effectively compensated.

V. CONCLUSION
In this paper, a robust control scheme is developed for
the human machine interaction force control of a 3-DOF
hydraulic leg exoskeleton used to augment the human perfor-
mance. A cascade control structure with high level controller
inferring the human motion intent and low level controller
performing motion tracking is proposed. An observer is syn-
thesized to estimate the joint acceleration which is used in
the design of the low level backstepping controller. MIMO
ARC algorithm is applied in the two control levels to handle
the effects of various model uncertainties. Both high accuracy
interaction force control and good robust performance in
the presence of load change and disturbances are achieved

by the proposed method, which is validated by comparative
simulations.
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