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RESEARCH ON THE COMPLIANT CONTROL OF ELECTRO-
HYDRAULIC SERVO DRIVE FORCE/POSITION SWITCHING FOR A
LOWER LIMB EXOSKELETON ROBOT

Summary

In order to improve the flexibility of the foot landing of a lower limb exoskeleton robot
based on an electro-hydraulic servo drive and to reduce its impact with the ground, an active
compliance control method for force/position switching based on fuzzy control is proposed.
According to the mathematical model of each component of the electro-hydraulic servo system
of the core drive unit of the lower limb exoskeleton robot, the transfer functions of the position
control system and the force control system are obtained respectively, and then its specific
working characteristics are studied. Before the feet hit the ground, the position servo control
system under the action of a fuzzy controller is used to achieve the movement of legs in free and
unconstrained space, and the moment the foot touches the ground, the system is switched to a
force servo control system to precisely control the output force, thereby reducing the rigid impact
between the feet. In the meantime, the validity of the designed switching method and controller
is verified by the joint simulation of MATLAB and AMESIM. The simulation results show that
the electro-hydraulic servo force/position switching method based on a fuzzy algorithm is able
not only to guarantee the movement accuracy of the foot end of the lower limb exoskeleton robot,
but can also effectively reduce the impact force between the foot end and the ground.

Key words: lower limb exoskeleton robot, electro-hydraulic servo drive; fuzzy
algorithm; compliant control; force/position switching

1. Introduction

With the continuous development of science and technology, especially after the start of
the 21st century, Exoskeleton robots as an assistive device for the human body have seen
unprecedented growth in the military, civilian, and medical fields [1]. Especially due to China's
large population and rapidly aging society, lower extremity rehabilitation exoskeleton robots are
increasingly being noticed and intensively investigated by scientists. Research on lower limb
rehabilitation robots for patients with limb movement disorders is an important part of
rehabilitation robotics research [2-3]. The common drive methods for lower limb exoskeleton
robots are those that are motor-driven, pneumatic-driven, and hydraulic-driven. The hydraulic
drive method has the advantages of its small size, fast frequency response, and high stability
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compared with the other two drive methods and is widely used in lower limb rehabilitation
exoskeleton robots [4]. Electro-hydraulic servo lower limb exoskeleton robots achieve complex
movements through coordinated movements of the joints of the legs; for free space motion, robot
joint drives require high precision position servicing, and the simple and high precision and
rigidity of the hydraulic system position servo control, which can meet the control requirements.
However, if the electro-hydraulic position servo system is applied directly to the support phase
of the robot, there is a high risk of foot-ground shock [5-6]. Lower limb exoskeleton robots are
mostly used for patient rehabilitation, but the impact between the foot end and the ground is too
great and can cause secondary injuries to patients. Therefore, the exoskeleton robot needs to have
a certain degree of suppleness at the moment of switching between the support phase, especially
the swing phase and the supporting phase [7]. At present, there is an urgent need for the electro-
hydraulic force servo control to improve the flexibility of exoskeleton robot motion, but the force
servo response is slow and there are large oscillations and poor tracking accuracy, which cannot
be directly applied to the robot's free space motion [8-9].

Scholars have studied many control strategies to address the problem of excessive impact
when the foot end of the robot lands on the ground. Koivo and HouShangi used a self-correcting
control method to achieve variable gain mixing control to keep the robot end contact force
controller parameters at "optimal" values, which has improved the stability of the robot system
and the softness of the landing [10]. Fanaei uses a neuro-fuzzy online estimation of an
environmental equivalent stiffness contact force compensation method to adapt to robot and
environmental parameter changes, which preserves the contact force of the robot and
environmental contact control and reduces the impact of robot landing [11]. The DASH Leg
designed by Nichol has a torque-controlled hip joint to control the contact force at the moment
of touching the ground and a vibration dampening spring at the foot end to achieve active and
smooth control of the robot through high precision torque control [12].

Among the research results of domestic scholars, Ren Danmei designed a planar hydraulic
biped robot, built an impedance control strategy, and used Adams to build an experimental
platform to verify that the equipped impedance control strategy can effectively reduce the
impact force on the ground and increase the flexibility of the foot [13]. Bakai first proposed the
impedance control method based on force and position, then analysed the influence of different
impedance control parameters on the experimental flexibility sensitivity of the hydraulically
driven foot robot under different working conditions, and finally obtained the position and force
composite impedance control algorithm to achieve the best dynamic flexibility control under
dynamic operation [14]. The adaptive impedance control strategy proposed by Ding Qingpeng
can identify the environmental stiffness and environmental position, which effectively reduces
the steady-state error of foot-end position force tracking. Although it improves the foot
suppleness, there is a large response delay [15].

The robot flexibility control methods proposed by the above-mentioned scholars basically
use force control or impedance control methods, which can improve the end flexibility of
hydraulic robots. However, their structure is complex and the requirements for their dynamic’s
models are high, so they are not particularly suitable for the flexibility control of electro-
hydraulic servo-driven rehabilitation lower limb exoskeleton robots at the moment of the foot
touching the ground. Therefore, in order to effectively reduce the impact of the lower limb
exoskeleton robot at the moment of landing on the foot end, so that the foot end is in gentle
contact with the ground, this paper combines the advantages of a force servo system and a
position servo system, and proposes an active soft control method for force/position switching
based on fuzzy control, so that the smooth switching of the desired position control and the
desired contact force control of the foot end of the lower limb exoskeleton robot is achieved.
This provides an effective way to solve the foot-ground impact generated by the foot end of the
exoskeleton robot at the moment of landing.
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2. Modelling of an electro-hydraulic servo drive system for a lower limb exoskeleton
robot

Each single leg of the lower limb exoskeleton robot is composed of electro-hydraulic
servo actuators and shock absorbing springs as its power drive system and shock absorbing
links and is solidly connected to them through the back frame and the rods that simulate the
thigh bone and the lower leg bone. Its composition assembly schematic is shown in Figure 1.

Fig. 1 Schematic diagram of the overall assembly of the lower limb exoskeleton robot

Since this paper focuses on the flexibility of the lower limb exoskeleton robot based on
an electro-hydraulic servo drive before and after the moment of landing on one leg, the control
characteristics at the knee joint of one leg are mainly considered, and its structural sketch is
shown in Figure 2. In the Figure, a, b and c are the thigh, calf, and foot of the exoskeleton robot,
7,7, and r, are the rotational moments of each joint of the exoskeleton robot respectively,h is

the height of the foot end of the lower limb of the exoskeleton robot off the ground, andd is the
hydraulic drive system of the leg.
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Fig. 2 Sketch of the single-leg structure of the hydraulic exoskeleton robot

The high-precision flexible control performance of the single-leg knee electro-hydraulic
servo drive system is directly related to the motion control performance of the whole robot in
the walking process, so the knee electro-hydraulic servo drive unit is a high-power density
integrated valve-controlled cylinder structure. Its assembly schematic is shown in Figure 3 [16].
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Fig. 3 Schematic diagram of the electro-hydraulic servo drive unit assembly for the single leg knee joint

2.1 Kinematics and dynamics analysis of the lower limb exoskeleton robot

In the process of the lower limb exoskeleton robot assisting the wearer's movement, the
human lower limb and the mechanical lower limb of the lower limb exoskeleton robot are taken
as a whole, and the kinematic model is established as shown in Figure 4. The D-H coordinate
system is established by the D-H method to obtain the D-H parameter table as shown in Table 1.

Fig. 4 Kinematic model of the hydraulic lower limb exoskeleton robot

Table 1 The D-H parameters

Joint i 0.(°) d,(m) a,(m) a;(°)
1 6, 0 L 0
2 0, 0 [ 0
3 0, 0 A 0

Since the motion of each joint of the lower limb is in the form of rotation, the D-H method
is chosen to define the rules for each joint rod as:

(1) The rod angle g; is the angle turned around the x; axis from the z; axis to the axis z

i+l

(2) The rod length g; is the distance between axis 7 and axis i+1;
(3) The rod offset d, is the distance along the z; axis from the x, , axis to the x; axis;

(4) The rod rotation angle 0, is the angle turned around the z; axis from the x; ; axis to the
X; axis.
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By solving the matrix for each joint of the lower limb through the parameters in the table,
the corresponding postural relationship is obtained:
A = R(x,,a,) Trans(x,,a,) Trans(z,,d,)R(z,,0,)

cd, —sOca, 0 acO,

|50, cbica, —sa; asb, (1)
1o sa, ca, d.
0 0 0 1

In this case, to simplify the matrix expression, s denotes sin and ¢ denotes cos. Thus, the
flush coordinate transformation matrix between each joint linkage is: T = ST T3T--- " T .
The final expression of the joint matrix obtained is:

n. o, 0 p

Py |. )
0

n, o,
o == 0

(=]
oS = O

Among them:

n,=c(6+0,+0;)

n,=s(6,+6,+0;)

0,=-5(0,+0,+6,) : 3)
0,=c(6,+0,+0;)

P, =hcb +1,c(6,+6,) +1,c(6,+ 0, +6,)

p, =156, +1,5(6,+6,)+1,s(6, + 6, +0,)

The inverse kinematic analysis is then performed to calculate the angle of rotation
required for each joint, which is solved by the joint cubic equation, according to the formula

T, =T, -'T,-’T,, and we get °T"-°T, ='T, - °T,, and then we perform variable substitution
7".°T,=T1, 'T,-°T, =T2 and T1=T2 obtains the rotation angle of each joint.
Angle of rotation of the hip joint:

2 2 2 2
6, = arcsin {M] —arctan 4)

2[2w/x2 +y? y

Knee joint rotation angle:

2, 2 g2 g2
0, = arccos[x +y2]11211 h j (5)
Angle of rotation of the ankle joint:

2 2 2 2
6, = @ —arcsin Xy +arctan -

21, \/ X’ +y? y ©6)

2, 2 g2 g2
—arccos| 2 h b
211,
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The dynamics modelling analysis of the hydraulic lower limb exoskeleton robot using the
Lagrange method is shown in Figure 5.

-2 m.

T

Fig. 5 Dynamics model of the hydraulic lower limb exoskeleton robot

In the Figure, 7, and 7, are the torque of the hip and knee joints of the lower limb drive
joints, m,, m, and m; are the weights of the thigh structure, calf structure, and ankle joint of the
lower limb and the foot, /, and /, are the design lengths of the thigh and calf structures,

6,, 0, and 6, are the angles of action of each joint of the lower limb, and d,, d, and d, are the

straight line lengths from the centre of mass of the thigh and calf and foot to their connecting
joints. /,, I, and I, are the rotational inertia of the thigh structure, the calf structure, and the foot.

From the analysis it can be concluded that:

The equations of the lower limb structure thigh E,, with £, are shown as:

1 ’ 1 :
Ekl 2511 le = Emldlz 6’12 (7
Epl = mlgd1 sin 01 (8)

The velocities v, and v, of the centre of mass of the calf rod and foot can be obtained by
differentiation according to the coordinate positions.
By simplification, we get:

v, =x+y )
v =X+ (10)
By simplification, we get:

v, =12 02+21d, cos 0, 0 (61 +02) +d, (01+0: )’ (11)
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The lower limb structure calf E,, with £, is expressed as:

E,= lI2w22 +—m,v,’
2 2
1 o1 : 1 (12)
= Emzd; 922+Em2112 0 +m,ld, cos 6, 6,(61+0>) +5m2d22(l91+ 0:)
E,, =mg(l;sin6, +d,sin(6, +6,)) (13)
The expressions for the legs E,; and E ; are
L, 2 1
E, =§I3W3 +Em3"c (14)
E, ; =myg(l;sin 6, +1,sin(6, +6,) +d,sin(6, + 0, —0,)) (15)

To facilitate the analysis of the lower limb structures, it was determined that the masses
of the lower leg, ankle, and foot were concentrated at the ankle structure of the lower limb and

marked as m;.

According to the above obtained v, ,*:
v2 =120 +211, c0s 0, 0(6h+0:) +1 (61+ 0>’ (16)

The resulting expression after correction is:

. 1 1 1
Ekz = 5]2W22 +Emzvb2 +5m3v(>22

= %mza’z2 0, +%m2112 0>+ m,ld, cos 0, 0, (él + éz) + % myd,’ (él + 6.’2)2

+%m3112 02+ myl 1, cos 0, 61(0:+6-) +%m3122 (6146, (17)

zémzdz2 022+%112 0 (m, +m,)+

I cos 6, 061+ 62 )(myd, + myl,) + % 01+ 62 (myd? +mil?)

The single-leg structural model can be treated as a two-link mechanism when performing
analytical calculations. Its corresponding Lagrangian function L is:

E,,  =m,g(l;sing +d,sin(6, +6,))+mg(l sin6, +1,sin(6, +6,))

(18)
= gl sin 6,(m, +my) + gsin (6, + 0, ) (m,d, + m,1,)

L=E,+E, —E, —E (19)

pl p2
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The derivative for the Lagrangian function L:

L o d? 12 6,0m, +my)+1, c0s 6, (mod, +myl,)(2 6+ 6:)
00 (20)

+(myd,” + m3122)(é1 + éz)

d ( oL ] = md 0,+17 6,(m, +my)+1, cos 6, (myd, + m,1,)(26,+ 0,)

dr| 06, 1)

—(201+0:)0: [ sin 0, (m,d, + mL) + (m,d,? + mL2)6,+6,)

oL

v —m,gd, cos 6, — gl, cos 6, (m, +my) — g cos (6, + 6, ) (myd, + m,l,) (22)
1

aL ) . . ) ) . .

L d? 6,41 cosO, 6i(md, + ml,) + (md,? +mL>) O+ 62) 23)

06,

d aL ) . . . . .

QL a2 0,41 cos0, 0, (myd, + ml,) ~1 6, sin 0, 0 (md, +myl,)

dr\ 06, (24)

(myd} +ml )0+ 65)

aL . . . .

i —1,sin 6, 0,(01+ 02)(m,d, + m;l,) — g cos (6, + 6, ) (m,d, + m,1,) (25)
2

Thus, the moment equations for the hip joint 7, and knee joint z, can be obtained by the
equation below:

,_dfoL) oL
' odrl o6 ) o6
= md? 0+17 0,(m, +m,)+1, cos 0, (m,d, +m,,)(20,+86,) (26)

—(201+0>)0: 1 8in 0, (myd, + my1,) + (m,d,” +m,1,)(0,+6,)

+m,gd, cos 6, + g, cos 6, (m, +my) + g cos (6, + 6, ) (m,d, +m;l,)

_dfe) oL
> de\ oo, ) 06,

= m,d,2 0, +1, cos 6, Oy (m,d, + m,l,)~ 1 0, sin 6, i (m,d, +m.l,)

H(myd )} +ml YO+ 0>) + 1, sin 6, 1(0+ 0> )md, +myl,) 7)
+gcos(6,+6,)(myd, +ml,)

The kinematic relationships of the exoskeleton lower limb, including the joint angles, the
end effector positions, etc., are described by mathematical models. The electro-hydraulic servo
actuator controls the joint angle of the exoskeleton lower limb and provides information such
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as the corresponding displacement and velocity feedback [17]. A mathematical model is used
to describe the dynamics of the exoskeleton lower limb, including mass, inertia, torque, and
control inputs. The electro-hydraulic servo actuator assists the movement of the exoskeleton
lower limb by providing a certain torque or force and controls it according to the dynamics of
the exoskeleton.

2.2 Mathematical model of the electro-hydraulic servo drive unit position control

(1) Let us assume that the bulk modulus of elasticity and temperature of the fluid are kept
constant, the pressure in the closed cavity of the hydraulic actuator is equal everywhere,
and the leakage is laminar flow. Considering the worst case of system stability, the basic
equation of the valve-controlled cylinder system is obtained with the piston rod in the
neutral position as the reference [18].

QL = Kqu _Kc})L

/2

Q,=A4sX,+C P, +C_P +%s11 , (28)

AP, =ms*X,+B, sX,+KX, +F,

where K is the flow gain coefficient, X, is the displacement of the spool/m , K, is the flow
and pressure coefficient, P, is the system output pressure/MPa, Q, is the load flow/m’/s,
4, is the effective area of the actuator/m*, X » is the maximum stroke of the cylinder/m , C,
is the combined leakage coefficient of the actuator/m>/N-m, f is the effective volume
modulus of elasticity/N-m/s, V, is the equivalent volume of the oil chamber/m’, K is the
equivalent spring stiffness of the hydraulic cylinder/N/m ,m, for load quality, and B, is the

damping factor.

The transfer function model of the displacement of the foot end after combining the above
three equations is shown in Equation (2):

K
2oy Ke [1+ d s]FL
A[) Ap 4ﬂeKce
X, = (29)
mtVt 3 thce Vt 2 BPKce KVt KKC@
— s+ S+ s+ I+ S |s+—
4ﬂeAp 4, 4ﬂeAp 4, 4,6’6Ap 4,
Kce = Kc + Ctp > (30)

where K, is the total flow rate - Pressure coefficient.

Since the viscous damping factor £, is generally small again, the velocity of the piston

resulting from the leakage flow caused by viscous friction is much smaller than the velocity of
the movement of the piston, that is [19]

B K,
2
4,

<. (31)
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Therefore, the system equation can be simplified as
1

Xp Ap
=% =T 28 ’
' s{2+hs+l}
Wy W,

where w, is the natural frequency of the hydraulic pressure/rad/sand &, is the damping ratio

(32)

of the hydraulic pressure.

4B A’ B
Among them, w, = b4, & = Ko |Bem, +—L / 4 :
V.m, 4, vV, 44, \ B.m,

t

(2) The servo amplifier output current Ai is approximately proportional to the output
voltage u,. The transfer function can be expressed by the servo amplifier K,,, that is [20]

1(s) _
TR K, (33)

where / is the output current of the amplifier, K, is the servo amplifier gain, and U is the input
voltage signal /V.

(3) When the inherent bandwidth of the servo valve is much higher than the inherent
frequency of the power element, the transfer function of the servo valve can be regarded
as a proportional unit:

G.()="D_ g (34)
I(s)
where G, (s) is the electro-hydraulic servo valve transfer function, and K, is the electro-
hydraulic servo valve flow gain.
Therefore, the transfer function of the electro-hydraulic servo valve is
_X(@)
Ul

(4) The displacement sensor is often used in an electro-hydraulic position servo system, and
its transfer function can be considered as a proportional loop section [21], that is:

U, =K,x,, (36)

G,(s) =K.K,=K,. (35)

where U, is the displacement feedback signal, and K, is the displacement sensor coefficient.

Based on the above equations, a system block diagram for position control can be drawn,
as shown in Figure 6.

: IR
a a v 4 > s(‘%+is+1)

12 W W

\

K

m

Fig. 6 Position control
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The resulting open-loop transfer function of the electro-hydraulic servo position system is:
KKK,

Ap
; .
S|:s2+2§hs+lj|

G(s) = (37)

P
W, W,

2.3 Mathematical model of the hydraulic drive unit force control
Treating the transfer function of the force transducer as a proportional link, we get [22]

Up=KyF,, (38)

where K- is the force sensor coefficient (V/N) and £, is the hydraulic cylinder output force (N).

Regardless of the position control system or force control system, the mechanism
modelling is based on the hydraulic drive unit structure, so the basic equations of the valve-
controlled cylinder system and the servo valve equation are the same. Therefore, according to
the above equations, a sketch of the force control system can be drawn as shown in Figure 7:

4 p )
a > K, > K G, (s)F— w >

XV sV
— +—=+1
)
o

Wo W,

w;

K

Fig. 7 Force control system

The transfer function of the spool displacement X to the hydraulic cylinder output force

F, can be obtained from the block diagram:

K B
"K(m’sz +pS+1j
K

B _ 4, \K , (39)
Xv Vm 3 K m Vth 2 KceBp VK K. K
LSt | T+ s |8T | I+ s+
4p.4, 4, 4p.4, 4, 48,4, 4,

A2
where k 1is the load spring stiffness and % is the hydraulic spring stiffness. Usually, the

t

load damping B, is very small and can be neglected.

K, /Km
If the condition = : < 1 is met, then simplify to get
A (14V,K /4B,
K 2
9 Ap % +1
F A w,
8 4 (40)

X 2 ’
' {S+1j(1+sz+2goj
w, wy W,

where w,, is the inherent frequency of the load, w, =/K/m, ,w, is the ratio of the stiffness to
the damping factor of the hydraulic spring coupled in series with the load spring,
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K Vv 1 . .
w,=—5 ~—+— |, w,is the inherent frequency of the load mass travel of the
A AB Ak

48 A
hydraulic spring coupled in parallel with the load spring, and w, =w, 1+% , &, 1s the

m
t

1 1
2w, V[ 1+(KV, [4p.42) |

Therefore, the open-loop transfer function of the system is

S2
G, K, |—+1
g D[Wz

m

= 5 41
(s)" s s S2 1 ( )
— 41| —+—+1
w, w, w,

where K, is the open-loop gain of the system K, =K K, ,A4,K . K /K, .

damping ratio, ¢, =

3. Switching control of the foot end position and force for the lower limb exoskeleton
robot

3.1 Principle of position and force switching control

Physical contact control between the robot and the environment is the basis of the robot
application of limb rehabilitation training tasks. Exoskeleton robots will generate large contact
forces with the ground in the process of landing, and therefore the traditional robot control
system based only on position control can no longer meet the requirements of contact between
the robot and the environment [23]. When the electro-hydraulic servo exoskeleton robot is in
contact with the ground, the ground constrains the motion of the electro-hydraulic servo system
in order to meet the accuracy of the foot-end movement and at the same time to avoid large
foot-end impact when the exoskeleton robot is in contact with the ground. The use of
force/position switching control is an effective control method.

Both position control and force control servo systems use fuzzy PID controllers. Before
the exoskeleton robot’s foot contacts the ground, the position control servo system works and
achieves foot-end motion accuracy. However, the moment the exoskeleton robot’s foot contacts
the ground, the system will experience a large shock, and then the force control servo system
works to reduce the generation of parameter jumps and jitter. In this paper, the electro-hydraulic
servo force/position switching method based on a fuzzy algorithm is able not only to realize the
accuracy of the foot-end movement of the exoskeleton robot but also to effectively reduce the
impact force between the foot-end and the ground. The control schematic is shown in Figure 8:

_ _ Displaceme
X Ax Fuzzy Position nt Sensors
—p
PID Servo . F
~—————p Robotics e

F AF Force —

PID [—® Servo Force

= Fe Sensors

Fig. 8 Electro-hydraulic servo lower limb exoskeleton machine manpower switching schematic
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3.2 Design of the controller

(1) Principle of the fuzzy PID controller

Fuzzy control is based on fuzzy mathematics, combined with the control rules
summarised by expert experience, and uses the principle of fuzzy reasoning to fuse and derive
multi-source data, so that the controlled object can be effectively controlled [24]. Compared
with conventional control methods, fuzzy control does not rely on accurate mathematical
models and is more robust to external disturbances and system parameters. The fuzzy PID
controller adjusts the PID control parameters online based on fuzzy inference, giving the system
high stability and responsiveness in the face of uncertainty and nonlinearity [25]. Its structure
block diagram is shown in Figure 9.

Input + Output
_ iy

Measurement|

Components

Fig. 9 Block diagram of fuzzy PID controller structure

Fuzzy control includes fuzzy processing, fuzzy control operation, and fuzzy judgment.
The two input parameters are the systematic error E and the error variable rate EC, the output
is the correction parameter of the PID controller as dkp , dki ,and dkd , the domain of the

variables’ input according to the fuzzy partition theory is
{-1,-0.8,-0.6,—0.4,-0.2,0,0.2,0.4,0.6,0.8,1} , and the systematic error of the input variables

and the error rate theoretical domain are {-1,-0.8,-0.6,-0.4,-0.2,0,0.2,0.4,0.6,0.8,1} . The

affiliation function is a quantitative description of a fuzzy concept, commonly used in Gaussian
illusions, trigonometric functions, S-shaped functions, etc. The Gaussian affiliation function
has the characteristics of a simple structure, a small computational workload, and high accuracy,
and therefore the affiliation curve of this control variable is described by a Gaussian affiliation
function. The affiliation function curves of the input variables are shown in Figure 10, and the
affiliation function curves of the output variables are shown in Figure 11:

NB NM NS Z0 PS PM PB NB NM NS Z0 PS PM PB

input variable "e" input variable "ec"

Fig. 10 Input variable e affiliation function curve Fig. 11 Output variable ec affiliation function curve

(2) Create a fuzzy rule table

Fuzzy rule design plays a key role in the effect of fuzzy control. According to the
adjustment rules of control parameters, combined with the valuable experience of experts in the
actual control process, the control rules for the three parameters dkp, dki and dkd can be
designed as shown in Table 2, Table 3, and Table 4:
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Table 2 dkp of fuzzy rule table

€C

e NB NM NS 70 PS PM PB
NB PB PB PB PB PS 70 NS
NM PB PB PM PM 70 NS NM
NS PB PM PM PS NS NM NB
70 Z0O Z0O Z0O 70 Z0O Z0O 70O

PS NB NM NS PS PM PM PB

PM NM NS 70 PM PB PB PB

PB NS 70 PS PB PB PB PB
Table 3 dki of fuzzy rule table

e Ce NB NM NS 70O PS PM PB
NB PB PB PB PB NS NM NB
NM PB PB PM PM NM NB NB
NS PB PM PS PS NB NB NB
70 70 70 70 70 70 70 70O

PS NB NB NB PS PS PM PB

PM NB NB NM PM PM PB PB

PB NB NM NS PB PB PB PB
Table 4 dkd of fuzzy rule table

. “ | NB NM NS Z0 PS PM PB
NB PB PB PB NB NM NM NS
NM PB PB PM NM 70O PS PM
NS PB PM PM NS PM PB PB
70 70 70 70 70 70 70 70

PS PB PB PM NS PM PM PB
PM PM PS 70O NM PM PB PB
PB NS NM NB NB PB PB PB

Each subset in the table represents a fuzzy rule, so 49 fuzzy rules need to be written in
the Fis file, as shown in Figure 12.
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File  Edit

Fig. 12 Fis rule diagram
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(3) Obtain the fuzzy rule surface map
Use MATLAB to view the fuzzy rule surface plots of A, B, and C, as shown in Figure 13.

SR
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00102099
0"' A “‘
AN
,!!:,\\\\“\{2000

;"t}i‘"

O‘v\;v{"';“““\

URTAEG S
/AN YT

ec 14 o

Fig. 13 Fuzzy rule surface diagram

The fuzzy controller fuzzifies the difference between input and output e and the rate of
change of the difference ec, starts reasoning based on the rule table, calculates the affiliation
values of the three PID parameters, and finally defuzzifies and outputs the corrected AKp, AK],
and AKp parameter values to achieve real-time dynamic adjustment of the PID control
parameters and improve the system response characteristics. The final parameters of the fuzzy
PID controller are obtained as:

K,=K,,+AK,
K,=K,,+AK, (42)
K,=K,, +AK,

where Kpo, Ko, and Kpo are the original values of the PID controller parameters.

4. AMEsim and Matlab joint simulation

AMEsim is advanced modelling and simulation software that presents the concept of
basic elements so that no program code needs to be written, and the functions of systems and
components can be described simply by extracting the smallest units from the system model. It
can also be combined with many other types of software, such as Matlab, Adams, Labview, etc
[26]. The lower limb exoskeleton robot servo system is more complex, containing a variety of
hydraulic components and mechanical motion mechanism. Simulation using Simulink or
AMESim software alone requires great computational work and may not yield more accurate
simulation results. Therefore, Simulink is combined with AMESim software for joint
simulation, applying the powerful tool library in the AMESim software. The components in the
library were set with some of the key parameters, eliminating a large amount of calculation
work. By using Simulink software to build the control system and borrowing its powerful data
analysis and calculation capability to simulate the hydraulic drive system model built in
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AMESim software, the lower limb
exoskeleton robot servo system can be
analysed as a whole, making the simulation
results more representative and accurate [27].

The model of the exoskeleton robot
human position switching servo system is
built according to AMEsim software as
shown in Figure 14, the model parameters of
each unit are set by the author. The
parameters are shown in Tables 5, 6 and 7.
The Simulink module of Matlab is run to get
the S function of the system. It is not
necessary to calculate the mathematical
model of the system to obtain the transfer
function.

Table 5 Motor technical parameters

Research on the Compliant Control of Electro-Hydraulic Servo Drive
Force/Position Switching for a Lower Limb Exoskeleton Robot

Fig. 14 Amesim model of the electro-hydraulic force
level switching servo system for the exoskeleton robot

Model Power rating Rated current Rated speed
Y132S-6 3 kW 3A 960 r/min

Table 6 Servo valve technical parameters

Components Model Rated flow rate Rated pressure

Hydraulic valve FF102/30 10 L/min 21 MPa

Relief valve YF-L8H4 20 L/min 31.5 MPa

Table 7 Hydraulic pump technical parameters
Model Displacement Maximum Rated speed Maximum Drive power
pressure speed

AP100/5D818| 5 cm’/rev 21 MPa 1800 r/min 3500 r/min 2.2 kW

The simulation time is set to 14 s and the number of simulation steps is 500. The
simulation process is shown in Figure 15 and the simulation results are shown in Figure 16.

Fig. 15 Adams simulation process
of the lower limb exoskeleton robot

Force diagram of foot

20

Y:Force(N)
&
o

—

0 2 4 6 8 10 12 14
X:Time(s)

Fig. 16 Lower limb exoskeleton
robot foot end force diagram

The Adams simulation shows that the foot end produces a large impact force at the moment
of contact with the ground, and returns to 100 N when the curve displays a smooth state.
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Figures 17 and 18 show the Simulink diagram of force level switching for classical PID
control and the Simulink diagram of force level switching for fuzzy control, respectively.
Force/position switching control at the foot 15 mm above the ground and according to Adams
simulation results in their input position and force expectation signals respectively, then running
program SimulinkCosim of simulation module for joint simulation.

VoV i

% Signal 1|— >+ * 4»}—» > +4‘\
+

Simcenter Amesim: X d [:]
—>e liweiyi_lh_ ]

100

Group 1
% Signal 1

> liweiyi_lh_

\ Simcenter Amesim: © 1 D
> ° o
f

=

o
<

Fig. 18 Simulink diagram of fuzzy control of force level switching

4.1 Joint simulation analysis

Figure 19 shows the exoskeleton robot knee joint PID control and fuzzy control
force/position switching signal diagrams, respectively. The blue curve in the Figure is the
position control signal, the red curve is the actual input signal, and the black curve is the force
control signal. It can be seen from the Figure that the actual input signal coincides with the
position control result signal before 0.25 s, and at that time, the actual input signal is quickly
switched from the position control signal to the force control signal. From the Figure, the
designed switching method is able to perform force/position switching control.
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PID control force level switching signal

Fuzzy control of force level switching signal

2 2

0 0

2 2

Positi remal Position signals

= Osm(_)n signais — ~—Actual input signal
S 4 Actualmp}lt signal || ER ——  Force signal
&b ——  Forcesignal 2
wn wnl
- >

6 -6

8 8

10 -10

12 . . . . . . . . . 12 . . . . . . . . .

0 0.05 0.1 0.5 02 025 03 035 04 045 05 0 0.05 01 015 02 025 03 035 04 045 05
X:Time(s) X:Time(s)

Fig. 19 Force/position switching signal diagram

Figure 20 shows the exoskeleton robot landing moment knee joint position servo system
control diagram. From the simulation results in Figure 20, it can be seen that the actual
displacement value under fuzzy control responds faster than the actual displacement value
under PID control until 0.01 s; after 0.01 s, the change is gradually stabilised and the tracking
performance is significantly better than the PID control. The analysis shows that the fuzzy
control position servo system has better results than the PID control position servo system.

Position Control ‘Force ponnql

140

——  PID control
Expectation power
—  Fuzzy control

100) U

— PID control / 120
Ideal Location
Fuzzy control

80

—

Y:Force(N)

601

Y :Displacement(mm)

401

201

0 0.05 01 0.15 02 0.25 0 005 01 015 02 025 03 035 04 045 0.5

X:Time(s) X:Time(s)
Fig. 20 Position control Fig. 21 Force control

Figure 21 shows the control diagram of the knee force servo system at the moment of the
landing of the exoskeleton robot. The black curve in the Figure is the fuzzy control output, the
blue curve is the PID control output, and the red curve is the ideal force. The graph at 0.25 s
shows the faster response of fuzzy control during position switching to force, less fuzzy control
jitter when the force reaches the desired value, and when the force is stable fuzzy control is
closer to the ideal value than PID control. The analysis shows that fuzzy control has better
flexibility in force level switching.

5. Conclusion

In order to effectively reduce the impact of the foot end of the lower limb exoskeleton
robot at the moment of landing and ensure gentle contact with the ground, this paper first
establishes the mathematical models for the position control system and the force control
system. Then, a fuzzy control-based force/position switching active flexible control method is
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proposed. The lower limb exoskeleton robot is controlled by the position servo system before
it touches the ground, and switches to the force servo system at the moment it makes contact
with the ground, enabling smoother landing through force/position switching. Finally, fuzzy
control force/position switching is verified through a joint simulation of Amesim and Simulink
and compared with PID control force/position switching. The simulation results demonstrate
that the electro-hydraulic servo force/position switching method based on a fuzzy algorithm is
able not only to ensure the motion accuracy of the foot end of the lower limb exoskeleton robot,
but can also provide a faster response and reduced jitter during the force transition, thereby
effectively improving the flexibility of the lower limb exoskeleton robot during landing.
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