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Smith Predictor Controller for Exoskeleton
Robot Driven by Electrohydraulic Servo System
with Time Delay

Mengdi Su, Lie Yu and Ruifeng Zhao

Abstract—Electrohydraulic servo system (EHSS) are usually
used to actuate the exoskeleton robots for their abilities to
deliver accurate and high power. However, their exists an
inevitable time delay for EHSS, because it costs a certain time to
make the oil pumped from the tank into the servo and cylinder.
To overcome this problem, this paper utilizes the Smith
predictor to compensate the time delay. Firstly, the dynamic
model is built to compute the desired torque based on the
Lagrange equation and fluid equation. The desired torque is
transformed into the form of transfer function, and the control
law is designed by introducing a time constant. Moreover, this
time constant is supposed to be set as the same as the time delay.
The results demonstrate that the Smith predictor deeply
decreases the time delay and promotes the control performance.

Index Terms—Electrohydraulic servo system, Exoskeleton
robot, Smith predictor, time delay.

1. INTRODUCTION

Exoskeleton robots research had contributed to solve some
society problems including soldier power augmentation,
elderly people rehabilitation training and patient motion
assisting [1-2]. The most critical problem for the exoskeleton
control is to enable the robot to recognize the human’s
motion intention such that the robot could synchronize with
the human [3]. Electrohydraulic servo system (EHSS) had
been widely used to actuate the exoskeleton robot due to their
stiffness, fast responses, low cost and high power density
[4-5]. According to the control aim, the EHSS can conduct
both the position control and force control strategies for the
exoskeleton robot. In practice, force control is the most
common-used strategy for the exoskeleton robots [6-7].
Conducting force control for EHSS is a great challenge due to
the high nonlinearity of dynamic behavior and non-negligible
uncertainty of the model parameters [8]. To be specific, the
dynamic model involved the discontinuous sign function and
square-root function, while the parameters values may vary
due to temperature changes and air entrapment in the
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hydraulic fluid [9].

Generally, the PID controller is vastly used in industrial
manufacture because of its simple structure and easy
realization [10]. However, the PID controller is not capable
of achieving advanced force control for EHSS, as their exist
some inevitable limitations such as phase lag, big overshot
and independence of model. To overcome these drawbacks, it
is necessary to utilize the advanced model-based control
schemes such that the Smith predictor could be used to
reduce the phase delay and promote the control performance.
Giraldo et al designed a filtered Smith predictor to process
the control system of multiple inputs and outputs (MIMO)
with multiple time delays [11]. This method was based on the
decentralized direct decoupling structure through tuning the
controller parameters and simplifying the problem to
multiple single loops. The simulation results showed that the
proposed method could improve the control performance by
achieving a decoupled response. Xing et al applied a Smith
predictor to compensate for the vehicle actuator delay [12]. A
PD controller is conducted on a delay-free vehicle model to
make the vehicle follow a desired distance, while the Smith
predictor was modified to be robust to the acceleration
disturbance. The experimental results demonstrated that the
time gap was decreased by more than 15%. Gao et al
presented a Smith predictor to reject disturbances for a
system with an input time delay and disturbances [13].
However, the time delay was handled by a equivalent input
disturbance approach, while the free-weighting matrix
approach was used to devise the delay-dependent stability
condition in terms of a matrix inequality. The result was
evaluated that the proposed method provided satisfactory
disturbance rejection performance. Bowthorpe et al utilized a
Smith predictor to compensate a time delay between image
acquisition and processing for a teleoperated robot [14]. This
method aimed to avoid the teleoperated robot's end-effector
to collide with the heart. The results suggested that the
presented method significantly decreased the mean absolute
error and improved the heart motion tracking. In short, the
Smith predictor can both reduce the time delay and decrease
the disturbance.

This paper is focusing on reducing the time delay for the
exoskeleton robot driven by EHSS. The dynamic model is
built without time delay based on the Lagrange equation and
fluid pressure equation. Meanwhile, the practical system
could be considered as the built dynamic model adding the
time delay. The Smith predictor is selected to compensate the
time delay from the input current to the actuating force of
servo valve. To guarantee the whole system stable, the PID
controller is combined with the established dynamic model to
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design the control block. The results are evaluated in terms of
the force tracking error and the degree of time delay
reduction.

II. DYNAMIC MODEL AND SYSTEM FORMULATION

Hydraulic
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Fig. 1. Schematic structure of the exoskeleton robot.
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Fig. 2. Actual effect of people wearing the exoskeleton

As depicted in Figure 1, the EHSS is selected to drive
the lower exoskeleton leg. The hydraulic cylinder is mounted
between the robotic thigh and shank, and driven by a motion
pump. The oil is pumped out from the tank to flow into a
servo valve which precisely controls the fluid and pressure
inside the cylinder. This paper is focusing on the force control
tracking of the knee joint, and Figure 2 shows the real person
wearing the exoskeleton robot. The purpose of designing the
lower exoskeleton robot is to consume the power as less as

possible for human to support the load on the back. As a

result, the human dynamic can be described as:
Ty =T, =T, O]
where Try is the torque supplied by the human, 77 is
desired torque to make the load to move, and 77 is the torque
provided by the exoskeleton. 74 can be figured out through

the Lagrange equations in the follow.
Ty =) - @)

where L is the total energy of the lower exoskeleton leg,
and ¢ is the rotary angle of the knee joint. L can be gained

below.

1 1
a5 +—1ar +—1,q5

* 2 2 3)

+ mtngt COS(qI) + msngs COS(ql +q2)

1 2 0 1
L:Ethz‘h +EmSL

where m; is the mass of the robotic thigh, and m; is the
mass of the robotic shank. /; is the inertia of the robotic thigh,
and I is the inertia of the robotic shank. Lg is the center of the
length of the robotic thigh, and Lg is the center of the length
of the robotic shank. g is the rotary angle of the hip joint, and
g is the acceleration of gravity. Substituting the Equation (3)
into the Equation (2), the desired torque 7; could be
computed as:

Ty =2 LG + 2dsda + )+ m L L, cos@) 47 + L L) “
Emslfthz +myglL, cos(qy) +m gL, cos(q; +4)

In order to compute 7y, the rotary angles, velocities and
accelerations from robot joints should be acquired. In
practice, the encoders are placed severally inside the robotic
hip and knee joints to measure the rotary angles, velocities
and accelerations. On the other side, 7; is acquired through
the modeling of EHSS, and the whole process had been
clearly derived in the Reference [15].

{TL =F,H

: . (5)
Fp = fll—fz"p - f3F;

where F7 is the force generated by the cylinder, H is the
arm of length, i is the input current and v, is the velocity of

the hydraulic piston. And the H, fi, /o and f3 could be

described as:
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where a, b, ¢ and d are the geometric lengths of the
robotic structure. Moreover, the schematic diagram of the
knee joint is depicted in Figure 3. f§ is the effective bulk
modulus in the cylinder chamber, &, is the valve discharge
gain, k. is the a positive electrical constant, 4,1 is the area of
the cylinder and C; is the coefficient of the total internal

leakage of the actuator due to the pressure.

\d|
Fig. 3. Numeric description of the robotic knee joint.
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Fig. 4. Schematic diagram of EHSS.

V1, V2, R1 and R could be defined as:

V=V, + Aplxp
Vy,=Vy— Aplxp
R, =s(i)P, — B +s(-i)R - P,
R, = s()P, = B, +s(=)[P, = P,

where V1 and P; are the volume and pressure of the

(7

cylinder chamber with no rod, while 7> and P» are the volume
and pressure of the cylinder chamber with rod. x, is the
displacement of the hydraulic piston. V) is a constant volume
which meets the condition that x,=0 and V=V>=V,. P; is the
supply pressure, and P, is the return pressure. The schematic
diagram of EHSS is clearly described in Figure 4, which plots
the oil flowing into the servo valve and cylinder. The function
s(7) is defined as:

{1, ifi>0
s(i) =

(8
0, ifi<0

The x, in Equation (7) could be calculated through the
Lambert cosine law, while the v, in Equation (5) is the

differential of x,. Therefore, they could be written as:

d
X, = \/rlz +75 +2nr cos(q, —a tan(%) -a tan(:)) -x,0— Ly

—2nry sin(g, —a tan(%} —atan(%))g,
C

AVA—

\/rlz + r22 +2nr, cos(q, —a tan(%) —a tan(g))
c
9
where Lo is the dead length of cylinder, while x,0 is the
piston position when the volumes are equal on both cylinder
sides. On the other side, the linear acceleration of the

hydraulic piston could be approximately modeled as:

. . TL _msngs COS(ql +q2)
s%p s'p stp T H

(10)

where g, is the acceleration of the hydraulic piston. In
practice, the exoskeleton robot is made of lightweight
material such that the magnitude of m; is relatively small. As
a result, the Equation (10) could be approximated as:

I

mya PR

» :mS\'/p =myX (11)

The pressure dynamics of P and P; in Equation (7) can

be built through the continuity equation proposed by Merritt
[16].
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where Q1 is the supply flow rate to the forward chamber

(12)

and Q: is the return flow rate of the return chamber. x, is the

spool valve displacement of the servo valve.

III. CONTROLLER DESIGN

The control aim of the exoskeleton robot is to minimize
the torque Tuy imposed by human such that the control block
could be described in Figure 5. The error e between the
desired torque 7y and the actual torque 77 is just the torque
THu defined in Equation (1). The PID controller is selected to
control the torque T to be closed to zero. The output of the
PID controller is the current 7 (seen in Equation (5)) which
enforces the EHSS to actuate the exoskeleton robot. The
actual torque 77 is measured through a pull-push sensor,
while the desired torque 7 is computed through the dynamic
modeling described from Equation (2) to Equation (4). For
practical EHSS, there exists a time delay z because it costs
time to pump the oil from the tank into cylinder, and generate
the force F1 to push or pull the rod at the meantime. As a
result, the controller design should take consideration of the

EHSS with time delay.

044

Sensors

€5PID C ontrollerl—i>| EHSS |—>| Exoskeleton Robot'—
[ Fr k E—
|£| Sensor

Fig. 5. Control block of the exoskeleton robot.

Dynamic Modeling

T:

A. Design of the PID controller

The PID controller is the most widely used controller
due to its simple control structure, easy design and
independence to the system transfer function. The PID could
be established in Figure 5, and the control law can be written

below.

de(t)

i(t) = k e(t) + K, J' e(t)dt +k,

e(t) =Ty (1) =T, () =T, (1)

(13)

where k,, ki and ky are the proportional, integral and

differential gains, respectively. e(?) is the error between the

desired and actual torques. The control aim is to narrow down
the error to be zero, while the control law is to adjust the

system output according to the change of e(f).
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Fig. 6. Description of transfer function for the PID controller.
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Fig. 7. Description of transfer function for the Smith predictor controller.

B.  Design of the Smith-predictor controller

Considering the system transfer function, the control
structure in Figure 5 could be restated as the block in Figure 6.
G. is the transfer function of the PID controller, and G, is the
transfer function about the input current and output torque.
The input of G, is the current i, while the output is the actual
force Tr. According to the Equation (5) and Equation (11),

the G, could be written in the following.

T (s) & s
Gp(s)=;(—:)e =Gye
14
Gyls)=— o
s2+f3s+%

where 7 is the time delay, and the Gy is the ideal transfer
function. If the G. is selected as the PID controller, the
control block in Figure 6 is equivalent to the design in
Section 3.1. However, the PID controller couldn’t remove the
effect of time delay. To overcome this drawback, the
Smith-predictor control is used to stabilize the time-delay
process, and the control block is depicted in Figure 7. The
transfer function between the current and the actual torque

could be inferred as:

Y;L(—S)):GP+GM =Gye " +G,, (15)

The control aim of Smith-predictor controller is to
remove the time delay such that the Equation (15) could be
rewritten as:

T |
L) _ G =G 4G,
I(s)

(16)

According to the result in Equation (16), the G could

be designed as:
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G, =Gy(1-¢™) a7
The transfer function between the desired 7, and the
actual torque 77 could also be inferred as:
T, (s) Fch(Gp +G,,)
T,(s) 1+G.(G,+G,)

where Fris to filter the input signal and make the whole

(18)

system stable. G, is the actual transfer function which
couldn’t be directly obtained, and the actual torque 77 is
gained through the measure force F; times the arm of length
H. G, is the ideal transfer function through mathematical
modeling. If the G, is modeled perfectly such that G,+G,=Go,
the Equation (18) could be rewritten as:

Ty (s) _ FrG.Gy

T,(s) 1+G.G,

The formation of Gy is described in Equation (14), and

(19)

G. is the controller needed to be designed. The PID controller
could also be induced with the result that the G. could be

written as:

1
G. =K (1+—+T,s 20
=Kt ——+Ty5) (20)

where K, T; and T, are the controller gains. Then, the

Equation (19) could be rewritten as:

FTKP(I+L+Tds)2m¢
T, (s)  G.Gy _ T:s mes~ +mgfys+ f5
T,(s) 1+G.G, 1+Kp(1+i+rds) m Hfy
T;s ms® +myfys + fo
Frm HfK ,(1+ T;s + T,T;s”)

mTis* + m (T fy + HAK ,TT,)s” + (T, f + oK, THf)s + mgK ,Hy

21)
The transfer function of the whole exoskeleton robot
system is established above. However, the denominator in
Equation (21) is a third-order differential equation, and it is
important to make the transfer function have a good tracking
performance. In order to meet this need, the Equation (21)
should be set to be the following form according to the
stability acquirement in Reference [13].
T, (s) 1
Ty (s) B (As+1)°

(22)

where 4 is a time constant. The Equations (21) and (22)
should be equivalent such that the PID parameters should be

set as follows.

_3my —Af
7 m AHY,
T, =32m, -2 f;
3my-m A fy (23)
T 3am, -2 f,
TT,s"+Ts+1

Obviously, the values of the PID parameters and the
filter Fr are only relevant to A with the result that the
controller design could be simplified. If A is set to be equal to
the time delay 7, the whole system would gain a good
robustness. Additionally, the design of the filter Fr could
offset the zero points in Equation (21) and decease the

overshot of the system response.

IVv.
The proposed method is tested via the Matlab software,

RESULTS

while the joint rotary angles are extracted from the actual
walking of the exoskeleton robot. The parameters of EHSS
modeling are listed in Table I, while those for building the
robot dynamic are depicted in Table II. To obtain the optimal
gains for the PID controller, the Ziegler-Nichols method is
selected to optimize the whole control block. Therefore, the

best values are figured out that £,=0.13, k=4.13 and k=0.04.

TABLE 1
SYSTEM PARAMETERS OF EHSS
Name Symbol Unit value
Acceleration due to gravity g mls? 9.81
Rodless area Ap m? 1.77x10*
Rod-side area Ap m? 1.57x10*
Cylinder diameter D m 0.015
Rod diameter D> m 0.005
Chamber volume Vo m? 1.4x10*
Effective bulk modulus B Pa 2.8x107
Coefficient of the total internal C m’N'lst  6.5x10712
leakage
Discharge coefficient Cy — 0.61
Spool valve area w m? 9.59x1073
Valve discharge gain ky m2s’! 2.87x10*
Supply pressure of the fluid Py Pa 2x10°
Return pressure P Pa 0.5x10°
Density of hydraulic oil p Kgm? 830
Electrical constant ke ms'Pal  1.38x10*
TABLE II
SYSTEM PARAMETERS OF THE EXOSKELETON ROBOT
Name Symbol Unit value
Mass of the robotic thigh m kg 4.235
Mass of the robotic shank ms kg 3.158
Inertia of the robotic thigh I N.m 0.0327
Inertia of the robotic shank I N.m 0.0109
Center of the length of the thigh Ly m 0.1588
Center of the length of the knee Lygs m 0.1134
Length of the mechanical structure a m 0.032
Length of the mechanical structure b m 0.266
Length of the mechanical structure c m 0.039
Length of the mechanical structure d m 0.023
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Fig. 8. Joint angles, velocities and accelerations from the robotic joints.
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Fig. 9. Changes of flow rate and piston motion
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The input data including the joint angles, velocities and
accelerations were collected from the actual sensors, and
pictured in Figure 8. The subject wore the robot to walk on a
level ground, while the encoders inside the knee and hip
joints recorded these data in real time. The angle, velocity
and acceleration of the robotic hip joint are shown in Figure
8(a), (c) and (e), while those of the robotic knee joint are
depicted in Figure 8(b), (d) and (f). Then, the robot dynamic
could be calculated through the Lagrange equation, and the
desired torque could be gained with the result that the control
strategy can be realized. Under the control of the Smith
predictor, the changes of flow rate and piston motion are
monitored and depicted in Figure 9. The O and Q> vary with
the spool position (i.e., xv), and keep the same change trend.
Equation (9) defines the computation of piston position (i.c.,
xp) and velocity (i.e., v,), and Figure 9(c) and (d) depict their
changes with the joint angle and velocity.
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Fig. 10. Parameter changes of the Smith predictor controller.

According to Equation (23), the controller parameters of
the Smith predictor is related to the time constant A which is
supposed to be equal to the time delay 7. In practise
exoskeleton system, the time delay is about 0.01 second, and
the setting is given that 2 =7=0.01 s. Therefore, the controller
parameters of K, 7; and T, are shown in Figure 10(a), (b) and
(c), respectively. At most of time, the K, keeps at a low value,
but sometimes varies sharply to adjust the control output. The
T: and T4 are adjusted through the motion change such that
the control output would adapt to the walking conditions.

To exhibit the control results, the performances of the
PID controller and the Smith predictor controller are
compared. Figure 11 depicts the control effect of time delay
for the two controllers. It could be obviously analyzed that
the time delay is visible for the traditional PID controller as
shown in Figure 11(a). However, it is difficult to view the
time delay for the Smith predictor as described in Figure
11(b). Figure 12 describes the human-machine torque under
the two controllers, while the human-machine torque is
defined as the error between the desired and actual torques.
Obviously, the Smith predictor controller gains smaller
human-machine torque compared with the PID controller.
The comparative results reveal that the Smith predictor
controller narrows down the time delay more clearly than the

PID controller, and completes the control aim better.

— Desired Torque
---Actual Torque (PID)

Desired Torque

torque (N.m)

Actual Torque (PID)

]() 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (s)

(a) Control effect of the PID controller
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3.5 ---Actual Torque (Smith Predictor)
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Q o
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0 = : :
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(b) Control effect of the Smith predictor controller

Fig. 11. Comparison of torque tracking control between the PID controller
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and the Smith predictor controller.
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Fig. 12. Comparison of human-machine torque between the PID controller
and the Smith predictor controller.

TABLE III
QUANTITATIVE COMPARISON FOR TWO CONTROLLERS

Controllers PID Controller Smith Predictor Controller
Time Delay 0.011s 0.001 s
MAE 0.0674 N.m 0.0235 N.m

In order to make the results more explicit, quantitative
analysis is provided to digitalize the control performance.
The time delay and mean absolute error (MAE) are defined to
analyze the human-machine torque. The comparative results
are shown in Table III. As the initial time delay of the whole
exoskeleton robot is 0.01s, the PID controller acquires the
time delay of 0.011 second. Meanwhile, the time delay
increase under the effect of the PID controller, because their
exists the inevitable rise time. On the other side, the Smith
predictor controller gains the time delay of 0.001 second, and
decreases the time delay deeply. Additionally, the Smith
predictor controller acquires less MAE (i.e., 0.0235 N.m)
than the PID controller (i.e., 0.0674 N.m). The quantitative
analysis could declare that the Smith predictor controller

promotes the control performance for the exoskeleton robot.

V. CONCLUSION

The dynamic model of the lower exoskeleton robot
driven by EHSS is built through the fluid equation and
Newton equation in this paper. For the dynamic model, the
inputs are the joint angles, velocities and accelerations, while
the outputs are the desired torques which indicate that how
much torque the human and the machine should provide
together. Meanwhile, the control aim is to reduce the torque
generated by the human. To enhance the control performance,
the Smith predictor is selected to compensate the time delay,
and compared with the traditional PID controller. The input
data are extracted from the actual sensors mounted inside the

exoskeleton, and tested on the Matlab platform. The results

show that the Smith predictor tremendously decreases the

time delay, and promotes the control performance.
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