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Abstract
Purpose – The purpose of this paper is to present a direct force control which uses two closed-loop
controller for one-degree-of-freedom human-machine system to synchronize the human position and
machine position, and minimize the human-machine force. In addition, the friction is compensated to
promote the performance of the human-machine system.
Design/methodology/approach – The dynamic of the human-machine system is mathematically
modeled. The control strategy is designed using two closed-loop controllers, including a PID controller
and a PI controller. The frictions, which exist in the rotary joint and the hydraulic wall, are
compensated separately using the Friedland’s observer and Dahl’s observer.
Findings – When human-machine system moves at low velocity, there exists a significant amount of
static friction that hinders the system movements. The simulation results show that the system gives a
better performance in human-machine position synchronization and human-machine force
minimization when the friction is compensated.
Research limitations/implications – The acquired results are based on simulation not experiment.
Originality/value – This paper is the first to apply the electrohydraulic servo systems to both actuate
the human-machine system, and use the direct force control strategy consisting of two closed-loop
controllers. It is also the first to compensate the friction both in the robot joint and hydraulic wall.
Keywords Direct force control, Friedland observer and Dahl observer,
Human-machine force minimization, Human-machine position synchronization,
One-degree-of-freedom human-machine system
Paper type Research paper

1. Introduction
Wearable robots have developed rapidly over the last decades and are mainly oriented
to assist individuals in a variety of military, medical and industrial applications (Novak
and Riener, 2015). A wearable robot is expected to assist force for the wearer in order to
reduce the burden on the wearer’s body (Lee et al., 2008). Electrohydraulic servo
systems (EHSS) widely apply to actuate the wearable robots for their ability to deliver
fast, accurate and high-power responses (Mintsa et al., 2012).

However, the wearable robot usually lacks the capability to adequately recognize
the actions and intentions of the human wearer. Therefore, to overcome this drawback,
various sensors are used by engineers to obtain the command signal from the human
wearer such that the robot can be efficiently controlled with the command signal.
In many cases, there are mainly two types of sensors, such as position sensors and
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force sensors, placed on a part of the body but not covered by the wearable robot
(Novak and Riener, 2015). The position sensors measure the angle of the robot joint,
while the force sensor is used to measure the driving force by actuator or the
human-machine force.

The dynamic behavior of an EHSS is highly nonlinear with models involving both
the discontinuous sign function and square-root function. The expression for the fluid
flow across the servovalve is mainly responsible for the system complexity.
Additionally, the values of hydraulic parameters may vary due to temperature changes
and air entrapment in the hydraulic fluid. Finally, external disturbances and noise
effects result in challenges to ensure precise control of EHSS (Mintsa et al., 2012).

However, a considerable amount of static and dynamic frictions exist in robot joints
and sliding surfaces of hydraulic actuator (Tafazoli et al., 1998). The friction presence is
often responsible for the inability of the system to achieve low values of steady-state
error and may limit the closed-loop bandwidth to avoid limit cycling (Friedland and
Park, 1992). The amount of friction changes with time and cannot be readily measured
or controlled. Hence, a number of methods are presented to compensate the frictions.
Based on various friction models, abundant control schemes have been investigated.
Dahl (1968, 1996) developed a simple model to simulate the control systems with
frictions. His starting point was experiments on friction in servo systems with ball
bearings. Bliman and Sorine (1993a, b) had proposed a number of dynamic models
based on the experimental investigations. In their conception, it is assumed that friction
only depends on the sign of the velocity and the integration of velocity. The LuGre
friction model is a generalization of Dahl’s model (Canudas-de-Wit et al., 1995). This
model captures many properties of friction such as stiction, rate-dependent friction and
frictional lag (Astrom and Canudas-de-Wit, 2008). The model also includes rate
dependent friction phenomena such as varying break-away force and frictional lag.
On the other side, Friedland and Park (1992) presented an observer to estimate the
friction which is modeled as a constant times the sign of the velocity. The observer
model is selected to ensure that the error in estimation of the friction constant
converges asymptotically to 0.

In this paper, we introduce a one degree-of-freedom (1 DOF) human-machine system,
as part of a wearable robot. In order to obtain the command signal from the human
wearer, a force sensor is actually located between the human and machine. For
simulation, the force sensor is modeled as a spring such that the generating force can be
calculated as a product of the difference between the angular positions of the human
and machine. Dahl’s model and Friedland’s model are used to compensate the frictional
torque in the robot joint and the frictional force in the hydraulic wall, respectively.
In addition, direct force control strategy is proposed which uses two closed-loop
controllers to synchronize the human position and machine position, and minimize the
human-machine force. The simulation results shows that the system gives a better
performance in human-machine position synchronization and human-machine force
minimization when the friction is compensated.

2. System modeling
In this section, a dynamic model is derived for the EHSS and 1 DOF human-machine
system. This analysis primarily builds the nonlinear model of the actuator (i.e. EHSS)
dynamics, and shows the process of the actuator driving the machine.
Similar approaches to modeling of hydraulic actuators have been reported in
Yao et al. (2012, 2013).
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The 1 DOF human-machine system under consideration is drafted in Figure 1. The
left part of it is the EHSS which mainly consists of the hydraulic and the servo valve.
The right part is the human-machine system. The controller design is to make the
machine synchronize the human movement, and minimize the human-machine force. In
this paper, the human-machine force is measured by a force sensor which is modeled as
a spring shown in Figure 1. Additionally, the human-machine force is vertical to the
machine body. The total machine dynamics of 1 DOF human-machine system is
considered as follows:

J €yM ¼ TLþTHM�mgLg sin yMð Þ�Tf 1�Tf 2 (1)

where J is the rotational inertia of the load; θM is the rotary angle of the machine; TL is
the actuated torque; THM is the torque imposed by the human on the machine; m is the
machine mass; g is the acceleration due to gravity; Lg is the position of the center of
mass of the machine; Tf1 is the frictional torque in the rotary joint; Tf2 is the frictional
torque in the hydraulic wall.

In this system, the rotary angle (θH) of the human is the system input such that the
resultant human-machine torque THM can be modeled as:

THM ¼ LHMFHM

FHM ¼ KH yH�yMð Þ

(
(2)

where FHM is the human-machine force; LHM is the length from the pivot to the spring;
KH is the impedance between the human and the machine.

On the other side, the torques TL and Tf2 can be calculated as:

TL ¼ P1Ap1�P2Ap2
� �

H

Tf 2 ¼ FfH

(
(3)

The hydraulic

H

i

Ff

FL

Lg LHM

L

KH

θM

θH

Ps Pr

r1

r2

Tf2

Tf1

The servo valve

mg

The machine
The humanM

Figure 1.
Schematic diagram
of the one-degree-of-
freedom human-
machine system
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where P1 is the head-side pressure; P2 is the rod-side pressure; Ap1 is the head-side area;
AP2 is the rod-side area; Ff is the frictional force applied on the hydraulic wall.
Meanwhile, due to the system geometry, the arm H can be computed as:

H ¼ r1r2 cos yMð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21þr22þ2r1r2 sin yMð Þ

q (4)

where r1 and r2 are the geometric length of the system as drawn in Figure 1.
In Equation (3), the Ap1 and AP2 can be calculated through the following formulas

when the bore diameter D1 and the rod diameter D2 are acquired:

Ap1 ¼ pD2
1

4

Ap2 ¼ p D2
1�D2

2ð Þ
4

8<
: (5)

As the rod diameter D2 is small compared to the bore diameter D1, Equation (5) can be
simplified as:

Ap2 ¼
p D2

1�D2
2

� �
4

� pD2
1

4
¼ Ap1 (6)

Substituting the Equations (4) and (6) into Equation (1), the system model can be
simplified as:

J €yM ¼ PLAP1HþTHM�mgLg sin yMð Þ�Tf 1�FfH (7)

where PL¼P1−P2 is the load pressure of the dynamic actuator.
As referred to the continuity equation presented by Merritt (1967), through

neglecting the external leakage (Yao et al., 2013), the pressure dynamics in actuator
chambers can be transformed and described as:

_P 1 ¼ b
V 1

�Ap1vp�CtPLþQ1
� �

_P 2 ¼ b
V 2

Ap1vpþCtPL�Q2
� �

8<
: (8)

where V1¼V0+Ap1xp, V2¼V0−Ap1xp are the control volumes of the actuator
chambers, V0 chamber volume such that at xp¼ 0, V1¼V2¼V0; β is the effective bulk
modulus in the chambers; xp is displacement of the load; Ct is the coefficient of the total
internal leakage of the actuator due to the pressure; Q1 is the supplied flow rate to the
forward chamber and Q2 is the return flow rate of the return chamber. Q1 and Q2 are
related to the spool valve displacement of the servo-valve xv:

Q1 ¼ kqxv s xvð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps�P1

p þs �xvð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1�Pr

p� �
Q2 ¼ kqxv s xvð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P2�Pr
p þs �xvð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ps�P1
p� �

(
(9)

where:

kq ¼ Cdw

ffiffiffi
2
r

s
(10)
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s(*) is defined as:

s �ð Þ ¼ 1 if � X0

0 if � o0

	
(11)

where kq is the valve discharge gain, Cd is the discharge coefficient, w is the spool valve
area gradient, ρ is the density of hydraulic oil, Ps is the supply pressure of the fluid, and
Pr is the return pressure.

However, xp and vp can be calculated as:

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21þr22þ2r1r2 sin yMð Þ

q
�L0�xp0

vp ¼ 2r1r2 _yM cos yMð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21þ r22þ 2r1r2 sin yMð Þ

p

8><
>: (12)

where L0 is the cylinder dead length and xp0 is the piston position when the volumes are
equal on both cylinder sides.

Since a high-response servo valve is used, it is assumed that the control applied to
the servo valve is directly proportional to the spool position. Then, the following
equation is given by xv¼ kci, where kc is a positive electrical constant, and i is the input
current. Thus, from Equation (11), s(xv)¼ s(i). Then Equation (9) can be rewritten as:

Q1 ¼ gsR1i

Q2 ¼ gsR2i

(
(13)

where gs¼ kqkc and:

R1 ¼ s ið Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps�P1

p
þs �ið Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1�Pr

p
R2 ¼ s ið Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2�Pr

p
þs �ið Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ps�P2

p
(14)

Based on the Equations (7) and (14), we have:

_PL ¼ _P 1� _P 2 ¼
R1

V 1
þR2

V 2


 �
bgsi�

1
V 1

þ 1
V 2


 �
bCtPLþAp1vp
� �

(15)

Therefore, the derivation of the actuated force FL can be obtained by:

_FL ¼ _PLAp1 (16)

In practical working conditions, P1 and P2 are both bounded by Ps and Pr, i.e.
0oProP1oPs and 0oProP2oPs. In simulation process, PL is bounded by Ps,
i.e. −PsoPLoPs.

3. Friction estimation
The frictional torque Tf1 and the frictional force Ff in Equation (7) could neither be
measured nor accurately modeled. However, one way of dealing with frictions would be
to use some of the control observers to compensate the frictions. In order to compensate
the frictional force (Ff) in the hydraulic wall, we will particularly focus on the observer-
based friction estimation and compensation technique that has been proposed by
Friedland and Park (1992). In their presentation, the frictional force Ff in the hydraulic
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wall can be modeled as a nonlinear and reduced-order observer:

F̂ f ¼ zf þK1xpþK2vp

_zf ¼ �K1vp�K2 FL�F̂ f

� �
8<
: (17)

where zf is the observer state; K1 and K2 are the observer gains to be chosen to ensure
convergence of the error to 0.

As presented in Friedland and Park (1992), in order to ensure convergence of the
error to 0, the following conditions must hold:

(1) K2o0; and

(2) dF̂f =dt is bounded.

The frictional torque Tf1 exists in the machine rotary joint. Joint friction is one of the
major limitations in performing high-precision manipulation tasks. It affects both static
and dynamic performances, and may cause instability when coupled to position or
force feedback control. Therefore, compensation for joint friction has been one of the
main research issues in robot design and control over the years (Lischinsky et al., 1999).
In this present paper, to compensate joint friction Tf1, the Dahl’s model (Dahl, 1968,
1996) is selected for its original experiments carried on servo systems with ball
bearings. Based on this, the frictional torque Tf1 can be compensated as:

dz
dt ¼ yM�s yMj j

Tc
z

T̂f 1 ¼ sz

8<
: (18)

where z is the observer state; σ is the stiffness coefficient; Tc is the Coulomb frictional
force. The magnitude of the estimated frictional torque should never be larger thanTc if
its initial value is such that |Tf1(0)|oTc.

4. Controller design
From Equations (7) and (16)-(18), the entire system can be expressed in a state-space
form as:

_zf ¼ K2zf�K2FLþK1K2xpþ K2
2�K1

� �
vp

_z ¼ yM�s yMj j
Tc

z

_yM ¼ vM
_vM ¼ 1

J FLHþTHM�mgLg sin yMð Þ� zf þK1xpþK2vp
� ��sz

� �
_FL ¼ f 1i�f 2vp�f 3FL

8>>>>>>>>><
>>>>>>>>>:

(19)

where zf, z, θM, vM and FL are treated as the system states. As presented in Equation
(12), the expressions of xp and vp involve the θM and the derivative of θM (i.e. vM).
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And the f1, f2 and f3 are written as:

f 1 ¼ R1
V 1
þ R2

V 2

� �
bgs

f 2 ¼ 1
V 1
þ 1

V 2

� �
Ap1

f 3 ¼ 1
Ap

1
V 1
þ 1

V 2

� �
bCt

8>>>>><
>>>>>:

(20)

In Equation (20), the rotary angle θH of the human is the system input while the current
i is the system output. In this paper, the control strategy for 1 DOF human-machine
system is designed to synchronize the human position and the machine position, and
minimize the human-machine force. Therefore, to implement these aims, we design a
control strategy with two closed-loop controllers as demonstrated in Figure 2.

In this system, the rotary angle θH of the human is the system input which for test
purposes is a sinusoidal signal at a sampling frequency of fs¼ 1,000 Hz:

yH tð Þ ¼ 0:4 sin 2pf tð Þ (21)

As described in Figure 2, the Fd1 is the desired human-machine force, and f is the
motion frequency of the human. One aim of the control strategy is to minimize the
human-machine force such that the desired human-machine force Fd1 is set to be 0:

Fe tð Þ ¼ Fd1 tð Þ�FHM tð Þ ¼ 0�FHM tð Þ (22)

where FHM is calculated in Equation (2). Fe(t) is the error between the desired and actual
human-machine force of the system. Therefore, the PID controller is designed as:

Fd2 tð Þ ¼ Kp1Fe tð ÞþKi1

Z
Fe tð ÞdtþKd1

dFe tð Þ
dt

(23)

where Kp1, Ki1 and Kd1 are the proportional, integral and differential gains,
respectively. However, Fd2 is not only the output of the PID controller but also the input
of PI controller:

Fi tð Þ ¼ Fd2 tð Þ�FL tð Þ (24)

where Fi(t) is the error between the desired and actual actuated force of the system.
Hence, the PI controller can be described as:

i tð Þ ¼ Kp2Fi tð ÞþKi2

Z
Fi tð Þdt (25)

The Friedland
Observer

H

LHM

THM

FHM

FL

Fe Fi i

xp

Ff
Tf2

Tf1

TL
Ti

KH

�M �HFL

vp
Fd2

FHM

Fd1

The Dahl
Observer

Machine
Dynamic

+

+ +++
+

– –

–
–

–
PID

Controller
PI

Controller
Electrohydraulic
Servo System

Figure 2.
The block diagram
of the control system
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where Kp2 and Ki2 are the proportional and integral gains, respectively. The system
output i(t) is the valve current such that the EHSS generates the force FL.

5. Simulation results
The ideas have been tested by simulation in Matlab. The parameters of the EHSS and
human-machine system are listed in Table I. The gains of the PID and PI controllers are
both chosen using Ziegler and Nichols (1942) method. Then, optimum gains of
Kp1¼ 300, Ki1¼ 54 and Kd1¼ 9 are used for the PID controller. Meanwhile, optimum
gains of for the PI controller are selected that Kp2¼ 1× 10−2 and Ki2¼ 1× 10−3. A
better description of the friction phenomena is at low velocities and especially crossing
zero velocity (Canudas-de-Wit et al., 1995). Based on this, the motion frequency f
defined in Equation (21) is chosen to be 1/2.

Tracking performance of the electrohydraulic actuator is investigated through
simulation. The computer simulations are conducted for two cases of compensation,
such as no friction compensation (NFC) and with friction compensation (WFC). The
comparisons of simulation results are shown in Figures 3 and 4. To display the effect of
comparison results efficiently, the system performances are indicated by the root-mean-
square (RMS) error which is defined in Gomonwattanapanichl et al. (2006):

RMS error ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

1
yH�yMð Þ2

r
(26)

Name Symbol Unit Value

Rotational inertia of the load J kg m2 0.96
Machine mass m kg 7
Acceleration due to gravity g m/s2 9.81
Position of the center of mass of the machine Lg m 0.24
Length from the pivot to the spring LHM m 0.27
Impedance between the human and the machine KH Nm/rad −10
Geometric length of the system r1 m 0.04
Geometric length of the system r2 m 0.27
Head-side area Ap1 m2 1.77 × 10−4

Rod-side area Ap2 m2 1.57× 10−4

Bore diameter D1 m 0.015
Rod diameter D2 m 0.005
Chamber volume V0 m3 1.15× 10−4

Effective bulk modulus β Pa 2× 107

Coefficient of the total internal leakage Ct m5 N−1 s−1 8× 10−12

Discharge coefficient Cd – 0.61
Spool valve area w m2 9.59× 10−3

Valve discharge gain kq m2 s−1 2.87× 10−4

Supply pressure of the fluid Ps Pa 2× 106

Return pressure Pr Pa 0.5× 105

Density of hydraulic oil ρ Kgm−3 830
Electrical constant kc m3 s−1 Pa−1 1.38× 10−4

Observer gains K1 – −0.9
Observer gains K2 – −0.5
Coulomb frictional torque Tc Nm 6
Stiffness coefficient σ – 3
Cylinder dead length L0 m 0.1
Initial piston position xp0 m 0.08

Table I.
System

parameters
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As the result of RMS error requires n subtractions, n multiplications and n additions
(n≫3), the computational complexity of RMS error is O(n). The comparison in Figure 3
(a) and (b) demonstrates that the system through WFC obtains less RMS error
(0.044 rad) than the system through NFC (RMS error¼ 0.051 rad). According to the
RMS values, using WFC results in reduction of the human-machine position error.

To elaborate the comparison result exactly, mean absolute error (MAE) is made to
evaluate the effect of human-machine force minimization. In addition, the definition of
MAE is made as:

MAE ¼ 1
n

Xn
1

FHMj j (27)

The result of MAE requires only n additions such that the computational complexity of
MAE is O(n). As described in Figure 4, the MAE (9.84 N) of system throughWFC is less
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than the system through NFC (MAE¼ 11.89 N). The MAE values show that using
WFC results in reduction of the human-machine force error.

The actuated torque TL, estimated frictional torques Tf1 and Tf2 are shown
in Figure 5. According to this figure, there exists a significant amount of static friction
that affects the machine movements. From the results of Figures 3 and 4, it is clear that
the effect of friction is suppressed by the proposed friction compensation strategy.

Finally, a comparison simulation was made to test the performance of each friction
observer. At first, only the friction existing in the hydraulic wall was compensated. In
this situation, the value of RMS error is 0.049 rad while the value of MAE is 11.38 N.
Second, we only compensated the friction existing in the robot joint with the result that
the value of RMS error is 0.046 rad while the value of MAE is 10.05 N. As described
in Table II, the comparison results show that friction compensation for both places
(i.e. the hydraulic wall and robot joint) gives better performance than that for only
one place.

0

0

5

1

0

0 0.5 1 1.5 2 2.5 3 4
–1

–1

–5To
rq

ue
 (

N
m

)
To

rq
ue

 (
N

m
)

0.5 1 1.5

TL

Tf1

Tf2

2

time (s)

time (s)

Actuated torque

Estimated frictional torque in the hydraulic wall

2.5 3 3.5

3.5

1

0

0 0.5 1 1.5 2 2.5 3 4To
rq

ue
 (

N
m

)

time (s)
Estimated frictional torque in the machine joint

3.5

4

(a)

(b)

(c)

Figure 5.
The actuated torque

and estimated
frictional torques

The friction compensation
RMS error of human-machine

position (rad)
MAE of human-machine

force (N)

No friction compensation 0.051 11.98
Only in the hydraulic wall 0.049 11.38
Only in the machine joint 0.046 10.05
Both in the hydraulic wall and
machine joint 0.044 9.84

Table II.
Comparison
of friction

compensation
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6. Conclusion
Direct force control for 1 DOF human-machine system, under the actuation of EHSS,
was considered in this paper. The control strategy consists of two closed-loop
controllers, including a PID controller and a PI controller, to synchronize the human
and machine positions, and minimize the human-machine force. The frictions existing
in the rotary joint and the hydraulic rod are severally compensated using Friedland’s
and Dahl’s observers. The simulation results showed that the system control WFC
gives a better performance in human-machine position synchronization and human-
machine force minimization.

Except for the simulation modeling, the real human-machine system has been built to
carry out the experiments of human-machine synchronization. In real system, the
human-machine force is measured by a multi-axis force/torque sensor, while the
measurement of the machine position is achieved by an encoder mounted in the machine
joint. In addition, the driving force generated by EHSS is acquired by a pull-push sensor
which can measure both the pull and push forces. However, the human position is not
necessary to be obtained because the human and machine joints are banded together.
Using the proposed control strategy, the aim has been implemented that the human and
machine joints move in synchronization, while the human-machine force is negligible
when compared with the driving force. In the future, the friction compensation
experiments will be carried out to verify the simulation results in this paper.
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