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Abstract—Robotics used for diagnostic measurements on, e.g.
stroke survivors, require actuators that are both stiff and
compliant. Stiffness is required for identification purposes, and
compliance to compensate for the robots dynamics, so that the
subject can move freely while using the robot. A hydraulic
actuator can act as a position (stiff) or a torque (compliant)
actuator. The drawback of a hydraulic actuator is that it behaves
nonlinear.

This article examines two methods for controlling a nonlinear
hydraulic actuator. The first method that is often applied uses an
elastic element (i.e. spring) connected in series with the hydraulic
actuator so that the torque can be measured as the deflection of
the spring. This torque measurement is used for proportional
integral control. The second method of control uses the inverse
of the model of the actuator as a linearizing controller. Both
methods are compared using simulation results.

The controller designed for the series elastic hydraulic actuator
is faster to implement, but only shows good performance for
the working range for which the controller is designed due to
the systems nonlinear behavior. The elastic element is a limiting
factor when designing a position controller due to its low torsional
stiffness. The model-based controller linearizes the nonlinear
system and shows good performance when used for torque and
position control. Implementing the model-based controller does
require building and validating of the detailed model.

I. INTRODUCTION

Stroke is a leading cause of disability commonly resulting
in problems coordinating hand and arm movements due to
spasticity, synergies, and muscle weakness. Currently, in order
to identify the severity and extent of the disability, clinical
scales are used that suffer from poor inter rater reliability,
are not very sensitive, and cannot identify the underlying
pathophysiological mechanisms. Robotics can provide objec-
tive diagnostic measures that can be used for identifying
underlying pathophysiological mechanisms.
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To perform diagnostic measurements, a robotic device
should be stiff for identification purposes, yet also compliant
to compensate for its own dynamics, so that the subject using
the robot can move freely. A diagnostic measurement can be
performed while the subject is attached to the robotic device
and makes a (predefined) free-reaching movement. During
the free movement, a sudden position perturbation is applied
during which the subject’s response torques are measured.
Using identification techniques, properties such as stiffness,
damping, inertia, and time delay can be determined that can
help explain the underlying pathophysiological mechanisms
[1]-[4].

Most robotic devices are currently designed for rehabilita-
tion purposes. The Limpact is a robotic exoskeleton developed
at the University of Twente and is designed as a diagnostic
measuring device for the upper extremities [5]. The exoskele-
ton can follow all degrees of freedom of the upper extremity so
that subjects can move as naturally as possible. Torques can
be applied at the elbow and shoulder joint using rotational
hydraulic actuators [6]. Hydraulic, direct-drive actuation is
chosen for its high torque-to-weight ratio and fast response.

A hydraulic actuation system behaves nonlinear, and for
such a system several control algorithms have been proposed
e.g. quantitative feedback control [7], fuzzy logic control [8],
active disturbance control [9]-[11], adaptive control [12]-[15]
and model-based control [14], [16], [17]. The controller used
for diagnostic robotic devices should have a good torque
tracking performance for compensating the robot’s dynamics
or a short rise time when applying a position step function
used for diagnostic measurements.

Series elastic actuation (SEA) is often used in diagnostic
robots. The hydraulic actuator can therefore be equipped with
a spring (i.e. series elastic actuation [6]) where the spring



deflection is measured for the applied torque. Series elastic ac-
tuation provides comfortable human machine interaction [18],
[19], requires no system knowledge for control and measured
torque is equal to applied torque, but the controlled system
is still nonlinear limiting performance and stability of the
controller to the range for which the controller was designed.
Also, the relatively low spring stiffness limits performance
of the position controller. As an alternative to SEA control,
a model-based (MB) controller can be used. A model-based
controller is essentially a torque controller that also linearizes
the system so that position control can easily be applied.
The MB controller requires detailed system knowledge before
it can be implemented. Also, when friction is present and
not compensated for, the actuator torque is not equal to the
applied torque. Note that for this controller, the connection
from actuator to load is rigid i.e. no series elastic element is
applied.

The goal is to design a controller for a rotational hydraulic
actuator that can provide good torque tracking to compensate
for the robot’s dynamics, can provide comfortable human
machine interaction (e.g. minimal vibrations), and can also
provide a basis for a fast-position-controlled system used
for diagnostic measurements. A comparison will be made
between a conventional proportional integrating (PI) controlled
series elastic hydraulic actuator (SEHA) and a MB-controlled
hydraulic actuator. The performance of a torque and position
controller will be viewed for both systems.

In section II, the physical system will be explained and
a mathematical model will be presented. The model-based
controller will be designed in section III. Section IV presents
the simulated results of model-based controller compared
with the results of the PI controller, which uses the torque
measurement. The results will be discussed in section V.

II. MODELING OF THE SETUP

A. The hydraulic actuator

The simulations and the MB controller require a detailed
model of the test setup of the hydraulic actuator. The setup
consists of a hydraulic pump with accumulator that delivers
fluid under constant pressure to the control valve. The control
valve can regulate the fluid flow to the flexible tubes that
connect the valve with the hydraulic actuator. A simplified
scheme is depicted in Fig. 1.

The control valve has a built-in controller with a bandwidth
of 300Hz. Due to the relatively high bandwidth, the input
signal u can be roughly proportional to the valve position
z, = Kyzu with gain K.

The fluid flow through the proportional control valve is
dependent on the supply pressure Pg, the tank pressure Pr,
the pressure at port A P4 and port B Pp and the valve’s flow
resistance function K, ;(z,)

QA:K’l)71(x’U)VPS_PA_K’U72(m’l))\/PA_PT) (1)
QB = Ky 3(xy)vVPs — Pr — Ky 4(zy)v/Ps — Pg.  (2)
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Fig. 1. Scheme of the hydraulic actuator setup which consists of the cylinder
(1), the vane (2), the flexible tubes (3), the control valve (4), the pump (5)
and the tank (6). The pump delivers oil from the tank at tank pressure Pr to
the control valve at the supply pressure Pg. Regulating the control valve with
input signal u results in the flows Q4 and @ p which affects the pressures
P4 and Pp in the actuator chambers with volume V4 and Vg. Due to the
pressure difference between the two chambers and the small opening between
the cylinder wall and the vane, a leakage flow Q)7 will occur as well as an
actuator torque Tqct, displacement gqct, velocity Gqer and acceleration Gget

The valve’s flow resistance functions K, ;(z,) are depen-
dent on the valve position z,. When the spool clearance
is neglected, the valve resistance functions K, ;(x,) can be
written as [17]

Kc(mv + d1)7 Ty Z _dla
K’U,l(m'u) = 07 To < *dl, (3)
Kc(dQ - x’u)7 Ty < d27
K’U,Q(m'u) = 07 Ty > dg, (4)
Kc(mv + d3)7 Ty Z _d?n
K/U73(mv) - 07 Ty < *dS) (5)
Kc(d4 - x’u)7 Ty < d47
K’U74(m'u) = O7 Ta > d47 (6)

with underlap dimensions d; (opening at x,
constant K. written as

2
K. = th\/j
p

with height of the port opening h, discharge coefficient Cy
[20] and fluid density p.

The time derivatives of the pressure in the chambers are

= Om) and with
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found to be

PA o ﬁeff .
‘/T(S + Qact) + Vrube
(Qa — V3¢ — Kp(Pa — Pp)), (8)
: Begs
P, = .
B V;“(S - Qact) + VTube
(-QB+ V¢ + Kr(Pa— Pg)), (9

where the total flow consists of the flow due to a valve opening
x,, flow due to a vane velocity V,.¢ with actuator volume per
radian V,. and vane velocity ¢ and flow due to leaking of seals
K (Pa — Pp) with leakage resistance K and the pressure
difference in the actuator (P4 — Pp). The rate of change of
(8) and (9) is dependent on the effective bulk modulus Sy,
which takes both the fluid and tube stiffness into account,
the total volume of the trapped fluid V,.(S — quct) + Virubes
which is a function of the angular position of the actuator g
and constants actuator fluid volume per radian V., half of the
maximum stroke S and fluid volume in the tube Vi pe.

The tubes connecting the proportional valve with the ac-
tuator are modeled using a lumped approach, see [21] for
more information. The fluid dynamics and time delay are
incorporated into the model.

B. The mechanical system

The mechanical system consists of two inertias of the
actuator and the load that are connected using a torsion spring.
The actuation torque is generated by the pressure difference in
the actuator and both inertias are subjected to friction torques.
A schematic overview is depicted in Fig. 2.

Fig. 2. A schematic overview of the mechanical system where the actuator
torque Tt is generated by the pressure difference in the actuator, the actuator
and the load have inertia Juct and Jj,qq and an angular rotation of qqc¢ and
Qload- Tespectively. Both the actuator and the load are subjected to friction
torques T'f q4ct and Tt joqq modeled using a Stribeck friction model [22]-
[24]. In the series elastic case, a torsion spring with stiffness k transfers the
torques from the actuator to the load. When a model-based controller is used,
the connection between the actuator and the load is rigid or & = co Nm/rad.

The equation of motion as a function of the angular dis-
placement of the actuator g,.; and the angular displacement
of the load ¢;,qq can be written as

Tact - 7jinertia,act - Tf,act - Tspring = 07 (10)
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where
Tact = Vr'(PA_PB); (11)
Tspring - Jact qact ’ ( 12)
_ ldactl
Tf,act = (Tc,act + (Ts,act - Tc,act)e as ) :
Sign((jact) + fvéact; (13)
Tspring - k(qact - qload)- (14)

The friction torque consists of a Coulomb sliding friction
torque 7., a maximum static friction torque 7%, and a viscous
friction torque dependent on the angular velocity ¢ and the
viscous friction factor f,. The transition from static to viscous
friction is dependent on the sliding speed coefficient ¢s. The
numerical values are determined experimentally [17].

The equation of motion for the load can also be written
down in the same manner as in (10)

Tspring - Tinertia,load - Tf,load = 07 (15)

with the spring torque Tpring as the driving torque. Note
that when the model-based controller is implemented, the
torsion spring will be replaced by a rigid connection (or
krigia >> FKspring) resulting in summed inertias, summed
friction torques, and no spring deflection or spring torque.

III. CONTROL

The first method of control, which is most often used,
consists of a PI controller controlling the series elastic (i.e.
torsion) hydraulic actuator (SEHA). The deflection of the
torsion spring is used as a measure of torque and is used
as control signal for the PI controller. The second method of
control is a model-based (MB) controller, which can regulate
the pressure difference in the actuator (e.g. torque) and can
linearize the system for classical PI position control. Note that
the second control method uses a rigid connection between
actuator and load.

The controlled actuator should a be able to track a sinu-
soidal function with an amplitude of 50Nm of torque up
to a frequency of SHz. This is needed for weight support
of exoskeleton and arm. For identification purposes, a step
function with an amplitude of 50 mrad of angular displacement
should have a response with a rise time of 20 ms or less. The
delivered torque resolution should be below 1Nm, and the
measured torque resolution below 0.1 Nm.

A. Torque control

For the first method the SEHA has a torsion spring with
known stiffness and an encoder measuring the spring deflec-
tion. The measured torque can be written as

Tsp'r‘ing = k(Qact - Qload) (16)

where ¢,.+ and ¢joqq are the rotation of the actuator and the
load, respectively and k is the torsion spring stiffness. A block
diagram is shown in figure 3. A PI controller is implemented
for torque tracking.



v |
T 7 AP
X PI u P, s T P, Gact
v P

Fig. 3. Torque controller using the spring deflection with P, and Py, as the
hydraulic and mechanical plant, respectively. Note that the load is fixed such
that q;oqq = Orad during torque tracking making the controller effectively
a position controller with a gain (i.e. the spring stiffness k) in its feedback
loop as shown in figure

For the MB controller, (8) and (9) will be used to determine
the time derivative of the pressure difference

Voa
Bers G (Qa +Qp — 2V — 2RLAP), (1)

where the total volume V. is the total volume of the actuator
(i.e. the volume of the two chambers and both tubes) and the
chamber volumes V4 and Vz are the volumes of chamber A
and B, respectively.

Combining flow equations (1) and (2) with (17) results in a
calculable valve displacement x,, as a function of the pressure
difference AP

4 —1
Kuw Y Ky iy (kT))

i=1

4
ZK (2o (KT)(—1)d;

Ty (KT + 1) =

VaVa

1 )
+— <7AP +2Veg + 2RLAP>] . (18)
BeffVrotal
with k the current sample and 7" the sample period. The
drawback of (18) is th’flt it contains the time derivative of the
pressure difference AP.

AP AP

PI J

Fig. 4. Block diagram that can be used for estimation of the time derivative
of the pressure difference AP, which is dependent on the reference pressure
difference AP, and the measured pressure difference AP. The system is
tunable using the PI controller.

From Fig. 4, the time derivative of the pressure difference
can be replaced by designing the PI controller and setting a
preferred pressure difference. The reference pressure differ-
ence AP, can now be tracked by tuning the gains of the
PI controller, respectively the proportional gain K, and the
integrating gain ;. This results in a control algorithm that
determines the input to the control valve as
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Kc <BeffVTotal ( F IS)( )

+2Vidact + 2RLAP)] (19)

which can be graphically represented as in figure 5
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Fig. 5. A block diagram of the model based, torque-controlled system with
Py, as the hydraulic plant and P as the estimate inverse of the plant or
model-based controller. Note that the load is fixed and the actuator and load
are rigidly connected.

B. Position control

For the first method, a PI position controller is designed
for the nonlinear SEHA. The system is described using the
equations of motion (10) and (15). A block diagram of the
complete controlled system is shown in Fig. 6.
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Fig. 6. The nonlinear series elastic hydraulic actuator controlled with a PI
controller.
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For the second control method, the MB controller is used
to linearize the system so that a PI controller can be designed.
A block diagram of the complete controlled system is shown
in Fig. 7.
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Fig. 7. Linearized system controlled with a PI controller.

IV. SIMULATION RESULTS

The torque and position controllers are simulated using the
nonlinear hydraulic model in Matlab’s Simulink. The response
to a linear chirp signal (sine wave whose frequency varies
linearly with time) is used as a tracking measure for the torque
controllers and a step response is used to measure the rise



time of the position-controlled system. Several reference signal
amplitudes are used to determine linearity (e.g. consistency of
performance). All controllers are designed using the highest
input amplitude.

A. Torque Control

The rotational degree of freedom of the load is fixed (i.e.
Qload = Orad) in order for the spring to be able to deflect
and for the pressure to build up. For the pressure difference
controller this means that also the rotational degree of freedom
of the actuator is fixed (i.e. g4t = Orad). The results from the
simulations are shown in Fig. 8.

— & — al 5 Ak N
= = = Reference
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Fig. 8. Torque responses to a linear chirp signal (sine wave whose frequency
varies linearly with time). The frequency of the sinusoidal starts at 1 Hz and
ends at 10 Hz. Three torque amplitudes of 5, 15 and 50 Nm are used.

The simulation results show that the response of the MB-
controlled system is not affected by the different input ampli-
tudes, which is the case for the SEHA PI-controlled system.
The latter is due to the systems dynamics, the limited supply
pressure, and the nonlinear friction torques. Note that the
torque generated by the MB-controlled system is not equal
to the applied torque due to actuator friction effects as is the
case with the PI-controlled system.

B. Position Control

The first method again uses the PI controller, which is
redesigned to control the load angle gangie. The second method
uses the MB controller to linearize the system such that a PI
controller can be designed for controlling the load angle q;pq4-
The simulation results are shown in figure 9.

As can be seen from the simulation results, both systems act
nonlinear mostly due to the relative high static friction torques
caused by the tight seals, but also due to the fact that at larger
rotations, the supply pressure is limiting performance. The
SEHA PI-controlled system also shows oscillatory behavior
due to the low spring stiffness of the elastic element.
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Fig. 9. The step responses PI-controlled SEHA have a rise time (mean +
standard deviation) of 163 4+ 117 ms and an overshoot relative to the input
signal of 1.1940.17. The step responses of the MB-controlled hydraulic
actuator have a rise time (mean = standard deviation) of 81+ 13 ms and
an overshoot relative to the input signal of 1.11 £ 0.10.

V. DISCUSSION

This article has presented a model of a rotational hy-
draulic actuator including its proportional valve, tubes, and
mechanical dynamic system. The model is first controlled
using a conventional proportional integrating (PI) controller in
combination with a series elastic hydraulic actuator (SEHA).
The elastic element is used for torque measurement. A second
model-based (MB) controller is also designed and the perfor-
mance of both controllers is compared.

The PI-controlled SEHA only has good torque tracking
performance at low amplitudes. The performance decreases
when higher amplitudes are desired due to friction and hy-
draulic effects. The MB torque controller shows good torque
tracking performance at all amplitudes, which is sufficient for a
diagnostic robot. Due to friction effects, the torques generated
by the actuator are not equal to the applied torque.

For the position-controlled systems, performance of both
controllers is affected by the friction effects causing static
errors and a sawtooth-like movement. Both controlled systems
also suffer from saturation as the supply pressure is limited.
Only the PI-controlled SEHA also shows oscillatory behavior
due to the low spring stiffness.

The SEHA Pl-controlled system does not seem to meet
the requirements according to the simulation results. The MB
controller seems promising, especially when higher torques or
position steps are demanded. Performance of the MB position
controller may be increased by altering the seals in the actuator
thus reducing friction and increasing leakage flows or by
compensating for friction by using a friction observer [23].
The rise time of the angular step response can be decreased
by decreasing the length of the tubes (time delay of 8 ms) and
increasing the supply pressure.

Experiments are now being performed for validation of the



model and reduction of friction effects. After that, the MB
controller will be implemented.

NOMENCLATURE
Cy Discharge coefficient [-]
d; Valve underlap dimensions [m]
fo Friction factor [Nm-s]
h Height of the valve port opening [m]
J Inertia [kg-m?]
Ky Flow functions [m3/s/(V'N/m?)]
Kuz Relation input voltage to valve position  [m/V]
k Rotational spring stiffness [Nm/rad]
Q Fluid flow [m?]
q Angular position [rad]
q Angular velocity [rad/s]
P Pressure [N/m?]
R Resistance [m®/Ns]
Vr Volume per radian [m3/rad]
u Input to proportional control valve [V]
T Translational position [m]
Beyy  Effective bulk modulus [N/m?]
P Fluid density [kg/m?]
INDICES

A as an index indicates actuator chamber A
B as an index indicates actuator chamber B
act as index indicates actuator
load  as an index indicates load
S as an index indicates supply
T as an index indicates tank
v as an index indicates valve
L as an index indicates leakage
% as an index indicates underlap opening number
P as an index indicates proportional control parameter
I as an index indicates integrating control parameter
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