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Abstract

The use of hydraulic systems in industrial applications has become widespread due to their advantages in efficiency.
In recent years, hybrid actuation systems, which combine electric and hydraulic technelogy into a compact unit, have
been adapted to a wide variety of force, speed and torque requirements. A hybrid actuation system resolves energy
consumption and noise problems chagacteristic of conventional hydraulic systems. A new, low-cost hybrid actuator
using a DC motor is considered to be a novel linear actuator with various applications such as robotics, automation,
plastic injection-molding, and metal forming technology. However, this efficiency gain is often accompanied by a deg-
radation of system stability and control problems. In this paper, to satisfy robust performance requirements, tracking
performance specifications, and disturbance attenuation requirements, the désign of a robust force controller for a new
hybrid actuator using Quantitative Feedback Theory (QFT) is presented. A family of plant models is obtained from
measuring frequency responses of the system in the presence of significant uncertainty. Experimental results show that
the hybrid actuator can achieve highly robust force tracking even when environmental stiffness set-point force varies.
In addition, it is understood that the new system reduces energy use, even though its response is similar to that of a

valve-controlled system.

Keywords: Quantitative feedback Theory (QFT); Robust control; Nonlinear systems; Force control; Hybrid actuator; Hydraulic.

1. Introduction

Hydraulic systems play an important role in indus-
trial mechanics, Hydraulic technology has been de-
veloped rapidly to ephance performance parameters
such as accurate speed control, high power-weight
ratios, physical size, controllability, reliability, cost,
and so on. Recently, energy consumption and goise
level have become important factors in evaluating the
performance of hydraulic equipment. Most previous
hydraulic actuators, however, were controlled com-
pletely by a valve; a large mount of energy is lost fo
heat in this process due to throttle losses at the control
valves. These models are difficult to use i mobile
machines because of the complication of components.
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To overcome these limitations of a conventional sys-
tem and to satisfy new requirements, a new kind of
hydraulic actuator called a hybrid actuator is proposed.

The hybrid actuator is known as a powershift sys-
tem, which shifts from the high-speed electric to high-
force hydraulic, creating a sleeker, cleaner and more
energy-efficient way fo produce large amounts of
force. These energy saving features of the hybrid
actuator were proven clearly by Rahmfeld and his
colleague [1]. The authors developed a precise mathe-
matical model describing energy losses in a hybrid
actuator including servo pump losses, cylinder losses,
and pressure losses in hydraulic lines. In addition, the
paper included a comparison between the uses of a
conventional hydraulic actuator and a hybrid actuator
in the load-sensing system. Because of its advantages,
a hybrid actuator has a wide range of applications,
such as in plastic injection-molding, metal forming
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metal forming technology, and aeronautics {2]. It is
also highly suitable for end-effector joints, especially
in robotics technology, where force or pressure con-
trol is necessary. Hence, a method for achieving force
conirol with a new, low cost hybrid actuator is pre-
sented in this paper. With features peculiar to hydrau-
fics, & hybrid actustor is considered to be a novel lin-
ear actuator that has many applications, due to its
light weight, small size, and lack of piping, becanse
the electronic motor (DC motor) and hydraulic com-
ponents (pump, valve and cylinder) are unified. De-
spite its simple design, control of hybrid actuator is
very complex, due to its nonlinearity, oscillatory mo-
tion, time-dependent properties, and difficulties of
analytical modeling. Apart from the nonlinearities,
large uncertainties exist in hydraulic systems because
of the instability of some hydraulic parameters such
as bulk modulus, the compressibility of oil, and
changes in the environmental stiffness [3].

In the literature, to overcome these difficulties, sev-
eral force conirol strategies have been proposed for
conventional hydrauvlic systems. Alleyne et al [4]
showed that a conventional PID controller does not
yield reasonable performance over a wide range of
operating conditions. Chen et al. [5] designed a vari-
able-structure force controller for a single-rod hydrav-
lic cylinder. Using position, velocity, acceleration,
force, and pressure feedback signals, the variable-
structure controller proved to be éapable of handling
both static and dynamic force control tasks. The con-
troller, however, showed steady state errors for step
inputs, and the control signal was discontinuous. Wu
et al. [6] implemented a generalized predictive force
control algorithm for a hydraulic actuator. The con-
troller was experimentally evaluated with respect to
various types of environmental stiffness. The method,
however, relies heavily on on-line parameter estima-
tion and consequently demands a large computational
time. Conrad and Jensen {7] used combinations of
velocity feed-forward, output feedback, and a Luen-
berger observer with state estimate feedback for force
control of a doublerod hydraulic actuator. However,
load variations were pot considered in their study.
Despite the existence of a great number of force con-
trol concepts, methods, and algerithms applied o
conventional hydraulic actuators, the hybrid actuator
is a new concept and there is liftle research on its
force control. As results, Grabbel [8] presented two
different control strategies for controlling the position
and velocity of a hybrid actuator, and succeeded in
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overcoming the low damping ratio problem, but the
strategies performed poorly when loads varied. To
illustrate the tradeoffs of hydraulic servo systems and
hybrid systems, Andersson and his colleagues [9-11]
used a multi-objective genetic algorithm to optimize
these systems and elucidate the advantages of differ-
ent concepts based on optimization results and sensi-
tive analysis.

The objective of this paper is to present the design
of a robust force controller for the new hybrid actua-
tor using Quantitative Feedback Theory (QFT) tech-
nigue. The controller is designed to satisfy robust
performance requirements, tracking performance
specifications, and disturbance attenuvation require-
ments. The QFT technique has been successfully
applied to solve many engineering problems, includ-
g robot position conirol {12], flight control actuators
{13] and manufacturing systems [14]. In controlling
conventional hydraulic actuators, Niksefat et al. [15]
succeeded in using a nonlinear QFT technique to
design a robust force controller, which can overcome
many of nonlinear and uncertain characteristics of
experimental industrial hydraulic actuators. The
nonlinear plant is equivalently replaced by a family of
linear, time-invariant transfer functions synthesized
using offline measurement of inputs and outputs over
a wide range of operating conditions. To improve the
performance of a variable-displacement hydraulic
vane pump, Thompson et al. {16] developed and op-
timized a robust controller via the QFT technique.
The simulation results showed that the closed-loop
systerm response remained stable under variation of
fluid bulk modulus and linkage area parameters. This
paper proposes a new application of the QFT tech-
nique to a hybrid actuator design. In this approach, a
family of linear time-invariant transfer functions for a
hybrid actuator is obtained from experimental fre-
quency responses of the system in the presence of
significant uncertainty. From the various stiffness and
set-point forces, experimental results show that the
new hybrid actuator could achieve highly robust force
tracking.

The rest of this paper is organized as follows: In
section 2, the model of the new energy-saving and low
noise hybrid actuator used in this study is described.
Section 3 is a comparison of the proposed system with
a conventional hydraulic system. In section 4, the pro-
cedure of designing a robust force controller is de-
scribed, and section 5 shows the experimental results.
Finally, some conclusions are made in section 6.
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2. Experimential setup

2.1 Experimental apparatus

The schematic diagram of the new hybrid actuator
is shown in Fig. 1. To generate a flow demand, the
speed of a DC motor is controlled by the pulse width
modulation (PWM) principle through a driver circuit
using IGBTs (SGHSONGOUF). The system hardware
consists of an IBM-compatible personal computer
(Pentium 1GHz), which is used to get the feedback
signal through an A/D board (Advantech, PCI 1711)
and caiculates PWM to control input signals. The
contact force is measured by a load cell (SETech, YC
60-500K). Springs with various stiffnesses (from 30
to 75 KIN/m) are used to simulate the contact envi-
ronments. A photograph of the experimental appara-
tus is shown in Fig. 2.
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Fig. 2. Photograph of the experimental apparatus.

2.2 Characteristics of MMP

In the field of fluid power control, the driving con-
cept using a hydraulic pump with variable rotational
speed to control flow is a new approach. In the opera-
tion of the hybrid system, the bidirectional rotational
purp is driven by the electric motor so that the pump
can supply pressured oil in the bi-direction. The pump
sucks in oil by supplying oil from the cylinder return
line and using the self-support valve to compensate
for the excessive and deficient quantity of oil in the
area difference of the cylinder. Because the hybrid
system operates in the rotational angle and speed to
satisty the machine requirements such as pressure and
flow rate, it provides energy savings and ensures
lower noise generation than conventional systems. In
previous research, Ahn et al. [17] studied a force con-
trol technique for the hybrid actuator where the pump
is driven by 'an AC servo motor. The experimental
results show that, although good responses were ob-
tained even if the environment stiffness changed by
for 500 {%], that system is expensive due to its use of
an AC servo motor as a power supply umt. In this
study, replacing the AC servo motor with a DC motor
in a hybrid system reduced the price of the hybrid
actuator, even though the responses of the two sys-
tems are similar. The specification of this actuator is
shown in Table 1.

3. Comparison of energy consumption
between proposed system and conventional
hydraulic system

In this section, some simulations were done to
compare the energy consumuption between the pro-
posed system and the conventional hydraulic system.
Two hydraulic circuits representing for two methods
were built in AMESim software. The schematic dia-
grams of both systems are shown in Fig. 3 and Fig. 4.
In these simuiations, the requirement for the systems

Table L. Hybrid actuator specification.

H Rated output 250w
2 Rated voltage DC24

3 Rated flow 0.9L/min
4 Rated pressure 6.4MPa
5 Setting pressure of relief valve 7.4MPa
6 Max retaining pressure 13.7MPa
7 Cylinder rod 20mm -
8 Cylinder stroke 300mm
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Fig. 3. Schematic diagram of a conventional hydraulic system.

Table 2. Setting parameters for AMESim modelis.

New Hybrid Actuator

B}

Fig, 4. Schematic diagram of the new hybrid actuator.

Parameters Vahe Meaning
M(kg) _ 10 Load
k KN/m) 0 Environment stiffhess
Model Sensor gain {1/N) 10 Force sensor signal
parameters
Cylinder para. {m) 0.04x0.02x0.3 Piston diameter x Rod diameter x Length of stroke
Relief Pressure (bar) 150 Relief valve cracking pressure
kP 0.405 & 1.000
Controlle Kl 0.003 & 0.003 For new hybrid actuator & conventional hydraulic system
parameters
kD 0.0125 & 0.005
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Fig. 5. Force response of hydraulics systems with PID con-
troller.

is force control and all initial conditions are the same
as shown in Table 2. Signal from force sensor con-
nected to a Joad M and a spring is the feedback signal.

The first stmulation is about step response. The re-
sults are shown in Fig. 5. In both hydraulic systems,
PID coefficients were turned to get the best force
control performance. Consequently, these values were
remained for all simulations.

To prove the effectiveness of the new hybrid actua-
tor, the simulations with the input references as step
signal, sine wave and saw wave were also done. Fig-
ures from 6 to 8 are the results.

From all simulations, the epergy consumptions
were calculated to check the energy saving in each
case by using the following equation:

E

Energysaving(%) = —Z::—Cglé:——’ﬂx 100% 1

cgnv

and Z_,are energy consumption of the

where £
conventional hydraulic system and the new hybrid
actuator taken from the stmulation outputs.

By applying Eq. |, the energy saving for the three
cases in which reference force inputs are step signal,
the sine wave and saw wave are 60.71%; 55.72% and
43.01%, respectively.

From all simulation results, when comparing with
the conventional hydraulic system, the energy saving
features of the new hybrid actuator are clearly proved.
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Fig. 6. Step signal and responses of hydraulic systems.
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Fig. 7. Sine wave and responses of hydraulic systems.
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Fig. 8. Saw wave and responses of hydraulic systems.

4. Robust controller design

Quantitative feedback theory (QFT) is a unified
theory that emphasizes the use of feedback for
achieving desired system performance tolerances
despite structured plant uncertainty and plant distur-
bances [18], The concept was introduced by Horowitz

Conwoller
Gis)

R { PrerFiter | %

[2ON; T

Fig. 9. Structure of the QFT control algorithm,

Nonlinear plant

Hs)

in the early 19603 and later refined by him and others
into a controller design technique {19]. QFT is con-
sidered to be a practical engineering method for the
robust controller design of continuous time feedback
systems and is based on frequency-domain design
raethodologies. In QFT, one of the main objectives is
to design a simple low-bandwidth controller that
avoids problems with noise amplification, resonance
frequency, and un-modeled high frequency dynamics.
Fig. 9 shows the structure of a 2-DOF QFT control
system in which P(s) is the transfer function of the

nonlinear plants (which contain parameter uncertain-
ties), G{s) is the cascade compensator, and F{s)

is an input filter transfer function. The output y{r) is
required to track the cornmand input r(z‘) and reject
disturbances. The conteoller G{s) is to be designed
so that the variation of y{r) resulting from nonlinear

plant uncertainties is within allowable tolerances and
that the effects of the disturbances of y(r) are ac-

ceptably small. Also, the filter F(s) must also be

designed to achieve the desired tracking close-loop
control ratio. The procedure of designing a QFT ro-
bust force controlier for a hybrid actuator is described
bellow.

4.1 Model identification

For the purpose of coptroller design, the dertvation
of linear time-invariant equivalent models is neces-
sary. The first step in designing a robust QFT control-
ler is thus to derive a family of uncertainties of the
plant transfer function. An equivalent family of plants
can be derived analytically, numerically from a plant
model or directly from plant experimental input-
output data [15]. In this study, a family of linear time
invariant transfer functions for a hybrid actuator is
obtained from experimental frequency responses of
the system in the presence of significant uncertainty.
Experimental frequency responses to a pseudo-
random binary signal (PRBS) are carried out. A
PRBS is randomly ordered a maximum length se-
quence (m sequence) of logic ones and zeros, emanat-
ing from a specially configured m-stage linear feed-
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back shift register, which repeats afier a characteristic
length L = 2" ~1. PRBS is deployed in the identifica-
tion process with register length 8, and the bit magni-
tude is set to:50 [%)], which corresponds to the duty
cycle PWM command imput. In the identification
process, springs with various stiffnesses (30, 50 and
75 kN/m), represented for stiff environment were
used. In each experiment, a PWM control signal gen-
erated by the PRBS was applied and the contact
forces were measured at the same time. To identify 2
family of uncertainties of the plant transfer function,
the estimation of simple process models in MATLAB
[20] was used where the sampling time is 0.01s; no
zeros and two real poles are set to be the system
model. One sample experimental result is shown in
Fig. 10. The result corresponds to the case in which
the environment stiffness is 50 kN/m. As shown in
the upper part of Fig. 10, the simwulation and experi-
ment result closely agree. The frequency responses of
the plant are shown in Fig. 11. A hybrid actuator in
contact with different environment stiffness can be
presented by a family of second-order transfer func-
tions of the following form:

300 e - [P —— i o
Fr I

[P O o
wol A

0, : e Py

o

wo! N/

PV Dty cyde (4]

5
Toma 1}

{b) PRBS Input Signal

Fig. 10. 1dentification of the system model using PRBS.

Magmitude {d8)

20 o . i
10" 10° 10" 10’

Frequenty {rad/eec)

Fig. 11. Frequency responses of the hybrid actuator.
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4.2 QFT controller synthesis

The objective of this section is to design a robust
force controller for a hybrid actuator that is repre-
sented by the uncertainty transfer fimction (2). When
tracking the performance requirement of system that
uses QFT, it is necessary to synthesize the desired or
model control ratio using the system performance’s
specifications in the time domain. In this system, the
design specifications are set as follows to satisfy the
control requirements:

@ Settling time = 1.5 [s].

®  Maximum percentage of overshoot <10[%]

The envelope of the acceptable outputs can be ex-
pressed strictly in Laplace form as follows:

1) <|r () < |7 (2w)] Vweld, ) ()
F(s)6(s) P(s)

Where T(s)= 1+G(s)P(s)

&)

The time responses y,(t) and y(r) in Fig, 12

represent the upper and lower bounds, respectively.
For a satisfactory design, an acceptable response
() must lie between these bounds. Fig.s 13 and 14

are the frequency plots of these bounds. The modet-
ing of a desired transmittance T (s) is discussed in

detail by Horowitz [19]. After using an iteration proc-
ess to find acceptable models for 7,(s) and 7(s),

we have
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Fig, 12. The desired performance of the system.
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In addition, the closed-loop robust stability of the
closed-loop system must be checked. By the Nyquist
criterion, closed-loop stability is retained as long as
the loop gain does not cross the point -1 under uncer-
tainty. In the QFT approach, robust stabifity is pre-
sented by a forbidden region about the origin which is
enclosed by an M-/ocus in the Nichols chart. Hence, a
gain margin for the closed-loop system of about 3 dB
is given by

L(ju)

et S Af =2 4
1+ L{jw)

Yw €{0,00) 6)

Where L{s), the closed-loop transfer function, is
defined as L(s)= P, (s)G(s)

=L,

Phase {deg)

Fig. 15. QFT bounds and shaping of L, ( jw) on the Nichols
chart.

For disturbance rejection at plant output, the sensi-
tive reduction problem has to be solved. Therefore, an
upper tolerance is imposed on the sensitive function.
Here, a constant upper bouad (to limit the disturbance
amplification) is used:

1

<M, (w)=12 VwED,
o) <Mt

IS { jw)‘m =

oK

N

Eqs. (3), (6) and (7) impose constraints on nominal
L,(s)| (where L,(s)=PF,(s)G(s) and

e

loop gain

F,(s) denotes the nominal plant transfer function).

These constraints are used to determine the tracking
performance, robustness, and the output disturbance
rejection boundaries on the Nichol chart at each criti-
cal frequency {w = {0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50,
100} rad/s). A feedback design satisfies these bounds
if for each critical frequency the corresponding value
of the loop gain is on or above the performance
boundary and the output disturbance boundary and to
the right or on the boundary of the robustness forbid-
den region. The generated QFT bounds and the final
loop shaping of hybrid actuator are shown in Fig. 15.
The QFT robust controller of least complexity and
without overdesign is obtained by trial and error as
follows:

2
0.1367[ > +2'3765+1){—S-+1]

95481 3.00 59
i 5 S
+1 1
8{132.6 ){42.38 * ]

The final step in QFT design process is the selec-
tion of the pre-filter F/{s) . Design of a proper function

G(s)= ®
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L,(s) guarantees only that the variation in iT ( jw)}
is less than or equal to its constraint (3). Therefore,
the purpose of the pre-filter is to position inT(jw)

within the frequency domain specifications. The pre-
filter was found to be:

0.76635 +1

Fls)= 9
) =somrrosmr syt O

The effect of the pre-filter is illustrated by compar-
ing closed-loop frequency response both with and
without a pre-filter. From Fig.s 13 and 14, it is clear
that all tracking specifications are satisfied in fre-
quency domain.

5. Experimental results

In this section, experiments were conducted to
show the effectiveness of the designed robust control-
ler. To investigate the tracking performance and ro-
bustness of the QFT controller, the contact environ-
ment was changed from a low stiffness (30 kN/m) to
a high one (75 kN/m). First, a conveational PID con-
troller was applied; Figs. 16 and 17 give the force
response results with different environments stiffness
(30 and 75 kN/m, respectively), where the control
gains are fixed as the maximum and minimum envi-
ronment stiffness, respectively. In addition, the re-
sponse to various set-point forces is shown in Fig. 18,
These results show that the system responses become
more oscillatory and exhibit more overshoot at lower
environmental stiffnesses. Moreover, the responses
become slower and less stable if the set-point force 1s
changed. Hence, the robust force controller described
by transfer function (8) is implemented to overcome
these control problems. The robust experimental re-
sults (for an environmental stiffness of 75 kN/m) are
shown in Fig. 19. A comparison of system responses
using a conventional PID controller and a QFT robust
controller is given in Fig. 20 (using a stiffness of 30
kN/m). The tracking ladder signal force set-point is
nvestigated to compare the results for different set-
point forces (Fig. 21, 22 and 23). The experiruental
results clearly show that a good force regulation is
realized in the case of using a QFT technique to de-
sign a robust force controller. Moreover, the designed
controller is capable of handling the variations in

environmental stiffness, the steady state errors are
small (about 1%), and the system can be adapted with
various set-point forces.
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Fig. 16. Force response of hybrid actuator with conventional
PID controller (Kp = 0.06; K, = 0.008; Kp = 0.0005, turned
for 75 KN/m).
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Fig. 17. Force response of hybrid actuator with conventional
PID controller (Kp = 0.078; K, = 0.012; Kp = 0.0003, turned
for 30 kN/m).
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Fig. 18. Force response of hybrid actuator with conventional
PID controller (Kp = 0.06; K; = 0.008; Ky = 0.0005, turned
for 500 N reference force).
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Fig. 19. Force response with QFT controller when the stiff-
ness is 75 kN/m.
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Fig. 20. Comparison of system responses in conventional PID
controller and QFT robust controller when the stiffhess is 30
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Fig. 21. Force response to ladder signal force set-point when
the stiffness is 75 kKN/m.
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Fig, 22. Force response to ladder signal force set-point when
the stiffness is 50 IN/m.

580

Force [N}

100 - - - - - Reference
50 ~—e Force Responss [N}
0 X 1 1. 1. i 1 1
0 2 4 8 8 10 2 14
Time [s]

Fig. 23. Force response to ladder signal force set-point when
the stiffness is 30 kKN/m.

6. Conclusions

This paper presents a systematic approach to the
design and experimental evaluation of a robust force
control of a new energy-saving hybrid actuastor by
using the QFT design technique. A family of plant
models for a hybrid actuator is obtained experimen-
tally from the frequency responses by using PRBS as
control signal in the presence of significant uncer-
tainty. Several experiments were performed under
variation of up to 250% in environmental stiffness
(from 30 kN/m to 75 kN/m). The experimental resuits
demonstrated convincingly that the robust force con-
troller designed by QFT methodology can satisfy the
robust performance requirements, tracking perform-
ance specifications, and disturbance attenuation re-
quirements.

The second contribution of this paper is the infro-
duction of a new low-cost hybrid actuator using DC
motor as a power supply unit. Moreover, the control
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methodology presented here can be applied to auto-
mation, such as the end-effector of a robot system,
plastic injection-molding, metal forming technology
and hydraulic excavator machines.
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