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Abstract: By analysing the structure and working principle of hybrid actuation system (HAS) which consists of a servo-hydraulic actuator
(SHA) and an electro-hydrostatic actuator (EHA), the overall mathematical model with dissimilar redundancy conforms is established,
which considers various influencing factors, such as air load and attachment stiffness. Furthermore, the mechanism of dynamic force fighting
is expounded. In addition, a new control strategy which uses the trajectory generator and weight coefficient theory is proposed to restrain the
force fighting. The modelling and simulation analysis between the new control strategy and a conventional proportional-integral-derivative
control strategy is carried out as well. Based on the above researches, quantitative analysis is carried out on the procedure of operating mode
switching, which is from active/active mode to active/passive mode. The results indicate that the position/velocity trade-off control strategy has
a good control performance, and effectively restrains the static force fighting as well as dynamic force fighting. Besides that, it can also shorten
the system response time. The HAS can still meet the actuating requirements after the operating mode switches to active/passive mode. The

actuator in passive state generates a certain static error by the reason of tracking the position of the control surface.

1 Introduction

As a transitional form of all electric aircraft, all fields of more elec-
tric aircraft (MEA) theories have developed by leaps and bounds.
On the concept of MEA, the conventional hydraulic components
are being progressively replaced by electrically powered ones. In
this way, the MEA can save at least one set of central hydraulic
power by using the hybrid actuation system (HAS) which consists
of the power-by-wire actuators and hydraulic actuation system.
Thereby, the dissimilar redundant actuation has large potential to
reduce maintenance cost through the way of reducing the system
weight. Meanwhile, it also combines the advantages of flexible
cable and high reliability. Since several years ago, Airbus has pio-
neered the use of ‘2H/2E (2 sets of hydraulic/2 sets of electric)’ net-
works in various types of airplanes, like A380 and A350 [1], in
which some actuators are driven electrically. The architecture like
this has made the primary flight control system unprecedented in in-
dependence and redundancy.

Due to different working principle and physical parameters of
actuators in a HAS, the dynamic characteristics between the
power-by-wire actuators and servo-hydraulic actuator (SHA) are
quite different. When the two kinds of actuators are used to
control one surface at the same time, the force fighting between dif-
ferent channels is more obvious to affect tracking characteristic and
damage the control surface structure. To solve this problem, the do-
mestic and overseas scholars have carried out some study works.
Aiming at the force fighting in the HAS composed of SHA and
electro-mechanical actuator (EMA), Cochoy et al. [2] balances
the force deviation between two channels by adding feedforward
filtering. The mechanism of force fighting in the electro-hydrostatic
actuator (EHA)/EMA actuation system is discussed systematically
in [3-6]. Meanwhile, the corresponding control strategies are pro-
posed in these papers. In [7], the hydraulic cylinder pressure differ-
ence is used as an indicator of the actuator output force. Then,
average force is compared with the actuator actual force and
passed through integrator to give position signal for reducing
force fighting. In [8, 9], the model reference adaptive control strat-
egy and self-tuning fuzzy proportional-integral controller strategy
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are presented, respectively, for dissimilar dual redundant actuation
system which is a combination of SHA and EHA.

In the study on force fighting for HAS right now, the static force
fighting control strategies are mostly investigated. However, it is
difficult to consider the influences of the dynamic parameters
such as velocity and acceleration on the force fighting, so that the
whole system cannot achieve the best control effect. There is a
paucity of study on the operating state of the HAS based on
EHA/SHA, especially for the dynamic characteristic of switching
transience between the conventional operating modes with external
force.

Aiming at the above problems, this paper uses EHA and SHA to
establish a HAS. After discussing the structure of this HAS, this
paper proposes a new control strategy with trajectory generator
and weight coefficient theory to eliminate the force fighting. The
validity of this control strategy is verified by simulation and ana-
lysis. Finally, based on the above model, the dynamic characteristic
of the switch transience between the active/active mode and active/
passive mode (A/P mode) is analysed by the method of mathemat-
ical simulation as well. All of these provide the theoretical and prac-
tical evidence for the engineering application of HAS.

2 HAS modelling

Assuming that all actuators are in normal working conditions, then
the bypass valve, safety valve and other hydraulic components are
not considered during modelling. Meanwhile, the control surface
deflection angle is not large. It is supposed that the actuators are
rigidly connected to control surface, thereby the schematic
diagram of the HAS is shown in Fig. 1.

The dashed part in Fig. 1 is SHA with the components of servo
valve and hydraulic cylinder, in which the inputs are the servo valve
voltage Us and the external force Fs. The piston position Xg is
chosen as the output of SHA. The solid box part is EHA, composed
of motor, hydraulic pump and actuating cylinder. The inputs of
EHA are the applied voltage Ug and the external force Fg, and
the output is the piston position Xg. The flight control surface
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Fig. 1 Schematic diagram of the HAS

structure is contained in the dotted part with some certain inputs
(Xg, Xs) and outputs (X, Fg and Fg).

2.1 Mathematical model of SHA

In order to carry out a qualitative research on the dynamic charac-
teristic of SHA, the non-linearities are ignored in this communica-
tion. The basic equations of each module of the SHA system can be
obtained as follows.

(i) Voltage balance equation

dr,
Us :Lsd_ts+RsIs (1

(i) Spool dynamics equation

2
wq - 1
55+ DgAPg )

Os = §? 4 2&5wgs + w§

(iii) Hydraulic pump pressure equation

APS = Pexts - Prets + Plosts (3)

(iv) Hydraulic cylinder flow continuity equation

dXg Vi dP,
QAS — DSQS :AS S + exts exts
dr By dt @
dXy V. dP
= DO = —A4 S rets rets
Oss sils STar +—BE TE

(v) Force balance equation

d* X dXg

ASPexts _ASPrets = mSW+BSF+Fs (5)

where Rg is the armature resistance, /g is the motor current, Lg
is the armature inductance, Qs is the servo valve output flow,
wsg is the servo valve characteristic frequency, & is the servo
valve damping coefficient, Dg is the servo valve flow/pressure
gain, APs is the load pressure difference, Py is the extension
pressure, P is the retraction pressure, Py, is the pressure
loss, Oas and Qgs are the output flows of different ports of
pump, respectively, Ag is the effective area of hydraulic
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cylinder piston, mg is the mass of hydraulic cylinder rod and
Bg is the viscous resistance in hydraulic cylinder.

2.2 Mathematical model of EHA

(1) Voltage balance equation

d/,
Ug = Relp + Ly d_tE + Kp Qg (6)

(ii)) Torque balance equation

dQ dQ
(iii) Hydraulic pump pressure equation
PA:Pexte_Pcde
PB:Prete_Pcde (8)
APE = Pexte - Prete + Ploste
(iv) Hydraulic cylinder flow continuity equation
dx; Veste APey
Oar = DP‘QE =Ag d_l‘E + C/])(Pexte - rete) + Cequxte + EEted_ette
dx; Vte APy
Ope = DPQE = —Ag T;E + Clp(chtc - Prctc) + chchtc + EiEleTette
)
(v) Force balance equation
d’x, dx,
FSE:AEPexte_AEPrete:mEsz—f_BEditE—’—FE (10)

where Ry describes the armature resistance, I is the motor
current, Lg is the armature inductance, K presents the back
EMF constant, Qg is angular velocity, K, is electromagnetic
torque constant, Dp is pump displacement, APk is load pres-
sure difference, J,, is inertia of rotor and coupled shaft, B,,
is total damping between motor and coupled shaft, P, and
Py are the different ports of pump, respectively, Qg and
QOgg are the output flows of different ports of pump, respect-
ively, Pexee 18 the extension pressure, P 1s the retraction pres-
sure, P.q. is the accumulator pressure, Pjoge is the pressure
loss, A is the effective area of hydraulic cylinder piston, Cj,
and C;, are the coefficients of the internal and external
leakage, S is the effective bulk modulus, Fsg is the actuating
cylinder output force, mg is the mass of hydraulic cylinder rod
and Bg, is the viscous resistance in hydraulic cylinder.

2.3 Control surface structure

The control surface structure is modelled to represent the surface
inertia, and equal attachment stiffness and damping for the two
actuators, then the motion equations of control surface are thus

d*x, dx,
FstFe=m g+ Bg +h (11)
Fy = Kg(Xg — X7), Fg = Kg(Xg — X7)

where my is the mass of hydraulic cylinder rod, By is the viscous
resistance in hydraulic cylinder and Ky is the transmission stiffness.
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When the piston of the actuator extends out of the neutral pos-
ition, the piston deflects the control surface. Then the aecrodynamic
load increases with the increase of the deflection angle of the
control surface. Assuming that the aerodynamic load and the
piston stroke are linear, the equation of air load applied to the actu-
ator can be obtained

F .. X
F = max“*A (12)
- XA_max

where F,.x is the actuator maximum output force, X, is the actuator
displacement and X_ .« 1S the maximum stroke of actuator.

The structure of the HAS can be obtained from the formula (1)
(12) as shown in Fig. 2.

3 Control strategies for force fighting

The different types of the actuators, because of the inconsistencies
of the self-physical characteristics, are not able to output the iden-
tical position at any time even under the same position demand,
which causes the force fighting to occur. For the HAS studied in
this paper, the force fighting between SHA and EHA would be
more obvious due to the inherently different dynamic
characteristics.

3.1 Theory analysis on force fighting

The two channels are both in active state. Based on the analysis of
the dynamic force fighting for the EMA/EHA HAS in [3], the equa-
tions of the closed-loop system transfer function of each actuator
can be obtained by means of analogy.

SHA position transfer function

X = Gy(9)F

X = 13
TG0 1
EHA position transfer function
Xe — Hy(s)F,
XE — C Z(S) E (14)
Hy(s)

where 1/H;(s) and 1/G,(s) describe the position pursuit function of
actuators, G»(s)/G1(s) and H,(s)/H,(s) are the rejection functions of
actuators to external force, X¢ is the position command.

The following equations can be obtained by deduction:

Hy = G
XX
b=, - XX g (15)

Xg + Xg

The formula (15) shows the requirements to eliminate the force
fighting of HAS in an ideal condition, which can be described as
follows.

(1) The dynamic pursuit performance of each actuator should be
identical (the upper equation of formula (15)).

(i1) The dynamic characteristic of against load disturbances of the dif-
ferent actuators should be designed according to the values of
their transmission stiffness (the lower equation of formula (15)).

3.2 Position and velocity trade-off control strategy (control
strategy 1)

In order to eliminate the force fighting of HAS, the primary thing is
to ensure that two channels have the similar dynamic characteristic.
Therefore, besides the position of the actuator piston, the control
strategy should take into account the influence on force fighting
caused by expansion speed of the actuator piston. Based on the
above principle, this paper comprehensively weighs the impacts
of the position and the velocity, and converts them into a control
variable by weighting coefficient method.

3.2.1 Mathematical model of trajectory generator: In order to
convert position command into reference position and reference
velocity, a trajectory generator is constructed by using second-order
filter [3]. The schematic diagram is shown in Fig. 3, where w; is the
reference natural frequency and ¢&; is the reference damping
coefficient.

Fig. 3 is an ideal model of the trajectory generator with the
selected parameters. In order to meet the control requirements of
the HAS, the selected parameters are solved as follows:
;=60 rad/s and &;=0.707.
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Fig. 2 Structure of the HAS
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3.2.2 Mathematical model of fitness function: In order to measure
the influences of position and velocity of the actuator piston on the
entire system synthetically, the concept of fitness function index for
the force fighting control strategy is proposed.

First, to shorten the system response time and improve control ac-
curacy, (16) is used to obtain the response measurement index of
the system

Jy = rt.AX(t) dr (16)
0

Similarly, (17) is chosen as the measurement index to ensure the
dynamic characteristic of the system

J, = rt~AV(t) dt 17)
0

Subsequently, this paper uses the weight coefficient method to get
fitness function index by comprehensively considering the system
response index and dynamic performance index

Jr =1 = o)y + wpdy (18)

where w,is weight coefficient.

In this control strategy, the position and the velocity are intro-
duced to compensate the force error between different channels at
the same time, thus the whole control model is shown in Fig. 4.

3.3 Force fighting feedback strategy (control strategy 2)

This strategy is widely applied to the similar redundant actuation
system, in which the load pressure is an important indicator of
the output force on account of the reason that the rest force com-
posed of the jack friction and the inertial force is negligible in com-
parison with the actuators output force [3]. Then the pressure
difference between two channels is used to restrain the force fight-
ing. Following this theory, the force fighting, regarded as the con-
trolled parameter, is used to compensate the position of the
actuator after being filtered with proportional—integral-derivative
controller. Thereby, the schematic of force fighting feedback strat-
egy is shown in Fig. 5.
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Fig. 5 Schematic of force fighting feedback strategy
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3.4 Simulation over force fighting

In this section, simulation analysis and comparison are made
between the first strategy and the second strategy. The parameters
of the actuators are shown in Table 1.

Through simulation, various step disturbances are manually
injected at =0 s, and the simulation results are shown in Figs. 6
and 7.

As described in Fig. 6, all simulations show that all of the control
surfaces can reach the instruction position accurately. Besides that,
the static force fighting can be retrained obviously under the control
of both strategies, respectively. So, the two control strategies can
achieve satisfactory control effects on the static force fighting for
the HASs.

The control efficiency for the dynamic force fighting of the two
controllers can also be seen in Fig. 6. By using the control strategy
1, the response time of the HAS to reach the position command is
0.148 s. Similarly, it spends 0.32 s to reach the value of the instruc-
tion position under the control of strategy 2. It means that the
control strategy 1 has reduced 2.16 times response time as com-
pared to control strategy 2. This is because the control strategy 2

Table 1 Parameters of both actuators

SHA EHA
Parameter Value Parameter Value
Ls, H 0.57 Lg, H 44x107*
Rg, Q 100 Rg, Q 0.13
Xmaxs mm 50 )(maxs mm 50
Ag, m* 0.0021 Ag, m? 0.0046
ws, s”'rad 520 Mg, kg 3
& 0.38 Jp» kg 0.002
Ms, kg 2 K,,, m’kg 0.33
Bs 2 Dp, m’rad™" 8x1077
Os 0.0002 Ks 1x10’
12x10°
1 > i ‘ -
E 08 /4
=
g 0.6 o Cmd
‘@? = * Strategy 1.no-load
r_.._o_ 0.4 il Strategy 1.load
Strategy 2.no-load
0.2 4 < Strategy 2.load
{ﬁ*( 0.1 0.2 0.3 0.4 0.5 0.6 0.7

t(s)

Fig. 6 Position response to step command (X¢ =1 mm)
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Fig. 7 Force fighting to step command (X¢c=1 mm)
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only considers the positional parameter which owns a poor dynamic
characteristic concerning the force fighting compensation.
Meanwhile, it is also apparent that the processes of position re-
sponse produce some overshoot under the control of strategy
1. The overshoot in the no-load state is more obvious, which
reaches 15%.

As displayed in Fig. 7, the control strategy 1 is obviously better
than the control strategy 2 in respect of the dynamic force fighting
control efficiency. Under the control of strategy 2, the force fight-
ing of the hybrid actuation in no-load state/load state are 1686 N/
1655 N, respectively. However, they can be reduced to 998 N/
202 N, respectively, under the control of strategy 1. This is
because the velocity/position trade-off control strategy proposed
in this paper not only considers the demand for control rod dis-
placement, but also weighs the control requirement of piston vel-
ocity. Then, it can ensure the dynamic identical between two
different types of actuators, thereby reducing the dynamic force
fighting.

4 Operating model of HSA
4.1 Active/active mode

EHA and SHA adopt the position and velocity trade-off control
strategy proposed in this paper, and the structure of the system is
shown in Fig. 4. Step demand (1 mm position signal) is sent with
external force at t=0, then the simulation results are shown in
Fig. 8.

As can be seen from Fig. 8, both actuators have nearly the same
dynamic tracking ability, thereby HAS under this control strategy
has little force fighting which has been verified in Section 3.4.
Through Fig. 8, we can also get that the static position error for
each actuator cylinder has narrowed almost to vanishing point.
Therefore, when the system is stable, each actuator bears half of
the entire load, respectively. However, the displacement of the
control surface produces certain static error for the reason of
spring quality factor.
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Fig. 8 Dynamic responses in active/active mode by disturbance anticipation
for a position step input (Xc=1mm, t=0s)

a Position response

b Force response
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4.2 Active/passive mode

In this mode, one actuator is actively controlled, and the other one is
considered as the load following the motion of control surface. The
schematic diagram of A/P mode is shown in Fig. 9.

Obviously, in this mode, no force fighting occurs. Based on the
analysis in [2], the cavity of the hydraulic cylinder of the traditional
SHA can be dredged via damping bypass valve to achieve a passive
mode of operation. This working form can be applied to EHA as
well. Therefore, there are two situations when the EHA/HAS
HAS is operated in the A/P mode: one is that SHA is actively con-
trolled, and EHA passively follows. The other one is that EHA is
actively controlled, and SHA passively follows.

The simulation is carried out in the working condition in Section
4.1, and the simulation curves are available.

As can be seen from Fig. 10, due to following the movement of
the control surface, the actuator in passive state generates a certain
static error.

4.3 Operating mode switching analysis

Due to the breakdown of certain airborne equipment, the HAS
would switch from active/active mode to A/P mode. In the
active/active mode, each channel bears half of the air load.
When a fault occurs, one of the channels is switched to passive
mode, the other one is still in active mode which takes on the
entire load.

Control | +
surface |y

The actuating
cylinder module of
the actuator in
passive state

The actuator in
active state

12X 107
= Se
1 5 i = aaaan o -
F il @it eS|
=08 g
= pe
£ y:
= 0.6 ' Cmd
= § Control surface
S 0. '
204 y o EHA
o & +SHA
.-‘g
me®
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t(s)
a
12X 10
1 g g
- o
= 0.8 &
—_— 2
= o
=N
= ).6 -3 Cmd
= - .
= i Control surface
= 04 = EHA
0.2 ® <+ SHA
2 P
-
(oo
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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b

Fig. 10 Position response in A/P mode by disturbance anticipation for a
position step input (Xc=1mm, t=0s)

a Position response when SHA is actively controlled

b Position response when EHA is actively controlled
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During the whole process, the dynamic force of the system
changes very violently, and it has a great impact on the system
characteristics.

(1) Active/active mode switches to A/P mode in which the EHA is
actively controlled throughout (the A/P mode 1).

Step demand (1 mm position signal) is sent at time 0 s with
external force, and the hybrid actuator system is switched from
active/active mode to A/P mode at =1 s. The EHA is in active
state during the whole simulation process. The simulation
results are shown in Fig. 11.

As can be seen from Fig. 11, when the HAS maintains in
active/active mode, both actuators can response rapidly and
synchronously under the control instructions, and the output
force of each channel tends to be consistent at =1s. When
t=2s, the system operating mode is switched. SHA goes
into the passive following state, so the EHA is gradually sub-
jected to bear the entire aerodynamic load. It is observed that
Fg increases from 788 to 1595 N. Correspondingly, Fg fells
to 0 from 826 N. According to the analysis in Section 4.2,
the closed-loop controller of SHA is no longer working when
it is operated in passive state. Then the dynamic characteristics
of SHA are completely determined by the motion of control
surface. For this reason, the dynamic characteristics of the
two working actuators are inconsistent. It is noted that Fg
spends 0.06 s to reach the specified value, which is much
faster than the reaction rate of EHA.

Meanwhile, it can be seen from Fig. 115 that the positions of
both actuators are still basically kept in the instruction position.
It shows that the hybrid actuator system can still meet the actu-
ating requirements after switching from active/active mode to
A/P mode.

Furthermore, when the system loads or unloads suddenly,
the actuators generate a 180 Hz oscillation in the initial stage
of the tracking process. This phenomenon is caused by the

1500 4
5
,If' -.‘]_0[]
Z 1000 ! 1000
~ S | 1 1l 12
*] 1
E f | | 800~
= 500 | | | ﬂﬂﬂ
{ —SHA | =200
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a

=
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= Cotrii etk 8.5 ]..._ “
0 —
0.5 I 4
t(s)
b

Fig. 11 Dynamic characteristic of HAS during the mode switching process
(EHA always maintains in active control state)

a Output force of each actuator

b Position response of HAS
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Fig. 12 Dynamic characteristic of HAS during the mode switching process
(SHA always maintains in active control state)

a Output force of each actuator

b Position response of the HAS

spring quality function, which is decided by attachment stiff-
ness and load qualities.

(ii) Active/active mode switches to A/P mode in which the SHA is
actively controlled throughout (the A/P mode 2).

Step demand (1 mm position signal) is sent at 0 s with exter-
nal force, and the hybrid actuator system is switched from
active/active mode to A/P mode at =1 s. In order to distin-
guish from the simulation which is mentioned in the previous
paragraph, the SHA remains in the active control state through-
out. The simulation results are shown in Fig. 12.

As displayed in Fig. 12, it can still meet the control require-
ments of the system in this operating mode. However, there still
exist high-frequency oscillation in the operating mode switching
process of the HAS. Compared with the A/P mode 1, the anti-
disturbance performance of EHA is slightly worse than SHA’s
dynamic characteristic during the unloading process. However,
the whole system can respond rapidly in the A/P mode 2.

5 Conclusion

Based on the elaboration of the working principle and system con-
stitution of the hybrid redundant actuation system which is com-
posed of EHA/SHA, a control strategy is proposed to compensate
the dynamic force fighting by combining the trajectory generator
with the weight coefficient theory. Subsequently, the mathematical
modelling and simulation analysis are carried out as well. Finally,
based on the above system, the dynamic characteristics of this
system, switching from active/active mode to A/P mode, are ana-
lysed systematically. The following conclusions can be drawn.

(i) The position/velocity trade-off control strategy can significant-
ly improve the dynamic characteristic control accuracy of HAS
as long as it can ensure the static force fighting control effect.
Meanwhile, the overall response time of HAS is greatly shor-
tened by weighing the actuator velocity, which is a rapid re-
sponse variable.
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(ii)

(iif)

(iv)

(1]

J. Eng., 2018, Vol. 2018, Iss. 13, pp. 385-391
doi:

The actuator which is passively controlled in A/P mode would
generate a static position error for the reason of pursuing the
control surface movement.

After switching the operating mode from active/active to A/P
mode, the performance of HAS can still meet the aircraft
control requirements. However, no matter which channel is
operated in the passive mode, the position of the control
surface is reduced. In A/P mode 2, the HAS has better
dynamic response characteristic during the process of
switching.

Under the influence of spring quality factors which is decided
by attachment stiffness and quality of control surface, the HAS
produces a certain frequency oscillation under load disturb-
ance. When the HAS switches to the A/P mode 2, this phe-
nomenon is particularly acute.
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