1358 KSME International Journal, Vol 14, No. 12, pp. 1358 ~ 1364, 2000

Dynamic Characteristic Analysis and Force Loop Design for the
Aerodynamic Load Simulator

Yoonsu Nam*
Department of Mechanical Engineering, Kangwon National University

A dynamic load simulator which can reproduce, on-ground, the aerodynamic hinge moment
of control surface, is an essential rig for performance and stability test of aircraft actuation
system. The hinge moment varies widely in the flight envelope depending on specific flight
condition and maneuvering status. To replicate the wide spectrum of this hinge moment
variation within some accuracy bounds, a force controller is designed based on the Quantitative
Feedback Theory (QFT). A dynamic model of load actuation system is derived, and compared
with the experimental results. Through this comparison, a nominal plant model of load
actuation system with some uncertainty bounds is developed. The efficacy of QFT force
controller is verified by numerical simulation, in which hydraulic actuation system dynamics of

aircraft control surface is considered.
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1. Introduction

Hydraulic actuation system is the common
choice for driving aircraft control surface because
of its high power to weight ratio, and stiffness to
the external load. To prove the stability and
performance of aircraft actuation system in the
first-flight and future airborne operation, a lot of
test procedures should be prepared, and success-
fully passed on-ground (Boeing Commercial
Airplane Company, 1985). One of these is the
loaded performance test, in which the aer-
odynamic loads on control surface are consider-
ed. The aerodynamic load, i. e. hinge moment,
depends on the aircraft attitude (deflection of
control surface, angle of attack, and etc.), and
flight condition (Mach #, and height), and ther-
efore varies wide in the whole flight envelope
(Roskam, 1979). A special equipment called
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Dynamic Load Simulator (DLS), which can
reproduce, on-ground, the aerodynamic hinge
moment is required for this loaded test. Two
independent actuation systems are needed for
DLS. One is the real actuation system driving
aircraft control surface, and the other is for aer-
odynamic load simulation. By setting up load
actuator as counter acting with the control surface
driving actuator, and designing an appropriate
force control system for load actuator, DLS can
be mechanized. By analyzing hinge moment varia-
tions due to deflection angle change of control
surface in the whole flight envelope, a design
specification for the load replication system can
be drawn for any specific application (Nam,
2000) . Obtaining an accurate mathematical model
for the DLS is the first step to successfully design
an aerodynamic load replication system. How-
ever, the dynamic characteristics of load actuation
system using hydraulic power are basically non-
linear. This non-linearity mainly comes from the
fluid flow dynamics through servo valve port
(Merritt, 1967). Therefore, any LTI (Linear
Time Invariant) model for DLS can not describe
the whole system dynamics.

The purpose of this paper is to design a robust



Dynamic Characteristic Analysis and Force Loop Design for the Aerodynamic Load Simulator

force control system for aerodynamic load simu-
lator. Therefore, the contents of this paper are
composed of two parts, i. e. derivation of a
nominal plant model with the uncertainty bounds
for DLS dynamics and a force control loop design
using QFT. Two theoretical models are presented
and tested for their validity with the experimental
results in Sec. 2. The nonlinear dynamics of load
actuation system is represented as a set of linear
systems having parametric uncertainty model. A
nominal model for DLS dynamics, and suitable
uncertainty bounds are proposed by the compari-
son of this analytic model with the experimental
results. Section 3 and 4 contain QFT force con-
troller design procedures and some simulation
results to verify the performance of QFT force
loop design.

2. Mathematical Model of Dynamic
Load Simulator

A schematic diagram of Dynamic Load Simu-
lator (DLS) with the structure of pitch axis flight
control system is shown in Fig. 1. DLS described
in the upper part of Fig. | is composed of backup
stiffness to simulate attachment effect of control
surface driving actuator on airframe structure, a
flywheel to imitate moment of inertia of control
surface, and two actuation systems which repre-
sent control surface driving actuator and load
replicating actuator. The force command for load
actuation system comes from Flight Dynamics
real time Simulation Computer (FMSC), which
numerically solves the aircraft flight dynamics

Fig. 1 Schematics of dynamic load simulator
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and the hinge moment for the given flight condi-
tion. Two different mathematical models (Model
#1 & 2) for DLS are introduced and compared
with the experimental results in this section.
Whereas the complete linearized dynamics of
control surface driving DDV actuator are consid-
ered in the model #1, only the simplified mechani-
cal properties of DDV actuator are assumed in
the model #2.

2.1 Model §1 for DLS dynamics

Because of the apparent advantages in weight,
size, and simplified fault monitoring mechanism
compared to Electro Hydraulic Valve (EHV)
actuation, the use of Direct Drive Valve (DDV)
as a control surface driving actuator becomes a
current trend in a modern flight control system
design (Schaefer, Vieten 1993). The model of
DDV actuator has complicated internal structure
for performance enhancement and fault monitor-
ing. However, the following simplified linear
model is enough for this study.

DDV spool dynamics is determined by the
following equations. In Eq. (1), the hydraulic
Bernoulli flow forces, Fz are considered, because
it is not negligible amount as opposed to the case
of flapper nozzle type servo valve.

2
Eoni =ML+ BBt Koyt ST (F)
V=Ri+ L%t K, B (1)

where, K, & K, : DDV motor force constant
and spring rate of DDV spool

M, & B, : Mass and damping coefficient of

DDV spool

R & L : Resistance and inductance of DDV

coil

K5 . Back EMF constant of DDV motor

(F3); . Flow induced force for hydraulic sys-

tem #i.

The following Eq. (2) is obtained by applying
the continuity equation of fluid flow on DDV
actuator chambers and combining the load flow
equation (Merritt, 1967).

QL:quUV Ps—Sig71 (XU) P ’thxv—KcPL
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dYr;s 4+ Ve Ve dP.
dt 48 dt

where, K, & K. .

=A +(Cip+Cep/2) PL (2)

flow gain and flow-pressure
coefficient

DDV actuator piston area
and total chamber volume

£ : Bulk modulus of operating oil

Ci» & C. . Internal and external leak-
age coefficient.

A&V

Yr5 in Eq. (2) means the relative displacement
of piston to actuator body, and is the same one
picked up by the LVDT sensor installed on the
body.
Yeis=Yr— Yo=Yr—(—2P.A)/Ks
=Yr+2P.A/Ks 3)

By the substitution of Eq. (3) into (2), the
following Eq. (4) is made.

2
QLquxU""KCPL=A dYP + ( B A da,P;L
+ (Cip+ Cap/2) P, (4)

The last equation governing the DDV actuator
dynamics is the Newton’s equation, in which the
inertial effect of control surface and hinge mo-
ment are considered.

2
2APL JIM; =ML ddtlsz +BL ddYt'P +KL Yp (5)
where, M, : Equivalent mass of control sur-

face inertia
B, : Damping coefficient of control
surface
K, : Spring constant
M, & R : Hinge moment and actuator
horn radius.

By combining DDV dynamics, and Eq. (4) and
(5), the block diagram of Fig. 2 is concluded. For
a simpler presentation, the DDV spool dynamics
of Eq. (1) and servo drive amplifier characteris-
tics are contained inside the box in this figure.
The filter dynamics and feedback gains in Fig. 2
are determined to meet the DDV actuator outer
loop frequency requirement (Hsu,
1991).

The lower part of Fig. 2 describes the dynamics
of load replicating actuator, which are governed
by the following equations of (6) and (7), and

response
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Fig. 2 Linear model of DLS dynamics with QFT
control (Model #1)

the structure of QFT force control loop.

dY. , Vi* dP.*
O =An= gt g
+(Cop*+ Caop*/2) P, (6)

where, @* : parameters for load actuation sys-
tem
Ay ¢ load actuator piston area

Y1 (=Y?) : load actuator displacement.

Based on the manufacturer’s catalog for MOOG
D761 series servo valve (MOOG, 1997), the load
flow equation can be modeled as follows:

QL (5) K (7)
i(s)  (s/w)?+2¢(s/wn) +1

where, K,; :

flow gain of servo valve (s%%/s/
mA) <[1.8187, 3.6374]
w» - natural frequency of servo valve
(Hz) =[30, 65]
¢ : damping ratio of servo valvee[1.1,
1.77.

2.2 Model #2 for DLS dynamics

The modeling of DDV actuator can be sim-
plified a lot more than that of the above. In
considering the force fight between DDV and
load actuator in the normal operation of DLS, the
DDV actuator can be modeled as a simple spring
having the equivalent stiffness Kgrr of as de-
scribed in Fig. 3.

1 1,
K KACTI +KACT2 + KR ) (8)

In the above Eq. (8), Kaicri and Kycrs Te-

KEFF - (
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Fig. 3 DLS stiffness and model of load actuator
(Model #2)
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present the DDV actuator stiffness for the hydrau-
lic system #1 and #2, respectively, which are
caused by the trapped oil inside two oil chambers.
All the inertial effect of DLS can be applied to the
load actuator dynamics as follows.
2
MLth}:L-‘:APLPL + Kerr Y1 )]
By combining the above equations with the
flow continuity equation of (6) and load flow
equation of (7), the model #2 structure of DLS of
Fig. 3(C) can be defined.

2.3 Comparison of model #1 and #2 with
experimental results

The accuracy of modeling is verified through
the comparison with experimental results. The
load actuation system interconnected with the
fully pressurized DDV actuator as 3,000 psi is
excited by 1 kHz band-limited Pseudo Random
Binary Sequence (PRBS) of 2.0V/,,, and 3.8 V,,,
and the developed force on the piston rod is
picked up by the load cell (SENSOTEC Model
41). Figure 4 shows the experimental frequency
response with the analytic ones, which are plotted
as dot line for the model #1 and dashed lines for
the model #2. The analytical frequency response
for the model # 1 is calculated for the nominal
condition of mid values of K., w, & ¢ in
nonlinear servo valve dynamics as described in
Eq. (7), and those for the model #2 are from two
extreme conditions in Eq. (7). The Bode plot
showing the higher gains at low frequency region
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Fig. 4 Comparison of analytic and experimental
open loop frequency response

corresponds to the experimental frequency re-
sponse obtained by the high power input. Any
theoretical model is not proper in predicting the
experimental results due to discrepancies in gains
at low frequency and resonant peak frequency
about 85 Hz. The large variations of DC char-
acteristics in experimental frequency responses
are considered as the effect of equivalent stiffness
change of DLS by input signal magnitude.
Because of bearings, and mechanical couplings in
DLS, the stiffness of DLS will be minimal at the
low input power excitation. As clearly shown in
Fig. 4, any one analytical LTI model can not
represent the whole nonlinear dynamics of DLS.
Therefore, a robust feedback controller is to be
designed for these uncertain plant dynamics to
achieve a uniform performance and stability re-
quirements, which is the main theme of the foll-
owing section.

3. Force Control System Design
Using QFT

QFT is a one method of designing robust
control system (Reynolds, 1996, Snell, 1996, and
D’Azzo, 1988). For an uncertain servo valve
dynamics described in Eq. (7), two degree of
freedom force controllers which have the structure
shown in Fig. 2 are designed to meet the follow-
ing specification of load replication system.
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3.1 Design specification on QFT force con-
troller
The QFT force control loop of the load actua-
tion system is to be designed to meet the following
upper and lower tracking boundary specifications
of

() — 0.98
1 (8) =T57308 7 1) (5/308+ 1) (/3804 1)

102
TulS) = (732 T Tx0 8572824 1) (/9905 1) (5659 4 1)

®

These boundaries are determined from the re-
quirements of 30 Hz bandwidth, peak overshoot
less than 1094, and steady state error less than 29§
for the closed loop load actuation system. Except
these requirements, the stability margins of 5 dB
gain and 45° phase are assumed, which are auto-
matically satisfied when all the perturbed loop
gain Bode plots due to uncertainties exist outside
of 2 dB M-circle shown in Fig. 5.

3.2 QFT force controller design

The templates at the frequency of w7 (7/s)E
[10, 16.7, 27.8, 46.4, 77.4, 166.8, 359.4, 599.5,
1291.5, 2154.4, 2782.6, 3593.8, 4641.6] are also
shown in this figure as the dotted boundaries,
which are caused by the nonlinear characteristic
of servo valve flow dynamics of Eq. (7). The
relatively larger templates are observed at the
servo valve natural frequency range (188.5-—408.
4 r/s), and templates for low and high frequency
are determined mainly from the magnitude varia-
tion of servo valve flow gain. The points designat-
ed by ‘%’ at each frequency of g in this figure
means the Nichols plot of the nominal plant, that
is defined for the condition of minimum flow
gain, natural frequency, and damping in Eq. (7).

The QFT force controller that guarantees the
closed loop load actuation system to meet the
performance and stability requirements for the
given plant uncertainties of Eq. (7) can be found
by placing the Nichols plot of nominal plant loop
gain function over the tracking bounds for each
specific frequency. As shown in Fig. 5, the Ni-
chols plot data of the nominal plant for the fre-
quency of wg(r/s)E[10, 16.7, 27.8, 46.4, 774,

Fig. 5 Nichols plot of QFT design

359.4, 599.5, 1291.5] are located above the match-
ing tracking bounds by selecting the QFT control-
ler as

0.002704 (/501 + 1) (5/823+1)

G(8) =—(@73107+2x065/3107+ 1)

(10)

Slight invasion of template to the 2 dB M-~circle
at the frequency of 200-300 r/s can be seen in Fig.
S, which means imperfect fulfillment of stability
margin requirement. However, this can be accept-
ed as the satisfactory design, considering that
there is no significant impact on phase, or gain
margin.

Loop shaping by G (s) of Eq. (10) guarantees
only that the magnitude variations in closed loop
Bode plot due to plant uncertainties are within
the range of |8 (jw) |=|Tv (jw) — T. (jw)| at each
frequency. Therefore, a pre-filter like the one of
Eq. (11) is required to make the closed loop T
(jw) lie between the frequency domain perfor-
mance specifications of Eq. (9).

Py — 1065 (s/160+ 1)
(8) =57T08 7 1) (s5/756°+ 2 0.75/ 756 7 1)

(11

4, Evaluation of QFT Force Control
System Design

The frequency response of the QFT closed loop
load actuation system is compared with the upper
(Tv(jw)) and (T:(jw)) performance
bounds in Fig. 6. The Bode plots shown as the

lower
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Fig. 6 Closed loop frequency response of QFT
design

dashed lines in this figure are for 8 extreme case
dynamics from the uncertain servo valve char-
acteristics, which are obtained from the mini-max
value combination of K, w., & ¢ in Eq. (7). All
the extreme case dynamics are almost within the
desired performance specification except the fre-
quency region ranging from 34 Hz to 90 Hz and
the high frequency region above 230 Hz. The
effect of poor achievement on performance
bounds requirement at the mid-frequency range
of 50 Hz is well noticed in Fig. 7 which shows the
step response comparison between QFT and the
following lead-lag controller design of Eq. (12).

0.0091(s/48.4+1) (s/LISS+1) ()

K(s)= (s/405+T1) (s/346+1)

The almost identical design requirements are
applied for the lead-lag control system design, in
which the nominal plant dynamics having the mid
values of K,;, wa, & ¢ in Eq. (7) is assumed. The
dotted lines in these figures denote the step re-
sponses obtained from the two performance
bounds of Eq. (9), and solid lines are from 8
extreme cases with QFT and lead-lag controller
respectively. From these time domain responses,
the superiority of QFT over lead-lag design is
well understood. In case of lead-lag control, a
large overshoot and settling time are noticed for
plant dynamics variation specified by Eq. (7),
even though the lead-lag force control system

design is satisfactorily made for the above
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Fig. 7 Time domain step responses (QFT & Lead-
Lag) design

mentioned nominal plant condition. However, the
step responses for QFT design also show some
poor performance in transient response region,
which results from imperfect achievement in the
closed loop frequency requirement of Fig. 6 at the
mid-frequency range of 50 Hz. On the other hand,
the deviation from the performance bounds at the
high frequency region above 230 Hz is a rather
favorable characteristic in terms of un-modeled
high frequency dynamic and sensor noise effects.

The problems of slight penetration of 2 dB M
~circle in Fig. 5 and breakaway from tracking
boundary requirement in Fig. 6 can be resolved
by using more complicated and high bandwidth
QFT compensator. However, this design demands
more computational delay and high sampling rate
in the controller implementation. Therefore, the
experimental verification is to be made with the
current design.

5. Conclusion

An aircraft actuation system test rig, dynamic
load simulator, which can reproduce, on-ground,
the aerodynamic hinge moment of control surface,
is introduced. Two mathematical models for
dynamic load simulator are developed, and tested
for their validity with the experimental results.
Especially, the nonlinear dynamic characteristics
of electro-hydraulic servo valve of load replica-
tion system are represented with a linear system
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using the parametric uncertainties in valve flow
gain, natural frequency, and damping. A nominal
model for DLS dynamics, and suitable uncer-
tainty bounds are proposed by the comparison of
this analytic model with the experimental results.
A QFT force control system is designed for
dynamic load simulator to uniformly replicate
on-ground aerodynamic hinge moment even for
the uncertain dynamic characteristics of load
actuation system servo valve. The efficacy of QF T
force control system is verified by numerical
simulation, in which hydraulic actuation system
dynamics of aircraft control surface is considered.
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