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Abstract: Simulating an aircraft model using of high fidelity models of subsystems for its primary and 
secondary flight control actuators requires measuring or estimating aero-load data acting on flight 
control surfaces. One solution would be to incorporate the data recorded from flight tests, which is a 
time-consuming and costly process. This paper proposes another solution based on the validation of an 
aero-loads estimator or on the hinge moments predictor for fully electrical aircraft simulator 
benchmark. This estimator is based on an aerodynamic coefficient calculation methodology, inspired 
by Roskam’s method that uses the geometrical data of the wing and control surfaces airfoils. The hinge 
moment values are found from two-dimensional lookup tables where the deflections of the control 
surfaces, aircraft altitude, and aircraft angles of attack are the input vectors of the tables; and the 
resulting hinge moment coefficients are the output vectors. The resulting hinge moment coefficients of 
the Convair 880 primary flight control surfaces are compared to those of its recorded flight test data; 
the results from the new software solution were found to be very accurate. Hinge moment lookup tables 
are integrated in the Convair 880 high fidelity flight simulation benchmark using mathematical models 
of energy-efficient Electro-Hydrostatic Actuators (EHA). Autopilot controls are designed for the roll, 
pitch, attitude and yaw damper motions using Proportional Integral (PI) controller scheduled for 
different flight conditions. Several different aircraft simulation scenarios are evaluated to demonstrate 
the efficacy and accuracy of the predicted hinge moment results. 

Key Words: Aero-Load estimator, Hinge moment prediction, MEA, EHA, Aircraft simulation 

NOMENCLATURE 
𝑀𝑀ℎ: Hinge moment 
𝑞𝑞�: Dynamic pressure, 
𝑀𝑀:  Mach number, 
𝑆𝑆: Total area of the flight control surface, 

  𝑐𝑐: Airfoil chord 
𝑐𝑐𝑓𝑓: Control surface chord.  
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𝐶𝐶ℎ,0: Zero control surface angle deflection hinge moment coefficient for surfaces with 
symmetrical airfoils; 

𝐶𝐶ℎ,∝: Control surface hinge moment derivative due to the angle of attack. 
𝐶𝐶ℎ,𝛿𝛿: Control surface hinge moment derivative due to the control surface deflection; 
𝐶𝐶ℎ,𝛿𝛿𝛿𝛿: Control surface hinge moment derivative due to the control surface tab deflection; 
𝐾𝐾𝑝𝑝: Proportional gain, 
𝑇𝑇𝑖𝑖: Integration time, 
𝑇𝑇𝑑𝑑: Derivation time. 
𝛿𝛿: Flight control surface deflection 
𝛿𝛿𝛿𝛿: Flight control surface tab deflection 

∝𝑒𝑒𝑓𝑓𝑓𝑓: Effective angle of attack 

1. INTRODUCTION 
To promote greener aviation, which includes reducing greenhouse gas (GHG) emissions, 
aircraft designers have moved towards lighter and more reliable aircraft by producing More 
Electric Aircraft (MEA). For example, hydraulic systems require a significant amount of 
tubing along the aircraft fuselage and wings to ensure the pressure needed by actuation systems 
[1]. Furthermore, “redundancy” is required for primary control surfaces, which means that 
very bulky hydraulic tubing systems require protection against flammable liquids. In addition 
to the fuel consumption associated with these heavy systems, the maintenance time and cost 
of these aircrafts are notably high. Airbus was able to reduce the weight of the A380 aircraft 
by 1000 lb by changing the ailerons’ hydraulic actuators to electro-hydrostatic actuators [2]-
[4]. Furthermore, MEA systems are functioning very well using simple electrical structural 
solutions. In terms of safety, bulky hydraulic and mechanical systems can be replaced by 
electrical ones, saving weight and space as well as reducing maintenance requirements by 
eliminating the need for hydraulic tubing in aircraft. In addition, developing and installing 
MEA systems is less complex for airplane structures than using hydraulic technological 
systems, which need flammable fluid protection and heat shields; thus, expensive and lengthy 
certification requirements are reduced [3]. Any advantages to be gained from efficiency 
improvements in hydraulic systems are negligible due to their maturity compared to the 
improvements obtained by using electrical technology. 

Electro-Hydrostatic Actuators (EHAs), known as Power by Wire PBW systems, are fully 
self-contained actuation systems. The power received from an electric source is transformed 
into the motion received from an input command signal [5]-[6]. The electrically powered 
systems gradually reduce the use of centralized systems for pneumatic and hydraulic power 
generation by using a small fixed-displacement pump driven by a speed-controlled electric 
motor. In addition to achieving power savings objectives, these PBW systems are composed 
of Line Replaceable Units (LRUs) [7], and thus they are easier to install or remove than 
conventional hydraulic actuators, drastically reducing maintenance costs. The EHA 
technology is the most reliable and suitable solution for “more-electric” aircraft, and is already 
being used in flight control systems on Lockheed Martin’s F-35 Lightning II, and for the thrust 
vector control in the frame of the NASA’s 2nd Generation Reusable Launch Vehicle program 
[6]. To design an aircraft flight control system, it is necessary to define the force that must be 
overcome to move a particular control surface at any given dynamic pressure and airspeed. 
This force acting from the hinge line of the control surface produces a moment, known as the 
“hinge moment” that varies with the angle of attack, the angle of control surface deflection, 
and the trim tab deflection. 
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However, defining the hinge moments for flight control surfaces in the early stages of 
aircraft control design is not an easy task. Furthermore, despite the aeronautical industry’s 
need for an inexpensive and reliable method to estimate the control surfaces hinge moments, 
hinge moment prediction has not been a well defined area of research, unlike other 
aerodynamic coefficients estimation where new software have been developed [8]-[9]. In [10], 
a dynamic load simulator could reproduce the aerodynamic control surface hinge moments on 
the ground, but its procedure requires a set of real flight test data for different flight conditions 
that cover the whole flight envelope, including the magnitudes of control surfaces inputs for 
each flight condition. 

Another related work is the AAA (Advanced Aircraft Analysis) software based on 
Roskam [11] that offers a preliminary aircraft design process from weight and performance 
sizing to aerodynamics, stability, and control analysis. Unlike the AAA software, this work 
presents a software solution for predicting only the hinge moment coefficients based on control 
surface geometrical data. 

The proposed method is inspired by Roskam [11] and is based on Datcom that contains 
empirical relations derived from fitting curves to a large selection of experimental data. 
Predicted hinge moments are then interpolated via lookup tables with respect to the angle of 
attack α, sideslip angle β, and control surface deflection angles (elevators, ailerons, rudders) 
in the EHA dynamic surface block. 

The EHA is also used in benchmark testing of a Convair 880 for all its primary flight 
control surfaces, utilized to simulate its behavior for different flight conditions using the roll, 
pitch and yaw attitude controls via Matlab/Simulink software. 

The Convair 880 aircraft benchmark setup was used in the new fault identification and 
prognosis software that was designed in the project called “Diagnostic, Prognostic and Health 
Monitoring of Aircraft Flight Control System” led by GlobVision and partnered with Thales 
Avionics Canada (TCA). 

This article is organized as follows: Section II offers a brief description of flight control 
surfaces, and Section III describes the hinge moment prediction procedure. Moreover, Section 
III presents a test case for the hinge moment estimation for Convair 880 flight control surfaces 
and a comparison of its results with real data recorded from flight tests. 

Section IV describes a Simulink implementation of the hinge moment prediction in a 6-
DOF aircraft flight dynamics model. Also, aircraft simulations were performed to show the 
efficacy and accuracy of this hinge moment prediction procedure for various flight conditions. 
Section IV concludes with a summary of these results. Finally, Section V concludes some 
recommendations for future work. 

2. FLIGHT CONTROL SURFACES 
Flight control surfaces are hinged surfaces situated on the aircraft wings as well as horizontal 
and vertical tails dedicated for controlling the aircraft’s motion (pitch, yaw, roll) via manual 
or automatic control and driven by electro-hydraulic or electromechanical actuators.  

As shown in Figure 1, a control surface model contains an EHA actuator model, an inner 
loop controller (typically a simple control gain), and a surface model. The surface model 
contains two blocks: one for the aerodynamic loads (i.e., the hinge moments) and the other for 
the control surface dynamics block. 

The actuator models and the control surface dynamic models were provided by Thales 
Canada TCA and GlobVision. This paper presents a software solution developed for 
estimating the aerodynamics loads. 
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Figure 1. – Simplified block diagram of the actuator and control surface servo-loop 

3. HINGE MOMENT PREDICTION 
The hinge moment is the aerodynamic load or the force required to deflect a control surface, 
as shown in Figure 2. The hinge moment depends upon the aircraft attitude (deflection of 
control surface, angle of attack, etc.) and the flight conditions (Mach number and altitude), 
and therefore varies widely over the flight envelope. 

For hinged control surfaces, the required actuation load can be characterized by the 
maximum hinge moment 𝑀𝑀ℎ𝑚𝑚𝑚𝑚𝑚𝑚 obtained by the Federal Aviation Regulations FAR 25 for 
the commercial Convair 880 aircraft. 

 
Figure 2. – Diagram of an airfoil with a control surface 

The aerodynamic load or the hinge moment is usually provided by extensive flight tests, 
wind tunnel tests or CFD analysis, all of which are very time consuming and expensive. 

An estimation of the aerodynamic loads can be used to predict hinge moments for primary 
control surfaces by a software programmed based on Roskam’s equations and data presented 
in the form of curves. 

The first step requires digitizing these data curves into an accessible digital dataset. Then, 
the digitized curves are approximated by a polynomial function. 

Finally, the prediction algorithm uses mathematical equations and interpolation between 
the data curves to estimate the hinge coefficient. These equations and data curves are presented 
in the next sub-section. 

3.1 Hinge Coefficient Estimation Algorithm 

The hinge moments developed for primary control surfaces, such as ailerons, elevators, and 
rudder can be expressed in standard form using: 

𝑀𝑀ℎ =  𝑞𝑞�𝑆𝑆𝑐𝑐̅𝐶𝐶ℎ𝛿𝛿 (1) 

where 
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𝐶𝐶ℎ𝛿𝛿 = 𝐶𝐶ℎ,0 + 𝐶𝐶ℎ,𝛼𝛼(𝑀𝑀)𝛼𝛼𝑒𝑒𝑓𝑓𝑓𝑓 + 𝐶𝐶ℎ,𝛿𝛿(𝑀𝑀, 𝛿𝛿)𝛿𝛿 + 𝐶𝐶ℎ,𝛿𝛿𝛿𝛿(𝑀𝑀, 𝛿𝛿𝛿𝛿)𝛿𝛿𝛿𝛿 (2) 

where 𝑞𝑞� is the dynamic pressure, 𝑆𝑆 is the total surface of the flight control surface, 𝑐𝑐̅  is the 
chord of the control surface, and ∝𝑒𝑒𝑓𝑓𝑓𝑓. In addition, 
𝐶𝐶ℎ,𝛿𝛿: is the control surface hinge moment derivative due to the control surface deflection; 
𝐶𝐶ℎ,0: is the zero control surface deflection and the zero tab angle deflection hinge moment 
coefficient for surfaces with symmetrical airfoils; and 
𝐶𝐶ℎ,∝: is the control surface hinge moment derivative due to the angle of attack. 
The 2D control surface’s hinge moment derivative due to the angle of attack ∝ 𝐶𝐶ℎ,𝛼𝛼 is 
estimated using the steps 1 to 4 as follows: 
 Step 1: 

Verify if the trailing-edge angle is satisfied: 

tan(∅′𝛿𝛿𝑒𝑒/2) = tan(∅′′𝛿𝛿𝑒𝑒 /2) = tan(∅𝛿𝛿𝑒𝑒 /2) = 𝑡𝑡/𝑐𝑐 (3) 

where ∅′𝛿𝛿𝑒𝑒 is the trailing edge angle defined as the angle between straight lines passing through 
points located at 90 % and 99% of the chord on the upper and lower airfoil surfaces; 
∅′′𝛿𝛿𝑒𝑒 is the trailing edge angle defined as the angle between straight lines passing through 
points located at 95% and 99% of the chord on the upper and lower airfoil surfaces; 
∅𝛿𝛿𝑒𝑒 is the trailing edge angle defined as the angle between tangents to the upper and lower 
airfoil surfaces at the trailing edge. 
These three trailing edge angles are shown in Figure 3. 

 
Figure 3. – Trailing edge angles 

 Step 2: 
Determine 

𝐶𝐶′ℎ𝛼𝛼 = �𝐶𝐶 ′ℎ𝛼𝛼/𝐶𝐶ℎ𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒� 𝐶𝐶ℎ𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (4) 

where 𝐶𝐶 ′ℎ𝛼𝛼/𝐶𝐶ℎ𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is found from Figure 4 as function of flight control surface chord ratio 
𝑐𝑐𝑓𝑓/𝑐𝑐 and based on different 𝐶𝐶𝑙𝑙𝛼𝛼/𝐶𝐶𝑙𝑙𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 shown in the legend in Figure 4. Figure 5 shows the 
value of 𝐶𝐶𝑙𝑙𝛼𝛼/𝐶𝐶𝑙𝑙𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 as a function of ∅′𝛿𝛿𝑒𝑒. 
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Figure 4. –  𝐶𝐶 ′ℎ𝛼𝛼/𝐶𝐶ℎ𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 versus 𝑐𝑐𝑐𝑐/𝑐𝑐 for different 
𝐶𝐶𝐿𝐿𝛼𝛼/𝐶𝐶𝐿𝐿𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

Figure 5. – 𝐶𝐶𝑙𝑙𝛼𝛼/𝐶𝐶𝑙𝑙𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 versus ∅′𝛿𝛿𝑒𝑒  for Reynolds 
number =106 

  

Figure 6. – 𝐶𝐶ℎ𝛼𝛼𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  versus the flight control surface 
chord ratio 𝑐𝑐𝑐𝑐/𝑐𝑐 for several airfoil thickness  𝑡𝑡/𝑐𝑐 of a 

symmetrical airfoil 

Figure 7. – (𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 versus airfoil thickness 
 𝑡𝑡/𝑐𝑐 

 Step 3: 
If the condition stated in equation (3) is satisfied, then: 

𝐶𝐶′′ℎ𝛼𝛼 = 𝐶𝐶′ℎ𝛼𝛼 (5) 

If the condition presented in equation (3) is not satisfied, 𝐶𝐶′′ℎ𝛼𝛼 has to be computed from: 

𝐶𝐶′′ℎ𝛼𝛼 = �(𝐶𝐶′ℎ𝛼𝛼) + 2(𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[1 − 𝐶𝐶𝑙𝑙𝛼𝛼/(𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒� ∗ {tan�
∅𝛿𝛿𝑒𝑒′′

2 � − �
𝑡𝑡
𝑐𝑐
�} (6) 

where (𝐶𝐶′ℎ𝛼𝛼)  is calculated using equation (4); and {𝐶𝐶𝑙𝑙𝛼𝛼/(𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒} is obtained from Figure 
5 as function of the trailing edge angle; (𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is obtained from Figure 7 at the 
corresponding thickness ratio �𝛿𝛿

𝑐𝑐
�. 

Corrections or adjustments will be made to account for different aircraft control surfaces 
nose shapes and for very good aerodynamic balance [11]. 

Note that the 𝐶𝐶′hα or 𝐶𝐶′′hα value found from either Step 2 or Step 3 only apply to round 
nose control surfaces, which is the case considered in this paper. Therefore the balance 
expression (𝐶𝐶hδ)bal

𝐶𝐶hδ
′′  is equal to 1. If the control surface shape is not round then the balance 

expression will be determined from a curve presented in Roskam [11]. 
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𝐶𝐶ℎ𝛼𝛼 = ��𝐶𝐶′ℎ𝛼𝛼/(𝐶𝐶ℎ𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�(𝐶𝐶ℎ𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 2(𝐶𝐶𝑙𝑙𝛼𝛼)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �1−
𝐶𝐶𝑙𝑙𝛼𝛼

�𝐶𝐶𝑙𝑙𝛼𝛼�𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
�

∗ �𝑡𝑡𝑡𝑡𝑡𝑡 �
∅𝛿𝛿𝑒𝑒′′

2 � −                     �
𝑡𝑡
𝑐𝑐
���

(𝐶𝐶ℎ𝛼𝛼)𝑏𝑏𝑚𝑚𝑙𝑙
𝐶𝐶ℎ𝛼𝛼

′′ ∗
1

√1 −𝑀𝑀2
 

(7) 

 Step 4 
The 2D hinge moment coefficient due to the surface control deflection 𝐶𝐶′ℎ,𝛿𝛿 is computed 

by using equation (8), where (𝐶𝐶ℎ𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is estimated by using Figure 8, and the value of 
(𝐶𝐶′ℎ𝛿𝛿/�𝐶𝐶ℎ𝛿𝛿�𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)  is found from Figure 9. 

𝐶𝐶′ℎ𝛿𝛿 = �𝐶𝐶′ℎ𝛿𝛿/(𝐶𝐶ℎ𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�(𝐶𝐶ℎ𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (8) 

If the condition presented in equation (3) is not satisfied then 𝐶𝐶′′ℎ𝛿𝛿 shall be computed from:  

𝐶𝐶′′ℎ𝛿𝛿 = 2(𝐶𝐶𝑙𝑙𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �1−
𝐶𝐶𝑙𝑙𝛿𝛿

�𝐶𝐶𝑙𝑙𝛿𝛿�𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
� ∗ �𝑡𝑡𝑡𝑡𝑡𝑡 �

∅𝛿𝛿𝑒𝑒′′

2 � − �
𝑡𝑡
𝑐𝑐
�� (9) 

where the value of (𝐶𝐶𝑙𝑙𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 
𝐶𝐶𝑙𝑙𝛿𝛿

�𝐶𝐶𝑙𝑙𝛿𝛿�𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 have to be found by using Figure 10, and Figure 

11 respectively, and then the final value of the hinge coefficient due to the control surface 
deflection 𝑐𝑐ℎ𝛿𝛿 is calculated using: 

𝑐𝑐ℎ𝛿𝛿 = ��𝑐𝑐′ℎ𝛿𝛿/(𝑐𝑐ℎ𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�(𝑐𝑐ℎ𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 2(𝑐𝑐𝑙𝑙𝛿𝛿)𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �1−
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Figure 8. – 𝐶𝐶ℎ𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 versus chord ratio 𝑐𝑐𝑐𝑐/𝑐𝑐 for 

several Thicknesses 𝑡𝑡/𝑐𝑐 
Figure 9. – 𝐶𝐶ℎ′δ/𝐶𝐶ℎ𝛿𝛿𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 versus 𝑐𝑐𝑐𝑐/𝑐𝑐 for different 

values of  𝐶𝐶𝐶𝐶α/𝐶𝐶𝐶𝐶𝛼𝛼𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
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Figure 10. –  �𝐶𝐶𝑙𝑙𝛿𝛿�theoryversus cf/c for different 
thicknesses values t/c 

Figure 11. – clδ/�clδ�theory versus cf/c for different 

clα/�clα�theory 

We considered a round nose shape for the control surfaces of the Convair 880 aircraft, so 
the correction term of the balance expression (𝐶𝐶hδ)bal

𝐶𝐶hδ
′′  is equal to 1. 

The correction using the Mach effect expression 1 
√1−M2 is integrated as a lookup table in 

the Simulink block of the hinge moment calculation. As in the case of Convair 880, the Mach 
effect from real flight test data is used instead. 

The flow chart of the automated hinge moment estimation process/software is shown in 
Figure 12, including all the steps needed to determine the hinge coefficient for the primary 
control surfaces (elevator, rudder, and aileron) as previously described in this section. 
 

 
Figure 12. – Flow chart of the automated hinge moment estimation 
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estimated using the software outlined in Section III, and the estimates were compared with the 
hinge moment coefficients recorded from flight test data [12]-[14]. The Convair 880 
geometrical data are listed in Table 1 [13] for its NACA 008-64 wing, with a span of 118.32 
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ft. The airfoils of the vertical and horizontal stabilizers were assumed to be those of the NACA- 
0012 airfoil, as suggested in [15]. 

Table 1. – Geometrical data of the Convair 880 wings and primary flight control surfaces 

Convair 880 
geometrical data 

Elevator Aileron Rudder Wing 

Chord c (ft) 2.66 2.96 4.69 18.94 
Surface S (ft2) 88.28 2x27.37 82.44 2000 
Inertia I (slug- ft2) 33.60 2x19.11 54.56 - 

Table 2 shows the hinge moment coefficients of the primary control surfaces for different 
flight conditions (FC) and Mach numbers (M) obtained from the Convair880 flight test data 
([12], [14]). 

Table 2. – Hinge moment coefficient obtained from fight tests of Convair 880 

Flight Condition 
============ 
Control Surface  

FC1 
M=0.2 
 

FC2 
M=0.24 

FC3 
M=0.6 

FC4 
M=0.7 

FC5 
M=0.8 

FC6 
M=0.86 

Elevator  -0.326 -0.328 -0.336 -0.342 -0.31 -0.285 
Tab_Elevator -0.287 -0.285 -0.297 -0.312 0.47 -0.352 
Rudder -0.214 -0.2125 -0.1626 -0.1345 -0.1491 -0.1924 
Tab_Rudder -0.255 -0.253 -0.267 -0.27 -0.267 -0.265 
Aileron -0.607 -0.481 -0.236 -0.2233 -0.2005 -0.258 
Tab_Ailerons -0.249 -0.227 -0.215 -0.226 -0.235 -0.213 

4.1 Mach Effect 

Using the flight test data [14] listed in Table 2, the Mach effect can be deduced by defining 
the reference flight test data as those corresponding to the smallest Mach number (M=0.2), 
and then dividing the hinge moment coefficient for each  Mach number by the hinge moment 
coefficients of the reference flight condition. The Mach effects for the primary control surfaces 
are listed in Table 3 and plotted in Figures 13, 14 and 15 for elevator, rudder and aileron, 
respectively. As an example for the elevator, the Mach effect is calculated with: 

𝑀𝑀 = 0.24 => 𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓 = (𝐻𝐻𝑚𝑚)0,24
(𝐻𝐻𝑚𝑚)0.2

= −0.328
−0.326

  𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓 = 1.006 (11) 

Table 3. – Mach effect on primary flight control surfaces of the Convair 880 

Mach  0.24 0.6 0.7 0.8 0.86 
𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓_Elevator 1.006 1.03 1.045 0.9509 0.8742 
𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓_Aileron 0.7924  0.3888  0.3679  0.3303  0.4250 
𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓_Rudder   0.9930  0.7598  0.6285 0.6967  0.5720 

 

  

Figure 13. – Mach effect on the elevator  Figure 14. – Mach effect on the rudder 
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Figure 15. – Mach effect on the aileron 

5. ANALYSIS OF RESULTS 
The hinge coefficients estimated by the proposed algorithm were compared to those provided 
by real flight test data, and the results expressed in terms of relative errors are shown in Figures 
16, 17 and 18 for all three primary control surfaces (elevator, rudder, and aileron) , as well as 
in Table 4. As shown in Table 4, from flight test data, the hinge moment coefficients 
derivatives with respect to angle of attack 𝐶𝐶ℎ𝛼𝛼 are only available for the elevators. Where a 
relative error of 12.6% was obtained. The estimated hinge moment coefficients for control 
surface deflection derivative for the elevators 𝐶𝐶ℎ𝛿𝛿 were found to be much closer to those from 
the flight test data, thus representing a relative error of 7.5%. The estimated aileron hinge 
moment coefficients derivatives with the control surface deflection gave a relative error of 
18.5% and the rudder hinge moment coefficients gave a relative error of 20% compared to 
their flight test data (Table 4). The accuracy  of geometrical data assumed in the calculations 
and the presence of noise in flight tests may be important contributing factors explaining the 
relative errors found between the flight test data and the predicted results. 

  

Figure 16. – Elevator hinge coefficient Figure 17. – Rudder hinge coefficient 

 

Figure 18. – Aileron hinge coefficient 
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Table 4. – The predicted hinge coefficients versus the Convair 880 flight test data 

Hinge coefficient Aileron Elevator Rudder 
𝐶𝐶′′ℎ𝛼𝛼 (predicted) -0.18189 -0.0473 -0.0413 
𝐶𝐶ℎ𝛼𝛼(flight test) - -0.042 - 
𝐶𝐶′′ℎ𝛿𝛿 (predicted) -0.6969 -0.5667 -0.5635 
𝐶𝐶ℎ𝛿𝛿(flight test) -0.856 -0.613 -0.4667 
Error between 𝐶𝐶′′ℎ𝛼𝛼 and 𝐶𝐶ℎ𝛼𝛼 (%) - 12.6% - 
Error between 𝐶𝐶′′ℎ𝛿𝛿  and 𝐶𝐶ℎ𝛿𝛿 (%) (18.5%) (7.5%) (20%) 

6. SIMULINK IMPLEMENTATION AND RESULTS 
6.1 Simulink Implementation of Hinge Moment 

The hinge moment is converted into a linear force on the actuator, and is implemented in 
Simulink according to the equation (12), and multiplied by the “Mach effect”. The Simulink 
block uses the Mach effect from flight test data as shown in Figure 19. 

𝑀𝑀ℎ = 𝐶𝐶ℎ .𝑀𝑀𝑒𝑒𝑓𝑓𝑓𝑓 .𝑞𝑞. 𝑆𝑆𝑠𝑠𝑠𝑠𝑒𝑒𝑓𝑓 𝑐𝑐�̅�𝑠𝑠𝑠𝑒𝑒𝑓𝑓 (12) 
 

 
Figure 19. – Simulink Implementation of the Hinge Moment 

6.2   6 DOFAircraft Model with Integrated Automatic Control 

To demonstrate the efficiency of estimated hinge moments, simulations were performed on a 
Convair 880 civil aircraft model, highly representative of a nonlinear rigid-body aircraft model 
with a full set of flight control surfaces that were controlled by electro-hydraulic actuators. 
These aircraft surfaces were ailerons, spoilers, elevators, and a rudder. 

The Convair 880 aircraft flight dynamics model was implemented in Matlab/Simulink 
using its 6-DOF equations of motion [16]-[19]. The aerodynamic coefficients for several flight 
conditions were provided from flight test data [14]. A large number of methodologies for a 
controller design and aircraft stability augmentation as well as flight quality standards [20] can 
be found in the literature. Proportional Integral Derivative (PID) control [21]-[24], LQR 
optimal control [25]-[27], and robust H-infinity control theories [28]-[33] are some of the 
control theories that were found to be very efficient in aircraft control as well as a many other 
industrial control applications. 

The PID control theory was chosen in this paper for its ease of implementation. It was 
used to design autopilot for pitch attitude hold, roll attitude hold, heading and yaw damper, 
covering the whole flight envelope. 
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Many methods exist in the literature to tune the PID controller gains using trial-and-error 
process or using different optimization algorithms [21]-[24] to achieve minimum rise time, 
minimum overshoot, and/or minimum settling time. 

The control error e(t) is the difference between the reference command r(t) and the 
measured output y(t): 

𝑒𝑒(𝑡𝑡) = 𝑟𝑟(𝑡𝑡) − 𝑦𝑦(𝑡𝑡) (13) 

The PID control law is given by equation (14): 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾𝑝𝑝 �𝑒𝑒(𝑡𝑡) +
1
𝑇𝑇𝑖𝑖
� 𝑒𝑒(𝑡𝑡′)𝑑𝑑𝑡𝑡′ + 𝑇𝑇𝑑𝑑

1𝑑𝑑𝑒𝑒(𝑡𝑡)
𝑑𝑑𝑡𝑡 � (14) 

In addition, different fault injection mechanisms for EHA faults such as hydraulic leakage 
across piston, null-bias fault in electro-hydraulic servo valve, servo valve gain degradation, 
etc. were integrated into the Simulink model by GlobVision team. 

The aim of this was to test and validate the accuracy and robustness of the new fault 
detection, isolation and identification solutions developed by GlobVision with data from a 
near realistic simulation benchmark. 

6.3 Simulations Results 

The simulations were performed using the Rapid Accelerator mode of Simulink with the 
“ode 45” solver and fixed time step of 50 MHz. Different faults were injected during the 
simulations and their results are presented in this section. 

Roll, pitch and yaw control tests performed for nominal, healthy (no fault) conditions 
provided very good reference tracking results. 

Specifically, the aircraft followed the trajectories with a very small delay, without 
overshoot, and with a small steady state error as shown in Figure 20 for roll attitude control. 
Figure 21 shows the results of a roll control simulation performed by injecting a leakage fault 
for 1 second in the ailerons actuators. 

Figures 22 and 23 show the errors obtained for two other types of faults/degradations 
injected in the ailerons actuators: (a) 80% decline in the nominal servo valve gain, the result 
of which is shown in Figure 22; and (b) 50% null-bias fault change due to 50% loss of stiffness 
in the retraction spring of the actuator, the result of which is shown on Figure 23. For all fault 
cases, the results are compared with those of nominal, healthy (no fault) simulations. 

The healthy and those with different faults simulations show the efficacy of the hinge 
moment estimations, and its integration on the Convair 880 flight simulation benchmark. 

 
Figure 20. – Roll attitude control for healthy aircraft 
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Figure 21. – Aircraft during roll response with fault of 0.0038 leakages for 1 sec  

on the left aileron actuator 

 
Figure 22. – Roll attitude control for aircraft with 80% of Kv error 

 
Figure 23. – Error between healthy and aircraft with fault of a 50 % null bias 

 degradation during roll response  

7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTUR WORK 

• High-fidelity HEA actuator models were integrated into a Convair 880 6-DOF aircraft 
flight dynamics model in which an autopilot system controlled pitch, roll, and heading 
attitudes to track different pre-defined, commanded trajectories using low-level 
control of flight control. The Convair 880 benchmark system was established to 
integrate various fault injection mechanisms to test and evaluate a novel model-based 
flight control diagnostic and health monitoring (DHM) solution. This work was 
developed under a CRIAQ (The Consortium for Research and Innovation in 
Aerospace in Quebec) project, which was realized as collaboration between partners 
from ÉTS, GlobVision, and Thales Avionics Canada. 
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• A software solution was developed to estimate the hinge moments acting as 
aerodynamic loads on flight control surfaces. Several tests of the software integrated 
into control surface models of the Convair 880 benchmark system showed that it 
provided quite accurate hinge moment estimates. 

• The Convair 880 benchmark system showed that nonlinear simulation models can be 
used in the future to predict reconfigurable flight control system performance in the 
presence of degradations. This work also showed that it could be used in the design 
and analysis of new fault detection and identification algorithms. 
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