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Abstract

Take-offs and landings are critical phases of any flight since they require the best performance of
all critical aircraft systems together with good cooperation and performance of the flight crew.
Aircraft systems such as flight controls, communications, landing gear retraction, and extension,
fuel systems must be effective at the phase of flight. Flight controls enable the flight crew to control
the aircraft’s direction and attitude. Secondary flight (Slats and flaps) controls help to argument
lift. Aircraft flaps are attachments to the wing trailing edge designed to improve the aerodynamic
efficiency of the wing at low speed. Flaps are extended at take-off to enable aircraft to take off at
shorter distances. This study presents the design study of the servo valve model for the aircraft
wing flap actuation mechanism, which plays a critical role in controlling lift and drag during flight
operations. The main objective of this study is to design a servo valve model that accurately
represents the dynamics of the servo valve for aircraft wing flap actuation mechanism. The study
begins with an overview of the significance of wing flap actuation in modern aviation, emphasizing
the need for precise control mechanisms to enhance aircraft performance and safety. A detailed
literature review highlights common types of electrohydraulic servo valves existing, their design
features, and their advantages and limitations. Also, various electrohydraulic motor and pump-
operated system and their limitations established the motivation for a new approach. The
mathematical model of the servo valve is derived using fundamental principles of fluid dynamics
and control theory. It incorporates key parameters such as flow characteristics, pressure
differentials, and response time. The model also addresses non-linear behaviors and feedback
loops that arise in practical applications. By step inputs to each component of the servo valve,
simulation studies have been conducted with the help of MATLAB computer program to observe
their time response. By conducting simulation studies, the model facilitates the evaluation of servo
valve performance. Simulation results demonstrate the effectiveness of the proposed model in
predicting the valve's behavior under various operating conditions. The analysis shows how
changes in input signals impact spool displacement and flow rate to the hydraulic motor for flap
actuation, providing insights into the optimization of control strategies. Finally, the study discusses
the implications of the model for future research and development, including potential applications
in automated control systems and real-time monitoring. The findings underscore the importance
of accurate mathematical modeling in enhancing the reliability and efficiency of aircraft control
systems, ultimately contributing to advancements in aerospace engineering.
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1.0 Introduction

Aircraft wings are parts of the aircraft with an aerofoil cross section capable of generating lift to
enable the aircraft to fly. The wings generate lift when propelled in the air. Due to the presence of
relative airflow against the wing, the amount of lift generated by the wing is proportional to the air
density, the wing’s surface area, and the square of the airspeed. Wings are generally designed to
be most efficient during a cruise, in most cases they are not well designed to be efficient for low
airspeed flight (Meredith PT 1993). Low airspeed causes a reduction in the amount of lift generated
by the wings, hence a reduction in the aircraft's ability to maintain safe flight. To compensate for
the lift reduction at low airspeed flights such as the approach phase and maximizing the amount
of lift generated by wings during take-off, wings are designed with high lift devices such as flaps
and slats. A flap is a high-lift device used to reduce the stalling speed of an aircraft wing at a given
weight (Smith AMO 1975).

Three types of flap kinematics are used to deflect the flaps as shown in Figure 1.1. Flaps can be
deflected via a dropped hinge system in this case the flap's pivot is under the wing. If an
aerodynamically optimum slot geometry is required for all flap positions, this cannot be achieved
with a dropped hinge system, as a rule. A more complex version offers more possibilities: the flap
is mounted on a carriage, which is moved on a track. A third type of flap design, essentially as a
compromise between the two versions above, works with a linkage system.

LS\ EO\

Track Linkage Dropped Hinge
Figure 1.1: Flap kinematics of high lift systems (DATCOM 1978).

Flap mechanism in modern commercial aircraft consist of actuators mechanically connected via a
transmission system across the wingspan, driven from a centralized power drive unit (J Hagen
2004). The flaps are connected to screw jacks which are operated by a primary drive shaft (Qiao
et al 2018).

In Dash 8 Q400 aircraft, flap power unit actuated by flap selector, operates the flap drive system,
and moves the flaps to their selected positions. The flap surfaces are electronically connected by
the flap control unit and operated by number 1 hydraulic operated system. The flap control unit
monitors and controls flap movement. The flap control unit is responsible for turning on the flap
power and flap drive caution lights, it also turns on the standby hydraulic pump and the power
transfer Unit when the flaps are moved outs of 0-degree position. The flap power unit converts
hydraulic power to rotary mechanical power to operate the flap actuators, raising or lowering the
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flaps when selected (Q 400 Technical Manual 2018). The number 1 hydraulic system supplies
pressure to the flap power unit. The "Flap Power Unit receives flap actuation signals from the flap
control unit. It also sends feedback signals to let the FCU monitor flap movement. Consider Figure
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Figure 1.2: Dash 8 Q 400 Flap actuation Schematic Diagram (Q 400 Technical Manual 2018).
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In Bombardier BD-500-1A10, the slat/flap electronic control units’ control and monitor the high
lift system. The slat/flap electronic control units receive slat and flap position inputs from the slat
or flap control lever or the alternate flap switch and provide drive commands to position the slat
and flaps accordingly. The slat/flap electronic control units determine the required system response
and command for each channel of the PDU independently. The resulting drive from each PDU is
summed at the differential gearbox to provide a single output to the transmission system. The
feedback position sensor provides positional feedback of the transmission system to the slat/flap
electronic control units. The PDUs provide the slat and flap actuation systems with mechanical
power through an output shaft, as commanded by the slat/flap electronic control units, to drive the
slat and flap surfaces against air loads and system friction. Strainers are located within the PDU to
stop coarse debris from entering the control valves (BD-500-1A10 Technical Training Manual
2005).

Modern aircraft wing flap actuation mechanism links actuators with hydraulic or electric motor. A
motor drives a linear actuator or rotary geared actuator. The rotary motion of the motor is coupled
mechanically through a gearbox to an acrne lead screw, ball screw or planetary roller screw for
conversion to linear motion. In a direct-drive versions, the motor is directly coupled to the screw
mechanism without a gearbox.
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The effective management of aircraft wing flaps is crucial for optimizing aerodynamic
performance during various flight phases, including takeoff and landing. Wing flaps enhance lift
and improve the aircraft's stability and control by altering the wing's shape and surface area. The
actuation mechanism responsible for deploying and retracting these flaps must be both reliable and
efficient, as it plays a pivotal role in ensuring the safety and performance of modern aircraft. The
study focused on the design and modeling of a servo valve system tailored for the actuation
mechanism of aircraft flaps. Servo valves serve as critical components in hydraulic systems,
translating electrical signals into precise mechanical movements. By examining the dynamics of
the flap actuation mechanism and the role of servo valves, this study aims to develop an optimized
model that enhances responsiveness and accuracy in flap control.

Reducing the airspeed results in decreasing the amount of lift generated by the aircraft wings,
hence reducing the aircraft's ability to maintain safe flight. With no flaps or mechanically failed
flaps, the risk of stalling the aircraft during the final approach is greater. Optimum aerodynamic
efficiency (lift-to-drag ratio) of an aircraft wing at low airspeed (approach speed) may be achieved
by accurate control of the desired flap position during the approach and landing phase. Inaccurate
positioning of the flaps may result in poor aerodynamic efficiency of the wing by producing an
insufficient amount of lift for safe low-airspeed flight during the approach phase or an excessive
amount of drag when deployed beyond the desired position leading to more fuel consumption. In
a flap failure scenario (no flap approach), a large approach speed will be needed which may
jeopardize the landing phase and may cause a hard landing which may damage the aircraft
components such as the undercarriage unit, or may cause the aircraft to overshoot the runway
during the ground roll after touch down. In this study, focus has been made on designing a Servo
valve model for aircraft wing flap actuation mechanism for improving the aerodynamic efficiency
of the wing during approach and landing phase of the flight.

Through comprehensive analysis and simulation, this research explored the interactions between
the servo valve and the hydraulic system, addressing key performance metrics such as speed,
reliability, and energy efficiency. The Servo valve model which has been designed in this study
exhibits high dynamic performance suitable for application in aircraft wing flap actuation
mechanism (extension and retraction of the flap) for accurate flap positioning and control. The
outcome of this study is anticipated to contribute significantly to advancements in aircraft control
systems, facilitating improved flight safety and operational efficiency in aviation.

2.0 Review of the paper

In the flap actuation mechanism of modern commercial aircraft, the control electronics instruct the
operation of hydraulic control valves to set in motion hydraulic motors to move actuators via the
transmission system. A Power Drive Unit (PDU) is used to convert hydraulic power into
mechanical motion, often rotational, and drive an actuation system. Usually, a PDU is fitted with
dual hydraulic motors each providing independent power to the transmission system via a speed-
summing gearbox. Each motor is controlled by an independent motor supply via a dedicated valve
block which ensures the hydraulic isolation between the two blocks (J Hagen 2004). The work
herein describes the application of an Electrohydraulic Servo Valve (EHSV) within the valve block
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of the PDU of a flap system and presents a suitable EHSV type for use in aircraft wing flap
actuation mechanism.

2.1 Electrohydraulic Servo Valve (EHSV).

Electrohydraulic servo valves, within the PDU valve blocks, provide directional control and
control the acceleration and deceleration of the system. An enable valve is used to control hydraulic
pressure to the torque motor controlled, electrohydraulic servo valve (EHSV). When the slat/flap
electronic control unit energizes the enable valve solenoid, the enable spool valve opens, supplying
hydraulic pressure. The slat/flap electronic control unit monitors the pressure supplied through a
downstream pressure transducer. The hydraulic motor direction and speed are controlled by the
EHSYV, which is controlled by the slat/flap electronic control unit. Motor top speed is limited by a
flow limiter valve in the return side of the EHSV. Consider Figure 2.1 below of a power drive unit.
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Figure 2.1: Power Drive Unit Schematic (BD-500-1A10 Technical Training Manual 2005).
2.2 Jet Pipe Electrohydraulic Servo Valves.

Jet pipe electrohydraulic servo valves operate by utilizing a high-velocity jet of hydraulic fluid to
control the position of a valve spool. This mechanism provides significant advantages and
disadvantages of jet pipe electrohydraulic servo valves (Davis et al., 2019).

2.2.1 Operational Mechanism.

The core principle behind JPEHSVs involves directing a fluid jet through a pipe, creating a
differential pressure that influences the movement of the valve components. Research by Zhao et
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al. (2021) outlines how this mechanism allows for rapid changes in flow direction and rate, making
JPEHSVs particularly effective in dynamic applications. In this type of servo valve, pilot pressure
is applied to a jet pipe which, with a 50% control signal, directs an equal flow into two pilot lines.
A change of control signal diverts the jet flow giving unequal flows and hence unequal pressures
at the ends of the main spool. The main spool is linked mechanically to the jet pipe, causing it to
move to counteract the applied electrical signal. Spool movement stops when the jet pipe is again
centrally located over the two pilot pipes. This occurs when the main spool valve movement

exactly balances the electrical control signal.
, Torque motor
8

Feedback wire

Bushing & Spoo

Figure 2.2: Jet pipe Electrohydraulic servo valve (Moog 1957).
2.2.2 Design Features.

JPEHSVs are characterized by their compact design and lightweight structure, which enhance their
application in mobile and aerospace systems. Lee and Kim (2020) discuss the use of advanced
materials and manufacturing techniques that optimize the performance and durability of these
valves.

2.3 Two-Stage Nozzle Flapper Servo Valve (TSNF EHSV).

Two-stage nozzle flapper electrohydraulic servo valves (TSNF EHSV) are integral components in
precision hydraulic systems, widely used in aerospace, industrial automation, and robotics. This
survey discusses their design, operational principles, advantages, and applications, drawing on
recent research.

Introduction to Two-Stage Nozzle Flapper Electrohydraulic Servo Valves

The two-stage nozzle flapper servo valve consists of a flapper mechanism that modulates flow
through a nozzle. This design enhances control over hydraulic actuation by providing high gain
and stability. As noted by Huang and Zhang (2021), the two-stage configuration allows for
improved response characteristics and greater control precision compared to single-stage designs.
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2.3.1 Operational Mechanism of (TSNF EHSV).
The operation of TSNF EHSV is based on a two-stage process:

First Stage: The flapper moves in response to an input electrical signal, adjusting the flow of
hydraulic fluid through the nozzle.

Second Stage: The fluid flow generated by the first stage actuates a larger hydraulic piston,
providing the necessary force to drive a load (Cai et al., 2020). This mechanism offers a significant
amplification of the input signal, allowing for precise control over larger actuators (Lee et al.,
2019).

2.3.2 Design Features
The design of TSNF EHSVs typically incorporates features such as:

High Precision: The nozzle flapper arrangement provides a linear response to input signals,
enhancing control accuracy (Singh & Gupta, 2022).

Compact Size: These valves are designed to minimize size and weight, making them suitable for
applications where space is limited, such as in aircraft (Davis & Brown, 2023).

2.4 Research Gap

Dasgupta et al (2011) introduced a modeling and simulation study that dealt with a comprehensive
model of a closed-loop servo valve-controlled hydro motor drive system that has been made using
(Bond graph simulation technique). The dynamic performance of the complete system has been
studied to the variation of the parameters of the (PI) controller that drives the servo valve, they
have also studied the effects of the variation of torque motor parameters on the servo valve
performance.

Hossam et al (2011) introduced an experimental and theoretical study of the electrohydraulic servo
system of speed control of hydraulic motors. The performance of the model-based control system
depends strongly on the accuracy of the process model used. The least squares support vector
machines method (LSSVM) is a powerful method for modeling nonlinear system results that show
good performance over a wide range of operating conditions and load disturbances.

The present study investigated the performance of the servo valve in the aircraft wing flap
actuation mechanism.
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3.0 Methodology
3.1 Mathematical Modeling.

To be able to conduct modeling of the servo valve for aircraft wing flap actuation, all major
components of the valve were listed and arranged in the form of a block diagram as shown in

Figure 3.1.
Ur Uv 1 XS QL
Servo Torque Valve Valve
- > > —@—>——— —
+ Amplifier Motor Spool Port
_A Up
Feedback
Transducer

Figure 3.1: A block diagram of EHSV for Aircraft Wing Flap Actuation Mechanism.

Modeling of the EHSV was conducted after studying the operation of the aircraft flap actuation
mechanism and its block diagram. By using the appropriate fundamental principles of fluid
dynamics, mechanics, electrics, and control theory. mathematical equations describing the
operation of each component, and their operational gains were developed.

3.1.1 Mathematical Modeling of an EHSYV for Aircraft Wing Flap Actuation Mechanism.

The EHSV system considered in this design study consists of the following elements.

1. Servo Amplifier
i1. Torque Motor
1ii. Valve spool.

1v. Valve port
V. Feedback transducer

3.1.2 Servo Amplifier Modeling.
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The mathematical equation describing the relationship between the input voltage signal U and
output voltage signal (control voltage Uy) of the servo amplifier is given below.

WO = Ks U)o 3.1)

To obtain the corresponding transfer function, use was made of laplace transform technique and
equation 3.1 was express as:

U(8) = Kg e U(S) v, (3.2)

Transfer function of the servo amplifier G, (S5).

Laplce transform of Output

Gv (S): Laplace transform of Input
U
G,(S)= UV(S) Ky = Ky oo (3.3)

Where K|, is the amplification factor of the servo amplifier, which is a gain term. Uy(t) is the control
voltage , U(t) is the input voltage to the servo mplifier.

The resulting block diagram of a servo amplifier is shown in Figure 3.3 below.

U(s) Uy (s)
> K, —>—

Figure 3.2: Servo Amplifier block diagram.

3.1.3 Torque Motor Modelling.

Considering the electrical characteristics of the servo valve torque motor, the mathematical
equation describing the relationship between the control voltage signal Uy(t) and the control
current i(t) signal of the torque motor is given below.

L, % F R () = Ky o Us(t) eveeeeeeee e (3.4)

To obtain the corresponding transfer function, use was made of laplace transform technique and
equation 3.4 was express in laplace transform as:

LesI(S)+R..I(S) = Ku - Uu(S) e (3.5

Transfer function of the servo amplifier G, (S).

Laplce transform of Output

G¢(S)=

Laplace transform of Input
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Gr(S) == — (3.6)

Uv(s)  SLc+R.

where L. is the inductance of the torque motor coil, and R is the combined resistance of the torque
motor coil and the current sense resistor, K, the amplification of the servo amplifier, (K, . U(s))
and 1 are the control voltage and current.

The resulting block diagram of a torque motor is shown in Figure 3.4 below.

—— >

sL. + R,

Figure 3.3: Torque block diagram.
3.1.4 Valve Spool Flow Modeling.

The valve spool of the servo valve is designed to give a displacement X (t) that is directly
proportional to the control current i(t). The mathematical equation describing the relationship
between the control current i(t) and the valve spool displacement X (t) is given below.

X,(®) =K, .i(t) SURURUUURURTRTS (3.7)

where, X4(t) is the valve spool displacement, K, is the proportionality coefficient between the
control current and valve spool displacement, i (t) is the control current.

The lateral force on the valve spool is expressed as:

d*xs(t) dXs(t)

F=M
dt? dt

Where M is the mass of the valve spool (Kg), u is the spool viscous friction coefficient (kg/s).

Considering the compressibility of mineral oil hydraulic fluid in the system, the mathematical
equation representing the relationship between the control current i(t) and the valve spool
displacement X,(t) is expressed as:

VM d?X4(t) Vu dXs(t)

Kod? a2 T Kpa? dr +Xs(t) = K i(t) o (3.9)
d?Xs(t) , pdXg(t) . KgA? KgA
g T K () = K () (3.10)

To obtain the corresponding transfer function, use was made of laplace transform technique and
equation 3.10 was express in laplace transform as:

Expressing in Laplace transforms.

KpA?
VM '

KpA?
S?Xs(s) + = S Xo(s) + 2= X,()s = K. I(S)....... (3.11)
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2 2
Xy(s) (82 +4 54 20 ) = K

VM VM
Expressing equation 3.12 in form of Transfer function Ggy(s).

Laplce transform of Output

Gsp(s) =
sp( ) Laplace transform of Input
KpA?
X - ym (3.13)
II(S) (Sz +£ S+ KBAZ) ............................... .
M VM

Where V is the volume of the hydraulic fluid trapped between the spool ends (m?3), A is the spool
cross section area (m?).

The resulting block diagram of a valve spool is shown in Figure 3.5 below.

I(S) KBAZ XS(S)
——— VM K, A —
(52 +45 S +—5—f,ﬂ‘;z)

Figure 3.4: Valve spool block diagram.
3.1.6 Valve Port Modelling.

Due to the spool displacement as shown in Figure 3.6 below, the fluid is allowed to flow from
pressure source (Ps) to chamber B and from chamber A to reservoir T. The rates of these flows can
be calculated using equations given below.

| P l 1 P; : PSI

—.x‘

el e

Figure 3.5: Valve spool displacement by lateral force.

’2
QPB = CD,SWXS ;(RS‘ - PB) .................. (314)
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’2
QAT:CD,SWXS /_)(PA_PT) ..................... (315)

When the valve is open, Qpg equals to Q4r. Assuming Py = 0.

Po= Pa4Ps e (3.16)

The pressure difference between the load ports is defined as the load pressure.

PL:PB_PA ............................. (317)
Solving equations 14 and 15 together for P,.
Pa="CE (3.18)

Substituting equation 16 into equation 12.

Ps—P
Q1 = Cp WX, / P (3.19)

Hence, the flow rate Q;, (t) flowing through a metering chamber of the main spool can be calculated

as:
P — P,
QL(t) = CpswXs(1)
Expressing equation 3.19 in Laplace transform.
Ps—Pj,
QL(s) = CpswXs(s) BRI R TITIEIPP TIPS (3.20)

Expressing equation 3.20 in form of Transfer function G,y(s).

Laplce transform of Output

va(s) - Laplace transform of Input
QL(s) Ps—P
Gyp(s) = Xi(j) = Cyw / = R CUT (3.21)

where Cp s 1s the discharge coefficient in the metering chamber,

w 1s the slot width,

p is the oil density, and
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P, — P, is the pressure drop through the metering section.
K5 = valve port gain
3.1.6 Feedback Transducer Modelling.

The sensed spool position x(t) is converted into feedback electric signal uy(t) by the feedback
transducer. The mathematical equation describing the relationship between the sensed spool
position x(t) and the feedback electric signal Up(t) is given by the equation 3.22.

Up(t) = Ky X(E) ceeeeeeeiieee, (3.22)
Where K, is the coefficient of proportionality.

To obtain the corresponding transfer function, use was made of the Laplace transform technique,
and equation 3.23 was expressed as:

Up(8) = Ko X(S) eveeeeeeeeeeee oo (3.23)

The transfer function of the feedback transducer H(s).

Laplce transform of Output
Laplace transform of Input

H(s)=

Up(s)
H(s) = % = K e (3.24)
Where K, is the Feedback transducer gain (V/m)., Up(t) is the feedback electrical signal and X (t)
is the sensed spool displacement.

The resulting block diagram of a feedback transducer is shown in Figure 3.8 below.
X(s) Ue (s)
>

KF

"_u'

Figure 3.6: Feedback transducer block diagram.
3.2 Simulation Study.

MATLAB (Matrix Laboratory) is a high-level programming language and interactive environment
primarily used for numerical computing, data analysis, algorithm development, and visualization.
MATLAB is a versatile tool used across various fields for computation, analysis, and visualization.
MATLAB also offers tools like Simulink for modeling and simulating dynamic systems with a
graphical interface, which can simplify some aspects of simulation studies. The simulation studies
carried out in this study aimed to observe the time response of each servo valve component to its
step inputs.
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4.0 Results and Discussion

This study focused on presenting the general servo valve performance for the designated design
parameters as well as the simulation findings of the experimental investigations carried out with
the use of MATLAB computer software for each servo valve component. To clarify the servo
valve's behavior and response to the step inputs, a discussion of the findings was provided.

4.1 Simulation and Simulation Results of Servo Amplifier Model.

The weak input voltage U of the electrohydraulic servo valve is amplified by the servo amplifier
to obtain a suitable control voltage Uy.

U U,

N

V

Figure 4.1: Servo amplifier

The amplification factor of the servo amplifier is termed the servo amplifier gain. K, Is the design
parameter considered in this study. According to the aircraft technical manual, the control voltage
Uy ranges from 0 to 10V. The step input voltage U has been considered in the range of 0.2 to 1.0
volts and the servo amplifier gain is 5, thus. K, = 5. Consider Table 4.1.

Table 4.1: Table of Step input voltage U and control voltage Uy,

STEP INPUT VOLTAGE, U CONTROL VOLTAGE, Uy
(volts). Uv=K,.U
(volts)

0.2 1

0.4 2

0.6 3

0.8 4

1.0 5
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Step input voltage simulations of a servo amplifier simulated with the aid of MATLAB computer
software produced the step response graph shown in Figure 4.1 below.

Step Response of Servo Amplifier

5
Input Voltage: 0.2 V
a5k Input Voltage: 0.4 V
’ Input Voltage: 0.6 V
Input Voltage: 0.8 V

4 Input Voltage: 1.0 V|—

L
n
T

Output Voltage (L)
> w

Time (s)

Figure 4.2: Step response of servo amplifier with various input voltage.
4.1.1 Servo Amplifier Model Simulation Results.

The results obtained after simulating the step inputs voltage 0£ 0.2,0.4,0.6,0.8 and 1V in MATLAB
software for servo amplifier gain K, = 5, is an output (Control) voltage 1,2,3,4, and 5V. The results
obtained are suitable for application in aircraft wing flap actuation mechanisms since they are
within acceptable range,

4.2 Simulation and Simulation Results of Torque Motor Model.

When the control voltage from the servo amplifier is fed to the torque motor, electric current
(Control current). Flows through the torque motor coils. The torque motor coil resistance R, and
coil inductance L. Are the design parameters of the torque motor determining the output (control)
current? These are the parameters that were considered in this research study. The torque motor
coils conduct electric current (control current) when the torque motor receives the control voltage
from the servo amplifier. To determine the output (control) current, the torque motor's design
parameters are the coil resistance Rc and coil inductance L.. These are the criteria taken into
account in this investigation.
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Figure 4.3: Torque Motor.

According to the manufacturer’s datasheet, the value of torque motor coil inductance ranges from
10 to 100mH, torque motor coil resistance ranges from 10 to 100,Q and control current 0 to 20mA.
Table 4.2 shows the simulation results of the step input control voltage to the torque motor and the
control current (output).

Table 4.2: Table of step control voltage and control current for the torque motor.

STEP CONTROL VOLTAGE, Uv | CONTROL CURNT v (mA)
(Volts) 0.065+70

1 15

> 30

3 42

4 57

5 70

Step control voltage simulations of a torque motor simulated with the aid of MATLAB computer
software produced the step response graph shown in Figure 4.4.
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Step Response of torque motor
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Figure 4.4: Step response of torque motor with various control voltage.

4.2.1 Torque Motor Simulation Results.

The results obtained after simulating the step control voltage of 1,2,3,4 and 5V in MATLAB
computer software for torque motor with coil resistance and coil inductance of 702 and 0.06H
respectively, was an output (Control) current of 15,30,42,57 and 70mA respectively. The result
corresponding to the assigned design parameters was found suitable for application in aircraft wing
flap actuation mechanism since it falls within the recommended range.

4.3 Simulation and Simulation Results of Valve Spool Model.

When the current flows through the torque motor coil, electromagnetic forces are generated and
rotate the armature and the flapper assembly creating pressure difference at the spool ends. The
pressure difference results in the spool displacement. X (t) Which is proportional to the control
current. The valve spool design parameters include a mass of the spool M, volume of the fluid

trapped at the end of the spool V, control current coefficient. K;, spool and spool cross-section area
A.
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Figure 4.5: Valve Spool.

Table 4.3: Table of step control current and spool displacement for the valve spool.

CONTROL CURRENT I SPOOL DISPLACEMENT X, (m)
KpA? .
v Xs:(sZ :BE sf’t‘afllz)
Mt vm
0.015 0.0006
0.030 0.00116
0.042 0.0016
0.057 0.0022
0.070 0.0027

Step control current simulations of the valve spool simulated with the aid of MATLAB computer
software produced the step response graph shown in Figure 4.6.
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Figure 4.6: Step response of valve spool with various control voltage.
4.3.1 Valve Spool Simulation Results.

The results obtained after simulating the step control current of 0.015,0.03,0.042,0.057 and 0.07A
in MATLAB computer software for a valve spool with the following design parameters V= 49.2
mm3, A= 16.76 x 107°m? K, = 38.1 x 1073m/A and M= 0.0031Kg, were spool displacement
values of 0.6,1.16, 1.6,2.2, and 2.7mm. The results corresponding to the assigned design
parameters were found suitable for application in aircraft wing flap actuation mechanisms since
they resulted in valve displacement values that are within the recommended range.

4.4 Simulation and Simulation Results of Valve Port Model.

When the spool valve is displaced, the valve port opens allowing the fluid to flow from the tank to
the hydraulic motor. The design parameters of the valve port include the discharge coefficient. Cp
and the valve port width w. The values of the discharge coefficient and valve port have been
considered 0.77 and 0.0012m.

Table 4.4: Table of step spool displacement X and valve flow rate.
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SPOOL DISPLACEMENT X, (m) 0. —
(0.77)(0.0012) X, %

0.0006 3.78 x 10~*

0.00116 7.3x 107*

0.00160 1x 1073

0.0022 1.39x 1073

0.0027 1.7 x 1073

Step spool displacement simulations of the valve port simulated with the aid of MATLAB
computer software produced the step response graph shown in Figure 4.7.
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Figure 4.7: Step response of Valve port with various spool displacements.
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4.5 Servo Valve Performance.

The simulation results exhibited how changes in input signals impact spool displacement and flow
rate to the hydraulic motor for flap actuation, providing insights into the optimization of control
strategies. The developed servo valve model is a second-order model that exhibited both transient
and steady-state characteristics when simulated with various step inputs. Initially, both the spool
displacement X and the control flow rate Q; increased rapidly and overshot the steady state value,
and eventually settled at an appropriate value, in response to a step input.

4.5.1 Step Response of Spool Displacement.

The time response of the spool displacement for a two-stage nozzle-flapper electrohydraulic servo
valve for use in aircraft flap actuation mechanism showed a rapid increase in displacement due to
the immediate effect of the step input. The spool displacement overshot beyond the steady state to
3.6mm, indicating a tendency of the servo valve to respond aggressively to changes. The spool
then settled towards the spool equilibrium position 2.7mm. Damping characteristics were exhibited
removing oscillations to attain a stable state. Consider Figure 4.8.

10-3 servo valve performance
b4

3
|
1

25F .

15F .

spool displacerment {m

0.5F .

0 0.002 0.004 0.006 0.008 0.01
time (seconds)

Figure 4.8: Step response of spool displacement X

The simulation results exhibit the following parameters for the spool displacement model of the
tolerance band of plus or minus 0.1.

Table 4.5: table showing time parameters of the servo valve performance.
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Details Value
Delay time 0.0004s
Rise time 0.0003s
Maximum overshoot time 0.0008s
Settling time 0.002s

4.5.2 Step Response of Control Flow Rate Q;.

The time response of the control flow Q; A two-stage nozzle-flapper electrohydraulic servo valve
for use in aircraft flap actuation mechanism showed a rapid increase in flow rate due to the
immediate effect of the step input. The control flow rate overshot beyond the steady state to 2.35
x 1073 m3 /s, indicating a tendency of the servo valve to respond aggressively to changes. The
flow rate then settled towards the equilibrium flow of 1.75 x 1073 m3 /s, Damping characteristics
were exhibited removing oscillations to attain a stable state. Consider Figure 4.9.
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Figure 4.9: Step response of servo valve Control Flow rate Q,
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The simulation results exhibit the following parameters for the control flow rate model of the
tolerance band of plus or minus 0.1 m3/s.

Table 4.6: table showing time parameters of the servo valve performance.

Details Value
Delay time 0.0004s
Rise time 0.0005s
Maximum overshoot time 0.0009s
Settling time 0.002s

The electrohydraulic servo valve model simulation results elaborate the electrohydraulic actuation
mechanism responsible for controlling the aircraft's wing flaps. Model simulation results mainly
involved hydraulic dynamics which described fluid flow rate delivered to the hydraulic motor and
valve dynamics describing the response characteristics of the servo valve spool displacement.

Conclusion

To design a servo valve model for an aircraft wing flap actuation mechanism, this study first
determined the initial design parameters (such as coil resistance and inductance, spool mass, and
area) required for the servo valve model. Next, the servo valve and its components (such as the
torque motor, servo amplifier, valve spool, valve port, and feedback transducer) were
mathematically modeled.

Optimized servo valve settings were achieved by adjusting original design factors such as spool
mass and cross-section area. This study's optimization of several servo valve design parameters
emphasizes how important precise control is to improve the efficiency and dependability of aircraft
wing flap actuation mechanisms, which are essential for boosting safety during crucial flight
phases like takeoff and landing.

By using the developed mathematical models of the servo valve and its components, MATLAB
simulations conducted reveal the servo valve performance and its time responsiveness behavior.
Time response study for each component has enabled us to determine the behavior of each
component toward small changes in its input.

The time response simulation results of the designed servo valve model have been compared with
the MOOG servo valve data. The time response graphs which are obtained by this simulation of
the servo valve model for aircraft wing flap actuation mechanism are found to coincide with the
experimental time response graphs of the Moog servo valve.

The results obtained indicate that optimized design parameters can lead to improved response
times and accuracy in flap positioning, which directly influences overall aircraft performance.
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