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 a b s t r a c t

This paper presents the development of a comprehensive methodology for accurately estimating minimum con-
trol speeds both in the air (𝑉𝑀𝐶𝐴) and on the ground (𝑉𝑀𝐶𝐺), addressing a gap in conceptual design methodolo-
gies. These speeds are critical for appropriately sizing the rudder and vertical tailplane and ensuring controlla-
bility during one-engine-inoperative scenarios. The proposed approach integrates a nonlinear lateral-directional 
trim analysis and a time-domain simulation of ground manoeuvres, accounting for landing gear-runway inter-
action effects. The methodology facilitates a precise and rapid estimation of 𝑉𝑀𝐶𝐴 and 𝑉𝑀𝐶𝐺 while adhering to 
physical and regulatory constraints, making it suitable for early design iterations. It serves as a key procedure 
for optimising the design of aircraft with Short Take Off and Landing capabilities, which may exhibit control-
lability issues at near-stall speeds. A comparison of the data with those documented in the C-130J Performance 
Data Manual and the ATR 72–500 Flight Crew Operating Manual exhibits a close match across a wide range of 
operational conditions.

1.  Introduction

The Air Minimum Control Speed (𝑉𝑀𝐶𝐴) and Ground Minimum Con-
trol Speed (𝑉𝑀𝐶𝐺) are critical for ensuring aircraft controllability in the 
event of engine failure.

𝑉𝑀𝐶𝐴 represents the minimum speed at which an aircraft can main-
tain controlled, level flight after an engine failure. This parameter is 
particularly critical for Short Take-Off and Landing (stol) aircraft, op-
erating at low speeds and on limited runway lengths. It is imperative 
that 𝑉𝑀𝐶𝐴 is determined with the utmost precision to avoid loss of con-
trol typically experienced during the initial airborne phase. Due to their 
high-lift configurations and low stall speeds, stol aircraft require cor-
respondingly low minimum control speeds to maintain safe handling 
characteristics and good overall performance.

Similarly, 𝑉𝑀𝐶𝐺 represents the minimum speed at which the direc-
tional control can be maintained on the ground during takeoff. This 
parameter becomes particularly important for aircraft with high thrust-
to-weight ratios operating on narrow runways. It directly affects the 
design of ground control systems and landing gear.

The reader should be aware of all the safety-related aspects when 
reading the following sections of this article. A considerable number of 
fatal accidents have been linked to failure to adhere to minimum control 
speed requirements, particularly under tactical or emergency operating 
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conditions. Additionally, training scenarios that simulate emergencies, 
especially engine failures during check rides, have been identified as 
a significant source of accidents involving less-experienced pilots. One 
such case is detailed in the Australian Transport Safety Bureau (ATSB) 
report [1]. Further analyses of similar events can be found in [2]. Hor-
lings [3] provides a comprehensive overview of the loss of control ac-
cidents resulting from aircraft operating below the minimum control 
speeds specified in official flight manuals.

The importance of 𝑉𝑀𝐶𝐴 goes beyond safety; it directly influences 
the design of the vertical tailplane and crucial control surfaces such as 
the rudder, and also affects the actual operational capabilities of the air-
craft. Recent studies focus on tailplane aerodynamic optimizations [4], 
but a conceptual design carried out with the presented approach is an 
excellent starting point for a viable configuration.

Given the critical role of 𝑉𝑀𝐶𝐴 and 𝑉𝑀𝐶𝐺 in the design and opera-
tional safety of an aircraft, there is a strategic need to develop reliable 
methodologies for its estimation during the conceptual design phase.

Regrettably, the existing literature provides limited guidance on 
the evaluation of these characteristic speeds during the early stages 
of aircraft design. Several authors, such as Sadraey [5] and Toren-
beek [6, p. 336], suggest the use of statistical methodologies. Roskam [7, 
p. 26] remains the most valuable reference, as he addresses the prob-
lem of three-axis equilibrium. However, Roskam’s methodology does not
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Nomenclature

𝛼 Angle of attack referred to the 𝑥-body axes
𝜓̇ Heading rate
𝜓 Heading angle
𝑏𝑤 Wingspan
𝐶𝐿 Aircraft lift coefficient
𝑔0 Standard gravitational acceleration
ℎ Above sea-level height
𝐼𝑧𝑧 Principal moment of Inertia along the 𝑧-body axes
𝑀 Mach number
𝑞 Dynamic pressure
𝑆𝑤 Wing reference Surface
𝑉𝑀𝐶𝐴 Minimum control speed in air
𝑉𝑀𝐶𝐺 Minimum control speed on ground
𝑊 Aircraft weight
𝑤 Side-displacement
𝑥mL Main Left landing gear
𝑥mR Main Right landing gear
𝑥𝑛 Nose landing gear
𝑦𝑒 Critical engine yaw moment arm
AFM Aircraft Flight Manual
CAS Calibrated Airspeed
CS Certification Specifications
FAR Federal Aviation Rules
FCOM Flight Crew Operating Manual
ISA International Standard Atmosphere
STOL Short Take Off and Landing

account for nonlinearities and differs from the approach proposed in 
this article in two key ways: it requires the selection of specific flight
conditions (i.e., a given flight speed and bank angle) and a predeter-
mined thrust setting (i.e., engine-induced moments along the aircraft’s 
three control axes). The procedure implemented in this study appears 
to be more accurate and straightforward-thanks to the nonlinear solver-
when compared with other approaches, such as the one proposed by 
Hadder and Takahashi [8].

In early design stages, vertical tailplanes are often sized with conser-
vative margins to account for uncertainties and anticipated certification 
requirements. This study contributes to improving the accuracy of their 
sizing by incorporating regulatory considerations earlier in the process. 
Unlike traditional asynchronous approaches, where simplified methods 
are used initially and compliance is verified later, this methodology pro-
motes a more integrated design workflow, thereby reducing technical 
risks and the likelihood of costly redesigns.

Given that current aircraft design practices often rely on simplified 
assumptions that may not adequately capture the complexity of modern 
configurations [9], there is a growing need for more rigorous method-
ologies to estimate these critical speeds. This study addresses a critical 
gap by introducing a comprehensive framework that explicitly accounts 
for nonlinear lateral-directional trim analysis and tyre-runway interac-
tion modelling-factors that are often simplified or overlooked in early-
stage design tools. By simulating engine-out manoeuvres and integrating 

these critical effects, the methodology enhances the accuracy and relia-
bility of minimum control speed predictions from the earliest stages of 
the design process.

Section 2 outlines the regulatory framework governing aircraft con-
trol speed requirements, with an emphasis on implications for flight 
safety and certification. Section 3 presents the theoretical foundation 
and computational methodology developed for assessing minimum con-
trol speed constraints, detailing the nonlinear solution approach and 
its implementation. In Section 4, the results are presented and dis-
cussed through two representative applications, including a compara-
tive benchmarking analysis against established methods. The conclud-
ing section synthesizes the key contributions of this work and explores 
the broader implications for aircraft conceptual design and certification 
processes.

2.  Regulatory framework and control speed requirements

This section outlines the key regulatory elements that underpin the 
assessment of minimum control speeds, focusing on their relevance for 
aircraft design and certification. From a design perspective, these reg-
ulatory requirements impose clear constraints on aerodynamic perfor-
mance, engine-out handling, and control authority.

Regulatory agencies such as the European Union Aviation Safety 
Agency (EASA) and the Federal Aviation Administration (FAA) enforce 
stringent requirements for the certification of large commercial air-
craft [10,11]. Among these, particular emphasis is placed on minimum 
control speeds-both airborne and ground-based-which define the thresh-
old below which directional control cannot be ensured following the 
sudden failure of a critical engine. These speeds are closely linked to 
the reference stall speed (𝑉sr) and are constrained by operational con-
ditions involving asymmetric thrust, specific centre-of-gravity configu-
ration, and flight control limitations.

According to the Aircraft Flight Manuals, the indicated 𝑉𝑀𝐶𝐴 repre-
sents the standardised minimum control speed in air [12]. In this context, 
the sideslip angle 𝛽 is assumed to be zero, reflecting coordinated flight 
conditions in which the aircraft maintains directional control within reg-
ulatory limits.

The methods presented in this study have been developed in strict ac-
cordance with applicable airworthiness standards and are designed to 
replicate the prescribed certification manoeuvres through simulation. 
This approach enables a preliminary assessment of compliance with CS 
or FAR regulations (as indicated by the validation errors discussed in 
Section 4), thereby supporting the robustness and safety of the concep-
tual design.

Additional technical details, including full regulatory definitions, 
test configurations, and procedural steps, are provided in Appendix  A 
for reference.

3.  Methodology

3.1.  Minimum control speed in air

The calculation of the air minimum control speed begins with the 
lateral-directional trim equations. Specifically, the flight test is simu-

Fig. 1. Roll, yaw, and side-force free body diagrams for a twin-engine aircraft in OEI condition.
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Fig. 2. Flowchart for standardised 𝑉𝑀𝐶𝐴 and multi-axis trim computation.

lated by identifying the lowest speed at which the aircraft achieves a 
trim condition-an equilibrium state with no net side force, yawing mo-
ment, or rolling moment. The mathematical reference frame used for 
this analysis is derived from the free-body diagram shown in Fig. 1 and 
is described in detail below:
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where

𝐶𝛽
=
𝜕𝐶
𝜕𝛽

(

𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Aircraft yaw stability derivative

𝐶𝑌𝛽 =
𝜕𝐶𝑌
𝜕𝛽

(

𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Sideslip-induced side-force derivative

𝐶𝛽 =
𝜕𝐶
𝜕𝛽

(

𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Sideslip-induced roll moment derivative

𝐶𝛿𝑟
=
𝜕𝐶
𝜕𝛿𝑟

(

𝛿𝑟, 𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Rudder control power derivative

𝐶𝑌𝛿𝑟 =
𝜕𝐶𝑌
𝜕𝛿𝑟

(

𝛿𝑟, 𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Lateral force due to rudder deflection

𝐶𝛿𝑟
=
𝜕𝐶
𝜕𝛿𝑟

(

𝛿𝑟, 𝑀, ℎ, Δ𝐼𝑆𝐴, 𝑊
)

= Rudder-induced roll moment derivative

Table 1 
Angles limitations imposed to simulate 𝑉𝑀𝐶𝐴 for the C-130J.
 Variable  Limitation Rationale

 Sideslip angle 𝛽 ≤ |10◦| Avoid significant reduction in 
lateral-directional stability and 
excessive increment of drag.

 Rudder deflection 𝛿𝑟 ≤ |30◦| Reached maximum control sur-
face deflection and/or avoid con-
trol surface stall.

 Ailerons deflection 𝛿𝑎 ≤ |20◦| Reached maximum control sur-
face deflection and/or avoid con-
trol surface stall.

 Bank angle 𝜙 ≤ |5◦| Regulatory prescription.

𝐶𝛿𝑎
=
𝜕𝐶
𝜕𝛿𝑎

(

𝛿𝑎, 𝑀
)

= Ailerons adverse yaw effect

𝐶𝑌𝛿𝑎 =
𝜕𝐶𝑌
𝜕𝛿𝑎

(

𝛿𝑎, 𝑀
)

= Lateral force due to ailerons deflection

𝐶𝛿𝑎
=
𝜕𝐶
𝜕𝛿𝑎

(

𝛿𝑎, 𝑀
)

= Ailerons control power derivative

𝑇 = 𝑇
(

𝑀, ℎ, Δ𝐼𝑆𝐴
)

= Single engine thrust
The system of equations is underdetermined, as the number of un-

knowns exceeds the number of available constraints, resulting in in-
finitely many possible solutions. Moreover, the problem is strongly non-
linear, since control derivatives depend on the unknown control surface 
deflections.

Physical constraints further restrict the solution space, as any config-
uration exceeding predefined limits must be discarded. Table 1 presents 
angular constraints which distinguish between feasible and non-feasible 
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Fig. 3. Flowchart for 𝜙-dependant 𝑉𝑀𝐶𝐴 and multi-axis trim computation.

solutions. In this context, the rationale for imposing such constraints is 
grounded in practical considerations and supported by the guidelines 
proposed by Roskam [7]. These limitations are intended to prevent ex-
cessive control surface deflections and sideslip angles that could lead to 
surface stall, unacceptable increases in drag, or degradation of stability 
characteristics. Importantly, the applied constraints remain well within 
the aircraft-s operational envelope and are consistent with standard pi-
lot best practices and established procedures.

A schematic representation of the computational algorithm is pro-
vided in Fig. 2. The 𝑉𝑀𝐶𝐴 calculation routine begins with an initial 
guess, typically set to the stall speed-the minimum speed at which level 
flight can be sustained. Lateral-directional trim solutions are not com-
puted for speeds below this threshold, as such conditions represent phys-
ically unrealistic and aerodynamically meaningless flight scenarios. Ac-
cordingly, this value defines the stall-limited standardised 𝑉𝑀𝐶𝐴.

This algorithm enables the calculation of both the stall-limited 
standardised 𝑉MCA and the equilibrium angles required for lateral-
directional trim: the bank angle 𝜙, and the deflections of the rudder and 
ailerons 𝛿𝑟 and 𝛿𝑎 respectively. The following system of trim equations 
is derived from (1) with 𝛽 = 0:
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(2)

The system (2) was solved using a well-established nonlinear algo-
rithm [13,14].

To actively test the methodology and the physical results obtained, 
additional routines were developed to calculate 𝑉MCA values across a 
range of aircraft weights and bank angles. These two variables are cru-
cial for understanding how 𝑉MCA varies depending on the aircraft’s load 

configuration (weight) and the pilot’s behaviour in low-speed scenar-
ios, particularly in the event of an unexpected engine failure. Specifi-
cally, the routine illustrated in Fig. 3 computes how 𝑉MCA changes with 
varying bank angles, which directly reflects the pilot’s aileron inputs. 
This enables an analysis of how active control inputs may influence the 
aircraft-s controllability, offering valuable insights into pilot actions that 
could help maintain safety during flight.

The same method can be used to analyse how controllability 
varies with aircraft weight. This enables an assessment of the pilot-
s required actions under different loading conditions. As detailed in
Section 4, weight plays a critical role in controllability during one-
engine-inoperative scenarios: it may either enhance or impair control-
lability, depending on the circumstances.

Fig. 4. Yawing moment due to critical engine failure 𝑇  and rudder control 
moment 𝛿𝑟 for a simulated C-130J-30, where 𝑇  and 𝛿𝑟 represent the mag-
nitudes of the associated vectors.
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Fig. 5. Free-body diagram of a landing gear under a resultant negative yawing moment according to the European convention.

3.2.  Minimum control speed on ground

A common method for estimating 𝑉MCG involves calculating the yaw-
ing moment vectors produced by asymmetric thrust  𝑇  and maximum 
rudder deflection  𝛿𝑟 . By examining these moments across a range of 
speeds (Fig. 4), the equilibrium condition  𝑇 + 𝛿𝑟 = 0 identifies the 
minimum speed at which the pilot can maintain directional control on 
the ground and counteract the yawing tendency.

However, this calculation does not account for the maximum lateral 
displacement permitted by regulations, as outlined in Section 2, and is 
therefore likely to overestimate 𝑉MCG. While this procedure may serve 
as a first approximation for estimating 𝑉MCG, it is not sufficiently reli-
able when addressing specific design considerations or when stringent 
requirements must be met. For tactical military, STOL aircraft, for exam-
ple, the ability to operate under strict constraints-such as narrow or even 
semi-prepared runways-is often essential. Accordingly, this study builds 
on the observations above to conduct a manoeuvre-based simulation for 
estimating 𝑉MCG in compliance with regulatory standards.

The manoeuvrer on the runway is simulated starting from a trial 
speed 𝑉ef, which represents the speed at which the engine failure occurs. 
The evolution of the translational equations in the runway plane, along 
with the yawing moment induced by the OEI condition must then be 
analysed. The roll moment can be neglected as a first approximation, 

as it is counteracted by the damping effect of the landing gear. For this 
reason, aileron deflection is not considered significant in the simulation-
although, in practice, the pilot would also use the ailerons to generate 
an alleviation drag moment [15].

To a good approximation, the aircraft can be considered a rigid body. 
By analysing the problem in a reference frame that is inertial with re-
spect to the aircraft, it is therefore possible to apply Euler’s laws of mo-
tion in this vector form:
𝑊
𝑔0
𝑽̇ = (𝑁engines − 1)𝑻 +𝑫aerodynamics +𝑫windmilling + 𝑭landing gear (3)

𝐼𝑧𝑧 𝝍̈ =  𝑇 + 𝛿𝑟 + landing gear (4)

Here, 𝑽̇  denotes the first derivative of the translational velocity 𝑽  with 
respect to time, and 𝝍̈ denotes the second derivative of the heading an-
gle 𝝍 with respect to time. The term 𝑁engines represents the total num-
ber of aircraft engines. The vectors 𝑫aerodynamics and 𝑫windmilling cor-
respond to the drag forces due to aerodynamic effects and windmilling 
propellers, respectively. Finally, 𝑭landing gear and  landing gear denote the 
frictional force and reaction moment resulting from the interaction be-
tween the tyres and the runway.

The calculation routine begins with a trial speed 𝑉ef slightly lower 
than that determined by the intersection shown in Fig. 4, and simu-
lates the temporal evolution of the aircraft’s motion along the runway. 

Fig. 6. Diagram of the calculation procedure that has been implemented.
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Fig. 7. Lateral-directional stability derivatives for a simulated C-130J-30 at Mach 0.2.

Through an iterative approach, it is possible to determine the precise 
value of 𝑉ef that results in a lateral deviation of 9.1m (30 ft) from the 
runway centreline. By definition, this value of 𝑉ef corresponds to the 
ground minimum control speed 𝑉MCG. The calculation of 𝑉𝑀𝐶𝐺 is highly 
sensitive to initial conditions. Therefore, during the conceptual design 
phase, it is advisable to refer to existing aircraft to establish accurate 
design parameters. A notable example is the moment of inertia 𝐼𝑧𝑧. In 
this study, the first-level estimation procedure proposed by Roskam was 
employed [16] and it was deemed adequate for this analysis.

3.3.  Landing gear-runway interaction

Accurate modelling of the interaction between the landing gear and 
the runway is of paramount importance. The vertical load distribution 

can be estimated based on the aircraft’s geometry and landing gear con-
figuration. Let 𝑥𝑚 and 𝑥𝑛 denote the distances from the centre of gravity 
(𝐶𝐺) to the main and nose landing gear, respectively. Under these def-
initions, the following relationship can be derived:
𝐹𝑧, 𝑛 = 𝑊

𝑥𝑚
𝑥𝑚 + 𝑥𝑛

(5)

𝐹𝑧, 𝑚𝐿 = 𝐹𝑧, 𝑚𝑅 = 1
2
𝑊

𝑥𝑛
𝑥𝑚 + 𝑥𝑛

(6)

The subscripts 𝑛, 𝑚𝐿, and 𝑚𝑅 refer to the nose, main left, and 
main right landing gear, respectively. Furthermore, the frictional 
forces are considered as projected along the body axes, as shown in
Fig. 5.

Starting from the computation of the centre-of-mass velocity and the 
resultant instantaneous moment, the tangential and sideslip velocities 
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Fig. 8. Computed lateral-directional control derivatives for a simulated C-130J-30 at Mach 0.2.

for each set of wheels can be derived. By subsequently applying well-
established friction models from the engineering literature [17,18], the 
effective friction forces 𝐹𝑥, 𝑖 and 𝐹𝑦, 𝑖, with 𝑖 ∈ {𝑛, 𝑚𝑅, 𝑚𝐿}, can be de-
termined. These forces, in turn, enable the computation of the reaction 
moment  landing gear as used in (4).

4.  Results and discussion

Fig. 6 illustrates the structured input parameters required for the 
minimum control speed analysis. The methodology employs a system-
atic Excel-based interface to define aircraft configuration data and fa-
cilitate computational workflow management. The computational ap-
proach demonstrates remarkable efficiency, enabling a fully nonlinear 
solution methodology1 with negligible computational overhead. Com-
plete solutions are generated within seconds across a bank angle range 
of 𝜙 = −10 to +10◦ with 1◦ increments (Fig. 9), demonstrating that the 
nonlinear formulation imposes virtually no computational penalty com-
pared to simplified approaches. This efficiency eliminates the traditional 
trade-off between solution fidelity and computational cost, allowing rig-
orous nonlinear analysis throughout the conceptual design phase.

1 https://github.com/GabrieleMorra/Minimum-Control-Speeds-in-Aircraft-
Conceptual-Design

Additionally, Figs. 7 and 8 (introduced in Section 4.1) present the 
full set of stability and control derivatives employed in the analysis. 
While the implementation supports automation, the focus of this study 
remains on the methodological development and the resulting estimates 
of minimum control speeds. Further technical details concerning the 
input parameters and the lateral-directional equilibrium algorithm are 
provided in Appendix  B.

4.1.  Lateral-directional derivatives

The methodology developed in this study relies heavily on the accu-
rate calculation of the aircraft’s lateral-directional stability and control 
derivatives. Particular attention has been devoted to the computation of 
the coefficients that fill the left-hand side matrices of (1) and (2).

To support the development of a fast and reliable conceptual de-
sign methodology suitable for the early design phase, aerodynamic 
derivatives were estimated using the well-established semi-empirical 
formulations proposed by Roskam [19]. These methods were fur-
ther complemented by insights from foundational studies [20] and 
updated to incorporate more recent developments and experimental
validations [21,22].

Figs. 7 and 8 present all the lateral-directional derivatives used in the 
methodologies developed for the simulated C-130J-30 at Mach num-
ber 0.2. The key characteristics of lateral-directional static stability 
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Fig. 9. Multi-axis trim angles and 𝑉𝑀𝐶𝐴 results for different values of bank 𝜙. 
Aircraft: C-130J-30 with a simulation mass of 45,000 kg.

are clearly observable: both 𝐶𝑌𝛽 ⋅ 𝛽 and 𝐶𝛽 ⋅ 𝛽 are negative for pos-
itive sideslip angles, indicating the aircraft’s inherent stability in re-
sponse to crosswind disturbances. Notably, the aircraft exhibits a sta-
ble yawing tendency, aligning the nose with the wind, as indicated by 
the positive value of (𝐶𝛽

), which acts to cancel 𝛽. The calculation 
of the derivatives also accounts for the reduction in control effective-
ness of 𝐶𝛿𝑟

 and 𝐶𝛿𝑎
 (see Fig. 8), due to diminished control surface 

performance at high deflection angles [23]. Additionally, adverse yaw-
defined as the aircraft’s tendency to yaw in the opposite direction to 
that intended during an aileron manoeuvre-is incorporated through the
derivative 𝐶𝛿𝑎

.

4.2.  Minimum control speed in air

The results presented are based on the analysis conducted according 
to the procedure outlined in Fig. 3. The analysis was carried out across 
a range of bank angles 𝜙, from −10◦ to 10◦, with a step of 1◦, in order to 
assess the sensitivity of 𝑉𝑀𝐶𝐴 to lateral trim conditions. Fig. 9 presents 
the computed values and corresponding trim angles.

The trends reported in the literature are confirmed [12]. All an-
gles comply with the constraints imposed in Table 1. Rudder de-
flection reaches its maximum for values of −6◦ < 𝜙 < 2◦ to achieve 
lateral-directional trim due to a right critical engine failure, which is
considered the critical case. The trend of 𝑉𝑀𝐶𝐴 is also well captured: 
the lowest value of the minimum control speed in air occurs at approx-
imately 𝜙 = −6◦. This indicates that to achieve the lowest possible con-

Fig. 10. Effect of bank angle 𝜙 and flight weight on 𝑉𝑀𝐶𝐴 for a simulated C-
130J-30.

trol speed, the pilot must trim the aircraft with a bank angle away from 
the failed engine-raising the right wing in this case-resulting in a nega-
tive bank angle 𝜙.

Important insights also emerge from the analysis of 𝑉𝑀𝐶𝐴 as a func-
tion of aircraft weight. The results shown in Fig. 10 align with the 
trends reported in the publicly available C-130J Performance Data Man-
ual [24]. Specifically, the minimum control speed increases with in-
creasing weight when the aircraft is banked towards the failed engine-an 
unfavourable bank angle. Conversely, when the pilot responds appro-
priately to the OEI condition by banking away from the failed engine, 
the trend reverses: higher weight becomes advantageous, resulting in a 
lower minimum control speed. As anticipated, maintaining a wings-level 
attitude eliminates the effect of weight, since weight does not appear in 
the lateral-directional trim equations. It is important to note that, as 
aircraft weight increases, the minimum value of 𝑉𝑀𝐶𝐴 not only rises 
but also shifts towards higher values of 𝜙. In this context, it is observed 
that excessive banking-even in the favourable direction, away from the 
failed engine-can still result in an increase in 𝑉𝑀𝐶𝐴 (see magnified view 
in Fig. 10).

The workflow illustrated in Fig. 6 was applied to both the C-130J-
30 and the C-130J, yielding results consistent with expectations for this 
class of aircraft. The C-130J served as a benchmark for validating the 
methodology, with results compared against data from the Performance 
Data Manual (PDM) [24], which is publicly available online.

Fig. 11 shows both the carpet plot from the PDM and the results 
obtained using the proposed methodology. To further evaluate the pro-
posed procedure, another high-wing turboprop aircraft-the ATR 72-500-
was simulated, selected due to the public availability of its Flight Crew 
Operating Manual (FCOM) [25]. For clarity, Tables 2 and 3 present 
the percentage errors obtained by comparing the 𝑉𝑀𝐶𝐴 values reported 
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Fig. 11. Reproduction of the C-130J 𝑉𝑀𝐶𝐴 carpet plot superimposed with calculated values as a function of ΔISA and height.

in the manuals with those estimated using the proposed methodology 
(Fig. 12).

The validation presented in this study is primarily illustrative and 
currently limited to two case studies: the C-130J and the ATR 72–500. 
The availability of public data for such analyses is extremely lim-
ited, particularly for more recent aircraft. Nevertheless, the proposed 
methodology demonstrates promising potential for extension and veri-
fication across a broader range of configurations.

A direct comparison between the method presented in this study 
and the approach proposed by Roskam [7] reveals the percentage im-

provement in accuracy for estimating 𝑉𝑀𝐶𝐴. Fig. 13 illustrates the 
two methods side by side, across varying altitudes and Outside Air 
Temperature (oat) conditions, as applied to the C-130J PDM. In gen-
eral, the Roskam’s method yields higher percentage errors, particularly 
at higher altitudes. The error associated with the method proposed 
in this article is predominantly negative, whereas Roskam-s method 
tends to overestimate. The maximum error observed with the proposed 
method is 1.24%, while the minimum error recorded using Roskam-
s method is 1.14%, clearly demonstrating the advantages of the new
approach.
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Fig. 12. Reproduction of the ATR 72–500 𝑉𝑀𝐶𝐴 carpet plot superimposed with 
calculated values as a function of ΔISA and height.

Fig. 13. Comparison of percentage errors in the estimation of 𝑉𝑀𝐶𝐴 using the proposed methodology and the approach by Roskam, evaluated over a range of pressure 
altitudes and ΔISA conditions. Reference values are obtained from the C-130J PERFORMANCE DATA MANUAL (PDM).

Fig. 14. Trend of side-displacement as a function of the velocity at which the 
engine failure is simulated. Reference aircraft: C-130J.
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Fig. 15. 𝑉𝑀𝐶𝐺 simulation manoeuvrers for different engine failure speeds 𝑉ef for 
a modelled C-130J. Simulated trajectories are shown until the aircraft returns to 
a parallel alignment with the runway. Additionally, variations in heading angle 
and its rate are presented as a function of time.

A direct comparison between the methodology presented in this 
study and the classical approach proposed by Roskam [7] highlights 
the improvements in estimating 𝑉𝑀𝐶𝐴 accuracy. Fig. 13 shows the per-
centage errors associated with both methods across varying altitudes 
and Outside Air Temperature (OAT) conditions, using the C-130J PDM 
as a reference. Roskam’s method generally exhibits larger errors, par-
ticularly at higher altitudes, and tends to overestimate 𝑉𝑀𝐶𝐴. In con-
trast, the proposed methodology shows predominantly negative errors, 
indicating a more consistent behaviour. The maximum absolute error 
observed with the proposed method is only 1.24%, whereas even the 
minimum error associated with Roskam-s approach is 1.14%. These re-
sults clearly demonstrate the enhanced accuracy and reliability of the 
non-linear trim-based method introduced in this work.

The comparison was carried out under identical input parameters 
and flight conditions for both methods, ensuring fully consistent and di-
rectly comparable results. To align with regulatory guidance and main-
tain methodological equivalence, the bank angle 𝜙 was selected as the 
value resulting from the lateral-directional trim condition solved in (1) 
that yields zero sideslip. This choice is consistent with the definition of 
the standardised 𝑉𝑀𝐶𝐴, thereby ensuring that both approaches are eval-
uated under equivalent constraints. Such alignment allows for a rigorous 
and meaningful assessment of their relative accuracy.

The implemented methodology enables the rapid generation of 
reliable results, typically within seconds. These results can be used 
to inform and refine the vertical tailplane design during the early 
stages of aircraft development-a particularly critical task for STOL
configurations.

Table 2 
Error percentage of computed 𝑉𝑀𝐶𝐴 vs. C-130J FCOM data at various heights 
and ΔISA.
 h [ft] ΔISA −30 ◦C ΔISA −20 ◦C ΔISA −10 ◦C ΔISA 0 ◦C ΔISA 10 ◦C ΔISA 20 ◦C

 Error [%]  Error [%]  Error [%]  Error [%]  Error [%]  Error [%]
−2000 −0.58 −0.17 −0.85 −0.75 −0.51 −0.33
 0 −0.11 −0.79 −0.73 −0.55 −0.36  0.59
 2000 −0.77 −0.47 −0.41 −0.28 −0.11  1.24
 4000 −0.46 −0.31 −0.08  0.12  0.39 −–
 6000 −0.19  0.12  0.21  0.38  —  —
 8000  0.11  0.39  —  —  —  —
 10,000  0.55  —  —  —  —  —

Table 3 
Error percentage of computed 𝑉𝑀𝐶𝐴 vs. ATR 72–500 FCOM data at var-
ious heights and ΔISA.
 h [ft] ΔISA [◦C]  Error [%] ΔISA [◦C]  Error [%] ΔISA [◦C]  Error [%]
−1000 −30.00  7.65  23.39  1.26  40.00  5.00
 0 −30.00  6.57  21.53  0.53  40.00  4.32
 1000 −30.00  5.57  18.91 −0.24  40.00  3.85
 2000 −30.00  4.52  16.48 −0.91  40.00  3.15
 3000 −30.00  3.54  14.43 −1.66  40.00  2.66
 4000 −30.00  2.56  12.09 −2.37  40.00  2.18
 5000 −30.00  1.53  8.62 −2.98  40.00  1.72
 6000 −30.00  0.52  4.94 −3.48  40.00  1.26
 7000 −30.00 −0.42  1.64 −3.90  40.00  0.70
 8000 −30.00 −1.34 −6.74 −4.16  40.00  0.25
 8500 −30.00 −1.80 −9.68 −4.24  40.00 −0.01

4.3.  Minimum control speed on ground

The algorithm developed for the calculation of 𝑉𝑀𝐶𝐺 is initiated 
at the onset of a simulated engine failure and concludes when the 
aircraft realigns with the runway direction, as prescribed by EASA 
CS 25.149(e) [10]. Multiple manoeuvres were simulated at varying
engine failure speeds 𝑉ef, as illustrated in Figs. 14 and 15. Notably, even 
small variations in 𝑉ef result in significant changes in lateral displace-
ment. This sensitivity arises because the simulations are conducted at 
speeds near the lift-off threshold, which corresponds to the maximum 
ground speed reached during the takeoff roll. Consequently, although 
the aircraft exhibits only modest deviations in heading angle 𝜓-typically 
within a few degrees-the elevated ground speed substantially amplifies 
the lateral displacement.

The results obtained are consistent with the literature [26,27], 
demonstrating that the developed calculation procedure meets the ex-
pectations. To further investigate the quality of the results, Fig. 16
compares the computed carpet plot of 𝑉𝑀𝐶𝐺 with the correspond-
ing plot from the PDM. Fig. 17 presents the resultant percentage
errors.

These calculations are valuable for meeting takeoff requirements 
on narrow runways where lateral deviation must be minimised. An
approach for estimating minimum control speed on the ground dur-
ing the early design stages enables designers to evaluate the aircraft-
s operational envelope effectively. Moreover, the methodology can be 
readily adapted to accommodate different runway surfaces (asphalt, un-
prepared, etc.) and potential contaminants. As such, it represents an im-
portant tool in the design of tactical military aircraft.
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Fig. 16. Reproduction of the computed and PDM C-130J 𝑉𝑀𝐶𝐺 carpet plots.

Fig. 17. Error percentage of computed 𝑉𝑀𝐶𝐺 vs. C-130J PDM data at various 
heights and ΔISA.

5.  Conclusions

Current aircraft design practices often rely on simplified assumptions 
that do not fully capture the complexity of modern aircraft configura-
tions, particularly regarding the estimation of critical flight speeds. The 
increasing sophistication of contemporary aircraft designs, coupled with 
stringent safety requirements, necessitates more accurate and compre-

hensive methodologies for determining minimum control speeds during 
the conceptual design phase. Early-stage design decisions significantly 
influence subsequent development costs, making the availability of reli-
able estimation tools essential for manufacturers to make informed de-
sign choices and optimize aircraft performance characteristics.

The methodology proposed in this work addresses current limita-
tions in the estimation of minimum control speeds, providing engineers 
with a practical tool during the conceptual design phase. Notably, it re-
quires only a limited set of input parameters, making it well-suited for 
integration into early stages of design loops-even when detailed aircraft 
data are not yet available.

This study introduces a comprehensive methodology for evaluating 
minimum control speeds both in the air (𝑉𝑀𝐶𝐴) and on the ground 
(𝑉𝑀𝐶𝐺) during the conceptual design of large aircraft. The proposed 
framework incorporates the solution of lateral-directional trim equa-
tions and a time-domain simulation that accounts for landing gear-
runway interaction effects-factors often oversimplified or neglected in 
early-stage design tools. By simulating engine-out manoeuvres and inte-
grating these dynamic effects, the methodology offers a more accurate 
representation of the underlying physics.

The approach also incorporates the constraints imposed by airwor-
thiness regulations. By replicating certification-relevant manoeuvres, 
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the methodology supports an early-stage consistency check with the re-
quirements specified in CS and FAR, thereby contributing to a design 
process more likely to comply with safety requirements and regulations.

The methodology has demonstrated its suitability for supporting con-
ceptual design activities, with computed 𝑉𝑀𝐶𝐴 values showing minimal 
deviation from reference data and significant improvements over con-
ventional simplified approaches. Validation against the C-130J PDM in-
dicates errors generally below 1%, confirming both the enhanced accu-
racy and practical applicability of the methodology.

Similarly, the 𝑉𝑀𝐶𝐺 results exhibit strong agreement with refer-
ence data, further confirming the reliability of the proposed method-
ology. This consistency allows for an early assessment of whether a 
given aircraft configuration complies with runway width constraints, 
thereby offering a practical and valuable support tool for conceptual
design.

The results obtained, along with their comparison to data presented 
on the AFMs demonstrate a clear correspondence. However, the anal-
ysis was limited to two aircraft for which publicly available data and 
technical documentation were accessible. This constraint highlights the 
general lack of high-fidelity performance information in the public do-
main, particularly for modern configurations. Future work may address 
this limitation by extending the validation to a broader database of air-
craft, including both contemporary and legacy designs.
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Appendix A.  Regulatory framework

This appendix provides a more detailed overview of the regulatory 
provisions and testing procedures required to establish minimum control 
speeds for aircraft certification, as defined by EASA CS-25 and FAA FAR-
25.

The Acceptable Means of Compliance (AMC) allow for the use of 
both static and dynamic methods to determine the minimum control 
speed. In static testing, the aircraft is initially placed in a trimmed flight 

condition with asymmetric thrust, which is then progressively reduced 
until directional control can no longer be maintained. A limited number 
of dynamic tests-typically involving the sudden failure of the critical 
engine-are conducted to validate the static results. According to reg-
ulatory guidance, loss of control must be indicated by either a clear 
divergence from the intended flight path or a marked degradation in 
directional stability.

The definition of Minimum Control Speed (𝑉MC) given by EASA 
CS - 25 is the following:

CS 25.149.(b) 𝑉MC is the calibrated airspeed, at which, 
when the critical engine is suddenly made inoperative, it 
is possible to maintain control of the aeroplane with that 
engine still inoperative and maintain straight flight with 
an angle of bank of not more than 5◦.

The Minimum Control Speed is closely related to the Reference Stall Speed
𝑉𝑆𝑅; specifically, it must not exceed 1.13 ⋅ 𝑉𝑆𝑅 when the aircraft has the 
following configuration:
1. Maximum available takeoff power or thrust on the engines.
2. The most unfavourable centre of gravity.
3. The aeroplane is in a trimmed configuration for takeoff.
4. The maximum sea - level takeoff weight (or any lesser weight nec-
essary to show 𝑉mc).

5. The aeroplane in the most critical takeoff configuration existing 
along the flight path after the aeroplane becomes airborne, except 
with the landing gear retracted.

6. The aeroplane airborne and the ground effect is negligible.
7. If applicable, the propeller of the inoperative engine:
(a) Windmilling.
(b) In the most probable position for the specific design of the pro-

peller control.
(c) Feathered, if the aeroplane has an automatic feathering device 

acceptable for showing compliance with the climb requirements 
of CS 25.121.

Another limitation concerns the maximum allowable rudder con-
trol force, which must not exceed 667N. Furthermore, maintaining 
controlled flight should not require any reduction in engine power or
thrust.

This limitation also applies during the determination of the 𝑉MCG, 
which is the minimum control (calibrated) speed on the ground dur-
ing the takeoff run at which it is still possible to maintain directional 
control of the aircraft using the rudder input alone, without relying on 
nose - wheel steering. Lateral control may be used only to the extent 
necessary to keep the wings level. The aircraft must remain controllable 
using average piloting skill when the critical engine is suddenly rendered 
inoperative. During this test, the aircraft must not deviate laterally by 
more than 9.1m (30ft) from the runway centreline. Fig. A.18 shows a 
sketch of this scenario. The recovery manoeuvre must not result in a 
hazardous aircraft attitude or require abnormal piloting skill, alertness, 
or strength to prevent a heading change exceeding 20◦. To establish the 
𝑉MCG adequately, the following conditions must be met:

Fig. A.18. A sketchy representation of the test - case scenario depicted in EASA CS 25.149.(e) and FAA CFR 25.149.(e) (Minimum Control Speed).
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1. The aeroplane in each takeoff configuration or, at the option of the 
applicant, in the most critical takeoff configuration.

2. Maximum available takeoff power/thrust on the operating engine/s.
3. The most unfavourable centre of gravity.
4. The aeroplane is in a trimmed takeoff configuration.
5. The most unfavourable weight in the range of takeoff weights.

Similar requirements apply during landing operations. EASA des-
ignates the minimum control (calibrated) speed during approach or 
landing-with all engines operating when the critical engine is suddenly 
rendered inoperative-as 𝑉𝑀𝐶𝐿. At this speed, the aircraft must remain 
controllable with the inoperative engine and be capable of maintaining 
straight flight with a bank angle not exceeding 5◦.

Appendix B.  Algorithms input parameters

(Tables B.4, B.5, B.6.)

Table B.4 
Main geometrical and aerodynamic input parameters of the ATR 72–500 and 
the Lockheed Martin C-130J.

PARAMETER ATR 
72–500

C-130J

WING Surface 61.0 162.0 𝑚2

Span 27.05 40.41 m
Dihedral 0.42 1.85 deg
Height −1.585 −2.419 m
Average sweep of the 
equivalent wing

3.6 1.0 deg

Aileron maximum 
deflection

20.0 20.0 deg

Taper ratio 0.579 0.520
Tip 𝑥 position 11.645 11.5 m
Geometric twist 0.0 3.0 deg
Thickness/chord ratio at 
aileron station

8.0 8.0 %

Aileron chord fraction 0.2 0.25
Airfoil lift curve slope at 
aileron station

6.0 6.0 rad−1

Aileron inner 
position/semi span

75.0 70.0 %

Aileron outer 
position/semi span

98.0 98.0 %

FUSELAGE Reference diameter 3.311 4.654 m
Diameter at vertical tail 
quarter chord

1.835 3.000 m

Length 27.07 29.79 m
Section area 𝑆0 [19, 
p. 385]

5.922 11.506 m

Volume 135.7 307.0 𝑚3

HORIZ. TAIL Surface 11.56 50.63 m3

Span 7.31 16.05 m
Sweep half chord 4.726 3.437 deg
Height w.r.t. waterline 4.751 1.68 m
Dynamic pressure ratio 𝜂 1.0 0.85

VERT. TAIL Rudder chord fraction 0.25 0.25
Span 4.468 7.041 m
Sweep quarter chord 38.47 17.0 deg
Chord root 4.77 6.3 m
Chord tip 1.91 1.8 m
Aerodynamic centre 
height w.r.t. waterline

1.461 3.057 m

Aerodynamic centre 
distance from centre of 
mass

10.826 16.500 m

Rudder maximum 
deflection

30.0 30.0 deg

Rudder/vertical span 75 100 %
Thickness/chord ratio at 
rudder station

8 8 %

Table B.5 
Miscellaneous input parameters for 𝑉𝑀𝐶𝐴 analysis of the ATR 72–500 
and 𝑉𝑀𝐶𝐴 & 𝑉𝑀𝐶𝐺 analysis of the Lockheed Martin C-130J.

PARAMETER ATR 
72–500

C-130J

𝑉𝑀𝐶𝐴 𝐶L, max Takeoff 2.1 2.1
Number of engine 2 4
Nacelle reference 
diameter

1.063 1.213 m

Max static thrust 32,721 54,000 N
Worst case scenario 
engine failure arm length

4.05 10.17 m

𝑉𝑀𝐶𝐺 𝐶L, max Ground — 0.9
𝑅𝑧 [p. 198, 199, 200] — 0.49
Rudder angular velocity — 60 deg/s
Operating empty mass — 35,000 kg
𝐶D,0 Takeoff — 0.075
Oswald efficiency factor — 0.8
Longitudinal position of 
the main landing gear 
w.r.t. centre of gravity 
𝑥main

— 1.0 m

Lateral position of the 
main landing gear w.r.t. 
centre of gravity 𝑦main

— 11.0 m

Lateral position of the 
nose landing gear w.r.t. 
centre of gravity 𝑥nose

— 2.67 m

Table B.6 
Solver settings input parameters for mass and weight analyses for the 
Lockheed Martin C-130J.

 PARAMETER  C-130J
 SOLVER SETTINGS  Mach number 𝑀  0.3

 Max side-displacement (for 𝑉𝑀𝐶𝐺)  9.144  m
 Mass start  35,000  kg
 Mass end  70,000  kg
 Mass step  5000  kg
 Initial bank angle 𝜙start −10  deg
 Initial bank angle 𝜙start  10  deg
 Bank angle step Δ𝜙  1  deg
 Speed increment step size Δ𝑉  0.1  kn
 Nonlinear solver tolerance 10−15

Appendix C.  Supplementary data

This section presents all the data produced by the C# routines, which 
are also intended to support reproducibility of the work. These data are 
the outputs of the 𝑉𝑀𝐶𝐴 and 𝑉𝑀𝐶𝐺 direct calculations, as shown by 
diagrams and graphs in this article. Table C.7 provides data about the 
𝑉𝑀𝐶𝐺; Tables C.8, C.9, and C.10 illustrate lateral-directional derivatives 
concerning the sideslip angle beta; Tables C.11 and C.12 show lateral-
directional control derivatives. Table C.13 shows results from the solu-
tion of the nonlinear, indeterminate system of equations. Finally, C.14 
is a lookup table which collects 𝑉𝑀𝐶𝐴 data as a function of the aircraft’s 
bank angle phi and weight.

𝑉𝑀𝐶𝐺 data of Fig. 15 are available at the follow-
ing GitHub repository: https://github.com/GabrieleMorra/
Vmcg-simulation-maneuvers-data. Table C.15 shows all data of 
how 𝑉𝑀𝐶𝐺 varies with several engine failure speeds.
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Table C.7 
Numerical data represented in Fig. 4 concerning the yawing moment 
due to critical engine failure 𝑇  and rudder control moment 𝛿𝑟  for 
a simulated C-130J. 𝑇  and 𝛿𝑟  represent the magnitudes of the 
associated vectors.

 V [kn] 𝑇 [Nm] 𝛿𝑟 [Nm]

 0  544,034  0
 10  540,912  5028
 20  536,579  20,110
 30  530,772  45,242
 40  530,772  80,419
 50  522,697  125,631
 60  511,358  180,867
 70  497,740  246,113
 80  482,007  321,351
 90  464,555  406,559
 100  447,053  501,712
 110  429,733  606,780
 120  412,770  721730
 130  396,172  846,522
 140  380,266  981,109
 150  364,869  1,125,439
 160  349,777  1,279,452

Table C.8 
Numerical data represented in Fig. 7 concerning yawing 
lateral-directional stability derivatives for a simulated C-130J.
𝛽 [◦] 𝐶Wing

𝐶Fuselage
𝐶Vertical

−10  0.000079  0.010977 −0.028139 −0.017080
−7  0.000053  0.007318 −0.018759 −0.011390
−3  0.000026  0.003659 −0.009380 −0.005690
 0  0.000000  0.000000  0.000000  0.000000
 3 −0.000026 −0.003659  0.009380  0.005690
 7 −0.000053 −0.007318  0.018759  0.011390
 10 −0.000079 −0.010977  0.028139  0.017080

Table C.9 
Numerical data represented in Fig. 7 concerning roll lateral-
directional stability derivatives for a simulated C-130J.
𝛽 [◦] 𝐶Wing-Body 𝐶Vertical 𝐶Horizontal 𝐶

−10  0.013069  0.004982  0.000000  0.018052
−7  0.008713  0.003322  0.000000  0.012034
−3  0.004356  0.001661  0.000000  0.006017
 0  0.000000  0.000000  0.000000  0.000000
 3 −0.004356 −0.001661  0.000000 −0.006017
 7 −0.008713 −0.003322  0.000000 −0.012034
 10 −0.013069 −0.004982  0.000000 −0.018052

Table C.10 
Numerical data represented in Fig. 7 concerning side-force 
lateral-directional stability derivatives for a simulated C-130J.
𝛽 [◦] 𝐶𝑌Wing-Body 𝐶𝑌Vertical 𝐶𝑌Horizontal 𝐶𝑌

 10  0.001850  0.097171  0.067928  0.166950
−7  0.001233  0.064781  0.045285  0.111300
−3  0.000617  0.032390  0.022643  0.055650
 0  0.000000  0.000000  0.000000  0.000000
 3 −0.000617 −0.032390 −0.022643 −0.055650
 7 −0.001233 −0.064781 −0.045285 −0.111300
 10 −0.001850 −0.097171 −0.067928 −0.166950

Table C.11 
Numerical data represented in Fig. 8 concerning lateral-
directional control derivatives with respect to 𝛿𝑎 for a simulated 
C-130J.

𝛿𝑎 [◦] 𝐶𝑌𝛿𝑎 𝐶𝛿𝑎
𝐶𝛿𝑎

 0  0.000000 −0.171400 −0.003900
 5  0.000000 −0.171400 −0.003900
 10  0.000000 −0.171400 −0.003900
 15  0.000000 −0.162400 −0.003700
 20  0.000000 −0.146000 −0.003300
 25  0.000000 −0.126000 −0.002900
 30  0.000000 −0.109400 −0.002500

Table C.12 
Numerical data represented in Fig. 8 concerning lateral-
directional control derivatives with respect to 𝛿𝑟 for a simu-
lated C-130J.

𝛿𝑎 [◦] 𝐶𝑌𝛿𝑎 𝐶𝛿𝑎
𝐶𝛿𝑎

 0  0.303211  0.008833 −0.125602
 5  0.301239  0.008776 −0.124786
 10  0.296013  0.008623 −0.122620
 15  0.262289  0.007641 −0.108651
 20  0.217038  0.006323 −0.089906
 25  0.189332  0.005516 −0.078429
 30  0.169274  0.004931 −0.070120

Table C.13 
Numerical data represented in Fig. 9 concerning multi-axis 
trim angles and 𝑉𝑀𝐶𝐴 with different bank angles 𝜙 for a sim-
ulated C-130J. The simulation mass is 45,000 kg.

𝜙 [◦] 𝛽 [◦] 𝛿𝑟 [◦] 𝛿𝑎 [◦] 𝑉𝑀𝐶𝐴 [𝑘𝑛]

−10 −9.99  2.52  6.38  126.7
−9 −9.99  4.71  5.47  116.1
−8 −9.99  8.24  3.84  104.0
−7 −10.00  16.60  0.07  89.0
−6 −7.35  29.93 −1.46  85.9
−5 −4.03  29.95 −0.84  89.5
−4 −1.17  29.98 −0.74  93.1
−3  1.30  29.96 −0.98  96.7
−2  3.44  29.98 −1.46  100.2
−1  5.29  29.90 −2.07  103.7
 0  6.94  29.96 −2.77  107.0
 1  8.37  29.89 −3.50  110.3
 2  9.67  29.97 −4.26  113.4
 3  9.99  21.24 −4.83  120.6
 4  10.00  17.86 −5.29  128.8
 5  9.99  15.65 −5.70  136.6
 6  9.99  14.16 −6.04  144.0
 7  9.99  13.09 −6.35  151.0
 8  10.00  12.27 −6.62  157.7
 9  10.00  11.63 −6.85  164.1
 10  10.00  11.09 −7.06  170.3

Table C.14 
Lookup table represented in Fig. 10. Change in 𝑉𝑀𝐶𝐴 with aircraft bank angle 
𝜙 and flight mass for a simulated C-130J.

𝜙 [◦]
 Mass [kg] −5 −4 −3 −2 −1  0  1  2  3  4  5
 35,000  93.3  96.2  99  101.7  104.4  107  109.5  112  114.8  121.5  127.9
 40,000  91.3  94.6  97.8  101  104  107  109.9  112.7  117.7  125.2  132.3
 45,000  89.5  93.1  96.7  100.2  103.7  107  110.3  113.4  120.6  128.8  136.6
 50,000  88  91.8  95.7  99.6  103.4  107  110.6  114.1  123.4  132.4  140.8
 55,000  86.8  90.7  94.8  99  103.1  107.1  111  115.8  126.2  135.8  144.9
 60,000  85.9  89.9  94.1  98.4  102.8  107.2  111.4  117.8  128.9  139.2  148.9
 65,000  89.5  89.2  93.5  98  102.6  107.2  111.8  119.7  131.6  142.5  152.7
 70,000  99.2  88.9  93  97.6  102.5  107.3  112.2  121.6  134.2  145.8  156.5

Aerospace Science and Technology 168 (2026) 110856 

15 



G. Morra, C. Mirabella, F. Nicolosi et al.

Table C.15 
Numerical data represented in Fig. 14 concerning trend of 
side-displacement as a function of the velocity at which the 
engine failure happens for a simulated C-130J.

𝑤 [M] 𝑉ef [ms1 ]

 0.80  105
 1.67  100
 4.36  95
 13.42  90
 40. 20  85
 102.18  80
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