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This work pertains to the analysis of electric control surface actuation for a More Elec-

tric Aircraft at the actuator, vehicle, and mission levels. Two different actuation solutions

utilizing electrohydrostatic and electromechanical actuators were identified, and their per-

tinent characteristics were developed using Pacelab SysArc, an aircraft system architecture

modeling and analysis tool. The existing capabilities of the tool were augmented as required

to facilitate the proposed analysis. Using the Boeing 737-800 aircraft as a test case, the

performance of both the configurations was evaluated over the course of a typical aircraft

mission. The intent of this work is to analyze whether one of the two selected architec-

tures significantly outperforms the other with regard to a vehicle-level and a mission-level

metric, or whether the choice between these two architectures in a future More Electric

Aircraft is likely to be driven predominantly by other considerations.

I. Introduction

A. The Case for Electric Control Surface Actuation

The majority of commercial and military aircraft in service today utilize centralized hydraulic systems for
control surface actuation. Architectural variations aside, these essentially utilize an engine driven (and/or
electrically driven) pump to pressurize hydraulic fluid (typically to 3,000 - 5,000 psi) which provides the
motive power to control surfaces and other hydraulic system users such as landing gear, brakes, thrust
reversers, etc. The required reliability is attained through hydraulic system redundancy by incorporating
multiple (up to three) independent systems that are physically segregated.

While this is a time-tested and proven solution that has been matured over several decades of aeronautical
industry experience, it has nevertheless reached “technology saturation”, which makes further improvements
in efficiency progressively more difficult to attain. The proposal to use electric actuators to drive flight control
surfaces is hardly a new one, dating back to as early as the 1950s. However at that time, the available power
densities from electrics resulted in them being overlooked in favor of hydraulics, which at that time provided
a more mass-efficient solution to the actuation problem.1 Significant recent improvements in the power
densities of power electronics and electric drives2 have forced a re-think, and the potential use of electric
actuators for flight control surfaces is an avenue of research for the More Electric Initiative (MEI).

On the military side, significant research was undertaken by the United States Air Force,3,4 and NASA’s
F-18 Systems Research Aircraft (SRA) was flight-tested with one flaperon actuated first with an electro-
hydrostatic actuator (EHA),5 and then with an electromechanical actuator (EMA).6 Further technology
maturation occurred during the USAF’s J/IST program7 culminating in the F-35, the first production
fighter to use electric actuation for all flight control surfaces.8 On the commercial aviation side, the Airbus
A380 is a notable More Electric Aircraft (MEA) with regard to control surface actuation as it uses EHAs
and also Electrical Backup Hydraulic Actuators (EBHA) for control surface actuation.9
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Electric actuators have the benefit of “Power on Demand”, in which electric power is consumed only when
the control surface moves or overcomes a load. This is in contrast to centralized hydraulic systems, where
there is a continuous power consumption in order to keep the system pressurized. Using electric actuators
would also allow bulky hydraulic piping to be eliminated, thus reducing weight. In fact, for the Airbus A380,
a weight savings of the order of 1,000 lb is attributed to the use of electric actuators.10

The claimed weight advantage however is not above debate, since the Line Replaceable Unit (LRU)
formed by the actuator and associated power electronics may well be heavier than the hydraulic actuator
being replaced. The weight benefit therefore may be apparent only at the architectural (or aircraft) level,
and not at the actuator level. A parallel project by the authors is aimed at developing the ability to size and
model hydraulic actuation architectures, and a subsequent paper in the near future (planned for mid-2014)
will compare the performance of electric actuation architectures against hydraulic actuation architectures,
and will also include other subsystems in addition to control surface actuation.

This paper addresses another issue that is a source of significant interest and debate within the MEA and
actuation communities - between EHA and EMA, which is the “better” candidate for aircraft applications?
In this work, this issue is investigated both at the vehicle and mission levels.

B. Pacelab SysArc - a Tool for Subsystem Architecting and Analysis

The tool of choice for the described analysis task is Pacelab SysArc,11 an interactive system architecture
investigation platform. Pacelab SysArc represents a holistic approach to aircraft systems architecture design
which unites the logical definition of systems architectures with the physical layout of system components
and their connections within the aircraft geometry. It is built on the preliminary aircraft design application
Pacelab APD,12 which provides a fully-fledged aircraft design environment in which to conduct the systems
architecture investigations. To this, Pacelab SysArc adds a functional layer for building, analyzing and opti-
mizing system and subsystem architectures and assessing their impact on the overall vehicle characteristics
and performance. Pacelab SysArc is applicable to a wide range of aircraft, from commercial transport air-
craft to unmanned aerial vehicles. As a result of its incorporation with the full-fledged aircraft preliminary
design suite Pacelab APD,13 it allows the creation, investigation and optimization of aircraft systems at the
vehicle and mission levels.

For this analysis, mathematical models for subsystem components were implemented within the tool,
and then actuation configurations of interest were synthesized. The actuation requirements were propagated
from the control surfaces to their actuators in order to size the latter. The two configurations were then
evaluated at the aircraft level with weight as the metric, and at the mission level with fuel burn as the metric.

Figure 1. Boeing 737-800 model in Pacelab SysArc, showing control surfaces. The user can place subsystem
components (actuators, buses, generators, etc.) within the model and specify logical interconnections among
components. Pacelab SysArc’s routing algorithm then maps the logical interconnections to physical equivalents
(e.g., electric wiring for an electric architecture).
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C. The Proposed Approach

In this work, by modeling and analyzing the architectures corresponding to two selected control surface
actuation configurations, the following questions will be investigated:

• How do the configurations compare with respect to a vehicle level metric such as weight?

• How do they compare with respect to a mission level metric such as mission fuel consumption?

• Based on the above, does one architecture enjoy a performance advantage over the other that is of
sufficient magnitude to possibly justify a selection of one over the other?

The first step in the analysis involved modeling the control surfaces and identifying their actuation loads
either from an embedded analysis or by accepting user inputs from external analyses (Section II).

The following step involved implementing the necessary mathematical models for the EHA and the EMA
that would allow these actuators to be sized based on actuation requirements, and associated methods to
allow for actuator weight to be estimated (Section III).

Two control surface actuation configurations of interest were then identified, differing in the association of
actuator types (EHA vs. EMA) to control surfaces. Using the existing electrical network of the Boeing 737-
800 as a starting point,14 these two configurations were modeled in Pacelab SysArc by connecting actuators
to the aircraft electric buses as additional electric loads, and then connecting the control surfaces to one or
more actuators (Section IV).

The modeled architectures were then evaluated and compared using the vehicle level and mission level
metrics described above. Propulsion system performance characteristics required for this analysis were
incorporated in the form of an engine deck that was generated using an external analysis (Section V).

The final section of the paper presents the conclusions drawn from this analysis, discusses the applicability
of said conclusions, identifies an interesting research question raised by the current work, and proposes future
work to be undertaken by the authors (Section VI).

II. Modeling Control Surfaces and Estimating Actuation Loads

A. Control Surface Models in Pacelab SysArc

Figure 2 shows the two control surface classifications currently used in Pacelab SysArc, with both being
extensions of the tool’s core “Compartments” functionality. While not a strict requirement, in this work the
“Load-computed” type is used for hinged control surfaces such as ailerons, elevators, rudders, flight spoilers,
and ground spoilers. For these control surface types, the tool was augmented with methods to estimate the
maximum actuating load (which the user can also override if required) once the control surface is defined.
The “Load-specified” type is currently used for the high lift devices, for which there is at present no actuation
load estimation capability available within the tool. For these surfaces, the user is responsible for specifying
the actuating load. The actuation loads used for the high lift system in this work were generated from
external analyses.

Figure 3 shows how control surfaces can be defined within Pacelab SysArc. The user is first required to
select the control surface’s affiliation to a lifting surface. For example, Fig. 3 shows an aileron being defined
on a wing as a “Load-computed” control surface using a specific dialog. After setting the affiliation, the user
can specify the chordwise and spanwise dimensions of the control surface. Its leading edge can be aligned
with the lifting surface’s trailing edge, leading edge or with the lifting surface’s chord-line corresponding to
the control surface’s leading edge. Once initialized in this manner, the control surface can be accessed in the
Properties View, where additional parameters can be set. For example, the user can set the control surface’s
deflection limits, rate limits, and the location of the hinge line. Since more than one control surface type
may be found on one lifting surface (e.g., the wing contains ailerons, flight spoilers, and ground spoilers),
the user must specify the control surface “type”, so that Pacelab SysArc can refer to the correct FAR and
empirical method to estimate the control surface’s actuating load. The definition of the “Load-specified”
control surface follows similar lines, the only point of difference being that the user can directly specify the
actuation load. Once defined, the control surface becomes part of the underlying data and geometry model
and appears in the aircraft 3-D view.
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Figure 2. Control surface options in Pacelab SysArc - For the “Load-computed” type, the actuating load
is internally estimated. This is currently utilized for ailerons, elevators, rudders, and spoilers. The “Load-
specified” type is currently used for the high lift devices, for which actuating loads are computed externally.

Figure 3. Defining a control surface within Pacelab SysArc - (1) In the “Compartment Dialog”, the user selects
the parent lifting body for the control surface (e.g., wing for aileron) and sets the spanwise and chordwise
dimensions. (2) In the “Properties View”, the user sets additional parameters such as the control surface type,
maximum deflections, maximum angular rates, etc. (3) The defined control surfaces become visible in the “3-D
View” of the aircraft. Color coding may be used to identify the redundant system(s) used for actuation.
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B. Computed or Specified Actuation Loads

The methods incorporated within Pacelab SysArc for the estimation of the actuating loads are based on
those used in a previous analysis performed by one of the authors (Chakraborty et al.15,16), to which the
interested reader is referred. Only a brief overview will be provided in this paper.

As mentioned previously, the ailerons, elevators, rudder, flight spoilers, and ground spoilers of the Boeing
737-800 have been modeled as “Load-computed” control surfaces. For these, the parameters of the hinge
moment equation can be grouped as follows:

HMmax = [Ch,0, Ch,α(M), Ch,δ(M, δ)] . [1, αeff , δ]
T q̄ . [Sf cf ] (1)

The quantities in the first group are the hinge moment coefficients, which are estimated using the empirical
methods of Roskam17 and Scholz.18 The estimates obtained by this method were compared to published
flight test data in a previous work (Appendix A, Fig. 13) and the agreement was found to be acceptable. The
quantities in the second group are the dynamic pressure (q̄), effective incidence angle (αeff ), and deflection
(δ) of the control surface at the flight condition that yields the maximum hinge moment. This flight condition
is obtained from reference to Part 25 of the Federal Aviation Regulations19 (FARs) following the guidelines
discussed by Scholz,18,20,21 and depends on the control surface in question (Appendix A, Fig. 14). The
quantities in the third group are the planform area (Sf ) and chord (cf ) of the control surface which are
automatically computed by Pacelab SysArc once the control surface has been defined.

The high-lift devices (trailing edge double-slotted flaps, leading edge slats, and Krueger flaps), for which
the loads are strong functions of the kinematics of the flap deployment mechanisms, were modeled as “Load-
specified” control surfaces. Currently, no general method exists within Pacelab SysArc for estimating their
maximum actuating loads, and instead these loads were either matched to the load capabilities of existing
actuators22 or scaled from wind tunnel tests with the relevant flap type.23,24 A summary of the actuation
load and rate requirements used in this analysis for the control surfaces is provided in Table 1.

Table 1. Actuation requirements for Boeing 737-800 flight control surfaces15

Control Actuating Load Rate

Ailerons 4,200 Nm 60◦/s

Elevators 7,600 Nm 60◦/s

Rudder 8,200 Nm 60◦/s

Flight spoilers 4,200 Nm 60◦/s

Ground spoilers 3,800 Nm 40◦/s

Trailing-edge flaps 51 kN 102 mm/s

Leading-edge slats 6.3 kN 60 mm/s

Krueger flaps 5.6 kNm 16◦/s

III. Modeling Electric Control Surface Actuators

The two major actuator types considered in this work are the electrohydrostatic actuator (EHA) and the
electromechanical actuator (EMA). Figure 4 shows examples of these two actuator types, and Table 2 lists
the major components of each. Both types can be directly mounted to the aircraft structure at the site of
the control surface, and require only electric power for their operation.

In the EHA, a bi-directional motor is directly mated to a fixed-displacement pump. The pump pressurizes
localized hydraulic fluid that then actuates a piston within a hydraulic cylinder. The piston is connected to
the actuator’s output jack/ram. In the EMA, a bi-directional motor is mated to a reduction gearbox which
in turn is mated to a ballscrew that converts the rotational motion from the gearbox into the translational
motion of the actuator jack/ram. The EMA therefore is a purely mechanical actuator, while the EHA uses
localized (as opposed to centralized) hydraulics. For an excellent description of these and other actuator
types, the interested reader is referred to Botten et al.25

The EHA and EMA models were implemented as Engineering Objects (EO) within Pacelab SysArc
Knowledge Designer (KD), which is a sandbox where components can be characterized mathematically
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(a) Electrohydrostatic Actuator (EHA) (b) Electromechanical Actuator (EMA)

Figure 4. Typical EHA and EMA layout (courtesy TRW Aeronautical Systems25)

Table 2. Breakdown of EHA and EMA Main Components

Component EHA EMA

Kinematic linkage X X

Ball-screw X

Gearbox X

Hydraulic cylinder X

Hydraulic pump X

Electric motor X X

Power electronics X X

and defined geometrically. Once that definition is completed, those building blocks become available to
a component library which is used in the end-user application, Pacelab SysArc Engineering Workbench
(EWB), to create the system models and analyze architectures. For an overview of some of the relationships
forming the basis of the EHA and EMA mathematical models, the interested reader is referred to Crowder
and Maxwell26 and Wood et al.27 respectively.

In addition to the EHA and the EMA, this analysis considers the electromechanically actuated leadscrew
(EMA-LS), which is a variant of the EMA (Fig. 5). EMA and EMA-LS differ in the nature of motion of
the “nut” and the “screw”. For the EMA, the nut is the rotating member while the screw translates, the
reverse being true for the EMA-LS. In this work, EMA-LS is used for actuation of the trailing edge flaps,
where (similar to the existing mechanism) the flap carriage is linked to the leadscrew nut.

Figure 5. The three electric actuator types considered in this work. (1) electrohydrostatic actuator (EHA), (2)
electromechanical actuator (EMA), (3) electromechanically actuated leadscrew (EMA-LS). “115 VAC” refers
to the type of electric power system that these actuators can be connected to.
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Figure 6. Properties View for an EHA. The EMA Properties View is similar. In each case, parameters are
grouped either physically or functionally.

After connecting an actuator to a control surface, the user can interact with the actuator’s mathematical
model through the “Properties View” (Fig. 6) as follows:

1. Rating: Once the user connects an actuator to a control surface, the actuation requirements (stall
load, ram speed, and stroke) are automatically passed to the actuator. The user can manually set the
“load ratio”, which is the fraction of the total actuating load that the actuator is sized to (for multiple
actuators driving a control surface in an active-active configuration, this can be less than 100%.).

2. Components: Based on the actuation requirements, the actuator components are sized. Some of the
component parameters are user inputs (black) while others (gray) are solved based on the mathematical
system of the actuator. The user can easily “toggle” the input/output status of parameters, provided
the underlying mathematical system remains well-constrained and solvable following the toggle.

3. Operating envelope: Here the user can define the well-known operating envelope of the actuator (load
vs. speed characteristics) and also the ratio of steady holding load to stall load.

4. Limit Performance (LP): This is essentially the worst-case scenario for each listed parameter: current
and power draw, heat loss, temperature, etc. These need not occur at the same operating condition.

5. Point Performance (PP): This is the value for each monitored parameter at the present operating point
of the actuator (which depends on the present load/speed requirement of the control surface).

6. Parameter propagation: The present performance (PP) of the actuator is propagated upstream, so
that at the level of the electrical network, the actuator represents a variable downstream load.

The weights of the major actuator components can be evaluated in different ways. For the electric motor
and power converter, the user can choose between directly specifying a power-to-weight ratio (kW/kg) or
using empirical weight equations.28 For determining the weights of components such as the cylinder, pump,
ballscrew, and gearbox, the tool uses the relevant design variables of the components to query Multidimen-
sional Data Tables (MDT) that were generated from external analyses. This makes it possible for users to
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utilize component weight predictions from higher fidelity tools without having to explicitly link them with
Pacelab SysArc.

Depending on the setting chosen by the user, the weight of the actuator can be computed by summing
the weights of the individual components (modified, if necessary, with mass calibration factors), or by
utilizing a user-provided power-to-weight (kW/kg) or force-to-weight (kN/kg) ratio. Prior to incorporation
into Pacelab SysArc, the weight predictions obtained for EHAs and EMAs using these methods had been
compared against published information (Chakraborty et al.,16 Appendix B).

IV. Electric Actuation Architectures

A. Configurations of Interest

The debate within the MEA and actuation communities regarding the use of EHA vs. EMA stems from
the fact that each one is superior to the other in certain metrics and inferior in others. Some of the criteria
considered for the selection of configurations of interest are discussed here.

The EMA will in general be a lighter unit than the EHA designed to the same output specifications. Since
the small leakage associated with the EHA’s hydraulic pump is not applicable to the EMA, its stiffness is
higher than that of the EHA. Also, from the energy-efficiency point of view, the EMA converts electrical in-
put power directly into mechanical output without requiring the EHA’s intermediate step of hydraulic/fluidic
power. However, a critical risk area for the EMA is its susceptibility to certain single-point jamming fail-
ures.25 Since the failure mode involves a mechanical jam, it is also infeasible to use multiple EMAs on the
same control surface to provide redundancya. This makes the EMA’s applicability to flight-critical control
surfaces questionable, since a control surface jam for these flight controls may be catastrophic and must be
demonstrated to be less probable than 10−9 per hour (one occurrence for every billion flight hours).

The EHA, on the other hand, has the significant advantage that it can be easily designed to be fail-safe.
In case of a failure, the hydraulic cylinder can be put into a damped/bypass mode, leaving the actuator’s
output ram movable (i.e., no jam) but providing a damping resistance (against flutter). This characteristic
allows parallel EHA units to meet the 10−9 failure probability criterion, and in addition allows EHAs to be
used either parallel to or integrated with centralized hydraulic systems (e.g., Airbus A380 EBHA9).

Even though the EHA may be advantageous for the actuation of flight-critical control surfaces, the EMA
may be suitable for the actuation of non flight-critical ones such as flight and ground spoilers. Since these
control surfaces are not necessary for the continued safe flight of the aircraft, the failure probability criterion
associated with them is a more relaxed one. EMA design for the actuation of spoilers has been analyzed by
Fronista and Bradbury29 and Atallah et al.30 The same argument can be applied for EMA-driven high-lift
devices, a possibility which was considered experimentally and also from a safety/reliability standpoint in the
works of Bennett et al.31–35 Based on the above arguments, the following two configurations were selected
for consideration in this paper, and are shown in Fig. 7.

• Configuration 1: All control surfaces are actuated with EHA except the trailing-edge flaps, which are
actuated using EMA-LS. Each aileron and elevator is driven by two EHAs in parallel, while the rudder
has three parallel EHAs. Each slat, Krueger flap, and spoiler panel is actuated by a single EHA. Each
trailing-edge flap panel is driven by two EMA-LS in parallel.

• Configuration 2: The ailerons, elevators, and rudder are actuated with parallel EHAs (as in Configu-
ration 1). Slats, Kruegers, and spoilers are actuated with a single EMA. Each trailing-edge flap panel
is driven by two EMA-LS (as in Configuration 1).

While detailed redundancy or functional hazard analyses for the two configurations have not been con-
ducted thus far, certain practices from Boeing36 and Airbus37 aircraft designs were adhered to:

1. Flight-critical primary control surfaces use EHA (fail-safe), and have actuator redundancy .34 Each
aileron and elevator has two parallel actuators in active-active configuration. The single rudder has
three parallel actuators in active-active-standby configuration. Parallel actuators are powered from
different electric buses. Further, each actuator has internal redundancy, with two motor-pump pairs
driving a tandem cylinder.

aIn fact, if the jam of a single EMA can jam the control surface mechanism, then using two (or three) EMAs in parallel
simply increases the likelihood of a control surface jam by a factor of two (or three).
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Figure 7. Configuration 1: T/E flaps actuated by EMA-LS. All other surfaces actuated by EHA.
Configuration 2: Ailerons, elevators, rudder actuated by EHA. L/E slats, Krueger flaps, and spoilers actuated
by EMA. T/E flaps actuated by EMA-LS.

2. Secondary control surfaces such as spoilers, slats, and Krueger flaps (which have surface redundancy)
are powered by a single actuator (either EHA or EMA). Each actuator is powered by either of the two
main buses following the color scheme shown in Fig. 1, guaranteeing symmetric availability of control
surfaces following the loss of any one bus.

3. Each trailing edge flap panel has actuator redundancy, and is driven by two EMA-LS units at its two
extremities (in practice, this is done to prevent panel warping under aerodynamic loads), each energized
from a different bus. Each EMA-LS has internal redundancy ,4 with two motor-gearbox pairs driving
a ballscrew through a summing element.

B. Creating Architectures via Logical Connections

Logical connections between components in Pacelab SysArc are made through the components’ ports,
and an automatic check is performed to ensure that the user can only connect components with compatible
ports. For instance, the tool will not allow the user to connect a power source with a “115 VAC” output port
to an electrical load with a “270 VDC” input port. Figure 8 shows a simple set of logical connections from
an engine-driven generator to an electric actuator driving a control surface. This is essentially the starting
point for building up architectures for Configuration 1 (Fig. 9) and Configuration 2 (Fig. 10). The existing
electrical network of the Boeing 737-800 was used as the basis for these architectures.

Figure 8. A simplified example of connected components for electric control surface actuation. A generator
run off an engine-driven gearbox energizes an electrical bus which feeds an electric actuator (shown as EHA)
that actuates a control surface.
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Figure 9. Configuration 1 - T/E flaps actuated by EMA-LS. All other surfaces actuated by EHA.

Figure 10. Configuration 2 - Ailerons, elevators, rudder actuated by EHA. L/E slats, Krueger flaps, and
spoilers actuated by EMA. T/E flaps actuated by EMA-LS.
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C. Translating Logical Connections to Physical Connections - the Routing Algorithm

It is important to note that when the architectures shown in Fig. 9 and Fig. 10 are completed, components
such as actuators, buses, generators, etc. are physically positioned within the aircraft and logically connected.
At this point, there is still no physical connection between the components. The translation of a user-
defined logical connection between components to a corresponding physical connection between the same
two components using a physical connecting element (in this case electrical wiring) is done by Pacelab
SysArc’s routing algorithm.

The first step in the routing process is to define the permissible “pathways” or zones through which
physical connectors such as wires can run. Certain pre-defined pathways are already available in the tool, but
the user can very easily define additional customized pathways or import pathway definitions from external
sources. With pathways defined, the user then invokes the routing algorithm, which places the physical
connectors based on the user-defined logical connections, while following certain rules such as selecting the
shortest distance between the source and target components. Based on the magnitude of the current passing
through the wires, the tool selects standard American Wire Gauge (AWG) wire sizes. Based on this selection
and computed wiring length, the wire weight is also computed. Figure 11 shows the Boeing 737-800 with
electrically actuated flight control surfaces following the execution of the routing algorithm.

Figure 11. Boeing 737-800 model in Pacelab SysArc with architecture definition completed. Control surfaces
have been defined, actuators and other components positioned, and logically connected. Once the routing
algorithm is executed, components are physically connected using electrical wiring.

V. Vehicle and Mission Level Analysis

A. Control Surface Motion Characterization

1. Primary Flight Control Surfaces

The primary control surfaces for the Boeing 737-800 are the ailerons, the elevators, and the rudder,
with the flight spoilers augmenting the roll control authority of the ailerons. While the more pronounced
movements of these controls are seen during low speed flight and manuevering flight, corrective movements
during even nominal flight conditions such as cruise may be necessitated to overcome gusts.
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For the purpose of the current analysis, the movements of the primary control surfaces during the different
flight phases were characterized following the guidelines set forth by Simsic.38 These are shown in Table 3,
where the amplitudes of movement in each direction are normalized by the maximum control surface deflec-
tion in that direction, and the frequency of movement is characterized through the cycles per second (cps).
The control surface activity shown for the cruise segment is meant to be representative of flight through
turbulence, which is assumed to occur for a fraction of the total cruise segment. As pointed out by Simsic, a
more accurate characterization of the control surface motion would require either flight dynamic simulation
or inspection of flight test traces, which were not within the scope of the current work.b

Table 3. Characterization of aileron, elevator, rudder, and flight spoiler movements

Control → Aileron Elevator Rudder Flt. Spoiler

Motion → +δ̄/-δ̄ cps +δ̄/-δ̄ cps +δ̄/-δ̄ cps δ̄ cps

Ground +1/-1 0.4 +1/-1 0.4 +1/-1 0.4 1 0.4

Takeoff +0.12/-0.2 0.4 +0.2/-0.2 0.4 +0.2/-0.2 0.4 0.12 0.4

Climb +0.12/-0.2 0.2 +0.2/-0.2 0.2 +0.2/-0.2 0.2 0.12 0.2

Cruise +0.5/-0.5 0.4 +0.3/-0.3 0.4 +0.3/-0.3 0.4 0.5 0.4

Descent +0.12/-0.2 0.3 +0.2/-0.2 0.3 +0.2/-0.2 0.3 0.12 0.3

Landing +0.4/-0.53 0.3 +0.53/-0.53 0.3 +0.53/-0.53 0.3 0.4 0.3

For each control surface in each mission phase, the movement amplitude and frequency are used to
compute an average control surface angular rate ω̄. For control surfaces that deflect both ways, the hinge
moment estimation method already incorporated in the tool is used to compute the hinge moment seen for
both the positive and negative deflections. In other words

+δ → HM+

−δ → HM− (2)

One approach to finding the actuator power requirement would have been to first make a conservative
estimate of the power requirement at the control surface as

Pcs = max(|HM+|, |HM−|) ω̄, (3)

and then scale this up by the efficiencies of the actuator components (ηi) to obtain the power draw from the
electric bus. In other words,

Pbus =
Pcs∏n
i=1 ηi

(4)

A drawback of this approach to finding bus power draw becomes immediately apparent if one considers
the case of a control surface that is held deflected (i.e., non-zero deflection but zero angular rate) and sees
an aerodynamic hinge moment. In this case, using Eq. 3 and Eq. 4,

δ 6= 0, HM 6= 0, ω̄ = 0 =⇒ Pcs = 0 =⇒ Pbus = 0. (5)

This mathematical result is in direct contradiction to the well-known physical fact that electric actuators
(unlike hydraulic actuators) require power input in order to overcome a holding load.

Since certain flight conditions may require actuators to overcome holding loads, a slightly different ap-
proach is used for this work. The control surface hinge moment and angular rate are converted to the
required force (Freq) and speed (vreq) at the control/actuator linkage using the control surface gearing Gcs.
These are then propagated through the mathematical model of the actuator to get the required torque (τreq)
and shaft speed (ωm,req) of the electric motor, effectively using the overall actuator gearing (Gact).

HM,ω
Gcs−−→ Freq, vreq

Gact−−−→ τreq, ωm,req (6)

bThe control surface movement in the “Ground” phase represents the “all controls free and correct” check that is performed
only during the initial part of the taxi-out. This is taken into account using the activity ratio defined subsequently.
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The motor torque and shaft speed requirements are then evaluated in conjunction with the assumed torque-
speed characteristics of the motor39 to find the motor input power requirement. For the holding load
discussed above, the mechanical output of the motor (shaft power) may be zeroc, but the generation of the
required torque would require current in the motor windings, and thus a power draw from the bus.

2. Secondary Flight Control Surfaces

The motion characteristics of the high-lift system differ considerably from those of the primary control
surfaces. The high-lift devices are used to augment takeoff, climb, and landing performance, but are kept
stowed (retracted) otherwise. Unlike the primary flight control surfaces, the pilot does not have the freedom
to position these surfaces at any arbitrary position. Instead, the possible configurations of the high-lift
system are defined by the available flap “detents”, each of which corresponds to a particular position for
each of the devices. A summary of flap detents for the Boeing 737-800 is provided in Table 4. Additionally,
spoiler panels 1, 6, 7, and 12 are ground spoilers, which can be deployed only after “weight-on-wheels” is
achieved upon landing, and which remain stowed and locked out by design for the remainder of the flight.

Table 4. Boeing 737-800 flap schedule

Flap Detent LE krueger LE Slat TE 2-slots

UP Ret. Ret. UP

1 Ext. Ext. 1

2 Ext. Ext. 2

5 Ext. Ext. 5

10 Ext. Full Ext. 10

15 Ext. Full Ext. 15

25 Ext. Full Ext. 25

30 Ext. Full Ext. 30

40 Ext. Full Ext. 40

The takeoff flap setting (taken as FLAPS 15, see Table 4) is applied at the start of the taxi-out phase.
It is maintained for the remainder of the taxi-out, the whole of the takeoff phase, and part way through the
climb phase. Then the flaps are retracted for the remainder of the climb phase. The entire cruise segment is
flown with flaps “up” (retracted/stowed) and as a result, the energy consumption of the flap actuators is nil.
Landing flap setting (taken as FLAPS 40, see Table 4) is progressively applied part way through the descent
phase, and maintained throughout the landing segmentd. Ground spoilers are deployed only for that part of
the landing segment in which the aircraft is in contact with the runway. The flaps and ground spoilers are
then finally stowed at the start of the taxi-in segment.

The trailing edge flap system is assumed to have a gear ratio high enough to make it self-locking,40 with
actuation energy consumed when its configuration is altered. However, when the leading edge devices are
deployed, it is assumed that there is an aerodynamic stowing loade, as a result of which the actuators have
to provide a holding load when these surfaces are deployed. For the purposes of this analysis, it is assumed
that the leading edge flap system actuators are rated based on the maximum flap extension airspeed (VFE).
For a given position of these surfaces, the holding load is assumed to be proportional to the ratio of dynamic
pressures between the current flight condition and the VFE flight condition.

Let P̄ be the average power consumption of the actuator driving a high lift device during a period of
time ∆tactive in which the control surface must move and/or overcome a load (thus requiring energy input
to the actuator). Further, let this activity occur during a mission segment of duration ∆tseg. The activity

cIt will be zero for the EMA. For the EHA, it will be nearly zero, as even when the EHA is stalled, its motor has a small
RPM to compensate for the pump’s leakage.

dCurrently in Pacelab SysArc, the “landing” segment begins when the aircraft is at 1,500 ft AGL and ends when the aircraft
is clear of the runway.

eA stowing load tends to push the flap back into its stowed position, and is a desirable feature from a safety standpoint.
Consideration of the possible load reversals seen by Krueger flaps (Rudolph40) is beyond the scope of the current work.
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ratio is then defined as

ν =
∆tactive
∆tseg

∈ [0, 1]. (7)

If the actuator does not consume any power for the remainder of the mission segment, then it is quite clear
that the average power consumption of that actuator over the entire mission segment is given by

P̄seg = P̄ ν + 0.(1− ν) = P̄ ν. (8)

This logic is easily extended for the case of “n” (multiple) high lift device actuators (or in general for the
case of multiple part-time energy consumers of any kind), in which case

P̄seg =
n∑

i=1

P̄i νi. (9)

Activity ratios for the high lift devices, spoilers, etc. are computed based on public domain information
regarding the time required to deploy and the time deployed. For example, at the start of the taxi-out
segment, the trailing edge flaps may take around 28 seconds to move to the takeoff flap setting (here,
FLAPS 15), while the taxi-out segment itself may be of the order of 6 minutes, yielding νtaxi−out

TEF = 7.8%.

B. Other Secondary (Non-Propulsive) Power Requirements

The Environmental Control System (ECS) was assumed to have a bleedless architecture, with engine
bleed air being used for cowl anti-icing (similar to the Boeing 787 arrangement41). Since the ECS is not the
subject of this paper and has not yet been modeled explicitly within Pacelab SysArc, the effective load placed
by it on the aircraft generators was estimated. The ECS power demand and cowl ice protection system (IPS)
bleed requirement reported by Tagge et al.42 from the NASA Integrated Digital/Electric Aircraft (IDEA)
program was used as a reference. This study utilized a modified Boeing 767 aircraft as a baseline, and scaling
guidelines reported by Cleveland43 for the required capacity of air conditioning equipment were used to scale
this figure for the Boeing 737-800 test case. The IDEA program was also used as a reference for the power
demands for instrumentation, communication, and navigation (tabulated as ‘instruments’), equipment and
furnishings, lights, pumping fuel, and miscellaneous loads.

An electrical wing de-icing system was assumed, and its power demand was estimated using a rapid-
evaluation method developed by Meier and Scholz44 which was shown to have good agreement with the
Boeing 787 wing IPS power demand.

While flight control actuation is assumed to be electric in this work, centralized hydraulics are assumed to
be retained to actuate the landing gear, landing gear bay doors, brakes, nosewheel steering, and cargo doors.
The power consumption for these users for different flight phases was reported by de Tenorio45 for the case
of the similar-sized Airbus A320, and has been incorporated as a shaft-power offtake (to run engine-driven
hydraulic pumps) in this work.

C. Representative Aircraft Mission

Figure 12 shows the representative Boeing 737-800 mission that was used to compare the performance
of the two architectures at the mission level. For each segment, the primary control surface activity was
programmed as per Table 3, while the high lift devices and ground spoilers were set to operate as described
previously in the text. The electrical power, mechanical power, and bleed requirements of the other non-
propulsive subsystems were scheduled as per Table 5. Component activities for other flight conditions such as
emergency descent, one-engine inoperative (OEI) operation, etc. were also tested but the mission simulation
comprised only the segments shown in Fig. 12.

D. Propulsion Characteristics - Engine Deck

In order to obtain the engine performance parameters required for the mission simulation (fuel consump-
tion as a function of flight condition, etc.), Pacelab SysArc queries an “engine deck”. This is a table of
engine characteristics that was generated externally using the Environmental Design Space (EDS) tool.46

EDS is a tool developed for the U.S. Federal Aviation Administration’s Office of Environment and Energy
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Table 5. Non-propulsive power requirements (excluding flight control actuation)

System Type Unit Ground Takeoff Climb Cruise Descent Landing OEI

ECS Bleedless kVA 129 129 210 210 210 129 204

Instruments Electric kVA 8 8 8 8 8 8 8

Equipment Electric kVA 60 60 60 65 0 0 0

Fuel EMDP kVA 7.5 7.5 7.5 7.5 7.5 7.5 7.5

” EDP kW 7.5 7.5 7.5 7.5 7.5 7.5 7.5

Wing IPS Electric kVA 17 17 25 25 25 17 17

Cowl IPS Bleed air kg/s 2.2 2.2 0 0 2.2 2.2 1.1

Lights Electric kVA 10 10 10 10 10 10 10

Hyd. users EDP kW 1.43 0 0.67 0 0.44 9.83 9.83

Misc. Electric kVA 5 5 5 5 5 5 5

Demand Electric kVA 124 124 171 173 139 92 260

per Mechanical kW 4.9 4.1 4.5 4.1 4.4 9.5 15.2

Engine Bleed kg/s 1.1 1.1 0 0 1.1 1.1 1.1

Figure 12. Boeing 737-800 mission considered for mission level analysis (3,000 NM mission is shown here.
Additional missions of 350, 850, and 1,350 NM were also evaluated.)

(FAA/AEE) and NASA as part of a comprehensive suite of software tools that allows for a thorough assess-
ment of the environmental effects of aviation. EDS provides the capability to generate an integrated analysis
of aircraft performance, source noise, and exhaust emissions at the aircraft level for potential future aircraft
designs under different policy and technological scenarios. The integrated analysis enables the assessment
of the interdependencies and associated trade-offs between aircraft performance, noise and emissions in a
transparent and traceable manner. EDS is a physics-based, integrated, multidisciplinary modeling and sim-
ulation environment that seamlessly combines core EDS modules originally developed by NASA coupled
with design rules and logic along with user defined engine and airframe design parameters to create aircraft
designs. Georgia Tech has used the EDS to assess unconventional aircraft and propulsion systems in support
of the NASA Fixed Wing (FW), FAA Continuous Lower Energy, Emissions, and Noise (CLEEN), NASA
Environmentally Responsible Aviation (ERA), and NASA Vehicle Systems programs. At the core of this
tool is the Numerical Propulsion System Simulation (NPSS)47 tool, which was used to generate an engine
deck that is representative of the CFM56-7B27 engine,48 but does not utilize or contain any proprietary
information. The inputs and outputs involved when the tool queries the engine deck are shown in Table 6.
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Table 6. Engine deck input and output parameters

Inputs to deck Outputs from deck

ISA deviation (◦C) Net thrust (kN)

Altitude (m) Fuel flow (kg/s)

Mach Number Shaft speed (rpm)

Shaft power extraction (kW) Bleed air pressure (Pa)

Bleed air flow (kg/s) Bleed air temperature (◦C)

Engine power code

E. Vehicle and Mission Level Architecture Comparison

Table 7 shows the weight breakdown of the two architectures, which includes the weight of all actuators
and also the associated wiring from the main electrical buses to the actuators. Configuration 2 enjoys a
weight advantage of 5.87 % over Configuration 1, but it should be noted that this weight advantage is only
0.11 % of the Maximum Takeoff Weight (MTOW) of the Boeing 737-800 (79,000 kg).

Table 7. Weight comparison between Configuration 1 and Configuration 2

Control surface Actuators Config. 1 Weight (kg) Config. 2 Weight (kg)

Name # Act./surf. Design Unit Group Design Unit Group

Aileron 2 2 EHA 15.8 63.2 EHA 15.8 63.2

Elevator 2 2 EHA 25.6 102.4 EHA 25.6 102.4

Rudder 1 3 EHA 27.0 81.0 EHA 27.0 81.0

Flight spoiler 8 1 EHA 10.2 81.6 EMA 9.0 72.0

Ground spoiler 4 1 EHA 8.4 33.6 EMA 8.9 35.6

Krueger flap 4 1 EHA 19.9 79.6 EMA 13.4 53.6

LE slat 8 1 EHA 16.3 130.4 EMA 9.7 77.6

TE flap 4 2 EMA-LS 44.5 356.0 EMA-LS 44.5 356.0

Total Weight of Actuators → Total → 927.8 Total → 841.4

Electrical Wiring
Len.(m) AWG Wt.(kg) Len.(m) AWG Wt.(kg)

571 4/0 544 571 4/0 544

Total Architecture Weight → Total → 1471.8 Total → 1385.4

Table 8 shows the power draw of primary and secondary flight control surfacesf per mission segment,
averaged over the entire duration of the mission segment in question. There is very little difference in the
performance of the two configurations in terms of average (or even peak) power consumptions. In both cases,
the highest average power consumptions are in the turbulence and landing phases, due to a combination
of control surface deflection magnitudes, rates, and dynamic pressure. However, these figures are not the
relevant ones when it comes to sizing the electrical generators to be able to supply the peak power demands
of the flight control system. As noted by Tagge et al.,42 that flight condition is generally the one-engine out
crosswind landing condition. The OEI situation makes the operating engine’s generator(s) responsible for
supplying power to the flight-critical systems, and also necessitates non-zero mean deflections of the rudder
and ailerons. On top of that, the crosswind landing scenario superimposes large control surface deflection
magnitudes and also rates. These factors may justify a conservative “corner power” (C.P.) approach to
estimating peak power demandg. Table 9 shows this peak demand, with the assumption that failure of one
engine leaves both ailerons, both elevators, the rudder, and four out of the eight flight spoilers operable.

fFor the purposes of this work: Primary flight control surfaces - ailerons, elevator, rudder, and flight spoilers. Secondary
flight control surfaces - trailing edge flaps, Krueger flaps, leading edge slats, and ground spoilers.

gControl surface corner power is the product of maximum hinge moment and maximum rate.
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Table 8. Average power draw for flight control actuation

Segment
Configuration 1 (kW) Configuration 2 (kW)

PFCS SFCS Total PFCS SFCS Total

Ground 0.02 1.19 1.21 0.02 1.20 1.22

Takeoff 0.24 0.22 0.46 0.23 0.25 0.48

Climb 0.67 0.55 1.22 0.67 0.59 1.26

Cruise 0.99 - 0.99 0.98 - 0.98

(Turbulence) 4.96 - 4.96 4.92 - 4.92

Descent 0.97 0.54 1.51 0.96 0.57 1.53

Landing 3.26 0.22 3.48 3.24 0.26 3.50

Table 9. Peak power demand for flight control actuation

Control # active Hinge Moment Max. Rate C.P. (kW)

Ailerons 2 4,200 Nm 60◦/s 8.8

Elevators 2 7,600 Nm 60◦/s 15.9

Rudder 1 8,200 Nm 60◦/s 8.6

Flight spoilers 4 4,200 Nm 60◦/s 17.6

Flight Control Actuation Peak Power Demand ≈ 51 kW

Since the use of corner power already incorporates a sufficient margin of conservatism, slight differences
in actuator efficiency between EHAs and EMAs would not alter this figure of 51 kW. In this work the effect
of power factor (PF) for AC systems is not explicitly considered, as a result of which an assumption of a
PF of unity yields 1 kW = 1 kVA. Thus 51 kVA must be added to the OEI requirements brought forward
from Table 5 to give an estimate of the non-propulsive power demand on each engine (Table 10). There is
therefore no difference between the two architectures on this front.

Table 10. Engine non-propulsive power demands

Type Electrical Mechanical Bleed

Demand 311 kVA 15.2 kW 1.1 kg/s

The difference in mission fuel burn is primarily driven by the difference in weight between the two
configurations (Table 7). In addition to the 3,000 NM mission shown in Fig. 12, the fuel burn differences
were also evaluated over several intermediate trip distances more commonly encountered in Boeing 737-800
operations, and are shown in Table 11. From the point of view of an airline, the reduction in trip fuel burn
equates to a reduction in annual fuel cost, but the magnitude of the fuel cost reduction depends on the
number of aircraft in the fleet, the price of fuel, the number of annual airborne hours, etc. The cost analysis
was not attempted in this work.

While the accruing fuel savings may be beneficial to the airline or aircraft operator, the magnitude of the
weight difference between the two configurations established by this analysis is unlikely to be the principal
factor in a design choice between them.

Table 11. Mission fuel-burn comparison (Config. 2 relative to Config. 1)

Trip Distance → 350 NM 850 NM 1,350 NM 3,000 NM

Block fuel ∆ - 0.06 % - 0.08 % - 0.09 % - 0.11 %
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VI. Conclusions and Future Work

Two electric control surface actuation architectures were identified, modeled, and analyzed at the vehicle
and mission levels using Pacelab SysArc as the primary analysis tool. The tool’s existing functionalities were
augmented where applicable, or added to where necessary in order to facilitate this analysis.

The first configuration utilized electrohydrostatic actuators (EHAs) for the actuation of all control sur-
faces except the trailing edge flaps. The second utilized EHAs only for the ailerons, elevators, and rudder,
and employed electromechanical actuators (EMAs) for the remaining control surfaces. Both configurations
utilized the electromechanically actuated leadscrew (EMA-LS) for actuation of the trailing edge flaps.

An all-EMA configuration was not considered given the current reluctance to use EMAs for flight-critical
control surfaces on safety/reliability grounds. Another reason for this decision was the fact that it was
unclear to what extent the EMA’s weight advantage over the EHA would be affected once additional safety
features aimed at satisfying the Extremely Improbable failure probability requirement are incorporated.

The analysis showed that Configuration 2 enjoyed a weight advantage over Configuration 1, which trans-
lated to a fuel burn reduction over the course of four representative trip lengths that were considered.
However, for the aircraft considered in the work, the magnitude of the advantage suggests that it is unlikely
that a design choice between the two configurations would be based on it. While the use of EMAs for
the actuation of non flight-critical control surfaces has been proposed, it must be noted that jam-failures
associated with spoilers or high-lift devices can also result in potentially aggravated and hazardous flight
conditions. Given the magnitude of the weight advantage for an aircraft of this size, it is quite possible
that designers would opt for the heavier Configuration 1, and accept the weight penalty in exchange for
the fail-safe attributes of the EHA. Such a decision may also be bolstered by the fact that some experience
gained from the design of hydraulic systems is transferable to the design of EHAs.

This work identified certain additional questions that will be investigated by the authors in future work.
For example, how does the comparison between the two configurations change when the aircraft size is
different? What if, instead of a Boeing 737-800, an aircraft of much larger size and gross weight such as
the Airbus A380 was to be considered? In this case, there would be a larger number of control surfaces
(thus more actuators) and control surfaces would in general have higher actuation loads (leading to heavier
actuators). Would the weight difference between Configurations 1 and 2 be more significant in this case, and
if so, would it be significant enough to justify a preference for Configuration 2 for larger aircraft?

Two additional aspects that could not be considered within the scope of the current work were ther-
mal considerations (including transient dynamics) and maintenance requirements (e.g., mean time between
maintenance action), both of which are important drivers for down-selecting electric actuation solutions.

Currently ongoing collaboration between the ASDL and PACE GmbH is aimed at comparing the vehicle
and mission level performances of a More Electric aircraft against a conventional aircraft. As noted by
Faleiro,49 the full potential of a MEA design cannot be realized by simply transitioning certain parts of a
conventional subsystem (e.g., certain hydraulic users) to More Electric alternatives. A subsequent paper
(scheduled for mid-2014) will therefore expand beyond simply considering control surface actuation and in-
clude actuation of other subsystems, and also the transition from engine-bled to bleedless ECS architectures.
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Appendix

A. Control Surface Maximum Hinge Moments
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(a) Abrupt roll doublet - full stick (left): M = 0.72, h = 25 kft,
q-bar = 13.60 kPa (284 lbf/sq.ft.)
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(b) Abrupt aileron reversal - full stick (left): M = 0.84,
h = 25 kft, q-bar = 18.29 kPa (382 lbf/sq.ft.)

Figure 13. Comparison of hinge moments predicted using Roskam’s method with flight test data from NASA’s
F-18 Systems Research Aircraft. (Chakraborty et al.50)
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B. Comparison of EHA and EMA weight estimates with published information

For each case, the actuator was sized to the same stall load, no load rate, and stroke as the actuators
described in previous electric actuator studies. Additional information regarding the actuator layout (such
as electrohydraulic or electromechanical redundancy) was incorporated whenever available. The weight pre-
dictions were then compared to the published weights from these studies to determine the calibration factor.
A calibration factor of 1.15 applied to cylinder, pump, ballscrew, and gearbox weight estimates produced the
agreement shown in Tables 12 and 13 for EHA and EMA respectively.

Table 12. EHA Weight Estimate - Calibration

Program F-18 SRA flaperon Typical tandem EHA

Source Navarro5 Sadeghi & Lyons51

Stall load (lbf) 13,300 32,000

No load rate (in/s) 7.7 8.0

Stroke (in) 4.5 -

Layout 1 3φ PMM → 1 FDP Dual EH channel, 2 TC/surface

Published weight (lb) 41.5 159.5

Predicted weight (lb) 42 164

Table 13. EMA Weight Estimate - Calibration

Program F-18 SRA flaperon Transport spoiler C-141 aileron

Source Jensen et al.6 Fronista & Bradbury29 Thompson4

Stall load (lbf) 13,200 50,000 19,050

No load rate (in/s) 6.7 7.0 4.65

Stroke (in) 4.125 6.0 5.43

Layout 2 3φ BLDCM → 1 BS 1 5φ SRM → 1 BS 2 M/GB → 1 BS

Published weight (lb) 26 39 35

Predicted weight (lb) 26 40 37

Abbreviations: 3φ - three phase, PMM - permanent magnet machine, FDP - fixed displacement pump,
EH - electrohydraulic, TC - tandem cylinder, BLDCM - brushless DC motor, BS - ballscrew, SRM - switched
reluctance machine, M/GB - motor/gearbox.
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