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In dieser Arbeit wird eine neue Lastenbeobachter-Methode zur Überwachung von 
Flugzeugstrukturlasten entwickelt und mit Flugmessdaten validiert. Dazu wird ein 
physikalisch motivierter Luenberger Beobachter mit einem datenbasierten Lokalmo-
dellnetz zu einem hybriden Lastenbeobachter kombiniert. Gegenüber dem aktuellen 
Stand der Technik wird durch die Hybridisierung eine Steigerung der Genauigkeit bei 
gleichzeitiger Reduktion des Entwurfsaufwandes erzielt. Nur der hybride Lastenbe-
obachter erfüllt sämtliche Anforderungen an eine wirtschaftlich nutzbare Struktur-
lastüberwachung einer zivilen Verkehrsflugzeugflotte, wie durch einen Vergleich der 
untersuchten Methoden gezeigt wird.

This thesis describes the development of a novel loads observer method for model-
based structural loads monitoring and its validation with flight test data. For this pur-
pose, a physically motivated Luenberger observer is combined with a data-based local 
model network to form a hybrid loads observer. In contrast to the current state of the 
art, the hybridization achieves an increase in accuracy and a reduction of the design 
effort. Only the hybrid loads observer meets all the requirements for an economically 
loads monitoring of a civil aircraft fleet, as shown by a comparison of the investigated 
methods.

SC
H

RI
FT

EN
RE

IH
E 

FL
UG

ZE
UG

-S
YS

TE
M

TE
CH

N
IK

Zo
na

l E
le

ct
ro

-H
yd

ra
ul

ic
 P

ow
er

 G
en

er
at

io
n 

in
 C

om
m

er
ci

al
 A

irc
ra

ft

SC
H

RI
FT

EN
RE

IH
E 

FL
UG

ZE
UG

-S
YS

TE
M

TE
CH

N
IK

Zo
na

l E
le

ct
ro

-H
yd

ra
ul

ic
 P

ow
er

 G
en

er
at

io
n 

in
 C

om
m

er
ci

al
 A

irc
ra

ft Nils Trochelmann
Hamburg

01-2023 

Zonal Electro-Hydraulic Power  
Generation in Commercial Aircraft

Tro
ch

elm
an

n

This thesis investigates the approach of zonal electro-hydraulic power generation that 
replaces conventional central hydraulic systems by multiple smaller systems. Hydrau-
lic power is generated by electric motor-driven pumps integrated in hydraulic power 
packages (HPP) and is supplied to specific zones of the aircraft. This enables to retain 
proven hydraulic actuators in future electric system architectures. Though, zonal sys-
tems impose new challenges like increased weight, higher thermal loading, higher 
noise emission, and their duty cycles differ considerably. To address these challenges 
this thesis proposes a dedicated zonal HPP concept using redundant speed variable 
EMPs with internal gear pumps combined with efficient system control strategies. The-
re is no experience with the EMP technology in aerospace so that it is verified in ex-
periments with a representative prototype first. Further, a dedicated electronic robust 
pressure control concept is developed to enable single and dual EMP operation. For 
exemplary zonal systems that supply main landing gear and primary flight controls, 
dedicated advanced system control strategies, comprising pump controlled actuation 
and load sensing, are developed to address system specific objectives: reduced peak 
power demand, lower thermal loading, and improved dynamic performance. The con-
trol concepts are verified in experiments on a system test rig incorporating the EMPs 
and the most relevant consumers. Finally, the overall system behavior and thermal 
aspects are analyzed in thermal-dynamic simulations. Based on the results key per-
formance indicators like system mass and efficiency are evaluated and compared to a 
conventional system with a lower degree of decentralization.

Flugzeug-Systemtechnik verknüpft die Disziplinen Maschinenbau, Elek-
trotechnik und Informatik sowie systemtheoretische Methoden. Die 
Grundsysteme moderner  Flugzeuge wie Hochauftriebs- und Flugsteue-
rungssysteme sowie Fahrwerke, Bordenergienetze, Kühlanlagen, Avionik 
und Software sind durch Anforderungen nach zunehmender Automati-
sierung, Leistungsoptimierung und -management, neuen Funktionen, 
Sicherheit und Fehlertoleranz gekennzeichnet. Seit 1992 werden an der 
Technischen Universität Hamburg-Harburg im Institut Flugzeug-System-
technik neue Technologien und Methoden untersucht, die eine Verbesse-
rung wirtschaftlicher und operationeller Merkmale dieser Systeme und 
des Flugzeugbetriebs zum Ziel haben. Die Forschungsaktivitäten liegen 
auf den Themenfeldern:
 
• Weiterentwicklung von System- und Komponententechnologien
• Neue Systemfunktionen im Kontext zum Flugzeugentwurf
• Rechnergestützte Methoden für Systementwurf, -analyse und 

-bewertung 
 
Die Schriftenreihe bildet den Rahmen für wissenschaftliche Publikati-
onen auf diesem Gebiet.
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Nomenclature

Symbols

Latin Symbols

Symbol Unit Description

cp [J/(kg K)] Thermal Capacity (at constant pressure)
e [− ] Error
d [m] (Inner) Diameter (Pipe)
d [− ] Disturbance
f [Hz] Frequency
h [m] Gap Height (Pump Clearance)
h [m2/s2 ] Specific Enthalpy
i [A] Current
kf,Δp [Nm/bar] Pressure Dependent Friction Coefficient
kf,ω [Nm/(rad/s)] Speed Dependent Leakage Coefficient
kFe,1 [W/(rad/s)] Iron Losses Coefficient for ω

kFe,2 [W/(rad/s)2 ] Iron Losses Coefficient for ω2

kFe,3 [W/(rad/s A)] Iron Losses Coefficient for ω · iq

kle,p [(l/min)/bar] Pressure Dependent Leakage Coefficient
kle,ω [(l/min)/(rad/s)] Speed Dependent Leakage Coefficient
kle,lam,1 [(l/min)/(rad/s)] Laminar Leakage Coefficient Gap Type 1
kle,lam,2 [(l/min)/(rad/s)] Laminar Leakage Coefficient Gap Type 2
kp,h [m/bar] Gap Height Pressure Coefficient
kT [Nm/A] Torque Constant
l [m] Length (Pipe)
l [m] Lever Arm (Actuator)
m [kg] Mass
n [− ] Noise
n [1/min] (Pump) Speed

xv



Nomenclature

Symbol Unit Description

p [bar] Pressure
r [− ] Reference / Set Point
s [− ] Complex Frequency Parameter
t [s] Time
u [− ] Control Output
u [V] Voltage
v [m/s] Velocity/Speed
v [rad/s] Virtual (total) Control Output
x [m] Position
y [− ] Control Loop Output
y [− ] Valve (Spool) Position
A [m2 ] Area
A [− ] Upper Bound of Performance Weight
B [(l/min)/

√
bar] Orifice Coefficient (Turbulent)

Cp [(rad/s)/bar] Pressure Controller Transfer Function
CH [bar/m3 ] Hydraulic Capacity
CH,0 [− ] Constant Hinge Moment Derivative
CH,α [1/◦ ] Hinge Moment Derivative for α

CH,δ [1/◦ ] Hinge Moment Derivative for δ

CM [− ] Control Mode
DP [− ] Default Pump
Efl [Pa] Bulk Modulus (Fluid)
ER [− ] EMP Ready (Operation)
F [N] Force/Load
F [− ] Pre-Filter Transfer Function
G [− ] Transfer Function
GM [dB] Gain Margin
H [km] Altitude (germ.: Höhe)
H [kgm2/s2 ] Enthalpy
I [− ] Identity Matrix
J [kgm2 ] Rotary Inertia
Kf,fl [m5 ] Fluid Friction Coefficient
Kf,Δp [m3 ] Pressure Dependent Friction Coefficient

xvi



Symbols

Symbol Unit Description

Kf,η [kg m2/s] Viscous Friction Coefficient
KI [− ] Integral (Controller) Gain
Kp [− ] Proportional (Controller) Gain
Kle,comp [1/bar] Compression Loss Coefficient
Kle,fill [(l/min)/(1/min)1·8 ] Filling Loss Coefficient
Kle,lam [(l/min) s/(bar m2 ] Laminar Pump Leakage Coefficient
Kle,turb [(l/min)/

√
bar)] Turbulent Pump Leakage Coefficient

L [H] Inductance
L [− ] Loopgain
L [dB(A)] Sound Level
M [− ] Lower Bound of Performance Weight
M [− ] Known Part of the Uncertain System
MH [Nm] Hinge Moment
Nu [− ] Nußelt Number
P [W] Power
P [− ] Plant Transfer Function
PM [◦ ] Phase Margin
Pd [bar/(l/min)] Disturbance Model Transfer Function
P [1/FH] (Failure) Probability
P [W] Power
Q [ l/min] Flow Rate
R [Ω] Electric Resistance
Ra [− ] Rayleigh Number
S [− ] Overload Factor (Accumulator)
S [− ] Sensitivity
T [− ] Complementary Sensitivity
T [Nm] Torque (Motor, Pump)
V [m3 ] Volume
Vth [cm3 ] Theoretic Displacement Volume
VMCE [− ] Gain of the Inverter
W [− ] Performance Weight
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Nomenclature

Greek Symbols

Symbol Unit Description

α [− ] Allocation Factor
α [W/(m2 K)] Thermal Heat Exchange Coefficient
β [1/K] Thermal Expansion Coefficient
δ [◦ ] Deflection / Angular Position (Surface)
δ [− ] Parametric Uncertainty
η [− ] Efficiency
ϑ [◦C] Temperature
κ [− ] Polytrophic Coefficient
μ [kg/(m s)] Dynamic Viscosity
μ [− ] Structured Singular Value
ν [m2/s] Kinematic Viscosity
ξ [− ] Degradation Factor (Pump)
ξ [− ] Scaling Factor (Feedforward)
ρ [kg/m3 ] Density
σ [− ] Load Share (Pump)
σ [− ] Singular Value
τ [s] Time Constant
ϕ [rad] Angular Position
ω [rad/s] Angular Velocity
Δ [− ] Difference
Δ [− ] Perturbation Matrix (Uncertain System)
Φ [W] Heat Flow
Ψ [Wb] Linked Magnetic Flux
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Subscripts

Subscripts

Subscript Description

a,b,c = Motor Phases A,B,C
accu = Accumulator
air = Air
amb = Ambient (environmental conditions)
c = Command
comp = Compression
d = Disturbance
d,q = Motor d/q-Phases
dyn = Dynamic
eff = Effective (Flow, Torque)
el = Electric
f = Friction
fill = Filling
fl = Fluid
g = Gas
hyd = Hydraulic
hm = Hydro-mechanical
lam = Laminar
le = Leakage
m = Mechanical
max = Maximum
min = Minimum
p = Pressure, Pump
ph = Phase
red = Applying Mass Reduction Measures
rot = Rotary / Rotating Group
sys = System
th = Theoretical (Displacement, Flow, Torque)
tot = Total
turb = Turbulent
vol = Volumetric
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Nomenclature

Subscript Description

w = Wall
Cu = Copper
Cool = Reduced Cooling Power
CoZS = Combined Zone System
CZS = Center Zone System
CS = Controller Sensitivity
CSPd = Controller Disturbance Sensitivity
CV = Check Valve
DC = Direct Current
DS = Downsizing (EMP)
EHA = EHA Concept
El = Elevator
EMP = Electric Motor-Driven Pump
E/R = Extension/Retraction (Actuator)
FB = Feedback
Fe = Iron
FF = Feedforward
HM = Hydraulic Motor
HP = High Pressure Side
L = Load (Flow, Force)
LP = Low Pressure Side
LS = Load Sensing
MCE = Motor Control Electronic
MLG = Main Landing Gear
MPU = Motor Pump Unit
MW = Motor Winding
(P)Dec = (Partly) Decentralized (Architecture)
PFC = Primary Flight Control
PM = Permanent Magnet
PMSM = Permanent Magnet Synchronous Motor
N = Nominal
R = Response (Time), Return
RO = Roll-Off (Controller)
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Abbreviations

Subscript Description

Rud = Rudder
S = Surface (Aerodynamic Control)
SPd = Disturbance Sensitivity
TAS = True Air Speed
TZS = Tail Zone System
V = Loss (germ.: Verlust)
Δp = Differential Pressure
ξ = Including Scaling by Factor ξ

ω = Angular Velocity
∞ = Infinite Time / Steady State

Abbreviations

Abb. Description

AC = Alternating Current
A/C = Aircraft
ADCN = Aircraft Data Communication Network
ADP = Air Driven Pump
ADGB = Accessory Driven Gearbox
AFDX = Aeronautical Full DupleX
AOG = Aircraft on Ground
CoZS = Combined Zone System
CPIOM = Core Processing Input Output Module
CZS = Center Zone System
DAQ = Data Acquisition
DC = Direct Current, Displacement Control
DOC = Direct Operating Cost
DSV = Door Selector Valve
EBHA = Electric Back-up Hydraulic Actuator
EDP = Engine Driven Pump
eH = electro-hydraulic

xxi



Nomenclature

Abb. Description

EHA = Electro-hydrostatic Actuator
EHSA = Electro-hydraulic Servo Actuator
EHSV = Electro-hydraulic Servo Valve
EMA = Electro-mechanical Actuator
EMP = Electric Motor-Driven Pump
E/R = Extension/Retraction
FAL = Final Assembly Line
FCC = Flight Control Computer
FHA = Functional Hazard Assessment
FM = Flow Matching
FSVD = Fixed Speed Variable Displacement
GSV = Gear Selector Valve
HHEX = Hydraulic Heat Exchanger
hm = Hydro-mechanical
HP = High Pressure
HPP = Hydraulic Power Package
HPPCM = HPP Control and Monitoring
HSCM = Hydraulic System Control Module
HTP = Horizontal Tail Plane
HVDC = High Voltage Direct Current
IGP = Internal Gear Pump
IV = Isolation Valve
ISA = International Standard Atmosphere
LGCU = Landing Gear Control Unit
L/G = Landing Gear
LH = Left Hand
LP = Low Pressure
LS = Load Sensing
LVDT = Linear Variable Differential Transformer
MCE = Motor Control Electronic
MEA = More Electric Aircraft
MISO = Multiple Input Single Output
MLG = Main Landing Gear

xxii



Abbreviations

Abb. Description

MMEL = Master Minimum Equipment List
MPC(A) = Model Predictive Control (Allocation)
MPU = Motor Pump Unit
MTBUR = Mean Time between Unscheduled Removal
NLG = Nose Landing Gear
NZS = Nose Zone System
OEI = One Engine Inoperative
PbW = Power by Wire
PCU = Power Control Unit
PFC = Primary Flight Control
PMSM = Permanent Magnet Synchronous Motor
PMV = Pressure Maintaining Valve
POB = Power Off Brake
PRV = Pressure Relief Valve
PSSA = Preliminary System Safety Analysis
PTU = Power Transfer Unit
PV = Priority Valve
RAT = Ram Air Turbine
REU = Remote Electronic Unit
RH = Right Hand
RVDT = Rotary Variable Differential Transformer
SFCC = Slat Flap Control Computer
SISO = Single Input Single Output
SV = Servo Valve
TEFO = Total Engine Flame Out
THSA = Trimmable Horizontal Stabilizer Actuator
TZS = Tail Zone System
VFAC = Variable Frequency Alternating Current
VSFD = Variable Speed Fixed Displacement
VSVD = Variable Speed Variable Displacement
VTP = Vertical Tail Plane
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