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Abstract: The term sustainability became a popular subject
both in the automotive industries and in the aerospace
industries. Increasing and threatening environmental pol-
lution problems and reduction in limited fuel sources are
motivating either industries and academicians to develop
alternative power systems to sustain more healthier and
economical life in the long term. One innovation that has
been researched in the automotive industry is all electric
and hybrid electric propulsion concepts. These concepts
have also been proposed as alternative solutions for avia-
tion. These novel propulsion technologies are composed of
a gas turbine/internal combustion engine structure (neces-
sary for hybrid electric and turboelectric propulsion sys-
tems) and/or energy storage components (battery, fuel cell
and so on.) with multiple electric motors respectively. In
this paper, simulation of a high fidelity turboshaft engine-
alternator model for turboelectric propulsion system is
derived. To develop an aero-thermal engine model, GE
T700 turboshaft engine data is used and constructed
model is connected to an alternator model on MATLAB/
Simulink environment. Open-loop simulations are carried
out and satisfactory results are obtained.Simulation results
are compared to the real engine design point data. Results
show that there are acceptable differences between the
simulation results and the real engine data. The power
balances between compressor - high pressure turbine and
power turbine — alternator are proven in the mathematical
model. It is expected that the proposed model can be easily
extended to power system design and power management
studies in turboelectric propulsion systems and also in
other suitable novel propulsion systems.
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Introduction

Today’s propulsion technology still uses fossil fuels and
they have a negative impact on the environment [1]. In
addition to this, limited fuel reserves point at the require-
ment of alternative propulsion solutions. Novel propul-
sion technologies to aircraft of any size, generally named
as electric propulsion, hybrid electric propulsion and
turboelectric, are seen as viable and clean solutions for
aviation [2]. These new type of propulsion technologies
are aimed to reduce carbon dioxide levels and fuel
dependency with different configurations. In all electric
propulsion systems, batteries are the only source of pro-
pulsive power on the aircraft [3]. In hybrid electric pro-
pulsion technology, propulsion energy is provided from
an ideal combination of a conventional gas turbine
engine (or internal combustion engine) and a kind of
rechargeable energy storage system and at least one of
them can supply electrical energy [4-8]. Turboelectric
propulsion technology is defined as the batteryless form
of hybrid electric propulsion system. Technological
obstacles like inadequate battery energy densities;
extreme weight problems originating from the number
of batteries used; community acceptance issues (reliabil-
ity and certification issues) on the novel system compo-
nents manage the future of battery based propulsion
technologies and it is estimated it has time to be devel-
oped and serviced [2, 9, 10]. Considering this shortcom-
ing, turboelectric propulsion technology is seen as one
step ahead.

Turboelectric propulsion systems do not include
batteries. Thus, batteries are not a part of propulsion
system for any phase of flight. Instead, gas turbine is
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used to drive electric generator (alternator) directly
and the electrical output is an input for power man-
agement system (inverters, converters, individual elec-
tric motors, distributed electric fans and so on) [11].
Turboelectric propulsion system structure is illustrated
in Figure 1.

According to literature researches, generally, new
generation propulsion system models are constructed on
unmanned aerial vehicles (UAVs). Harmon [6] applies a
cerebbellar model arithmetic computer (CMAC) neural
network to control a paralel hybrid electric propulsion
system of a small UAV. Hung and Gonzalez [12] overviews
present and current developments and also the analysis
of hybrid electric propulsion systems for small fixed-wing
UAVs in their study. A hybrid electric light aircraft model
is formed by Frosina etal. [13]. Sliwinski etal. [1] inte-
grates hybrid electric propulsion to an unmanned
aircraft.

In this paper, simulation of a high fidelity tur-
boshaft engine-alternator model for turboelectric pro-
pulsion system is derived. To develop an aero-thermal
engine model, GE T700 turboshaft engine data is used
and constructed model is connected to an alternator
model on MATLAB/Simulink environment. It is expected
that this paper will make a contribution to new genera-
tion propulsion system research and design studies gen-
erally. Specifically, turboelectric propulsion system
design and series hybrid electric propulsion system
design studies will be able to be conducted easily and
properly by using this type of mathematical models.
Because, the proposed model can be easily extended to
power system design and power management studies.
Next section gives brief information about the turboshaft
engine steady-state aero-thermal model and the alterna-
tor model. In section three, simulation results are pre-
sented and evaluated. Future works are specified as a
conclusion in section four.

DE GRUYTER

Turboshaft engine aero-thermal
model

In this study, GE T700 turboshaft engine is preferred to
model a high-fidelity aero-thermal model of the gas tur-
bine engine in the turboelectric propulsion system. It is
composed of 5-stage axial and a single-stage radial com-
pressor. On the axial compressor, the first two stages
have variable-geometry inlet guide vanes and stator
vanes. Both gas generator turbine (HPT) and power tur-
bine (PT) are formed of two stages. There is a turbine
blade cooling mechanism at the HPT. The turboshaft
includes a free PT. To model transient dynamics of tur-
boshaft engine and thermodynamic processes inside; real
component map data, some differential and non-alge-
braic equations are used. Engine parameters like tem-
perature, pressure, mass flow, rotational speed are
calculated per component. Bleed flows, HPT turbine cool-
ing and mass flow during transient dynamics are also
considered in the developed model. Parameters and for-
mulas to develop the aero-thermal model of the engine
are taken from [14-16]. A cross-sectional view of GE T700
is shown in Figure 2. Some design point values of GE
T700 turboshaft engine and related input parameters for
the simulation model are presented in Table 1 [14, 15].
Parts of the engine are evaluated separately and then
they are entegrated to form GE T700 Turboshaft Engine
aero-thermal model. Output condition at one component is
assumed as an input condition of the next one. The flow-
chart of the aerothermal model is presented in Figure 3.

Modelling of inlet

At the compressor inlet, total temperature and pressure
values are assumed to be equal to the ambient

Electric Bus

Fuel

Figure 1: Turboelectric propulsion.system. structure.
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Figure 2: Cross-sectional view of GE T700 turboshaft engine.

Table 1: Some Initial Parameters and Design
Point Values for the T700 Turboshaft Engine
Aero-thermal Model.

Parameter Value
R 287 )/kgK
LHV 42,565,836 )/kg
Tatm 288.15 K
Patm 101,325 Pa
N, 44,700 rev/min
N, 20,900 rev/min
Jnpr 0.06033 Nms?
Jer 1.3694 Nms?
1% 0.004 m?
[y 0.97
oy 0.985
Mcomp 17.53
T 0.01s

conditions as expressed in eqs. (1-2). Using MATLAB/

Simulink International Standard Atmosphere (ISA)
model [17], altitude variations are considered.
Pl = Pamb (1)
Tl = Tamb (2)

Modelling of compressor

Mass flow rate variations through the compressor compo-
nent is developed with an ANFIS model. The ANFIS

model uses a corrected compresor-HPT rotational shaft
speed and compressor pressure ratio values as inputs and
gives the compressor corrected mass flow rate as an out-
put by means of the compressor performance map given
by Ballin [14]. Detailed information about ANFIS can be
found in [18]. Corrected compressor mass flow rate pre-
diction results via ANFIS structure with training data is
presented in Figure 4.

Corrected mass flow rate in compressor component
can be described as follows:

€)

Mass flow rate at the compressor outlet is calculated by:

mchorr = f (77 comps N; lcorr)

mZp = mchorr x 7@ (4)
Four various bleed flows are seen within the T700 tur-
boshaft engine. These are:

Two of them from the 4th compressor stage,

Two of them from the diffuser.

These bleed flows are expressed as functions of the
corrected compressor-HPT rotational shaft speed and the
corrected mass flow rate with parameters by, b,, bs in
[14]. In the simulation model, suitable lookup tables
developed in MATLAB/Simulink are used to define
bleed flow proportions [17]. Bleed flow rate is described
by eq. (5). Mass flow rate at the inlet of the first volume,
before combustion chamber, is formulated as the differ-
ence between compressor output mass flow rate and
bleed flow rate as seen in eq. (6).
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Figure 3: The flowchart of the aerothermal model.

Mpleea =gy % (b1 + by + b3 +0.0025) (5)

mZ = mZp - mbleed (6)

Generally, compressor output temperature is calculated
with a formula that includes compressor efficiency (from
performance map), pressure ratio and specific heat ratio
variables. Ballin [14], evaluates the variation of compres-
sor output temperature with a function of the compressor
pressure ratio. Thus, temperature value at the compressor
outlet is defined by eq. (7).

L=Tixf (”comp) @

Power absorbed by the compressor component is calculated

ol Lal Zyl_i.lbl

Pcomp = mzp X (hz - hl) -0.29 x ﬁ‘lzp X hz X (bl + bz) (8)

Modelling of combustion chamber

In modelling combustion chamber, it is assumed as an
unsteady energy accumulator [14-16, 19]. Kinetic energy,
time variation of mass and specific heat capacity of the
flow inside combustion chamber are neglected because of
low speed kinetic energy and time rate of change of
combustion chamber temperature. Temperature and pres-
sure values are assumed to be homogeneous and equal to
the outlet conditions. They are also assumed as HPT inlet
conditions. Combustion chamber outlet temperature
value is calculated by eq. (9):
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Figure 4: Compressor Mass Flow Rate Prediction Results via ANFIS with Training Data.

% _ r'n2><h2+r'nf><r1b><LHV—r'r13><h3
dt Tx13 % Cp,

©

Total pressure value at the combustion chamber outlet is
expressed as a function of compressor inlet pressure by a
pressure drop coefficient. It may be expressed as:

P3 = P2 X0 (10)

Modelling of HPT and PT

HPT outlet temperature value and entalpy values in com-
pressor and combustion chamber are obtained using
emprical entalpy-temperature relations to construct a
high fidelity turboshaft model as in [14]. Besides, entalpy
and mass flow rate values in HPT, power extracted by PT
and PT outlet pressure values are read from data maps
from Ballin [14] and they are used with suitable curve
fitting techniques and MATLAB/Simulink lookup tables
to model turbine characteristics. Power delivered by the
HPT is calculated using eq. (11):

11)

Pupr =1ty x (hs = hyp)

Modelling of unsteady mass balance

During transient operating conditions, to solve mass
imbalance problem inside engine components, two
inter-component volumes are defined between compres-
sor—combustion chamber and HPT-PT [19, 20]. Thus,

mass imbalance between components are projected on
the inter-component volume’s pressure values. By this
way, the pressure dynamics inside defined capacities is
calculated using eq. (12).

dPoyt _ Amxyx Rx Toye
at 4

(12)

Modelling of shaft dynamics

HPT or PT shaft dynamics on acceleration and decel-
eration conditions that are caused by power imbal-
ances during transient operations are defined via egs.
(13-14):

dN, 1

Gt Joor; \Paer = Peomp = Paprios)  (13)
dN. 1
T; = m (Ppr = Proap — Pprioss) (14)

Modelling of gas properties

Modelling of specific heat values belong to air and gas
forms are done by means of temperature dependent poly-
nomial functions. Considering the temperature value of
air or gas form, its temperature interval is detected.
Whether it is between 200-800 K or 800-2200 K, the
suitable polynomial function is selected and specific
heat value is calculated [21, 22].
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Modelling of alternator

Generators are electrical machines that convert mechan-
ical power into electrical power. Alternator is a common
generator type that is used for creating alternative cur-
rent (AC). Power type conversion process is observed
through a magnetic field and its operation principle
depends on elecromagnetic induction. They are driven
by steam turbines, gas turbines, water turbines, internal
combustion engines and so on. It includes two parts:
rotating one called rotor and steady one called stator.
Stator part is composed of armature windings which are
connected 120 degrees apart (3-phase) from others either
in delta form or star form connection to generate AC
output. DC excited field windings are located on rotor
part.

Rotor structures can be evaluated in two different
categories. Cyclindrical rotor types are preferred for high
speed applications. Salient pole rotor types are proposed
for low and medium speed applications.

In this study, to model an alternator, a synchronous
machine block from MATLAB/Simulink SimPowerSystems
Toolbox is used. This block has two inputs as exciting
voltage “V¢” and mechanical power “P,,”. Besides, angu-
lar velocity “w” is another possible input instead of
mechanical power. The sign of the mechanical power
defines the operating mode of the machine (positive
power for generator mode and negative power for motor
mode). It has two rotor selections as cyclindrical rotor and
and salient pole rotor. Three line to line voltage outputs
“A”, “B”, “C” and a collective output “m” that includes
other calculated signals can be easily evaluated and used
for feasible power management system designs for new
generation propulsion systems. Detailed theorical informa-
tion and formulation about mechanical part and electrical
part of the synchronous machine block can be found in
[23, 24]. General view of this block is presented in Figure 5.

Synchronous Machine
S| Fundamental 2

Figure 5: MATLAB/Simulink SimPowerSystems Toolbox synchronous

SRR 3J|_t|>|
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Simulation results

The model developed in this paper is verified in a
MATLAB/Simulink environment over a time frame of 20
seconds with a sampling time 0.0001. During simula-
tions, the aero-thermal model of GE T700 turboshaft
engine is run at design point to achieve maximum effi-
ciency without any control mechanism and at steady
state condition, power interchange relations between
compressor-HPT and PT-alternator components are
defined with the following egs. (15-16). The aero-thermal
model simulation results are compared to engine design
point data used by [14-16] and presented in Figures 6-11.

N

—— HPT Power Simulation Result
—— Compressor Power Simulation Result

-
o

-

o
2

Compressor-HPT Power Balance (Watts)

0
0 0.2 04 06 0.8 1 1.2 14 16 18 2|

Simulation Time x 10°

Figure 6: Compressor-HPT Steady-State Power Matching.

P comp = P HPT (15)

Pgen=Ppr (16)

Compressor-HPT steady-state power matching is evaluated
at design point and simulation result is illustrated in
Figure 6. Simulation result show that there is satisfactory
overlapping between power dissipated from compressor
and power generated by HPT considering error value.

Pressure values in terms of components are shown in
Figures 7-8. It is clear that Simulink model results are
higher than the engine design point data in all simula-
tions. The errors percentages are found as 2.6 %, 0.86 %
and 0.38% for combustion chamber inlet - outlet and
power turbine inlet pressures respectively.
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Figure 7: Combustion Chamber Inlet and Outlet Pressure Simulation Results.
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Figure 8: Power Turbine Inlet Pressure Simulation Results.

Simulink model calculates higher temperature values for
compressor outlet and power turbine inlet however,
lower temperature value is observed for combustion
chamber outlet. In Figures 9-10, simulation results of
the temperature values are exhibited. Considering related
figures, the error percentages are calculated as 1.9 % for
compressor outlet, 0.75% for combustion chamber outlet

Figure 11 illustrates the individual rotational shaft speed
simulation results belong to compressor-HPT and PT-
alternator. Simulink results are found to be lower than
engine design point values in simulations. The error per-
centage of compressor-HPT rotational shaft speed is
found as 1.83 % and the deviation of power turbine-alter-
nator rotational speed is calculated as 0.28 %.

The alternator model used in the simulations is a 555
MVA, 24 kV, 60 Hz and 3600 rpm synchronous generator
[23]. Tt includes a cyclindrical type rotor. A gearbox
reduction mechanism is used with a proportion of
“5.806” to match power turbine angular speed and rotor
angular speed of the alternator (20,900 rev/min to 3600
rev/min). Exciting voltage V; is defined as 10.9 V and i,
is assumed as O A. The synchronous generator is oper-
ated under no load condition (load=0. 1% of nominal
power). Detailed information about used synchronous
machine design and block parameters can be found
from [23, 24].

Power of PT, electrical power and rotor angular speed
simulation results are presented in Figures 12-13 respec-
tively. Power of PT is calculated higher than engine design
point data however, rotor angular speed is lower than
design point data in simulations. The error percentages
that are belong to power of PT and rotor angular speed
are calculated as 0.48% and 0.29 % respectively. Steady-
state power matching between PT mechanical power and
alternator electrical power gives satisfactory overlapping
considering error value in Figure 12. Summary of the devia-
tions in terms of error percentages per engine parameters is
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Figure 9: Compressor and Combustion Chamber Outlet Temperature Simulation Results.
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Figure 10: Power Turbine Inlet Temperature Simulation Results.

presented in Table 2. As a general view, they are acceptable.
In simulations, calculation of some engine parameters
(bleed air flow, compressor mass flow rate and so on) are
required to use interpolation techniques. To reduce devia-
tions per engine parameters and to enhance simulation
results, other various interpolation techniques may be

preferred or number of data that is needed for interpolation
may be increased.

Conclusion

In this paper, simulation of a high fidelity turboshaft
engine-alternator model for turboelectric propulsion sys-
tem is derived. To develop an aero-thermal engine model,
a GE T700 turboshaft engine data is used and its dynamic
model is connected to an alternator model on MATLAB/
Simulink environment. Open-loop simulations are per-
formed and satisfactory results are obtained. It is
expected that the proposed model can be easily extended
to power system design and power management studies
of turboelectric propulsion systems. This paper will also
make a contribution to other new generation propulsion
system research and design studies. Turboelectric propul-
sion system design and series hybrid electric propulsion
system design studies can be conducted easily and prop-
erly by using this type of mathematical models. In the
upcoming work, it is planning to integrate the current
model with suitable converter, inverter, transformer, elec-
tric motor and/or energy storage system models to form a
complete hybrid electric and/or turboelectric propulsion
system structures for comparing and observing the differ-
ences in terms of conventional thrust, fuel savings and
other performance parameters.
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Figure 11: Compressor-HPT Rotational Speed and Power Turbine-Alternator Rotational Speed Simulation Results.
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Figure 12: Power Turbine Power and Alternator Electrical Power Simulation Results.

Table 2: Deviation Percentages of the Mathematical Model.

Engine Design Point Data Simulink Model Result Error Percentage %
Combustion Chamber Inlet Pressure 1,776,227.25 1,823,000 2.6
Combustion Chamber Outlet Pressure 1,754,912.523 1,770,000 0.86
Power Turbine Inlet Pressure 374,586.078 376,000 0.38
Compressor Outlet Temperature 733.5579 747.5 1.9
Combustion Chamber Outlet Temperature 1525.4583 1514 0.75
Power Turbine Inlet Temperature 1093.2524 1135 3.8
Compressor-HPT Rotational Speed 44,700 43,880 1.83
Power Turbine-Alternator Rotational Speed 20,900 20,842 0.28
Power Turbine Power 1,318,708 1,325,000 0.48
R 377 375.9 0.29
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Nomenclature
ANFIS Adaptive Neuro-Fuzzy Inference System
by, by, bs Bleed flow fractions
Cp, gas Specific heat value of gas, J/kgK
f Generic function
hy Entalpy value at the compressor inlet, J/kg
h, Enthalpy value at the compressor outlet, J/kg
hs Enthalpy value at the combustion chamber, J/kg
hup Enthalpy value at the HPT outlet, J/kg
HPT High-power turbine (gas generator turbine)
Jupr HPT moment of inertia
Jpr PT moment of inertia
LHV Lower heating value
myp Mass flow rate at the compressor outlet, kg/s
Mapcorr ~ Corrected mass flow rate inside the compressor, kg/s
m, Mass flow rate at the first volume, kg/s
ms Mass flow rate at combustion chamber, kg/s
Myp Mass flow rate at HPT, kg/s
Mpleed Bleed air mass flow rate, kg/s
my Fuel flow rate, kg/s
Am Mass flow rate difference between the input and output of
the component, )J/kg
Ny Compressor-HPT shaft rotational speed, rpm
Nicorr Corrected compressor-HPT shaft rotational speed
N, PT shaft rotational speed, rpm
PT Power turbine
Pamb Ambient pressure, Pa
Pcomp Compressor power, Watts
Pgen Generator power, Watts
Pupr HPT power, Watts
Puprioss  HPT power loss, Watts
Proap Load applied on the power turbine, Watts
Ppr PT power, Watts
Pprioss PT power loss, Watts

Pout Component output pressure, Pa

Py Compressor input pressure, Pa

P, Combustion chamber input pressure, Pa
Ps Combustion chamber output pressure, Pa
Tamb Ambient temperature, K

Tout Component output temperature, K

T Compressor input temperature, K

T, Compressor output temperature, K

IE Combustion chamber temperature, K

R Gas constant

4 Volume

o Combustion chamber pressure loss coefficient
y Specific heat ratio

0 Non-dimensional pressure, %Pa

6 Non-dimensional temperature, %’:f

T Combustion chamber time constant

Meomp Compressor pressure ratio

Ny Combustor efficiency
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