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Abstract

To reduce the emissions of aviation the electrification of aircraft propulsion is of particular research inter-
est. Here, the power provided to the electric propulsors is distributed within the powertrain either in form of
direct or alternating current. Therefore, an implementation of power flow simulation is presented, which
can be used in aircraft powertrain sizing. The methodology enables bidirectional power flow and adds
the possibility to change the voltage level between buses within the system. Furthermore, the proposed
methodology accounts for functional dependencies of system parameters, like the converter efficiency on
the power flow. The methodology is validated and exemplary applied on an electrified propulsion system

topology.
Nomenclature

Symbols
n Efficiency [%/100]
W Admittance phase angle [deg]
0 Voltage phase angle [deg]
6, AC-AC converter phase shift [deg]
@ AC-DC converter phase shift [deg]

Susceptance of an AC line [S]

Boolean matrix of converter existence [-]
CAt Boolean matrix of converter placement [-]

Boolean matrix of line type [-]
G Conductance of an AC or DC line [S]
1 Current [A]
i Imaginary number [-]
M Modulation index AC-DC converter [-]
N Number of buses in a system [-]
P Active power [W]
0 Reactive power [VAr]
R Resistance of an AC or DC line [Q]

~

N ~ =< ¥ < g

Indices

AC
C
DC
G

I

L
nm
pu
R
rms

tmp

Voltage ratio AC-AC & DC-DC converter [—]

Boolean matrix of bus connection [—]
Voltage [V]
Boolean vector of bus type [-]
Reactance of an AC line [Q]
Admittance of an AC or DC line [S]
Impedance of an AC or DC line [Q]
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1. Introduction

In order to limit global warming, ambitious political goals have been formulated. The "Flightpath 2050" resolution
summarizes the targets set by the Advisory Committee of aviation research and innovation in Europe (ACARE). To
achieve these ambitious goals, i.e. reduction of nitrogen oxides by 90 % and carbon dioxide emissions by 75 % by 2050,
innovations in the area of aircraft propulsion systems have to be achieved [1]]. Electrification of aero engines is one
possible approach for reducing greenhouse gas emissions in aviation. Therefore, many different powertrain topologies
can be considered. Batteries, fuel cells or even gas turbines coupled to a generator can supply the powertrain with
electric power, which then can be transformed to mechanical power by electric motors. Furthermore, all the mentioned
power suppliers can also be combined in parallel or series hybrid topologies. If electrical power from renewable
sources is used for storage in a battery or for the production of fuel, like hydrogen or sustainable aviation fuel (SAF),
an emission free aircraft is possible. To size the components of such a powertrain and to assess potential new topologies,
the electric power flow distribution has to be modelled. These novel aircraft propulsion systems contain both alternating
current (AC) and direct current (DC). This is due to the fact that sources, such as fuel cells and batteries provide DC,
while the electrical motors are typically fed by AC. Nevertheless, depending on the topology and voltage level, both
DC and AC systems can be used for power distribution from the sources to the consumers. To analyse the load flow
throughout the whole powertrain, a suitable methodology for hybrid AC-DC systems is necessary. Furthermore, the
methodology has to provide bidirectional load flow in the electric system to enable, for instance, the recharging of
batteries during descent. In addition, the power flow simulation should not be computationally intensive, while still
achieving sufficient accuracy.

Different approaches can be found in the literature. In electric powertrain simulations in the automotive area mainly
Matlab/Simulink is used [2-4]], which is also used for some aircraft applications [5]]. However, the coupling of electric
components in aircraft powertrain simulation often is achieved by a direct transfer of electric current and voltage [6-9].
By transferring current, voltage and phase angle directly from one component to another, the power flow direction has
to be defined and the bidirectionality may be lost. In order to avoid a predefinition of the power flow direction the
present paper introduces a different approach for electric powertrain analysis.

Electric load flow analysis has been used for a long time to analyse and optimise the power flow in electrical energy
supply grids [10]]. Although initially power grids mainly consist of only AC power, hybrid AC-DC systems are in the
focus of research in energy supply as well. Different approaches were introduced for adapting load flow analysis for
hybrid systems [ 1H13]]. Ahmed et al. [11] generalise the load flow analysis for hybrid AC-DC distribution systems,
which allows to solve the DC and AC part of the system simultaneously and also enables bidirectional power flow
between those parts. This concept is the basis for the methodology presented in this paper. It is modified and extended to
be applicable to electric powertrains for aircraft propulsion. Besides some modifications of the published methodology,
mainly converters for voltage level changes and consideration of functionally interdependent parameters are added. The
methodology is extensively described, validated and exemplary applied for an electrified aircraft powertrain sizing.

2. Methodology

Load flow analysis provides a methodology for analysing the power flow in electric distribution systems. The method
uses a system of buses with voltage and phase angle properties, and connections with impedance values connecting
them. By balancing active and reactive power at the buses with Ohm’s and Kirchhoff’s law the power flow can be
calculated and the system solved [[14]. The complex impedance Z of an AC connection between buses is defined by

Z=R+iX (1

where the real part R is the resistance and the imaginary part X is the reactance. The impedance values for each
connection between bus 7 and m constitute the impedance matrix Z, = for the electrical system. For load flow analysis
the impedance matrix is transformed to the corresponding admittance matrix ¥, . The admittance matrix needs to be
calculated by definition [15]] for the main diagonal elements

1 S
form = n: Xnnzz—no-i-zmlzz (2)
and for the non diagonal elements
form#n: Y = =—L 3)
—nm —mn Z

separately, where Z  is the grounding impedance at bus n and N is the total number of buses in the system.
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The admittance matrix is then used for the calculation of active (P) and reactive power (Q) flows towards any bus n

. N
P, —iQ,
—_— = Y .V R 4
v Em( am Vo) “4)

where V and ﬁ are the complex and complex conjugated bus voltage respectively [16].
The complex bus voltage can also be described in its polar form

V,= Ve S

where 6 and V are the voltage phase angle and magnitude respectively. The admittance is defined by the conductance
G and susceptance B as

Y=G+iB . ©)

With the definitions of Equations (3)) and (&), Equation (@) can be split in real and imaginary parts to calculate P, and
0, at each bus n through

N
Pn = Vn Z Vm(Gnm cos (gn - gm) + Bnm sin (gn - em)) (7)

m

N
Qn = Vn Z Vm(Gnm sin (9}1 - gm) - Bnm Ccos (gn - Qm)) . (8)

m

With the calculated active and reactive power from Equations (7) and (8) a balance with injected power values, i.e. load
and generator power, is possible at each bus. By taking the difference between calculated and injected power values, a
function F is determined:

Pinj_Pcal

9
Qinj - Qcal ( )

ro -

The function itself is dependent on the electric parameters of the system combined in %, like voltage phase angles and
magnitudes, admittance values, and injected powers. A solution of the load flow in the electric system can be found by
minimising the function F. Therefore the objective is

min||F(X)|, =0 . (10)

The number of unknown parameters has to match the number of Equations in the function F, whereby each bus has to
fit to one of the types listed in Table

Table 1: AC bus types [15]]

Bus type Known Unknown
Slack bus vV, Pinj, Qinj

P-Q (load) bus Pinj, Qinj V,0
P-V (generator) bus  Pj,;, V Oinj» 0

The described approach is widely used for analysing the load flow in electric distribution systems. However, what
has been described up until this point is only applicable to AC distribution systems. The concept of minimising the
difference between the calculated power and the injected power, can be used for DC and hybrid AC-DC systems as
well. To be able to apply this approach to such systems, the calculation of the power flow through connections has to be
adapted. For DC power systems no imaginary parts exist, like reactive power or reactance, which leads to a simplified
power calculation of

N
P, =V, Z ViGum (11)

analogous to Equation (7)) and a modified set of bus types as presented in Table 2]
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Table 2: DC bus types [[11]

Bus type Known Unknown
P (load) bus Py \%
V (generator / slack) bus \% Piyj

Following the load flow theory of AC and DC systems, the bidirectional connection of these systems has to be anal-
ysed. A generalised approach to the load flow analysis of AC-DC hybrid distribution systems was published by
Ahmed et al. [11]. Here, an AC-DC converter model was introduced to connect voltage levels on DC and AC side
and enable load flow calculation across the converter. The AC and DC voltage levels are linked by a modulation
index M defined by

VA€ =pm-vEC (12)

tmp

where VA€ and Vt%j, represent the effective AC and DC voltages directly before and after the converter as depicted in
Figure [I] Based on the type of the inverter or rectifier the maximum modulation index is limited. For a three level
neutral point clamped (3L-NPC) inverter it is for example M,,,, = 0.707 [17]. Generally, this value can be found in
literature on the applied inverter topology.

MJ qo
AW I
AC = — DC
— RDC
Vt?rf r o
VHAC: B‘n Vn? ¢

Figure 1: Two bus system with an AC-DC Converter

The active and reactive power flows across the converter are calculated as follows [[11]]:

fromntom: Py, = anf . (M_Z(V,fc)2 - M_IV,?CV,QC) . (i + bmnm,i) (13)
Oum = Py - tan ¢ (14)
frommton: Py, = Ghg - (VRO = M7'VACVEC) (15)
an =Py, - tang . (16)

The converter efficiency for rectifier and inverter mode are 7, » and 17, ; respectively. To consider the direction of the
power flow and therefore the currently active converter mode (inverting or rectifying), two parameters a; and b; are
being introduced [11] as

a1 = 0.5 (1 +sign(M'V, - V,.)) I x>0
. 4 , where sign(x) =4-1 ,x<0 . (17
by =05 (1 -sign(M~'V, - V,,)) 0 .x=0
Dependent on the direction of the power flow either a; or b; ends up being equal to one while the other one is zero.
With this approach, only one of the efficiencies is taken into account. The published methodology is extended in the
following by DC-DC and AC-AC converters. The converters are modelled analogous to the AC-DC converter, to be
consistent with the generalised load flow analysis.
As shown in Figure 2Ja DC-DC converter can be used to change the voltage level between two DC buses. The voltage
ratio ¢ is defined as
vbe

~ yDC ’
Vtmp

t

(18)

while the power flow across the converter is specified through
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fromntom: Py =Ghs - (172(VP)? = ' VPCVEC). (“—2 + bznnm,z) (19)
Mnm,1

frommton: P, =G2¢. ((V,’ZC)2 - t’IV,?CV,EC) ) (20)

where 7,,,1 and 1,2 describe the efficiencies for the two modes of boost and buck conversion, depending on the
defined voltage ratio r. The parameters a, and b, are defined as

a = 0.5 (1 +sign(t™'V, - Vi) .
by =05 (1 - sign(r™'V, = V) o

and determine which one of the efficiency terms in Equation (T9) will disappear.

t
DC 4 — DC
— RDC
Vt?rf v o
ue y2e

Figure 2: Two bus system with a DC-DC Converter

The AC-AC converter modelling is nearly equivalent to the DC-DC converter implementation, except for the complex
values needed in the AC case. A simple two bus system with an AC-AC converter is shown in Figure 3]

t, 6c
’\f 1
AC i _— AC
- ac 2o
Vtmp
VAC 9, Vi€ O

Figure 3: Two bus system with an AC-AC Converter

Because of the AC power, the converter has both a voltage ratio magnitude ¢ and a phase shift §.. The complex voltage
ratio ¢ is defined as

AC
i6,

Vv
t=t-e" , with t= —= . (22)
tmp

The power flow across the AC-AC converter has a reactive power part and is therefore defined in forward direction as

fromntom: P,, = (G‘,?,St’z(v,?c)z -t V,‘?CV$CYnm cos (6, — Oy — Yum + 66)) . ( @ + bznnm,z) 23)
nm,1
Qun = =Bt 2(VE) = 7' VCVA Y, si (0, = O = Ym + 6.) (24)
and in reverse direction by
frommton: P,, = G‘,:f(V,‘zC)z —r! V,?C V,‘;‘lc Y, cos (6, — 6 — Wpm — 6;) 25)
an = —Bﬁg(vﬁlc)z - t_l Vy‘?cvyﬁcymn sin (en - Hm - lﬁmn - gc) . (26)

The admittance of the connection Y, is thereby defined by its magnitude Y,,,, and phase angle ¢,

Y =Y evm . 27)

—nm
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To calculate the power at a bus, all the connected power flows from Equations (7), ) (I1), (I3) - (16), (I9) - (Z0),
(23) - (26) must be considered. In order to generalise the calculation Ahmed et al. [11]] defined a system of matrices to
activate and deactivate the load flow parts according to the type of the connection present. For the added DC-DC and
AC-AC converter additional system matrices are defined and listed in the Nomenclature and in the Appendix (Table[J).
A complete set of Equations for the active and reactive power flows at one bus can also be found in the Appendix in
Equations (32) - (33).

When power distribution systems are evaluated where converters set significant voltage ratios, a coupling of different
per-unit (pu) systems may be necessary. The pu systems must be defined for closed parts of the power distribution
system and have to be coupled by the introduced converters. Therefore, one has to adapt the modulation indices and
voltage ratio values for the converters according to the varying pu systems. For this, the introduced converter indices
from Equations (12), (I8)) and (22)) have to be multiplied by the base voltage ratio of the appropriate pu systems, i.e. of
buses n and m. Exemplary adapting the AC-DC converter index for the two bus system shown in Figure[T|leads to

VAC Viden
M pu = LD e (28)
C " yDC ’
Vtm]? Vbase,m
while the appropriate per-unit DC-DC converter voltage ratio for the system shown in Figure [2] calculates to
DC
¢ _ V,?C Vbase,n (29)
pu = yDC ~ 1/DC :
Vl‘mﬁ Vbase,m

Furthermore, the option to define parameters as functionally dependent on others is implemented. An inner iteration
is used to recalculate certain parameters, such as the efficiency of an inverter based on the bus voltage, the modulation
index or the power flow. The iteration logic for both the load flow and recalculation iteration is shown in Figure[d] The
load flow is iterated according to the definition in Equation (I0), while the functional dependent parameters are iterated
until they have no changes from the last time step. Therefore, € is used as converge criterion with a precision of 1079,

outer load flow iteration

while: ||[F(X)|| > €

inner iteration for functional dependencies

while: [|X,, — X,-1ll > €

calculation of P, Pinj, Qcats Qinj

recalculation of parameters X,

Figure 4: Iteration logic for additional parameters with functional dependencies

With this additional iteration the load flow methodology can be used in the sizing process of electrified aircraft pow-
ertrains. Component models for converters or motors can be coupled with the load flow algorithm via the functional
dependencies. Based on the power flows, voltage levels or phase angles calculated using this method, all components
can be sized regarding mass, volume and efficiency. The efficiency can be determined iteratively in the load flow
analysis by enabling the coupling of the power flow distribution and component properties calculation. Furthermore,
off-design studies with already sized components can be performed. Parameters that are still dependent on the power
flow distribution, like the efficiency of a converter, are recalculated and iterated as shown in Figure @

3. Results

In the following, the developed method for load flow calculation is validated against various examples from litera-
ture and the commercial software NEPLAN [[18]]. After validation, the presented method is applied to an exemplary
electrical architecture representing a distributed electric propulsion system for a regional-size aircraft. The results are
presented in Section [3.2]accordingly.
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3.1 Validation of load flow analysis method

Figure 5] depicts a modified IEEE 33 bus system published by Ahmed ez al. [11]]. The DC and AC line impedances as
well as all load and generator (Gen) data are also extracted from this work. Furthermore, the same per-unit base values
are used, namely VAC = 12.66kV and VPC = 20.67kV. The efficiency of all converters is set to n = 0.95 and all
power factors are assumed to be cos(y) = 0.95.

B AC )
B DC Grid (G1)
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©, =
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7 M=0.588

16

17

18

4

Figure 5: Modified IEEE 33 bus system adapted from [T1]]

The results of the described load flow (LF) method match the published results with a maximum relative error of
0.036 %, as listed in detail in Table 3] The differences are assumed to be caused by rounding and machine precision
and are therefore acceptable for validation purposes.

Figure[f]illustrates an AC system with four buses and an AC-AC converter between bus 1 and 2. This system is used
to validate the additionally implemented AC-AC converter.
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Table 3: Results of the 33 bus system compared to Ahmed et al. [11]]

LF Model Results Ahmed et al. [11] LF Model Results Ahmed et al. [11]
Busno. Voltage 6 Voltage 6 Busno. Voltage 0 Voltage 0
(type)  (p.u) (deg.) (p-u.) (deg.)  (type)  (p.u.) (deg.) (p-u.) (deg.)
1 (AC) 1.05000 0.00000 1.05000 0.00000 18(DC) 1.03930 - 1.03930 -
2 (AC) 1.04709 -0.00972 1.04709 -0.00972 19(AC) 1.04503 -0.05930 1.04503 -0.05930
3(AC) 1.03776 -0.02780 1.03776 -0.02781 20(AC) 1.02871 -0.43951 1.02871 -0.43950
4 (AC) 1.03360 -0.03683 1.03360 -0.03683 21(DC) 1.03702 - 1.03702 -
5(AC) 1.03000 -0.05113 1.03000 -0.05114 22(DC) 1.03715 - 1.03715 -
6 (AC) 1.01912 -0.27694 1.01912 -0.27694 23 (AC) 1.03477 -0.05338 1.03477 -0.05338
7(AC) 1.01869 —-0.29890 1.01869 -0.29890 24 (AC) 1.03000 -0.11852 1.03000 -0.11852
8 (DC) 1.02923 - 1.02923 - 25(AC) 1.02238 -0.21869 1.02238 -0.21870
9(DC) 1.02674 - 1.02674 - 26 (DC) 1.04951 - 1.04951 -
10(DC) 1.02479 - 1.02479 - 27 (DC) 1.04808 - 1.04808 -
11(DC) 1.02430 - 1.02430 - 28 (DC) 1.04371 - 1.04371 -
12(AC) 0.99317 -0.62316 0.99317 -0.62317 29(AC) 1.02000 -0.22491 1.02000 -0.22492
13 (AC) 0.99215 -0.66567 0.99215 -0.66568 30(AC) 1.01404 -0.24913 1.01404 -0.24914
14 (AC) 0.99224 -0.66362 0.99225 -0.66363 31(AC) 1.00228 -0.50557 1.00228 -0.50558
15(AC) 0.99449 -0.62943 0.99449 -0.62944 32(AC) 1.00006 -0.57216 1.00006 -0.57217
16 (DC) 1.03692 - 1.03692 - 33(AC) 0.99823 —-0.63484 0.99823 -0.63485
17 (DC) 1.03884 - 1.03884 -
Gen no. P QG P QG Gen no. P QG P QG
(type) (kW) (kVAr) (kW) (kVAr) (type) kW) (kVAr) (kW) (kVAr)
1 (AC) 4343.52 1889.99 43435 1890.0 6 (AC) 500 243.54 500 243.5
2 (AC) 500 139.99 500 140.00 7 (AC) 500 81.88 500 81.9
t=050, =0°
™ 1
s
2 I 3
P, =1MW
Q; = 0.5 MVAr

Table [ lists the line impedance values of the analysed AC system. The AC-AC converter is initialised with a voltage
ratio of r = 0.5 and a phase shift of - = 0°. For validation purposes, the system is simulated with the proposed LF
model as well as with the commercial software NEPLAN [18]]. As listed in Table@ the results of the load flow analysis
match the NEPLAN results with a maximum relative error of 0.02 %. With this, the implementation of the AC-AC

I 4

P, =1MW

, = 1 MVAr

Figure 6: Four bus AC system

converters can be considered as sufficiently validated for the purpose of its application.

Table 4: Impedance values for the four bus AC system

From bus Towards bus Resistance () Reactance (QQ)
1 2 1.0 1.0
1 3 0.5 1.0
3 4 2.0 1.0
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Table 5: Results of the four bus AC system simulation compared to NEPLAN

LF Model Results NEPLAN Results LF Model Results NEPLAN Results
Busno. Voltage 0 Voltage 0 Busno.  Voltage 0 Voltage 0
kV) (deg.) kV) (deg.) kV) (deg.) kV) (deg.)
1 10 0 10 0 3 9.8430 -0.31029 9.8430  -0.31022
2 19.9247 -0.07189 19.9247 -0.07189 4 9.5275 0.30069 9.5276  0.30064
Gen Pg Qe Pg Qc

(kW)  (kVAr) (kW)  (kVAr)
Grid  2.05823 154721 2.05803 1.54710

Finally, the DC load flow and the DC-DC converters are validated. Therefore, an electrical system presented by Wang et
al. [19] was used, which is shown in Figure[7] The system consists of an AC grid connected by a rectifier to a DC
system with 14 buses. Two more generators — one AC and one DC — and 12 DC loads are connected to the buses in this
system. The system is split into two parts connected through DC-DC converters. The buses 1 to 5 are on a voltage level
of 10kV, while the remaining buses are on a level of 380 V. The converter voltage ratios are noted directly in Figure|/|
where the converter between bus 5 and 6 is modelled with a constant output voltage of 380 V and consequently with
a variable voltage ratio. All other required information, such as the line resistances, load and generator data, are the

same as those of the aforementioned publication.
Grid (G1)

B AC
Bl DC

t = variable

Figure 7: 14 bus DC system based on [|19]

Table [6] presents a comparison of the calculated and published results of Wang et al. [19]. The bus voltages of the
high voltage part (bus 1 to 5) match the published data without any error. For the low voltage section (bus 6 to 14)
a maximum relative error of 0.0032 % was found. Consequently, the proposed load flow analysis is also considered
sufficiently validated for the application of pure DC load flow and DC-DC converters.

3.2 Distributed electric propulsion study

In this section, the presented and validated load flow methodology is applied on an electric powertrain for aircraft ap-
plication. In a first step, the aforementioned functional dependencies of system parameters are evaluated with the use
of two simple two bus systems, which are depicted in Figure [§|and[0] Both systems are calculated firstly without any
functional dependencies and secondly for the case of one functional dependent parameter. Thereby, the reliable func-
tionality of this additional feature is proven. It is examined whether a solution for systems with functional dependent
parameters can be found and whether the solution shows comprehensible results.
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Table 6: Results of the 14 bus DC system compared to Wang et al. [[19]]

Voltage (V) Voltage (V)

Busno. LF Model Results Wangetal [19] Busno. LF Model Results Wang et al. |19
1 10000.000 10000.000 8 380.107 380.119
2 10000.000 10000.000 9 380.513 380.525
3 9930.469 9930.469 10 380.138 380.149
4 9911.962 9911.962 11 379.919 379.930
5 9953.105 9953.105 12 380.157 380.157
6 380.000 380.000 13 379.997 379.997
7 380.207 380.219 14 380.130 380.142

1 Ne 2
= P = 500 kW
Grid b - -
— RDC
VPC = 1kV VP = 5kV

Figure 8: Two bus DC system with DC-DC converter

1
Grid —I .
RDC

Vot =1kv

P =500 kW

Figure 9: Two bus DC system

Firstly, the efficiency 7¢ of the DC-DC converter between bus 1 and 2 in Figure []is considered functionally dependent
on the power flow Pj,. The assumed dependency is given by

nc=1-1Pp-107] . (30)

The converter efficiency decreases with increasing power flow from bus 1 to bus 2. The system is initially calculated
with a converter efficiency of ¢ = 1 and then iterated with the dependency from Equation (30) and sizing logic of
Figure[d]to converge. The results for the two calculations and the differences between them are documented in Table[7]

Table 7: Results for the two bus system with a DC-DC converter and variable converter efficiency

Parameter (unit) Busno. Fix efficiency Variable efficiency Difference
nc  (%/100) 1-2 1 0.947 -53%
Pgi: (kW) 1 501 528.98 +5.3 %
PLo (kW) 2 500 500 -

tio ©) 1-2 0.1996 0.1996 -

Vi V) 1 1000 1000 -

Vo, (V) 2 5000 5000 -

Due to the power flow from bus 1 to bus 2 the converter efficiency decreases by 5.3 %. The same amount of power
increase is consistently determined at the slack bus 1. In the case of fixed efficiency, only the power loss across the
connection (R, = 0.1 Q) needs to be considered, which leads to a total power loss of about 1 kW. With the reduced
converter efficiency the power loss increases to approximately 29 kW, which has to be provided by the slack generator
in addition to the actual load power of 500 kW at bus 2.

It is even possible to vary the resistance of line connections between buses as functional dependent. To demonstrate
this, the system shown in Figure 0] and the dependency on the current flow /;3 is used through

RPE =0.02+ 13- 107 . (31)

10
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Similar to the previous example of variable converter efficiency, the system is calculated initially for a state with fixed
resistance followed by a calculation with variable resistance. The results for both calculations are listed in Table[S]

Table 8: Results for the two bus system with fixed and variable DC line resistance

Parameter (unit) Bus no. Initial calculation Variable efficiency Difference

R (@) 1-3 0.02 0.025 +20 %
Poi (kW) 1 505.1 506.4 +0.26 %
Py (kW) 3 500 500 -

Vi (V) 1 1000 1000 -

Vi (V) 3 989.9 987.31 -0.26 %

Due to the power and current flow between bus 1 and 3, the resistance increases by 20 % in comparison to the initial
setup. As a result of the rise in resistance, the losses increase as well and the slack power needs to be higher. In fact,
the losses increase by approximately 25 % from 5.1 to 6.4kW. Due to the higher power flow between buses 1 and 3,
the relative increase of the losses is higher then the relative increase of the resistance. According to the higher losses,
the slack power increases by 0.26 %. With higher resistance the voltage drop increases as well, which results in a load
bus voltage reduction of 0.26 %. The slack bus voltage and the load power remain constant as expected.

In a next step the developed methodology was applied to the electrical architecture of an aircraft powertrain. This
powertrain is to be sized for a regional aircraft with six electric propulsors as per Figure[T0} This is a representative
concept and follows the narrative of many electrified aero engine concepts currently being discussed and investigated
in research: the distributed electric propulsion system.

Figure 10: Exemplary regional aircraft with six propulsion units

The example investigated here, consists of a propulsion system with a 12 bus electrical architecture, where a fuel cell
operating at 1000 V and a battery stack operating at 500 V are used as power sources. This architecture is illustrated
in Figure [TT} Six AC loads, representing the electric machines, are connected by inverters to the DC powertrain
distribution system. The two power sources are both connected by DC-DC converters to achieve a fixed voltage level
of VP€ = 2kV for power distribution. The inverters are modelled with a constant effective output AC voltage of
VAC = 1kV. All lines up to bus 6 assume a resistance of 0.05 Q, while the lines connecting the buses 5 and 6 with the
buses 7 to 12 assume 0.1 Q. Furthermore, the DC-DC converters and the inverters are modelled with an efficiency of
95 %, and the power factors of the inverters are set to 0.95. The fuel cell is assumed as a DC generator with a power
supply between 0.3 — 2.7 MW. For the load flow analysis the fuel cell is operated at a constant generator power within
this range, whereas the battery operates as buffer for the remaining power needed.

Figure[I2]shows the results for an exemplary calculation. Here, an active power of P = 600 kW is assumed for each AC
load, representing a high power demand flight phase like take-off. The thick arrows indicate the power flow direction
and are labeled with the magnitude of the power flow. Due to the high power requested at this operating point, the fuel
cell delivers its maximum power of 2.7 MW. Therefore, the battery needs to deliver an additional power of 1.515 MW.
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Figure 11: 12 bus powertrain for regional aircraft
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Figure 12: 12 bus regional aircraft powertrain during take-off

Because of the symmetric system definition, i.e. of the connection resistances, the power distribution is equal for the
left and the right side of the powertrain. Overall a power loss of 615 kW occurs, which results in a powertrain efficiency

of about 85 % in total, defined as output power divided by input or source power.

The bus voltage magnitudes are also represented in Figure [I2] by the color of the buses. The voltage is set to 2kV for
the distribution at the buses 2, and 4 to 6. A defined voltage reduction is forced by the inverters to the buses 7 to 12, to

meet the assumed motor voltage of VAC = 1kV.
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Figure 13: 12 bus regional aircraft powertrain during descent

The same distribution system, and therefore powertrain, is analysed for a different design point with a smaller power
demand of the electric motors, representing a low-power flight phase such as the descent of the aircraft. Figure [I3]
illustrates the results for such an operating point with an active power demand of P = 10kW per load. As mentioned
before, the fuel cell has a minimum assumed power of 300 kW. However, the overall load power demand is less than
the minimal fuel cell generator power. Hence, the fuel cell operates at its minimal power output and the battery is being
charged. The power flow direction from bus 5 and 6 to bus 2, as well as the power flow direction from bus 2 to 1 is
changed. Thereby, the battery gets charged with a total power of 208 kW. The power distribution ratio between both
sides of the powertrain as well as the bus voltage levels are equal to the take-off case evaluated before. The operation of
the converters and inverters with defined output voltages and variable modulation index allows the system to maintain
the same bus voltage levels in different load cases. The total power loss in the system is 32 kW, while the overall
efficiency is about 89 %. The efficiency is slightly increased compared to the high power demand operation point. Due
to the reduced power flow at equal voltage levels, the resistive losses decreases and the efficiency increases.

4. Conclusion and Outlook

The present paper introduces a modified hybrid AC-DC load flow method to account for the challenges associated with
power flow calculations of electrified powertrains suitable for aviation purposes. This method is suitable for all types of
hybrid AC-DC systems including inverters, rectifiers, DC-DC and AC-AC converters. Thus, a vast variety of possible
systems can be represented and solved as a whole with little computational cost. Using the proposed iteration logic,
the method also allows for functional dependencies of system parameters.

The methodology and its implementation produce results, which are consistent with published data and the commercial
software NEPLAN [18]. A maximum relative error of less than 0.02% was achieved. The widely applicable load
flow method was used to analyse exemplary functional dependencies, such as converter efficiency. Furthermore, the
methodology was successfully applied to simulate an electrified powertrain for a regional aircraft in two different flight
phases.

Future work will focus on integration of realistic component models into the load flow analysis, such as for instance for
electric motors or power electronics. With that it will be possible to size an electrified powertrain and analyse different
off-design cases as well as a complete flight mission. The coupled component models and power flow calculations can
furthermore be used for studies of partially electrified powertrains. Since the methodology can solve a closed electric
system as a whole, it can also be integrated in performance calculations of hybrid electric powertrains including, for
instance, a gas turbine and a generator.
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Appendix
Table 9: System vectors and matrices for generalised load flow calculation
Symbol Description Value meaning
w Boolean vector of bus type 0: AC bus, 1: DC bus
U Boolean matrix of bus connection 0: buses not connected, 1: buses connected
D Boolean matrix of line type 0: AC line, 1: DC line
C Boolean matrix of converter existence between two buses 0: no converter, 1: converter in between

CAt Boolean matrix if converter is defined at one particular bus  0: no converter, 1: converter placed

DC AC
P =W, (PES, = PG + musPRS = —==) + W, - (PR, = PPS + nuPoS, = —=) . VneN (32)
, : - , ;

M
n,R Mn,1

+WnWmBnanmCAtnm ° (V,%t;,icnm - Vn[;nl,VmYnm COS(Q,, - Gm - 'pnm + 9C,nm)) . ( @ + b2nnm,2)
nm,1
+WnWm5nanmCAtnm : (Vy%Gnm - Vnt;nLVm Ynm . COS(Hn - gm - wnm - gC,nm))
+WnWmDnmEnm : (Gnm . (M;nivr% - Mr?rlzvnvm ) : ( a + blnnm,l)
TInm.R (33)
+WnWmDnm6nm : (Gnm : (Vy% - VnMy:z711 Vm))
+‘/VnWmDnmEnm : (Gnm : (V,% - anm))
_ _ a
+‘/VnWmDnanmCAtnm ° (Gnm : (V,ffrmzq - Vntmilvm)) : ( 2 + b27]nm,2)
nm,1
+Wn VVmDnanmmnm : (Gnm : (V,% - V11t;nl1vm)):| 5 VneN
= W (00, - 015+ 005 - 07) . VneN (34)
N — — — —
Qﬁal = Z Unm'[WnWmDnanm : (_V;%Bnm - Van ° (Gnm Sin(gn - gm) - Bnm COS(gn - gm)))
m=1
+WnWm5nanmCAtnm : (_Vr%t;r%[Bllm - Vnt;rLVmYnm Sin(9n - em - lﬁnm + 9C,nm)) (35)
+_nWmBnanmmnm : (—Vf Bnm - Vnt;nll Vm Ynm Sin(en - em - wnm - QC,nm))

+W, W, Dy C o - P tan(cp,,m)] , VneN

withC=1-C,CAt=1~-CAt,D=1-D,W =1 - W and ay, by, a, b, from Equations (T7) and ZI).
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