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Inverter prototype development for HLFC compressor applications
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Abstract

- Patrick Juchmann' - Oliver Bertram'

A key component in Hybrid Laminar Flow Control (HLFC) is a turbo-compressor, which requires an inverter. However, a
harsh environment in combination with restrictive boundary conditions make the inverter design very challenging. Moreo-
ver, aviation certification standards have to be considered. By reason of its growing significance, a Model-Based Systems
Engineering (MBSE) approach is described to break the HLFC system requirements down to the lower level of the inverter.
Using the acquired set of requirements, the design of an inverter prototype was initiated. For this, the compressor motor, a
Permanent Magnet Synchronous Motor (PMSM) running up to 150,000 min™' at a power of more than 5 kW, was character-
ized by measurements. Thereafter, a control concept was elaborated and implemented on a preliminary electronics. In the
end, feasibility tests were conducted on a testbed, whose results match well with the theory.

Keywords Hybrid Laminar Flow Control - Model-Based Systems Engineering - Turbo-compressor - Inverter

1 Introduction

The European Green Deal sets high demands on the avia-
tion industry by achieving climate neutrality until 2050
and targeting an emission reduction of more than 50 %
in 2030, compared to 1990. Therefore, several airlines
already committed to binding climate goals, for example
by a fleet renewal and the use of new technologies. Those
circumstances lead the Advisory Council for Aviation
Research and Innovation in Europe (ACARE) to nudge
an adaption of the FlightPath 2050 [1] while emphasizing
the need to accelerate the technological progress towards
decarbonisation.

Hybrid Laminar Flow Control (HLFC) is a promising
technology to support this development. The approach is
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to suck air through a micro-perforated skin from the lead-
ing edge of an airfoil, so that the thickness of the boundary
layer is reduced and curvature is changed. This stabilizes
the laminar boundary layer and delays the laminar-turbulent
transition. Hence, laminar flow length is increased leading to
a decrease in drag, fuel consumption and emissions. This is
not only beneficial from an environmental perspective, but
also for economical reasons when considering the utilization
of more expensive climate-neutral fuels such as bio-fuels or
hydrogen in future.

HLFC has already been advanced in several projects,
for example by wind-tunnel tests [2], flight tests [3, 4] or
general design considerations [5-9]. Within the EU-funded
Clean Sky 2 program, research is done for enabling HLFC
on the Horizontal Tailplane (HTP) [10] and the wing [11]
of an aircraft similar to the Airbus A330. In both projects, a
compressor and its corresponding inverter are key elements
to suck the air and thereby ensure the overall feasibility.
This paper will focus on the inverter. However, past pro-
jects aimed to demonstrate the functionality of HLFC, but
not to develop an economic overall solution. The suction
system was always heavy and complex. Thus, there is no
suitable state-of-the-art technology, which can be further
developed. In addition, there is no equipment used in current
serial aircraft production, which can be re-used for HLFC
application.
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Inverters used for commercial application [12, 13], which
are not certified for the use in aviation, are significantly
larger than admitted for the system design. Additionally,
liquid cooling is used, which is not practical for the integra-
tion in HLFC, for example due to tough space constraints.
Therefore, a new inverter has to be designed to realize an
economic HLFC solution, which shall be demonstrated on
a representative compressor on the ground as an initial step.
The challenges lie within the proper control of the compres-
sor motor, a permanent magnet synchronous motor running
up to 150,000 min!, as well as the high power (> 5 kW)
that needs to be delivered by the inverter on a small allow-
able space allocation (max. 100 X 100 X 250 mm), which
is challenging regarding a sufficient cooling of the inverter
components.

Owing to the operation in an aviation environment, the
applicable standards and procedures (e.g. ARP4754A, DO-
160G) have to be met. Multi-functional components, which
are integrated into HLFC as well, hold the potential to save
weight and will, therefore, be more widely used in future
aircraft. Though, system complexity is increased com-
pared to a distributed architecture, where one component is
assigned to a single function. This reveals limit of the clas-
sical approach [14] because functions are combined on one
processing unit and can influence each other. Hence, Model-
Based Systems Engineering (MBSE) gains importance to
handle the complexity. According to this trend, a systematic
method shall be applied to the inverter development utilizing
MBSE. It provides a straightforward approach to integrate
requirements from different domains and sources into one
model. Due to the numerous standards and project bound-
ary conditions to be considered in the design, MBSE aids to
track all requirements, identify their sources and assure the
appropriate implementation. Furthermore, features such as
automatic verification or the implementation of simulations
and assessments allow to centralize information in a multi-
disciplinary environment. Thereby, communication between
different disciplines is eased as well. Though the application
of MBSE to design a system is still a large research area and
several aviation-related issues need to be tackled. This paper
aims to describe a possible way of implementation. Figure 1
shows the inverter design approach, which is derived from
the ARP4754A [15] and also in line with existing system
design work [16-18].

In accordance with the process in Fig. 1, general require-
ments on the system level for the HLFC solution are
described in Sect. 2.1 first. Based on that, Sect. 2.2 focuses
on the elaboration of system functions and a generic archi-
tecture. Thereafter, the process of conducting the relevant
safety assessments and the derivation of the correspond-
ing requirements is explained (Sect. 2.3). In the end, the
requirements and their sources are reviewed in Sect. 2.4
and the defined physical solution architecture is shown in
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Fig. 1 Inverter design approach

Sect. 2.5. Generally, the goal was to break the requirements
from system level down to lower levels to capture the appli-
cable requirements for the inverter. This was necessary as
low-level requirements were unknown in the beginning. The
process was implemented in an MBSE model.

Based on the developed set of requirements, the inverter
development is described in Sect. 3 for a given commer-
cially available compressor. Due to the lack of data being
crucial for the control of the compressor, the motor was at
first characterized by measurements. Thereafter, a suitable
control concept could be chosen and realized on an experi-
mental testbed for initial testing. Future work will comprise
the miniaturization of the current electronics and the imple-
mentation of all required functionalities.

2 Requirements breakdown process

Prior to the initiation of the component development, a sys-
tematic analysis process is introduced in order to capture
all relevant requirements as well as developing a solution
architecture. In general, all steps were realized in a model
at Cameo Systems Modeler. However, the paper focuses on
the process itself rather than showing the implementation
in the model.

2.1 Stakeholder needs and overall requirements

The first step of development according to systems engineer-
ing methodology [19] is the identification of stakeholders
and applicable standards for gathering relevant require-
ments. HLFC is allocated to the system level. Therefore,
general requirements are inherited from aircraft level. The
framework for this is given by the certification specifications
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CS-25 [20], mainly in Subpart F (Equipment). Moreover,
section AMC 25.1309 lists the applicable documents [15,
21-23] that should be considered to comply with the regula-
tions. Consequently, requirements for the HLFC equipment
were established in accordance with the corresponding cat-
egories defined in the DO-160G [22]. The elaboration of
safety requirements and further related documents will be
described in Sect. 2.3. It has to be noted that the DO-254
[24] is not explicitly listed in AMC 25.1309, but will never-
theless be mentioned later on.

Due to the work in a funded research project, the classical
stakeholder relationship does not apply here. Instead, project
guidelines and system requirements were defined within the
consortium aiming to cover the needs of aviation industry
participants, which would represent the key stakeholders.
The most relevant requirements are listed in the following:

e The HLFC system shall be operable in cruise at a range
between 33,000 ft and 41,000 ft,

e A mass flow of 600 g/s per wing shall be generated and
320 g/s per HTP side (preliminary aerodynamic calcula-
tions),

e Fuel savings generated by HLFC shall not be considered
in the fuel planning,

e The Master Minimum Equipment List (MMEL) shall not
be more restrictive than the comparative aircraft,

e Automatic and invisible system operation to the crew
during flight shall be ensured unless there is a critical
failure condition,

e In accordance with the More Electric Aircraft approach,
voltages of 270 VDC and 28 VDC shall be used.

Based on these boundary conditions, an assessment for an
optimized distribution of compressors was conducted as
described in Ref. [10] containing a preliminary estimation
for the HTP, too. However, due to a lower available space
in the wing’s leading edge as well as a spatial conflict with
other systems (e.g. high-lift and ice protection system), the
realization of HLFC is more challenging on the wing. As
there shall be only one equipment version for the whole air-
craft, the requirements for the compressor and inverter are,
therefore, prescribed by the conditions on the wing.

The suction area extends outwards from the pylon in a
spanwise direction on a length of 20 m and is divided into
four segments of equal length (5 m). The spanwise distribu-
tion of compressors based on a preliminary system archi-
tecture assessment and the calculated mass flow values are
shown in Fig. 2. Moreover, the HLFC system design based
on the so-called ALTTA concept [2] is outlined in Fig. 3. An
alternative approach is described in Ref. [25]. Main compo-
nents for the chosen solution are the outer micro-perforated
titanium skin, which is connected to the inner structure
(carbon-fiber reinforced plastic) by spacers, as well as a

Fig.2 Preliminary compressor and mass flow distribution
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Fig. 3 Installation of HLFC System, Image courtesy: M. Kleineberg

sealed multi-functional rib. It is used as a structural rib and
also comprises the suction system components (compressor,
inverter and sensors). The preliminary design considers the
sensors to be installed inside the compressor and inverter to
reduce wiring effort and system complexity. However, the
detailed compressor design will be investigated in a separate
study.

Generally, a pressure drop is generated by the micro-
perforated titanium skin. Thereafter, the air is transported
through the chambers between the skin and structure to
the multi-functional rib and reaches the compressor inlet
by throttle holes in the structure. Moreover, the inverter
is installed in the compressor inlet airflow to enhance air-
cooling capabilities.

Apparently, the allowable space allocation for the suction
system components strongly depends on the one provided by
the multi-functional rib. Consequently, a maximum size for
the inverter, which is discussed in this paper, of 100 x 100
X 250 mm was determined for the most constraining instal-
lation location. This refers to the most outboard segment
as the leading edge narrows in spanwise direction. Never-
theless, to ensure the use of one equipment version only, it
needs to be capable to drive a compressor on the maximum
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required mass flow, which is the one for the most inboard
segment (110 g/s per compressor, see Fig. 2). Hence, the
maximum space is given by the outboard segment, whereas
the required power is determined by the inboard segment. It
has to be noted that the requirements on the wing also allow
an installation on the HTP.

All requirements were incorporated into a model in the
Cameo Systems Modeler, so that traceability can be assured
and automatic verification is enabled later on. Additionally,
appropriate subsystem and component requirements were
derived from the ones previously given at the system level.

2.2 Functional decomposition and logical
architecture

The definition of system functions is crucial for the devel-
opment process. Firstly, it aids to ensure that the system
performs all intended functions required by the stakeholders.
Furthermore, it allows to elaborate a solution architecture by
allocating logical components to the functions. In this way,
a generic baseline is generated without specifying a desig-
nated solution. Based on that, different variants and their
physical components can be developed and evaluated, as
described in Ref. [19] and utilized [16—18]. The main func-
tion considered on the system level for this case is *Provide
HLFC’. Corresponding subsystem functions are shown on
the left hand side in Fig. 4.

Following the process, logical components are allocated
to the defined functions on the right hand side. In the Cameo
Systems Modeler, this assignment is achieved by drawing
the relations in a Block Definition Diagram (BDD). There-
after, the logical architecture can be attributed to a solution
architecture, which is shown in Fig. 5 for the elements being
related to the inverter as this is the component considered
in this paper.

Monitoring and air ingestion capabilities are assigned to
the suction system consisting of the compressor, inverter and
the required sensors. Monitoring in this case refers to the
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Fig.4 Functional breakdown and logical architecture
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measurement of the air pressure, which is the input parame-
ter for the control of the compressor speed, as well as param-
eters required to detect critical conditions (e.g. compressor
overheat or rupture). Besides, it was defined that the control
of the whole HLFC system will be realized by a central con-
trol computer located in the fuselage (not shown in Fig. 5).

The current project design introduces several compres-
sors distributed along the span. To meet the total mass flow
requirements as stated in the project guidelines, a mass
flow of 110 g/s per compressor was derived from the sys-
tem design, whereas each one is driven by its own inverter
nearby. Moreover, communication between components of
HLFC and other aircraft systems is handled by an Avionics
Full DupleX Switched Ethernet (AFDX) bus. Hence, the
inverter shall act as a decentralized electronics sending out
sensor data on the bus to the control computer and receiv-
ing commands (e.g. compressor speed, start/stop) from it.
Nevertheless, the inverter of course has to fulfill its purpose
to drive the compressor. Those factors resulting from the
solution architecture expand the set of requirements and
are traced to its source in a Derive Requirement Matrix in
Cameo. Further definitions of the physical architecture are
made after additional constraints are set by the safety assess-
ment. The following, descriptions will focus on the inverter
and its intended functions.

2.3 Safety assessment

Conducting a safety assessment is usually not part of the
systems engineering process, but crucial for the design of
aviation equipment in accordance with the regulations. The
ARP4754A defines the sequence of assessments to be car-
ried out. In addition, the ARP4761 gives the guideline on
how to conduct the assessments. Considering the prelimi-
nary design phase, the Functional Hazard Analysis (FHA),
Preliminary System Safety Analysis (PSSA) and Common
Cause Analysis (CCA) (see Ref. [15]) have to be taken into
account.
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To apply the FHA, functions defined in the functional
breakdown are assessed for their criticality in case of a
loss (total or partial) or incorrect working, where each fail-
ure condition can be detected or undetected. Furthermore,
it has to be distinguished between a symmetric and asym-
metric failure condition. Relating to the HLFC system,
this indicates whether the failure occurs only on one wing
(asymmetric) or on both sides (symmetric). However, the
classification of safety effects does not differ in this case
as an asymmetric failure would not lead to a significant
degradation of flight safety compared to the symmetric
case. A failure of HLFC basically increases the drag. Nev-
ertheless, the asymmetric drag increase is small compared
to the overall wing drag. Thus, this will result in a slight
yaw moment only not being critical regarding flight safety.

By defining functions at different levels, the systems
engineering process and the ARP4754A interlock well at
this point. The failure conditions are classified according
to their severity and the Functional Development Assur-
ance Level (FDAL) is in turn assigned depending on the
severity, architecture and in certain circumstances the
probability of external events. Moreover, the FDAL dic-
tates the guidelines to be followed during the design. The
most decisive failure conditions for the suction system-
related functions are shown in Table 1.

Due to the project directive that the fuel savings
achieved by HLFC shall not be taken into account for the
fuel planning, a loss or malfunction of the air ingestion
capability has no safety effect. However, the monitoring
could possibly cause a catastrophic effect on an initial esti-
mation, so that the FDAL A applies. Owing to ARP4754A,
all critical failures need to be evaluated in a PSSA. This is
accomplished by conducting a Fault Tree Analysis (FTA).
It has to be elaborated, which conditions might cause the
top event. The case ’Incorrect function of monitoring’ is
depicted in Fig. 6 for demonstration purposes.

Having a look at the fault tree clarifies that single fail-
ure sources for the shown components are not permissible,
which is required as well in the paragraph CS 25.1309. If
for example there is only a simplex processing unit on the
inverter producing an incorrect output, the whole moni-
toring function is corrupted. Hence, a second unit always
needs to be implemented. Using this, a fail-safe behav-
ior is achieved, which is reasonable as the loss of HLFC

{ Incorrect function

.. P <1-107° per FH
of monitoring

[ |

Erroneous Erroneous
Inverter Sensor
[ |

Erroneous Erroneous
Sensor 1 Sensor 2

Fig.6 Simplified FTA for ‘Incorrect function of monitoring’

capabilities is not regarded critical. Hence, two sensors
will be taken into account in the preliminary design. Using
three sensors to achieve a fail-operational behavior will be
assessed in future.

The ’Loss of monitoring’ is not hazardous itself. It just
has to be assured that the compressor can be properly deac-
tivated in case the monitoring system experiences a partial
or total loss. Applying the proposed architecture, this aspect
is likewise covered.

Obviously, the FTA serves the design process in two
ways. Firstly, it partly defines the physical architecture by
revealing necessary safety measures such as redundancy.
Secondly, an allowable failure rate can be assigned to each
component to meet the required probability of failure. In
case reliability data is already available, the system reli-
ability can also be estimated on a preliminary basis. In
this project, data from Ref. [26] and aviation manufactur-
ers have been used to confirm that the design will probably
meet the required reliability. However, the depicted process
emphasizes the iterative character of system design and
safety assessment, where findings from the analyses will be
ascribed to the elaboration of solution candidates.

In the end, a CCA has to be conducted to eliminate fail-
ures resulting from the same source. The ARP4754A pro-
vides separate analysis methods for failure modes attributed
to the same installation area, common external effects (e.g.
lightning strike, foreign object damage) and the assurance

Table 1 FHA for critical
suction system functions

Failure

Effect Severity Probability

Incorrect function of monitoring
(undetected)

Loss of monitoring (undetected)

Operation out of limits, Catastrophic
possible rupture or
fire

Operation out of limits, Catastrophic
possible rup- ture
or fire

< 1-10"%per FH

< 1-10%per FH
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that failure events in the fault tree are independent from each
other. Referring to the inverter, it was defined that wires of
redundant sensors shall not be located within the same har-
ness and end up in different connectors. Generally, sensor
cables and power lines shall be separated at all time. To
decouple the failure events of the fault tree, it is necessary
to utilize dissimilar hardware and software on the inverter.
Moreover, redundant sensors will be used to determine the
monitoring data.

Up to now, the crucial safety assessments are not imple-
mented yet in the Cameo Systems Modeler. For this rea-
son, a plugin for the FHA was internally developed. System
functions defined in the model are classified by the design-
er’s expertise with regard to their criticality and manually
assigned with the corresponding prescribed probability for
their occurrence in case of a failure condition. Besides,
sources for justifying the classification and diagrams for the
verification can be linked to each hazard. In this way, an
FHA table as required by the standards can be created.

For conducting the CCA, the Cameo Safety and Reli-
ability Analyzer plugin was modified to suit the demands.
The FTA should be part of the plugin in future, but for this
work an external tool had to be used. In the Cameo model, a
Requirement Diagram listing all derived safety requirements
was created, where each requirement is traced to the element
of the corresponding safety analysis.

Nevertheless, the classical procedures reach their limits
on multi-functional and more complex avionics [14]. In
order to tackle this issue, research is being made towards
the Systems-Theoretic Process Analysis (STPA) as an alter-
native hazard analysis (e.g. [27, 28]). Moreover, the Object
Management Group® released a beta version of the forth-
coming Risk Analysis and Assessment Modeling Language
(RAAML) [29] for promoting safety analyses, such as the
STPA or FTA, in object-orientated languages. This would
allow a more holistic approach for the design as all infor-
mation can be captured and traced to each other in a single
MBSE model.

2.4 Final requirements analysis

To start the elaboration of a suitable physical architecture,
the set of requirements introduced in the course of the pro-
cess should be reviewed in their entirety. In the previous
section, the criticality was classified by the FHA, which also
prescribes the efforts for the component development and
certification process. Specific guidelines for this are given
in the DO-254 [24] for hardware and DO-178C [23] for soft-
ware. These have to be considered for the inverter develop-
ment as well and extend the applicable requirements.
Requirements resulting from the DO-160G [22] were
already implemented. The standard includes several envi-
ronmental conditions (e.g. vibration, waterproofness),
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defines different categories and specifies corresponding
tests depending on the operational conditions of the equip-
ment. A categorization has been made for the compressor
and inverter in the beginning.

Generally, a separate Requirement Diagram was created
in the Cameo model for each level of detail down to the
level of the inverter. Every requirement was linked to its
source (e.g. DO-160G, project consortium) or the element
from which it was derived (e.g. hazard element, superior
requirement). Thereby, it can be checked that requirements
are properly broken down to the relevant components and
traceability is ensured.

Apart from the HLFC system, other technologies, e.g.
an innovative anti-icing system or high-lift devices, are
developed within the project. The multidisciplinary envi-
ronment in turn strongly influences the boundary conditions.
An increasingly detailed design or changes based on new
findings within the project result in frequent adaptions of
the suction system requirements. Utilizing MBSE, affected
components can easily be identified as traceability is imple-
mented in the Cameo model. Hence, it significantly eases
the iterative process towards the design of the inverter suit-
ing the combination of all systems. An overview of major
sources taken into account for the final requirement analysis
is shown in Fig. 7.

2.5 Physical architecture

The proposed analysis process ends in the definition of a
physical inverter architecture, which sets the framework for
the component design. As mentioned earlier, following the
Integrated Modular Avionics (IMA) concept, the calcula-
tion of the desired compressor speed is realized by a cen-
tralized computer unit, whereas the inverter takes over the
compressor control as well as the forwarding of sensor data
being crucial for the monitoring of the suction system. In
this way, it acts as a completely independent system with its
own safety functions. Therefore, actions by the crew are not

o —
AMC || Safety
25.1309 ARP4761 | |]
I I I %
[ = [ 174 | — [~V
Software Environment Hardware Process
DO-178C DO-160G DO-254 ARP4754A

% ’/%
Project Consortium

Overall
solution

Fig.7 Overview of requirement sources for the inverter
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required during normal operation, as it is the case for exam-
ple on the Full Authority Digital Engine Control (FADEC).
The physical architecture based on the analysis is shown in
Fig. 8 in the form of an BDD.

3 Component development

Having defined the solution architecture and requirements,
the actual component design is initiated. In this case, a char-
acterization of the compressor motor is crucial as adequate
data was not available. Therefore, the type of electric motor
was identified and a suitable control concept was chosen. To
realize the control, certain motor parameters, such as phase
inductivity, phase resistance or speed constant, need to be
known. This was achieved by measuring the phase current
and voltage during operation as well as tests in a static motor
state using a LCR-meter. Moreover, the phase current, phase
voltage and the voltage induced in the stator need to be con-
tinuously measured during operation to properly control the
motor with the chosen concept.

Based on the findings, preliminary electronics were
developed and verified on a testbed. The design aims to dem-
onstrate the feasibility of driving the compressor first due to
the challenging constraints. Afterwards, the inverter will be
miniaturized to the allowable space allocation and required
features such as the AFDX or dissimilar hardware will be

«block»
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A

¢
«block» «block»
L Power Stage ) Gate Driver
¢
v
«block» «block»
Processor Transducers
[ ]
e 0
«block» «block» «block»
>—>|
Inverter kPower Supply ) Buck Converter
¢
«block» «block»
L Mechanical Transceivers
A
¢
«block» «block»
Interface kAFDX FPGA )
¢
v
«block»
Sensor Input
=

Fig.8 Defined physical architecture for the inverter

implemented. However, this paper focuses on the target to
realize a feasible control concept.

3.1 Motor characterization

The chosen compressor is a commercially available light-
weight radial turbo-compressor being used for ground tests
of the HLFC system. However, as relevant parameters were
not given in the data sheet, the motor characteristics of the
compressor assembly had to be determined. This was done
by an inline phase current and voltage measurement utiliz-
ing a high-frequency oscilloscope and corresponding meas-
urement circuitry. Measurements were conducted with the
inverter supplied by the compressor manufacturer at varying
operating points including startup and shutdown. Further-
more, static measurements had been carried out to determine
phase inductance and resistance values using an LCR-meter
and a constant current source.

Figure 9 shows the base wave at a stationary point of
operation at 25,000 min™! for one phase. The base wave has a
frequency of 416.6 Hz, which corresponds to the mechanical
speed of the compressor, indicating a one-pole pair con-
figuration. The voltage waveform showing a rather trapezoi-
dal shape with a 60° pattern, which may result from sector
changes within the voltage vector modulation.

Moreover, the speed constant can be approximated from
the stationary base wave using the peak-to-peak phase volt-
age at the known mechanical speed. Since the star point
of the motor was not accessible, the measured values pre-
sented in Table 2 are phase-to-phase values. The shown

Voltage [V]

Time [s]

Fig.9 Base wave at 25000 min™!

Table 2 Compressor motor parameters

Motor Parameter Value
Pole Pairs [-] 1

Phase Resistance [Q] 0.205
Phase Inductance [mH] 0.300
Speed Constant [Vs/rad] 0.0013
Phase Voltage max. [V] 100
Phase Current max. [A] 17
Speed max. [min'l] 150,000

@ Springer



A. H. Bismark et al.

parameters are crucial for the implementation of a motor
control law.

The phase inductance showed a rotor angle dependabil-
ity of 90°, which can be correlated to varying reluctance
paths within the rotor assembly. An angle-dependent phase
inductance due to reluctance variations is mainly known for
Interior Permanent Magnet Synchronous Motors (IPMSM).
This is the preferred PMSM type for high speed applica-
tions due to the resulting high centrifugal forces acting on
the permanent magnets and because of the utilization of an
additional reluctance torque due to rotor saliency [30, 31].

Figure 10 shows the so-called ‘align and go’ startup
procedure originally used by the manufacturer with a rotor
alignment phase, in which the rotor is brought into a known
position. Thereafter, the accelerating torque can be applied.
As a consequence, the base wave frequency gradually rises
towards the desired rotational speed. This behavior can be
observed in the figure, where a defined voltage vector is
used initially to align the rotor, followed by an increase in
frequency until the desired speed (25,000 min™') is reached.
The procedure takes less than two seconds in total and shall
likewise be implemented for the inverter.

The findings on the motor characteristics were fed into the
development process in order to select an appropriate control
scheme for the preliminary electronics design.

3.2 Control scheme

As stated in the motor characterization section, the com-
pressor utilizes an IPMSM as its electrical drive. There are
a set of different control strategies for PMSM [32-34]. One
possibility is the Field Oriented Control (FOC) being widely
used because of its efficiency, low torque ripple and superior
dynamics [35]. Since the FOC relies on the transformation
of values given in the stator reference frame into a rotor
fixed coordinate system, the accurate rotor position has to
be known. This position information can be measured using
sensors on the rotor shaft or alternatively be determined by
sensorless means.

Since the given compressor assembly does not allow an
installation of a resolver, a sensorless rotor position estima-
tion must be used. This is reasonable taking the possible
loss moment of a resolver due to friction into account and

30 !

S 15 WWWWVA 0.5 —
R —0.55
-30 |
0.9 1 11 12 13 14 15
Time [s]

Fig. 10 Startup procedure
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the challenge to use a resolver at the given rotational speed.
Besides, system complexity is reduced and the stationary
operating point at high speeds, which ensures a sufficient
Back Electromotive Force (BEMF), is favorable for a sensor-
less control strategy.

Several methodologies for the sensorless rotor angle
determination [32, 33] are practicable. Some methods
rely on inductance variation effects resulting from a rotor-
dependent magnetization variation, whereas others use the
rotor-induced BEMF. Methods relying on the magnetization
variations often use signal injection for the rotor position
determination resulting in higher circuitry complexity [32].
A utilization of the BEMF only uses prevailing informa-
tion such as phase voltage and current being already used
within the FOC. Furthermore, this methodology is favorable
because of the compressor-specific operating point at very
high speeds.

One disadvantage of the BEMF methodology lies in the
bad performance at low speeds and standstill, since no suf-
ficient BEMF is generated within these points of operation.
From standstill up to where a sufficient BEMF is induced, an
open loop startup may be used. This can be implemented by
setting the phase voltage depending on the mechanical fre-
quency (u(f) characteristic). The initial rotor position, where
the open loop acceleration will be started, can be imple-
mented by the application of any but known voltage vector
to the stator windings. The rotor is therefore aligned to a
known position from which the base wave can be applied.
Mode changes will be handled within a soft transition phase
in accordance to the considerations made in Ref. [34].

Owing to the selected control scheme, being a sensor-
less FOC utilizing the generated BEMF, the phase current
and voltages have to be measured. Those requirements were
derived for the preliminary electronics design and will be
discussed in the following section.

3.3 Design of preliminary electronics

Based on the preceding considerations, preliminary electron-
ics were designed. This included the selection and analysis
of suitable components and the composition of a system
architecture. Main design drivers are the required switching
frequencies, calculating execution time, the needed output
power and the spatial restrictions together with the harsh
environmental conditions. As stated in the stakeholder and
overall requirements (Sect. 2.1), the electronics will uti-
lize a 28 VDC supply for the low voltage components and
270 VDC for the power stage. The electronic components
require a specific voltage levels, which will be converted
from the low voltage supply using several buck regulators.
To properly modulate the base wave, a sufficiently high
Pulse Width Modulation (PWM) switching frequency has
to be chosen. It usually lies magnitudes over the base wave
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frequency. The corresponding power electronics have to be
able to drive the needed frequencies as well as to measure
control relevant values, calculate the control loop and pass
the desired pulse widths to the PWM modules. With higher
electrical speeds, the requirements for calculation execution
time and switching delay rise.

The motor to be controlled will run at a maximum speed
of 150,000 min™! as stated in Table 2. This corresponds to
a base wave frequency for a motor with one pole pair of
2.5 kHz. A reasonable switching frequency of 100 kHz,
which would result in 40 pulses per revolution, was chosen.
Considering a desired regular sampling, meaning for every
pulse a new desired value from the current control loop shall
be available, the measurement circuitry and control loop cal-
culation must run at the same frequency. A faster processing
of the control loop is not reasonable since the controller
can only influence the plant via the duty cycle of the PWM
[32]. The developed preliminary electronics architecture is
shown in Fig. 11.

A central component is the processor (TI C2000), which
receives commands, such as the desired motor speed and
sends out feedback data (e.g. phase currents and voltages)
via a Controller Area Network (CAN) or Ethernet (ETH)
interface. Based on the control law implemented on the pro-
cessor, a PWM signal for each motor phase is generated,
which is in turn amplified by the gate drivers (GD) to drive
the semiconductors on the power stage (PS). Phase currents
and voltages will be determined by sensors within the sup-
ply lines to the compressor motor. The electronics are sup-
plied by 270 VDC (V) and 28 VDC (V,y), where buck
converters (Buck) control the voltages down to the levels
required for the components. Programming of the processor
is achieved by an RS232 interface (RS).

To meet the requirements concerning the control loop
timing, switching signal generation and realization of the

—
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Fig. 11 Preliminary electronics architecture

required connectivity, a Digital Signal Processor (DSP) of
the C2000 family was considered suitable for this applica-
tion. A dual-core architecture enables a partitioned process-
ing of less time-critical peripheral connectivity tasks and
time-critical control loop algorithms. To fulfill the require-
ments of the regular sampling, a calculation time of < 5 ps
for the control loop is needed. Implementations with the
DMC library of Texas Instruments demonstrated a fast cur-
rent control loop calculation time of < 1 ps [36]. Further-
more, the DSP enables a model-based software development
approach using MATLAB Simulink and the corresponding
support packages.

As far as the power stage is concerned, different
approaches for the implementation were evaluated. This
includes the composition from discrete semiconductors,
integrated half bridges and integrated power modules. Due
to the spatial restrictions together with a sophisticated ther-
mal design of the integrated power modules, the latter was
considered to be the best solution for this particular case.
The CoolSiC™ technology, especially the power module
FS45MR12W1M1_B11 from Infineon with a nominal cur-
rent of I, ;o = 25 A and a breakdown voltage of Vg =
1200 V indicated in the data sheet, was chosen to be imple-
mented. Due to the desired switching frequency range, the
resulting propagation delay had to be evaluated. At 100 kHz
switching frequency the signal period is 10,000 ns. The
accumulated propagation delays of the power module con-
sisting of turn-on delay, rise time, turn-off delay and fall
time adding up to 70.2 ns, which make up 0.7 % of the signal
period and can be neglected.

The delay times of the gate drive circuitry are at higher
magnitudes compared to the semiconductor devices. Suit-
able gate drivers have propagation delays of 70-500 ns. This
is still no point of concern since the total delay will still be in
the low single-digit percentage area in relation to the signal
period. The gate drivers are selected considering the mini-
mization of propagation delay and spatial efficiency.

The control strategy selected in Sect. 3.2 requires a meas-
urement of at least two phase currents. Because of the high
inverter voltage operation, it was decided that the data acqui-
sition is implemented as galvanically isolated inline meas-
urement using a current transducer. The GO 30-SMSSP3
from LEM was considered adequate because of the galvanic
isolated measurement with a small outline and high band-
width of 300 kHz. For the phase and dc-link voltage meas-
urement, differential isolated operational amplifiers with
corresponding voltage dividers are included into the design.

3.4 Thermal considerations
Another aspect considered within the selection process of

the power semiconductor module is the thermal dissipation
of the power electronics. The FS45SMR12W1M1_B11 data
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sheet contains the values being crucial for an initial estimation.
In general, the dissipated heat mainly results from the drain-
source resistance (Rpg ,, = 59 mQ) of the semiconductors as
well as energy losses due to the switching (E,, = 0.37 mJ and
E & = 0.035 mJ), which depend on the switching frequency
fow (100 kHz). Considering the maximum phase current I,
(17 A root mean square) as stated in Table 2 and a number of
six semiconductors on the power module, the total power loss
(P)) is calculated as:

Pl = 2(\/5 : Iph)2 : RDS,UYL +3 'f:vw(Eon + Eqﬁ")
=189.7W

ey

Taking into account the maximum power consumption
indicated in Table 2 (5100 W), this corresponds to an effi-
ciency of 96 % and is in line with literature values [37, 38].
The dissipated heat shall be removed by convective means.
Therefore, the integrated power stage will be mounted to
a plate incorporating cooling fins, which is located on the
front surface of the inverter looking to the airstream (mini-
mum airspeed ~10 m/s) of the compressor inlet to promote
cooling efficiency. It can be assumed that the sucked in air
will be near the ambient temperature. For HLFC design pur-
poses, a maximum temperature of —30 °C is specified for the
operation in cruise. On the other hand, the power module can
withstand temperatures up to 150 °C. A de-rating of 20 % is
applied in the preliminary design, so that 120 °C shall not
be exceeded on continuous operation.

However, due to thermal resistances between the semicon-
ductor junction and heat sink, the cooling plate will have a
lower temperature than the power module. The temperature
difference (AT)y) in steady-state can be estimated as proposed
in Ref. [39] using the thermal impedance between junction and
heat sink (Zy, jy = 1.54 K/W) and assuming an equal distribu-
tion of the power loss among the semiconductors

P
ATy = gl Zy ®49K 2

Hence, the cooling plate temperature shall not exceed 71 °C
to ensure that the power module will operate within its tem-
perature limit. The convection to dissipate the power loss
via the cooling area A can then generally be described by:

P=h,-A-AT=h,-A-(71°C = (=30°C)) 3)

The convective heat transfer is represented by h_ and strongly
depends on the flow conditions around the cooling surface.
In this case, the airflow from the compressor generates a
forced convection enabling an increase in h... For simplifica-
tion, the cooling area is regarded as a flat plate. Moreover,
laminar flow is assumed as the calculated Reynolds number
(Re = 1.88 x 10%) is below the critical value of 5 x 10° for
the cooling system design case at maximum temperature
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(=30 °C) in cruise conditions. Several empirical equations,
most of them listed in [40], exist to determine h,. However,
the used one corresponds to an isothermal flat plat at laminar
flow is

h,-L

= 0.664 - Re" - pr'/? 4)

where L represents the characteristic length, k the thermal
conductivity and Pr the flow-related Prandtl number. Tak-
ing into account of the boundary conditions at the inverter’s
front surface (100 X 250 mm) used for the cooling, a value
of h, = 20 W/(m*K) was calculated. Due to the low air den-
sity in cruise conditions, this is considerably lower to what
can be expected at ground level.

Hence, a required cooling area of 0.093 m? can be speci-
fied by inserting all information in Eq. (3). Heat dissipa-
tion is only possible by one cooling surface (max. 100 X
250 mm) connected to the power module as all other sur-
faces are covered by surrounding structures. Therefore, it is
obvious that fins are indeed required. Estimating the distri-
bution of fins having a width of 3 mm and the same amount
of clearance in between, a total number of 16 fins (n;) can
be realized along the cooling surface (width W = 100 mm,
length L = 250 mm). In this way, the equation to determine
the cooling area A in dependence on the fin height H by
simple geometric relations can be defined.

A=0093m>=W-L+2-n-L-H )

Thus, the value for H can be calculated as 8.5 mm. Taking
the allowable space allocation into account, this seems fea-
sible on a preliminary basis, even when adding uncertainty
margins.

To validate the considerations, a thermal model includ-
ing the dissipated power loss as well as the thermal mass
of the cooling plate and the heat dissipation by convection
was developed. The input values were taken from the power
module’s datasheet, calculations given in this paper and
initially estimating aluminum as a material for the cool-
ing plate. The simulation result in Simscape™ is shown in
Fig. 12.

80
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Fig. 12 Result of thermal simulation in Simscape™
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Starting from the ambient temperature of —30 °C, the
cooling plate reaches a temperature of 71 °C in steady-state.
Therefore, the calculations made before comply with the
simulation. Considering the estimated temperature differ-
ence between the cooling plate and semiconductor junction,
the power module ought be operated within the designated
limits. It has to be noted that this study has a preliminary
character and is based on simplifications. A verification will
be achieved in future by conducting tests in a climate cham-
ber, which can also alter the ambient air pressure.

3.5 Experimental testbed

For feasibility testing an experimental testbench was con-
structed replicating the desired inverter configuration as
stated in Sect. 3.3. The testbed includes an evaluation board
of the desired integrated power stage with the corresponding
drive and inline current measurement circuitry (CoolSiC™)
(see schematic in Fig. 13).

3.6 Verification

A generic controller board is connected to the Cool-
SiC™ board, which comprises the embedded processor
TMS320F28379D from the C2000 family of Texas Instru-
ments (MC) providing the needed processing power, meas-
urement circuitry as well as the desired connectivity func-
tions. A dSpace system is used and acts together with the
Host PC as a human-machine interface to communicate and
command the embedded system via a CAN interface. The
system also allows data acquisition for post-testing analysis.
Moreover, the PC is used for programming the embedded
electronics via RS232 or JTAG (Joint Test Action Group).
The power stage is supplied by a 10 kW 270 VDC power
supply, whereas a low voltage 28 VDC supply provides
power to the MC.

Verification activities have been conducted to dem-
onstrate proper function of the power electronics and
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E/A Power Supply
28 VDC = =
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oolsi m======[_ |
E/A Power Supply
270 VDC ======
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Fig. 13 Experimental testbed block diagram

corresponding measurement circuitry, which form the basis
for further implementation and testing of the desired con-
trol algorithms. The tests were conducted with load resistors
connected to the power outputs. This also allowed the deter-
mination of the propagation delay between the PWM signal
of the DSP and the actual switching characteristics of the
gate driver circuitry and semiconductor devices. The deter-
mined propagation delay was about 160 ns, which is reason-
able regarding to the previous considerations. The testbed
was operated up to maximum current and correct operation
was demonstrated throughout the operational range.

Starting from the successful operation of the experimen-
tal testbed, the next steps within the development will be the
implementation and verification of the control algorithms
together with the development of a miniaturization of the
testbed’s electronics fulfilling the spatial requirements. The
miniaturized prototype will then be verified against the
demanded requirements as stated.

4 Conclusion and outlook

Implementing HLFC on an aircraft comprises several chal-
lenging aspects. Essential key components are the compres-
sor and the corresponding inverter, which are both on the
edge of technical feasibility. Moreover, the operation in an
aviation environment requires certain procedures to be fol-
lowed in the development. An MBSE approach was applied
in Cameo Systems Modeler to prepare the inverter design.
Initially, basic requirements and relevant guidelines were
identified. Thereafter, system functions were elaborated
and linked to a logical architecture, leading to a first solu-
tion architecture. This in turn could be used to conduct the
crucial safety assessments, as laid down in the ARP4754A,
in order to include safety requirements. In the end, the list
of requirements was validated for completeness and cor-
rectness, so that an adequate physical architecture could be
defined.

Subsequently, the component development phase could
be initiated. As the motor characteristics of the compressor
were unknown, measurements have been conducted for elab-
orating a control concept and preliminary electronics design.
Due to the challenges arising from the high rotational speed,
it was aimed to assure that the inverter is able to drive the
compressor in a first step. For this reason, a testbed was built
up and used for verification neglecting requirements such as
the integration of an AFDX interface. First tests are promis-
ing and assumptions made before, such as the delay times,
comply with the measurements made.

Future work will comprise the miniaturization of the
demonstrated electronics and initial tests in a climate cham-
ber. After that, all features will gradually be implemented
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and verified against the defined requirements. Because of the
use of an MBSE model, the verification process can easily
be carried out and adapted to the current project status.
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