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Abstract

A DC power distribution system (PDS) of a transport aircraft was modeled and analyzed using
MATLAB/Simulink software. The multi-level modeling concept was used as a modeling
approach, which assumes modeling subsystem of the PDS at three different levels of complexity.
The subsystem models were implemented in Simulink and combined into the whole PDS model
according to certain interconnection rules. Effective modeling of different scenarios of operation
was achieved by mixing subsystem models of different levels in one PDS model. The PDS
model was used to examine the system stability and the DC bus power quality under
bidirectional power flow conditions. Small-signal analysis techniques were employed to study
stability issues resulting from subsystem interactions. Certain PDS configurations and
operational scenarios leading to instability were identified. An analysis of energy transfer in the
PDS showed that a large energy storage capacitor in the input filter of a flight control actuator is
effective for reduction of the DC bus voltage disturbances produced by regenerative action of the
actuator. However, energy storage capacitors do not provide energy savings in the PDS and do

not increase its overall efficiency.
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Chapter 1

Introduction

Recently, the aircraft industry has achieved a tremendous progress either in civil or military
sectors, for example some currently commercial airliners operate with weights over 3,00,000 kg
and have the ability to fly up to 16,000km in non-stop journey at speed of 1000 km/h . The non-
propulsive aircrafts systems are typically driven by a combination of different secondary power
types such as hydraulic, pneumatic, electrical and mechanical power. These powers are extracted
from the aircraft main engine by different disciplines. For example, mechanical power is
obtained from the engine by a driven shaft and distributed to a gearbox to drive lubrication
pumps, fuel pumps, hydraulic pumps and electrical generators . Pneumatic power is extracted by
a bleeding compressor and used to drive turbine motors for the engine start systems, wing anti-
icing and Environmental Control Systems (ECS), while electrical power and hydraulic power are
distributed throughout the aircraft for driving subsystems such as flight control actuators, landing
gear brakes, utility actuators, avionics, lighting, galleys, and weapon system in case of military
aircraft. This combination has been always debated, because these systems are becoming rather
complicated, and their interactions reduce the efficiency of the whole system. For example, a
easily handled. Furthermore, the market prospects for reducing the cost of simple leak in
pneumatic or hydraulic system results in a grounded aircraft and inconvenient ownership and the
future legislation regarding the climate change require a radical change to the entire aircraft,
since it is not sufficient to optimize the current aircraft sub-systems and components individually

to achieve these goals.

The trend is to use the electrical power for extracting and distributing the non-propulsive powers.
This trend is defined as MEA. The MEA has been questioned for several decades since W.W. II .
Nevertheless, due to the lack of electric power generation capabilities and volume requirements

of the required power conditioning equipments, the focus has been drifted into the conventional



power types. The recent breakthroughs in the field of power electronic systems, fault-tolerant
electric machines, electro-hydrostatic actuators, electromechanical actuators, and fault-tolerant
electrical power systems have renewed the interest in the MEA. The adoption of MEA in the
future aircraft either in civil or military sectors results in tremendous benefits such as:

1. Removing hydraulic systems improves the aircraft reliability, vulnerability, and reduces
complexity, redundancy, weight, installation and running cost.

2. Employing electrical starting for the aero-engine through the engine starter/generator
eliminates the engine tower shaft and gears, power take-off shaft, accessory gearboxes, and
reduces engine starting power especially in the cold conditions.

3. Using the Advanced Magnetic Bearing (AMB) system, which could be integrated into the
internal starter/generator for both the main engine and auxiliary power units, allows for oil-free,
gear-free engine.

4. Using a fan shaft generator that allows emergency power extraction under windmill
conditions, removes the conventional inefficient single-shot ram air turbine, which increases the
aircraft reliability, and survivability under engine-failure conditions.

5. Replacing the engine-bleed system by electric motor-driven pumps reduces the

complexity and the installation cost.

In general, adopting MEA revolutionizes the aerospace industry completely, and significant
improvements in terms of aircraft-empty weight, reconfigure ability, fuel consumption, overall

cost, maintainability, supportability, and system reliability, can be achieved. On the other side,
the MEA concept requires increased demands on the aircraft electric power system in areas of
power generation and handling, reliability, and fault tolerance, which mandates innovations in

power generation, processing, distribution and management systems.

1.1. Electric Power Generation in More Electric Aircraft (MEA)



The MEA represents recently the major driver for increasing the generation of the electric power.
Moreover, the MEA directs the research into new generation options. These schemes are

summarized in the following.

1. The constant frequency (CF) options are the most common. However, the need for unreliable
gearbox to match between the engine speed and the generator requirements of fixed speed,
makes the CF expensive and cumbersome. The CF is alternatively termed Integrated Drive

Generator (IDG).

2. Variable Speed Constant Frequency (VSCF) DC link system is now the preferred option for
the most new military aircraft application and some commercial aircraft. Currently, the range of
VSCF DC link system has been widened due to the recent advancements in field of high power
electronic switches. VSCF DC link option is generally characterized by simplicity and reliability.

3. Variable Speed Constant Frequency (VSCF) Cyclo converters convert directly the variable
frequency AC input power into AC power with fixed frequency and amplitude. The power
generation efficiency of the cycloconverters increase as lagging power factor decrease, which
would be beneficial if this technique is applied to motor loads with significant lagging power

factors .

4. Variable Frequency (VF), typified frequency wild, is the most recent electric power generation
contender. The promising features of VF are the small size, weight, volume, and cost as
compared with other aircraft electrical power generation options. Also VF offers a very cost-
effective source of power for the galley loads, which presents a major proportion in aircraft

electric system loads.

However VF may pose significant risk at higher power levels, particularly with high power
motor loads; furthermore, the cost of motor controllers required due to the variation in the supply
frequency, need to be taken into consideration when assessing the VF three-stage wound field
synchronous generator. This machine is highly reliable and inherently safe, as the field excitation

can be removed, which de-energizes the machine.



Therefore, the rating of the three-stage synchronous generator has increased over the years
reaching to 150KVA on the Airbus A380. However, the anticipated increased electrical power
generation requirements on the MEA suggests that the high power generators may be attached
directly to the engine, mounted on the engine shaft and used for the engine start in Integral
Starter/Generator (IS/G) scheme. The harsh operating conditions and the high ambient
temperatures push most commonly materials close or beyond their limits, therefore innovations
in materials, processes and thermal management systems are required. Induction, switched
reluctance, and permanent magnet machine types have been considered for application in MEA
due to their rugged features. However, the induction generator requires complex power
electronics and is considered unlikely to have the power

density of the other machines.

The Switched Reluctance (SR) machine has a very simple robust structure, and can operate over
a wide speed range. The power electronics is comparatively simple. Moreover, the machine is

inherently fault-tolerant .

The fault-tolerant Permanent Magnet (PM) generator is considered to be one of the most
attractive options for the MEA. It has a high kW/mass ratio and a good efficiency throughout a
wide speed range. Additionally, the reliability, ruggedness, and ease of cooling are also positive

features .

1.2. Electric Power Processing in More Electric Aircraft (MEA)

There are many occasions within the aircraft electrical system where it is required to convert the
electrical power from one level/form to another level/form. Thus the aircraft electrical system
has plenty of power electronic circuits such as AC/DC, DC/DC, DC/AC and matrix converters.

The general requirements, which these circuits should satisfy, are:

1. The system should have light weight and small size.



2. The system should be fault-tolerant, which implies its ability to continue functioning
under abnormal conditions without much loss in the output power or degradation of the
performance.

3. The system should be efficient and have the ability for operation in harsh conditions such

as high temperature and low maintenance.

Innovations in the area of power electronic components are required to enable realization of
MEA. Wide-Band Gap (WBG) High-Temperature Electronics (HTE) is an example of these
developments. The devices manufactured from WBG-HTE are capable of operating at both
higher temperatures (600 0C) and higher efficiencies then to Si-based devices (-55 0C to 125
0C). The anticipated benefits of using WBG-HTE are:

1. Reduction in flight control system and improved reliability

2. Reduction/Elimination of ECS required to cool power management and distribution and
flight control electronics

3. Reduction in engine control system weight and increased reliability using a distributed
processing architecture

4. Improved reliability and maintainability of stores management system avionics

The big challenge for the power electronic circuits in the aircraft is the size of the passive
components, as the current components usually have large size, especially for the high power
level expected in the MEA. However, the on-going research in the design and fabrication of the
passive components for MEA gives some optimistic results. For example, some advanced
polymer insulation materials such as Eymyd, L-30N, and Upilex S have the ability to operate
over a wide temperature range (-269 0C to 300 0C). Also these materials can withstand the
environmental conditions such as humidity, ultraviolet radiation, basic solution and solvent at
high altitudes. Another example is the ceramic capacitors, which offers remarkable advantages in

volumetric density compared to other capacitor technology.

The “More Electric Initiative” is becoming a leading design concept for future aircrafts. It

assumes using electrical energy instead of hydraulic, pneumatic, and mechanical means to power



virtually all aircraft subsystems including flight control actuation, environmental control system,
and utility functions. The concept offers advantages of reduced overall aircraft weight, reduced
need for ground support equipment and maintenance personnel, increased reliability, and
reduced susceptibility to battle damage in military applications. Hence, all electrically powered
subsystems become parts of an electric power distribution system (PDS), which unites all
electrical sources and loads of an aircraft by means of a power distribution bus. A PDS of a
more-electric aircraft includes the following elements: internal engine electric starter/generators,
integrated power units, solid-state power controllers, electric driven flight actuators, electric-
actuated brakes, electric anti-icing system, fault-tolerant solid state electrical distribution system,

electric aircraft utility functions, electric-driven environmental and engine control.

A PDS consists of two independent channels, according to the number of starter/generators in the
aircraft. An auxiliary/emergency power unit contains an additional auxiliary starter/generator.
The generating system includes starter/generators, power control units, and a generator and
system control unit. Either three-phase synchronous machines or switched-reluctance machines
may be used as starter/generators in a more-electric aircraft. The power control units are used to
transform the “wild frequency” AC power produced by the synchronous generators into 270V
DC power. This power is supplied to the DC power distribution bus, which consists of several
different sections. The generator and system control unit controls the generators, power control
units, and the DC busses. An auxiliary power unit and battery system provides power for starting
the engines and emergency back-up. Electromechanical (EMA) and electro hydrostatic (EHA)
flight actuators are used in a more-electric aircraft instead of traditional hydraulic actuators with
a central hydraulic system. The EMA and EHA employ DC brushless motors powered from the
270V DC distribution bus through DC-AC inverters. Other loads of the PDS include
environmental control system loads, utility loads, and avionics. Solid-state DC-DC and DC - AC
power converters are used to convert 270V DC power to 115/200V, 400Hz AC power for
brushless and induction motor loads and 28V DC power for electronic equipment. Up to 75% of
total PDS load installed in an aircraft will be the constant power type of load. The following
reasons motivated the choice of the 270V DC distribution bus:
it is a good voltage source for inverters that power motor loads of the aircraft,

it is easy to provide uninterruptible power on the bus by using a battery back-up,



regenerative power from electrical actuators can be easily returned to the bus.

At the same time, there are a number of technical issues related to the choice of the 270V DC
bus. Among those addressed in are the following:

system stability,

power quality on the bus,

regenerative power flow.

Stability is the most important requirement for a PDS. The issue of stability is closely related to
the EMI filter design for subsystems powered through switching power converters. Improper
designs of the input filter for such subsystems may result in undesirable interactions. Currently,
stability of a PDS in a more-electric aircraft for a particular design is proposed to be evaluated
through computer modeling. Therefore, the importance of development of computer-aided
modeling and analysis tools for a PDS cannot be underestimated. Considerable experience is
developed in evaluating stability of subsystem interactions in distributed power systems.
Usually, the impedance ratio stability criterion is used to analyze stability of interactions between
two interconnecting subsystems. The system simulated included a synchronous generator, a
diode bridge rectifier, and a resistive load. A circuit-oriented type of simulation software was
used. No stability analysis was performed. It is seen that although some work on modeling,
analysis, and simulation of distributed power systems similar to the PDS of a more-electric
aircraft has already been done, the issues of stability, DC bus power quality, and regenerative

power flow in the PDS of an aircraft have not been addressed comprehensively.

Therefore, the following research objectives are proposed:
1. Develop computer-aided analysis tools for modeling and analysis of a PDS in a more-electric
transport aircraft.
2. Create nonlinear models of a PDS for large-signal simulations and small-signal analysis.
3. Present examples of using the modeling and simulation tools for analysis of a PDS:
stability analysis of a PDS with an electromechanical actuator,
stability analysis of a PDS with constant power load and mixed load,

analysis of the DC bus power quality under bidirectional power flow conditions,



analysis of ways to optimize regenerative energy flow in the PDS in order to increase its

overall efficiency.

In order to achieve the research objectives, a representative power distribution system
architecture of transport aircraft (Figures 1.1 and 1.2) was developed. The electrical energy
sources are two main Starter/Generators (S/G) and a Starter/Generator of an Auxiliary Power
Unit (APU). The system loads are two flight control electric actuator systems with
electromechanical and electro hydrostatic actuators, Environmental Control System (ECS) motor
loads, and utility loads. There is also a battery unit, which can work as either source or load. All
the PDS components are connected by a 270V DC bus, which consists of two primary busses
and an APU bus. Each subsystem is connected to the power distribution bus through a

Bidirectional Power Converter (BDC), which may be DC-DC or Three-Phase—DC type.

The Electric Load Management System provides system level control and protective functions.
A prominent feature of this PDS is bidirectional power flow in the DC bus and in many of its
subsystems. Normally, the power flows from the sources (generators) to the loads (actuators,
ECS, battery, utility loads). However, in certain modes of operation, some loads can work in
regenerative mode, thus supplying electric power to the DC distribution bus. For example, a
flight control actuator works in regenerative mode when it has to slow down a moving flight
control surface, or when the surface is being moved by the air flow. Another example is using

the battery as an energy source and the APU starter/generator as a motor to start the APU engine.

Bidirectional power flow in the PDS becomes possible because all power converters connecting
subsystems to the DC distribution bus possess bidirectional power flow capability. The
regenerative power phenomenon mentioned above has potential advantages since the power
regenerated by one subsystem can potentially be used to power the others or be stored in the PDS
for future use. However, it also has potential problems because unused regenerative power may
create voltage spikes on the DC bus, which may exceed the limits set by the standard. This effect
may happen because a load with sufficient power consumption may not be available on the bus
at the time of regeneration. Figure 1.3 shows the limits of the DC bus voltage transients set by

MIL-STD-704E, which specifies power quality characteristics of the DC bus. These transients



may affect normal operation of the equipment connected to the bus or even damage it. In order to
store the regenerative energy, it is necessary to provide additional energy storage components in

the PDS.
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Figure 1.1 Power distribution system of a transport atrcraft.
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Since the battery alone charges too slowly to accept transient power spikes generated in certain
modes of operation, a significant number of capacitors in the PDS will be needed to fully utilize
the regenerative power. Unlike the current PDS designs based on using components that have
minimal interactions, the PDS under investigation consists of highly coupled subsystems closely
interacting with each other. This approach brings potential benefits, which include an
opportunity for optimization of the whole system that will allow resources of one subsystem such
as regenerative energy to be shared with the others. The result would be reduction of the overall

weight and cost of the aircraft and increase of the efficiency of its power distribution function.

One possible problem of the PDS with highly coupled subsystems might be a loss of the system
stability because of undesirable subsystem interactions. Another possible problem is
deterioration of power quality as a result of transient voltage disturbances on the DC bus,
especially in regenerative mode of operation. The subsystems constituting the whole PDS must

be designed keeping in mind issues of compatibility with the other subsystems.

Avoiding undesirable interactions can be achieved by choosing appropriate designs and modes of
operation. Therefore, the key to successful subsystem integration into the whole PDS is

developing an understanding of possible subsystem interactions.



The objective of this research is to develop nonlinear models of subsystem interactions,
especially in the context of bidirectional power flow, to create efficient computational tools for
computer-aided analysis of the PDS, and to provide examples of using these tools for robust and
energy efficient PDS designs that would take advantage of highly coupled subsystems while

avoiding undesirable consequences of subsystem interactions.
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Chapter 3

Model Development for Power Distribution System

Components

3.1 Modeling of Subsystem Elements

As we have seen in the previous section, elementary blocks typical for switching power
converters are PWM switches and RLC networks (usually low-pass filters). These elements are
two-ports; therefore, the interconnection rules for voltages and currents should be observed. It
will be shown below how to use modeling capabilities of Simulink to build models for these

elements.

As an example of an RLC network, we will consider a low-pass LC filter (Figure 3.1), which is a

generic component of many types of power converters. The circuit is described by equations:
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The “Integrator” block of the built-in Simulink library is used to integrate the state variables of
the network while the input and output variables are picked up according to the interconnection

rules. The resulting Simulink model is shown in Figure 3.2.
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Figure 3.1 Low-pass L-C filter.
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Figure 3.2 Simulink model of the L-C filter.

Another way of building a model for this network is using the “State-space” Simulink block as

shown in Figure 3.3 because this filter is a linear system. In order to use this block, it is



necessary to identify state-space matrices for the network by writing its equations in state-space

form:
_ B R, + R, 3 l _ l 3 R,
i{rfh‘ :| — L L {'Tz'n } + L L {Tm }
(‘Fr 1r-:' L §] Tc 0 _ 1_ En
C C (3.2)

SIEIP R

v, R, 1]|lv, 0 R_|l 1,

The models in Figures 3.2 and 3.3 are equivalent. The model in Figure 3.2 represents a general
approach for model building based on the system equations, which is generally used in this
research. The other approach is applicable only to linear systems represented in state-space form.
It can be convenient for modeling of high-order systems with a large number of parameters, for

which using the previous approach may be too cumbersome. Also, it may be more

computationally efficient since it reduces the number of algebraic operations in the process of

simulation.
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Figure 3.3 Alternative Simulink model of the L-C filter based on state-space
representation.

The models for the L-C filter developed above are detailed, average, and linearized at the same
time because no switching or nonlinearities are present in the network. The models for the PWM

switch that will be considered next are different at detailed and average levels.
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Figure 3.4 Development of detailed and average models for the PWM switch.

The PWM switch configuration used in the buck converter (Figure 2.3) is a two-port switching
network with three terminals: active, passive, and common. The switching action of the PWM
switch is described by the switching function s, which accepts the values of 0 and 1 as shown in
Figure 3.4. The terminal behavior of the PWM switch, therefore, is described by the following

equations upon which the detailed model of the switch is based:

i,=5"1,

(3.3)

Vp =5V

The switching voltage and current waveforms produced by the PWM switch are averaged by the
low-pass filtering action of the input and output filters of the converter as they are seen at the
load and source terminals. This filtering action presents a physical basis for using an average
model of the switch, which neglects its switching action while preserving quantitative
relationships between average values of voltages and currents at its terminals. Mathematically,

averaging of a periodical function x(?) is defined as



f
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where 7 is the period of the function x(2).

The operation of averaging, being applied to the discrete switching function s(z) with a discrete
value of duty cycle d for each switching period, results in a continuous duty cycle function d(z)
and the following equations for the PWM switch, which constitute its average model (Figure

3.4):

(3.5)
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The Simulink implementations of the detailed and average PWM switch models are shown in
Figure 3.5. Besides the terminal voltages and currents, the models have an additional input — the
duty cycle command. The detailed model then turns this command into the output voltage and
current switching waveforms by comparing it with a ramp generator signal, in a manner very
similar to the operation of real PWM modulator circuits. The average Simulink model is based
on the average model equations (3.5). Note that the interconnection rules for voltages and

currents are observed.

A Simulink model for the buck converter in Figure 2.4 may employ either detailed or average
model for the PWM switch developed above. Both models preserve low-frequency dynamics of
the system, but without the switching ripple in the state variables’ waveforms if the average
model is used. Figure 3.6 illustrates this idea. It shows simulated output filter capacitor voltage
and inductor current transients of the buck converter obtained with both detailed and average
models of the PWM switch. It is seen that the current response obtained with the average model
reflects all the details of the current response obtained with the detailed model except the
switching ripple. This is also true for the output voltage waveforms. The switching ripple of the
output voltage is so small that both curves look almost identical on the plot. Although the

average model does not show the switching ripple, it provides much faster simulation and an



additional opportunity for small-signal analysis and control design using MATLAB’s Control

System Toolbox A nonlinear system such as the buck converter described above can be

linearized at an equilibrium point, and a number of transfer functions can be obtained. For

example, Figure 3.7 shows the input impedance transfer function of the buck converter in open

loop configuration obtained by using the Control System Toolbox.
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Figure 3.5 Detailed and average Simulink models for the PWM switch.
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Figure 3.6 Buck converter example of simulation with detailed and average models for
the PWM switch.
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Figure 3.7 Buck converter open loop input impedance.

3.2 Modeling of DC-DC Switching Power Converters

3.2.1 DC-DC Buck Converter Modeling

The buck converter topology was already discussed above (Figure 2.3). A complete Simulink
model of a buck converter is shown in Figure 3.8. The model features input and output LC filters
and an average model of the PWM switch. The converter model can use a different input filters
topology with a proper Simulink model. The model has an improved two-pole, two-zero
feedback compensator, which provides voltage mode control to the converter. The feedback
controller includes the integrator anti-windup feature and provides soft start with the reference

voltage rising from zero at the power-up.
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Figure 3.8 Bidirectional buck converter Simulink model.

The model supports bidirectional power flow, i.e. it is valid for power stage topologies that allow
reverse output current. The model can be used in the aircraft power distribution system
simulations to power low-voltage DC applications such as avionics from 270V DC bus. The
model can also be used for bidirectional DC-DC full-bridge buck converter topologies, provided

that the lower limit of duty cycle in the feedback loop is set to —1.

3.2.2 DC-DC Boost Converter Modeling

The boost converter has an output filter split by the PWM switch (Figure 3.9); therefore, the
power stage model cannot be obtained by interconnecting the existing PWM switch and L-C
filter models. A separate Simulink model (Figure 3.11) for the power stage of the boost converter

(Figure 3.10) 1s developed based on the circuit equations:
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Figure 3.10 Equivalent circuit of the boost converter power stage.
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Figure 3.12 Bidirectional closed-loop Simulink model for the boost converter.
A

complete model of the boost converter with voltage feedback loop is shown in Figure 3.12. It is



composed of the average model of the boost converter power stage, the input filter model, and
the feedback controller. The model has a soft start feature. The compensator with anti-windup is
very similar to the one used in the buck converter. Of course, the compensator zeros, poles, and

gain should be designed individually for a particular converter.

3.3 Modeling of Three-Phase Subsystems

3.3.1 Three-Phase Subsystem Modeling Approach

Three-phase subsystems of the PDS considered in this research include three-phase synchronous
motors/generators and three-phase bidirectional converters. We will take a close look at
modeling and simulation techniques for a three-phase synchronous starter/generator loaded by a
three-phase-to-dc boost rectifier. The models should reflect bidirectional power flow in the
subsystems (both generating and motoring) found under different scenarios. Direct modeling of
three-phase systems by writing their circuit equations in the three phase reference frame is
undesirable for several reasons. For a synchronous machine, this would result in equations with
time-varying parameters because the self-inductances and mutual inductances of the machine
windings depend on the rotor position. For the boost rectifier, even after averaging of the
switching ripple, a three-phase model would not allow using the linearization and feedback
control design techniques because the steady state waveforms of the system variables are
sinusoids, and no operating point could be specified. Simulation of sinusoidal waveforms would
require a very small integration step even in steady state operation, which would create
computational problems (long simulation time and insufficient memory for storing the
simulation history in the workspace). These problems may be overcome by modeling the
subsystems in the synchronously rotating reference frame commonly known as dg coordinates.
The synchronous generator and the boost rectifier must be modeled in separate dg reference
frames according to their modeling approaches. The relationship between a set of dg variables
and the corresponding set of three-phase abc variables is provided by the transformation matrix
T. Since the three-phase systems studied in this research are balanced, no 0-axis components are

present, which allowed using a simplified version of dg-transformation:
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The inverse transformation from dg to abc variables is defined as
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To provide a means for abc-dq and dq-abc transformation of variables during simulation process,
two Simulink blocks “ABC-to-DQ” (Figure 3.13) and “DQ-to-ABC” (Figure 3.14) are
developed. These blocks must be used with a very small integration step because they contain
sinusoidal signal sources. For systems modeled completely in dg coordinates without using
sinusoidal sources, much larger integration steps may be allowed, which would unleash the full
power of robust variable-step integration routines. After the simulation is done, the results in dg

variables may be converted to abc variables using the inverse transformation matrix 7"
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Figure 3.14 DQ-to-ABC transformation Simulink block.

3.3.2 Three-Phase Synchronous Generator Modeling

An equivalent circuit of a synchronous generator with a balanced load is presented in Figure
3.15. As mentioned above, modeling of a synchronous machine in dg coordinate frame avoids
the problem of time-variance of the winding inductances. It converts the ac system variables into
equivalent dc variables, which relate to the magnitude of the sinusoids in the steady state
operation and in transients. In addition, the dg transformation actually reduces the order of the
system (a three-phase system becomes a two-phase system). The machine is described by the

following equations corresponding to the equivalent circuit:
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where

Rs - armature phase resistance,

wl]- rotor speed,

vd - armature d axis terminal voltage,

vg - armature ¢ axis terminal voltage,

id - armature d axis terminal current,

iq - armature g axis terminal current,

isd - d axis phase current,

isq - q axis phase current,

vrd - field winding terminal voltage (reflected to the stator),
ird - field winding terminal current (reflected to the stator),
ird - d axis damper winding current (reflected to the stator),

ikg - ¢ axis damper winding current (reflected to the stator),

In this model, we assume a constant rotor speed. This is justified for studying dynamic behavior
of the PDS since changes in the generator load would not likely affect the aircraft engine speed.
If it is necessary to include mechanical dynamics into consideration, a According to the
interconnection rules for voltages and currents specified above, a mechanical equation of motion
should be added to the equations above. Simulink model for the generator must have a current
port as an input and a voltage port as an output. They will be coupled with the boost rectifier’s

input voltage port and the output current port. The phase currents is¢ and isq, being state variables,



cannot be the input variables at the same time. Therefore, a fictitious terminal resistance Ra was
added to the model. This resistance has a relatively high value and does not affect other
variables. It may also account for magnetic losses in the generator. A Simulink model for this
subsystem could be built directly by drawing a block diagram corresponding to the equations
(3.11) similarly to the block diagram for the LC filter in Figure 3.2. However, because of
complexity of the equations, this approach would be too cumbersome to implement. An
alternative approach used in this research uses the “State-space” Simulink block. Equations
(3.11) represent a linear system with state variables isd, isq, ikd, ikg, ifd, input variables id, iq, vy, and
output variables vd4, v4. These equations are solved for the state derivatives and represented in

state-space form.



Vi

I Iy % q :
L G T
i i
(B - 1 “
Ry
gﬂ” Lya L
Lyg
"I'}:'ﬂ1
jq jsq i W/fd ‘['I:
o t— <« A ( } fOG\. T
i i
i P ’
Ry
R
g ! I‘mq
Lfr‘fq

Figure 3.15 Equivalent circuit of a synchronous generator in dg coordinates.

State-Space Model for a Synchronous Generator

In order to present the generator equations (3.11) in the standard state-space form, it is necessary

to solve them for the state derivatives and collect the input and state variables into matrices. The

five equations of (3.11) containing the state derivatives may be represented as follows:
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Solving the equation symbolically in terms of the circuit parameters would be too cumbersome,
and it is unnecessary because the parameters do not change during simulation. The solution is

obtained by inverting the matrix of coefficients numerically:

X=4"'.B.
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which is the state equation of the model. The output equation is obtained from the two equations
of (3.11) containing the output variables. The state variables are obtained as well by adding them

to the vector of output variables.
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where Ag, Bg, Cq, D¢ are the state-space matrices.

It can be seen from Equations (3.11) that the output voltage of the synchronous generator
significantly depends on its load current. In order to keep the output voltage at a specified level

regardless of load conditions, a voltage feedback loop is introduced into the Simulink model.

The feedback provides the rms value of the output voltage calculated from its dg components

according to the formula:



1 [ 2
= (3.13)

v
The field winding voltage controller, which is modeled here as a simple gain, uses the output
voltage error signal. Since the dc distribution bus voltage is precisely regulated by the boost
rectifier, the presence of a small steady-state error in the generator output voltage is not a

problem.

The complete Simulink model for the synchronous generator is presented in Figure 3.16. A soft-
start feature is added to avoid large transients in the beginning of simulation. The transfer
function Trme with a very high frequency pole is introduced into the feedback path in order to
break an algebraic loop in the model, which may cause numerical problems when the model is
used in large system simulations. The transfer function does not affect the model operation

otherwise.
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Figure 3.16 Closed-loop Simulink model of the synchronous generator in dq
coordinates.

3.3.3 Three-Phase Boost Rectifier Modeling

The boost rectifier provides front-end three-phase-to-dc power conversion from the synchronous

generator to the dc distribution bus. The rectifier operates with unity power factor and draws



sinusoidal currents from the three-phase source. When the output current reverses its direction,

the boost rectifier reverses the power flow through it and operates as a voltage source inverter.
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Figure 3.17 Power stage topology of the boost rectifier.
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Figure 3.18 Average model of the boost rectifier in dg coordinates.

The power stage of the boost rectifier as modeled in this research is shown in Figure 3.17. The
output capacitor ESR is taken into consideration in order to reflect the converter dynamics more

accurately. By averaging the switching action of the semiconductor switches and applying the dg



transformation to the resulting average model, a large signal average model in dg coordinates is

obtained. The equivalent circuit is shown in Figure 3.18 and described by equations:

di 1

% = E(i'gd +3@li, —d;v,)
U L _3eLi,—dv,)
—=—(v, —3ali; —d v,

dv, 1

3. .. L
dt =E{E{ddrd +dg3q)_fa)

v, =V, +Rr(%{ddfd +dqr’q] —1_).

where

i Iy = 1nput currents in dq coordinates.
Ved, Vgg - Iput voltages m dq coordinates.
Io - output de current,

Vo - output de voltage.

dg dy - duty cycle in dq coordinates,

@ - angular frequency.
L - phase inductance,
C - output capacitance,
R. - capacitor ESE.

A Simulink model derived from these equations is shown in Figure 3.19. The model accepts dg
voltages, dg duty cycles, and dc output current as input variables and supplies dc voltage and dg
currents as output variables. The control diagram for the boost rectifier is shown in Figure 3.20.
It includes decoupling terms 3wL/Vo to eliminate cross-coupling between the d and q channels so
that they could be controlled independently. Perfect decoupling is achieved at a specified line
frequency and output voltage and is load-independent, which satisfies the conditions of this

research.
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Figure 3.19 Simulink model of the boost rectifier power stage in dg coordinates.
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Figure 3.20 Control diagram of the boost rectifier.



The voltage mode feedback control is provided with a feedback voltage loop and two current
loops. The current loops control the decoupled channels of the power stage independently by
adjusting their duty cycles. They both use proportional controllers with the same gain Kd4g. The
reference signal for the q channel is set to zero since the input currents should be in phase with
the input voltages. The reference signal for the d channel is provided by the voltage loop
compensator. Closed-loop transfer functions for both current loops are load independent. The

voltage loop uses a proportional-integral compensator with a transfer function

-

K.
H (s)=K,+-2, (3.15)
&

which provides fast response and no steady-state error in the output voltage. Control-to-output
transfer function vo/iares significantly depends on the load and direction of the power flow;
therefore, the voltage loop compensator can be optimized only for a specific load. In order to use
this type of control for the whole range of loads under bidirectional power flow conditions as
assumed in this research, a compromise in the compensator design was required. The resulting
design provided a low closed-loop bandwidth yet stable operation and acceptable transient

response under all load conditions.
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Figure 3.21 Closed-loop Simulink model of the boost rectifier in dg coordinates.



The complete closed-loop Simulink model for the boost rectifier is shown in Figure 3.21.

It utilizes the Simulink model of the rectifier power stage as a subsystem.

3.4 Modeling of Flight Actuators

3.4.1 Electromechanical Actuator Modeling

An electromechanical actuator driving an inboard spoiler surface of an aircraft was chosen as an
example of a flight actuator being a part of the PDS. A Simulink model of the actuator surface
system was developed by Lockheed Martin Control Systems in Johnson City, New York. A
system diagram of the electromechanical actuator (EMA) is shown in Figure 3.22. It

consist of a de-dc power converter feeding a dc motor, which moves the inboard spoiler surface
through a mechanical transmission consisting of a gearbox and a ball screw mechanism. The dc-
dc converter is connected to the dc power distribution bus through an input filter, whose purpose
is to prevent the switching ripple of the converter from going to the bus. Finally, a multi loop
feedback controller is employed to precisely control the surface movement. A typical EMA
architecture of a modern aircraft employs a three-phase brushless motor fed by a dc-to-three
phase inverter. However, the model developers came to conclusion that the use of a dc-dc

converter and a dc motor model instead will not affect essential features of the subsystem

dynamics.
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Figure 3.22 Electromechanical actuator system diagram

A Simulink model for the EMA subsystem (Figure 3.23) follows its structure and consists of six
functionally complete modules. The input filter is modeled as an LC filter, whose modeling was

already discussed above (Figures 3.1 and 3.2). The dc-dc converter module represents a power



stage of the buck converter without an output LC filter because its load (dc motor) provides

sufficient filtering effect due to its own inductance.
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Figure 3.23 Electromechanical actuator Simulink block diagram

Therefore, the average model of the PWM switch shown in Figures 3.4 and 3.5 was used for the
dc-dc converter. A Simulink model for a separately excited dc motor is shown in Figure 3.24.

The model is derived from the motor equations:

di
[E— . L}
v, =K, m, +i, R+ L

dt
. da
Ki -I_=Bw +J drm
where
Vi - armature voltage.
Im = armature current,
Wy - armature angular speed,
Toy - external (load) torque applied to the shaft,
- armature inductance,
R - armature resistance.
T - armature inertia.

- viscous friction coefficient,
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Figure 3.24 Simulink model for a separately excited dc motor

K, - back-emf constant,

K; - electromagnetic torque constant.

The mechanical actuator module includes a gearbox and a ball screw mechanism. A Simulink
model for the mechanical transmission (Figure 3.25) takes into account inertia, damping, and

stiffness of the ball screw mechanism and stiffness of the bearing structure.
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Figure 3.25 Simulink model for the mechanical transmission of the EMA.
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Figure 3.26 Simulink model for the surface dynamics.

A Simulink model for the surface dynamics is shown in Figure 3.26. The model reflects the horn
stiffness, surface inertia and damping, and a nonlinear relationship between the mechanical
actuator movement and the surface deflection angle. The feedback controller (Figure 3.27)

controls duty cycle of the dc-dc converter according to the actuator position command. The

controller employs the motor current, motor speed, and the actuator position feedback loops.
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Figure 3.27 Simulink model for the EMA feedback controller.

A part of the EMA model is a Simulink look-up table containing an approximation of the wind
load on the spoiler surface as a function of its deflection angle. This table was used in
simulations of normal flight conditions. Another possible scenario investigated in this research is

testing the system on the ground, which assumes that there is no wind load to the surface.

3.4.2 Electrohydrostatic Actuator Modeling

Another model developed by Lockheed Martin Control Systems as an example of a flight
actuator modeling was an electrohydrostatic actuator driving the elevator surface. A system

diagram of the actuator is shown in Figure 3.28, and its Simulink model — in Figure 3.29.
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Figure 3.28 Electro hydrostatic actuator system diagram.



The electrohydrostatic actuator (EHA) model is very similar to the EMA model described above.
The model employs a hydraulic actuator consisting of a hydraulic pump and a hydro cylinder
instead of a mechanical actuator to convert the motor rotation to the surface movement. A
Simulink model of the hydraulic actuator is shown in Figure 3.30. It takes into account the pump
leakage, the piston inertia and damping, and the bearing structure stiffness. All the other
components of the EHA model have the same structure as the corresponding EMA components
but different parameter values. The EHA model was used in simulations in the same way as the

EMA model.
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Figure 3.29 Electro hydrostatic actuator Simulink block diagram.
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Figure 3.30 Hydraulic actuator Simulink model.



3.5 DC Power Distribution Bus Modeling

The dc bus as viewed in this research consists of wires and cables transmitting dc power between
the three-phase-to-dc converters and the loads. These connection elements are characterized by
R, L, C parameters distributed along their lengths. Although these parameters are fairly small
compared to the corresponding lumped parameters of the subsystems connected to the bus, they
do affect the processes in the PDS under certain scenarios of operation and therefore must be
taken into account. Since we are not interested in studying propagation of voltages and currents
along the bus, there is no need in modeling it as a transmission line. A much more
computationally effective bus model may be obtained by modeling any piece of the bus between
two adjacent subsystems connected to it as a network with lumped parameters. In order to
account for attenuation and phase delay produced by such a piece a simple LC filter model
would suffice. The LC filter network (Figure 3.1) and its Simulink model (Figure 3.2) were

already discussed above.
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Figure 3.31 Three-section dc bus equivalent circuit.
Figure 3.31 shows a three-section dc distribution bus with two subsystems connected to its ends
and two others connected in the middle. Each section is modeled as an LC filter network
whose parameters should be determined specifically for each section based on the section length
and the distributed parameter values. The leakage conductance between wires is not modeled
since it is negligible for aircraft busses. A corresponding Simulink model shown in Figure 3.32 is
based on the LC filter models assembled into a subsystem model according to the

interconnection rules.
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Chapter 4

Analysis of Bidirectional Power Flow in a DC Power

Distribution System

4.1 Introduction

A prominent feature of the PDS is bidirectional power flow in its subsystems and the DC
distribution bus. As opposite to the normal power flow from the sources to the loads, the reverse
power flow occurs when certain loads in the system work in regenerative mode. For example,
this mode of operation is typical for flight control actuators, which alternate normal and
regenerative modes during their operational cycle. This chapter presents an analysis of the effect
of regenerative power flow on the overall system performance characteristics such as DC bus

power quality and system efficiency.

The energy coming from a regenerating subsystem tends to raise the DC bus voltage unless this
energy is utilized by certain means. When no other load with sufficient power consumption is
present at the moment of regeneration, and no measures are taken to utilize the regenerative
energy, the bus voltage can easily rise beyond allowable limits specified by MILSTD- 704E.
This phenomenon may affect normal operation of the PDS and cause damage to the equipment
connected to the bus. An attractive solution would be to store this energy in the battery for future
use. Unfortunately, the battery charges too slowly to accept the regenerative energy, which
usually comes in short transient spikes of high power. Presently, there are several possible ways
to deal with regenerative energy in the system:

e dissipate it in resistors connected to the bus at the time of regeneration,

e [Jlet it go back to the engine by using the generator and three-phase-to-dc power

converter in regenerative mode,



e [Juse large capacitors in order to store the regenerative energy either in the DC bus, or in
the regenerating subsystem,
e [Juse a DC bus conditioner (a power converter that stores the extra energy from the bus
in a large capacitor and returns the energy to the bus when loads are available).
Currently, industry uses the first approach with damping resistors dissipating the regenerative
energy. Unfortunately, the amount of this energy is so high that the resistors require liquid
cooling. This solution complicates the system and reduces the benefits of the “more electric
approach” in aircraft design. The use of a bus conditioner seems to be too complicated and
expensive at this time; it is left for future consideration. This chapter considers utilizing the
regenerative energy in the power source (the engine) with the use of additional capacitors in the
DC bus and in the regenerating subsystem in order to alleviate transient voltage spikes caused by

regenerative power flow.

4.2 System Configuration for Bidirectional Power Flow Analysis

The system configuration shown in Figure 4.1 was used to study the effects of additional
capacitors on the DC bus power quality and the system efficiency under bidirectional power
flowconditions. The system consists of a three-phase synchronous generator, three-phase-to-dc
boost rectifier, the EMA including an input filter, and a constant resistive load on the DC bus,
representing all other system loads except the EMA. The system waveforms during one
operating cycle of the EMA are shown in Figure 4.2 (operation without the wind load) and
Figure 4.3 (operation with the wind load). The analysis is performed for the time period from
0.5s to 2.5s, which corresponds to the full cycle of the EMA. The period from 0 to 0.5s is a
“start-up” period; it is used to bring the simulation model to the initial conditions corresponding

to the beginning of the cycle. This period is not included into consideration.
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Figure 4.1 System configuration for bidirectional power flow analysis.

Figures 4.2 and 4.3 are typical examples of the system operation with and without the wind load
for a certain set of system parameters. The plots show the DC bus voltage and power, the motor
current, the flight control surface deflection angle, and the EMA reference signal coming from a
higher-level control system. The major phenomena under investigation such as regenerative
energy flow and voltage disturbances on the bus occurs at times when the actuator reference
signal changes abruptly and the actual position of the actuator reaches its commanded value.
This causes the actuator motor to speed up or to slow down, thus consuming or regenerating a
certain amount of energy, which causes significant current flow in the system and, as a result,
voltage disturbances on the DC bus. Regenerative energy flow always occurs in the system when
the actuator reference signal causes the actuator moving parts to slow down, and their
mechanical energy is converted into electrical. In addition, the wind load produces regenerative
energy when the surface moves in the direction of the air flow. In this case, the wind energy is
converted into electrical energy. This energy will have to be consumed from the boost rectifier
later during the cycle when the actuator reference signal causes the actuator surface to move

against the air flow.

What happens to the regenerative energy in this particular system configuration depends
primarily on the value of the resistive load on the DC bus. If the load is large enough such that
the power that it draws from the bus exceeds the peak value of the actuator regenerative power,
the power drawn from the boost rectifier remains positive at all times. The actuator regenerative

power is completely consumed by the resistive load, thus merely decreasing the power drawn



from the boost rectifier. If the peak actuator regenerative power exceeds the load power
requirement, the excessive power will be transformed back to the generator by the boost rectifier.
This case is shown in Figures 4.2 and 4.3, where the load draws 1kW power from the DC bus. If
the rectifier does not possess bidirectional energy flow capability, the excessive amount of
energy will be stored in the rectifier output capacitor and the input filter capacitor, which will
cause the DC bus voltage to increase. The amount of this increase will be determined by the
capacitor’s total value and the amount of energy regenerated. When a bidirectional boost rectifier
is used, the capacitors do not store the regenerative energy permanently, but only affect the

system transients.
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Figure 4.2 System operation without the wind load.
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Figure 4.3 System operation with the wind load.

4.3 Overall System Performance Characteristics and Methodology of

Bidirectional Power Flow Analysis

The distributed power quality may be characterized by the DC bus voltage disturbances. They
are affected by the system damping, which is determined by parameters of both system elements
and control structure. In this study of the DC bus power quality, magnitude of voltage spikes on

the bus and settling time of the transients were used as performance measures. For the purpose of



this research, we defined a "voltage spike" as a voltage disturbance on the DC bus that exceeds
an allowable limit AWV, "Transients" are considered as a series of spikes. We define the
"settling time of the transients" as a time interval during which the series of spikes occurs
provided that the spikes in the series are separated by time intervals no more than an allowable
time At, This concept is illustrated in Figure 4.4. The following values for these parameters
were assumed:

AV =2V,

At =0.001s.

&

= At
—

Figure 4.4 Settling time of the transients on the DC bus.

In order to characterize quantitatively the process of energy distribution and regeneration in the
sample PDS (Figure 4.1), the complete energy flow analysis was performed. Energy flow in the
system is described in terms of energy flow at subsystems boundaries (Figure 4.5). Energy is
computed at each boundary by integrating the corresponding power as a function of time during

the EMA operating cycle.
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Figure 4.5 Bidirectional energy flow in the system.
The definitions used for energy flow analysis in the system are given below.
Mechanical power supplied by the engine to the generator:
Pem = Pg+ Pgi,
where P¢— power transferred from the generator to the boost rectifier,
Pgi— total power losses in the generator.
Power supplied by the generator to the boost rectifier:
Pe=1.5 (Vealgi+ VgqIgq),
where Ved, Veq— generator output voltages in dg coordinates,
Iea, Ieq— generator output currents in dg coordinates.
Generator electrical losses are calculated as a sum of losses in phase windings, damper winding,
and the excitation winding. Total generator losses are obtained by multiplying the electrical
losses by two to account for magnetic and other types of losses. Total generator losses are used
for calculating mechanical power supplied by the engine to the generator because no engine
simulation is involved.

Losses in phase resistances:
Pgic = 1.5 (Igd” + Igg") Rs,
where lqd, Igs— phase currents in dg coordinates,
Rs— resistance per phase in the equivalent circuit.
Losses in the damper winding:
Pgic =1.5 (Iid” Rid + Irg’ Rig).
where Ikq, Ikg— damper winding currents in dg coordinates,

Rk, Riq— damper winding resistances in dg coordinates.



Losses in the field winding:

Pgir= Irir2 Ry,
where /12— field winding current referenced to the stator,
Rra— field winding resistance referenced to the stator.

Total generator losses:
Pgi=2 (Pgis+ Pgix + Pgry),
Power transferred from the boost rectifier to the load:
Pous = Vius Ipus,
where Vius— DC bus voltage,
Irus— DC bus current.
Power transferred from the load to the input filter:
Pfi= Vibus (Ibus — T1oaa),
where Jioad — load current.
Power transferred from the input filter to the EMA:

Pact= Vact lact,

where Vaci, lact— input voltage and current of the EMA, respectively.

Power transferred from the actuator to the air:
Pying = Hy Wy,
where Hn— external moment from the air flow,

@Wrur _ actuation surface angular speed.
Energy flowing from the left to the right is considered positive, regenerative energy flowing in
the opposite direction — negative. Based on energy flow analysis at subsystem interfaces shown
in Figure 4.5, the energy balance for each subsystem is calculated. Energy balance for the
engine, which is the net energy coming from the engine to the generator:
Weng = Wgmp — Wgmn,

where Wgmp — positive energy, coming from the engine,
Wemn— negative (regenerative) energy, going back to the engine from the generator.
Energy balance for the generator, equal to the total losses in the generator:

Ween= (Wemp— Wemn) — (Wep— Wen),
where Wgp— positive energy, transferred from the generator to the boost rectifier,

Wen— negative (regenerative) energy, going back to the generator from the boost rectifier.



Energy balance for the boost rectifier, equal to its losses:

Whree = (Wep — Wen) — (Weusp — Whusn),
Wiusn — negative (regenerative) energy, going back to the boost rectifier from the bus.
Energy balance for the resistive load:

Wioad = (Wousp — Weusn) — (Wip — Win),
where Wrp— positive energy, transferred from the bus to the input filter,
Wrin— negative (regenerative) energy, going back from the input filter to the bus.
Energy balance for the input filter, equal to its losses:

Wigie= (Wfip— Wfin) — (Wacp — Wacm),
where Wacip — positive energy, transferred from the input filter to the EMA,
Waem — negative (regenerative) energy, going back from the EMA to the input filter.
Energy balance for the EMA, equal to its losses:
Wactr = (Wacp — Wactn) — (Wwindp — Windn),
where Wwindp— positive energy, transferred from the EMA to the air,
Wiindn — negative (regenerative) energy, going from the air flow to the EMA.
Energy balance for the air flow, equal to the net energy passed by the EMA to the air:
Wiwna= Wwindp — Wwindn.

Once the losses in the subsystems are calculated, the overall system efficiency is obtained as

W g = W gen + W

smp + Ipv!ﬂr + w

rec acir )

154
gmp

n=

Efficiency is calculated for total energy coming from the engine. Total losses include the losses
in the generator, boost rectifier, input filter, and the actuator. Energy dissipated in the resistive
load, passed to the air by the actuator, and regenerative energy returned into the engine is

considered to be usefully spent.

4.4 Effect of the Input Filter Capacitor on the System Characteristics

under Bidirectional Power Flow Conditions



At the first stage of analysis, influence of the EMA input filter capacitor on the system
performance was studied by using a parametric sweep technique. The system operation was
simulated repeatedly for different values of the capacitance, with and without the wind load. The
capacitance value range was chosen with the lowest value based on necessary switching ripple
attenuation and the highest value approaching 1F. The system performance measures such as
energy flow and voltage disturbance characteristics then were analyzed based on the simulation

results.

The study showed that voltage spikes on the DC bus produced by the EMA cyclic operation are
significantly reduced with the increase of the input filter capacitance Ci.. For example, Figures
4.2 and 4.3 show the system operation with the lowest value of the capacitance, equal to 63HF.
Figures 4.6 and 4.7 show the system waveforms for a capacitance value of 63mF, which is three
orders of magnitude larger than the previous value. It is seen that voltage disturbances produced
on the bus become lower in magnitude and longer in time with the increase of the capacitance.
The EMA waveforms are preserved regardless of the capacitance value due to the EMA
feedback control. Both positive (above 270V) and negative (below 270V) spikes reduce their
magnitude almost to zero when the capacitance becomes extremely large. The figure shows that
for low capacitance values, the settling time increases with the increase of the capacitance
because the time constant of the circuit increases. At the same time, the magnitude of the
disturbances decreases. When this magnitude falls below the allowable limit AV, the settling
time becomes zero, according to the definition of the DC bus transients given above. The
analysis showed that the same type of dependence is observed for all voltage disturbances on the

bus, both regenerative and non regenerative, during the operating cycle.

The analysis of energy flow in the system shows that the amount of energy drawn by the system
from the source (the engine) depends on the input filter capacitance. The total energy transferred
from the engine to the system, the amount of regenerative energy passed back to the engine, and
percentage of the regenerative energy in the total energy drawn by the system. It is seen that
there is a global trend for the total energy to decrease when the capacitance becomes very large.
At large capacitance values, the regenerative energy is almost fully absorbed by the capacitor

without going back to the engine; the transients and associated with them losses are reduced. The



amount of regenerative energy going back to the engine at large values of the capacitance

decreases to zero for operation without the wind load.
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Figure 4.6 System operation without the wind load; Cir= 63mF.
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Figure 4.7 System operation with the wind load; Cir= 63mF.

In the case with the wind load, the amount of regenerative energy is much higher. This energy
cannot be fully absorbed by the capacitor; however, its amount is reduced significantly. The air
flow driving the actuator surface contributes significant amount of regenerative energy to the
system. The figures show that the percentage of regenerative energy in the system operating with
the wind load is six times higher than in the system operating without the wind load, where
regenerative energy is contributed only by moving masses. For the generator, the boost rectifier,

the input filter, and the actuator the energy balance represents losses in the respective subsystem.



It is seen that for the generator, the boost rectifier, and the input filter the losses tend to decrease
at large capacitance values for operation both with and without the wind load. This phenomenon

contributes to reduction of the total energy consumed by the system as was shown previously.

The actuator losses are not significantly affected by the capacitance value. Although the DC bus
voltage transients are affected by the input filter capacitance, the actuator’s feedback control
makes its operation unaffected by the bus voltage variations. It is seen that losses in the
generator, the boost rectifier, the input filter, and the actuator are noticeably higher in case with
the wind load, because the extra energy processed by these subsystems is accompanied by extra

losses.

The resistive load is considered a payload; its energy balance decreases due to the decrease in the
bus voltage rms value when the transients become smaller at large capacitance values. The air
flow energy balance represents the net energy passed to the air by the actuator flight control
surface. This amount is equal to zero for operation without the wind load. When the system
operates with the wind load, this amount is very small and independent of the input filter

capacitance.

A special consideration was given to the generator losses, which demonstrate an increase in the
middle of the capacitance range. Losses in the phase resistances and field winding are almost
constant in the whole range of capacitance with a slight trend to decrease at large capacitance
values because of a decrease in the amount of regenerative energy transferred back to the engine.
However, losses in the damper winding experience an increase in the middle of the capacitance
range. It is known that the damper winding does not carry current in steady-state operation of the
generator. The purpose of the damper winding is to damp transients by dissipating their energy.
For low values of the capacitance, the transients, although high in magnitude, are relatively short
in duration, and do not produce much dissipation in the damper winding. For very large
capacitance values, the transients become very small. It is in the middle of the capacitance range,
when the transients are still relatively high and their duration is long because of the time constant
increased by the large capacitance, the damper winding losses experience an increase. This

phenomenon explains why the generator losses have an increase in the middle of the range. This



increase in losses produces an increase in energy drawn from the engine, and a corresponding

decrease in the overall system efficiency.

The overall system efficiency is plotted in Figure 4.8. The variation of the efficiency as a

function of the input filter capacitance is very small — within 1% of the initial value.
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Figure 4.8 Overall efficiency of the system with (A) and without (o) the wind load.

The increase in the generator losses produces a decrease in the efficiency for operation both with
and without the wind load. At the same time, a global trend in increase of the overall efficiency
at very high capacitance values can be seen, especially for operation without the wind load.
Efficiency of the system operating with the wind load is approximately 1% lower than without
the wind load. The results show that there is no advantage in using large capacitors in the input
filter in order to improve the overall system efficiency, although the DC bus power quality can

be improved.



4.5 Effect of the Boost Rectifier Capacitor on the System Characteristics

under Bidirectional Power Flow Conditions

The effect of the boost rectifier capacitor on the bidirectional power flow characteristics was
studied by using the parametric sweep technique, similarly to the previous case with the input
filter capacitor. The results obtained were similar as well. Figures 4.9 and 4.10 show waveforms
of the system operating without and with the wind load, respectively, with the boost rectifier

output capacitance Chrincreased to 350mF. Compared with waveforms of the system
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Figure 4.10 System operation with the wind load; Csr=350mF.

with a nominal set of parameters (Figures 4.2 and 4.3), the results show that the DC bus voltage
disturbances produced by both direct and regenerative power flow become lower in magnitude
and longer in duration with the increase of the capacitance. This is because the boost rectifier
capacitor is connected directly to the bus, without an intermediate inductor as in case of the input
filter capacitor. The energy flow analysis yields the results very similar to the case with variation
of the input filter capacitance and the DC bus transients are more oscillatory with 350mF boost
rectifier capacitor than with 63mF input filter capacitor. In the latter case, the input filter
inductance with its ESR provides an additional filtering and damping action when the

regenerative power flow causes transients on the DC bus.



The long, poorly damped oscillations, which occur on the bus when a large boost rectifier
capacitor is used, increase rms values of voltages and currents in the generator and the boost
rectifier. This effect leads to increased losses in their phase resistances in addition to the increase
in the damper winding losses as a result, the overall efficiency curves in Figure 4.11 experience a
decrease in the middle of the capacitance range as much as three times larger than the

corresponding curves.
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Figure 4.11 Overall efficiency of the system with (A) and without (o) the wind load.

The drop in efficiency is up to 1.5% in case with the wind load, and it is barely recovered with
using of very large capacitance values at the end of the range. The results of bidirectional power
flow analysis showed that large capacitors in the input filter and the boost rectifier can be
effectively used to reduce the magnitude of voltage spikes on the DC bus. At the same time, the
large capacitors do not provide any advantage in utilizing the regenerative power flow in the
system. In fact, the overall system efficiency reduces insignificantly when the capacitance values
are increased up to two orders of magnitude against their initial values. This is especially

noticeable in case of using a large boost rectifier capacitor, which creates long, poorly damped,



low-frequency oscillations on the bus. For this reason, it is better to use a larger input filter
capacitor than the boost rectifier capacitor in order to reduce the magnitude of voltage spikes on

the DC bus.



Chapter 5

Conclusions

This work presents modeling and analysis of a typical DC power distribution system in a
transport aircraft using a set of modeling and simulation tools developed in this research.
MATLAB/Simulink was chosen as a software platform. The multi-level modeling concept was
used as a modeling approach, which assumes building models of different levels of complexity
for each subsystem within the PDS. Three types of models were built: a detailed model, a
behavioral model, and a reduced order model. The subsystem models, implemented in Simulink,
were combined into the whole PDS model following certain interconnection rules. Subsystem
models of different levels were mixed for modeling of different scenarios of

operation. Linearization techniques provided by MATLAB were used to obtain linearized models
of nonlinear systems for stability analysis and control design. The subsystems modeled in this
research included a three-phase synchronous generator, a three-phase boost rectifier, DC-DC
converters, electromechanical and electro hydrostatic actuators, and different types of the DC bus

loads.

The modeling tools were used to investigate different stability issues in the PDS. Dynamic
properties of the boost rectifier were studied and then used for analysis of interactions between
the boost rectifier and different types of loads. It was found that presence of a constant power
load on the DC bus may cause instability in the system. This instability results in oscillations of
the DC bus voltage and current, which exceed the allowable limits set by MILSTD- 704E. The
DC bus stability diagram was proposed as a convenient tool for predicting stability of the PDS
with different types of loads without performing an actual stability test based on regular stability
analysis tools. It was shown that a potential for instability in the PDS exists under both direct and

regenerative power flow conditions.



The PDS model developed in this research was used to study the effects of bidirectional power
flow in the PDS, produced by regenerative action of flight actuators, on the DC bus power
quality characteristics and energy efficiency of the PDS. The regenerative energy returned to the
bus creates voltage disturbances, which may be beyond the allowable limits. The effect of using
large energy storage capacitors located in the boost rectifier and the EMA on the voltage
disturbances was investigated. It was found that increased values of these capacitors can
significantly reduce voltage disturbances on the DC bus. A large input filter capacitor in the
EMA was found more suitable for this purpose because a large boost rectifier output capacitor

showed a tendency to create poorly damped low-frequency oscillations on the bus.

The analysis showed that large capacitors do not provide any energy savings in the PDS. The
overall efficiency of the system remains nearly at the original level when very large capacitors
are used. It even decreases up to 2% at intermediate capacitance values due to increased losses in
the system produced by the DC bus transients. This effect is more prominent when using a large
boost rectifier capacitor. Based on the analysis results, the following observations can be made:
e [Idistribution of losses in the system is frequency-dependent and determined by all
dynamic (filtering) components;
e [Jadditional capacitors at different places of the system not only redirect the transient
energy flow, but also change the spectral characteristics of the disturbance.
As a result, the system efficiency should be determined and the system optimization should be
performed taking into account its transient performance, not only the static operating conditions.
The examples of analysis presented in this thesis show that the modeling and simulation tools
developed in this research can be effectively used to study different aspects of the DC power
distribution system including stability, transient response, and energy transfer issues. The
concepts used in this research are versatile enough and can be used for building similar analysis

tools for complex systems with closely interacting subsystems.



Figure 5.1 DC-DC Buck Converter Output
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Figure 5.2 DC-DC Boost Converter Output
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Figure 5.4 Three-Phase Synchronous Generator Output
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Figure 5.5 Bidirectional Power Flow Analysis in the DC Power Distribution System
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Appendix A

Parameters of the DC Power Distribution System
Components

Table A.1 Synchronous generator parameters.

Parameter Symbol Unit Nominal value
Armature phase resistance R Ohm 0.09113
Rotor speed @ rad/s 376.99
Armature phase leakage inductance L H 0.9e-3
D axis coupling inductance Lo H 43e-3
Q axis coupling inductance Lyg H 21e-3
Field winding resistance (reflected to stator) Ry Ohm 0.018
Field winding leakage inductance (refl. to stator) Lia H 3.4e-3
D axis damper winding resistance (refl. to stator) Rig Ohm 0.08
Q axis damper winding resistance (refl. to stator) Rig Ohm 0.08
D axis damper winding leakage inductance Lita H 0.16e-3
(reflected to stator)

Q axis damper winding leakage inductance Liiy H 0.35e-3
(reflected to stator)

Additional resistance R, Ohm les
Field voltage (reflected to stator) Vi v 1




Table A.2 Three-phase boost rectifier parameters.

Parameter Symbol Unit Nominal value
One-phase mductance L H 18e-6
Output capacitance C F 350e-6
Output capacitor ESR R, Ohm 0.01
Current feedback loops gain Ky, - 0.0126
Voltage loop proportional gain K., - |
Voltage loop integral gain Ky - 3300
Output voltage reference Vo(ref) Y% 270

Table A.3 DC bus cable parameters.

Parameter Symbol Unit Nominal value
Resistance per foot R Ohny/ft 1.13e-3
Inductance per foot L H/tt le-9
Capacitance per foot C F/ft le-12
Capacitance ESR per foot Re Ohm/ft negligible
Cable length for Inboard Spoilers (EMA) L ft 10

Cable length for Elevators (EHA) Lemy ft 40




Table A.4 EMA input filter parameters.

Parameter Symbol Unit Nominal value
Inductance L H le-3
Inductor ESR Ry Ohm 0.1
Capacitance C; T le-3
Capacitor ESR R Ohm 0.01
Table A.5 DC motor parameters.
Parameter Symbol Unit Nominal value
Armature inductance L H 4.5e-4
Armature resistance R Ohm 0.5
Back emf constant K, V/(rad/s) 0.129
Torque constant K m-1b/A 1.141
Motor group inertia I in-Ib-s” 2.43e-4
Motor group damping B, in-1b-s 3.125e-4




Table A.6 Actuator mechanical linkage parameters.

Parameter Symbol Unit Nominal value
Motor to Actuator gear ratio N rad/in 249.6w
Actuator stiffness K. Ibf/in 9.0e5
Piston mass M, Ibf-s”/in 5.43e-3
Piston damping B, Ibf-s/in 15
Surface load inertia Tsr in-1b-s> 36.2
Surface load damping Bsur in-1b-s 1702
Horn radius h m 4.9
Horn stiffness K; in-1b/rad 1.0e6
Structure stiffness K. n-1b/rad 5.0e5
Gear efficiency Noech — 0.85

Table A.7 EMA feedback controller parameters.




Parameter Symbol Unit Nominal value
Motor current limit — A 19.3
Position forward gain K, ViV 76
Velocity command limit Wiim A% +/—6.8
Velocity forward gain K, \7A% 122.5
Position feedback gain H, V/in 1.6
Velocity feedback gain H, V/(rad/s) 3.82e-3
Current feedback gain H; V/A 0.25
Current forward gain K; V/A 30




Simulink Model for Bidirectional Power Flow Analysis
in the DC Power Distribution System
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Figure A.1 Simulink model for bidirectional power flow analysis in the PDS.

“syngen_par.m” — Synchronous Generator Parameters
% State space matrices

Agtmp=zeros(5);
Agtmp(1,1) = -Lls-Lmd;
Agtmp(1,3) = Lmd;
Agtmp(1,5) = Lmd;
Agtmp(2,2) = -Lls-Lmq;
Agtmp(2,4) = Lmgq;
Agtmp(3,1) = -Lmd;



Agtmp(3,3) = Limd;
Agtmp(3,5) = LIfd+Lmd;
Agtmp(4,1) = -Lmd;
Agtmp(4,3) = Llkd+Lmd;
Agtmp(4,5) = Limd;
Agtmp(5,2) = -Lmg;
Agtmp(5,4) = Llkqg+Lmgq;
Bgl = zeros(5);

Bgl(1,1) = Ra+Rs;
Bgl(1,2) = -w*(LIs+Lmq);
Bgl(1,4) = w*Lmgq;
Bgl(2,1) = w*(LIstLmd);
Bgl(2,2) = RatRs;
Bgl(2,3) = -w*Lmd;
Bgl(2,5) =-w*Lmd;
Bgl(3,5) = -Rfd;

Bgl(4,3) = -Rkd;
Bgl(5,4) = -Rkq;
Bg2 = zeros(5,3);
Bg2(1,1) =-Ra;
Bg2(2,2) =-Ra;
Bg2(3,3)=1;

Ag =1inv(Agtmp)*Bgl;
Bg = inv(Agtmp)*Bg2;
Cg = zeros(7,5);
Cg(1,1) =Ra;

Cg(2,2) =Ra;

Cg(3:7,:) = eye(5);

Dg = zeros(7,3);
Dg(1,1) =-Ra;

Dg(2,2) =-Ra;
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