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M ODELING AND ANALYSISOF A DC POWER DISTRIBUTION SYSTEM

IN 21ST CENTURY AIRLIFTERS
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Abstract

A DC power distribution system (PDS) of atransport 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 levelsin one PDS model. Linearized

models were obtained from the nonlinear PDS model for stability analysis and control design.

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. The DC bus stability diagram was
proposed for predicting stability of the PDS with different types of loads without performing an
actual stability test based on regular stability analysistools. Certain PDS configurations and
operational scenarios leading to instability were identified. An analysis of energy transfer in the
PDS showed that alarge energy storage capacitor in the input filter of aflight 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 savingsin the PDS and do

not increase its overall efficiency.
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Chapter 1

| ntroduction

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 [1-7]. 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 [2, 6, 7]: 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 [6].

The generating system includes starter/generators, power control units, and a generator
and system control unit [2]. Either three-phase synchronous machines [2] or switched-reluctance
machines [7] 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



generatorsinto 270V DC power [2]. 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

provide power for starting the engines and emergency back-up.

Electromechanical (EMA) and electrohydrostatic (EHA) flight actuators are used in a
more-electric aircraft instead of traditional hydraulic actuators with a central hydraulic system [2,
7]. 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[2] 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. According to [22], 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[1]:
» itisagood voltage source for inverters that power motor loads of the aircraft,
* itiseasy 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 [1] are the following:
* system stability,
» power quality on the bus,

* regenerative power flow.

Stability is the most important requirement for aPDS. 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
[23, 25]. Currently, stability of a PDS in amore-electric aircraft for a particular designis



proposed to be evaluated through computer modeling [1]. 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 interactionsin
distributed power systems. Usually, the impedance ratio stability criterion suggested in [23] is
used to analyze stability of interactions between two interconnecting subsystems. Stability of a
spacecraft DC PDSisaddressed in [27]. Stability analysisfor a system with a source converter
and one or more load convertersis givenin [26] and [28]. A method of defining the load
impedance specifications based on the concept of forbidden region is presented in [29]. All these
examples covered relatively simple system configurations, with an ideal voltage source, one
source converter, and one or more load converters with resistive loads. The examples
represented particular case studies rather than universal analysistools. The results were obtained
by tedious analytical developments for a particular system configuration rather than applying

computer-aided analysis techniques to easily reconfigurable global system model.

An effort in modeling and simulation of a more-electric aircraft power system is
presented in [24]. The system simulated included a synchronous generator, a diode bridge
rectifier, and aresistive 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 amore-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:
e dtability analysis of a PDS with an electromechanical actuator,

» stability analysis of a PDS with constant power load and mixed load,



» anaysisof the DC bus power quality under bidirectional power flow conditions,
» anaysis of waysto 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 a 21% century 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 electrohydrostatic actuators, Environmental Control System (ECS)
motor loads, and utility loads. Thereis aso abattery 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
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Figure 1.3 DC bus voltage specifications according to MIL-STD-704E.

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 [8], which specifies power quality characteristics of the DC
bus. These transients may affect normal operation of the equipment connected to the bus or even
damageit. Inorder to store the regenerative energy, it is necessary to provide additional energy
storage componentsin the PDS. Since the battery alone charges too slowly to accept transient
power spikes generated in certain modes of operation, a significant number of capacitorsin 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 aloss of the system
stability because of undesirable subsystem interactions. Another possible problemis
deterioration of power quality as aresult 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 PDSis

developing an understanding of possible subsystem interactions.

The objective of thisresearch isto develop nonlinear models of subsystem interactions,
especialy 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.



Chapter 2

Principles and Techniques of Modeling and Analysis
of a DC Power Distribution System

2.1 Multi-Level Modeling of Power Distribution System Components

In order to achieve the research goals, amodel of the PDS that allows studying subsystem
interactions has to be developed. Thismodel should provide efficient ways for analysis,
simulation, optimization, and control system design of subsystems interacting with each other
within the PDS. Although good models for all subsystems already exist or can be readily
developed with the use of known modeling techniques, simply putting all the subsystem models
together would not provide an acceptable solution to the problem. The global system model built
this way would be too complicated, with many unnecessary details not helpful for studying
subsystem interactions. Since the available system modeling software does have limitations, this
model will likely be very computationally intensive, slow, and inefficient, or even inoperative

because of numerical convergence problems.

The multi-level modeling concept [30, 31] allows us to overcome this drawback. Inthis
approach, a model reduction procedure is used to obtain models of different level of complexity
for each subsystem. Three levels of models are available: a detailed model, a behavioral model,
and areduced order model. For aparticular type of analysis, amodel of an appropriate level will

be chosen for each subsystem.



A detailed model is based on equations derived from the subsystem structure and
electrical circuit. For a subsystem whose configuration or topology changes during its
operational cycle, there will be a separate set of equations for each configuration. A detailed
model reflects both low and high frequency dynamics of the subsystem and may include effects
of secondary importance such as parasitics. An example of a detailed model for a switching
power converter would be amodel that exactly describes all voltage and current waveformsin
the circuit produced by the switching action of the semiconductor switches. For switching power
converters, a detailed model is often called a “switching” model. A detailed model is very
computationally intensive in computer simulations. Since a detailed model often includes
discrete and discontinuous functions, it cannot be used for control loop design based on
linearization and frequency domain analysis techniques. For this reason, a detailed model is used

only in simulations when a detailed study of the subsystem operation is required.

A behavioral model is derived from the detailed model by time averaging of high-
frequency periodical waveforms such as switching waveforms [9]. The behavioral model
corresponds to a subsystem whose terminal behavior is identical to the original subsystem at
frequencies much lower than the switching frequency and excluding the switching ripple in
waveforms. The behavioral model preserves nonlinearities and low-frequency dynamics of the
original subsystem. It may or may not reflect parasitic effects in the subsystem. Since the high-
frequency behavior no longer has to be obtained in the process of numerical integration, the
behavioral model is much more computationally efficient than the detailed model. The low-
frequency dynamics of the behavioral model is described by continuous functions, which can be
linearized and used for control design. A behavioral model of a switching converter is often

called an “average” model.

A reduced order model is obtained from a behavioral model by linearizing it at an
equilibrium point. Therefore, it is often called a “linearized” model. A large signal model,
therefore, is reduced to a small signal model, which is valid only in the vicinity of this operating
point. A standard procedure of perturbation and linearization of nonlinear continuous equations
of a behavioral model is employed to obtain a linearized model [9]. Most commercial software

packages can perform this procedure automatically. A reduced order model allows frequency
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domain analysis and design tools to be applied. A reduced order model is often used as a generic

model for a subsystem (for example, a source or aload) in cases when having a more detailed
model is not essential.
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Figure 2.1 Mixed-level modeling concept.

The mixed-level modeling concept provides a convenient way of studying subsystem
interactions without making the global model of the system too complicated. As mentioned
before, it is neither feasible nor necessary to use detailed models for all subsystemsin every
scenario. Instead of trying to simulate the whole system “as it is” in all its complexity, we can
concentrate our attention on a particular aspect of the system operation that we want to study.
This is done by selecting an appropriate level of modeling of the interacting subsystems that
would allow capturing the essential features of the phenomenon under investigation. For the rest
of the subsystems, reduced level models are used. Figure 2.1 illustrates the usage of this
concept. We would use the reduced order model for each subsystem if we wanted to simulate
only the global system states. The second scenario could be used to study how the second

subsystem interacts with the third subsystem with a contribution from the first subsystem. In this
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scenario, we would select the behavioral model of the second and third subsystems and the
reduced order model of the first subsystem. The third scenario describes the case when we want
to know exactly how the first subsystem responds to the second subsystem with a contribution
from the third subsystem. To study this case, we would use the detailed model of the first
subsystem, the behavioral model of the second subsystem, and the reduced order model of the
third subsystem.

Asillustrated above, the mixed-level modeling concept provides an efficient way to
investigate al aspects of the system behavior. Instead of having just one global system model,
we build particular system models at the levels that suit our needs.

2.2 Power Distribution System Analysis and Simulation Tools

In order to take advantage of the multi-level and mixed-level modeling concepts
described above, a computer-aided analysis and simulation tool hasto be developed. Therearea
number of commercial software packages possessing necessary capabilities; most of them are
application-specific. The PDS of an aircraft consists of elements with diverse physical nature,
both electrical and non-electrical, such as power generators and converters, electromechanical
devices, hydraulic and mechanical actuators. This variety callsfor a generic modeling and
simulation tool that allows diverse physical systems to be modeled in a uniform environment.
Based on these considerations, MATLAB/Simulink package was chosen as a software platform.
MATLAB isageneric numerical analysis software, which iswell suited for system level analysis
and simulation [10]. It contains avariety of toolboxes for different types of analysisincluding
optimization and control design. Simulink, atoolbox of MATLAB, is adynamic system
simulation software that provides a convenient graphical user interface for building system
models based on their equations[11]. The system stability and transient behavior analyses,
which are key issues in studying subsystem interactions, can be conveniently performed using

these tools.

12



The system analysis based on mixed-level modeling concept requires a capability of the
software environment to provide an easy way of building simulation models for various system
configurations using different level models for the subsystems. This goal is achieved by
employing amodular approach for building Simulink models for the subsystems and their parts.
Basic models of electric circuit elements and low-level subsystems are designed as modules,
which are used as building blocks for creating models of more complicated subsystems and the
whole system. Each block has input and output ports, through which it interchanges input and
output variables with other blocks connected to it. Generally, each block hasits own specific
input and output variables, but the mgjority of variables being exchanged are voltages and
currents. Since any subsystem containing an electrical two-port network has both voltages and
currents as both inputs and outputs, a special convention for voltage and current variable
exchange needs to be made. A convention was made that each block receivesits input voltage
and output current from the adjacent blocks as its input variables and suppliesitsinput current
and output voltage to the adjacent blocks as its output variables. This concept isillustrated in
Figure 2.2. All developed Simulink blocks must satisfy this convention, which is known as
interconnection rules. This novel modeling concept was developed in this research for greater
flexibility in modeling different PDS configurations. Other variables exchanged between the

subsystems have similar, although simpler, interconnection rules.

...... —>V|n VO > VIr‘l VO ; VIr‘l V0_>‘
""" < |, lo [ lin lo [ lin |o<_
Block 1 Block 2 Block 3

Figure 2.2 Interconnection rules for two-port networks.

Each subsystem, in general, has three types of models as discussed above: detailed,
average, and linearized. A genera procedure for a subsystem model development includes the
following steps:

» partitioning of the subsystem into generic (elementary) blocks,
» developing analytical expressions for each block at both detailed and average model level,

* implementing the modelsin Simulink, and
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* using MATLAB to obtain alinearized model.

An example of partitioning of a system into generic blocksis shownin Figure 2.3. It
represents a buck converter with feedback control. The converter is partitioned into the
following blocks: input filter, PWM switch, output filter, feedback controller, and blocks for the
voltage source and the load. For each of these blocks, a Simulink model is obtained based on
their equations. These models are linked into the whole system model according to the
interconnection rules as shown in Figure 2.4. The detailed and the average models for the PWM
switch will be different, but they will be the same for the other blocks. All these blocks are
typical for power converters; therefore, the developed Simulink models can be used as building

blocks for building models of different systems.

Figure 2.3 Buck converter — partitioning into generic blocks.

A linearized model of a subsystem can be obtained from its average model using
MATLAB’s Control System Toolbox commands [12]. Usually, a linearized model is obtained for

the purpose of control loop design and can be defined withirLMs, without implementation
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Figure 2.4 Simulink block diagram for the buck converter in Figure 2.3.

in Simulink. A linearized model intended for simulation as a part of the whole system model

will be implemented in Simulink.
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Chapter 3

Model Development for Power Distribution System
Components

3.1 Modeling of Subsystem Elements

Aswe 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 alow-pass LC filter (Figure 3.1),

which is a generic component of many types of power converters. The circuit is described by

eguations:
Ldli_ Vln _Vo - IinRI
dt
dv .
C dtc = Im - Io (31)

vV, = Vv, +R_(I,, —1i,)

(o]

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
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Figure 3.1 Low-pass L-C filter.

interconnection rules. The resulting Simulink model is shown in Figure 3.2. For convenience, it

is further enclosed into the “Subsystem” block and used as illustrated in Figure 2.4.
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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:

0 R +R 10 7l RO
dd,0_ O  ~ {0 0O ~ 7 mv,O
w 0= 0O 1 DH/ O+ o 1 (4. O
d v.o o =L o MO o -—0O
0oc 0 0 C O (32)

The modelsin 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
thisresearch. 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 alarge 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.
Vin l in
—> "
X'= Ax+Bu
Mux P y = Cx+Du —P Demux
lo Vo

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

The modelsfor 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, = sl

— (3.3)
Vg, = SV,

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 asthey are seen at
the load and source terminals. Thisfiltering 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 itsterminals[9].

Mathematically, averaging of a periodical function x(t) is defined as

X :%J’Tx(r)dr, (34)
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where T isthe period of the function x(t).

The operation of averaging, being applied to the discrete switching function s(t) with a
discrete value of duty cycle d for each switching period, resultsin a continuous duty cycle
function d(t) and the following equations for the PWM switch, which constitute its average
model (Figure 3.4):

C=dil
=dm,

Q

(3.5)

<

cp

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.
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Figure 3.5 Detailed and average Simulink models for the PWM switch.

20



¢ 0.2 0.4 Q.G OXS] 1

—
L]

| #1260
L=

time {sec) i

Figure 3.6 Buck converter example of simulation with detailed and average models for
the PWM switch.

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.
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Figure 3.7 Buck converter open loop input impedance.

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 [12]. 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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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 adifferent
input filter 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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filter PWM switch filter
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e
Ia
1 Eis+zl)s+=2
PR P P (V)
=z (s+pl)is+p2)
0.1 0.2 compensator

®

Figure 3.8 Bidirectional buck converter Simulink model.

The model supports bidirectional power flow, i.e. it isvalid 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.
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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) is developed based on the circuit equations:

di

Ld_tg:Vg -v,(1-d)-i R
dv . .
C dt" =i,(1-d)-i, (3.6)

Vo =V, + R (i,(1-d)-1i,)

0o

ip R d-V, i
Jan) —>»
o—_F[UM -, ')
—C
Vg C*) dllg Vo
RC
O ¢ O

Figure 3.10 Equivalent circuit of the boost converter power stage.
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Figure 3.11 Simulink average model for the boost converter power stage.
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Figure 3.12 Bidirectional closed-loop Simulink model for the boost converter.
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A complete model of the boost converter with voltage feedback loop is shown in Figure
3.12. It iscomposed 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 equationsin the three-
phase reference frame is undesirable for several reasons. For a synchronous machine, thiswould
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, athree-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 avery 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 dq coordinates. Modeling of the synchronous
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machine and the boost rectifier in dg coordinates iswell covered in literature [13,14]. The
synchronous generator and the boost rectifier must be modeled in separate dq reference frames
according to their modeling approaches. The relationship between a set of dq 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:

U
“ o' T§< Er 3.7)
= =
2 Bcosax cos(at _2_77) cos(at + 2—]T) B
T=—0 3 n (3.8)

Sg—snax —sm(ax——) —sin(at +2—)D

The inverse transformation from dq to abc variables is defined as

%%D D(dD (3.9)

—-sinat

T = os(ax——) —sin(ax—%T)

O
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D
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To provide ameans for abc-dq and dg-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 completddycimordinates without using

sinusoidal sources, much larger integration steps may be allowed, which would unleash the full
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Figure 3.13 ABC-to-DQ transformation Simulink block.

power of robust variable-step integration routines. After the simulation is done, the resultsin dq
variables may be converted to abc variables using the inverse transformation matrix T'. A
special MATLAB function “dg2abc” described in Appendix B has been developed for this

purpose.
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Figure 3.14 DQ-to-ABC transformation Simulink block.
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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 dq 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 sinusoidsin the
steady state operation and in transients. In addition, the dq 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:
Vy =(ig —ig)R,
Vq =(iSq —iq)Ra1
. . . . di, di dig
0= Rald _(Ra + Rs)lsd +C()(L|S + Lmq)lsq _aj-mqlkq _(L|S + Lmd)w-'- Lde-'- I—de

: : : : : di di
0=Riig = (R +R)ig —aLis + Ly )ig + gl g + eyl = (L + Lmq)d_?"' Lqu_;q (3.11)

. di di di
Vig = Ryl _Lmdd_id-'-(l-lfd + I—md)d_,f[d"' Lmdd_l‘(:d

. di di di
0=Ral _Lmdd_id-l-(l-lkd + Lmd)d_l;:d-l- Lmdd_;:d

_ diSq dikq
0= qu - Lmqﬁ-'-(l-lkq + Lmq)?
where

Rs-  armature phase resistance,

w-  rotor speed,

Vq-  armature d axisterminal voltage,
Vq-  armature g axisterminal voltage,
ilg-  armature d axisterminal current,
ig-  armature g axis terminal current,

lsg-  daxisphase current,

isg-  qaxisphase current,
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Vig-  field winding terminal voltage (reflected to the stator),
irg-  field winding terminal current (reflected to the stator),
ikg- daxisdamper winding current (reflected to the stator),
ig-  qaxisdamper winding current (reflected to the stator),
Ng- total armature flux in d axis,

Nq-  total armature flux in g axis.

In this model, we assume a constant rotor speed. Thisisjustified for studying dynamic
behavior of the PDS since changes in the generator load would not likely affect the aircraft
engine speed. If itisnecessary to include mechanical dynamicsinto consideration, a mechanical
equation of motion should be added to the equations above.
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Figure 3.15 Equivalent circuit of a synchronous generator in dqg coordinates.
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According to the interconnection rules for voltages and currents specified above, a
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 currenits andig, being state variables, cannot be the input variables at the
same time. Therefore, a fictitious terminal resistdRecevas 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 varigblgSq, ixq, I1d,
input variablesy, iq, Via, and output variableg, vq. These equations are solved for the state
derivatives and represented in state-space form (the details of the solution are given in
Appendix C):
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whereAy, By, Cy, Dy 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
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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
Vo :Ew/de +v,” (3.13)

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 Trnc With avery high frequency pole is introduced into the feedback path in order to
break an agebraic 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 dg
coordinates.
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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 dq coordinates.
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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 dq transformation to the resulting average model, alarge signal average model in dq
coordinates is obtained [14,15]. The equivalent circuit is shown in Figure 3.18 and described by

equations:
di 1 .
d—::3—L(ng +3Cd_|q _ddvo)
di 1
q_ .
— =—(v,, —3aliy —d_V,)
;'t 31'- 3gq ! (3.14)
vV, . . .
dt _E(E(ddld +dq|q)_|0)
3, . . .
Vo :Vc + Rc(E(ddld +dq|q) _Io)’
where

ig, Ig - input currentsin dg coordinates,
Vgd, Vgq - INpUt voltages in dq coordinates,
o - output dc current,

Vo - output dc voltage,

dg, dy - duty cyclein dq coordinates,

w - angular frequency,

L - phase inductance,

C - output capacitance,

Re - capacitor ESR.

A Simulink model derived from these equationsis shown in Figure 3.19. The model
accepts dq voltages, dq 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 3al/V, to eliminate cross-coupling between the d and q channels so that they
could be controlled independently [15]. Perfect decoupling is achieved at a specified line
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Figure 3.19 Simulink model of the boost rectifier power stage in dq coordinates.

frequency and output voltage and is load-independent, which satisfies the conditions of this

research.
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Figure 3.20 Control diagram of the boost rectifier.
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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 Kqq. Thereference signal for the q channel is set to zero since the input currents
should be in phase with the input voltages. The reference signa 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 atransfer function

H,(s) =K, o (3.15)
S

which provides fast response and no steady-state error in the output voltage. Control-to-output
transfer function vy/ige 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
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Figure 3.21 Closed-loop Simulink model of the boost rectifier in dq coordinates.
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design provided alow closed-loop bandwidth yet stable operation and acceptabl e transient

response under all load conditions.

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 Switched Reluctance Generator Modeling

A switched reluctance machine can be used as a starter/generator in the PDS instead of a
synchronous generator. This approach eliminates the need in a three-phase-to-dc converter
(boost rectifier) discussed above. The switched reluctance generator (SRG) is connected directly
to the DC bus through its own inverter, which is a mandatory part of the machine. A schematic
of one channel of an SRG developed for aircraft applications is shown in Figure 3.22; the details
of its operation and testing results are covered in [16-19]. Another advantage of an SRG
compared with a synchronous generator-boost rectifier combination is that the SRG has a
simpler rotor design (no windings), which improvesits reliability and makes ssimpler its
maintenance. A certain effort was made in the framework of this research in order to develop a
Simulink model of the SRG that can be effectively used for smulation and analysis as a part of
the global PDS model.

The SRG presents unique challenges in modeling. Likein asynchronous generator, the
winding inductances of the SRG depend on the rotor position. In addition, they depend on the
phase current because the magnetic flux of a phase always saturates in the aligned position and
returns to non-saturated state when the phase goes out of alignment. Therefore, magnetic
properties of the material must be taken into account. The phase voltage and current waveforms
are not sinusoidal. Unlike the synchronous machine, there is no transformation of variables that
could transform the SRG voltages and currents into dc variables. The majority of models built

for a switched reluctance machine (for example, [20]) follow a straightforward approach that
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Figure 3.22 Switched reluctance starter/generator circuit diagram.

includes modeling of all details of its operation. Thisresultsin adetailed model, which isvery
complex, computationally intensive, not suitable for control design, and cannot be used as a part
of the global PDS model for ssmulation and analysis.

An average type of model for the SRG could be built based on assumption madein [21].
Figure 3.23 shows how the DC link current is made up of individual phases’ currents. With a
certain degree of idealization, this current may be viewed as a discrete function of time, in which
each step corresponds to the current of the phase active at this moment. This approach results in

a discrete average model of a SRG [21] shown in Figure 3.24. In this model, the DC link current
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Figure 3.23 Switched reluctance starter/generator discrete average modeling concept, [21].
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Is represented by a current source controlled with a discrete controller. The rest of the model isa
low-pass DC link filter. The value of the current is constant over one electrical cycle but may
change from cycle to cycle. The controller adjusts the DC link current in order to maintain the
output voltage at a specified level. The discrete controller incorporates two time delays: a
constant delay introduced by the microprocessor control, and a variable delay, which comes from
adiscrete nature of the model and depends on the SRG speed. As shown in [21], the model

produced results in good agreement with experimental results.
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Figure 3.24 Switched reluctance starter/generator discrete average model.

Although the model in Figure 3.24 is a considerabl e step from the detailed model towards
asimple, computationally efficient average model of the SRG, the discrete nature of the model
still makes it unsuitable for the purpose of thisresearch. A discrete model of the SRG included
into the overall PDS model will make it computationally inefficient because al discrete steps
will have to be processed by the integration routine. A discrete model as a part of the PDS will
not allow using frequency domain techniques for stability analysis and control design. To
overcome these difficulties, a continuous SRG model was built in this research by further

developing of the discrete averaging concept presented above.
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Figure 3.25 Switched reluctance starter/generator continuous average model.

The new model is based on afurther simplification of the discrete DC link current
waveform shown in Figure 3.23 with an assumption that the current changes continuously. This
assumption significantly limits the frequency range in which thismodel is valid since the lowest
phase current frequency, which occurs at ground idle engine speed, isonly 5.4kHz. Although
different control strategies are possible for the SRG, we assume that output voltage feedback
control isused. The model isshown in Figure 3.25. An analog compensator with transfer
function C(s) processes the output voltage error and produces the control signal V4. Voltage
across capacitor C; isthe DC link voltage. Asshown in [18], current generated by a phase
during its generation period is determined by current built up in the phase during its excitation
period (Figure 3.26). The current built up in the phase (the amount of excitation energy) depends
both on the time when the switches are closed during the excitation period and the DC link
voltage. For an inductor, the current built up in it is proportional to the voltage across the
inductor and the time during which the voltage is applied, according to the formula:

Al

V=L—. 3.16
At (3.16)

Therefore, the simplest assumption was made that the generated DC link current is equal to the
product of the DC link voltage and the feedback control signal V4 as shown in Figure 3.25. This
Is an analogy with a PWM switch that controls excitation of the phase. Vq4isacontrol signal
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proportional to the time duration of the excitation switches (Figure 3.22) being closed. It may
also be viewed as duty cycle of the switches within the electrical cycle of the phase. It isseen
from the model that with constant excitation time (open loop operation) the system may be
unstable depending on the load, which agrees with the analysis given in [18]. The model

Figure 3.26 Switched reluctance generator phase current waveform, [18].

equations are as follows:

where
Hink
Ve

Vd

Vo

- DC link current,

- DCIink voltage,

- control signal,

- output voltage,

- inductor current,

- output current,

- filter inductance,

— ton _N<_ toff —P

switchon  switch off

ik = Ve, Vg
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R - filter inductor ESR,
C - DC link capacitor,

Co - output capacitor.

A Simulink block diagram based on the devel oped continuous model (Figure 3.25) is
shown in Figure 3.27.
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Transfer Fon

Figure 3.27 Simulink model of the switched reluctance starter/generator.
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3.5 Modeling of Flight Actuators

3.5.1 Electromechanical Actuator Modeling

An electromechanical actuator driving an inboard spoiler surface of an aircraft was
chosen as an example of aflight actuator being a part of the PDS. A Simulink model of the
actuator-surface system was developed by Lockheed Martin Control Systemsin Johnson City,
New York.

A system diagram of the electromechanical actuator (EMA) is shown in Figure 3.28. It
consists of adc-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
isto prevent the switching ripple of the converter from going to the bus. Finally, a multiloop
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 devel opers came to conclusion that the use of a dc-dc
converter and a dc motor models instead will not affect essential features of the subsystem

dynamics.

Input DC-DC
Filter Converter

d lim,@m ~
6
DC Bus Surface I

Controller |«

Figure 3.28 Electromechanical actuator system diagram.

A Simulink model for the EMA subsystem (Figure 3.29) follows its structure and consists

of six functionally complete modules. The input filter is modeled as an LC filter, whose
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Figure 3.29 Electromechanical actuator Simulink block diagram.

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 becauseits load (dc
motor) provides sufficient filtering effect due to its own inductance. 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 3.30. The model is derived

from the motor equations:

v =Ko +i R+L A
dt

' (3.18)
Ki -T, =B +J°%n

where
Vim - armature voltage,
im - armature current,

G - armature angular speed,
Tex - externa (load) torque applied to the shaft,

L - armature inductance,

R - armature resistance,

Jm - armature inertia,

Bm - viscous friction coefficient,



Ke - back-emf constant,

Kt - electromagnetic torque constant.
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Figure 3.30 Simulink model for a separately excited dc motor.

The mechanical actuator module includes a gearbox and aball screw mechanism. A
Simulink model for the mechanical transmission (Figure 3.31) takes into account inertia,

damping, and stiffness of the ball screw mechanism and stiffness of the bearing structure.
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Figure 3.31 Simulink model for the mechanical transmission of the EMA.
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Figure 3.32 Simulink model for the surface dynamics.

A Simulink model for the surface dynamicsis shown in Figure 3.32. 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 3.33) 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.

Figure 3.33 Simulink model for the EMA feedback controller.
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A part of the EMA model isa Simulink look-up table containing an approximation of the
wind load on the spoiler surface as afunction of its deflection angle. Thistable 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.

3.5.2 Electrohydrostatic Actuator Modeling

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

diagram of the actuator is shown in Figure 3.34, and its Simulink model — in Figure 3.35.

|nput DC-DC | Pum
Filter Converter P

d ims@m
DC Bus

act e
Controller Surface

Figure 3.34 Electrohydrostatic 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 3.36. 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 3.35 Electrohydrostatic actuator Simulink block diagram.
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Figure 3.36 Hydraulic actuator Simulink model.



3.6 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, thereisno need in modeling it asatransmission 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 apiece asimple 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 3.37 Three-section dc bus equivalent circuit.

Figure 3.37 shows athree-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
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and the distributed parameter values. The leakage conductance between wiresis not modeled
sinceitisnegligible for aircraft busses. A corresponding Simulink model shown in Figure 3.38
is based on the LC filter models assembled into a subsystem model according to the

interconnection rules.
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Figure 3.38 Simulink model for athree-section dc bus.
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Chapter 4

Stability Analysis of a DC Power Distribution System

4.1 Introduction

Stability in al modes of operation is the first and the most important requirement for a
power distribution system. In the PDS containing highly coupled subsystems, possible
subsystem interactions complicate theissue. The PDS includes various types of |oads, which
affect differently the overall system stability. Changes of the load may lead a stable system into
instability. Subsystems may be connected and disconnected at any time, thus changing the
overall system configuration. In addition, certain loads such as flight actuators may switch into
regenerative mode of operation. This condition changes the system configuration as well and

opens possibilities for new interactions between its subsystems.

It is expected that up to 75% of thetotal load in the PDS of afuture aircraft will be
represented by constant power load [22]. Constant power load is usually aload connected to the
DC distribution bus through a voltage regulator. The regulator provides specified voltage and
current to the load regardless of voltage disturbances on the bus; therefore, the regulator appears
as aload that draws constant power from the bus. Examples of such aload are avionics and
flight control actuators. In aflight control actuator, the regulator as a part of the actuator
feedback control provides commanded voltage to the motor. A constant power load presents a
negative small-signal resistance on the bus, which is known to have a destabilizing effect on the
system [23]. Sincethisisonly asmall-signa phenomenon (large-signal resistance of a constant

power load is positive), possible instability resulting from such aload will not usually cause the
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whole system to crash, but will result in undesirable oscillations around the equilibrium point.
The bus voltage oscillations can be large enough in magnitude to be a source of EMI, to damage
other equipment connected to the bus, and even to create global system instability in alarge-

signal sense.

The modeling and analysis tools developed in this research can be effectively used to
analyze stability of the PDS based on linearization and small-signal analysis techniques.
Stability analysis of a PDS with different types of loads including an EMA and a generic
constant power load is presented below. This chapter is not intended to be a comprehensive
treatment of all possible stability issuesin the PDS of afuture aircraft but rather an example of

using the modeling and analysis tools for stability analysis of the PDS.

4.2 System Configuration and Stability Analysis Techniques

The power distribution system configuration used in this research for stability analysisis
shown in Figure 4.1. Power is supplied by a synchronous generator through a three-phase-to-dc
boost rectifier to the DC bus loads. The load types considered in this chapter are the EMA and
generic resistive and constant power loads. Both single and mixed load types are analyzed.

Stability analysisin this research is based on frequency domain analysis techniques
known from linear control theory. The nonlinear PDS model is linearized at certain equilibrium
points of interest, then small-signal stability analysisis performed. A positive result of stability
analysis would mean that the system is stable for small enough perturbations around the
equilibrium point. A small-signal instability could lead to either local instability with
oscillations around the equilibrium point, or global instability, when the system states
significantly depart from the equilibrium point.

Simulink block diagrams and MATLAB files used for stability analysisare givenin

Appendix D. It was found convenient to have separate Simulink models for simulation and
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linearization. Linearization requires additional elementsin the block diagram (input and output
ports, switches). Initial values of the system state variables are different for simulation and
linearization purposes. Having two separate Simulink block diagrams significantly reduces

clutter on the screen, especially for systems with alarge number of subsystems.
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Figure4.1 Power distribution system configuration for stability analysis.

Linearization of anonlinear system is performed using MATLAB command | i nnod.
Then various transfer functions of interest are extracted from the linearized model and used for
stability analysis. For correct results, | i nmod has to be supplied with the state and input vectors
at the equilibrium point where linearization is performed. The state and input variables must be
arranged within the vectors according to the order that Simulink assigns them within a Simulink
model. Thisorder may easily change when the input and output blocks are added to the model
for obtaining a particular transfer function. Unfortunately, there is no way to fix this order, and
MATLAB does not come with any tool that would automate this rearrangement. Asaresult, for
high order models much work is usually required to set all the variables correctly for each
linearization procedure. The analysistool developed in this research performs this procedure
automatically. The state and input variables for an equilibrium solution are stored in afile
together with their names. For each linearization procedure, the variables are retrieved from the

file and rearranged according to the order of states and inputs in the linearized model.
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Obtaining an equilibrium solution for a nonlinear system could aso be problematic in
MATLAB because it does not have a good enough tool for steady-state analysis. The ‘trim’
command, intended for this purpose, uses constraint optimization technique, which itself is a
complicated mathematical problem without a universal solution. Because of that, numerical
algorithm used in ‘trim’ command often fails to converge when the system order becomes large
enough. For this reason, there is no universal technique for obtaining an equilibrium solution for

a Simulink model.

As a more practical way, simulation is used in this research to obtain an equilibrium
solution. The nonlinear model of the PDS is simulated until it reaches the desired steady state
point. Depending on a system configuration, some ingenuity may be required to use this
approach successfully. For example, it may be beneficial to introduce into the system some
additional damping that does not affect the steady-state solution (placing resistors in series with
capacitors) to make simulation converge to the equilibrium point faster. An unstable equilibrium
may be obtained with this approach as well if the system is modified such that the equilibrium
becomes stable without changing it. For example, unstable equilibria of the PDS with constant
power loads in this research were obtained by simulation of the system with equivalent resistive

loads.

Another possible approach to obtaining an equilibrium solution for a complex system is
using a steady-state model derived from a dynamic Simulink model. Certain circuit-oriented
simulators (for example, Spice and Saber) do this procedure automatically by shorting all
inductances and opening all branches with capacitors in the model. Altheugh®/does not
derive a steady-state model automatically, this procedure can be done manually. This will result
in a simplified model, which is easier to solve for an equilibrium. If the resulting model is
simplified to such a degree that it does not contain algebraic loops, the equilibrium solutions for
the system states and inputs can be calculated manually, one at a time. This technique was also
used in this research. If the resulting model does contain algebraic loops, there is still a greater
chance that MTLAB would be able to solve it for an equilibrium solution than the original

dynamic model. It may be convenient to have a set of three Simulink models for small-signal



anaysis of anonlinear system: a dynamic model for smulation, amodel for linearization, and a
static model for steady-state analysis.

4.3 Stability Analysis of a PDS with Constant Power Load

At the first stage of analysis, we assume that only a constant power load is applied to the
DC bus. The system stability then could be analyzed using loop gain transfer function of the
boost rectifier and phase margin test. An alternative approach based on the impedance ratio
criterion [23] will be used later.

Figure 4.2 shows the boost rectifier control-to-output voltage transfer functions obtained
by linearization of the PDS Simulink model with parameters given in Appendix A. The transfer
functions were obtained for constant current load with different power levels ranging from 1kW
to 300kW. Constant current load has infinite small-signal input impedance. It does not affect
transfer functions of the source but only determines its equilibrium; therefore, it is a good

starting point for analysis of dynamic properties of the boost rectifier.

It is seen that both magnitude and phase of the transfer functionsin Figure 4.2
significantly change with the power level of theload. A linear compensator for the output
voltage feedback loop of the boost rectifier must be optimized for the whole range of possible
loads. The compensator

s+3000

C(s) = (4.2)

was designed to provide stable operation of the system for a wide range of load conditions,
although with a somewhat slow transient response. Asit is seen from the boost rectifier loop
gain transfer functions (Figure 4.3), the compensator provides phase margins sufficient for
stability with loads of al power levels. However, the bandwidth of the control loop becomes

smaller with the increase of the load, which causes slower transient response. A compensator
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Figure 4.2 Boost rectifier control-to-output transfer functions with constant current load.
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with gain scheduling would probably be able to eliminate this reduction in the bandwidth, thus

making dynamic properties of the boost rectifier better.

Figure 4.4 shows the closed loop output impedance of the boost rectifier with constant
current load. Thisisan important transfer function, which will be used later for stability analysis
based on the impedance ratio criterion. It is seen that the output impedance initially decreases

with the increase of the load up to about 200kW, after which it increases again.

A busload may be a constant current load type if it has a regulator designed to deliver a
constant current to the load regardless of voltage disturbances on the bus. As mentioned above,
constant current load has infinite small-signal input impedance (which may be considered either
positive or negative). In practice, however, aload connected to the bus would more likely be
either resistive or constant power type. A resistive load has an input impedance equal to its
resistance (small-signal resistance if the load is nonlinear) with a phase of zero degreesin the

frequency range of interest. A constant power load appears on the DC bus with alarge-signal

resistance
V 2
R = —bus (4.2)
PCOFH
and asmall-signal resistance
Rs=Rs. (4.3)

This load has a small-signal input impedance equ&dJonith a phase equal to 180 degrees in
the frequency range of interest. Another possible type of load, which will not be considered in
this research, is a load with complex input impedance. An RLC-network or a resistive load with

an input filter are examples of this type.

Figures 4.5, 4.6, and 4.7 show how the control-to-output, loop gain, and output
impedance transfer functions of the boost rectifier are modified in case of resistive and constant
power loads in comparison with constant current load of the same power level. The transfer

functions are given for two power levels. For resistive loads, the magnitudes of the first two
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Figure 4.5 Boost rectifier control-to-output transfer functions with different types of load.
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transfer functions go lower, and the phases — higher than for the respective current loads. It is
seen that phase margin with a resistive load is larger than with a current load. With a resistive

load, the system is more stable, with higher damping and slower transient response.

The constant power load modifies the transfer functions in the opposite way. For a load
of 5kW, the phase margin is reduced compared with the current load at about the same value as it
was increased in the case of resistive load. As a result, with the constant power load the system
damping is decreased, the system becomes more oscillatory and prone to instability. However, it
is still stable enough with a constant power load of 5kW. The other set of transfer functions
obtained for 255kW loads shows that with a constant power load of this value the system has
even negative phase margin, which indicates instability. This example demonstrates that a

constant power load may cause instability in the PDS.

The output impedance transfer functions in Figure 4.7 show that with 255kW constant
power load the phase changes its normal shape and passes through 180 degrees. This is an
additional indication of instability. The shape of the magnitude curve is significantly modified
as well. There is no significant change in output impedance caused by difference in load types at

low power levels.

It is convenient to analyze stability of two coupled systems using the approach developed
by R. D. Middlebrook [23]. He suggested using the impedance ratio

T, ==, (4.4)

where Z, — output impedance of the source,
Z; — input impedance of the load,

as a stability test. In order for two coupled systems to be sfabigjst not have any roots in

the right half-plane. Nyquist stability criterion can be used to check this condition.

The impedance ratio criterion was used in this research to verify the results of stability

analysis of the PDS with constant power load presented above and to perform stability analysis
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of the system with mixed load. Compared with the boost rectifier phase margin test, the
impedance ratio criterion provides helpful insights into conditions required for stability of two
coupled systems. The Simulink model was configured for obtaining output impedance of the
unloaded boost rectifier and input impedance of the busload. The output impedance must be
obtained with closed control loop and a constant load current such that the equilibrium point set
by the actual load is maintained.
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Figure 4.8 Small-signal impedances of the boost rectifier and 100kW constant power [oad.

Figures 4.8, 4.9, and 4.10 show the boost rectifier output impedance and the bus load
Input impedance transfer functions obtained for constant power load with three different power
levels. Asfollows from the impedance ratio criterion, instability occurs if magnitude of the load
input impedance is lower than magnitude of the boost rectifier output impedance at frequency of
the output impedance phase crossing zero. It is seen that the PDS with 100kW constant power
load is stable (Figure 4.8); it is close to marginal stability with 253kW load (Figure 4.9), and
unstable with 270kW load (Figure 4.10). The same conclusions can be made by examining the
respective Nyquist plotsin Figure 4.11. The PDS with 253kW |oad seemsto be just stable,
being very close to marginal stability. The Nyquist plot for the system with 270kW |oad
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Figure4.10 Small-signal impedances of the boost rectifier and 270kW constant power load.

65



100kW, -~

iy yrd
< b
=, 7 AN

Sy,

Imaginary Axis

S T S S -

I i i i
-1.5 -1 -05 0
Real Axis

Figure4.11 Nyquist plotsfor the PDS with different values of constant power load.

encircles the —1 point, which is an indication of instability. The PDS with 100kW constant

power load is stable since the Nyquist plot does not encircle the —1 point. The results of stability
analysis made with the impedance ratio criterion completely agree with the results obtained
earlier with the use of phase margin test.

Figure 4.12 shows the bus voltage transient response to a step load change. The constant
power load was applied to the unloaded bus at the time 0.3s. It is seen that the stable system
with 100kW load produces a response with good damping and a very small overshoot. The PDS
with 253kW load, after initial transients with a voltage drop caused by saturation in the boost
rectifier controller, exhibits a very oscillatory, poorly damped response, typical for a system
close to marginal stability. The PDS with 270kW constant power load produces a response with
endless nonlinear oscillations. This is a result of stability in large-signal sense with small-signal
instability. The frequency of these oscillations is approximately 2200Hz or 13800rad/s, which is
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Figure4.12 Transient response of the DC bus voltage for different values of constant
power load.

equal to the phase crossover frequency in Figure 4.10. The magnitude of these oscillations
exceeds 300V, which is beyond the limits specified by MIL-STD-704E [8].

According to specifications, the DC busload in the PDS of afuture aircraft will be mixed
type with constant power load up to 75% of the total [22]. Therefore, it isimportant to
understand how constant power load will affect dynamic properties of the system in combination
with resistive load.
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When both resistive and constant power |oads are applied to the bus, the operating point
of the boost rectifier is determined by the sum of these loads. It can be shown that the equivalent

small-signal resistance of the bus will be

(R
Ry = "R : (4.5)
R, +R,
V 2
where R, = ;“S — positive small-signal resistance of resistive |Bag
V 2
R, =- Pb”S — negative small-signal resistance of constant powerRgag

Req (Ohm)

300
250

Pres () Pconsi (kW)

Figure 4.13 Equivalent small-signal resistance of the DC bus with mixed load.
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A three-dimensional plot of Re as afunction of Pres and Peong is shown in Figure 4.13. A
potential for unstable interactions in the system exists only when Req is negative and small
enough (close to zero) in magnitude as can be understood from Figures 4.8 through 4.10. Thisis
possible when the mixed load has Peong sufficiently larger than Pes as seen from Figure 4.13.
When Pcong IS equal to Py, the equivalent small-signal resistance goesto infinity (positive or
negative), which is the case of constant current load. A mixed load with P larger than Peong

has aways positive Ry, Which increases the system stability as demonstrated above.

Another factor that affects stability of the PDS is magnitude of the boost rectifier output
impedance at its phase crossover frequency as shown in Figures 4.8 — 4.10. This is the critical
value of the bus load negative resistance at which instability occurs. The output impedance used
in the impedance ratio test depends only on the equilibrium point determined by the total bus
load. By performing the output impedance analysis for different power levels of the load, the

critical values of the load negative resistance were obtained as shown in Figure 4.14.

The load equivalent resistance and its critical values are combined in one plot in order to
produce a diagram that shows stability of the system for different load conditions. The part of
Figure 4.13 with negativBy is shown in two dimensions in Figure 4.15, wheggis
represented with lines of constant powRg, is plotted in logarithmic scale against total power
of the mixed load. The critical values of load resistance interpolated with cubic splines are
plotted with a dashed curve in Figure 4.15 with actual data points shown.

The diagram in Figure 4.15 shows stability conditions for the PDS with mixed load on
the DC bus. Any load combination with total power up to 300kWRagd greater thai, has
a corresponding point on the diagram. The area below the dashed curve is the region of
instability. The PDS with a load point above the dashed line is stable, below — unstable. A load
point on the dashed line represents a marginally stable system. For example, point A represents
a mixed load with total power 200kW, which includes a 20kW resistive load and a 180kW
constant power load. The diagram shows that the negative small-signal resistance of this load is

—6.8dB, or 0.460hm. The dashed curve shows that at this total power level the load must have
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Figure4.14 Critical negative resistances of the bus |oad obtained from the boost rectifier
output impedance transfer functions for different load powers.

negative resistance lower than —10.2dB (point B), or 0.310hm, in order to produce unstable
interactions. Therefore, the PDS with the load represented by point A is stable. Similarly, the
diagram shows that with the bus load corresponding to point C (40kW resistive load, 250kW

constant power load, 290kW total load) the system is unstable.

The dashdot line in Figure 4.15 represents 75% constant power load condition in the

mixed resistive/constant power bus load. The area above this line corresponds to load
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Figure4.15 The DC bus stability diagram.

combinations where constant power load is less than 75% of thetotal. The dashed line, limiting
the region of instability, is obtained for a particular set of parameters for the generator and boost
rectifier. Therefore, it is design-specific. The constant P lines and the 75% constant power
load line are design-independent. For the given generator and boost rectifier design and 300kW
total power range, the diagram shows that a bus load satisfying the 75% constant power |oad
condition will not create instability. However, even with the total aircraft constant power load
not exceeding 75% of the total aircraft load (assuming the rest of the load to be resistive), it
might be possible that during load commutations this condition is temporarily violated, and the

PDS may become unstable. With a different generator and boost rectifier design, the area of
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Figure4.16 Examples of anaysiswith the DC bus stability diagram.

instability may intersect with the 75% limit area. Therefore, new designs must be checked for

this condition to prevent possible instability.

The DC bus stability diagram is a useful tool for stability analysis of the system during
load commutations. For example, adding resistive load to the bus with a constant power |oad
usually improves the system stability. However, thisis not aways the case. Point A on the
diagram in Figure 4.16 represents 250kW constant power load on the bus. It was shown earlier
that the PDS with thisload is stable. When 40kW resistive load is added to the bus, the load
point on the diagram moves to point B, which isin the area of instability. The Nyquist plot in
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Figure 4.17 obtained for point B proves this conclusion. Transient responses of the bus voltage
and current to the step load change are shown in Figure 4.18.

Imaginary Axis

Real Axis

Figure4.17 Nyquist plot for the PDS with the load represented by point B in Figure 4.16.

It is possible to account for constant current loads in the DC bus stability diagram. A
constant current load connected to the bus in addition to resistive and constant power load will
not change the total small-signal impedance of the bus, but will change the total load power.
Therefore, a constant current load will shift the load point on the diagram horizontally for the
amount of theload. The load with positive current will shift the point to the right; the load with
negative (regenerative) current will shift the point to the left. The diagram shows that such a
shift may lead a stable system into the area of instability, both for positive and for negative
currents. For example, point C in Figure 4.16 represents a stable system with 10kW resistive
load and 230kW constant power load. An 80kW regenerating constant current load will move
the system into point D, which isin the region of instability. The Nyquist plot in Figure 4.19 and
simulation results of the system transient response in Figure 4.20 confirm that thisinitially stable
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Figure 4.18 Transient responses of the bus voltage and current for a step load change
with 40kW resistive load added to 250kW constant power |oad.

system becomes unstable when the regenerative current is applied to the bus. The resistive and
constant power loads are applied to the bus at 0.3s, producing a stable transient response. After
that, the regenerative current sourceis applied at 0.32s, making the system unstable.

The DC bus stability diagram shows that a stable PDS with more than 150 — 200kW total
load including more than 75% constant power load may become unstable when sufficiently large
regenerative current is applied to the bus. If the critical negative load resistance (the dashed line)
continues to increase in the area of negative load powers (this may be a subject of future

research), regenerative current may cause instability in the PDS with even smaller loads.

A bus load working in regenerative mode, similarly to its operation in the load mode,

may have either positive or negative small-signal resistance. A load may change sign of its

74



06

Gl P ETTE P PRRRRREE: e LT LS IR TTTTTRRRRRRRRT SUTERTRRRRRTN SPPR -

Pointp;ﬁ,-— ~~~~~ e

04r

IS % G T O N S

Imaginary Axis

04
S0P S BT e R S R 1 e -
OB e T e T
Al [T [T [T I [T [T [T [T [T -
1 -0.9 -0.8 -0.7 0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0
Real Axis

Figure4.19 Nyquist plots for the PDS with loads represented by points C and D in Figure 4.16.

small-signal resistance when it switches to regenerative mode. For example, a constant power

load has a negative small-signal resistance in the load mode and positive in regenerative mode

(thiswill beillustrated later with the EMA example). A load with back-em.f. (for example, a

battery) exhibits positive small-signal resistance when it receives energy and negative — when it
delivers the energy to the bus. It is possible to use the DC bus stability diagram with positive or
negative resistance loads working in regenerative mode. Only brief comments are given below
concerning the usage of the diagram with such loads; a detailed study of the system stability

under regenerative power flow conditions may be a subject of future research.

Any load or source connected to the DC bus affects two parameters determining the bus
stability: the bus small-signal resistance and the boost rectifier operating point. The bus small-
signal resistance is represented by the vertical coordinate of the load point on the stability

diagram; the boost rectifier operating point is represented by the horizontal coordinate of the load
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Figure 4.20 DC bus voltage and current transient responses to load changes
corresponding to points C and D in Figure 4.16.

point. Therefore, both coordinates must be adjusted to reflect a change produced by connection

of anew load.

For any load with small-signal resistance R, there can be determined a value of apparent

power Pa, with which the load is seen on the bus from small-signal point of view:

bus (4.6)

For alinear load, this power is equal to the actual load power; for anonlinear load, it may be
different. It can be shown that the equivalent small-signal resistance of the bus with a mixed

load given by (4.5) can be obtained using the equivalent apparent power of all the loads:

76



Pa=3 Py, (4.7)

Req - Vbus ’ (48)

wherei — number of loads. The actual total load of the bus is calculated as an algebraic sum of

all load powers including constant current loads:

Poa =3 P (4.9)

The Ry coordinate on the diagram is adjusted by moving the load point to the OkW resistive load
line atPa €qual to the equivalent apparent power obtained from (4.7). After that, the load point
Is moved horizontally to the point withy equal to the actual total load power calculated with
(4.9). The resulting load point shows stability of the bus with this load.

For example, the system with 250kW constant power load is represented by point A in
Figure 4.16. For a 40kW additional resistive load, the first step of adjustment moves the load
point to point E with equivalent apparent power 210kW. Then, it moves horizontally to point B
with actual total power 290kW. For a regenerative 40kW load with 40kW apparent power
(positive small-signal resistance), the load point will stay at point E because the equivalent
apparent power in this case is equal to the actual total power. If a 40kW load with —40kW
apparent power (negative small-signal resistance) is connected, the load point will move to point
F and stay there. However, if this load is regenerative, the bus will operate with 210kW actual
total power, and the load point will move to point G. The diagram shows that all these load
changes except connecting a regenerative 40kW positive resistance load will make the PDS

unstable.
The rules for using the DC bus stability diagram are generalized below.

* The diagram can be used for stability analysis of the PDS with loads having either positive or

negative input resistance in the frequency range of the boost rectifier phase crossover point
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(Figure 4.14) as aresult of their natural properties or feedback action. Loads with complex
input impedance are not considered.
* Theloads may be linear or nonlinear, with positive or negative input resistance, including
constant current loads, sourcing or sinking the bus energy.
* Theanaysisisperformed in the following order.
1. For each load, identify the small-signal resistance and the actual load power at this
operating point.
2. Caculate the apparent power for each load according to (4.6).
3. Calculate the equivalent apparent power Pe (4.7) and the actual total power Pioial (4.9).
If Peq is positive, there is no potential for instability if the system is stable with an
equivalent constant current load. Py must be positive and within the power range of the
diagram in order to useit.
4. Find apoint on the OkW resistive load line corresponding to the negative P taken with
positive sign. This point will show Req of the bus.
5. Movethe point horizontally so that it corresponds to the actual total power Piota.
6. Position of the load point relative to the dashed line will show the system stability at this
operating point.

4.4 Stability Analysis of a PDS with an Electromechanical Actuator

The electromechanical actuator system diagram is shown in Figure 4.21. The EMA
consists of an input filter, dc-dc converter, dc motor, and a mechanical part with a gearbox, a ball
screw mechanism, and aflight control surface deflection system. The converter has feedback
control with the actuator position command supplied from a higher-level control system of the
aircraft. The feedback makes the converter atypical constant power load in small-signal sense
with negative small-signal resistance. The value of the constant power drawn depends on the
operating point within the operating cycle. A typical EMA operating cycle for ground testing is
shown in Figure 4.22. It shows the motor voltage, current, power, speed, flight control surface
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deflection angle, and the ball screw position command. No wind load is applied to the surface in
ground testing mode.

|nput DC-DC | P"-
¢—| Filter Converter m__:‘{ Ball Screw
A d Im (%
DC Bus K H I 0
i i
A
current
Xemd feedback

speed feedback

position feedback

Hy

Figure4.21 Electromechanica actuator system diagram.

The feedback controller provides stability of the feedback loop in all modes of operation.
Possible stability problems arise from the input filter, which may produce undesirable
interactions with the converter. In addition, the input filter modifies the negative input resistance
of the converter such that the EMA as a whole system may have unstable interactions with the
boost rectifier. The impedance ratio criterion was used in this research to perform stability
analysis of the system.

For stability analysis, the EMA nonlinear model must be linearized in different
equilibrium points aong its operating cycle, then small-signal analysisis performed. The EMA
operating cycle consists of three distinctive periods shown in Figure 4.22: acceleration to the
maximum speed (period 1), changing the surface position to the commanded value (period 2),
and the surface slowing down with regeneration of energy (period 3). This sequence is repeated
with similar waveforms during the second half of the cycle when the surface moves back.
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Figure 4.21 shows that the EMA feedback control consists of aball screw position feedback
loop, amotor speed loop, and amotor current loop. The position loop forms areference signa
for the speed loop, which produces a reference for the current loop. The controller is designed
such that during period 1 the current loop reference is in saturation, thus producing current
limiting for the motor. Because of that, during period 1 the EMA control structure consists of
only one current loop from small-signal point of view. Similarly, during period 2 the speed loop
reference isin saturation producing speed limiting for the motor. Only current and speed loops

are active during period 2 in small-signal sense. All three loops work during period 3.

The existence of the three different periods of operation with different feedback structure
makes it possible for the system stability to change significantly from period to period.
Therefore, each period must be considered separately in stability analysis; at least one
equilibrium point must be examined within each period. The problem is complicated by the fact
that there are no true equilibrium points within the operating cycle because certain state variables
of the mechanical part of the EMA keep changing slowly over the whole cycle. The only true
equilibrium isin the beginning of the cycle when all state variables are equal to zero. No useful
stability information can be obtained from this equilibrium point.

In the frequency range of interest where possible oscillations caused by unstable
interactions of the input filter with negative input resistance of the converter may occur, slowly
changing mechanical state variables may be considered constant for the purpose of small-signal
analysis. Inthisview, they are no longer state variables, but slowly changing time-varying
system parameters. Therefore, equilibrium points for stability analysis may be obtained with
respect to only state variables produced by voltages and currents. Four equilibrium points OP1 —
OP4 in the first half-cycle and similar to them equilibrium points OP5 — OP8 in the second half-
cycle as shown in Figure 4.22 were chosen for stability analysis of the system. Two of them
were chosen during period 1 in order to trace possible change in the system stability as the power
drawn by the system gradually increases. OP4 is chosen at the moment when the motor
regenerative current reaches its maximum and its derivative is zero in the beginning of the
regeneration period. The equilibrium solutions were obtained by simulating the system until it

reaches the respective time moment.
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Figure 4.22 Electromechanica actuator operating cycle.
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Initially, stability analysis was performed for the EMA fed from an ideal DC bus
modeled by 270V ideal voltage source. This approach allows studying interactions within the
EMA unaffected by the rest of the PDS. Aninput filter providing 40dB attenuation of the
converter switching ripple at switching frequency 20kHz shown in Figure 23 was used for
anaysis. An additional damping resistance R, was added to the filter in order to alleviate

possible interactions with the converter. The filter parameters are the following:

L =300uH,
C = 25uF,
R =0.1Q,
R. =0.01Q,
R, =0.12Q.

The input filter forward voltage transfer function is shown in Figure 4.24.

i R L R i
S\
+ +

— C
Vin RC VO
o : o

Figure 4.23 Input filter for the electromechanical actuator.

Figure 4.25 shows the input filter output impedance and the converter input impedance
transfer functions for the operating point OPL. It is seen that the converter with feedback has
negative input resistance within alarge frequency range. The magnitude of the input filter output
impedance at its phase crossover point is below the magnitude of the closed-loop input
impedance of the converter, which indicates that the system is stable at this operating point.
Figure 4.26 shows the same transfer functions for the operating point OP2. It is seen that the
converter closed-loop input impedance is now lower than the input filter output impedance at the
crossover point. This meansinstability of the system. The results of stability anaysis of the
operating points OP1 and OP2 show that the system starts its operating cycle as stable and then
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Figure4.25 Input filter and converter transfer functions at operating point OPL.
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Figure4.28 Input filter and converter transfer functions at operating point OP4.

becomes unstabl e as the operating point moves to the end of period 1. The Nyquist diagramsin
Figure 4.29 confirm this conclusion.

The transfer functions for operating point OP3 are shown in Figure 4.27. The converter
has a higher negative input resistance than for two previous operating points. The system is very
stable at this operating point. The motor voltage, current, and speed are maintained constant
during the whole period 2, which means that the stability analysis results obtained for OP3
should be valid for the whole period.

Operating point OP4 represents regenerative power flow conditionsin the EMA. The
transfer functions are shown in Figure 4.28. The phase of the closed-1oop input impedance of the
converter is zero, which means positive small-signal resistance. A constant power load in
regenerative mode of operation has positive small-signal input impedance because positive

change in the input voltage results in decrease in magnitude of the negative input current, which
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Isapositive change aswell. The Nyquist plot for OP4 in Figure 4.29 shows that the EMA with

regenerative power flow is always stable, which istrue for the whole period 3.

Imaginary Axis

1
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Real Axis

Figure4.29 Nyquist plotsfor the EMA and input filter interaction.

Figure 4.30 shows simulation results of the EMA, which confirm the results of small-
signal stability analysis. Oscillations caused by instability take place during the last part of
period 1. These oscillations are shown in detail in Figure 4.31. Initial oscillationsin the
beginning of period 1 are caused by a step change in the current loop reference. It is seen that
they tend to die out because initially the system is stable, but then they increase again as the
system moves into the unstable region of the period. Further growth of the oscillationsis limited
by saturation of the converter duty ratio as the system moves to the end of period 1. The
oscillations die out when the system enters period 2. No instability is observed during periods 2
and 3, which agrees with the stability analysis above. Simulation resultsin Figure 4.30 confirm
that results of stability analysis performed for periods 1, 2, and 3 of the first half of the operating

cycle arevalid for the second half of the cycle as well.
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Figure4.30 Simulation of the EMA with an ideal DC bus for the whole operating cycle.
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Figure4.31 Simulation of the EMA with an ideal DC bus.
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Non-zero impedance of the real bus compared with an ideal voltage source produces a
stabilizing effect on the filter — converter interactions. The following analysis is given for the
whole system configuration for the unstable operating point OP2. Figure 4.32 presents a
comparison of the input filter output impedance obtained with the ideal and real busses, and the
closed-loop input impedance of the converter. The figure shows that the filter output impedance
with the real bus has lower peaking at its resonant frequency than with the ideal bus, although the
system is still unstable at this operating point. The corresponding Nyquist plots are shown in
Figure 4.33. Since there are more than one interface in this example where instability can occur,
the system may already be unstable because of instability at another interface. Therefore, open-
loop right-half plane (RHP) poles of the impedance ratio were checked to ensure correct
interpretation of the Nyquist plots. According to Nyquist stability criterion, the number of

closed-loop RHP poles, which determine the closed-loop system stability, is equal to

Z=N+P, (4.10)

where Z — number of closed-loop RHP poles,
N — number of clockwise encirclements in the Nyquist plot,

P — number of open-loop RHP poles.

Both impedance ratios plotted in Figure 4.33 have no open-loop RHP poles and produce two
encirclements, which give two closed-loop RHP poles for both cases. This result means
instability for both ideal and real DC bus. It is seen that it should be easier to achieve stability

with the real bus by making adjustments in the system.

Instability may also occur on the DC bus as a result of interactions between the boost
rectifier and the EMA. Figure 4.34 shows the boost rectifier output impedance and the EMA
input impedance transfer functions. The boost rectifier output impedance transfer function has
already been discussed earlier. The EMA input impedance appears as the converter input
impedance modified by the input filter. It can be observed that at low frequencies the EMA
input impedance is formed by negative input resistance of the converter. The EMA input
impedance is changed significantly by the input filter at frequencies near and above its resonant
frequency. Instability is possible if the EMA input impedance magnitude is lower than the boost

rectifier output impedance over a certain frequency range provided that the phases of these
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Figure4.36 Simulation of the EMA with real DC bus.

transfer functions have 180 degrees difference within thisrange. The Nyquist plot in Figure 4.35

shows that this does not happen in this case. However, it was found that the impedance ratio at

thisinterface hastwo RHP poles. Since there are no encirclements on the plot, there are two

closed-loop RHP poles. They show that the system is unstable at thisinterface. The instability

at the input filter — converter interface creates instability of the whole system, which is confirmed
by the analysis above. It can be observed by comparing the converter input impedance in Figure
4.32 and the boost rectifier output impedance in Figure 4.34 that the converter connected directly

to the DC bus would not cause any stability problems in the PDS. It is the input filter that causes

possible instability both on the DC bus and between itself and the converter.
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Figure 4.36 shows simulation results of the EMA with the real bus during period 1.
Compared with Figure 4.31, the input filter — converter oscillations are significantly reduced,

which is in agreement with the stability analysis based on Figures 4.32 and 4.33.

As a further example of using the modeling and analysis tools for stability analysis of the
PDS, a filter with different damping is considered. The damping resisRanieghe input filter
was increased to 0.65Q in order to achieve stability at operating point OP2. The resulting
transfer functions and Nyquist plots are shown in Figures 4.37 and 4.38. The system with the
ideal bus is still unstable, but with the real bus is already stable. There are no encirclements and
no RHP poles for the impedance ratio with the real bus. This is an indication of stability. The

simulation in Figure 4.41 confirms that the system is stable during the whole period 1.

Analysis of the DC bus stability fé, = 0.65Q is performed based on Figures 4.39 and
4.40. The Nyquist plot shows two counterclockwise encirclements; the impedance ratio has two

RHP poles. Therefore, the number of closed-loop RHP poles for this interface is

Z=N+P=-2+2=0, (4.11)

which indicates that the system is stable. This result is in full compliance with simulation results
in Figure 4.41 as mentioned above. Simulation results of the system during the whole operating
cycle presented in Figure 4.42 show that the systemRyith0.65Q is stable during periods 2

and 3 as well.
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Figure4.37 Input filter and converter transfer functions with Ry, = 0.65C.

Figure 4.38 Nyquist plotsfor the input filter and converter interaction with Ry = 0.65€).
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The examples of stability analysis of the PDS with constant power |load and the EMA
presented in this chapter show that the modeling and analysis tools developed in this research are

very effective for stability analysis of complex nonlinear systems.
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Chapter 5

Analysis of Bidirectional Power Flow in a DC Power
Distribution System

5.1 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 istypical 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
unlessthis 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 MIL-
STD-704E [8]. 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 comesin short transient spikes of high power. Presently, there are severa
possible ways to deal with regenerative energy in the system:

» dissipateit in resistors connected to the bus at the time of regeneration,
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» letit go back to the engine by using the generator and three-phase-to-dc power converter in
regenerative mode,

» uselarge capacitorsin order to store the regenerative energy either in the DC bus, or in the
regenerating subsystem,

» useaDC bus conditioner (a power converter that stores the extra energy from the busin 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.

5.2 System Configuration for Bidirectional Power Flow Analysis

The system configuration shown in Figure 5.1 was used to study the effects of additional
capacitors on the DC bus power quality and the system efficiency under bidirectional power flow
conditions. 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 5.2 (operation without the wind load) and
Figure 5.3 (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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Figure5.1 System configuration for bidirectional power flow analysis.

Figures 5.2 and 5.3 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 occur 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 aresult, voltage disturbances on the DC bus. Regenerative energy flow always occursin 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. Inthiscase, the
wind energy is converted into electrical energy. Thisenergy 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 al times. The actuator regenerative
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Figure 5.2 System operation without the wind load.

power is completely consumed by the resistive |oad, thus merely decreasing the power drawn
from the boost rectifier. If the peak actuator regenerative power exceeds the load power
reguirement, the excessive power will be transformed back to the generator by the boost rectifier.
This caseis shown in Figures 5.2 and 5.3, where the load draws 1kW power from the DC bus. If

the rectifier does not possess bidirectiona energy flow capability, the excessive amount of
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Figure 5.3 System operation with the wind load.

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’'stotal 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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5.3 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 £AV. "Transients' are considered as a series of spikes. We
define the "settling time of the transients” as atime interval during which the series of spikes
occurs provided that the spikesin the series are separated by time intervals no more than an
allowable time At. Thisconcept isillustrated in Figure 5.4. The following values for these

parameters were assumed:

AV =2V,
At =0.001s.

Figure 5.4 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 5.1), the complete energy flow analysis was performed. Energy flow

in the system is described in terms of energy flow at subsystems boundaries (Figure 5.5). Energy
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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 5.5 Bidirectiona energy flow in the system.

The definitions used for energy flow analysisin the system are given below.

Mechanical power supplied by the engine to the generator:

Pgm = Py + Py, (5.1

where Py — power transferred from the generator to the boost rectifier,

Py — total power losses in the generator.

Power supplied by the generator to the boost rectifier:

Pg=1.5 Vga lga+ Vgq lga), (5.2)

where Vg4, Vgq — generator output voltagesdq coordinates,

I |gg — gENETator output currentsdg 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

103



for calculating mechanical power supplied by the engine to the generator because no engine

simulation is involved.

Losses in phase resistances:

Pgs= 1.5 (lgs” + lgg) Rs,

where |gq, lgq — phase currents oig coordinates,

Rs — resistance per phase in the equivalent circuit.

Losses in the damper winding:

Pgk =1.5 (ki” Rt + lkg” Reg),

where lyq, lig — damper winding currents du coordinates,

R, Rq — damper winding resistancesda coordinates.

Losses in the field winding:

_2
Pyt = ltd” Rea,

where lgg — field winding current referenced to the stator,

Rq— field winding resistance referenced to the stator.

Total generator losses:

Pg =2 Pgs+ Pgk + Pg).

Power transferred from the boost rectifier to the load:

Pous = Vbus lous:

where Vs — DC bus voltage,

l,us— DC bus current.

Power transferred from the load to the input filter:

Psi = Vibus (lbus— |Ioad),
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where li0aq — l0ad current.

Power transferred from the input filter to the EMA:

Pact = Vact lact, (5.9)

where Vg, la — Input voltage and current of the EMA, respectively.

Power transferred from the actuator to the air:

Puwind = Hm @, (5.10)

where H,, — external moment from the air flow,

wyr — 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 5.5, 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 = Wymp — Wom, (5.11)

where Wynp — positive energy, coming from the engine,

Wym — Negative (regenerative) energy, going back to the engine from the generator.

Energy balance for the generator, equal to the total losses in the generator:

Woen = (Wamp — Worm) — (Wgp — W), (5.12)
where Wy, — positive energy, transferred from the generator to the boost rectifier,

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

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

Whrec = (Wgp — Wgn) — (Whusp — Whusn), (5.13)
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where Whusp — positive energy, transferred from the boost rectifier to the bus,

Whush — Negative (regenerative) energy, going back to the boost rectifier from the bus.

Energy balance for the resistive load:

Wicad = (Whusp — Wousn) — (Whip — Whn), (5.14)

where Wi, — positive energy, transferred from the bus to the input filter,

Wi, — negative (regenerative) energy, going back from the input filter to the bus.

Energy balance for the input filter, equal to its losses:

Wige = (\Nﬁp - Win) — (Wactp— Waen), (5.15)

where Waep — positive energy, transferred from the input filter to the EMA,

Waen — Negative (regenerative) energy, going back from the EMA to the input filter.

Energy balance for the EMA, equal to its losses:

Waetr = (Wactp — Waetn) — (Wi ndp — Winan), (5.16)

where Wiindgp — positive energy, transferred from the EMA to the air,

Wiinan — 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:

Wivnd = Waindp — Whindn- (5.17)
Once the losses in the subsystems are calculated, the overall system efficiency is obtained as

,7 — ngp - (\Ngen +Wbrec +VVifIt +Wactr)
W .

gmp

(5.18)

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 engineis
considered to be usefully spent.
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5.4 Effect of the Input Filter Capacitor on the System Characteristics
under Bidirectional Power Flow Conditions

At thefirst 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 5.2 and 5.3 show the system operation with the lowest value of the capacitance,
equal to 63uF. Figures 5.6 and 5.7 show the system waveforms for a capacitance value of 63mF,
which isthree 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. The results of parametric sweep analysis of voltage
disturbances caused by regenerative power flow are shown in Figures 5.8 and 5.9. Figure 5.8
shows the voltage spike magnitude vs. the input filter capacitance. Both positive (above 270V)
and negative (below 270V) spikes reduce their magnitude almost to zero when the capacitance
becomes extremely large. Figure 5.9 shows settling time of these disturbances vs. input filter
capacitance. 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 asit is seen from Figure 5.8. 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.
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Figure 5.6 System operation without the wind load; Ci; = 63mF.

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 results are
illustrated in Figures 5.10 and 5.11 for operation without and with the wind load, respectively.
The figures show 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
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Figure5.7 System operation with the wind load; Ci; = 63mF.

total energy drawn by the system. It is seen that thereisaglobal 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 decreasesto zero for operation without the wind
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load. In the case with the wind load, the amount of regenerative energy is much higher as seen
from Figure 5.11. Thisenergy cannot be fully absorbed by the capacitor; however, itsamount 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.

Figure 5.12 shows energy balance for subsystems. For the generator, the boost rectifier,
the input filter, and the actuator the energy bal ance 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. Figure 5.13 shows the losses that constitute the total
generator losses. 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
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in the damper winding experience an increase in the middle of the capacitance range. Itis
known that the damper winding does not carry current in steady-state operation of the generator.
The purpose of the damper winding isto 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 isinthe 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 lossesin Figure 5.12 have an increase in the
middle of therange. Thisincrease in losses produces an increase in energy drawn from the
engine, as shown in Figures 5.10 and 5.11, and a corresponding decrease in the overall system
efficiency.

The overall system efficiency is plotted in Figure 5.14. The variation of the efficiency as

a function of the input filter capacitance is very small — within 1% of the initial value. The
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Figure5.14 Overal efficiency of the system with (A) and without (o) the wind load.

increase in the generator losses produces a decrease in the efficiency for operation both with and
without the wind load. At the same time, aglobal 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
thewind load. The results show that there is no advantage in using large capacitorsin the input
filter in order to improve the overal system efficiency, although the DC bus power quality can

be improved.
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5.5 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 aswell. Figures 5.15 and 5.16 show
waveforms of the system operating without and with the wind load, respectively, with the boost
rectifier output capacitance Cy, increased to 350mF. Compared with waveforms of the system
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Figure5.15 System operation without the wind load; Cy,, = 350mF.
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Figure5.16 System operation with the wind load; Cy,;, = 350mF.

with anominal set of parameters (Figures 5.2 and 5.3), 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 effect isillustrated in Figures
5.17 and 5.18, which show the voltage spikes magnitude and settling time of the transients. The
figures show the same type of dependence as observed in Figures 5.8 and 5.9 for the case with
variation of the input filter capacitance. It is noticeable that the magnitude curvein Figure 5.17
goes down steeper than in Figure 5.8. Thisis because the boost rectifier capacitor is connected

directly to the bus, without an intermediate inductor asin case of the input filter capacitor.
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The energy flow analysis yields the results very similar to the case with variation of the
input filter capacitance. Figures5.19 and 5.20 are similar to the corresponding Figures 5.10 and
5.11, athough the rise in power consumption in the middle of the capacitance range is more
prominent. It isseen from comparing Figures 5.13 and 5.22 that losses in the damper winding in
the latter case rise many more times over the initial value than in the former. A comparison of
Figures 5.6 and 5.7 with the corresponding Figures 5.15 and 5.16 show that 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 alarge boost rectifier
capacitor is used, increase rms values of voltages and currentsin 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 seen in Figures 5.21 and 5.22. Asaresult, the overall
efficiency curvesin Figure 5.23 experience a decrease in the middle of the capacitance range as

much as three times larger than the corresponding curvesin Figure 5.14. The drop in efficiency
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Figure5.23 Overal efficiency of the system with (A) and without (o) the wind load.

isup 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. Thisis especially noticeable in case of using alarge boost rectifier capacitor,
which creates long, poorly damped, low-frequency oscillations on the bus. For thisreason, itis
better to use alarger input filter capacitor than the boost rectifier capacitor in order to reduce the

magnitude of voltage spikes on the DC bus.
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Chapter 6

Conclusions

Thiswork presents modeling and analysis of atypical DC power distribution systemin a
21% century 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 areduced 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, a switched-
reluctance starter/generator, DC-DC converters, electromechanical and electrohydrostatic

actuators, and different types of the DC bus |oads.

The modeling tools were used to investigate different stability issuesin 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. Thisinstability resultsin
oscillations of the DC bus voltage and current, which exceed the allowable limits set by MIL-
STD-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
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on regular stability analysistools. It was shown that a potential for instability in the PDS exists

under both direct and regenerative power flow conditions.

A detailed stability analysis of the PDS with an el ectromechanical actuator was
performed. The actuator’s operating cycle was analyzed in order to identify the parts of the
cycle with a potential for instability. It was found that the most prone to instability parts of the
cycle are those where the EMA draws the maximum power from the DC bus. At these moments,
unstable interactions between the EMA input filter and the converter may develop. It was shown
that this instability can be eliminated by choosing an appropriate input filter design. The analysis
demonstrated that the converter of the EMA operates as a constant power load with negative
small-signal input resistance in the motoring mode and as a constant power source with positive
small-signal input resistance in the regenerative mode. There is no potential for unstable
interactions between the converter and the input filter of the EMA in the regenerative mode of

operation.

The EMA converter input impedance as it appears on the DC bus is modified by the input
filter, which may lead to unstable interactions between the EMA and the boost rectifier. The
analysis showed that there is no instability between the boost rectifier and the EMA with small
DC bus loads even when there are unstable interactions within the EMA. However, there is a
potential for instability caused by the EMA when there are large loads on the bus, as follows
from the DC bus stability diagram.

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.
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The analysis showed that large capacitors do not provide any energy savingsin 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:
» distribution of losses in the system is frequency-dependent and determined by all dynamic

(filtering) components;
» additional capacitors at different places of the system not only redirect the transient energy

flow, but also change the spectral characteristics of the disturbance.

As aresult, 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.
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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 Rs Ohm 0.09113
Rotor speed w rad/s 376.99
Armature phase leakage inductance Lis H 0.9e-3
D axis coupling inductance Lmg H 43e-3
Q axis coupling inductance Lmg H 21e-3
Field winding resistance (reflected to stator) R Ohm 0.018
Field winding leakage inductance (refl. to stator) Litg H 3.4e3
D axis damper winding resistance (refl. to stator) Rud Ohm 0.08
Q axis damper winding resistance (refl. to stator) Rq Ohm 0.08
D axis damper winding leakage inductance Likd H 0.16e-3
(reflected to stator)
Q axis damper winding leakage inductance Likg H 0.35e-3
(reflected to stator)
Additional resistance Ra Ohm 1e5
Field voltage (reflected to stator) Vig \% 1
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Table A.2 Three-phase boost rectifier parameters.

Parameter Symbol Unit Nominal value
One-phase inductance L H 18e-6
Output capacitance C F 350e-6
Output capacitor ESR Rc Ohm 0.01
Current feedback loops gain Kag - 0.0126
Voltage loop proportional gain Kvp - 1
Voltage loop integral gain K - 3300
Output voltage reference Vo(ref) \ 270
Table A.3 DC bus cable parameters.
Parameter Symbol Unit Nominal value
Resistance per foot R Ohm/ft 1.13e-3
Inductance per foot L H/ft le-9
Capacitance per foot C F/ft le-12
Capacitance ESR per foot Rec Ohm/ft negligible
Cable length for Inboard Spoilers (EMA) Lema ft 10
Cable length for Elevators (EHA) Lena ft 40
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Table A.4 EMA input filter parameters.

Parameter Symbol Unit Nominal value
Inductance Li H le-5
Inductor ESR Ri Ohm 0.1
Capacitance Ci F le-3
Capacitor ESR Rei 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 05
Back emf constant Ke V/(rad/s) 0.129
Torgue constant Kt in-1b/A 1.141
Motor group inertia I in-Ib-s? 2.43e-4
Motor group damping Bm in-lb-s 3.125e-4
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Table A.6 Actuator mechanical linkage parameters.

Parameter Symbol Unit Nominal value
Motor to Actuator gear ratio N rad/in 249.611
Actuator stiffness Kact Ibf/in 9.0e5
Piston mass Mp lbf-s’/in 5.43e-3
Piston damping Bp Ibf-s/in 15
Surface load inertia Jaur in-lb-s* 36.2
Surface load damping Baur in-1b-s 1702
Horn radius h in 4.9
Horn stiffness Ki in-1b/rad 1.0e6
Structure stiffness Ky in-1b/rad 5.0e5
Gear efficiency Nmech - 0.85

Table A.7 EMA feedback controller parameters.

Parameter Symbol Unit Nominal value
Motor current limit - A 19.3
Position forward gain Ko VIV 76
Velocity command limit Wim \% +/-6.8
Velocity forward gain Ky VIV 122.5
Position feedback gain Hp Viin 1.6
Velocity feedback gain Hy V/(rad/s) 3.82e-3
Current feedback gain Hi VIA 0.25
Current forward gain Ki VIA 30
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Appendix B

MATLAB Function for DQ-to-ABC Transformation

function [abc] = dg2abc(dg,w,t)
YDQRABC DQ-to-ABC transformation.
% [ABC] = DQRABC(DQ WT) perfornms DQto-ABC transformation for

% a bal anced t hree-phase system as fol |l ows:

%

% [cos wt -sin w |

% [ABC] = [cos (WM-2pi/3) -sin (w-2pi/3)] [D]Q,

% [cos (WM +2pi/3) -sin (wt+2pi/3)]

%

% where T - tinme vector, W- angular frequency,

% DQ - two-colum matrix of a variable values in DQ coordinates,
% ABC - three-colum matrix of correspondi ng values in ABC

% coordi nates. The nunmber of rows of DQ and ABC nust be equal to

% LENGTH( X) .
%
% See al so ABC2DQ

% K P. Louganski 1-05-98
% VPEC, Virginia Tech

error(nargchk(3, 3,nargin));

W =wrt
phi =2*pi / 3;

abc(:,1)=dq(:,1).*cos(wt)-dq(:,2).*sin(w);

abc(:,2)=dq(:,1).*cos(w-phi)-dq(:,2).*sin(w-phi);
abc(:,3)=dq(:,1).*cos(w +phi)-dq(:, 2).*sin(w +phi);

This function was developed for conversion of simulation results produced in dq
coordinates into three-phase abc coordinates. It may be used with variable-step integration
routines. The time vector t must be saved during the simulation along with the two-column

matrix of the time history of the variable of interest in dq coordinates. After the simulation, an
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auxiliary equally spaced vector x spanning the range of t is created. The vector x should have a
sufficient number of elements in order to accommodate the most rapid changes of the abc
components. The two-column dq matrix is then converted into a three-column abc matrix by
applying the “dg2abc” function to tide values interpolated along An example below

illustrates usage of the function for plottidg simulation results iabc reference frame.

% t - time vector obtained from simulation,
% V_dq — two-column matrix of a variable in DQ coordinates

x=[0:0.001*max(t):max(t)]’;

figure
V_abc=dqg2abc(interpl(t,V_dq,x),w,x);
plot(x,V_abc)
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Appendix C

State-Space M odel 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;

Eau 0 a; 0 ag0x B
0 a 0 a O %2 0
E% 0 a; 0 ag %ka % (C1)
@41 0 a3 0 a5 Dlj(4 U
H0 a, 0 a, OHk 5

where the auxiliary variables are

_diy

Xl_T 3y, = —(Lis + L)

_dia o
X2 = dt a5 = Loy

—dii bl = _Raid +(Ra + Rs)lsd _a)(LIs + Lmq)lsq +aj-mqikq
°odt

:% ay, = (L +Lyy)
4 at a,, = Lmq

di . . . . .

X5=% b, =Ry + (R, + R)ig + Ly + Ly )ig — byl gq — gl
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83 = Ly a, =L

as;, =-L
Ay = Ly A = Ly * Loy a;—Lmq+L
Ay = Ly + Loy a, = L4 b éiq' ™
: . =—R i
by, =V — Ryl b, =Ryl ° ala

Solving the equation (C.1) 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 = Al [B, (C2
where
Dﬁ% Ean 0 a, O 3155 ml%
%25 0 @& 0 a, 0f g’zm
X=0k0O A= 0 0 ul B=0b.0
|:|3|:| %31 a33 a35|:| %SD
B(4D 5341 0 Ay 0 a45D 4[]
Hs 5 HO a, 0 a, OF Hb:H
It can be seen that
0O O R +R [ O (L + L) O 0Oo0 O %«Lm% 00 O
O 0 0 O 0 O 0 0
%’ZD l+l)g g R*R 0 Fémy 000 gwn
b,0=0 o0 Odgy+0 0 M, +0 0 Oi,+00 O, +0-R, O, +
%)D O O 0 O O O 0, C 0 0
,o0oog O 0 0 0 O 0-Re O oY O o0 g
BHH 0 H H 0 H H o H HRqH Ho H
FRO 000 O Disdg
O~ 0 OglO O :
0% 0 oRp 0 a0 He b
00 I, +00 I, + A0V, =B, 0,0+ B, CH,
O.0° 0.0 O 090
0o 0o0p O O 0 HwH
HoH HoH HH Hw H

(C.3)
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where

b, b, 0 b, 0O b, O 00
By b, by O byp 0 b, o0f
B=00 0 0 0 b B,=00 0 byl
0 0 b, O OB Eo 0 OB
HO o0 0 b, Of HO 0 O0FfH

b, =b, =R, +R;
b, = (L +Ly)
b12 :_w(LIs+Lmq)

From equations (C.2) and (C.3) it is seen that

Oy O Ol S [l S
[l . i
q %Sq 0 %Sq 0 L, E %Sq 0 L E
C G, 0= AT (B, [, 0+ A (B, (H, 0= A, 0, 0+B, [, 5 (C4)
a0 0O 0 O 0 O
Mo O Ca O B’fd B Ma O B’fd B
H H H H Hi H

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.

134



OOooom
o

Dg
D_H__H__W__._H__H__H__H_

B B 2 g 2
i o s el e
(=2

o o o e o o |
ooodoom

0 0 0 1H

Ra O 4 O O o o
OOOO0OO0O0O0O0OC
Il
OOO0OOO0O0O0O0O00O0O4d

T g

s o B g % z
e e e i

135



Appendix D

MATLAB Code for Stability Analysis of the DC Power
Distribution System

D.1 Simulink Models for Stability Analysis of the PDS

S Crmm
Ibus : _‘[

L +
I_nr
lad  Vadg >Va ' = e Vo

lo.dq L il —= NR Load
o o]
I dref Vo L —e{0]
Out 5 — » lema
3 ph. Boost Rect. - +le—] '_
&H—i L a0 ]
In4 Vbus —

; Tex
lin »|vm Im L Forcel >HM  Force

J “
v bfrec  wml- e sk Thea
Xact

;vl:llll\;lbn doge DC M otor EM actuaior Surface Dy namics Deflection
conv. v 3.0- 2002198 v21-4115/98

for motor drives
v 3.0 - 7/16/98-

A\ 4

Input filter
RL-RC ol

EMA controller
v 3.1-7/16/98- Surface Deflection
Command

Figure D.1 Simulink model for linearization of the PDS.
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lg dg
lg.dq Vg dg »(Vg_dq S
Vo / H
- —»|lo SDer — I
simple 1 Preg270
ACgn.inDQ 3 ph. Boost Rect.
+¢— H EMA » [ Tema
270 | 0]
D E— -
— IV
=N
: . Tex H
»|Vin tn vin tin »|Vm m Forcel M
Xa
Vo lo Wm — Thet »| thea
Xact h
(o SDer — D Vo PTeX  gper »|wm Xa  gper| =) SJrfa?e
SDer H Deflection
Input filter Full-bridge DC Motor EM actuator Surface Dynamics
RL-RC f PWM ?V, v3.0- 202/98 v 2.1-4/15/98
or motor drives :
v 30- 7/16/98- | ]
Im > Mux _p(gDer am
o wm P -
Xact Sop Smulation
Xact_ref
) |_<—-M ODE
EMA controller
v 3.1- 7/16/98- — H EMA D
,,_4_@ Surface Deflection Command

Figure D.2 Simulink model for simulation of the PDS.
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D.2 MATLAB Files for Stability Analysis of the PDS

“analsys.m” — master m-file for analysis

% DC Power Distribution System anal ysis and sinul ation
% Stability Analysis

% Requi red suppl ementary files:

% sysg. mdl - Simulink nodel for sinulation

% sysg_lin.ndl - Simulink nodel for linearization

% emaparam m - EMA & DC notor paranmeter mfile

% pl ot si mul - mfile for plotting the sinmulation results

% oper poi nt - mfile for preparing oper. point info for 'linmd conmmand

% SYSTEM PARAMETERS
%

% Si mpl e generator in DQ

Eg_d = 200;

Eg_gq = 0;

Rg = 0.01; % one phase resistance
w = 2*pi *60; % Cener ator frequency

% Thr ee-phase - to - DC bidirectional converter

Vrref = 270;

Lbr = 18e-06;

Cor = 350e-06; % Qut put filter Capacitance

Rebr = 0.01; % Qut put cap. ESR

fs = 20e3; % swi t chi ng frequency

Kdg = 0.5*3*Lbr*2*pi *fs/ Vrref;

Kpbr = 1 % Conpensator - proportional gain
Ki br = 3000; % Conmpensator - integral gain
lgref = 0; %

986 RESI STI VE (positive) LOAD %k

Po = 160e3; % nom nal output power (resistive |oad)
R d = Vrref~2/ Po;

%% NEGATI VE RESI STANCE ( CONSTANT POVWER) LQOAD %%
Pnr = 200e3; % 200kW const. power |load (R = -Vbus™2/Pnr)

%% EMA | NPUT FI LTER %%

Li = 300e-6;
G = 25e-6;
Ri = 0.22;
Rci = 0.01;

% EMA paraneters

emapar am % EMA & DC notor paraneters mfile
Preg = 80e3; % current source |oad

% Si mul ati on paraneters

decim= 1; % out put to workspace deci mation

dur = 25e-1;

% TYPE OF ANALYSI S: MCDE = 1 - time-donain sinulation

% 2 - obtaining an equilibrium point by simnulation
% 3 - linearization
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si m_nodel
I'i n_nodel

'sysg’; % Si mul i nk nmodel for simulation
"sysg_lin'; % Si mul i nk nmodel for l|inearization

format conpact
9B0000088000008080080008880 ANALYSI S SPECI FI CATI ONS  %88888488880888888088880

eg_file = 'sysg001_022_eq01’; %".MAT" file for saving an equilibr.
MODE =3

LCAD =0 %0/1 - off/on

NRLOAD = 0

EMA =1 %0/1 - off/on

id_bus =0 %0/1 - real bus/ideal bus (270V)

% Swi t ches work only for linearization:

cl oop = 0; % 0/1 - open/closed BR Vo feedback | oop
bus_con = 0; % 0/1 - disconnected/ connected |bus and BR lo
act _con = 0; % 0/ 1 - disconnected/connected lact and IF lo
cl _em = 0; % 0/1 - open/closed EMA control | oop

ema_opl2 =1, % EMA current | oop

ema_op3 =0 % EMA speed | oop

if MODE == 2, dur=0.5005;

I NP=i nput (* Proceed with anal ysis? ("y"=yes) ',’s’);
if INP~="y &INP ~="Y

error(’ OK Paraneters |oaded.’)

end

swi tch MODE

case {1, 2} % S| MULATI ON

% Si mul ati on options
set _paran(si m nodel ,’ SaveFi nal State’,’ on’);
set _paran{si m nodel ,’ Final StateNane’,’ xFinal’);
optionsl = sinset(’ Solver’,’ odel5s’,’ Rel Tol’, 1le-5," AbsTol’, 1le-7);
[t] = sin(simnodel,dur,optionsl);

if MODE == 2 % EQUI LI BRI UM PO NT

% Save the order of states in the Sinulink nodel:
[sizes,xinit,xstring] = eval (si mnodel);
storder = char(xstring);
[nrows, ncol s] = size(storder);

st_ord = storder(:,|ength(si mnodel)+1:ncols);

% Save the equilibriumpoint (states and inputs)

st _vect = xFinal’;

lact_0 = lact(length(t));

Vact _0 = Vact(length(t));

DO = D(length(t));

Vbus_0 = Vbus(length(t));

Ibus_0 = Ibus(length(t));

Idref _O0 = Idref(length(t));

save (eq_file, 'simnodel’, "dur’, 'st_ord, 'st_vect’, '*_0")
end %end of 'if MODE == 2' statenent

% Plotting the time history

pl ot si mul %run mfile for plotting the simulation results
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% Obtai ning the state vector and input vector for |inearization

oper poi nt %calling mfile
w = | ogspace(-1,7,8%400); % frequency range for plotting t.f.
% Set the input vector according to the "lin_nodel":

% Vbus nust be connected to BR Vo
% Set to zero dc values of the inputs supplied fromother parts of the system

if cl_ema ==1, DO = 0; end % don’t care
Vbus = O; % i nportant!
if bus_con == 1, lbus_0 = 0; end % i nportant!
if cloop == 1, ldref_0 = 0; end % don’t care

% Obtaining a |inearized nodel :

input_vect = [lact_0O Vact_O D O Vbus_O Ibus_O Idref_0]";

[Af2,Bf2,Cf2,Df2] = linnod(lin_nodel,st_vectl,input_vect);
system = ss(Af2, Bf 2, Cf 2, Df 2) ;

if EMA == 0, % nodel i ng scenario w o EMA

if cloop == 0, % open | oop (BR feedback)

if bus_con == 0, % | bus di sconnect ed
Yi _bus = systen(4,4); [numden] = tfdata(Yi_bus);
Zi _bus = tf(den, num; %80 Zi of the bus looking fromBR (incl. EMA and all connected | oads)
vo_idref = system(5, 6); %8 BR vo/idref t.f. (current |oad) %8

Tbr = vo_idref*tf([Kpbr Kibr],[1 0]); 9%®6BR Loop Gain t.f. (current |oad)%86
figure

[ magn, phas] = bode(vo_idref,w);

magdb=w; magdb(:)=20*1 0og10(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);

[ magn, phas] = bode( Tbr, w);

magdbl=w; magdbl(:)=20*10g10(magn(1,1,:)); phasel=w,; phasel(:)=phas(1,1,:);
subpl ot (211)

sem | ogx(wv, magdb, ' -’ , w, magdbl,’--"); grid on

yl abel (' Magnitude (dB)’); title(’BR vo/idref t.f. (-), BR Loop Gain t.f. (--) (current load)’);
subpl ot (212)

sem | ogx(wv, phase, ' -’ , w, phasel,’--"); grid on

yl abel (" Phase (deg)’); xlabel ("' Frequency (rad/sec)’)

Zo_ol = -system5,5); %86 BR out put inpedance w current |oad (open | oop)
Zo_br = Zo_ol/(1+Tbr); %86 C . Loop BR Qutput Inped. (analytically)
figure

[ magn, phas] = bode(Zi _bus,w); 9% Zi _bus obtained with bus_con=0 %%

magdb=wv; magdb(:)=20*1 0og10(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);

[ magn, phas] = bode(Zo_br,w);

magdbl=w; magdbl(:)=20*|10gl0(magn(1,1,:)); phasel=w; phasel(:)=phas(1,1,:);
subpl ot (211)

sem | ogx(w, magdb, ' -’ , w, magdbl,’--"); grid on

yl abel (" Magnitude (dB)’'); title(’ Bus (Loads only) Z (-), BR Cosed Loop Zo (--)’);
subpl ot (212)

sem | ogx(w, phase,’ -’ ,w, phasel,’--"); grid on

yl abel (" Phase (deg)’); xlabel (' Frequency (rad/sec)’)

figure %86 Nyqui st Pl ot of the |npedance Ratio %86
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nyqui st (Zo_br/Zi _bus,w); grid

title(’BR -- Inmpedance Ratio Tl = Zo br / Zi bus’);
el se % | bus connected
% Currently nothing is specified here
end %end 'if bus_con’
el se % cl osed | oop (BR feedback)
if bus_con == 0, % bus di sconnect ed
Yi _bus = systen(4,4); [numden] = tfdata(Yi_bus); % he same as w open | oop
Zi _bus = tf(den, num; %86 Zi of the bus looking fromBR (incl. EMA and all connected | oads)
Zo_br = -systen(5,5); %80 BR out put i npedance w current |oad (closed |oop)
figure

[ magn, phas] = bode(Zi _bus, w);

magdb=w; magdb(:)=20*1 0g10(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);

[ magn, phas] = bode(Zo_br, w);

magdbl=w; magdbl(:)=20*10gl0(magn(1,1,:)); phasel=w; phasel(:)=phas(1,1,:);
subpl ot (211)

sem | ogx(w, magdb, ' -’ , w, magdbl,’--"); grid on

yl abel (" Magnitude (dB)’); title(’ Bus (Loads only) Z (-), BR Cosed Loop Zo (--)');
subpl ot (212)

sem | ogx(wv, phase,’ -’ ,w, phasel,’--"); grid on

yl abel (' Phase (deg)’); xlabel (' Frequency (rad/sec)’)

figure %86 Nyqui st Pl ot of the |npedance Ratio %86
nyqui st (Zo_br/Zi _bus,w); grid
title(’BR -- Inmpedance Ratio Tl = Zo br / Zi bus’);
el se % | bus connected
% Currently nothing is specified here
end %end 'if bus_con’
end %end 'if cloop’
end %end 'if EMA == 0’

if EMA == 1, % nodel i ng scenario with EMA

if id_bus==0, bus_con=1; cloop=1; end%f real bus, close all BR swtches
Zo_if = -systen(1,1); %80 | F Zo; 'mnus’ to get positive inpedance

Yi _ema = systen(2,2); [numden] = tfdata(Yi_em);

Zi _ema = tf(den, num; 9B EMA Zi (W o input filter)

figure %WBo Filter Zo and Actuator Zin t.f. %8

[ magn, phas] = bode(Zzi _ema, w);
magdb=w; magdb(:)=20*1 0g10(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);
[ magn, phas] = bode(Zo_if, w);
magdbl=w; magdbl(:)=20*10g10(magn(1,1,:)); phasel=w,; phasel(:)=phas(1,1,:);
subpl ot (211)
sem | ogx(wv, magdb, ' -’ , w, magdbl,’--"); grid on
yl abel (* Magni tude (dB)’);
if cl_ema==0, title('Filter Z o and Actuator Z_ i_n (Open Loop)’);
else title("’Filter Z o and Actuator Z_i_n (d osed Loop)’);

end

subpl ot (212)

sem | ogx(w, phase,’ -’ , w, phasel+360,'--"); grid on

yl abel (" Phase (deg)’); xlabel ("' Frequency (rad/sec)’)

if cl_em == 0,
T = system(3, 3); %86 EMA Control -to-Duty Cycle (-Loop gain) t.f. %®
figure

[ magn, phas] = bode(T, w);

magdb=wv; magdb(:)=20*1 0g10(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);
subpl ot (211)

sem | ogx(wv, magdb,’-"); grid on

yl abel (" Magnitude (dB)’'); title(' Control-to-Duty Cycle t.f.");

subpl ot (212)

sem | ogx(wv, phase,’-"); grid on

yl abel (" Phase (deg)’); xlabel ("' Frequency (rad/sec)’)
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Av_if = system(1,4); %IF forward voltage (reverse current) t.f.
figure %86 | F Forward Vol tage t.f. (unloaded) %&b
[ magn, phas] = bode(Av_if, w);

magdb=wv; nagdb(:)=20*l 0ogl0(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);
wsw = 2*pi *20e3;

subpl ot (211)

sem | ogx(w, magdb, ' -’ , wsw, i nt er p1(w, magdb, wsw),’'ro’); grid on

yl abel (" Magnitude (dB)’); title(' Forward Voltage t.f.");

subpl ot (212)

sem | ogx(wv, phase,’ -’ , wsw, i nterpl(w, phase,wsw),’'ro’); grid on

yl abel (" Phase (deg)’); xlabel (' Frequency (rad/sec)’)

vo_idref = systen(5, 6); %80 BR vo/idref t.f. %&b
Tbr = vo_idref*tf([Kpbr Kibr],[1 0]); 9%®6BR Loop Gaint.f. %&
figure

[ magn, phas] = bode(vo_idref,w);

magdb=wv; nagdb(:)=20*l 0ogl0(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);

[ magn, phas] = bode( Tbr, w);

magdbl=w; magdbl(:)=20*10g10(magn(1,1,:)); phasel=w,; phasel(:)=phas(1,1,:);
subpl ot (211)

sem | ogx(wv, magdb, ' -’ , w, magdbl,’--"); grid on

yl abel (* Magnitude (dB)’'); title('BR vo/idref t.f. (-), BR Loop Gaint.f. (--)");
subpl ot (212)

sem | ogx(wv, phase, ' -’ , w, phasel,’--"); grid on

yl abel (' Phase (deg)’); xlabel (" Frequency (rad/sec)’)

Yi _bus = systen(4,4); [numden] = tfdata(Yi_bus);
Zi _bus = tf(den, num; % Zi of the bus | ooking fromBR

% (incl. EMA and all connected | oads)
Zo_ol = -systen(5,5); % BR out put inpedance (open | oop)
Zo_br = Zo_ol/(1+Tbr); % d. Loop BR Qutput Inped. (analytically)
figure

[ magn, phas] = bode(Zi _bus, w);

magdb=wv; nagdb(:)=20*| 0gl0(magn(1,1,:)); phase=w,; phase(:)=phas(1,1,:);

[ magn, phas] = bode(Zo_br, w);

magdbl=w; magdbl(:)=20*10g10(magn(1,1,:)); phasel=w,; phasel(:)=phas(1,1,:);

subpl ot (211)

sem | ogx(wv, magdb, ' -’ , w, magdbl,’--"); grid on

yl abel (' Magnitude (dB)'); title(’'Bus (Loads + IF only) Z (-), BR dosed Loop Zo (--)");
subpl ot (212)

sem | ogx(wv, phase, ' -’ , w, phasel,’--"); grid on

yl abel (' Phase (deg)’); xlabel (" Frequency (rad/sec)’)

el se % cl osed | oop
figure
nyqui st(Zo_if/ZzZi _ema,w); grid
title(’EMA -- Inpedance Ratio T1 = Zo if / Zi em’);
end %end 'if cl_em == 0O
end %end "if EMA == 1’
end % end of 'switch MODE operator
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“emaparam.m” — EMA and DC Motor Parameters

% EMA paraneters file (by Lockheed Martin Control Systens)
%
% I nboard Spoil er Surface Paraneters

Kp = 76; % VIV

wWim = 6. 8; % V

Kv = 122.5; % VIV

Hp = 1.6; % V/in

Hv = 0. 00382; % V/ (rad/ sec)
Jm = 2.43e-4; % in-1b-sec”2
Bm = 3. 125e- 4; % in-1b-sec
N = 249.6*pi; %rad/in

Kact = 9eb; % | bf/in

Mp = 5.43e-3; % | bf -sec”2/in
Bp = 15; % | bf -sec/in
Jsur = 36.2; % in-1b-s”2
Bsur = 1702; % in-1b-s

h = 4.9; %in

Kl = le6; % in-1b/rad
Kr = b5eb; % in-1b/rad
% BDC Mot or Paraneters

Ka = 20; % VIV

L = 0. 00045; % H

R = 0.5 % Chns

Kt = 1.141; % i n-1 bf /anp
Ke = 0.129; % V/ (rad/ sec)
Ilim = 19. 3; % Anmp

Hi = 0. 25; % VI A

Nmech = 0. 85;

“plotsimul.m” — Plotting Simulation Results

% Plotting simulation results

% SYSTEM
figure
spmax=4;
subpl ot (spmax, 1, 1)
plot(t,Vbus); grid
yl abel (" Vbus (V)')
title(’ Boost Rectifier and DC Bus’)

subpl ot (spmax, 1, 2)
plot(t,lbus); grid
yl abel ("1 bus (A)")

subpl ot (spmax, 1, 3)
plot(t,D dq,t,D); grid
yl abel ('D dg, D)

subpl ot (spmax, 1, 4)

pl ot (t, Pg/ 1000, t, Vbus. *| bus/ 1000); grid
yl abel (" Pg, Pbus (kW')

x|l abel ("time (sec)’)

zoom

if EMA == 1, % ENVA
figure
spmax=5;
subpl ot (spmax, 1, 1)
plot(t,Vmt,Vact); grid
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yl abel (* Vm Vact (V)')
title(’ El ectromechani cal Actuator’)

subpl ot (spmax, 1, 2)
plot(t,Imt,lbus); grid
ylabel ("I m (A), lbus (A’)

subpl ot (spmax, 1, 3)
plot(t,Vm*In1000); grid
yl abel (" Pm (kW)

subpl ot (spmax, 1, 4)

plot(t,Wny; grid
yl abel (" Wn (rad/s)’)

subpl ot (spmax, 1, 5)
plot(t,theta*180/pi); grid
yl abel (" theta (deg)’)
x| abel ("time (sec)’)
zoom

end %end 'if EMA

“operpoint.m” — obtaining the operating point for linearization
% Obtai ning the state vector and input vector saved in file
% for linearization of the nodel ’'lin_nodel’
clear st_ord st_vect st_vectl *_0
load (eq_file) % | oad equilib. point into the workspace
% otain the order of states in the nodel for |inearization:
[sizes,xinit,xstring] = eval (Iin_nodel);
storder = char(xstring);
[nrows, ncol s] = size(storder);
st_ordl = storder(:,length(lin_nodel)+1:ncols);

% Sort the state variables according to the new order:

for xrowl = 1:nrows,
for xrow = 1:nrows,

if st_ordl(xrowl,:) == st_ord(xrow,:)
st _vect1(xrowl) = st_vect(xrow); break
el sei f xrow == nrows
error("ERROR !'!'l  MODELS OR BLOCK NAMES ARE NOT | DENTI CAL !!!")
end %end of the "if’' statenent
end % end of the 'for xrow statenent
end % end of the 'for xrowl' statenent

st_vectl = st_vectl’;
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Appendix E

MATLAB Codefor Bidirectional Power Flow Analysis
in the DC Power Distribution System

E.1 Simulink Model for Parametric Sweep Analysis of the PDS

0
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Figure E.1 Simulink model for bidirectional power flow analysisin the PDS.
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E.2 MATLAB Files for Parametric Sweep Analysis of the PDS

“sweepsys.m” — Running the Simulation

% Parametric sweep sinulation
% Bi di recti onal Power Flow Analysis

% Requi red suppl ementary files:

% nodel _nane. mdl - Simulink nodel of the system

% sysgen_par.m - synchronous generator parameter mfile
% emaparam m - EMA & DC notor parameter mfile

% spikes.m - simulation results analysis

% syspower.m - power flow analysis

clear all % cl ear the workspace
close all % cl ose all w ndows

% SYSTEM PARAMETERS
%

% Synchr onous Gener at or

syngen_par % gen. paranmeters mfile
Vgr ef =100;

Kgr ef =1000;

% Thr ee-phase - to - DC bidirectional converter

Vm = 200; % i nput vol t age

Vrref = 270;

Lbr = 18e-06;

Ror = 0.2 % BR i nductor ESR in DQ

Cbr = 350e-06; % CQut put filter Capacitance
Rebr = 0.01; % Qut put cap. ESR

fs = 20e3; % swi t ching frequency

Kdg = 0.5*3*Lbr*2*pi *fs/ Vrref;

lqref = 0;

%% | NPUT FI LTER %%

Li = le-5;
Ri =0.1;

C = 63e-6;
Rci = 0.01;

%% RESI STI VE LOAD %%

Rd = 72.9; % 1kW | oad

% EMA paraneters

emapar am % EMA & DC notor paraneters mfile

% PARAMETRI C SWEEP SI MULATI ON
%

% Data for analysis
deltav = 2; % al |l owabl e bus voltage deviation for settling time calc.
Vbref = Vrref;

Vsplmax=[]; Vsplm n=[]; [1
Vsp2max=[]; Vsp2m n=[]; [1
Vsp3max=[]; Vsp3m n=[]; ts3=[]
Vspdmax=[]; Vspdm n=[]; [1

% vol t age spi kes magn. and settling tinme

Wousp=[]; Wousn=[]; buseff=[];
Wdp=[]; Wdn=[]; |oadeff=[];
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Wact p=[]; Wactn=[]; acteff=[];
Worp=[]; Wrn=[]; breff=[];
Wifp=[]; Wifn=[]; cifeff=[];
Wfp=[]; Wfn=[]; ifeff=[];
Webrp=[]; Wbrn=[]; cbreff=[];
WM ndp = []; WM ndn = [];

Wactel =[];
Wactm = [];
Wnp=[]; Wym=[];
VWp=[1; wWn=[];
Wip=[]; Win=[];
Wot=[];

Vgl s=[1; Wl k=[]; Wl f=[]; Wl =[];

% Sweep par anet er

par_name = 'Cbr’; %specify here the paraneter to be swept
beg_val = 350e-06;

end_val = 0.8;

numval = 20;

par_vect = | ogspace(l ogl0(beg_val),lo0gl0(end_val), numval);
par _vect = str2nun(nun@str(par_vect));

Y%l type = 0; % plotting with a |linear x-scale

pltype = 1; % plotting with a logarithmc x-scale

% Si mul ati on paraneters
dur =25e-1;
decim = 1; % out put to workspace deci mation

cycl e_nunmber = 0;

for par_val = par_vect;

cycl e_nunber = cycl e_nunber +1

assi gni n(’ base’, par _nane, par_val);
eval (par_nane)

optionsl = sinset(’ Solver’,’ odel5s’,’ Rel Tol’, le-3,’ AbsTol’, le-4);
si m(’ sysgenlla’, dur, optionsl);

spi kes
syspower 2

% PLOTTI NG THE RESULTS
%

figure

spmax=5;

subpl ot (spmax, 1, 1)
pl ot (t, Vbus)

grid

yl abel (" Vbus (V)')

subpl ot (spmax, 1, 2)

pl ot (t, Vbus. *| bus/ 1000)
grid

yl abel (" Pbus (kW)

subpl ot (spmax, 1, 3)
plot(t,Im

grid

ylabel ("I m (A)")
subpl ot (spmax, 1, 4)
plot(t,theta*180/ pi)
grid

yl abel (" theta (deg)’)

subpl ot (spmax, 1, 5)
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plot(t
grid

, Xar ef )

yl abel (" Xaref (in)’")

x|l abel ("time (sec)’)
zoom on

end

% Saving the data for future use

save brcap20 par_name par_vect cycle_number pltype Vsp* Vbref ts* Wtot Wg* Wbus* Wfi*...
Wact* Wwind*

“syngen_par.m” — Synchronous Generator Parameters

% Synchronous generator paraneter file
% Paranmeters in DQ coordinate frane

Rs
Ll's

Lmd
Lng

Rfd
LIfd

wo

Rkd
Rkq
LI kd
LI kq

cooo

w
Ra
vid

0.09113;
0. 9e- 3;

43e- 3;
2le-3;

. 018;
4e- 3;

08;
08;
. 16e- 3;
35e- 3;

2* pi *60;
le5;
1

% St ate space matrices

Agt np=zer os(5);

Agtmp(1,1)
Agt mp( 1, 3)
Agt mp( 1, 5)
Agtmp(2, 2)
Agtnp(2, 4)
Agt mp( 3, 1)
Agt mp( 3, 3)
Agt np(3, 5)
Agtnp(4, 1)
Agt mp( 4, 3)
Agt mp( 4, 5)
Agt mp(5, 2)
Agt np(5, 4)

-LI's-Lnd;
Lmd;

LI f d+Lnd;
- Lnd;

LI kd+Lnd;
Lmd;

- Lng;

LI kg+Lny;

]

Bgl = zeros(5);

Bgl(1, 1)
Bgl(1, 2)
Bgl(1, 4)
Bgl(2, 1)
Bgl(2, 2)
Bgl(2, 3)
Bgl(2, 5)
Bgl(3, 5)
Bgl(4, 3)
Bgl(5, 4)

Ra+Rs;
-wr (LI s+Lnmg)
weLng;
we (LI s+Lnd);
Ra+Rs;

% ar mat ure phase resistance
% ar mat ure phase | eakage i nductance

% d axi s coupling inductance
% q axi s coupling inductance

% field winding resistance (refl. to stator)
% field w nding | eakage i nductance (refl. to stator)

% d axis danper wi nding resistance (refl. to stator)
% q axi s danper wi nding resistance (refl. to stator)
% d axis danper winding |leak. induct. (refl. to stator)
% q axis danper winding leak. induct. (refl. to stator)

% rotor speed
% addi tional resistance
%field voltage (refl. to stator)

1
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Bg2 = zeros(5, 3);

Bg2(1,1) = -Ra;
Bg2(2,2) = -Ra;
Bg2(3,3) = 1,

Ag = inv(Agtnp)*Bgl;
Bg = i nv(Agtnp)*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;
Dy(2,2) = -Ra;

“‘emaparam.m” — EMA and DC Motor Parameters

% EMA paraneters file (by Lockheed Martin Control Systens)
%
% I nboard Spoil er Surface Paraneters

Kp = 76; % VIV

W im = 6. 8§; % V

Kv = 122.5; % VIV

Hp = 1.6; % V/in

Hv = 0.00382; % V/ (rad/ sec)
Jm = 2.43e-4; % in-1b-sec”2
Bm = 3. 125e-4; % in-1b-sec

N = 249.6*pi ; %rad/in

Kact = 9eb; % | bf/in

Mp = 5.43e-3; % | bf -sec”2/in
Bp = 15; % | bf -sec/in
Jsur = 36.2; % in-1b-s”2
Bsur = 1702; % in-1b-s

h = 4.9; %in

Kl = le6; % in-1b/rad
Kr = 5e5; % in-1b/rad

% BDC Mot or Paraneters

Ka = 20; % VIV

L = 0. 00045; % H

R = 0.5; % Chns

Kt = 1.141; % i n-1bf /anp
Ke = 0.129; % VI (rad/ sec)
Ilim = 19.3; % Anp

Hi = 0. 25; % VI A

Nnech = 0. 85;
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“spikes.m” — Calculation of the DC Bus Power Quality Characteristics

% Anal ysi s of voltage spikes on DC bus obtained from sinul ation
%

% t -- time vector

% Vbus -- DC bus vol t age

t 1lbeg = 0.5; % begi nning of the tine interval #1

tlend = 0.8; % end of the tine interval #1

indl = find(t>=tlbeg & t<=tlend)’; %ector of indices in the tinme span

Vsplmax = [Vsplmax max(Vbus(indl))]; % nmax voltage during the transient

Vsplmn = [Vsplmin mn(Vbus(indl))]; %mn voltage during the transient
indlpos = find(Vbus(indl)>(Vbref+deltav))’;
indlneg = find(Vbus(indl)<(Vbref-deltav))’;

indlpn = [indlpos indlneg];
if isempty(indlpn), indlpn = 0; end
tsl = [tsl t(m n(indl)+max(indlpn))-t(m n(indl)+m n(indlpn))]; %settling tinme

t 2beg
t 2end
ind2 = find(t>=t2beg & t<=t2end)’; %ector of indices in the tine span

; % begi nning of the time interval #2
; % end of the time interval #2

nn
e

.0
4

i

Vsp2max = [Vsp2max max(Vbus(ind2))];
Vsp2min = [Vsp2m n m n(Vbus(ind2))];
ind2pos = find(Vbus(ind2)>(Vbref+deltav))’;
ind2neg = find(Vbus(ind2)<(Vbref-deltav))’;

ind2pn = [ind2pos ind2neq];
if isempty(ind2pn), ind2pn = 0; end
ts2 = [ts2 t(m n(ind2)+max(ind2pn))-t(mn(ind2)+m n(ind2pn))]; %settling tine

t3beg = 1.5; % begi nning of the tine interval #3

t3end = 1.8; %end of the time interval #3

ind3 = find(t>=t3beg & t<=t3end)’; %ector of indices in the tinme span
Vsp3max = [Vsp3nmax max(Vbus(ind3))];

Vsp3m n = [Vsp3m n m n(Vbus(ind3))];

ind3pos = find(Vbus(ind3)>(Vbref+deltav))’;

ind3neg = find(Vbus(ind3)<(Vbref-deltav))’;

ind3pn = [ind3pos ind3neq];
if isempty(ind3pn), ind3pn = 0; end
ts3 = [ts3 t(m n(ind3)+max(ind3pn))-t(mn(ind3)+m n(ind3pn))]; %settling tinme

t4beg = 2.0; % begi nning of the time interval #4
td4end = 2. 4; % end of the time interval #4
ind4 = find(t>=t4beg & t<=t4end)’; %ector of indices in the tine span

Vspdmax = [ Vspdmax max(Vbus(ind4))];

Vspdmn = [Vspdm n m n(Vbus(ind4))];
ind4pos = find(Vbus(ind4)>(Vbref+deltav))’;
inddneg = find(Vbus(ind4)<(Vbref-deltav))’;

ind4pn = [ind4pos ind4neq];
if isenmpty(ind4pn), ind4pn = 0; end
ts4 = [ts4 t(m n(ind4)+max(ind4pn))-t(m n(ind4)+m n(ind4pn))]; %settling tinme

“syspower2.m” — Bidirectional Power Flow Analysis

% Anal ysis of power flow in the system obtained from simnulation
%

tmn = 0.5; % begi nning of the actuator operating cycle
tmax = 2.5; % end of the actuator operating cycle

ind = find(t>=tmn & t<=tmax); %ector of indices in the tinme span
tnew = t(ind);

Pgl s=(1g_dq(:,1).72 + lg_dqg(:,2).72)*Rs*3/2; % osses in phase resistances
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Pgl k=((l1k_dq(:,1).72)*Rkd + (lk_dq(:,2).72)*Rkq)*3/2; % osses in danper wi nding

Pgl f =1 fd. "2*Rf d; %1 osses in the field w nding
Pgl = (Pgls + Pglk + Pglf)*2; % total generator |osses
% x2 to account for other types of |osses
Pnew = Pgl s(ind);
Wls = [Wls trapz(tnew Pnew)]; % energy | ost in phase resistances
Pnew = Pgl k(i nd);
Wl k = [Wl k trapz(tnew, Pnew)]; % energy | ost in danmper w nding
Pnew = Pgl s(ind);
Wl f = [WIlf trapz(tnew Pnew)]; % energy lost in field w nding
Pnew = Pgl (i nd);
Wl = [Wl trapz(tnew, Pnew)]; % total energy l|ost in generator
% Energy coming fromthe engine 9%**
Pgm = Pg + Pgl; % mech. power delivered to the generator
Pnew = Pgn(ind); Ppos = Pnew. *(Pnew>0); Pneg = Pnew. *( Pnew<0);
Wymp = [Wynp trapz(tnew, Ppos)]; o ** % posi tive energy
Wm = [Wgm -trapz(tnew, Pneg)]; O ** % negati ve (regenerated) energy

98088080888880808886 BOOST RECTI FI ER %88888880888808080
% Energy flowing into the boost rectifier %**

Pnew = Pg(ind); Ppos = Pnew. *(Pnew>0); Pneg = Pnew. *( Pnew<0);

Wp = [Wp trapz(tnew, Ppos)]; o ** % posi tive energy

Win = [Wjn -trapz(tnew, Pneg)]; o ** % negative (regenerated) energy
% Energy coming fromthe boost rectifier to the | oad %**

Pbus = Vbus. *1 bus;

Pnew = Pbus(ind); Ppos = Pnew. *(Pnew>0); Pneg = Pnew. *(Pnew<0);

Wousp = [Wbusp trapz(tnew, Ppos)]; O ** % posi tive energy

Wousn = [Wbusn -trapz(tnew, Pneg)]; O ** % negati ve (regenerated) energy

%880880880008080808080880880 | NPUT FI LTER %688888008808088808800
% Energy coming into the filter fromthe DC bus % **

Pfi = Vbus.*(lbus-1_1d);

Pnew = Pfi(ind); Ppos = Pnew *(Pnew>0); Pneg = Pnew. *( Pnew<0);
Wip = [Wip trapz(tnew Ppos)]; O ** % posi tive energy
Win = [Win -trapz(tnew Pneg)]; O ** % negative (regenerated) energy

Pact = Vact.*lact;

Pnew = Pact (i nd); Ppos = Pnew. *(Pnew>0); Pneg = Pnew. *(Pnew<0);

Wactp = [Wactp trapz(tnew, Ppos)]; o ** % posi tive energy

Wactn = [Wactn -trapz(tnew Pneg)]; O ** % negative (regenerated) energy

*
Pnew = Pwi nd(ind); Ppos = Pnew. *(Pnew>0); Pneg = Pnew. *( Pnew<0);
WM ndp = [ WM ndp trapz(tnew, Ppos)]; % positive energy (passed to the w nd)
n = [WM ndn -trapz(tnew, Pneg)]; % negative energy (received fromthe w nd)
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