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ABSTRACT
Currently, the limiting factor in electric vehicle design and performance is the energy
source. This problem has been recognized in the automotive industry, and much research has
gone into alternatives to batteries, or augmenting them through a hybridization scheme. Very
little of this research has gone into doing the same for robots. The research in the robotics field
has focused mainly on integrating highly energy dense power sources with little thought applied
to optimizing the efficiency of power converter designs and efficient energy management. There
has been no effort to standardize the design of robot power systems through the use of a scalable
power delivery architecture. The challenge lies in the development of the hardware and control
algorithms for a scalable power delivery architecture which satisfies both the power and energy
requirements of most unmanned ground vehicles. This thesis proposes a robotic power
architecture which is easily scalable and facilitates the use of a wide variety of energy
storage/generation devices, while focusing on the system control algorithm and its stability. The
experimental results for an example system are presented, demonstrating that the architecture
functions properly when faced with real world robotic power demands.
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Chapter 1
Hybrid Power and Energy for Robots (HyPER)
The current limiting factor in electric vehicle design and performance is the energy
source. This problem has been recognized in the automotive industry, and while much research
has gone into alternatives to batteries, or augmentation through a hybridization scheme, very little
of this research has gone toward doing the same for robots. The research in the robotics field has
focused mainly on integrating highly energy dense power sources with little thought applied to
optimizing the efficiency of power converter designs and efficient energy management. There has
been no effort to standardize the design of robot power systems through the use of a scalable
power delivery architecture. The goal of the HyPER system architecture is to provide a power
system architecture which can be applied to any size robotic platform and accommodate a variety
of energy storage and generation devices. The system architecture also facilitates power source
optimization and management which can extend the operating time/range of the robot, and extend
the life of the energy storage devices.

Currently Fielded Platforms and Uses
Ground robots are often classified according to size: small, medium, and large. The exact
weight definitions vary, but one example might be small, up to 80 lbs; medium, 80-120 lbs; and
large, up to the size of passenger vehicles. Each class of robot has its own unique uses and thus a
unique set of power and energy requirements.
One of the smaller robots used by the U.S. military is the SUGV 300® [14], made by
iRobot®. This robot has several different configurations for different applications, including
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surveillance and improvised explosive device (IED) disposal. It is designed to be particularly
agile and mobile for use in rubble and narrow passages.
A robot representing the medium class is the TALON® [15] made by Foster-Miller. This
robot is often used in IED and explosive ordinance disposal (EOD) and in surveillance
operations. The original power system on the robot is a proprietary battery also manufactured by
Foster-Miller.
Finally, the MULE® [16] made by Lockheed Martin is one of the largest unmanned
ground vehicle platforms available. This 2.5-ton class vehicle comes in countermine, light assault,
and transport variants. It currently utilizes a diesel electric drive train, so that as the appropriate
technology becomes available, a hybrid system could be implemented.
There are many other robotic platforms in use today, but these three examples show the
range in sizes and the applications of the current generation of robots. Most robotics applications
could benefit from the use of a hybrid power architecture. Very small robots are the exception
where the power demands are so low and the size is so small that multiple energy devices may be
impractical due to space limitations. However, efficient energy management is still a requirement.

Hybrid Power and Energy Architecture Benefits
Many robots can expand their utility when a hybrid power architecture becomes
available. There are a number of scenarios where a hybrid architecture could be used to extend
the operation time of the robot. For example, under silent watch conditions, a robot must
complete its mission before energy source is depleted. If a diesel generator were integrated into a
hybrid architecture on the robot, the batteries could be recharged in the field without the robot
having to return. Beyond significantly improving operation time, a hybrid power architecture can
benefit a robotic system through the implementation of health monitoring algorithms for each
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energy device and for the system as a whole. This has the potential to extend the life of the
devices. However, the most compelling argument for using a hybrid architecture is the
commonality of energy storage devices. Currently, robots each have their own unique energy
source, whether it is a generator or battery. If the proposed architecture were implemented, all
robots would have the capability to use the same energy sources in the field. This would have a
huge positive effect on the logistics required to supply the energy sources and the down time of
the robots in case of power system failure.

Proposed Hybrid Power and Energy Architecture
The proposed architecture is essentially identical to a series configured hybrid vehicle.
The robot is connected to a common power bus, to which the energy sources are also connected,
each through an interface. Each energy storage device interfaces to the main robot power bus via
a DC-DC converter. Shown in Figure 1.1 is a representation of the proposed hybrid architecture.

Figure 1.1: Proposed hybrid architecture
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A significant benefit of a hybrid system is the ability to recapture energy that would
otherwise have been wasted, through some regeneration scheme. Another advantage of a hybrid
system is the ability to transfer power among the devices. For these reasons some devices will
require a bidirectional DC-DC converter. Certain other devices, such as a fuel cell which can only
source energy, require only a unidirectional converter.
No device can work in parallel with other devices without some type of coordination. The
supervisory controller coordinates the interaction of the energy storage device. The goal of the
supervisory controller is to provide the robot with a continuous constant voltage source through
any power demand.
The bidirectional DC-DC converters operate as current sink/source modules; the
supervisory controller sends the converter either a positive or negative current command, and the
converter matches that command by transferring current into or out of the main robot power bus.
As the components of the proposed architecture are outlined in the following chapters,
the benefits of a scalable hybrid power and energy system will be discussed more fully. This
thesis will be focusing on the hardware design and the design and stability of a simple
supervisory controller.

Summary
Advances in robot performance have been limited by the lack of significant new
advances in the mature field of battery technology. The focus of robotic power systems must
expand from the use of single energy devices to the inclusion of multiple devices which can be
optimized for a robotic platform. The challenge lies in the development of the hardware and
control algorithms for a scalable power delivery architecture which satisfies the power and energy
requirements of most unmanned ground vehicles. This thesis proposes an architecture which is
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easily scalable and facilitates the use of a wide variety of energy storage/generation devices,
while focusing on the system control algorithm and its stability. The experimental results for an
example system are presented, demonstrating that the architecture functions properly when faced
with real world robotic power demands.

Chapter 2
Hardware Development
The core of the proposed scalable power architecture is the bidirectional DC-DC
converter. The converter interfaces the energy storage device to the main robot power bus and
controls the power flow on or off of this power bus. The first step in the design is to select a
preliminary robot platform, and determine the platform power and energy requirements. To
ensure the architecture accommodates a wide range of energy sources a survey of currently and
soon-to-be available technologies in the energy storage and generation field must be conducted to
determine the input and output parameters of the converter. Once the input and output operating
conditions have been determined, a converter topology may be selected. DC-DC conversion has
been applied to similar applications, so the development of a new topology is not required.
Rather, a common topology can be modified to fit the requirements of this particular application.
As in any hybrid system, efficiency is key to the energy conversion topology, thus the major
components in the circuit should be designed with this in mind. Finally, after the topology and
design of the converter have been finalized, the efficiency of the converter can be estimated.

System Requirements
As the goal of this project is to develop a scalable architecture for robot hybrid power
systems, the actual robot on which it is developed is not important. Data has previously been
collected for the Talon®, which is a medium (80-120 lbs) size robot that is widely used by the
U.S. military. The data consists of approximately ten different tests conducted in a controlled
environment by the Applied Research Laboratory (ARL). The tests ranged from driving the robot
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around a test track until the batteries died, to driving it over obstacles with a large payload. Of all
the test profiles which were run, one of the hardest on the robot was the stair climbing profile,
shown in Figure 2.1. The OEM battery voltage and current were recorded for the duration of the
test and then multiplied together to arrive at the power profile.

Figure 2.1: Talon® stair climbing power profile
The power profile, shown in the bottom subplot of Figure 2.1, contains a large number of
peaks making it difficult for some energy sources to handle and ideal for the use of a hybrid
system. While this particular robot’s power demand generally does not exceed 600 watts and
averages around 100 watts, occasionally the power can climb to 1.3 kilowatts. Since the hybrid
system is designed to supply the power demand through multiple sources, a particular source will
generally not have to supply the whole demand.
The bus voltage of the Talon® in the top subplot hovers just below 40 volts. It is not
regulated, so it can change with battery state of charge and power draw. Considering this and the
fact that 50 volts is generally considered the maximum safe voltage, the HyPER system bus
voltage will be limited to under 50 volts with the exact number to be determined at a later time.
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Assuming a voltage of 35 volts to be the lowest desired bus voltage, the maximum peak current
the converter should ever have to supply is around 35 amps. Even in these cases it will be of
fairly short duration. Designing the converter around the voltage and current parameters above,
the converter should be capable of delivering approximately 1 kW.

Energy Source Parameters
Before the topology of the converter can be determined, it must be known what energy
sources are available for use. It is desirable for logistical reasons to use energy sources that are
already available in the field, such as the BB2590 radio battery. This lithium ion battery has two
nominally 14.4 volt strings of cells in a single package. These strings can be configured in either
series or parallel, and a series configured battery has a fully charged maximum voltage of 31
volts. Other common batteries are vehicle batteries for 12- or 24-volt systems. A market survey
was conducted to find other devices of appropriate voltage and power requirements. A number of
ultracapacitors were considered, and those that could be safely deployed in portable systems
ranged from 20-30 volts. The same applies to fuel cells and generators. To summarize, as almost
all appropriate energy sources are designed for systems that operate at a nominal 28 volts, it can
be assumed that all sources which would be used in the HyPER system have a lower voltage than
the system bus voltage.

Bidirectional Converter Topology
Setting the bus voltage higher than the voltages of the energy sources has the advantage
that only a boost mode has to be considered in the design of the DC-DC converter. Another point
to be considered is that all the energy sources are standalone devices and a single ground potential
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can be used for all system energy sources. Thus the converter does not need to be isolated. A
simple boost converter, as shown in Figure 2.2, would suffice if a unidirectional supply were
needed. In a boost converter, energy is stored in the inductor during the first part of the switching
cycle, during which the semiconductor switch is closed. During the second part of the switching
cycle, the switch is opened, the diode is biased, and power flows from the inductor to the load.
The diode in the circuit prevents any power flow in the reverse direction.

Figure 2.2: Basic boost converter topology
However, one of the most convincing arguments to hybridizing any system is that power
can be recaptured from the environment. Another argument is that the health of an energy source
can be maintained by transferring energy between the devices, such as a generator being used to
charge batteries. In order for this architecture to facilitate the use of viable alternative power
sources, it must be capable of bidirectional power flow. By replacing the diode with another
MOSFET, shown in Figure 2.3, the switching of the converter can be completely controlled
allowing power to flow in either direction.

Figure 2.3: Synchronous boost converter topology
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The idea of replacing diodes with MOSFETs is not new and has been used in a variety of
applications, the most notable being that of the synchronous rectifier. This strategy is usually
employed in high efficiency applications. The simplicity, efficiency, and controllability of the
proposed circuit make the converter an excellent solution.

Converter Component Design
As described in the previous section, the topology of the converter is that of a modified
boost converter consisting of three main components, two MOSFETs and an inductor. The
MOSFETs are readily available off the shelf and are appropriately sized for the voltage and
current ratings of the converter. However, it is generally difficult to obtain properly sized power
inductors. If a custom inductor were designed for the converter, not only would it be
appropriately sized, it would also be possible to design it to be extremely efficient. The size of the
inductor can be determined by manipulation of the fundamental inductor equation.

2.1

Where

is approximated using

∆
∆

. Using a switching frequency of 100 kHz, a maximum of five

amps ripple, and a voltage difference of fifteen volts; the inductor size was estimated to be 30µH.
The two main losses in an inductor are core losses and conduction losses. Core losses are
determined by the material properties of the core. For this inductor it was decided that the high
efficiency Mollypermalloy toroidal cores would be used as these cores have traditionally been
some of the most efficient on the market. It is even more important to minimize the conduction
losses in the inductor which can easily be an order of magnitude higher than the core losses.
Although not extremely high, the desired switching frequency is high enough to make skin effect
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in the conductors significant. The use of Litz wire, a wire composed of a bundle of many much
smaller wires, solves this problem. This allows the size of each wire within the bundle to be small
enough that the entire wire is used for conduction not just the outer skin. Thus the AC resistance
of the inductor is minimized. The calculations for the inductor design and its estimated losses can
be found in Appendix A. The estimated conduction losses of the inductor are shown below in
Figure 2.4.

Figure 2.4: Estimated inductor losses
Assuming that the converter is transferring 1kW, the inductor losses would be less than
1% of the total power. The resulting inductor, shown in Figure 2.5, has an inductance of 60µH
and a DC resistance of 7mΩ. The resulting inductance is higher than the estimated need of 30µH
and can be accounted for by the conservative assumptions built into the inductor design process.
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Figure 2.5: Completed inductor

Control Circuit
The main components of the circuit have now been designed with the exception of the
control circuitry. Essentially each converter acts as a current sink or source, as seen by the main
power bus. The supervisory controller should be able to command the converter as to how much
current to provide to the bus, and the converter should then provide that current. These
requirements lend themselves to using an on-board analog closed-loop controller to control the
duty cycle of the MOSFETs. There is one state on the converter; the inductor current. It makes
the most sense to control the inductor current, as states tend to be continuous and to change more
slowly than a random variable, such as the output current, which transitions between zero and
some high current when the upper MOSFET is switched. By placing a current sensing resistor in
the path of the inductor current, the current can be measured using a differential amplifier and
used as an input to the analog controller. However, placing the resistor in the direct path of the
inductor current could potentially cause measurement problems as the measurement’s reference
would be floating at the device voltage. By placing the sensor in the return path, which is shown
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in Figure 2.7, the negative of the inductor current can be measured at the neutral potential of the
system. The topology of the differential amplifier and PI controller is shown in Figure 2.6.

Figure 2.6: Converter control circuitry
The measured current and the reference current are summed at the input to the ProportionalIntegral (PI) controller to generate an error term. This error term is passed through the PI
controller to generate a control signal. The control signal is compared to a sawtooth waveform to
generate a PWM signal which can then be used as a command for the gate drive circuits.

Complete Circuit
The design of the major circuit components has been described. While there are other
components to the circuit, they are commonplace and can be found in numerous references. A
simple circuit schematic is shown in Figure 2.7. Complete schematics and a printed circuit board
layout can be found in Appendix B.
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Figure 2.7: Simple converter schematic

Converter Efficiency
In order to determine the converter performance we must accurately model the losses. For
this particular converter, the losses are comprised of conduction losses, switching losses, and
control and drive circuitry losses. The conduction losses will likely be the most significant as they
will be proportional to the square of the current. The switching losses are proportional to the
current through the MOSFETs, and the control circuitry losses should be relatively constant. The
predicted losses are shown in Figure 2.8.
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Figure 2.8: Predicted converter losses
As expected, the conduction losses dominate the total losses of the converter. In terms of
the total efficiency, however, the converter should be extremely efficient. The efficiency of the
converter depends on the input voltage as can be seen in Figure 2.9, where the lower the voltage,
the more current must be transferred which increases the losses relative to the amount of power
transferred.

Figure 2.9: Predicted converter efficiency
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Because of this, it is preferable to have the source voltages as close as possible to the bus voltage,
in order to minimize the current required to meet the power demands. A more in depth
description of the modeling and the empirical efficiency of the converter will be further discussed
in a later chapter.

Summary
This chapter covered the design of the bidirectional DC-DC converter which interfaces
the energy devices to the robot power bus. The hardware was designed around the Talon® robot,
and the robot’s power and energy requirements were determined using previously recorded power
data. A summary of the range of devices expected to be used in the system were covered. It was
found that the devices generally had a lower voltage than the robot power bus, allowing the use of
a simple boost converter. To achieve a bidirectional power flow, a diode in the boost converter
was changed to a MOSFET. This modification has been used previously in synchronous
rectification to boost efficiency, but also allows complete control of the power flow in both
directions. In order to increase the conversion efficiency, all the inductor was custom designed for
this application. An on board PI current regulator regulates the power flow to a commanded
reference. Finally, the losses of the converter were estimated and a preliminary converter
efficiency was plotted. The completed converter is shown in Figure 2.10 with a BB390 in the
background for size comparison. In future revisions of the board it will be possible to make the
converter more compact.
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Figure 2.10: Complete converter
The HyPER architecture will utilize multiple DC-DC converters which will work in
parallel to supply the main robot power bus. Though each converter has an individual analog
current regulator on board, this is not sufficient for a coordinated operation. In the next chapter
the parallel combination of the converters will be considered.

Chapter 3
Supervisory Controller Development
In the last chapter the design of a bidirectional DC-DC converter was discussed. In order
to implement these converters in a power delivery system, there must be a supervisor
coordinating the converters. Figure 3.1 shows the relationship between the energy sources, the
converters, the supervisory controller, and any loads present in the system.

Figure 3.1: HyPER system topology
There are essentially two layers of control that must be implemented in the supervisory
controller for the hybrid architecture to be viable. A low-level controller must be able to regulate
the energy on the main robot power bus by generating current commands for every converter in
the system. Secondly, a high-level controller must manage the devices themselves, making
decisions on which ones are in use, and manage the payloads along with various other tasks. The
controller developed within this chapter will use only two energy storage devices. However, it
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will be shown that the number of storage devices in the system can be easily expanded. By the
end of the chapter a low-level control system will be proposed.

High-level Controller Requirements
To describe and analyze the full high-level system controller is beyond the scope of this
thesis. However, some of the more rudimentary functions will be described. At the highest level,
the supervisory controller’s purpose is to optimize the performance of the system for any given
operating conditions. This could include a high power, fast acceleration mode if speed is of the
essence. It could also include a low power, high efficiency mode if operating conditions of the
robot demand long endurance. How one approaches the control design will have significant
impact on any of these conditions. Many different controllers could be preprogrammed in the
supervisor, each one tailored to a particular set of operating conditions. However, with the infinite
possible combination of conditions that the system could experience, this would be a rather
impractical approach. Thus, there must be one overarching controller which is a good
compromise for any situation.
The high-level controller has four main functions. First, it has to configure the low-level
controller at any time during operation. Second, it has to monitor the devices, which includes
ensuring all devices are within safety limits, calculating state of charge (SOC), and recording real
time current and voltage. The controller must also be able to control devices based on the overall
system’s state of charge, or on a particular mission’s energy requirements. In the case of the
BB2590 batteries, it must be able to place them in a charge mode if the SOC drops too low. If
there are any devices in the system which are not active at all times, such as a generator or fuel
cell, the supervisory controller must have the capability to activate them. When a device
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activates, deactivates, or changes operation mode, the supervisory controller must reconfigure the
low-level controller appropriately.
Beyond these main functions, other potential applications for the supervisory controller
could include health monitoring algorithms, energy optimization algorithms, mission energy
requirement estimation, mission planning, and mission programmable operation modes.

Low-level Controller Requirements
The HyPER system is a hybrid system and by definition must consist of multiple devices.
To optimize the efficiency of the system the characteristics of the devices should be considered.
How should the controller decide what device sources the energy? For the purposes of this thesis
we only consider two energy sources, the BB2590 lithium ion battery and an ultracapacitor.
Using these two devices it is possible to develop a method to manage the system energy and to
demonstrate the capabilities of the low-level controller while maintaining some level of
simplicity.
The BB2590 is optimized for relatively low power high energy applications such as
radios and weapon systems. While it is excellent for providing low power for a long period of
time, it has disadvantage of having a high series resistance. During periods of high power draw,
the losses increase greatly thus making it inefficient for the large surges demanded by the robot
power profile shown in Figure 3.2.
Ultracapacitors have become increasingly popular in the last few years, and, depending
on the size, have been used in over-the-road trucks for use during starting, energy sources for rail
guns, and supply banks for radar and sonar systems. They are designed to handle high power
short duration pulses. Though the energy contained in an ultracapacitor can be depleted rather
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quickly, it has the advantage of having a very low equivalent series resistance (ESR) making it
very efficient when used to supply peak loads.
The power profile of the Talon® has an average power of less than 100 watts, but the
peak draw is an order of magnitude higher. If these power surges are drawn from a battery the
losses will also be very high. If the entire profile is drawn from an ultracapacitor, the energy will
be depleted very quickly.

Figure 3.2: Talon® stair climbing profile
Intuitively looking at the power profile, it would be preferable for the battery to supply the DC
power or the low frequency high energy portions; and the ultracapacitor to supply the higher
frequency, high power portions of the profile. Basing the power allocation upon the frequency
content of the power demand is easily implemented through the use of a filter which can be
optimized to the frequency range of the energy devices. Before proceeding further the frequency
content of the power profile, shown in Figure 3.3, must be analyzed. The frequency spectrum in
the bottom subplot is zoomed to emphasize the high frequency components of the profile. The
DC component, which cannot be completely seen, has a magnitude of 83 watts. All the significant

22
components of the power spectrum occur below 100 Hz. Most significant components actually
occur below 25 Hz.

Figure 3.3: Talon® power frequency spectrum
However, there is an anomaly in the Talon® data. There is a significant amount of power
around 50 Hz with harmonics at 100 Hz and 150 Hz. These unexplained frequency components
occur in all the Talon® data, regardless of its operating conditions, and are not present on any
other platform. The filter used for the power allocation is a first order filter with a corner
frequency of 0.1 Hz, and its frequency response is shown in Figure 3.4.

23

Figure 3.4: Filter frequency response
The low frequency components of the profile, the portion supplied by the battery, are
shown in Figure 3.5. Although there are still significant surges of power, these demands are
relatively long, on the order of twenty or thirty seconds. The amount of energy required is still too
high for an ultracapacitor to supply. The energy plot does not include the DC energy. Even
without the DC component, the amount of energy required by the low frequency power demand is
approximately 10kJ.

Figure 3.5: Low frequency power spectrum
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Figure 3.6 shows the high frequency demand, which the ultracapacitor is expected to
supply. By looking at the scale on the magnitude, it can be seen that the amount of energy
required is an order of magnitude less than the low frequency portion of the profile. It can be
expected that a reasonably sized ultracapacitor could supply this amount of energy.

Figure 3.6: High frequency power spectrum
The purpose of generating the current commands is ultimately to regulate the main robot
power bus voltage. The state of the bus capacitor, its voltage, has no direct correlation to the
power flowing through the bus. The energy of the bus has a constant direct connection to the bus
voltage given by
1
2

3.1

The bus energy also has a direct relationship to the power flow. Because the architecture is a
power system, it makes the most sense to control the bus energy rather than the bus voltage. The
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bus energy will be used to generate a power command by passing it through a PI controller. The
system is now a closed loop system and can be represented by the schematic shown in Figure 3.7.

Figure 3.7: Simple HyPER system representation
There are three parameters which can be manipulated to optimize the performance of the
system. The first two,

and

, are the PI controller’s proportional and integral gains

respectively. The last parameter is the filter corner frequency,

. This completes the components

of the low-level supervisory controller. It does not, however, mean that the controller is complete.
In this chapter the low-level supervisory controller is developed for two devices, a battery
and an ultracapacitor. The most important feature of this controller is that it can be implemented
on multiple devices and is not limited to two. As shown in Figure 3.7, the filtering algorithm is
depicted using a lowpass and a highpass filter. Adding a third or fourth device would require the
power command to be filtered into three or four portions respectively. Using bandpass or
highpass filters could be problematic as certain frequencies could be artificially accentuated,
attenuated, or lost, and the filters are more complicated and computationally intensive to
implement in a real time embedded system. For these reasons the filtering algorithm will be
implemented using only low pass filters. Starting with the lowest cutoff frequency and proceeding
to the highest cutoff frequency, any filter type and range can be achieved, and as a result the
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system can be easily expanded to accommodate multiple energy sources. Depending on the
frequency characteristics of the energy source, it may be necessary to use a higher order filter
than the first order filter used in the previous example.

Summary
A two level control strategy was proposed for the hybrid architecture. The functionality
of a high-level smart controller, which monitors the energy source parameters and is able to
control any operational modes, was quickly outlined. It was not fully developed and will not be
covered further in this thesis. The function of the low-level controller was described and a
topology of the controller was developed. It was shown that a feedback controller using the
energy state of the bus capacitor would be sufficient for the system. The power command
generated by this feedback controller is then filtered to split it into appropriate demand for each of
power component. The filter specifications are set by the characteristics of the storage devices.
The outputs of the filtering algorithm are the commands which are sent to the individual
converters. The converters then transfer the appropriate power onto, or off of, the power bus.
Though the system was developed for only two energy storage devices, the architecture can be
scaled to accommodate multiple additional devices. Conceptually, the low-level controller has
been developed, but it has yet to be shown that the control strategy can be implemented, can
regulate the bus energy, or that the system is stable when feedback is applied. This will be
accomplished in the next chapter.

Chapter 4
HyPER System Simulation
The supervisory control architecture was developed in the last chapter. In this chapter a
model is developed for the HyPER system including the low-level supervisory controller. Blocks
for energy storage devices are developed using their electrical characteristics, and a converter
model is based on empirical data collected through hardware testing. The data acquired for the
Talon® robot is used to simulate the load on the system. The simulation of the HyPER system
will indicate if any problems exist with the control architecture. Any problems will become
apparent in the simulation data presented in this chapter.

System Model
Shown in Figure 4.1 is the model of the HyPER system in a SIMULINK® block
diagram. Before the models for the sub-blocks are developed several assumptions are made about
the system to simplify the simulation. Assuming that the low frequency energy storage device is
an infinite energy storage device, allows the system to operate in one continuous mode. The
simulation and proof of stability of a system becomes much more difficult if discrete state
switching occurs. This would have occurred had the battery been allowed to deplete its energy
resources, and a generator switched in to charge it. This assumption will be discussed more
during the development of the lumped ‘Battery/Generator Model.’
One key difference between the physical system and the simulation is that the current
command is not sent to the DC-DC converter. It is sent to the associated energy storage device.
The next few sections will outline the modeling of each device.

Figure 4.1: HyPER system SIMULINK® model
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Lumped Battery/Generator Model
To circumvent the discrete state switching problem the battery and generator will be
lumped into one single model. To the rest of the HyPER system the model appears as a power
source. Internal to the model there is discrete state switching between a battery charge and a
battery discharge mode. However, for this simulation it is not really needed or utilized. In order to
develop a fuller simulation, a battery and generator model would have to be developed to make
the battery charge mode valid. This would add little to the understanding of the system, and was
done only to show that there was room for further development in the model. Thus, for the
purposes of this simulation, the battery is modeled as a constant voltage source that can sink or
source whatever amount of power or energy is desired with no penalty applied for the high series
impedance. This assumption can be justified if the amount of energy in each device is considered.
A battery can store an order of magnitude more energy than an ultracapacitor. A generator is even
more extreme in that it can be refueled any number of times and continue to provide energy as
long as there is fuel to run. For the purposes of this simulation the generator is not used.

Capacitor Model
An ideal capacitor is modeled as an integrator. This model can easily be expanded to
include internal losses by modeling them as a resistance in series with the ideal capacitor. This
resistance is known as an equivalent series resistance. An ideal capacitor with an equivalent series
resistance (ESR) can be described by the following equation.

4.1
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There are more sophisticated capacitor models that model the parasitic losses within the
capacitor. Although it has been shown that the model described in equation 4.1 is not adequate to
describe the intricate internal operation of the ultracapacitor, it is sufficient for an overall system
model. This model is used for both the bus capacitor and the ultracapacitor. The model allows the
tracking of the energy sourced to the robot, the energy lost in the equivalent series resistance, the
instantaneous power, the voltage, and current.

Converter Model
The converter is modeled as a lumped power conversion device. It is not a detailed model
based on the equations of the circuit. Rather, the model is based on the empirical data obtained
through the experiments described in Chapter 6. Essentially it is just an efficiency block that
calculates the amount of current being sourced to the bus. Its inputs are energy storage device
voltage, device current, and bus voltage. Based upon these variables the converter model
calculates the corresponding bus current. Finally, the converter uses a look-up table to calculate
the converter’s efficiency based on experimental results of the converter testing. This efficiency
table takes into account both positive and negative power conversion.

Simulation Results
Shown below are the results from the simulation of a portion of the Talon® robot stair
climbing power profile. Figure 4.2 shows the performance at the output of the HyPER system.
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Figure 4.2: Controller power command comparison
This is one of the more important figures showing the results of the simulation. In the top
subplot the output of the HyPER system’s main regulating controller is shown. On top of the
controller output is overlaid the power demand of the robot. This plot shows that the
Proportional-Integral (PI) controller is generating a total power command appropriate to the load
placed upon the system. It can also be seen from the two lower subplots that the filtering
algorithm appears to be working. The middle subplot shows the low frequency power command,
which is sent to a battery or some other low frequency devices. The bottom subplot shows the
high frequency power command which is sent to a high frequency device in this case an
ultracapacitor. This figure demonstrates that the PI controller combined with a filtering algorithm
can be used to generate the robot’s power command.
Figure 4.3 shows the variables associated with the bus capacitor. The top subplot shows
the voltage at the terminals of the bus capacitor. This voltage has an error of less than 0.5 volts on
either side of the set point. The voltage shows the output of the HyPER system, though it is not
the variable which is being regulated. The energy in the bus capacitor is the control variable, and
can be seen in the bottom subplot. The energy has a maximum error of one joule. This shows that
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the main PI regulation loop is capable of maintaining the output voltage under a variety of load
scenarios. These two figures show that the approach that has been taken to controlling the HyPER
system is a valid approach.

Figure 4.3: Bus capacitor simulation results
Figures 4.4-4.5 show the simulation results of the energy storage devices present in the
system. Figure 4.4 shows the results from the battery. The battery voltage in the top subplot is
artificially held constant, while in a real battery the voltage would decrease during periods of high
demand. The middle subplot shows that the current being drawn from the battery contains
relatively low frequency components. The bottom subplot in the figure shows the power drawn
from the battery. This is only a scaled version of the current since the voltage is being held
constant.

33

Figure 4.4: Battery simulation results
Figure 4.5 shows the results of the simulation for the ultracapacitor. The top plot shows
the ultracapacitor voltage. The energy shown in the bottom subplot reveals an unexpected trend.

Figure 4.5: Ultracapacitor simulation results
The energy stored in the ultracapacitor declines significantly over the course of the
simulation, which was only run for 200 seconds. Extrapolating the trend out to the length of an
actual robot mission, the energy in the ultracapacitor would be completely spent after a very few
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minutes. Where is this loss coming from? A capacitor is only capable of supplying current to nonDC loads. Theoretically, the way the ultracapacitor is being operated in the HyPER system, it
should only be subjected to periodic loads on account of the filtering algorithm. This would be
true if the system was ideal and there were no losses. The losses in the ultracapacitor are
relatively insignificant and should not contribute enough to account for the amount of decay in
the energy levels. The losses in the converter, however, are significant enough to account for the
trend. Essentially, the losses in the converter are causing more energy to be drawn from the
ultracapacitor than is being replaced. This decay cannot be ignored in the operation of the HyPER
system, though it can easily be remedied by the addition of another control loop around the
ultracapacitor alone. The SIMULINK® model with this control loop implemented can be seen in
Figure 4.6.

Figure 4.6: Hyper system SIMULINK® model with compensation
35

36

In Figure 4.6 the block labeled ‘cap charge circuit’ contains a proportional controller for
regulating the energy stored in the ultracapacitor. This is a very slow controller and is not meant
to regulate the energy in the ultracapacitor tightly, as this would defeat the purpose of keeping an
ultracapacitor in the system. In the case of a tight, control the battery would have high frequency
components drawn from it to recharge the ultracapacitor. The battery would then be subjected to
exactly the same profile as it would without the ultracapacitor in the loop. The control loop is
only meant to offset the losses in the system, and keep the ultracapacitor from being completely
depleted.
The simulations were rerun with this slow controller in the loop and the results show a
marked improvement. Only the bus capacitor and ultracapacitor plots, Figure 4.7 and Figure 4.8
respectively, will be shown. Figure 4.7 shows the bus capacitor variables and demonstrates the
results are similar to those in Figure 4.3. The output stability was not effected by the addition of
another controller. From Figure 4.8, it can be seen that the controller offsets the decay, and the
energy is not depleted as in the previous simulation.

Figure 4.7: Bus capacitor simulation results with compensation
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Figure 4.8: Ultracapacitor simulation results with compensation

Summary
In this chapter, a model of a simple HyPER system was developed, including models for
each energy storage device. The low frequency device was modeled as a very simple constant
voltage model, while the high frequency device and bus capacitor models were based on the
fundamental capacitor equation. The converter was modeled by its losses, which were determined
from data gathered through the testing of the hardware, which is covered in a later chapter.
Using these models, the system was simulated using a power profile from the Talon®
robot as a load. As initially proposed, the low-level controller was insufficient to maintain the
energy levels within the system. The simulations of the system, which incorporated the modified
controller, indicate that the control architecture is capable of regulating the bus capacitor energy
and maintaining the energy stored in the ultracapacitor.

Chapter 5
Supervisory Controller Stability Analysis
In the last chapter, the modeling and simulation of the entire system was described, and
the simulation results showed that the system would operate as desired. But before it is placed in
a physical system, it should be analyzed to show that it is stable over the expected operating
range. In this chapter the stability of the HyPER system is examined. A candidate analysis
method consists of the simplification of the controlled HyPER system model using a number of
assumptions about the system, its components, and the load. This simple model is then analyzed
for stability.
Shown in Figure 5.1 is a general depiction of the HyPER system’s scalable architecture.
Though the architecture is intended to accommodate multiple devices, it is assumed for the
purposes of the control analysis that only one low frequency source and one high frequency
source is used. Though the analysis will be accomplished using only two energy sources, it is
shown that the analysis is readily extendable to more energy sources.
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Figure 5.1: Scalable HyPER system representation

Candidate Analysis Methods
There are a variety of ways to analyze the stability of a system. In simple systems, linear
control theory can be used. However, most systems do not fall into this category without some
manipulation. If the system can be modeled using the linear control theory, a mathematical model
of the system is formed. This mathematical model is then represented in statespace equation form
as shown in equation 5.1.

5.1
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where A, b, C, and d represent system matrices. A system which can be manipulated into this
form can be analyzed for stability by examination of the A matrix. If the eigenvalues of the matrix
lie in the left half of the complex plane, then the system is considered stable.
For more complex systems Lyapunov control theory is often used. This involves using
the states of the system to derive an energy equation. If it can be shown that this energy equation
is positive definite, and that the derivative of the energy equation is negative definite, the system
is considered asymptotically stable.
Initially, a Lyapunov function was to be derived for the system. However, this proves to
be problematic when the efficiency of the converters is taken into account. A Lyapunov function
also does not have a way to address the derivation of an energy equation for energy states. A
close look at the system was then taken to see if it would be possible to manipulate it into a form
which would allow an analysis using linear control theory. It was found that if certain
assumptions are made, it is possible to model the system as a linear time invariant (LTI) system.
Using the power flow it is possible to derive linear expressions (under certain assumptions) for
the energy states of the system.

System Model Assumptions
In order to simplify the system several assumptions need to be made. The first
assumption is that the power supplied by the converter and the power commanded to the
converter is identical. This also assumes that the power commanded is within the capability of the
energy source. Residing on each DC-DC converter is an analog current regulator. This regulator
ensures that the commanded current and supplied current are identical. Regulation is not
instantaneous, however, using a two time scale approach it can be assumed that it is. The step
response of the current regulator is under 20 µsec, which is much faster than the response of the
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outer control loop. Thus, in the “slow” time scale the two currents, and thus the powers, can be
considered the equal.
Second, it is assumed the losses in the system can be neglected. The largest loss of the
system is located in the converter. As for any system, the energy conversion devices should be
designed such that they primarily operate at peak efficiency. For the purpose of this analysis, it is
assumed that the converter is always operating near that peak. This peak efficiency is sufficiently
close to 100% to neglect the losses in the converter. Additionally, there is another argument
which can also be used. In this analysis there are no assumptions made about the robot power
demand. Therefore rather than associating the power losses with the converter, it can be assumed
that the converter is 100% efficient, and that the power demand on the ultracapacitor contains
both the high frequency power command and a disturbance equal to the power losses in the
converter. Though the disturbance will not be modeled here, it is possible to place some
restrictions on it. It is guaranteed to be positive, that is drawn from the ultracapacitor. This
restriction can be place upon the disturbance as energy cannot be created by the converter.
The second loss is the loss associated with the energy storage device itself. However, this
loss does not really affect the system stability, but reduces the total energy available to the
system. These losses are generally considered small enough to be neglected.
The model also assumes that all devices in the system contain sufficient energy. In the
case of the low frequency devices, this assumption makes it possible to extend the results of the
model to multiple devices. The model generates a low frequency power command and assumes
that the device can supply it indefinitely. In reality this is not true. Although a generator can be
refueled and a battery contains orders of magnitude more energy than an ultracapacitor, they still
have energy limits. The model also assumes that the ultracapacitor contains sufficient energy to
supply any power required by the high frequency demand. Although the model monitors the
energy state of the ultracapacitor, there is nothing that prevents it from being completely depleted.
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There is compensation to ensure that it always contains enough energy to supply the high
frequency power command; however, the model is based on the assumption that whatever power
is commanded, that power can be provided. It is possible to ensure that the controller never
requests more power than is available in a simulation where the power profile is known. By
generating the high frequency power command before-hand, the profile’s high frequency energy
requirements can be determined. Based on the energy requirements of the profile and the energy
capacity of the ultracapacitor, the corner frequency of the filter can be adjusted to ensure the
ultracapacitor is always capable of supplying the commanded power. In the real system, if the
devices are not capable of supplying the required power, more energy devices must be add to
meet the power demand.

System Model Simplification
The use of these assumptions enables the simplification of the system model. It must be
remembered that this process is only for the purpose of the stability analysis, and is not a
representation of any physical architecture. These simplifications, though not physically accurate,
are mathematically correct. The purpose of this simplification is to provide a simple model which
can be easily analyzed and provide an intuitive grasp of the power flow within the system.
The first decision in simplifying the model is to decide how to model the energy sources.
The types of devices that are present in the system can be classified as low energy and high
energy. The low energy devices, the bus capacitor and the ultracapacitor, can easily be modeled
as integrators as shown in the equation below.
1
2

5.2
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Thus by integrating the net power flowing into the capacitors an energy estimate is
obtained. The high energy devices, such as batteries and generators, are much more difficult to
model. But since it is assumed that they contain sufficient energy, their modeling is be neglected.
Shown below in Figure 5.2 is the dynamic power flow schematic of the simple HyPER
system. Note that the energy states of the capacitors are estimated by the power integration. The
PI controller generates a power command which is filtered and then sent on to the energy sources.
Because of the assumption that the converters transfer the commanded power, the input to the
energy source block is identical to the output.

Figure 5.2: HyPER control system representation
This diagram can be further simplified. Since the energy source block input and output
are identical, the block will be dropped from the system. Second, the filtering can be simplified.
Rather than representing the power flowing onto the bus capacitor from each device as the output
of two filters, the output of the PI controller,

, is used. This is possible because the sum of

the filter outputs is guaranteed to match the output of the PI controller. This is because of the way
that the filter is implemented in the physical system where the output of a low pass filter is
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subtracted from the controller output to obtain the high frequency components of the power
demand. In Figure 5.2 the controller output is filtered by both a high pass and low pass filter to
intuitively demonstrate the power flow of the system. The simplified block diagram is shown in
Figure 5.3.

Figure 5.3: Simplified HyPER control system representation
The purpose of this simulation was to build an intuitive model to represent the power
flow of the HyPER system. This power flow is regulated by monitoring and regulating the
system’s energy states. It is easy to lose sight of the physical system in the mathematical model.
Therefore, before continuing further with the analysis, the power flow must be verified. In the
physical system, there are three power connections to the bus capacitor: the low frequency power
connection from the battery, the high frequency power connection from the ultracapacitor, and
the main robot power bus. In the model in Figure 5.3 there are four signals which are summed at
the input to the bus capacitor. The fourth signal comes from the ultracapacitor recharge draw
which in the physical system is on the same connection. The ultracapacitor is supplying the high
frequency power demand to the robot power bus, and is also being recharged by the power
commanded by the output of the ultracapacitor regulator. Thus, the net power flow into the bus
capacitor makes sense intuitively.
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Mathematical Model
In the last section an intuitive energy/power flow model was derived from the HyPER
system. It must now be formulated into a mathematical form that can be simulated in the
SIMULINK® environment. Starting at the bus capacitor, the net power flowing into the capacitor
is
5.3

where
energy,

represents the power command generated by the PI feedback regulator on the bus
represents the power used to recharge the ultracapacitor, and

represents

the load demanded by the robot. Following the same procedure, the ultracapacitor net power flow
can be derived, which results in the equation 5.4.

5.4

where

is the high frequency power demand from the robot power bus. These two equations

are used to form the energy states defined in equation 5.5.
5.5

,

Two other states are derived from the integral portion of the PI controller,
from the internal state of the high pass filter, . The state
variable will be performed. The new state,

, and

is meaningless, so a change of

, represents the low frequency power command,

and the variable change is defined in equation 5.6.
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5.6

These four states provide the basis for a state variable description of the LTI HyPER architecture.

5.7

The state vector is defined as

5.8

where
controller,

is the energy stored in the bus capacitor,

is the integral term output of the PI

is the state internal to a state space model of the filter and the low frequency

power command, and finally

is the energy stored in the ultracapacitor. By writing the loop

equations describing Figure 5.3, the state space equations for the state vector can be derived. The
first state,

, is a function of three power terms. Two of these power terms are derived in

equations 5.9-5.10.

,
,

5.9
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5.10
,
,

The third power term contributing to the bus energy is

, which is the load demanded by the

robot. By substituting these equations into equation 5.3, the state equation for

, shown in

equation 5.11, is complete.

,

5.11
,
,

The second state,

,

only has one input term, the bus energy error,

. This error term is

reduced to its original components in equation 5.12,

5.12

,
,

where

,

is the bus energy setpoint. The internal state of the filter is defined in equation

5.13.

5.13

As discussed previously, the change of variable will be performed resulting in equation 5.14.
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5.14
,

The output of the filter,

or the high frequency power command is shown in equation 5.15.

5.15

Substituting the two power input equations into equation 5.4, the state equation is defined in
terms of only the system inputs and other states.

,

5.16
,

,

,

,

The state equations are now all defined and are summarized in equation 5.17.

,

,

,

5.17
0

0

0

0

,
,

,

These equations must now be rearranged to fit the form of the state space matrix
equations shown in equation 5.7. The final matrix expression of the system equations is shown in
equation 5.18.
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0

0

0

0

0
,

0
1

The inputs

,

1

and

0

0
,

0

5.18

0

,

are not dynamic inputs, but rather the setpoints for

the bus capacitor energy and ultracapacitor energy, respectively.

Model Simulation
Before continuing with the analysis, the system should be simulated to ensure that the
results of the control system simulation agree with the results of the full system simulation
covered in Chapter 4. Shown in Figure 5.4 is the SIMULINK® block diagram representing the
control analysis system.

Figure 5.4: SIMULINK® control system simulation
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First the simulation will be run with

0 which is the same as running without the

ultracapacitor recharge circuit. It can be seen from the results in Figure 5.5 that the controller
properly regulates the energy states of the bus capacitor and the ultracapacitor. One major
difference between the simulation and the physical system is that the ultracapacitor energy does
not decrease significantly over the course of the cycle in the simulation.

Figure 5.5: Simulation energy states,
The ultracapacitor charging gain was changed to

0
0.05, and the ultracapacitor

energy does not decrease at all. One of the assumptions this control model is based on is that the
converter losses can be thought of as a disturbance. In this model the disturbance is artificially set
to zero, and thus there is essentially no net loss of energy in the ultracapacitor.

52

0.05

Figure 5.6: Simulation energy states,

These results are sufficiently close to the full system simulation to verify that the control
analysis simulation is a close approximation of the actual system. The disturbance in the system
will actually tend to make the system more stable. In order to show that the system is stable it
0. This could be done analytically, but is shown here using

must be shown that the

a root locus method. There are four different variables which can be used to tune the performance
of the state space in equation 5.19.
1

0

0

0

0

0
,

0
1

These variables are

1

ultracapacitor recharge gain, and

0

5.19

0

, the integral gain,

of interest. The placement of

0

0
,

, the proportional gain,

, the proportional

, the filter corner frequency. The first three are the variables
mostly affects the sizing of the ultracapacitor. Shown in Figure

5.7 are the system pole locations while the integral gain,

, is varied from 5 to 1000.
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Figure 5.7: System root loci, 5

1000
0. Figures 5.8 - 5.11show

Figure 5.7 shows that the system is stable as all

the movement of the system pole locations as the different gains in equation 5.19 are varied.
There is a circle placed at the final pole location when the gain has reached its maximum value.

Figure 5.8: System root loci, 5

1000
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Figure 5.9: System root loci, 75

Figure 5.10: System root loci, 0.0001

600

0.1
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0.1

Figure 5.11: System root loci, 0

The root locus analysis shows that the HyPER system is stable when the controller gains
are properly set. The setpoints for the gains during the various tests are recorded in Table 5.1.
Although the system is stable, the poles showed some interesting behavior at times. Figure 5.85.9 show the affect the gains

and

have on the poles

and

. As the gains approach zero

one of the poles in each figure approaches the imaginary axis and marginal stability. This also
occurs in Figure 5.10 as the gain,

, approaches zero. Marginal stability causes the state to be

completely dependent on the input. In the case of

and

marginal stability causes the states to

be solely dependent the robot power demand which would quickly drive the states to zero. In the
case of

marginal stability causes the state to be dependent on the high frequency power

demand and the disturbance. Since the disturbance is guaranteed to only draw power from the
ultracapacitor, the state is driven to zero or, in other words, the ultracapacitor is completely
depleted.
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800
200
0.05
0.1

0.05
0.1

800
200

800
200
0.05

0.1

Table 5.1: Controller setpoints

Summary
It was found that the controlled HyPER system could be simplified to enable the use of
linear control theory. The simplifications were based on certain assumptions which can be made
about the system and its operation. The simplified model was verified through a simulation, and
the results from the simulation were sufficiently close to the results of the simulation of the full
HyPER system. After being verified, the state space model of the system was derived. Using a
state space model, it was shown that the eigenvalues of the system all lay in the left half of the
complex plane. The use of root locus plots shows that the system is stable over a wide range of
gain values.

Chapter 6
Converter Testing
The design of the bidirectional converter was discussed in Chapter 2, and the data
acquired through the hardware testing was used in the development of a system model. In this
chapter the test bench and the testing of the converter are described. This testing is conducted
over a wide range of operating conditions, and the converter operating setpoints are also changed
to find the optimal setpoints for its operation. The results of this testing are shown, and efficiency
curves for the converter operation are generated. Finally, the losses in the converter are analyzed
and separated into their component parts.

Test Setup
The purpose of this experiment is not to test how well the converter works with any
particular source or load, but to test the efficiency of the conversion. Thus the source that is used
is a 900 W power supply. This supply will not completely test the range of the converter, but it is
the largest variable voltage power supply available. The sink is a set of three 12 volt batteries
connected in series to form a 36 volt bus. This bus is in parallel with a load bank which is set at a
constant voltage limit of 36 volts. This ensures that the bus voltage is forced to be constant and
the test is performed in a controlled environment.
The procedure to test the converters is to run the converter at 25% load for approximately
five minutes before the actual test begins. This warms all the components so that false readings
are not obtained due to the low resistance of cold traces. Then the command current, starting at
zero, is incremented, and both the input and output voltage and current data are recorded. This
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step is repeated until the command current is equal to thirty amps. Near zero, where the converter
is the least efficient, the increments are small. As the current increases the step size increases. A
total of twelve different tests were run. Three different input voltages; 15, 24, and 33; were used.
These three input voltage tests were also run at four different switching frequencies (49.5 kHz,
58.3 kHz, 71.5 kHz, and 92.6 kHz).

Testing Results
The next three plots Figures 6.1-6.3 show the operating set points of the converter during
the tests. Figure 6.1 shows the operation with an input voltage at approximately 15 volts. On the
x-axis is shown the sample numbers. As previously noted it can be seen in the second and third
subplots of each figure that the step size was kept relatively small. This ensures that the efficiency
curves completely map the operation of the converters.

Figure 6.1: Converter testing variables,

15
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Figure 6.2: Converter testing variables,

24

Figure 6.3: Converter testing variables,

33

It should be noted that each figure represents the average operating conditions from
twelve different tests. At each switching frequency set point the test was conducted three times to
ensure that no particular test was an outlier. At the conclusion of each test it was noted that the
tests were all practically indistinguishable from an input-output point of view.
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In Figures 6.4-6.6 the efficiency curves of each test are shown. It should be noted that the
efficiency plots demonstrate the differences between each test which are not readily apparent in
the input-output figures previously shown. Each plot line represents the average of three tests at a
voltage set point.

Figure 6.4: Converter efficiency,

15

Figure 6.5: Converter efficiency,

24
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Figure 6.6: Converter efficiency,

33

As expected, tests in which the switching frequency was high, 92.6 kHz, the switching
losses negatively impacted the efficiency of the converter. However, the most efficient operating
point is not the lowest, but rather the second from the lowest, 58.3 kHz. At this point some other
inefficiency is becoming more prominent. Interestingly, the highest efficiency is significantly
more efficient than the other curves in the plot, especially at low input voltages. If this occurred
in just one test it would indicate a testing error had occurred. However, since it occurred in all
twelve tests, it indicates that it is indeed a valid operating point. Several factors could account for
the significant efficiency increase. The inductor is oversized for the converter. This allows a
lower switching frequency while achieving the output ripple current requirements. The switching
frequency can only be decreased so far before the converter enters discontinuous conduction
mode (DCM) which decreases the efficiency of the conversion process. However, the boundary
between continuous and discontinuous conduction modes, known as boundary conduction mode
(BCM), provides a highly efficient operating point. When operating at BCM, there is no current
through the MOSFETs during the switching cycle. This effectively makes the switching losses
zero and could explain the significant efficiency increase of the converter.
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The previous plots compare the efficiency of the converter at different operating
conditions. However, it only tells half the story. Using current as the x-axis does not demonstrate
the effect that the input voltage has on efficiency vs. power. Figures 6.7-6.9 show the efficiency
versus power support this point.

Figure 6.7: Converter efficiency vs. power,

15

Figure 6.8: Converter efficiency vs. power,

24
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Figure 6.9: Converter efficiency vs. power,

33

From these figures the effect of the input voltage on the efficiency and maximum power
transfer is easily seen. In order to transfer power efficiently over the entire range, the input
voltage should be close to the output voltage. The efficiency of the overall system is based on the
operating efficiency of the individual converters. For the overall efficiency to be good, assume
over 90%, the converters must be operating, on average, above 90%. Using the efficiency curves
as a guide, the power allocations can be refined to optimize the system efficiency.
Now that the efficiency of the converters has been shown, what are its loss mechanisms?
The converter’s estimated losses were presented in Chapter 2, and the loss mechanisms used in
that estimation are now described more in depth. Figure 6.10 shows the analytical breakdown of
the losses in the converter, which were explained in equations 6.1-6.2. The original estimated loss
mechanism values are now adapted to fit the loss breakdown to the empirical efficiency curves.
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Figure 6.10: Converter loss breakdown
The conduction losses are the single largest loss mechanism and can be described by the
following equation. For all calculations the duty cycle, , was calculated by dividing the input
voltage by the output voltage.

,

1

6.1

The various conduction losses in the converter are due to the MOSFET on state
resistance,
loss,

,

, the PCB trace and inductor winding losses,

, and the sense resistor

. The last loss mechanism which is lumped in with the conduction, although it is a

property of the MOSFETs is the drain to source leakage power,

. This obviously is not an

in depth model of the conduction losses, however it is sufficient for the modeling that is
necessary for the project. There are also AC conduction losses in the inductor due to skin effect
within the inductor windings.
The next largest losses are the DC losses from the control circuitry, drive circuitry, and
the isolated power supplies. At low operating powers, this loss has the most significant impact on
the converter efficiency, and thus must be minimized in any future converter designs.
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The MOSFET switching losses are the least significant, and are proportional to the
current through the MOSFETs. The losses are described by equation 6.2.
1
2
Where the

1
2

6.2

represents the time it takes for the MOSFET change from open to closed or

closed to open, and

represents the switching frequency of the converter.

Summary
This chapter covered the testing of the bidirectional converter, and the test conditions
described. The input voltage and current as well as the output voltage and current were monitored
to allow the calculation of the input-output efficiency. The converter was tested at three different
input voltages, and at each voltage the entire range of current was tested. The switching
frequency of the converter was tested at four different setpoints, and it was found that the
converter operated most efficiently at 58 kHz. The data was plotted versus input current and was
also plotted versus the input power to demonstrate the effects of the input voltage on conversion
efficiency. It was found that the efficiency of the converter peaks at approximately 98% and
except at the lowest operating setpoints, the converter is operating at over 95% efficiency.
Finally, an analysis of the converter losses was conducted.

Chapter 7
HyPER System Testing
After system simulation, control algorithm analysis, and component testing, the
components can be integrated to form the hybrid power and energy architecture. This chapter
discusses the construction of a test bench to simulate the on-platform operation of the system. The
supervisory controller is implemented on a real-time controller which allows data logging and
allows the operator to change any parameter in the control system. The system is subjected to a
real world robot power load generated by an electronic load bank. The performance of the system
under load and the results of the testing are shown.

HyPER Test Platform
Before integrating the system on an actual robotic platform, a fully instrumented test
bench, shown in Figure 7.1, was built. To be a good representation of a real robot, the bench has
to be able to load the system with a power demand identical to the robot’s power demand. To
simulate this load, the robot power profile used in the system simulation is implemented using a
load bank. The load bank is operated in a current mode. When operated in this mode the load
bank will sink a commanded current regardless of the voltage. This allows the HyPER power
system to set and regulate the output voltage. The test bench was built with the capability to
integrate an ultracapacitor, batteries, and a generator. Though the test bench is capable of
demonstrating the use of all three devices simultaneously, only the ultracapacitor and battery are
used in order to be consistent with the analysis in previous chapters.
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Figure 7.1: HyPER test bench
The three bidirectional DC-DC converters are the core of the bench as they interface the
devices to the power bus. The ultracapacitor is made up of two Maxwell Boostcaps ,which when
combined create a 10 farad, 30 volt ultracapacitor with a peak storage capability of 4300 joules.
The low frequency device is a Brentronics BB2590 LIon battery which, in a series configuration,
is nominally a 28 volt battery. Also shown in the lower right of Figure 7.1 is the generator. It has
been used successfully in the system to either replace the batteries or to insert a third energy
device. The bus capacitor is a standard electrolytic capacitor. The final portion of the HyPER
system is the supervisory controller. This has not yet been implemented as an embedded solution,
and is currently implemented on dSpace, a real time control system.
The test bench is fully instrumented. There is a current sensor associated with each
device including the bus capacitor, and the voltage of each device is measured. Between each
converter and its respective device is a switch to enable the quick shutdown of the system in case
of emergency. The large gray box is the interface between the system and the dSpace hardware.
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The dSpace system also provides the operator with real time data acquisition and control
of the system through a user interface which can be seen in the following figure.

Figure 7.2: dSpace HyPER GUI
This user interface provides the means to access any variable within the controller implemented
in the SIMULINK® model shown in Figure 7.3.

Figure 7.3: dSpace SIMULINK® control model
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Testing
As mentioned previously, the same robot power profile is be used in the system hardware
testing as was used in the simulations in previous chapters, and is shown in Figure 7.4.

Figure 7.4: Talon® stair climbing power profile
This profile is applied through the electronic load bank to simulate the robot power demand.
Shown below in Table 7.1 are the control parameter settings for the experimental setup on five
different runs.

k

k

k

Run 1

200

800

0

0.1

Run 2

200

800

0.001

0.1

Run 3

200

800

0.005

0.1

Run 4

200

800

0.01

0.1

Run 5

200

800

0.05

0.1

Table 7.1: Supervisory controller set points

ω
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Before showing the full results of the experiment, the ultracapacitor energy will be
0, the ultracapacitor’s

compared for all the runs in Figure 7.5. As expected in Run 1, with

stored energy decays relatively quickly. Thus in subsequent experimental runs, the proportional
gain,

, was varied between 0.001 and 0.05.

Figure 7.5: Ultracapacitor energy for various

values

This feedback term has a significant effect on the energy stored in the ultracapacitor.
From Figure 7.5 it can be seen that

0.05 is probably too tight a control, as the

ultracapacitor is not utilized to its full potential. In the rest of the figures which demonstrate the
system’s performance, the controller settings for Run 3 will be used and can be found in Table
7.1.
Figure 7.6 demonstrates that the controller for the system functions as desired and
stabilizes the bus capacitor energy. The first subplot shows the energy of the bus capacitor. For
most of the run the maximum error is less than two joules. The second subplot shows that the
ultracapacitor maintains its energy over the course of the entire profile.
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Figure 7.6: Capacitor levels
Figure 7.7 shows the battery variables for the entire run. From the top subplot it can be
seen that the assumption made in the system model was justified. The voltage of the battery is
relatively constant. It varies slightly under high current draws, but never drops more than two
volts for a short period of time. The second sublot shows the current draw, and the bottom subplot
shows the power draw. The filtering algorithm works properly, as the battery is only loaded with
the low frequency power demand. The plot shows that there is measurement noise present in the
system, a very high frequency noise superimposed on the low frequency power demand.
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Figure 7.7: Battery testing results
The ultracapacitor results in Figure 7.8 show that the slow proportional control on the
ultracapacitor is maintaining the stored energy. However, the ultracapacitor is not being utilized
to its full potential, as there are still several kilojoules of energy available. This indicates that the
control is still too tight and that the corner frequency of the filter is too high. If the gain,

, is

decreased or the corner frequency of the filter is lowered, the ultracapacitor will assume more of
the load, relieving the battery.

Figure 7.8: Ultracapacitor testing results
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Figures 7.9-7.10 reemphasize the performance of the hybrid power architecture. The bus
capacitor variables, shown in Figure 7.9, confirm that the output of the system was tightly
regulated. The output voltage which was set at approximately 35 volts never varies more than one
volt high or low.

Figure 7.9: Bus capacitor testing results
Shown in Figure 7.10 is the performance of the power filtering algorithm. In the top
subplot is the low frequency power, supplied by the battery, and in the bottom is shown the high
frequency power which is supplied by the ultracapacitors.
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Figure 7.10: Measured high and low frequency power profiles
When compared to the complete power profile in Figure 7.4, it can be seen that the peak power
supplied by the battery is reduced by nearly 300 watts, which is close to 10 amps. This indicates
that the losses internal to the battery should be greatly reduced. Once again the ultracapacitor is
capable of supplying more of this power, if the system gains are properly adjusted.

Summary
The hybrid power and energy system implemented on the test bench performed very well.
The dSpace hardware and software made the interaction with the system very easy. The user
interface graphically showed the power split between the two devices and made the oversight of
the controller possible. The supervisory controller regulated the bus capacitor energy tightly with
very little error. The results of the HyPER system simulation, showing that the ultracapacitor
energy decayed over the course of the tests, were verified. The gain,

, was varied and it was

shown that the control loop around the ultracapacitor could maintain the energy when the gain is
properly adjusted. The filtering approach appropriately allocated the power command between
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the two devices. The battery was exposed to only the low frequency components of the power
demand, and the ultracapacitor was easily capable of handling the remaining energy required by
the load. This chapter covered the implementation of the low-level controller proposed in chapter
3, which was able to stabilize and correctly regulate the states within the system.

Chapter 8
Future Work and Conclusion

Future Work
The HyPER system is inherently a scalable power architecture and is designed to be
applied to a variety of unmanned ground vehicle platforms. However, in this thesis the system
was kept small for ease of analysis and explanation. The manual setup of the low-level
supervisory controller is practical as long as the energy storage devices are not going to change. It
would quickly become impractical to manually configure the controller if the devices change
during a mission or routine maintenance. To streamline this process, the high-level controller,
mentioned at the beginning of Chapter 3, needs to become the brain of the entire power
architecture. As part of the project, key components in making the architecture smart have been
identified. This expanded architecture is shown in Figure 8.1.

Figure 8.1: Expanded HyPER architecture
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Only three of the blocks in the proposed architecture have been discussed previously.
The remaining blocks enable the system’s self configuration. The additional blocks are the
Energy Source Adapter (ESA), the HyPER Load Adapter (HLA), and the Robot Control
Computer. The Robot Control Computer is already supplied with the robot and will have some
interface with the power system. The signal lines also show there are a number of different
communication protocols, which will not be discussed further. In the next few paragraphs the
blocks which have not been discussed in detail will be briefly explored.

Supervisor
To implement the converters in a power delivery system there must be a supervisor
coordinating the energy devices. The supervisory controller should be implemented in a digital
processing environment as a two-level controller for the hybrid architecture to be viable. A lowlevel controller is required that is capable of maintaining the main robot power bus by generating
current commands for each converter in the system, as has been previously discussed, as well as a
high-level controller to manage the storage devices and low-level controller.
The high-level portion of the supervisor has three main functions. First, it configures the
low-level controller any time the operating conditions change. The supervisor communicates with
the main robot controller via the JAUS protocol, an open architecture developed specifically for
unmanned systems, to enable the operator to change the operating conditions, i.e. change the
energy sources in use. Second, it monitors the devices through a CAN communication link to the
ESAs. This includes ensuring all energy storage devices are within safety limits, calculating state
of charge, and recording real time current and voltage. Lastly, the controller must also be able to
control devices based on the overall system’s state of charge, or based on a particular mission’s
requirements. For example it must be capable of activating a generator or placing a battery in
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charge mode. Beyond these main functions, there are many other potential applications for the
high-level controller. These could include health monitoring algorithms, energy optimization,
mission energy requirement estimation, mission programmable operation modes, and primary and
auxiliary load control.

Energy Source Adapter
The Energy Source Adapter’s function is to facilitate the integration of any energy
storage device into the HyPER system. Physically, the ESA converts the connector on the storage
device to a connector compatible with the converter. Logically, it provides much more to the
system. It communicates through a CAN link to the supervisor in order to send it data about the
energy storage device. This data includes operating data such as current, voltage, and state of
charge, and also includes the operating characteristics of the device. These operating parameters
allow the supervisory controller to automatically discover and manage the device. This auto
discovery function is key to enabling the HyPER system’s self-configuration. The operating
parameters of the device inform the supervisory controller how to configure the low-level
controller in order to optimally utilize the energy available. The final function of the ESA is to
provide the supervisory controller with the capability to control the operating mode of the device,
such as allowing the supervisory controller to place a BB2590 in charge mode.

HyPER Load Adapter
The HyPER Load Adapter provides control over a robot’s payload and uses the JAUS
protocol to communicate with the supervisory controller. The HLA provides the supervisor with
the operating parameters of the payload, monitors the power usage and health of the payload, and
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provides the capability to completely shut down the payload. The adapter could be implemented
as a standalone device or as an integrated part of the robotic platform.

Conclusion
As the use of robots spreads to different applications, their power and energy systems
must be able to adapt to the wide variety of operating conditions which could be encountered.
The scalable hybrid power and energy architecture proposed in this thesis can be used on these
robots to allow adaptation to the operating conditions.
A simple scalable bidirectional converter was developed as the core of the architecture,
and the design and operation was discussed. Later, the efficiency of the converter was found by
testing a single converter at different operating set points. It was found that the converter
efficiency was over 95% for all but the lowest power transfers.
The design of the supervisory controller was initiated with a short discussion on what it
must accomplish, but the scope of the thesis dictated that only the low-level controller be
discussed. The low-level controller was developed and a HyPER system model was developed. It
was shown how this feedback system could be expanded to accommodate multiple energy storage
devices.
Before implementing the HyPER system in hardware, the system was simulated to show
that the approach taken to designing the hardware and the supervisory controller was a viable
approach. The modeling of each system component was discussed and the results of the
simulation were shown. The results indicated the system would function properly, however, it
was noted that the energy stored in the ultracapacitor decayed over time. A compensation
controller was added to ensure that the ultracapacitor was able to continuously function. The
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results from the simulation with this modification indicated the system would function properly in
extended continuous operation.
In any controlled system it should be shown that the system is stable during operation.
The simulation of the system did not show that it would become unstable during operation;
however, that is not sufficient proof of stability. The system was simplified in such a way that
allowed the use of linear control theory to analyze the stability of a mathematical model of the
system. This model used the energy of the ultracapacitor and the bus capacitor as its primary
states. It was shown that the eigenvalues of the system lie in the left half of the complex plane
over a range of controller set points. This is sufficient to show that the system is stable under the
normal operating conditions. It was also shown that this analysis is sufficient to show the system
is stable even when multiple other energy storage devices are in the system.
Finally, a test bench of the system was built and instrumented. A real world robotic
power profile was applied to the system, and the HyPER system was able to stabilize the energy
in the bus capacitor for the duration of the load. The ultracapacitor also maintained its energy
under continuous operation. The results of this testing conclusively showed that the HyPER
system as proposed could be used as a scalable hybrid power and energy system for unmanned
ground vehicles.
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Appendix A.
Inductor Design Parameters
The design of the inductor itself was accomplished by following the manufactures design
procedures, and is shown below. The manufacturer’s design specifications and procedures can be
found in [3-5].

,

30

60

40

68

Table A.1: Inductor specifications
Derate the nominal inductance of the core by 8% as specified by the manufacturer.

,

0.92

62.56

A.1

Calculate the number of turns needed.

21.898

,

A.2

Calculate the bias.
·

43.633

·

A.3

From a manufacturer table determine the roll off of the initial permeability for the bias
calculated previously. The number of turns is derated by the provided duration constant,
0.7, to obtain the desired inductance.
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31.28

A.4

This is the number was rounded to 30 turns as the inductor will not be normally be operating at
full capacity. Thus the nominal inductance is given in equation A.5.
68

30

54

This inductor is significantly larger than the 30

A.5

needed, but this helps to minimize the

output current ripple. The downside is that the conduction losses will be significantly higher. A
lower inductance would result in fewer turns which would in turn reduce the winding resistance.
The inductor design is now complete. Before construction, the losses resulting from the core loss
and the conduction losses can be estimated. First consider the core losses. An rms current of
2.88 , translates into a magnetizing force and flux density shown by the equations
below.
0.795 ·

0.2576
5.9 10
1
1.97 10

3.5903

1.208 10
4.78 10

A.6

0.1933

A.7

According to the manufacture’s specifications, the core loss can then be calculated by the
following equations where V is the volume of the core.

0.625

.

.

·

10.396

A.8

0.3607

A.9
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This seems like a negligible loss when the power being converted is on the order of a kilowatt,
but the conduction losses of the inductor still need to be calculated. It can be shown through the
manufacture’s specifications and parameters of the inductor that the estimated resistance of the
windings is

5.4

Ω. The conduction losses of the inductor can then be described by

equation A.10.

A.10

Figure 2.4 shows the estimated inductor losses, which are based on the design and loss
mechanism calculations outlined in this appendix.

Appendix B.
Bidirectional Converter Schematics, Parts List, and PCB Layout
The following three pages contain the schematics for the HyPER system bidirectional
DC-DC converter. It should be noted that in the ‘Power Net’ schematic there are two sets of
MOSFETs shown. In the actual circuit there is only one set. It was only shown this way in the
schematic because two sets of MOSFETs with different packages were considered for the initial
design.
It should also be noted that the values for the resistors in the schematics may not be what
was actually installed on the board. A number of values were changed during testing of the
circuit, in order to optimize its efficiency and performance. The final values are reflected in
Tables B.1 and B.2.
Finally, Figures B.4-B.5show the printed circuit board layout. The PCB is a four layer
board, but only the top and bottom layers are shown. The outer layers are 4oz copper layers on
account of the large amounts of current they must be able to conduct for extended periods of time.

Figure B.1 Converter power net schematic
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Figure B.2: Converter control circuitry schematic
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Figure B.3:Converter gate drive circuitry schematic
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Designator
C1
C2
C3
C4
C5
C8
C9
C10
C11
C12
L1
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R14
R15
R16
R17
R18
R19
R20
R21
R22
R24

Value
100µF
100µF
2.2µF
1000pF
2.2µF
22000pF
10nF
10nF
10nF
10nF
0.035mH
0.001Ω
120kΩ
27kΩ
1.8kΩ
100kΩ
10kΩ
4.7kΩ
10kΩ
4.7kΩ
100kΩ
3kΩ
5.1kΩ
2Ω
0
5kΩ
5kΩ
6.8kΩ
2Ω
10kΩ ± 30%
1kΩ
1kΩ
6.8kΩ

Description
Input Capacitor
Output Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
805 Capacitor
Toroidal Inductor
Power Metal Strip Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
805 Resistor
Potentiameter
805 Resistor
0805 Resistor
0805 Resistor

Table B.1: Converter passive device definitions
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Designator

Part Number

Description

D1

VS-15TQ060S

Schottky Diode

D2

VS-15TQ060S

Schottky Diode

D3

PMEG2010AEH

Schottky Diode

D4

DFLZ5V17

Zener Diode

D5

PMEG2010AEH

Schottky Diode

D6

DFLZ5V17

Zener Diode

FUSE1

3568

Fuse Holder

FUSE2

3568

Fuse Holder

T44

2SA10220CL

PNP Bipolar Transistor

U1

SK129

Heat Sink

U2

IRF1018ES

N-Channel MosFet

U3

IRFP4368PBF

N-Channel MosFet

U4

SK129

Heat Sink

U5

IRF1018ES

N-Channel MosFet

U6

IRFP4368PBF

N-Channel MosFet

U10

TLV7211IDR

Comparator

U11

OP249GSZ

Opamp

U12

HCPL-0201-500E

Optocoupler

U13

MIC4422YM TR

Gate Drive

U14

IRS21091STRPBF

Half Bridge Gate Drive

U15

HCPL-0201-500E

Optocoupler

U16

MIC4422YM TR

Gate Drive

U25

VAWQ3-Q24-S15H

Isolated DC Supply

U26

VAWQ3-Q24-S15H

Isolated DC Supply

U55

LMC555CM

CMOS 555 Timer

Table B.2: Converter active device definitions
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Figure B.4: PCB layout top layer

Figure B.5: PCB layout bottom layer

Appendix C.
SIMULINK® Simulations
The following simulation is control system simulation diagram. Figure C.1 shows the

Figure C.1: Control system simulation main system

main diagram.
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The only subsystem present in the control simulation is the filter, shown in Figure C.2.

Figure C.2: Filter algorithm subsystem
The next set of figures show the SIMULINK® diagrams for the full HyPER system
simulation. It has many different subsystems which include capacitor models, a filtering model,
main controller model, a capacitor charging circuit, and a lumped battery/generator model. As
discussed in Chapter 4, the lumped battery/generator model contains not only the storage device
models, but also their respective converter models.

Figure C.3: HyPER system simulation main
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Figure C.4: PI controller subsystem
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Figure C.5: Capacitor charge circuit subsystem

Figure C.6: Filter algorithm subsystem
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Figure C.7: Lumped batter/generator model (battery charge mode)

Figure C.8: Lumped battery/generator model (battery discharge mode)

Figure C.9: Low frequency source subsystem
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Figure C.10: Converter model subsystem
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Figure C.11: Capacitor model subsystem
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Appendix D.
dSpace Controller and Interface
This appendix shows the supervisory controller implemented in SIMULINK®. This
SIMULINK® code is then compiled into C and implemented on the dSpace DS1104 real time
controller board. Any signal in the SIMULINK® diagram can be accessed from the dSpace user
interface, Control Desk. Control Desk can be configured by the user to display any information
needed, and can also be used to manipulate the controller, i.e. change set points, start, stop, etc.
The specific interface used in the implementation of the HyPER system used for this thesis is
shown in Figure D.7.

Figure D.1: dSpace SIMULINK® controller

Figure D.2: Device DAQ and monitoring
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Figure D.3: Safety override subsystem
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Figure D.4: Controller subsystem
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Figure D.5: dSpace D/A interface subsystem

Figure D.6: Current command calculation subsystem

Figure D.7: dSpace Control
109

