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CHAPTER 1
1. INTRODUCTION

According to a survey of county property appraisers, in 2006, there were
approximately 1,095,347 residential swimming pools in the state of Florida [1]. Each of
these swimming pools is operated for 8 to 10 hours per day, usually when there is
sunshine and solar energy is available. If operated for 8 to 10 hours per day, a pool pump
will consume over 3000 kWh per year [2]. This adds up to at least 3.286 GWh of
electrical power consumed annually.

As the price of oil continues to be unpredictable, and as the cost of energy continues
to increase, people around the world are looking for efficiency, and an alternative means
to reduce their cost of living. Solar energy is a safe alternative to fossil fuels, and
provides electrical power free of cost, aside from maintenance, and the initial capital
costs. However, this initial capital investment is a major disadvantage to the utilization of
solar energy and although new technologies are beginning to make Photovoltaic (PV)
arrays competitive, there is still a strong need to optimize the size of PV arrays according
to their intended usage.

The i-v characteristic of solar modules makes them suitable voltage sources.
However, a major technical challenge of PV modules comes when the current, supplied
by the PV module, passes the knee point of the i-v curve. Often, PV arrays are oversized
to supply stand-alone motor drives. This is due to several factors. One of the primary
reasons is that if there is a rapid power reduction due to a change in incident solar
radiation, then there is a possibility for voltage collapse at the input terminals of the load

[3]. Once the voltage collapses, the DC-bus voltage of the drive will collapse resulting in



motor shutdown. This lack of reliability can be overcome by using an energy storage
device [4] or by using the AC-grid as a supplementary source. By utilizing contributions
from both the PV source, and the grid, the benefits of both sources can be used to balance
their deficits (i.e. instability for the PV source, and cost for the grid).

In the following sections, a brief background of the problem will be explained,
followed by additional background material on typical pump motors, variable speed
motor drives, and photovoltaic energy and its application in variable speed drive systems.
This will not only shed light on the justification for exploring this system, but also on

some of the system characteristics, and behavior.

1.1. Problem Statement

The National Resources Defense Council (NRDC) estimates that there are as many
as 4.5 million residential swimming pools in the United States, which roughly spend
between $1.1 and $1.6 billion dollars annually [5]. With the application of modern power
electronics, this amount can be reduced significantly. The NRDC, and the Department of
Energy (DOE) have released recommendations regarding common practices involving
the energy consumption of electric water pumps, and ways to increase the efficiency of
energy usage when one owns a pool. Among the recommendations delineated by the
NRDC is to replace existing single speed pool pumps with higher efficiency two-speed
pumps, or variable speed pumps [6]. Since variable speed pumps utilize inverters to drive
their motors, they present the opportunity to power the AC motor-pumps from renewable
energies. In this research effort, the efficiency of the variable speed pump has been taken

a step further through the development of the hybrid-solar adjustable-speed water pump.



As mentioned previously, the hybridization of this variable speed drive will permit the
pumping of water with less, or no electricity drawn from the grid. Since pool pumps are
typically operated during peak daylight hours, the usage of hybrid-solar pumping systems
will shave kilowatt-hours off the peak daytime demand on the AC grid, thereby
alleviating some of the stress on the aging U.S. energy infrastructure. In hybrid motor-
drive systems, the contribution made by the AC-grid serves to stabilize the DC-bus
voltage of the variable speed drive. Fluctuations in incident solar radiation make solar
power unpredictable. Thus, by utilizing power grid to stabilize the DC-bus voltage, solar-
based hybrid systems can use solar energy as it becomes available. By using solar energy
in a supplementary configuration, the benefits of renewable energy are combined with the
reliability and stability of the power grid and thereby increase the reliability of the system
while decreasing the cost. Through proper switching of the DC-DC module, power can
be injected into the pump from the solar array instead of the grid, even though they are
connected simultaneously. This allows the AC power to operate as a supplementary
source, and vice versa, as the availability changes. In steady-state conditions, the pump
can run solely on the available solar power unless there are very rapid changes in the load
(i.e. stating transient), or in the incident solar radiation. When these changes occur, the

pump will seamlessly draw the lacking portion of power from the grid to compensate.

1.2. Literature Search

Although it is well understood that power sharing is possible in systems with a
common DC-link, and the control and characterization is simple due to the passive nature

of these circuits, the initiative has not been put forth to understand the characterization



and control of active power sharing in systems with a common DC-link. The literature
review presented here will cover some of the available literature leading up to this
research effort, however, it should be noted, that there exists a lack of any relevant

research regarding active power sharing in these systems.

The study of the use of photovoltaic energy to operate motors and motor drives has
been a topic of research for well over 30 years. At that time, the gap in knowledge was
still the performance analysis of photovoltaic coupled DC motors, and motors that were
directly coupled to photovoltaic conversion systems [7- 9]. In addition, efforts to include
the use power electronics to reconfigure the arrays according to motor performance were
studied [10].  Since that time, improvements in power electronic technology have
improved reliability and robustness of control of motors in adjustable-speed
drives(ASDs), and these improvements and the higher penetration of ASDs have inspired
research into the coupling of PV arrays, and motor drives, and since the late 1980’s there
has been plenty of research into photovoltaic pumping systems. This research has
included everything from surveys of PV pumping applications for rural communities [11-
13], to the application of MPPT algorithms for maximum power extraction [14],
optimization [15], performance analysis[16], and modeling and simulation of solar

pumping systems|[17].

In 1991, a research effort was performed on a grid-connected/solar pumping system
[18] in rural South Africa. In this system, an inverter was connected to an AC motor
through a three-phase transformer, which was connected to the AC-grid through an

inductor, see Figure 1-1. Since this is an AC system, power can be injected back into the



grid by using standard AC power flow theory to change the power angle of the inverter.
A major disadvantage to this system, is that it utilizes a connection known as a single-
wire Earth return, which is only utilized in rural areas due to concerns over voltage drops

and instability. In addition, the inefficiencies of this system are high due to the

configuration.
/-Y-Y\ --------------------
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—|— Array

puController

Figure 1-1 Grid/Solar Pumping System

Although the system in the following research is not technically “grid-connected”,
because it is a rural oil well field, the infrastructure exists in that area such that a
microgrid has been established that provides reliable, and stable electric power. In this
research, a so-called “Wind (Solar)/Grid Complement Power Supply” [19] has been
established to reduce the power consumption of the DC loads (motor drives) on the
micro-grid, and a case study has been performed. In the case study, the investigators
provided a measurement calculus for the power saving in their system where the output
power is a function of the rated power, and wind speed. However, little explanation of the

system was performed. Another hybrid AC/DC source system in depicted in [20], where



a common DC bus is used to connect battery, PV, and AC grid sources. The DC bus is
then connected to AC adapters that power their individual loads. In this system, a
proposed PV-battery step up DC-DC converter is presented, where the PV and the battery
is connected in series, and on the buck-boost converter side of a so-called high step up
hybrid boost-flyback converter. The researcher in this effort claims that the proposed
topology offers an equivalent conversion ratio to the typical boost converter, without the
additional switch stresses. However, the efficiency of this system varies widely with the
output power and the voltage, and the claims that the system has lower stresses than
conventional boost converters are exaggerated, since the peak currents are over 2.5A for
minimal power ranges (less than 20W). Additionally, the calculated conversion ratio for
this converter is claimed to be higher than that of a conventional boost converter, which
is true if one compares a boost converter in continuous conduction mode with this
system. However, when the boost is operating in discontinuous conduction mode (which
is also the mode of operation for this system), the gain ratio is equivalent, or less. In the
research presented in [21], a hybrid battery/ultra-capacitor system is investigated. In this
system, various configurations of ultra-capacitors, batteries, and bi-directional converters
are analyzed according to specific criteria. A most ideal candidate is chosen, and
compared against the typical B/UC configuration (parallel connection). Accordingly, the
ideal case is specified is such that 75% of the UC voltage will be available, therefore 50%
of the UC voltage must be drained in order to draw that equivalent amount of power.
Again, although the power sharing in this system is essential, analysis of the active power
sharing between the UC and the battery is not performed, since the main objective of this

design is to maximize the system’s ability to drain the UC voltage.



CHAPTER 2

CHARACTERISTICS OF PHOTOVOLTAICS

In this chapter, the characteristics of photovoltaic (PV) energy generation, and panels
will be discussed. This discussion includes the basic principles of photovoltaic energy
conversion, and types of materials used for PV junctions, followed by equivalent circuit
models, operational behavior, and some technical challenges associated with the
technology.

The history of photovoltaic energy research dates back almost three centuries, with
contributions from some of the most well known people in Science and Engineering. In
1839, Alexandre-Edmonde Becquerel [22] first discovered the photovoltaic effect, while
he was studying electrolytes and metal electrodes. Learning from Becquerel’s discovery,
William G. Adams, who was a professor of natural history at the King’s College, London
,along with his student R.E. Day, created the first solar panel from a Selenium-Platinum
junction in 1887 [23]. However, even though the phenomenon was known, it was not
understood until 1905, when Albert Einstein delivered a full analysis and explanation of
the photovoltaic effect in his paper titled “On a Heuristic Viewpoint Concerning the
Production and Transformation of Light” [24], for which he was awarded the Nobel Prize
in 1921. Since that publication, understanding and development of PV technology has
evolved according to the concepts upon which Einstein shed illumination. The study and
development of Selenium based photovoltaics continued until 1953, when the first
monocrystalline Silicon PV cell was engineered by G.L. Pearson and C.S. Fuller[25], and
the first Germanium PV cell was discovered by Dr. Dan Trivich[26]. The significance of

their discoveries was a large increase in efficiency of conversion from light to electricity,



[24], there has been a wide range of different semiconductor-dopant combinations.
Discoveries have even been made of semiconductor materials which do not need to be
doped in order to produce the junction. Some of the typical combinations are listed in

[30]:

e Monocrystalline Silicon
e Polycrystalline Silicon
e Amorphous Silicon

¢ Gallium-Arsenide

e Cadmium-Telluride

e Copper-Indium-DiSellenide

New materials, and junctions are being discovered every year, such the Tin-Zinc
Oxide junction, and Tin-Zinc Oxide-Indium junction that are being researched for many
nano-PV cells [31]. Therefore, this should be considered to be a summarization of

common junction materials, and not a comprehensive collection.

2.2. Equivalent Circuit Models and Behavior

A brief description of how PV cells generate electrical was delivered in the previous
subsection. In this subsection, an explanation of how that energy can be harvested and

utilized is covered, beginning with the equivalent circuit for a PC cell.

The electric behavior of a PV cell is described by the equation [32]:



I= L, - Io(efTVT—1)= on — I

where, I, is the photo-current that is generated by the light exposure, I; is the
Shockley diode equation, I, is the reverse saturation current,q is the charge of an
electron (1.60217646 x 10" C), a is the diode ideality constant, k is Boltzman’s
constant (1.3806503 x 107% J/K), and T is the junction temperature in Kelvin. The
magnitude of I, changes according to the level of incident solar radiation, also known as
insolation. Insolation is measured, not only in the magnitude of intensity, but also in the
angle at which the light strikes the face of the PV panel. In Figure 2-2, the I-V, and P-V

curve of a solar panel are plotted for several levels of insolation.
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Figure 2-2 (a). I-V Curve, and (b). P-V Curve plotted for different levels of
insolation.

The easiest way to understand the electrical characteristics of a PV-cell is to

examine the simplified circuit diagram. The ideal circuit consists of a current source in



parallel with a diode. However, in practice, the actual behavior of the cell is similar to
that of a current source connected in parallel to both a diode, and a resistor, with a series
connected resistance connected between the cell and the terminals [33]. A diagram of the

ideal versus the practical equivalent circuit for the PV-cell is visible in Figure 2-3.

Practical PV device

___________________________________________________________________________

Figure 2-3 Equivalent Circuit Model for a Photovoltaic Cell [35]

In the equivalent circuit, Ry, is typically a very large resistance that is used to model
the leakage current of the diode, and Ry is a very small resistance that is used to model the
connection resistances. In some models these resistances may be neglected, however,
they accurately model the behavior of the cell in both modes of operation. In current
source mode, the parallel resistance R, has more of an effect on the operation of the
circuit, because of the increased effect of the leakage current. However, while in voltage
source mode, the series resistance Ry is more influential because the increased power

dissipation reduces the maximum power of the panel.



2.3. Maximum Power Point Tracking

Due to the unique behavior of PV cells, and the nature of the I-V, and P-V curves,
there are certain technical challenges that must be overcome. From examination of the P-
V curves, it can be observed that there is a point along each one of the curves where the
maximum power of the panel can be harvested. This is known as the Maximum Power
Point (MPP), and there are many studies related to tracking changes in this point, so that
the maximum amount of energy can be harvested from PV panels at all times. The MPP
is often referred to as the “knee-point”, and a lack of consideration for this point can
result in a system operating at a lower power level than what is possible, or potentially at
a point that is way beyond the available power level. In this case, the characteristic of the
PV-cell will cause an array to go into current-source mode, and the voltage at the input
terminals of the system will collapse, likely resulting in system shutdown. The practice

of tracking the MPP is appropriately titled Maximum Power Point Tracking (MPPT).

There are many MPPT techniques, which have different advantages and
disadvantages. Some are inexpensive to implement, yet they have slow convergence on
the maximum power point. Others may require expensive, hand-bandwidth sensors, and
require complex programming and but may offer extremely accurate control, and fast-
response. According to [34], there are at least nineteen different MPPT techniques, with
varying degrees of cost and ability. The following will only cover seven of the most

commonly used techniques.



The first two techniques are known as the “Perturb and Observe Method”(POM), and
the “Hill Climb Method”(HCM). These two methods use similar techniques to track the
MPP. In the POM approach, the output voltage of the system (typically some sort of DC-
DC converter), is incremented, or decremented by a small amount, hence, the term
“Perturb”. Next, the input power to the system is monitored for fluctuations. If the output
voltage is incremented, and the input power increases, then the next perturbation will
again be an increment. However, if the input power decreases, then the operating point of
the system is past the knee-point in the I-V curve, and the next perturbation will
decrement the output voltage, see Figure 2-4. The HCM operates in a similar manner, but
the duty cycle ratio is incremented, or decremented, instead of the output voltage, and the
power is measured. This method is widely used, but has some drawbacks. The first

drawback is that the system will continuously oscillate about the maximum power point.

Inputs: V(t), I(1)
I

v v
Increment Decrement
< <
Vref Vref
e . yes no - yes
< AP >0 > < AP>0 >
no

Figure 2-4 Perturb and Observe Method Flow Diagram

Therefore, a variable perturbation step-size must be used once the system is

operating at a level close to the MPP in order to reduce the oscillation size. The second



Figure A - 4 DC-DC Module Prototype 4.2, All Layers

In Figure A-3, all of the layers of the PCB have been printed. The input traces at
the bottom left of both the Top Copper Layer, and the Bottom Copper Layer have been
intentionally mirrored. Due to cost restrictions, the thickness of the top and bottom

copper layers has to be reduced to 1 0z. In order to maintain the required widths
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(454mils), the traces were paralleled on the top and bottom layers. Although this
prevents any other traces from being able to cross through that region, the loss of routing
space is minimal due to the location of the traces. In addition, it is a general rule of
thumb to minimize the number of crossovers in a PCB route, especially if one of those
tracks is conducting high currents such as in this case. Therefore, this method prevents
that from being possible. It should be noted that this method is useful and does not result
in any significant transient effects in this circuit, however, that may be due to the circuit

topology, and not to any inherent tendencies of the technique.
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Appendix (B) Design and System Data

Part Value Device Package Description
Cl 10uF-25V CP SV-B CSV-B POLARI CAP
C2 470 pf C 1206 C1206 NON-POLAR
CAP

C3 0.15uF C_0805 C0805 NON-

POLARCAP

C4 0.15uF C_0805 C0805 NON-POLAR
CAP

Cs 0.022uF C_0805 C0805 NON-POLAR
CAP

C6 0.022uF C_0805 C0805 NON-POLAR
CAP

C7 4700pF C 1206 C1206 NON-POLAR
CAP

C8 0.047uF C 0805 C0805 NON-POLAR
CAP

C9 33uF-25V CP _SV-D CSV-D POLAR CAP

Cl10 22uF - 35V CP_SV-D CSV-D POLAR CAP

Cl1 330uF - 16V CP SV-E/F CSV-E/F POLAR CAP

Cl12 0.1uF C_0805 C0805 NON-POLAR

CAP
Cl13 0.1uF C_0805 C0805 NON-POLAR
CAP
Cl4 0.1uF C 0805 C0805 NON-POLAR
CAP
Cl15 .22uF CPOL- UVY22DR22ME| POLAR CAP,
EUUVY2DR22MED D Euro
Clé6 .22uF CPOL- UVY22DR22ME POLAR
EUUVY2DR22MED D CAP,Euro
C18 0.01uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
C19 10uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
C22 0.01uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
C23 0.1uF C-US025-024X044 | C025-024X044 | CAP, American
Sym

C24 J1uF C-US025-024X044 | C025-024X044 | CAP, American

sym
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C26 0.1uF C-US025-024X044 | C025-024X044 | CAP, American
sym
C27 JuF C-US025-050X050 | C025-050X050 | CAP, American
sym
C28 10uF C-US025-024X044 | C025-024X044 | CAP, American
sym
C33 0.01uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
C39 9uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
C40 9uF C-US025-024X044 | C025-024X044 | CAP, American
Sym
D1 RS1J-13-F DIODESMA SMA-DIODE DIODE
D2 ES1D GF1 SMA-DO214AC DIODE
D3 ES1D GFl1 SMA-DO214AC DIODE
D4 ES1D GFl1 SMA-DO214AC DIODE
D5 MBRO520LT MBRO520LT SOD123 SCHOTTKY
BARRIER
RECTIFIER
D6 ZPD ZENER-DIODEZD-5 ZDIO-5 Z-Diode
D7 ZPD ZENER-DIODEZD-5 ZDIO-5 Z-Diode
D9 ZPD ZENER-DIODEZD-5 ZDIO-5 Z-Diode
IC2 FOD-3120 DILS8S SOCKET-08 Dual In Line /
Socket
J1 22-27-2051-05 22-27-2051-05 6410-05 CONNECTOR
12 MTAO02-100 10X02MTA AMP connector 1
J3 MTAO02-100 10X02MTA AMP connector 1
VR2 L78MO5CDT LP2950CDT-3.0 LP2950CDT-3.0 DPACK
LEDI LED3MM LED3MM LED RED
VRI1 LF33CDT LP2950CDT-3.0 LP2950CDT-3.0 DPACK
Q1 10MHz CRYSTALHC49S HC49/S CRYSTAL
R1 100K R 1206 R1206 RESISTOR
R2 100k R 1206 R1206 RESISTOR
R3 470 R 0805 R0805 RESISTOR
R4 470 R 0805 R0805 RESISTOR
R5 10 R 1206 R1206 RESISTOR
R6 1.82K R 0805 R0805 RESISTOR
R7 33 R 0805 R0805 RESISTOR
RS 432K R 0805 R0805 RESISTOR
R9 249K R-US 0411/3V 0411V RESISTOR, Amr
sym
R10 200K R-US 0411/3V 0411V RESISTOR,Amr
sym
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R11 1K R-US 0411/3V 0411V RESISTOR, Amr
sym
R12 40 R-US 0207/2V 0207/2V RESISTOR, Amr
sym
R15 S20K230 S20K230 S20K230 VARISTOR
R17 4.7k R-US 0207/2V 0207/2V RESISTOR, Amr
sym
R18 100 R-US 0207/2V 0207/2V RESISTOR, Amr
sym
R19 220 R-US 0207/2V 0207/2V RESISTOR, Amr
sym
R20 22 R-US 0207/2V 02072V RESISTOR, Amr
sym
R21 249K R-US 0411/3V 0411V RESISTOR, Amr
sym
R22 1K R-US 0411/3V 0411V RESISTOR, Amr
sym
R27 S20K230 S20K230 S20K230 VARISTOR
S1 PB 1 10-XX B3F-10XX OMRON
SWITCH
TP 1 TP _EGND 3,81/1,4 3,81/1,4 THRU-HOLE
PAD
U$1 A0S775 A0S775 TRANSFORME |POWER SUPPLY
R XFMR
US$2 | VIPER20ASPTR-| VIPER20ASPTR-E | POWER-SO10 | SMPS Switcher
E
U$3 MKDS1/4-3,5 MKDS1/4-3,5 4POL350 MKDS 1/4-3,5
U$4 |DSPIC33FJ64MC | DSPIC33FJ64MCR02 DIL28-3 Microchip dsPIC
802
U$5 BOOSTCONN BOOSTCONN BOOSTCONN Connector
Us6 BOOSTCONN BOOSTCONN BOOSTCONN Connector
US$7 [IGBTSKS50GAL06] IGBTSKS50GALO065 |IGBT-MODULE| Semikron IGBT
5
U$8 |BOOSTCONN O| BOOSTCONN OUT | BOOSTCONN Connector
UT OuT
VRI15 | LM78L15ACM LM78L15ACM SO-08 Voltage Regulator
L1 150uH Inductor Inductor Inductor

Table B - 2 DC-DC Module Prototype 4.1 (Final Prototype) Bill of Material
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Appendix (C) Microcontroller Design

Microcontroller: Microchip dsPIC33{j64mc802
Internal oscillator: 7.37 MHz
External oscillator:10.0 MHz — unused

Instructions per second: 40MIPS

/O used: ANO — Output voltage
AN1 — Input voltage
RB15 —-PWMIL

RB14 —PWMIH - Spare

Close attention must be paid to the data types when utilizing the dsPIC blockset for
MATLAB. In the case that a data type is incorrect, a warning message may be displayed
upon attempting to compile a model, however, this is no always true, and often errors will

go undetected, yet the microcontroller will not function properly.
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Appendix (D) Experimental Data

S : 12 = — o4 ) — e
ix| B 29| Egp |EEZ_ :. 2|3
72 5 | ZE | EE |Eidgz|fs| &S| B
£3| 52 = ) DS E<| S< | wZ | 3
o S O~ Q > \>_/ 8 S S 3 A
= S < < < S < s
100.
700 765 214.69 0.946 84 84 0 0
100.
750 765 214.69 0.946 84 84 0 0
778-823
(marginal 100.
800 stability) 214.15 1.01 87 87 0 0
100.
850 850 213.64 1.043 97 98 0 0
100.
900 900 213.79 1.131 106 106 0 0
935-969
(marginal 95.6
950 stability) 213.9 1.153 116 111 5 9
96.7
1000 1000 213.79 1.295 122 118 4 2
96.9
1050 1050 213.75 1.379 131 127 4 5
93.0
1100 1100 213.87 1.501 143 133 10 1
92.8
1150 1150 213.74 1.602 154 143 11 6
91.0
1200 1200 213.49 1.716 167 152 15 2
90.5
1250 1250 213.79 1.824 180 163 17 6
90.2
1300 1300 213.61 1.951 194 175 19 1
89.1
1350 1350 213.42 2.088 212 189 23 5
88.0
1400 1400 212.94 2.243 226 199 27 5
88.9
1450 1450 212.47 2.428 245 218 27 8
89.1
1500 1500 212.69 2.588 266 237 29 0
1550 1550 212.65 2.781 284 249 35 87.6

100



88.5
1600 1600 212.58 2.963 305 270 | 35 3
89.5
1650 1650 212.55 3.15 325 291 | 34 4
88.2
1700 1700 212.57 3.348 350 300 | 41 9
89.1
1750 1750 212.83 3.556 376 335 | 41 0
87.9
1800 1800 212.59 3.744 406 357 | 49 3
88.6
1850 1850 212.54 3.991 431 382 | 49 3
88.9
1900 1900 212.37 4233 460 409 | 51 1
90.0
1950 1950 21431 4.495 490 441 | 49 0
88.1
2000 | 2000 214.7 4781 531 468 | 63 4
89.0
2050 | 2050 214.67 5.083 567 505 | 62 7
89.0
2100 | 2100 214.8 5.367 602 536 | 66 4
89.1
2150 | 2150 214.57 5.699 642 572 | 70 0
90.3
2200 | 2200 214.35 5.949 681 615 | 66 1
90.9
2250 | 2250 213.81 6.313 722 657 | 65 9
91.1
2300 | 2300 213.69 6.675 766 698 | 68 2
91.6
2350 | 2350 213.43 7.013 811 743 | 68 2
92.1
2400 | 2400 213.83 7.412 853 786 | 67 5
92.2
2450 | 2450 213.34 7.715 900 830 | 70 2
92.5
2500 | 2500 213.53 8.082 952 881 | 71 4
935
2550 | 2550 213.21 8.478 997 933 | 64 8
92.6
2600 | 2600 213.41 8.903 1060 982 | 78 4
2650 | 2650 213.49 9.301 1107 1038 | 69 | 93.7

101




7
94.2

2700 2700 213.18 9.671 1155 1089 66 9
92.8

2750 2750 213.01 10.222 1231 1143 88 5
95.4

2800 2800 212.74 10.57 1290 1231 59 3
95.4

2850 2850 212.83 10.896 1350 1289 61 8
94.4

2900 2900 212.84 11.371 1402 1324 78 4
95.6

2950 2948 212.86 11.714 1435 1373 62 8
94.7

3000 2298 212.64 12.177 1498 1419 79 3
96.4

3050 3051 212.54 12.675 1563 1507 56 2
96.1

3100 3100 212.57 12.979 1616 1553 63 0
98.1

3150 3151 212.26 13.333 1665 1634 31 4
96.3

3200 3200 212.51 12.647 1705 1642 63 1
96.4

3250 3249 212.09 14.34 1787 1724 63 8
94.3

3300 3305 211.67 14.74 1853 1748 105 3
96.5

3350 3348 211.79 15.22 1916 1849 67 0
95.3

3400 3401 211.84 15.62 1995 1903 92 9
98.0

3450 3451 211.71 16.15 2040 2001 39 9

Table D - 1 Motor Operating Parameters
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10 kHz Switching Frequency Data

> ' @ ~— D) ~ E —~ —
—_— e~ >\‘/_\ wn 7))
o |5Al A > = [0 &g = = o~ g o o —
27232 T | T EEYS0|CgEgY B o
T lbgszE 2| 5 E8ys0|z2arRy f| Bz |22
S |z &z8 = E % A2 AT RoF S i -V
1) o 2|5 E [e) O > o ) ~ | > O S g =
S 15828 2 | O FETe | FBYE| 2 |¥
A 8 % < ~ 1A A 2 | = | < <
1500 | 91 [3.48 | 215.7 | 0.20 4 1306.10]0.711| 217 | 230 | 316.68 | 99.68
1650 | 91 [3.48 | 215.1 | 0.75 | 67 |304.80|0.723| 216 | 287 | 316.59 |100.59
1800 | 91 [3.83] 216.9 | 1.23 | 114 [304.00| 0.73 | 220 | 354 | 348.53 |128.53
1950 | 91 [3.51 ] 216.7 | 2.20 | 221 |303.00|0.695| 210 | 436 | 319.41 |109.41
2100 | 91 |3.52]217.62 | 3.18 | 334 [303.42| 0.75 | 225 | 538 | 320.05 | 95.05
2252 | 91 |3.55|217.77 | 4.14 | 453 |302.59|0.743 | 223 | 647 | 322.96 | 99.96
2303 | 91 [3.54|217.93 | 441 | 482 [302.05|0.737| 221 | 692 | 322.50 |101.50
Table D - 2 DC-DC Module Prototype v1.0 first test
2 s 12 = o
B =2~ >~ 2 = o S 5 2
£y, |eQ|50| E | ELE E |E |.8E |2 |8
%) D 50 2A > = © 549 3 5 S = o —
O =l > < (7 = = = —~ —~ | = O O [ o
g o g DIR2ENS ) = |0 L ®) @) QO |o = -~ O ~
5] Ce 5|5 olb g P o K2 g 3 R 2Aa K~ 8 5 ag % =
S| E<|zP 28 2 | Epr ez | a2y T | EY|2T
s |8 |I£ESIREl S | O k3g R e = B &0
g2 [02odl O ol =z]w = > S | & z
77. | 1.1 | 215. | 0.2 46.5
700 | 779 | 7 9 4 0 9 3042 | 0.15 |46 | 9 92.54 4
77. | 1.1 | 215. | 0.4 0.15 44.5
900 | 900 | 7 9 6 1 28 | 303.4 7 48 | 104 | 92.54 4
110 | 110 | 77. | 1.1 | 215. | 0.7 0.16 44.5
0 0 6 9 3 8 72 | 303.2 2 48 | 132 | 92.58 8
130 | 130 | 77. | 1.1 | 217. | 1.3 0.15 45.7
0 0 7 9 6 4 121 | 304.2 5 471 171 | 92.77 7
150 | 150 | 77. | 1.2 | 215. | 1.9 0.11 50.2
0 0 9 4 9 5 192 | 300.1 3 46 | 231 | 96.21 1
155 | 155 | 77. | 1.1 | 215. | 2.1 0.11 41.5
0 0 7 3 6 2 | 210 | 299.9 4 46 | 246 | 87.57 7
160 | 160 | 77. | 1.1 | 215. | 2.3 0.11 41.4
0 0 6 3 6 2 | 233 | 300.5 5 46 | 268 | 87.46 6
165 | 165 | 77. | 1.1 | 215. | 2.2 | 232 | 300.4 | 0.11 | 46 | 287 | 85.55 | 39.5
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0 0 7 0 2 9 6 5
170 | 170 | 78. | 1.1 | 215. | 2.7 0.12 39.6
0 0 5 0 2 5 | 276 | 300.3 7 147 ] 307 | 86.66 6
210 | 210 | 78. | 1.2 | 217. | 4.6 0.18 42.2
0 0 7 4 1 5 | 520 | 300.8 2 |55 532 | 97.27 7
230 | 230 | 78. | 1.3 | 213. | 5.7 0.16 104.5 | 57.5
0 0 7 3 4 0 | 678 | 293.7 6 |47 ] 69 9 9
250 | 250 | 78. | 1.3 | 213. | 7.6 0.18 103.4 | 50.4
0 0 7 1 3 1 | 872 | 291.3 3 53| 870 1 1
270 | 270 | 78. | 1.3 | 213. | 9.0 | 108 | 289.1 | 0.18 109 | 102.9 | 49.9
0 0 7 1 3 1 4 2 5 53] 3 4 4

Table D - 3 DC-DC module prototype v1.0 - Electrical performance test data for f; =
10 kHz, constant 20% duty ratio, and constant 78.7V input voltage vs. motor speed

ENRE o | = 1 =~ 1.

5 EQEQ|y |« |E_2 |E |,2 2|2 | |2

28152 22|E252 20 80|20 B |55 5

? 8352/ SE|EEEgza|zr|28 2 |2&8| 25| £

S w575 |IYElSEEZE | g |wr| & | BTS2 8

s |REIBEIQTIL =g A" =2 58 |= o =

S 0258 < [T 290 |o %8 2 |® |2 s
o 8 < | A a) < 3 | < <

78. | 2.6 | 217. | 0.1 356. | 0.38 206. | 71.3 | 65.

1100 1 | 4 | 4 [ 1] o] 3 | 2 |13s|12| 3 | 4|4

78. | 27 | 217. | 0.1 309. | 0.46 213. | 70.7 | 66.

12000 1 | 4| 9 | 23| 3| 3 [143/150] 8 | 6 |9

78. | 2.7 | 217. | 0.4 307. | 0.46 212. | 71.5 | 66.

1300 1 | 2] 9 [ 3]30] 4 | 1 |141|1712] 6 | 9 |3

78. | 2.6 | 217. | 1.1 306. | 0.48 210. | 61.7 | 70.

1500 8 | 7 | 8 | 1|99 | 8 | 5 |19]231| 7 | 1 |7

79. | 2.6 | 217. | 1.5 306. | 0.48 211. | 66.0 | 68.

1600 0 | 7 | 7 | 1 141 4 | o |14as5]265| 0 | 1 | 7

79. | 2.7 | 217. | 1.9 305. | 0.48 216. | 70.3 | 67.

1700 | 0 | 4 | 3 | 1 |186] 5 | 1 |146|307| 3 | 0 | 5

79. | 2.7 | 217. | 2.8 303. | 0.48 216. | 70.5 | 67.

1900 0 | 4 | 3 | 9209 7 | 3 |146]405| 5 | 4 | 4

79. | 2.7 | 217. | 3.8 302. | 0.48 215. | 69.2 | 67.

20000 1 | 2 | 3 | 9 |47] 5 | 3 |1a6]532| 2 | 3 | 8

79. | 2.9 | 214. | 5.0 205. | 0.54 229. | 70.1 | 69.

2300 1 | 0 | 3 | 3 [se2] 1 | 8 |159]6%0 | 2 | 5 | 4

79. | 2.9 | 213. | 6.5 293. | 0.55 229. | 66.7 | 70.

2500 | 1 | 1 | 8 | 4 [754] 3 | 9 |163]870| 8 | 9 | 9

79. | 2.9 | 213. | 82 290. | 0.59 230. | 56.7 | 7.

2700 0 | 2 | 3 | o 981 1 | 2 [174]1093] 8 | 6 | 4
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Table D - 4 DC-DC module prototype v1.0 - Electrical performance test data for f; =
10 kHz, constant 30% duty ratio, and constant 79.1V input voltage vs. motor speed

D I = S~ = 5~ 7 X
s ES s E|SEER%R]2388 2 58| 5 | &
o) 2 80 ol > > O 5l & 2 > | 25 |k A~ S -
£ og%govovamvmv>og L= z =
SISSI=E < | 2% o [CgElE | % E
a7 R < |A |A& 2 = | <« z
155 | 79. [ 4.7 | 215. | 0.05 336. | 0.81 | 28 379.2 74.
0|6 | 7] 7 3 /ol 6 2 | 31242 9 19629 6
160 | 79. [ 4.8 | 216. | 0.12 305. | 0.92 | 28 385.4 | 102.4 | 73.
09|21 s 1 | 4] 9 3 03 |265]| 4 4 4
165 | 79. [ 4.8 | 217. | 0.40 308. | 0.92 | 28 387.8 | 103.8 | 73.
09| 5] 6 5 |32 7 4 | 4 283 3 3 2
170 | 79. [ 4.8 | 218. | 0.67 308. | 0.92 | 28 386.7 | 103.7 | 73.
o171 5] o 0 [54] 5 2 | 31307 o0 0 2
190 | 79. [ 4.9 [ 218. | 1.78 | 16 | 306. | 0.90 | 27 396.9 | 119.9 | 69.
0| 7| 8 1 6 |6 2 6 | 7 |409| o9 9 8
210 | 79. | 49 | 217. | 2.86 | 29 | 304. | 0.94 | 28 3978 | 112.8 | 71.
0|61 9 1 9 | 4| 3 2 | 5|53 8 8 6
230 | 79. | 5.2 | 214. | 3.90 | 42 | 296. | 1.05 | 31 416.7 | 101.0 | 75.
0|6 | 4| 3 9 [ 8] 9 9 | 6 |69 | 1 1 8
230 | 79. | 5.2 | 213. | 5.32 | 60 | 295. 31 416.7 | 100.8 | 75.
0| 61| 4] 5 2 [ 3] 3 |108] 6 |870] 1 1 8
270 | 79. [ 52 | 213. | 7.17 | 83 | 292. 31 | 109 | 417.9 | 102.3 | 75.
0|6 ]| 5| 3 8 | 4| 4 | 11]6] 3 0 0 5

Table D - 5 DC-DC module prototype v1.0 - Electrical performance test data for f;
=10 kHz, constant 20% duty ratio, and constant 79.6V input voltage vs. motor

speed

! 1 ~ o —~

,Z‘A > 2 @n ,C_‘“/-\ o = —~ o $— %
< |80 el g E |52 %D § H% % g @ &
553 ER| 2 |2 38%2 |E sY 52 || <
2 22al| 5 | 2 |28 >0|00|2Q £ S~ 2| &
ST P en s = mo OQ = - =
= |0 9 o B < o 5 0| g/ a~= 2 = o )
SlEdz5| £ | E|22|ga|B|wr| & | 2% 2 | 3
© O§ o £ =) 8 = mi ~ ; > O ) — 8 =

M S il L s Bl N
150 218. | 1.8 305. | 0.17 120.5 | 66.5 | 44.8
0 60 | 2.01 6 1 177 4 6 54 | 230 4 4 0
218. | 1.2 306. | 0.39 | 12 196.8 | 75.8 | 61.4
75 | 2.62 7 2 114 7 9 1 230 0 0 8
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0.3 309. | 0.70 | 21 302.7 | 85.7 | 71.6
90 | 3.36 | 219 2 19 2 4 7 | 230 6 6 7
160 2.0 | 208. | 303. | 0.20 123.6 | 61.6 | 50.1
0 |60 2.06 | 218 5 2 5 6 62 | 266 6 6 4
215. | L5 302. | 045 | 13 196.2 | 58.2 | 70.3
75 | 2.62 2 3 148 1 8 8 | 266 0 0 4
215. | 0.6 303. 23 307.8 | 77.8 | 74.7
90 | 3.42 2 7 58 5 0.76 | 0 | 266 0 0 2
170 217. | 2.5 303. | 0.19 118.7 | 58.7 | 50.5
0 |60 1.98 6 9 | 262 0 8 60 | 307 4 4 3
217. | 2.0 304. 12 1953 | 68.3 | 65.0
75 | 2.60 8 2 199 3 042 | 7 | 307 0 0 3
217. | 1.1 305. | 0.70 | 21 303.9 | 88.9 | 70.7
90 | 3.38 8 9 108 5 1 5 | 307 3 3 4
180 217. | 3.0 302. | 0.19 119.9 | 59.9 | 50.0
0 |60 2.00 8 3 318 3 8 60 | 354 4 4 3
217. | 2.5 302. | 042 | 12 194.1 | 67.1 | 654
75 | 2.59 6 1 253 6 2 7 | 354 8 8 0
217. | 1.7 304. | 0.71 | 21 305.5 | 88.5 | 71.0
90 | 3.40 4 1 161 2 6 7 | 354 5 5 2
190 217. | 3.5 301. | 0.21 119.7 | 53.7 | 55.1
0 |60 2.00 2 3 376 2 8 66 | 408 6 6 1
3.0 300. | 0.42 | 12 197.4 | 68.4 | 653
75| 2.63 | 217 2 | 311 9 9 9 | 408 8 8 2
216. | 2.2 302. | 0.74 | 22 305.1 | 81.1 | 73.4
90 | 3.40 8 2 | 218 9 1 4 | 408 0 0 2
210 216. | 4.6 298. | 0.22 1219 | 54.9 | 549
0 |60 2.03 1 6 | 509 5 5 67 | 532 8 8 3
216. | 4.1 299. |1 0.46 | 13 199.6 | 62.6 | 68.6
75 | 2.66 1 4 | 443 2 2 7 | 532 5 5 2
216. | 3.3 300. | 0.76 | 22 307.7 | 79.7 | 74.1
90 | 3.42 2 6 | 347 5 2 8 | 532 1 1 0
230 215. 297. | 0.24 1209 | 47.9 | 60.3
0 |60 2.02 9 59 | 672 3 3 73 | 688 0 0 8
215. | 54 297. 1 047 | 14 199.6 | 59.6 | 70.1
75 | 2.66 8 2 597 6 5 0 | 688 5 5 2
215. | 4.6 298. | 0.77 | 23 310.2 | 80.2 | 74.1
90 | 3.45 8 6 | 506 7 5 0 | 688 3 3 4
250 215. | 74 294. 121.8 | 51.8 | 574
0 |[60] 2.03 2 4 | 867 9 0.24 | 70 | 873 0 0 7
2.53 | 216. | 6.8 297. 1 0.36 | 10 1904 | 83.4 | 56.1
75 9 1 0 | 786 0 1 7 | 873 3 3 9
3.30 | 215. | 6.1 298. | 0.68 | 20 2973 | 943 | 68.2
99 | 4 9 7 697 1 1 3 | 873 6 6 7
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270 216. | 8.9 294. | 0.14 111 | 116.3 | 73.3 | 36.9
0 |60 1.94 1 2 | 1085 | 2 8 43 6 4 4 6

216. | 8.5 295. 1 036 | 10 | 111 | 192.0 | 84.0 | 56.2
75 | 2.56 6 3 |1025] 4 6 8 6 8 8 3
216. | 7.8 296. | 0.69 | 20 | 111 | 304.2 | 97.2 | 68.0

90 | 3.38 6 3 936 6 5 7 6 0 0 5

Table D - 6 DC-DC module prototype v1.0 - Electrical performance test data for f; =
10 kHz, constant 30% duty ratio, and various input voltages vs. motor speeds

] iy —
s |2 S S lo|2 o
s | E 2| = | = 2 a0l ~ 2 =
T > | S| 2 Sl & | E|F| 5| 5 | 2]
2B EgZol S| T |08 2 g|u| B S | 5| =
n | = g | 3 = Q| 2 5 2
~ |28l 8| @ S |> 2| © S S| R ~ 5] 5
S >a<| 2 = -y B B I s - = | 3
S = = o 8 52 0 2 P 5 = O Lg
= |3 |2 > =71 2 | a|z| 3 g | % | &
o S Q O o ;M : o s = o0 H
VI - < < |~ O | | &~ 2 Z
QO |u = 2|8 <
A @) < <
1500 | 60 | 2.01 |218.6| 1.81 | 177 |305.4|0.18 | 54 | 230 |120.54 | 66.54 |44.80
1600 | 60 | 2.06 | 218 | 2.05 [208.21303.5]0.21 | 62 | 266 |123.66 |61.66 (50.14
1700 | 60 | 1.98 [217.6| 2.59 | 262 | 303 |0.20 | 60 | 307 |[118.74 |58.74 {50.53
1800 | 60 | 2.00 {217.8| 3.03 | 318 |302.3|0.20| 60 | 354 |119.94|59.94|50.03
1900 | 60 | 2.00 [217.2| 3.53 | 376 [301.2|0.22 | 66 | 408 |119.76 |53.76 |55.11
2100 | 60 [2.033|216.1| 4.66 | 509 |298.5|0.23 | 67 | 532 |121.98 |54.98 |54.93
2300 | 60 [2.015({215.9| 590 | 672 [297.310.24| 73 | 688 |120.90 |47.90 |60.38
2500| 60 | 2.03 |215.2| 7.44 | 867 |294.9)0.24 | 70 | 873 |121.80|51.80|57.47

2700] 60 | 1.94 |216.1 | 8.92 | 1085 |294.2 0.15|43 | 1116 | 116.34 |73.34|36.96

Table D - 7 DC-DC module prototype v1.0 - Electrical performance test data for f;
=10 kHz, constant 30% duty ratio, and constant 60V input voltage vs. motor speed
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[5) —~ —
1 o Q B ~
> ! a - ] 1) e —~ o~ (- B
v E0EQ E|E|2 |2 | S |22 S | s
o |88 =2 = | E S | § S 2 5 5 2 S
(%'2 A ZVJ fﬂ_/ D) b= E ~|> O ) 59 3 % — o
LAl oBe 2| 8 |Rz|g8 B K8 5 i~ 5 5
sRlBYiE 2| EsRE S R S| S| B3
S 2355 5 | © |8 | Z <g g| & £ | &
ol v | 2% IR : 2 S = & -
A A < | < ¥ O 7 S Z
< A <
1500 | 75 |2.62(218.7 [ 1.22 | 114 (306.7|0.399 [121| 230 | 196.80 | 75.80 | 61.48
1600| 75 [2.62 2152 ]1.53 | 148 [305.1{ 0.451 |138] 266 | 196.20 | 58.20 | 70.34
1700 | 75 [2.60(217.8 [2.02 | 199 (304.3| 0.42 [127| 307 | 195.30 | 68.30 | 65.03
1800 75 [2.59|217.6|12.51 | 253 (302.6/0.422 |127]| 354 | 194.18 | 67.18 | 65.40
1900 | 75 (2.63 | 217 [3.02 | 311 {300.9]0.429 [129| 408 | 197.48 | 68.48 | 65.32
2100 75 [2.66|216.1 |4.14 | 443 |299.2| 0.462 {137 | 532 | 199.65 | 62.65 | 68.62
2300 75 [2.66(215.8 |5.42| 597 [297.6| 0.475 |140| 688 | 199.65 | 59.65 | 70.12
2500 75 {2.541216.1 | 6.80 | 786 |297.0/ 0.361 |107| 873 | 190.43 | 83.43 | 56.19
2700 75 [2.56(216.6 | 8.53 11025(295.4| 0.366 |108(1116| 192.08 | 84.08 | 56.23

Table D - 8 DC-DC module prototype v1.0 - Electrical performance test data for f;
=10 kHz, constant 20% duty ratio, and constant 75V input voltage vs. motor speed

Motor Speed Setting

Voltage (VDC)

DC Power Supply -
DC Power Supply -

Current (ADC)

AC Voltage (Vrms)

AC Current (Irms)
g Power (Vac*lac)
From Scope (W)

DC - Bus Voltage
(VDC)
DC - Bus Current

(IDC)
Avg Power
(VDC*IDC) (W)

Motor Power (W)

Avg Input Power
W)

Efficiency(%)

—_—
(A
S
S

219.0

0.321

O

309.2 10.704

21

~

230

302.76

o0
(9]
> Avg Power Loss (W)

71.67

1600

W W
W
\O N ¥o)\

215.2

m»—AAV

0.674

(o¢]

306.45|0.751

230

266

307.80

77.80(74.72

1700

3.38

217.8

—
S
o0

1.194

305.5 [0.701

215

307

303.93

88.93170.74

1800

3.39

217.4

1.709 ] 161

304.2 10.716

217

354

305.55

88.55]71.02

1900

3.39

216.8

2.222| 218

302.9 [0.741

224

408

305.10

81.1 [73.42

2100

3.42

216.2

3.356 | 347

300.5 [0.762

228

532

307.71

79.71(74.10

2300

3.45

215.8

4.664 | 506

298.7 10.775

230

688

310.23

80.23174.14

2500

3.30

215.9

6.174| 697

298.1 10.681

203

873

297.36

94.36|68.27

2700

90

3.38

216.6

7.826 | 936

296.6 10.695

207

1116

304.20

97.2 168.05

Table D - 9 DC-DC module prototype v1.0 - Electrical performance test data for f; =
10 kHz, constant 20% duty ratio, and constant 90V input voltage vs. motor speed
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5 kHz Switching Frequency Data

Setting

Motor Speed
DC Power

(VDO
DC Power Supply

- Current (ADC)
AC Voltage

(Vrms)

AC Current (Irms)

Avg Power
(Vac*Iac) From

Scone (W)
DC - Bus Voltage

(VDCO)
DC - Bus Current

(IDC)
Avg Power
(VDC*IDC) (W)
Motor Power (W)

z

Avg Input Power

W)

Avg Power Loss

Efficiency(%)

S
[\
(S
[©))
p—

2.499

262.2

300.77

0

(e)

230

0.00

0.00

0.00

0.293

2.457

262.2

299.71

0.002

—_—

230

2.93

1.93

34.13

S |2 |2 | Supply -Voltage

0.621

216.03

2.449

255.5

299.710.0

16| 6

230

12.42

6.42

48.31

(O8]
[e)

0.888

215.79

2.347

245.4

299.91

0.047| 13.9

230

26.64

12.74

52.18

N
S

1.222

215.8

2.215

227.4

299.79/0.1

37141.5

230

48.88

7.38

84.90

N
[e)

1.535|215.83

1.978

201.4

299.94/0.2

12] 65.5

230

76.75

11.25

85.34

(o)
S

1.894|1215.82

1.715

171.4

300.31

0.29 | 86.4

230

113.64

27.24

76.03

=
)

2.284

215.99

1.361

137.8

301.14/0.4

371130.7

230

159.88

29.18

81.75

(02]
(e)

2.704

215.95

0.933

86.7

301.67/0.5

16154.9

230

216.32

61.42

71.61

o8]
)]

2.947

216.02

0.621

58.2

302.8

0.6221187.6

230

250.50

62.90

74.89

\O
S

3.175

215.76

0.2926

254

304.8

0.711|215.3

230

285.75

70.45

75.35

\O
[\

3.401

216.22] 0.

154 110.74

304.95

0.79 | 240

230

312.89

72.89

76.70

95

3.391

21642| 0

.08 |0.288 [322.67

0.777| 248

230

322.15

74.15

76.98

Table D - 10 DC-DC module prototype v1.0 - Electrical performance test data for f;
=5 kHz, constant 20% duty ratio, and constant motor speed vs. input voltage

"tlj L % L b= = — 6 6-< 3% ) - S = ;\?
AEZPC8 SE SEFSE o k5 3%E SLE% B
s<b2L D2l o=Se=gl QP QeEpRT| e P 28 g
S RET TR F @ REAES (& | <3 22 E
= | 3 < | < Sl - =
1500 O 216.1 [2.499 (262.2 1300.77| O 0 230 | 0.00 | 0.00 | 0.00
1500 1.145 |1215.26|2.463 | 259.9 1300.92 | 0.041 | 10.5 | 230 | 12.07 | 1.57 | 87.00
1500|1.301 |215.46| 2.35 |246.4 | 300.8 | 0.08 | 23.9 | 230 | 27.31 | 3.41 |87.50
150011.905| 215.5 {2.013 {224.21300.47|0.125| 37.1 | 230 | 58.52 |21.42|63.40
1500(2.143 |216.58 | 1.85 [187.8 |301.95|0.205| 64.4 | 230 | 85.72 |21.32 | 75.13
150013.332(216.43|1.415|137.41303.33|0.444 |1 135.6 | 230 |166.60|31.00 | 81.39
1500|4.032 | 214.9 | 0.59 | 51.1 [300.46|0.721 |213.4| 230 [241.92|28.52 | 88.21
1500 |3.986 |{215.79{0.089 [ 0.035 |315.09| 0.83 | 244 | 230 |265.07|21.07 | 92.05

Table D - 11 DC-DC module prototype v1.0 - Electrical performance test data for f;
= 5 kHz, constant 30% duty ratio, and constant motor speed vs. input voltage
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3k & do |z &~ Q| Ckeols |o5|s | S
S ELSE 92| E55 |25 2888 £ 2% kg
T EELEISEGE<8e gl EREELE LY B
ERIRIEIOTIOSIPLSIRE|REPSIE 22|28 2
= ;3 3 < < < gm § S < 2 = 2 |< =
1500 O 0 |216.12.499 262.2 |300.77 O 0 |230| 0.00 {0.00{0.00
1500 10 |1.241 215.782.432] 257.9 (300.51{0.041|12.29 230 {12.41]0.12(99.03
1500 20 |2.105 215.952.199] 232.1 |300.59/0.111 | 33.3 (230 |42.10|8.80(79.10
15001 30 | 3.18 215.94]1.872] 193.5 |300.41]/0.184 | 55.8 |230 [95.40[39.60/58.49
1500 40 |4.485216.84]1.315 129.4 [305.4|0.333 | 103 |230 [179.40[76.40/57.41
1500 50 [5.919 215.38/0.504| 44 305.1 10.681 | 207 |230 [295.9588.95/69.94
1500| 52.4 16.581|216.410.092 1.24 |308.7|0.892| 268 |230 344.84[76.84(77.72

Table D - 12 DC-DC module prototype v1.0 - Electrical performance test data for f;
= 5 kHz, constant 40% duty ratio, and constant motor speed vs. input voltage

[5) P — n
SlL® . Yo = e Ol Tlarm |8 |58 <
B2 2,000 B, lB5 (595858 12 527 | &
PRI AEYSE|ZE LagNGTIRF g E |25 8
Lo 7> |YVEw e N S5[mwR IS wb | o 2
=R 28| o=|YE O§O&>Q“ Z 2| & =
SRERPEZ 7|2 RE R PEE=z |2 |<8|» | E

% C = @) [ E m
1500/ 95 [3.463/216.9/0.131| 3 P307.1/0.804| 247 |214 328.99/81.99|75.08
1600| 95 [3.477/216.9/0.541| 42 B06.7/0.798| 241 |248 [330.32/89.32(72.96
1700 95 |3.474(216.1[1.051| 90 [305.8/ 0.81 | 244 |284 [330.03/86.03 [73.93
1800/ 95 [3.469 P15.86/1.557| 143 (303.9/0.813| 245 |327 [329.5684.56|74.34
1900 95 | 3.47 P15.75 2.09 | 202 [302.7/0.821| 248 |384 [329.6581.6575.23
2000] 95 [3.473 215.632.673| 268 [301.6/0.824| 249 |438[329.94/80.94|75.47
2100| 95 |3.464 15.22/3.286 | 338 |301 [0.837| 248 |505 [329.08/81.08 |75.36
2200| 95 [3.468 214.833.929| 417 [00.1/0.841| 250 |576 [329.46/79.46 |75.88
2300| 95 [3.473 P14.58/4.613| 502 299.9| 0.85 | 252 | 654 329.94/77.94|76.38
2400/ 95 [3.479 215.01/5.347| 597 [299.1/0.855| 252 |736[330.51/78.51|76.25
2500| 95 [3.477 214.74/6.134| 693 [298.6/0.862| 255 |825 [330.32/75.32|77.20
2600| 95 [3.475114.556.929| 795 £97.7/0.873| 255 |932[330.13/75.13|77.24
2700| 95 [3.475|214.3|7.777| 910 296.8/0.884| 256 |1047]330.13/74.13|77.55

Table D - 13 DC-DC module prototype v1.0 - Electrical performance test data for f;
=5 kHz, constant 20% duty ratio, and constant 95V input voltage vs. motor speed
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Motor Speed

DC Power
Supply -Voltage
(VD)

DC Power
Supply - Current

(ADC)
AC Voltage

(Vrms)

AC Current
(Irms)

Scope (W)

DC - Bus
Voltage (VDC)

Avg Power From
DC - Bus Current
(IDC)

Avg Power
(VDC*IDC) (W)

Motor Power
(W)

Avg Input Power
(W)

W)

Avg Power Loss

900

5

[\

4

1.563

215.72

S
[oN
S
o

s
i

=]
—_
(@)
|

53.7

oo
—
\O
e

28.20

1000

52.4

1.562

215.4

0.8

o)
N

W (09
aRlo R
\1 I

0.158

51.3

109

81.85

30.55

o B|< 3| Efficiency(%
2 iciency(%)

1100

524

1.574

215.08

1.012

83

304.0

0.165

51.9

123

82.48

30.58

62.9

1200

524

1.575

215.53

1.261

107

303.5

0.17

52.2

139

82.53

30.33

63.2

1300

524

1.572

215.04

1.532

133

304.1

0.174

53.6

160

82.37

28.77

65.0

1400

524

1.56

215.34

1.815

167

303.1

0.175

52.2

185

81.74

29.54

63.8

1500

524

1.564

2153

2.138

203

303.9

0.174

51.9

212

81.95

30.05

63.3

1600

524

1.565

215.01

2.489

245

303.2

0.173

52.8

246

82.01

29.21

64.3

1700

524

1.576

215.15

2.904

292

301.9

0.178

53.1

283

82.58

29.48

64.3

1800

52.4

1.565

214.98

3.344

341

301.6

0.183

52.2

331

82.01

29.81

63.6

1900

52.4

1.561

214.51

3.811

401

300.8

0.176

514

375

81.80

30.40

62.8

2000

52.4

1.559

214.87

4.314

464

302.1

0.18

54

439

81.69

27.69

66.1

2100

52.4

1.57

214.93

4.913

538

301.4

0.177

53

503

82.27

29.27

64.4

2200

52.4

1.571

214.69

5.509

613

301.5

0.174

52.2

575

82.32

30.12

63.4

2300

52.4

1.571

214.51

6.167

696

300.5

0.186

53.6

652

82.32

28.72

65.1

2400

524

1.569

214.2

6.851

783

300.3

0.188

54.5

739

82.22

27.72

66.2

2500

524

1.579

214.17

7.6

881

299.4

0.182

53.1

830

82.74

29.64

64.1

2600

524

1.574

213.89

8.45

986

298.5

0.18

54.9

923

82.48

27.58

66.5

2700

524

1.568

214.17

9.196

1101

297.7

0.186

53.5

1055

82.16

28.66

65.1
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IGBT Temperature (F) 76 84 90 101 111 147

Case Temperature (F) 76 84 89 97 106 128

Table D - 24 Thermal performance test data for DC-DC module prototype v4.2 with
PI Controller, fs = 5.029 kHz, and 2250 RPM constant motor speed
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