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ABSTRACT

DANIEL WADE EVANS. Powerline communications through series connected
switched mode power converters to be used in solar microinverters. (Under the
direction of DR. ROBERT COX)

Modern photovoltaic converters and energy storage modules are shifting to a cas-
caded or distributed module-level inverters to reduce the required voltage output of
each module and thereby optimizing production costs. The switch to an AC-stacked
architecture, where all modules are in series, requires a method of synchronization
of the voltage and current output of each module to the grid since each module has
no direct connection to the grid as to acquire such synchronization. Many different
methods for communicating the zero crossing to each photovoltaic converter module
are currently available but either increases plant level costs from running additional
wiring for wired mediums or are susceptible to remote interference in wireless commu-
nication mediums potentially disrupting operation by either loss of synchronization
or inaccurate timing of synchronization to the zero crossing of the grid.

This research develops a current-mode based methodology for powerline communi-
cation and synchronization by which the photovoltaic converter and energy storage
modules may detect the zero crossing and synchronize the converter operation to the
grid. Included in the methodology is the use of series connected power electronics as
a communications medium for the current-mode based means of power line commu-
nications. The developed communications model, generalized for all series connected
power electronics, establishes a foundation for part the physical layer in the OSI
model. This model is implemented and performance analyzed in synchronization of
a physical system consisting of series connected inverters used in solar power conver-
sion. The approach has been used to allow an 8-module, 120Vz,ss string to operate in

the field for over six months without any synchronization or controls-related failures.
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CHAPTER 1: INTRODUCTION

Since the dawn of time, man has relied on the sun’s energy to survive. In 1941, Ohl
patented the first silicon solar cell in the United States with an efficiency of less than
1 % |1-3]. As effiency increased, the National Aeronautics and Space Administratin
(NASA) became interested in using the solar cells for the purpose of powering satellites
and proceeded to launch the Vanguard 1 [4]. Since then, efficiency of the silicon PV
cells have increased to 26.7% [5] and commercially available silicon solar panels have
now risen to 22.7% [6]. It is noted that new solar cells, such as III-V class materials
and multi-junction manufacturing, are being investigated for manufacturing besides
traditional silicon cells, but are not commercially available. The highest reported
efficiency of these types of solar cells is 46% [5].

Once the solar panels have converted solar energy into electrical energy, the distri-
bution and use of the electrical energy is considered in the design of a photovoltaic
converter. For the purpose of generating large amounts of power into the electri-
cal grid, switched mode converters have been employed with the first 1-megawatt
power station, and ARCO Solar design, being commisioned during 1982 in Hisperia,

California [4].
1.1 Progression of Switched Mode Converters Used in Photovoltaic Converters

Photovoltaic (PV) power generation is currenting expanding at a rate of 43% year-
over-year in the United States [7], with total penetration expected to reach at least
178 GW by 2040 [8]. Depending on the impact of policies such as the Clean Power
Plan (CPP), this growth could potentially be much larger [8]. Current growth is

largely fueled by the ever-decreasing costs of PV modules and associated equipment,
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with some developers claiming that installed costs on utility-scale systems will be
less than $1 per Wpe in 2017 [9]. This explosive growth has led to the several
commercially available inverter topologies, including central, string, and module-level
solutions [10-14]. These various architectures can be compared and evaluated in terms
of power conversion efficiency, maximum power point tracking (MPPT) efficiency,

reliability, and cost.

Solar Panel Solar Panel Solar Panel

1 | | NGy
- B B =S

- = Grid

Solar Panel Solar Panel Solar Panel Central Inverter

Solar Panel Solar Parel Solar Panel

Figure 1.1: A central inverter operating at a plant level by converting power from all
strings of solar panels at the grid interface only.

The first converter is a central inverter, an inverter that has multiple strings of
solar panels connected together with the direct current (DC) to alternating current
(AC) conversion at the grid interface [11] and can be seen in figure 1.1. This is the
most common type of solar converter used by electrical utilities and has a power
conversion efficiency, as high as 98.5% [15]. Such a system does not contain any type
of individual panel MPPT and suffers from a single point of failure design [11] but
does have very high reliability by having a minimum amount of electronics for the
system. The price for the converter averages €0.05/W or $0.058/W, the lowest of all

converters [15].
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The second converter is a string inverter, an inverter that has a single string of
solar panels connected with the DC to AC conversion at the grid interface [11] and
can be seen in figure 1.2. This is the second most common type of solar converter
used by electrical utilities and has a power conversion efficiency, as high as 98% [15].
Such a system also does not contain any type of individual panel MPPT and instead
will sweep for the maximum point in the entire string [11]. The plant does not suffer
from a single point of failure due to having a large number of string inverters, but
does have reduced reliability by having more power converters in the plant. The price
for the converter averages €0.06-0.017/W or $0.069-0.20/W, the second lowest of all

converters [15].

Solar Panel

NN Ny
N N

- = Grid

Solar Panel String Inverter

Solar Panal

Figure 1.2: A string inverter coverts power from a single string of series connected
solar panels.

The string inverter family of inverters also include multi-string inverters as seen in
figure 1.3. These types of inverters include a DC/DC converter between the string of
PV panels and the inverter at the grid interface. This system is designed for three

phase connections but the industry is typically references these with the generic name



string inverter.

Solar Panel Solar Panel Solar Panel
Solar Panel Solar Panel Solar Panel
Solar Panel Solar Panel Solar Panel
oc DC DC
DC/DC Canveter | — — DZ/DC Canveter | — — D/DC Conveter | — —
pc ] DC

hlulti String Inverter /-\J

Grid

Figure 1.3: A multi-string inverter consists of two stages of power conversion, a
DC/DC converter at each string of series connected solar panels and a DC/AC inverter
at the grid interface.

The transition to module level power electronics (MLPEs) brought about the mi-
cro inverter, an converter that has a single solar panels connected to the grid by
implementing a DC/AC power conversion that boosts the output voltage [11] and
can be seen in figure 1.4. This type of solar converter has not had large adoption rate
by electrical utilities primarily due to the high cost per watt. The converter has a
power conversion efficiency in the range of 90% to 95% [15|. This MPLE converter

implements MPPT such that each panel [11]. The plant does not suffer from a single
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point of failure due to each panel having its own converter, but such a system has

caused the price for the plant level system to increase significantly to approximately

€0.28/W or $0.32/W, the highest of all converters [15].

=

- = Grid

Solar Panel ) )
Micro-inverter

Figure 1.4: A micro inverter coverts power from a single solar panel directly to the
grid.

DC DC

Solar Panel OC Optimizer

DC DC DC AL E@

- = - = Grid
Solar Panel OC Optimizer String Inverter

DcC DC
Solar Panel DT Optimizer

Figure 1.5: A DC optimizer is DC/DC converter at each solar panel before connecting
in a string with a DC/AC inverter at the grid interface such that the maximum power
can be obtained from each individual panel.

The newest commercially available MLPE is referred to as a DC optimizer, a
DC/DC converter that attaches to each solar panel operating as a low voltage step

down converter [11] and can be seen in figure 1.5. This type of solar converter works
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in conjunction with the string inverters to obtain MPPT on each indivual panel. The
converter has a power conversion efficiency up to 98.8% [15]. This MPLE converter
implements MPPT such that each panel [11]. Reliablity depends on whether the DC
optimizer can be bypassed in a failure or not but there are concerns with the ease
of replacement of the DC optimizer module. The increased electronics in the system
does cause the price for the plant level system to increase to approximately €0.09/W

or $0.10/W, but does not include the string converter at the grid interface [15].

Central Inverter String Inverter Microinverter DC-Optimizers
(MLPE) (MLPE)

| |
30 ,\/ 3ér] V V
v

(i1 000

[
V \YA=

N NN N

Figure 1.6: Representation of PV inverter topologies (a) The central inverter is char-
acterized by having multiple strings of solar panels connected in parallel at a DC to
AC converter with protection diodes to protect against reverse bias conditions. (b)
The string inverter is characterized by having only one string of panels attached to
a converter enabling it to preform string level maximum power point tracing. (c)
The micro-inverter operates at the panel level interfacing each panel to the grid. (d)
DC-Optimizers contain panel level converters to tract the maximum power point at
each panel while leaving it up to an inverter at the end of the string to interface to
the grid.
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As a final recap of the PV converters, a major component of any grid-connected
PV installation is the DC-to-AC inverter that conditions the DC power provided by
the module such that it can be coupled into the AC grid. The two most critical
functions of these inverters are to maximize energy harvest and to control the relative
phase of the current injected into the grid. Figure 1.6 shows the most common
inverter topologies. The least expensive and most common variety is the central
inverter, which interfaces multiple strings of series-connected PV modules and can
support capacities upwards of several MW. The fact that central inverters use only
one power stage to interface so many modules to the grid means that they offer
extremely high reliability. By the same token, however, the inverter can only extract
the maximum amount of power from the combination of strings connected on its
DC-side, meaning that differences between panels resulting from soiling or long-term
wear can dramatically reduce the potential energy yield [16,17]. To combat this issue
and to increase penetration in the commercial and residential markets, manufacturers
have introduced string inverters which are essentially smaller scale central inverters

that handle only a few series-connected strings.
1.2 Overview of the SineWatts Architecture

Recently, there has been significant interest in MLPE. With the ability to optimize
the power flow from each panel, MLPE solutions offer the highest overall yield [17].
In addition, MLPE solutions provide an opportunity to rapidly shutdown each panel
in a rooftop array during fire conditions and thus provide the best means to meet
aggressive new requirements for protecting first responders during emergencies [18].
The additional flexibility provided by MLPE does not come without drawbacks in
current commercially offered solutions. Most notably, efficiency is lost either because
multiple power conversion stages are required or a high step-up ratio is needed [16].
Additionally, MLPE solutions have a higher cost per Watt because of the sheer num-

ber of components required in each installation [19]. That said, the cost for such
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systems has dropped dramatically, and the leading manufacturers are experiencing as
much as 300% annual growth in units shipped [19].

From a technical perspective, MLPE is clearly the best pathway for the PV indus-
try. To optimize efficiency and reduce costs, the research community has explored
approaches that allow inverters to be mounted to the back of individual panels so
that the inverter outputs can be directly combined before interfacing to the grid.
One such approach relies on the cascaded H-Bridge topology, in which individual
inverters are connected to the back of individual panels whose AC-side outputs are
combined in series [20,21]. Among several drawbacks of this approach is the fact that
the operation of each individual inverter must be coordinated by a central controller.
Essentially, each inverter must send and receive signals during each switching cycle. It
is well known that communication delays can be extremely problematic in distributed
control systems with many nodes communicating so frequently [22|. This practical

problem has precluded the widespread adoption of such techniques.

av

oC AL

Solar Panel  SineWatts Inverter
Malecule

Figure 1.7: The SineWatts inverter molecule attaches individually to the solar panel
like the microinverter but does not connect directly to the grid.

SineWatts, Inc. recently patented several new approaches to solve the problems
associated with decentralizing of the inverter functionality [23|. Figures 1.7 and 1.8
shows the SineWatts architecture. Note that each module provides a low-voltage AC
output waveform synchronized to the grid voltage. As discussed in later sections of
this dissertation, this approach allows for significantly lower voltage power semicon-

ductors that can switch at frequencies on the order of several hundred kHz. This
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latter fact is important because it implies that component count and size can be re-
duced so that nearly the entire inverter can be placed on a single silicon die. Key to
the SineWatts approach is a simple control scheme that relies only on low-bandwidth

signals broadcast over the powerline.

Wac [+)

DC AC

Solar Panel  SineWatts Inverter
Malecule

DC AC

Solar Panel  SineWatts Inverter
Molecule

AN

DC AC

Solar Panel  SineWatts Inverter
Moleculs Meutral (-]

Figure 1.8: The SineWatts inverter molecule outputs an AC voltage that will add
together in a string to build up to the grid voltage. This topology is referred to as an
AC-stacked inverter system.

In the SineWatts architecture presented in figure 1.8, each PV module has its own
low-voltage inverter. Given that the inverter functionality is distributed to individ-
ual panels, each power converter is called an Inverter Molecule™. Although there
are multiple ways to instantiate the architecture, figure 1.9 shows the most common
approach, with N — 1 of the series-connected inverters operating in a voltage-source
mode. Assuming a grid voltage of the form Vgsin(wt), then the peak voltage pro-
vided by each voltage-mode molecule (VMM) is approximately Vi;/N. The remaining

inverter operates in a current-controlled mode.
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Figure 1.9: Steady state model of the SineWatts architecture.
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Figure 1.10: Simplified internal structure of the SineWatts Inverter Molecule™.

Figure 1.10 shows the simplified internal operation of each molecule. The full-bridge
inverter utilizes pulse-width modulation (PWM) to create a sinusoidal waveform at
the output of the low-pass filter. Each sinusoid is synchronized to the grid voltage

such that the output of the k™ molecule has the form vg (t) = Visin(wt). Assuming
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the AC-side current has the form I5sin(wt) and ignoring any higher-order switching

effects, the AC-side power at the k™ molecule is given in equation 1.1 below.

P (t) = vic(t)ic(t) = VK;G [1 + cos (2wt)] (1.1)

Since instantaneous power balance requires the power at the DC-side of the full-
bridge to match the AC-side output power, a capacitive storage element is added
as shown in figure 1.10 to source the AC component in equation 1.1. The average
power at the AC side matches the PV input power, and thus in terms of the variables

presented in figure 1.10, the average power is described in equation 1.2 below.

- VKIG

x(t)) = =

= Vi pclk pc (1.2)

A local controller in each Molecule continuously tracks the maximum power point
of its PV module. From the perspective of the N — 1 VMMs, the AC-side current
is fixed, and thus each controller must vary the amplitude of its output voltage to
maintain the module at its maximum power. To do so, it varies the modulation index

of the inverter, which is defined in equation 1.3 below [24].

Vi

Vk.pc

(1.3)

mg

Given that that the amplitude of the current is essentially constant from the per-
spective of each VMM, equation 1.2 in combination with the maximum power point
tracking ensures that the steady-state amplitude of the output voltage will always be

defined as seen in equation 1.4.

_ 2V pclk pc

v
K To
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If for some reason the steady-state current changes while the environmental con-
ditions on k¥ panel do not, the amplitude of the k' output voltage will thus scale
accordingly.

The behavior of the current-controlled molecule, which is known as a current-
administrator /voltage compensator (CAVC), is like that of the VMMs except that it
controls the AC-side current amplitude to match the maximum power point. Average
power balance in the CAVC thus dictates that the AC-side current is related as seen
in equation 1.5.

_ 2Vk pclk.po

o= ——- 1.5
a v (1.5)

Given the operation of the N —1 VMMs, the amplitude V; at the CAVC output is

fixed in steady-state and its value is given by summing the voltages around the loop

in figure 1.9, as seen in equation 1.6.

N

vi(t) = va(t) +on(t) = Y vk(t) (1.6)

K=2

Note that a change in the voltage from any one of the VMMs will thus reduce V;
and ultimately force a corresponding change in the current /. Note that appropriate
steady-state behavior requires the number of panels to be selected per the given grid
voltage. For a typical 60-cell PV module having a maximum power point voltage
between 25 and 30V [25], each Molecule will provide approximately 15VAC under
steady-state conditions.

While the dynamic operation and start-up characteristics of the SineWatts archi-
tecture are outside of the scope of this work, the steady-state analysis presented here
is sufficient for describing the requirements of the communications system. Even
though control is distributed in the SineWatts architecture, the communications re-
quirement is vastly simplified. Information about the required power flow from each

Molecule is communicated through simple circuit constraints set by Kirchhoff’s Laws.
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In each Molecule one of the two terminal variables is always fixed in steady-state such
that other terminal variable can naturally fluctuate as needed to maintain maximum
power transfer. During normal operations, the only required communications sig-
nal is a broadcast transmission that synchronizes the PWM switching clock in each
molecule to the AC grid voltage. This signal must be transmitted approximately once
every AC line cycle as opposed to once every switching cycle. This signal must be
reasonably free of delay and have minimal error. Furthermore, an effective scheme

requires a low-cost implementation.
1.3 Importance of Grid Synchronization

The generation of power from a plant into the electrical utility’s grid involves
the control of the amplitude and phase of the plants current relative to the utilities
voltage. This relation specifies the apparent power of the system, including the real
and reactive power components and can be seen in equations 1.7 to 1.9 below [26].
When examining the relation of the angle of the current to the angle of the grid
voltage, it shows how as the angle difference varies between 0° and 360°, the amount
of real power that is supplied to the grid changes changes from its maximum value,
to zero, and then eventually to a negative value meaning that power flow has been

reversed.

S =V Ly ook —0; = P+ 5Q (1.7)
P = Vipmslyms cos (0, — 0;) (1.8)
Q = ‘/rmsIrms sin (ev - ‘91) (19)

When generating power to the grid, an impedance must be inserted between the
generator and the grid to control the current flow. The difference between the genera-

tor and grid voltage is divided by the impedance of the inductor to obtain the current
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that flows. Theoretically, as the inductance value is reduced approaching zero, the
current magnitudes increase toward infinity. Utilizing this known inductance, the gen-
erators voltage can be controlled relative to the grid’s voltage and phase to control

the current and hence the power generation [27].

l L
GEN GRID

—m\—

VGEN @ Q\’ VGRID

Figure 1.11: Circuit model for a generator injecting current into the grid through an
inductance.

Derived from figure 1.11 is the power generation equations of the generator. Below
in equations 1.10 to 1.12 are the time domain definitions of the values labeled in
figure 1.11. These will be transformed to the steady state equations for the rest of

the derivation.

Vgrid = Varip,pr €os (wt) (1.10)
VGEN — VGEN,PK COS (wt—|—5) (111)
icen = lgen, P cos (wt + @) (1.12)

The analysis begins with the Kirchhoft’s voltage law (KVL) to get a relation for

the current through the inductor.

—VgEN + Vr,grIiD + VgRrRID = 0 (1.13)

—vgEN + JwLlcripigen + varip = 0 (1.14)
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VGEN — VUGRID
- 1.15
JwLgrip (1.15)

IGEN =

Then looking at the apparent power equation, the relation for the inductor current

can be substituted in.

SGRID = §(UGRID)(_iGEN)* (1.16)

(1.17)

*
VGEN — UGRID)

sqrip = (Varip) | ———
! (vers )( JwLgrip

Then substituting in the frequency domain versions of the grid and generator volt-

age.
Varip (Varip — Varne®®\"

— 1.18

SGRID 9 o Lonin ( )
Varip < Varip — Vorne’ 6)*

S = - 1.19

D 2 j*wLgrrp (1.19)
Verip ((3Varip — jVaen e\ "

— 1.20

SGRID 2 —wLagrip ( )

The derivation continues by rearranging the equation to get rid of the conjugate.

5 _ Verip (iVerne”  jVerip \’ (1.21)
GRID 2 wLgrip  wLgrip '
Veorip [ ((iVerne®\" JVerp \ "
= — | —= 1.22
SGRID 2 wLgrip wLGrip (1.22)
Verip [—iVerne™  jVerip
— 1.23
SGRID 2 wLgrip * wLGrip (1.23)

Finally, applying Euler’s formula to transform the exponential into sin and cos

functions can the apparent power formula be completed.

j (Varin)*  jVeripVaey [cos (—8) — jsin (=0)]
2wLGrip 2wLGrip

SGRID — (124)

7 (Varrp) _ VeripVeensin(6)  jVaripVarn cos (6)
2wLarip 2wLgrip 2wLgrip

SGRID — (125)
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The real and reactive power can then be split from the apparent power equation.

sarip = Parip + 7QcriD (1.26)
Ve Ve
Porip = ——BIPZGEN i (6) (1.27)
2X1.GRrID
1% > VarioVe
Qcnip = (Verip) _ YeripVeEN (6) (1.28)

2X1,GRrID 2X1.GRrID
From the final equations derived, the phase difference of the string voltage has a
direct relationship to the power generated into the grid. This means that for a set
power harvested from the solar panels in the AC-stacked architecture, the phase of
the generated voltage must be maintained. Hence, the inverters must be synchronized

to the grid.
1.4 Comparison of Synchronization Methodologies

Synchronization in remote connected power electronics is essential for proper opera-
tion as shown in the previous section. This notion is true for all modular architectures

that have AC output with various examples as:

e Modular multilevel converters
e Cascaded H Bridges

e AC stacked converters

The basic structure of the synchronization is having a central unit coordinate the
synchronization time and then use a communication protocol and medium to com-
municate the synchronization to the other power electronic modules. This concept is
visualized in figure 1.12. The communications protocol and hence the medium can
be selected as appropriate for the requirements. The two fundamental mediums of
communication are wired and wireless communication where each has a wide range

of protocols.
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Synchronization Method

Communications Protocol / Medium

Y % l

Figure 1.12: Visualization of the basic synchronization structure is series connected
architectures. A synchronization method is provided by a central unit that com-
municates this information to the remote power electronics in the system through a
selected protocol and medium. Shown is the AC-stacked inverter architecture but the
concept is the same for all series connected power electronic modules.

Synchronization can be provided in several different protocols such as controller
area network (CAN) and serial peripheral interface (SPI) for a wired medium or
"Advanced and Adaptive Network Technology" (ANT) for a wireless medium. In the
AC-stacked architecture, one needs to synchronize only at the line frequency, which
greatly simplifies the synchronization process. This was shown in the architecture
introduction earlier in the chapter. Utilizing this information, several examples of
synchronization is found.

One CAN example shows a modular multilevel inverter being used for wind power
generation in which the modules are synchronized at the switching frequency [28].

The individual inverters switching frequency is 333 Hz with a sampling frequency of
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16 kHz. The CAN bus sends the synchronization signal such that the variance in
synchronization is £25 us allowing for power operation of the system with minimal
impact. In comparison with the AC-stacked inverter architecture, the synchroniza-
tion frequency is higher and the variance between converters is appropriate for grid
synchronization.

Another CAN protocol example shows the PWM synchronization in a cascaded
H-bridge multilevel inverter where the wired medium is a fiber optic communication
link [29]. The optical communication allows for the communication to occur with
the reference voltage of each inverter at a different operating level. The system is a
1400 kW induction motor drive operating at 6600 V. The reported time difference in
synchronization between two modules, hence the variance, is 83 us. This is a higher
variance than the first reported CAN example [28], but is still very low compared to
the grid frequency in an AC-stacked inverter architecture.

There is a reported cascaded multilevel inverter with H-bridge implementation that
synchronizes with an SPI protocol while using conventional wiring with optoisolators
[30]. The SPI protocol is utilized in synchronizing a 4 kHz PWM reference signal for
synchronization as well as the three phase line voltages. The allowable error in the
system is 5% which for 4 kHz is 12.5 pus. This is comparable to the CAN latency [28].

Besides the reported use of fiber optics for the reference voltage difference of the
modular inverters [29], often communications signals are provided via fiber optic
cables to avoid problems from EMI [30]. EMI on wired media utilizing electrical
signals are not only avoided by utilizing light in fiber optics cables but also by the use
of wireless communication medium. There has been development of a synchronous
medium access approach via wireless, known as the ANT protocol, to synchronize
wireless sensors [31]. Reported using this protocol is a method of ranging wireless
sensors based on the latency between the wireless synchronization and the latency of

a sound through air from the transmitter to receiver when transmitted at the same
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time. This is possible due to the variance of the wireless modules having a variance of
3 ps. Such variance is lower than the wired mediums [28,29] and would be appropriate

for use in the modular multilevel converters or AC-stacked inverter architecture.
1.5 Conceptual Overview of Grid Synchronization Through the Power Line

The AC-stacked inverter architecture still utilizes an interface when connecting to
the electrical utilities. This interface does not contain any power conversion hardware
since the power is already conditioned by the solar inverters at the panels. Instead, the
grid interface contains an electronic relay and an interface inductor enabling a higher
system efficiency than the DC-optimizers as there is no power conversion. Figure 1.13
shows a representation of this grid interface. Besides the interface hardware, the grid
interface contains a number of sensors to measure both the grid and string voltage
and current values. The measurements from these sensors allow the grid interface
to provide proper protection for the AC-stacked inverter architecture. There is anti-
islanding, under and over voltage protection, over current protection, and other fault

protection built in [32-34].

O

Heart Beat
Signal
Injection
Source

Grid
Ry

Figure 1.13: The grid connection of the AC-stacked inverters connects to the grid
through a system, referred to as the termination box, consisting of a controlled elec-
tronic relay, AC filter, measurement circuitry and communication framework.
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This grid interface provides all the hardware necessary for the measurement of
the grid zero crossing and provides a connection point to the powerline of the string
of AC-stacked inverters. The grid interface can add communication hardware to
the string connection point without impacting any functional operation of the grid
interface. The general idea of communicating the zero cross information of the grid
is to for this communication hardware to send a pulse to represent the positive zero
grid crossing. The receiver board then detects this pulse and sends it to the controller
on the inverter hardware such that it then has the timing to synchronize to the grid

voltage. The actual implementation details will be shown later in this dissertation.
1.6 Research Contribution

Previously reported results for the AC-stacked inverter architecture employed the
use of a digital signal between the grid interface and the AC-stacked inverter mod-
ules with the use of an optoisolator for coupling between the different voltage ref-
erences [32,34-37]. This wiring does not allow the power electronic modules to be
practically implemented in a commercial solution as the excessive wiring to each
and every MLPE. The development of successful prototype depends on finding a new
means of communicating the zero cross information to the individual inverters without
requiring a change in infrastructure to existing installation methods and can operate
in a reliable manner without being subject to outside interference. The current-mode
powerline communications developed in this research does just that.

This research also advances the development of powerline communications in a new
direction of current-based powerline communications and then uses this advancement
to enable a completely decentralized AC-stacked inverter operation. No such com-
mercial solution for a current-mode powerline communications exists which made the
development quite difficult. This research shows how a current-mode powerline com-
munications can still propagate down the communications line even though the series

connected power electronics separate the wiring into sections in the system. This is



21

done by utilizing the series connected power electronics as a physical medium for PLC

communications.
1.7 Organization of Dissertation

Chapter 2 conducts a literature review of current PLC commercially offered so-
lutions and their relation to the current-mode PLC developed. This chapter also
defines the specifications used in the design of the low latency grid synchronization
signal. Chapter 3 shows the theoretical and physical implementation of the physical
access layer. Empirical results are compared to the theoretical for the physical access
layer before any channel modeling is performed. Chapter 4 then develops the channel
model from transmitter to receiver whereby the current-mode PLC is utilizing series
connected power electronic modules as a transmission medium. The chapter includes
a relation for the string and grid connections in the development of the channel
model. Chapter 5 examines the noise characteristics in the communication channel
model as well as the hardware requirements for a signal to noise ratio (SNR). Chap-
ter 6 presents the runtime results of the AC-stacked inverter architecture utilized by
SineWatts whereby the current-mode PLC is utilized for grid synchronization. Re-
sults for the system include a six month field deployment in Birmingham, Alabama.
Chapter 7 concludes the dissertation with suggestions for further work on expanding

the current-mode PLC communications.



CHAPTER 2: LITERATURE REVIEW

Power line communications market has greatly expanded in recent years to a mar-
ket capital of $5.47 billion dollars in 2017 with an estimated $9.43 billion dollars in
2018 [38]. Two specific areas addressed are broadband communications mainly tar-
geted for residential customers looking to provide network capabilities inside build-
ings utilizing existing electrical wiring instead of installing new network cabling, and
secondly narrowband communications utilized by electrical utilities to reduce com-
munication costs and while providing long range communications solution utilizing
the existing grid wiring [39]. The narrowband communications has been largely im-
plemented by protocols such as G3-PLC and PRIME and with the regulatory bodies
of the FCC in the United States and CENELEC in Europe overseeing the frequency
bands availability and restrictions [39].

Even with such a large and expanding market, power line communications has not
adapted to a current-mode communications means for the physical layer but instead
has relied on the traditional voltage mode communications for the parallel connections
found in traditional wiring. As continuous efficiency improvements in electronics
has occurred, new system architectures have been explored as means of reducing
converter losses in systems by utilizing a series connection of power electronics to avoid
multiple power loss conversion stages. This emerging market currently consists of DC-
optimizers [40,41], stacked H-bridges [10,42], and AC-stacked inverter architecture
[23, 35-37, 43-48] in the solar market alone. Other industries are experiencing a
paradigm shifts in the way to optimize power conversion for total system efficiency as
well. Currently, the server industry is also looking at the use of series connected server

architecture in which each server in a rack operates at ratio of the DC bus power to
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the server rack to the number of servers in the rack with load balancing techniques and
auxiliary power converters for load balancing when needed [49]. Other architectures
based on the differential power processors may as well be utilized as a communication

medium for a current based PLC communications [50,51].
2.1  Overview of Power Line Carrier Communications

Available power line carrier communications for narrowband communication has
many reference designs from various companies. Observed here is one from Texas
Instruments [52] but others follow a similar design. This system is portrayed in
figure 2.1. The communications utilize a unified transmitter and receiver design
with grid interface by means of an isolation transformer. This isolation transformer
typically includes several blocking capacitors to make sure low frequency voltage does
not cause large currents through the transformer. The transmitter has the carrier
and modulation generated by a microcontroller following one of the communication
protocols. The transmitter then buffers the voltage signal by means of a line driver.
This line driver ensures the transmitter can maintain the output signal despite loading
conditions by providing large amounts of current. The signal propagates into the
secondary of the isolation transformer and out of the primary into the line. The
receiver obtains its signal from the isolation transformer as any signal on the line

propagates through the primary and out of the secondary. The signal then passes

“ac (+]) Meutral (-]

Microcontroller
with
Appropriate
MALC Software

Figure 2.1: Typical PLC communications receiver and transmitter circuitry.
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T I T

End Device End Device End Device

Figure 2.2: Typical PLC communications configuration where all devices are con-
nected in parallel across the grid.

through some filtering blocks to remove noise and is amplified if needed. The same
microcontroller used for the transmitter then samples the received signal and demod-
ulates the signal and recovers the transmitted information.

The devices connected to the grid all have the same line and neutral connection.
They see the same voltage. At a basic approximation, the receiving devices see the
same voltage signal that is transmitted out one. This approximation is made by
assuming an ideal conductor such that the devices are in parallel as seen in figure 2.2
and hence the voltage on the line is constant across all devices. Such an approximation
though does not represent a real system but does display the justification for using

voltage for the signal [53].

2.2 Power Line Carrier Communications Through Series Connected Switched

Mode Converters Used in Solar Converters

The connection for modular power electronic converters is a series connection, not
the parallel connection for the typical power line communication devices. Such a
system is portrayed in figure 2.3 for comparison. For the series connection, a voltage
based signal originating at the line and neutral connection would be reduced based
on the number of devices in the series connection. A voltage based signal is not ideal

then for a PLC communications scheme in series connected devices. Utilizing the
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analysis from chapter 1 for the AC-stacked inverter architecture, it has been shown
that the current through the devices is the same such that decentralized control.
Since the current will be the same through the devices, why not use that current for
communications as well? The development of this current-mode PLC communications
and the application of this developed communications for synchronization in the AC-
stacked inverter architecture is the focus of this dissertation and will presented in

later chapters.

“Wac (+] Meutral (-]

End Device

End Device

End Device

Figure 2.3: PLC communications setup in series representing the communication
modules on each switched mode power converter in the string.

2.3 Specifications of Grid Synchronization Through a Power Line Carrier

Any communications scheme designed to synchronize the operation of the previ-
ously descried AC-stacked inverter module, must meet the following general specifi-

cations:
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The same signal must be broadcast to each AC-stacked inverter module.

There must be minimal delay between the transmission and the reception at

each AC-stacked inverter module.

There must be minimal variance of the received signal at different AC-stacked

inverter modules.

The error rate should be a minimal.

These general specifications of delay and variance must have some type of ceiling
though for reliable system operation even though the further reduced these become,
the better it would be for the system. To quantify the ceiling, the power factor (PF)
and the grid protection response time must be explored.

The desired power factor of the AC-stacked inverter architecture operating at peak
power is PF > 0.98. This value means that the zero crossing of the current may
be within £333us. Since the grid interface will be measuring the zero crossing and
then transmitting once the crossing is detected, this maximum delay is specified as
the delay from the grid zero crossing to the reception at the AC-stacked inverter’s

controller. The variance is specified as being 10% of this value or £+33.3us.



CHAPTER 3: IMPLEMENTATION OF THE PHYSICAL ACCESS LAYER FOR
THE RECEIVER AND TRANSMITTER WITH SIMULATED AND EMPIRICAL
RESULTS

3.1  Design and Simulation of the Physical Access Layer

The first layer of a communication system in the open systems interconnection
(OSI) model is the physical layer with specifies the transmitter, receiver, encoding
techniques, and data rates. The physical layer here will be modeled for a simplex
communication system in which the grid interface is transmitting the zero crossing
information of the grid. One way to meet these goals is to transmit a current that
contains information about the phase of the grid voltage as described in chapter 2.
To transmit a current to each molecule, a transmitter circuit is connected at the grid
interface.

This transmitter is transformer-coupled into the AC line. One can analyze the
steady-state behavior of this circuit using superposition. Assuming the communica-
tions frequency ws is not equal to the line frequency w, then the string current, i 4(t),

and the grid current, i,(t), are

i5(£) = g, 0(t) + s un (t) (3.1)

ig(t) = g, (t) + ig,un () (3.2)

where the subscripts w and wy indicate the line and communication components at the
two different frequencies. At line frequency, the communications current source can
conceptually be shorted such that no line-frequency current flows into the transmitter.

The line-frequency components of the gird and string currents are thus equal as
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expressed in equation 3.3 below.

OETING (3.3)

At the communications frequency, the analysis leaves the communications current
source and the impedances of the string and grid. Figure 3.1 shows one way to rep-
resent the resulting circuit. By Kirchhoff’s current law (KCL), we note that relation

expressed in equation 3.4.

Z.s,w2(t) + Z.TX = ig,w2<t) (34)
iS,(Dz(t) iG,(DZ(t)
— —>

ZSTRING C*) I7x(1) ZGRID

Figure 3.1: Preliminary modeling of the impedance seen by the PLC current injection
by applying superposition to analyzed only the transmitted current.

To minimize power dissipation and any grid-side interference issues, we desire to
have irx = —ig,,. To ensure this, we must have Zgrip >> Zsrring at we. Each
inverter module is designed to have the same output filter components and thus the
impedance of each module at ws is estimated as seen in equation 3.5 below. This will
be assumed for the rest of the communication physical layer design and then analyzed

later in the channel model of chapter 4.

Zk = jwsLour||—j/(w2Cour) (3.5)

The overall string impedance is thus estimated quickly as Zsrring = N Zx where
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N is the number of inverter modules in the string. During the inverter design, the
frequency wsy and the components Loy and Coyr are selected appropriately. Given
the requirements of the power stage, the values are approximately buH and 10uF,
respectively. Selecting the communications frequency to be at least 100 kHz thus
assures that one is in a range where Copyr dominates the assumed string impedance.
Literature on classic, voltage-based powerline-carrier communications indicates that
grid impedances in this frequency range are at least an order of magnitude higher
than that of the series combination of 10 F capacitors [53,54] As a result, ig ., = 0.
Note, this is only an estimate for the start of the physical layer design, the actual

analysis is found in chapter 4.

icarrier(t) ——>®7 A2 + @—> lTX(t)

p(t)

Figure 3.2: Simplified block diagram of the modulation technique for the PLC com-
munications.

The transmitter design scheme is shown in figure 3.2. The carrier signal is a
sinusoidal waveform with the frequency selected of 113 kHz. The carrier signal will
be added to itself such that part of the carrier is available for the receivers phase
locked loop (PLL) will be able to stay locked. The modulation occurs, the inverse
of the carrier signal is added to the carrier and the summation of the two will be
transmitted. The ideal carrier signal and its inverse is seen in figure 3.3. The gains

applied in the transmitter simulation are A; = 1 and A; = 0.7.
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Figure 3.3: Ideal carrier waveform used for the PLC and the inverted carrier utilized
for the phase shift keying.

To indicate the phase of the grid voltage, a system connected at the grid interface
locates zero crossings. Specifically, a digital filtering algorithm in the microcontroller
at the grid interface [11] generates a short pulse every time the grid voltage crosses

from negative to positive. Figure 3.4 shows this process.
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Figure 3.4: Simulation of the BPSK modulation of the PLC.
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Note that the synchronization pulse changes state for a brief time A at the begin-

ning of each line cycle. This signal is thus modeled as equation 3.6.

1, nT <t<n(TA)
p(t) = (3.6)

—1, otherwise

where T is the period of the line voltage and n is an integer. The pulse train p(t)
is then transmitted to the inverters using binary phase shift keying (BPSK) to yield
a transmitted current of the form in equation 3.7 [55]. The final simulation of the
transmitter with three BPSK modulations from the grid zero crossing is shown in
figure 3.5. The simulations are carried out with voltage values and is expected to be
implemented with an integrated circuit (IC) that converts the system voltages to a
current.

irx(t) = I1p(t) cos (wst) + I3 cos (wst) (3.7)

Grid Voltage

Voltage (V)

002 -0.015 -0.01 -0.005 0 0.005 0.01 0015 0.02
Time (s)
Zero Cross Detection of Grid Creating Modulation Signal

Voltage (V)

0
-0.02 -0.015 -0.01 -0.005 o 0005 0.01 0015 0.02
Time (s)
Modulated Carrier Frequency

Voltage (V)
P R T

g
S

-0.015 -0.01 -0.005 0 0005 0.01 0015 0.02
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Figure 3.5: Grid zero cross detection scheme. The negative to positive zero crossing
is of the grid, top plot, is detected and forms a modulation signal, middle plot, which
is used to modulate the carrier frequency creating a BPSK signal for synchronization.
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Figure 3.6 shows the block diagram of the prototype system designed and imple-
mented to meet the specifications provided in the previous section. This prototype has
three major subsystems, namely the front end, the demodulator, and the automatic

gain controller (AGC).
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Figure 3.6: Block diagram of the physical receiver layer.

PLL of the Carrier Frequency
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Figure 3.7: Simulation of the PLL for the demodulation circuit to detect the carrier
frequency.

For the purpose of designing the demodulation scheme, on the demodulator is
simulated. The PLL block is implemented by locking a square wave to the carrier
frequency detected by the receiver as seen in figure 3.7. This square wave multipli-

cation is the same as depicted in the block diagram since the square wave contains
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a fundamental sinusoid of the same frequency of the carrier, but also includes higher
order harmonics of the carrier frequency. This is seen by the trigonometric Fourier

series of the square wave as seen in equation 3.8 where Vpyy is the peak voltage [56].

4 1 1 1
vprr(t) = Vprr— (cos (wat) — 3 cos (3wat) + R cos (bwat) — = cos (Twot) + ) (3.8)
T

PLC Signal multiplied by the PLL
T T T

25 -

| | | | | | |
0
-0.04 -0.039995 -0.03999 -0.039985 -0.03998 -0.039975 -0.03997 -0.039965 -0.03996
Time (s)

Figure 3.8: Simulation of the ideal demodulation before filtering.

The resulting multiplication of the received carrier without any BPSK modulation
is shown in figure 3.8. This waveform can visually be seen to be the scaled absolute

value of the carrier signal. Equation 3.9 describes this mathematically.

vp(t) = Verr [vin(t)] (3.9)

Even though the expression as the absolute value is simplistic, it does not allow
for the mathematical analysis of the low pass filter following the multiplication. To

see this analysis, the multiplication must be rewritten as in equation 3.10 and then
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transformed by the sum to product identity as seen in equation 3.12 [57].

4 1
vp(t) = Vi, cos (Wgt)VPLL; (COS (wot) — 3 cos (3wat) + ) (3.10)
4V, Vi 1
vp(t) = i PLL <COS (wat) cos (wat) — 3 cos (wot) cos (Bwat) + ) (3.11)
T

2 n 1 1

vp(t) = VinVerr (1 + cos (2wat) — 3 cos (2wot) — 3 o8 (dwot) + > (3.12)
s

Modifying the values in the product to sum transformation of equation 3.12 to
terms of the of the received current transmitter, the final equation is expressed in

equation 3.13.

1 1 1 I
vp = ZAs {ép(t) + Elp(t) cos (2wgt) + 52 + 52 Ccos (QwSt)] (3.13)

Demodulated PLC Signal
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Figure 3.9: Simulation of the ideal demodulation after filtering.

Sizing the low pass filter such that the DC component of the output is allowed but
the higher frequencies are attenuated will leave the necessary component to recover

the BPSK modulation. The low pass filter is designed with a low pass cut off frequency



35
of approximately 16 kHz. The result of the low pass filter while functioning as the
demodulator is seen in figure 3.9.

The final step in the demodulation process is the determination of the bit output
of the filter output. This deterministic selector is simulated using a Schmitt trigger
where the signal level has to drop below the determined value before the output bit is
toggled, and then rise above a higher value before resetting the output bit. This keeps
the output from possibly bouncing if the signal approaches the threshold values. The
final output of the simulation showing the resulting demodulation is shown in figure

3.10.
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200 T
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| | | 1 | | |
0.02 -0.015 -0.01 -0.005 0 0005 0.01 0015 0.02
Time (s)

-200

Demodulated TTL Output

Voltage (V)

002 0.015 001 -0.005 0 0005 0.01 0015 0.02
Time (s)

Figure 3.10: Simulation of the ideal demodulation final TTL output.

3.2 Implementation of the Physical Receiver Layer

The physical implementation of the receiver layer has quite a few more individual
components comprising the blocks of figure 3.6. The full block diagram including
individual components is seen in figure 3.11. This section of the dissertation will

explain the implementation of each of these components.
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Figure 3.11: Block diagram of the full PLC receiver showing the different modules to
detect and demodulate the communication signal.

The front end of each inverter’s receive system consists of a current transformer and
appropriate signal-conditioning circuitry as shown in figure 3.12. A highly permeable
core is desirable, but the saturation flux density of most commercially available mate-
rials is such that a large and hence expensive core is needed to avoid saturation [58].
As an alternative, our coils are wound on a nylon spacer and thus have a permeability
close to that of free space [58]. The nylon spacer is thus larger than the preferred
solution and has an outer diameter of 1 inch. The full physical size of the nylon spacer
can be found in figure 3.13. The 10AWG powerline runs through the center of each

core as shown in figure 3.14. Sixty-five turns of 22AWG magnet wire are wrapped
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around each spacer thereby giving a turns ratio of 1:65. This turns ratio value, N; to

Ny will be used in later calculations.

R
Circuit

Figure 3.12: The receiver coil wraps around the power line to couple the PLC signal
to the receiver circuit.
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Figure 3.13: Physical drawing of the nylon spacer used for the implementation of the
receiver coil.

Front View Side View

N :
© |

Figure 3.14: Physical drawing of the nylon spacer showing the current conduction
and corresponding B field.
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Figure 3.15: Drawing of the B field inside a cross section of the receiver coil showing
the non-uniform B field in the z direction.

The current passing through the powerline induces a magnetic field around the
powerline. This magnetic field has a non-uniform flux density based on the distance
from the wire that flows through the cross section of the secondary winding of the
current transformer and is seen in figure 3.15. Assuming the powerline passes through
the exact center of the coil orthogonal to the face of the spacer as shown in figure

3.14, then the flux density B can be approximated as [59]
B=B(r)o (3.14)

At a given radius r, the flux density is constant and its strength can be determined

from Ampére’s law. The resulting integral is [59]

7§ B ds = i (3.15)
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Using equation 3.14 and noting that ds = rdqbgg, equation 3.15 becomes

2w

/B(r) = 2mrB(r) (3.16)

0

Equating the right-hand sides of both equations 3.16 and 3.16, we find

5 Mols g
= 3.17
2rr ¢ ( )

The total flux ® through the coil is determined by integrating equation 3.17 over the

cross-sectional area of the coil as shown in figure 3.15. We thus have [59]

@:/E-da (3.18)

—

dd = B - da (3.19)

With respect to the parameters defined in figure 3.15, we see that da@ = Zdr¢, and

thus equation 3.18 is derived below to equation 3.24.

Hols \ -
— d 2
dd (27?7“) ¢ (drz) (3.20)
Ro ) Z
Hols
b= [ —— 21
/ 2mr ar (3:21)
Ry
<z 1
Hotls
b = - .22
2 /rdr (3 )
Ry
poisZ
b = 5 [In (Ry) — In (Ry)] (3.23)
T

o — HoisZ (@) (3.24)
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Figure 3.16: Circuit model for the actual current transformer and its interface circuit.

To determine the received signal, we model the coil as shown in figure 3.16. The
powerline current ig(t) is represented as a current source driving the primary. Using

the model given here, the self-inductance of the primary is

)

Ly = — (3.25)
s
and the mutual inductance is
Ny®
Lig= Loy = — (3.26)
s

A similar analysis shows that

L22 - N2L12 (327)
In terms of these definitions, the voltage at the secondary is
dig dipx

t) = Log—— — Log—— 3.28
UQ( ) 21 dt 22 dt ( )

To attenuate low-frequency content and to convert igx(t) to a voltage, a high-pass
filter is connected as shown in figure 3.16. The overall transfer function is fully found

in equation 3.29.
VRX — 82L21 CR

= 3.29
]S SchQQ + SRC + 1 ( )
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Vin(1) \ -
-

R,
A%

Figure 3.17: A non-inverting amplifier configuration used in the design of the gain
stages.

After the receiver front end is the pre-amp to boost the gain before any active
filtering is applied to remove the noise outside the communications band. This pre-
amp is a single ended, non-inverting amplifier as seen in figure 3.17. The gain is

determined by the ratio —Ry/R; |60] and is configured for —10V/V or +20dB.

R
V(1) AN vy 7
vOllt (t)

_L ¢,

Il
I
P

Figure 3.18: A second order Sallen-Key low pass filter used to implement the low pass
filtering blocks.

After the pre-amp stage, the receiver has a filtering stage to filter out both the
high and low frequencies not in the communications frequency band. Instead of
implementing both the high and low frequency filtering in a band-pass stage, it is

split into a separate low pass and high pass filter. The first filter analyzed here is
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the low pass filter implemented with a second order, unity gain, Sallen-Key low pass
filter design as seen in figure 3.18. The transfer function of the filter is defined in
equation 3.30. To design with this filter, a cutoff frequency must be defined based on
the RC' values of the filter and a damping ratio (. The capacitor values used in the

implementation are then evalutaed based on the C' and ( values as seen in equations

3.32 - 3.33 [61].
_ U‘mt(t) . w02
Ay = Vin (1) 82 2Cwos + wo? (3.30)
-7 (3.31)
“0= ke .
cr=% (3.32)
¢
Ca=¢C (3.33)
C C
vin(t) H H >
v()l/l[(t)

Figure 3.19: A second order Sallen-Key high pass filter used to implement the high
pass filtering blocks.

The second filter analyzed is the high pass filter implemented with a second order,
unity gain, Sallen-Key high pass filter design as seen in figure 3.19. This is the com-
pliment to the Sallen-Key low pass filter previously described. The transfer function
of the filter is defined in equation 3.34. To design with this filter, a cutoff frequency
must be defined based on the RC' values of the filter and a damping ratio (. The
resistor values used in the implementation are then evalutaed based on the C' and (

values as seen in equations 3.32 - 3.33 [61].
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(3.34)
(3.35)

(3.36)

The low and high pass, unity gain, Sallen-Key filters are utilized as the building

blocks for designing the low and high pass filters in the block diagram of 3.11. These

filters are implemented as a Butterworth filter and uses the design parameters from

figure 3.20.
Butterworth Cascaded Design
2" Order
3,5=6.2831
—_— —
£=0.7071
4" Order
0345=6.2833 0;,5=6.2833
—_— — —_—
£=0.9239 £=0.3827
6" Order
;45=6.2830 ©;45=6.2831 ©;45=6.2830
— — — —_—
£=0.9659 £=0.7071 £=0.2588
8" Order
W;,5=6.2833 03,5=6.2834 W;,5=6.2834 @;,5=6.2833
—_— —_— — —_—
£=0.9808 £=0.8315 £=0.5556 £=0.1951

Figure 3.20: Design parameters for cascaded Butterworth filter designs utilized for
the high and low pass filters.

The first filter is a 2nd order, Butterworth, high pass filter and is implemented as a

with the design parameters of table 3.1. The cutoff frequency is selected at 10 kHz, a

decade lower than the communications frequency of 113 kHz to ensure no attenuation.

The primary interest of this filter is to ensure that the 60 Hz current component of

the power line is completely attenuated from impacting the receiver as this current is

many magnitudes larger than the communications frequency. The attenuation from

the filter will be much larger than —80dB for the line frequency.



Table 3.1: Design parameters and component values for the
pass filter used in the PLC receiver.

2nd

Parameter Stage 1
fe 10kHz
W3dB 62.831 x 103 rad/s
¢ 0.7071
R 15.9155 k2
C 1000 pF, 5 %
Ry 11k, 1 %
Rs 22kQ, 1 %

44
order Sallen-Key high

The second filter is a 6th order, Butterworth, low pass filter and is implemented with

the design parameters of table 3.2. The filter is designed with a cutoff frequency of 250

kHz, slightly more than an octave above the communications frequency and exactly

one octave below the switching frequency of the power electronics of the inverter

module. The filter is designed to remove the switching noise from the receiver and

provides roughly —36 dB of attenuation at the switching noise frequency.

Table 3.2: Design parameters and component values for the 6 order Sallen-Key low

pass filter used in the PLC receiver.

Parameter Stage 1 Stage 2 Stage 3
fe 250 kHz 250 kHz 250 kHz
W3dB 1.57075 x 10%rad/s 1.570 78 x 10%rad /s 1.57075 x 10%rad/s
¢ 0.9659 0.7071 0.2588
R 3.9k0, 1 % 3.9k0Q, 1 % 3.9kQ, 1 %
C 163.241 pF 163.238 pF 163.241 pF
4 180 pF, 5 % 240pF, 5 % 620pF, 5 %
Cy 160 pF, 5 % 120 pF, 5 % 430 pF, 5 %
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Following the filtering stages to clean up the received signal is another amplifier
stage, referred to as the main amplifier. This amplifier boosts the signal by 20dB
and is implemented exactly the same way as the pre-amp. Reusing functional blocks

simplifies the design process and reduces the design time.

Vin (t) —OW Vout(t)

Figure 3.21: Switching strategy for gain control to produce a fundamental frequency
of the input voltage with a gain reduction proportional to the duty cycle.

Following the main amplifier comes the automatic gain control (AGC) stage. This
stage consists of two components, the gain reduction and the feedback path. Analyzed
first is the gain reduction with the feedback path analyzed after the functional blocks
before the PLL are described. The gain reduction is implemented using a PWM
chopper circuit with the concept illustrated in figure 3.21. The output voltage of the
PWM chopper is either the input voltage or 0 V based on the duty cycle. This is
expressed below in equation 3.37 and represents a time domain solution based on the

duty cycle case.

vont) = vin(t), nT <t <n(TA) (337

0, otherwise
As in the case with the PLL multiplication of the demodulation, the pulse wave of
the duty cycle can be converted to a Fourier series expansion with the fundamental
frequency being the switching frequency of the PWM chopper. This is implemented

at 500 kHz. The output voltage can then be abbreviated as in equation 3.38.

Vout (t) = Dvyy(t) + Higher Order Terms (3.38)
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The chopped output is then filtered to attenuate the higher frequencies and leave
the scaled carrier frequency. This is accomplished by the use of a 6th order, Butter-
worth, low pass filter. As the name implies, it is accomplished by using the previously
designed filter using the Sallen-Key amplifier. The filtered signal is then passed into
the final amplifier referred to as the post-amp stage. This amplifier is a functionally

the same as the last two gain stages with a —10V/V or 10dB gain.

vSig(t)

+ Vpk(1)

¢k

Figure 3.22: A peak rectifier circuit utilized to determine the magnitude of the signal.

The feedback path of the automatic gain control is implemented with a digital
control in the microcontroller based on the peak voltage into the PLL. The signal is
buffered into a peak rectifier with a large RC' time constant such that the decay will
not be significant between the two peaks of the carrier frequency. The peak rectifier
is seen in figure 3.22. The peak voltage, vy (t) is then sampled by the analog to
digital converter (ADC) of the microcontroller. The microcontroller then compares
the peak value to a the desired value to see the error and adjusts the duty cycle, D,
accordingly. The gain control is only adjusted during startup of the system since the
receiver will not know what signal strength the transmitter is transmitting at. The
signal strength could be much larger than expected, or it could be much smaller. The
receiver can only guess at startup and then adjust to correct the error. After the
value is determined, it will not change in the system while everything is powered and
operating.

A phase-locked loop (PLL) generates the carrier. This circuit is implemented using
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the HEF4046 [62]. The PLL was designed to have a free-running frequency of 113 kH z
and a lock range of £5kHz. A proportional-plus-integrator (PI) compensator is used
as the loop filter to yield zero steady-state phase error [63]. The voltage controlled
oscillator (VCO) within the PLL ultimately produces a square wave with a frequency
wy. This waveform is mixed with the amplified and filtered version of the voltage
vrx (t). Assuming these circuits are well designed, this voltage is proportional to the
current presented in equation 3.7. The VCO output is represented as a Fourier Series

of the form below in equation 3.39.

[e.e]

Uyeo(t) = Z icos(muzt) (3.39)

™
n=1, n odd

In the exact same approach as the simulation, the received signal is multiplied with
the VCO generated from the PLL. The multiplication is performed by implementing
a switch, similar to the PWM chopper of figure 3.21, and is seen in figure 3.23. Here,
q(t) is the VCO output that is aligned to the carrier frequency. In a proof to verify
the operation, assuming no modulation is occuring, the the switch selects v;,(t) when
positive based on the positive value of VCO. When v;,, () becomes negative, the switch
selects the inverted signal and the output once again has a positive signal. Effectively
happening is the output taking the absolute value of the signal as analyzed in the
matlab simulation earlier. This inverse input of the receiver is formed by passing the
post-amp output through an inverting amplifier, as seen in figure 3.24, with a gain of

0dB by setting Ry equal to Ry [60].
Vin(?) —0%7 Vour(1)
Vip(t) ——o

Figure 3.23: Switch-based multiplier used to mix the received signal with the carrier.
The resulting process, along with a low pass filter, will recover the modulated signal.
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Figure 3.24: An inverting amplifier configuration used in the PLL multiplication stage
of the receiver.
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Figure 3.25: The Schmitt trigger implementation for conversion of the demodulated
signal to a TTL output. The circuit operates with an open collector design such that
the output voltage has a pull-up resistor to the TTL logic level.

After mixing, the voltage thus contains a baseband component proportional to p(t)
as well numerous harmonics of ws. These higher order terms are attenuated using
a simple RC' low pass filter with a bandwidth of approximately 10 kHz. The re-

sulting analog waveform has an amplitude that varies slightly over time. To convert
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this waveform to an appropriate logic signal, it is passed to a Schmitt trigger. The
Schmitt trigger is a comparator with hysteresis and operates on the principle of posi-
tive feedback such that the input voltage will have two thresholds that will cause the
output voltage to change [64]. The voltage levels selected were 0.3V and 0.7V. The
final waveform ultimately passes to an external interrupt pin on the digital signal

processor (DSP).
3.3  Implementation of the Physical Transmitter Layer

The physical implementation of the transmitter layer much more complicated for
implementation than shown in previously in figure 3.2. The full block diagram includ-
ing individual components is seen in figure 3.26. This section of the dissertation will
explain the implementation of each of these components. Most of the components
are selected from already existing designs used in the receiver layer. Those that are
not will be explained in more detail.

Gain Control FW I

| I High Pass Filter Low Pass Filter
QU P WI1E
Py AGC i | i
Output PYIA Summation )‘

Carrier Frequency

FIC boltion
Trnstrmer
Llne I

‘ 155 dE Imyersio
Dmr I Strin
Carrier and 2

. modulation CDﬂnEctIDn
Zero Crossing Multiplier Jp——

Figure 3.26: Block diagram of the full PLC transmitter showing the different modules
to create the carrier and modulate the communications signal.

The first block in the transmitter is the carrier generation from the microcontroller
by the use of a two PWM signals. The PWMs operate at a frequency of 113.6 kHz
and output a duty cycle of 33% and 66%. THe PWMs are then summed together

using a summing amplifier as seen in figure 3.27. Due to the stepping of the output
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of the summed PWM signals, all even harmonics and all multiples of the 3rd order
harmonics are eliminated from the Fourier Series [65|. The fundamental is much

larger than the next term of the series, the 5th harmonic.

R, R;
Vin, 1(1) Y. Y.

R,
Vin 2(1) Y. >
\ VOMI ([)

Figure 3.27: A summation amplifier configuration used in the carrier generation from
the PWM signals of the microcontroller.

Following the summation is a gain reduction block, implemented with the same
switch strategy as the AGC in the receiver was. This gain reduction block is controlled
by the PWM output of the microcontroller at the grid interface. The gain control is
set up to act as open loop or closed loop control. The feedback path for the closed
loop control is the receiver board built into the grid interface.

The next two blocks are a high pass filter and a low pass filter. The high pass
filter is a passive, first order filter consisting of a capacitor and resistor with a cut
off frequency of 10 kHz. The purpose in this circuit is to remove any DC offset that
occurs from the operational amplifiers. The low pass filter is a 6th order, Butterworth
filter with a cutoff frequency of 250 kHz. This is the same low pass filter implemented
with Sallen-Key stages in the receiver section. This filter attenuates the harmonics
from the carrier generation and the gain control.

The fundamental frequency, the carrier frequency, at this point is not operating
at the largest value it can in the electronics even if the gain control block did not

reduce the gain. This is due to the fact that the fundamental component is a lower
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magnitude than the summation of the two PWM signals. To operate the carrier at
the maximum value, the gain is increased here with a non-inverting amplifier that
has a gain of 1.55dB or about 1.2V/V.

The modulation is performed based on a switch selection with the selection signal
being the grid crossing pulse p(¢). This pulse causes a switch to select either the
carrier frequency directly or the inverse of the carrier frequency when modulating.
The inverse of the carrier frequency is obtained by an inverting op-amp with a gain of
0dB or —1V/V. This block performs exactly the same as the simulated transmitter
modulation.

The modulated signal and the carrier are added back together with a summation
amplifier with the gains for the two signals being A; = 0.6V/V and Ay, = 04V/V
respectfully to the carrier and the modulated signal. Normalizing the gain A, to Aq,
the modulated signal is found to be 0.67 the value of the carrier, a slight deviation
of the simulated gain. The selection of A; and Ay was done to get a signal level
that would maximize the allowable voltage swing of the operational amplifiers as
well as adhere to using standard value resistors. A more accurate implementation to
the simulation could be performed, but the results do not deviate from the expected
enough to justify such effort.

The final signal is sent to the line driver amplifier, a Texas Instruments (TI)
OPAb561. This amplifier is called a line driver due to the large output current it
can source. It is important to mention that this amplifier acts as a buffer to the cur-
rent transmitted. As such, this where the modeling of the transmitter ends in chapter
4 and the channel modeling begins even though it is not the end of the transmitter’s
hardware implementation. The line driver output connects to a stability network and
then to the isolation transformer. The stability network and isolation transmformer is
based on the TT reference design [52] with slight modifications to increase the current

limitation. The capacitor at the string side is to prevent the low frequency voltage
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of the string from seeing the low impedance path through the isolation transformer
and is referred to as a blocking capacitor. Further examination of the transmitter
hardware in the communications model will show how the transmitted string current,

is(t) is estimated from the voltage into the line driver IC, vprc(t).
3.4  Empirical Results of the Physical Access Layer

The physical access layer was thoroughly tested after the design and implementa-
tion to gauge functionality. The transmitter circuit at the grid interface generates the
appropriate BPSK signal using a 113kHz carrier waveform. The functionality testing

was done with the communications signal transmitted on a separate wire and

. 20.09/ . 1008/ » 00s 10.008/  Stop £ 0.0v
3
4
Pk-Pki4 ). 400mA | Pk-Pk(3): 30mV ]
42 Source Select: Measure Clear Thresholds
3 Pk-Pk Pk-Pk Meas ~i

Figure 3.28: The receiver frontend detects the synchronization signal through the
current transformer. The injected current, shown as trace 4 in red, is transformed
into a voltage signal, shown as trace 3 in purple, based on the transfer function
relation presented in equation 3.29. The magnitude of the output, 30 mVpip for a
400 mApkpr input verifies the relation. A slight DC offset occurs due to the input
bias of the op-amp and scope calibration.
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not the powerline to both ease the development of the inverter and communications
hardware. Results with the communications signal integrated onto the powerline will

be shown in chapters 4 and 6.

Receiver Front End Transfer Function with Comparison to Measured Values
5'} o o o o o o o o o o
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Figure 3.29: Predicted (solid line) and measured frequency response of the receiver
front end over a range from 1 kHz to 1 MHz.

The first test of the receiver is examining how close to the model the current trans-
former and receiver front end perform. Measurements show that Lo is 7TuH and
Loy is 0.108pH. Similarly, the resistor and capacitor from figure 3.16 are 1.1k€2 and
2.2wF, respectively. Figure 3.28 shows the voltage vgrx(t) when using a 400mA,j
carrier waveform and the component values provided previously. Note that the mea-
sured amplitude is approximately 30mVpipr. This value is extremely close to that
predicted by equation 3.29. Figure 3.29 compares the measured and predicted values
when performing a sweep over several potential carrier frequencies. Note the close
agreement. In practice, of course, the carrier frequency is constant; it was modified
in this case only for purposes of validating the predicted results [66].

Figure 3.30 illustrates the operation of the AGC. Note that the received waveform
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(yellow), is mixed with the PWM waveform (green). The mixer output (red) is filtered
to recover the scaled and shifted version of the input shown in purple. The amplitude
of this waveform is adjusted by changing the duty ratio of the PWM output (green).
In this example, the duty ratio is 15%. Note that this implementation was selected

because of the relative ease of implementing it on an integrated circuit.

0 1oov/ @ 1o0v/ @ 100¢/ @ 5009/ o 0.0s 50008 Stop f 1.58Y

Pk-Pk{1}: 2.99V | Pk-Pk{3): 324mV | Duty(2): 15.0%
Source +2 Select: Measure Clear Thresholds
2 Duty Duty Meas ~ll

Figure 3.30: Implementation results of the automatic gain control. The automatic
gain control signal input, trace 1 in yellow, is chopped by the PWM signal, trace 2 in
green. The output, trace 4 in red, appears as a pulse train whose amplitude matches
that of the input. The result after filtering, trace 3 in purple, is a sine wave that is a
scaled version of the input.

Figure 3.31 shows the performance of the demodulator previously shown in the
Matlab simulation of figures 3.8 and 3.9. The yellow trace is the output of the VCO
within the PLL circuit. This waveform is phase-locked to the carrier waveform and

ultimately mixed with it. The green trace is the mixer output which gives give an
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absolute value waveform. The mixer output does go slightly below the zero into a
negative value. This is a result of a slight phase difference between the PLL and the
carrier signal as well as a small delay in the analog switch IC. This phase difference
will ultimately reduce the DC component of the demodulated signal. This is not a
problem for the Schmitt trigger however as the gain control block can adjust the gain
and hence increase the DC component of the demodulated signal. This adjustment
is built into the reference gain for the desired output of the microcontroller feedback

code. This waveform is subsequently filtered to produce the analog waveform shown
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Figure 3.31: Implementation results of the receiver’'s demodulation block. The de-
modulation locks to the carrier signal by a PLL, trace 1 in yellow, and then multiplies
the received PLC signal by the PLL effectively creating an absolute value, trace 2
in green. During the phase shift keying, the multiplication value drops significantly
allowing the BSPK signal to be recovered after applying a low pass filter, trace 3
in purple. The recovered signal is then compared by means of a Schmitt trigger to
create the TTL logic signal, trace 4 in red.
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by the purple trace. This is the demodulation signal that then needs to be converted
to a TTL logic signal using a deterministic selector, implemented with a Schmitt
trigger. The red waveform is the final logic-level signal provided to the DSP. The
final TTL logic signal is fully received by the microcontroller approximately 45 s

after the modulation is detected at the receiver.
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Figure 3.32: Implementation results for the communications carrier generation from
the PWM channels of the DSP. The DSP generates two PWM signals at the carrier
frequency with a duty cycle at 33% and 66% as captured by trace 1 in yellow and
trace 2 in green. These PWM signals are summed together to get a multilevel PWM
signal displayed as trace 3 in purple.

The transmitter carrier generation begins in figure 3.32. The PWMs coming out
of the microcontroller are controlled properly such that the third harmonic multiples
are canceled out. The resulting summation with a DC offset produces the waveform

shown in purple. The real implementation does not utilize op-amps with a high
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enough gain-bandwidth or slew rate and can be seen in the slant and rounding of the
multilevel PWM output signal from the summing amplifier. This does not ultimately

impact the carrier frequency, the fundamental of the multilevel PWM signal.
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Figure 3.33: Implementation results for the transmission circuit gain control. The
summed PWM signals, trace 1 in yellow, composing the carrier signal is passed
through a PWM multiplier, trace 2 in green, resulting in a chopped carrier wave-
form, trace 3 in purple. This is effectively multiplying the fundamental signal by a
duty cycle to attenuate the magnitude.

After the multilevel PWM signal is generated, it is passed to the gain reduction
block implemented from an analog switch that will change between the signal and
ground based on the duty cycle from the microcontroller. Featured in figure 3.33 is
the circuit operation of this gain reduction on the multilevel PWM. The duty cycle
is 50% and creates the chopped carrier signal that then needs to be filtered. The

filtering is not shown here since it is a repeat of the receiver filtering block. The
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rest of the modulation circuitry before the line driver is not shown in detail, but the
modulation results will be shown shortly.

The line driver, a high power and frequency op-amp, is designed to drive high
currents into the isolation transformer. As such, it is capable of becoming unstable
without proper care in the design. The stability network from TI’s reference design
was slightly changed for allowing high current into the powerline. This required a
test on the stability of the line driver and is performed with a step response, made
from a square wave, as seen in figure 3.33. The line driver is stable with a 50 mV

overshoot for a 1V step response, a 5% overshoot.

200/ K 2008/ -b.400% 1.0008/ Stop + QJ -26.8%
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Figure 3.34: Step response of the line driver circuit with stability network. The input
is a 1 Vpipr square wave seen trace 3, purple. The output, trace 1 in yellow, shows a
stable step response with an acceptable overshoot.

The modulation of the transmitter is shown in figure 3.35. The modulation signal

from the microcontroller causes causes an immediate phase shift to occur and the
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Figure 3.35: Modulation of the transmitter circuit showing the encoding of the car-
rier at the line driver. The modulation signal, trace 3 in purple, causes the carrier
fundamental to be summated with the phase inversion of the of the carrier resulting
in the modulation shown in the input, trace 1 in yellow, and output, trace 2 in green,
of the line driver.
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Figure 3.36: Current outputs from the line driver circuit, trace 4 in green, and the
isolation transformer, trace 3 in purple, for the transmission circuit.



60
summated phase shift added to the carrier results modulation seen in the input and
output of the line driver. The line driver shows no issues handling the modulation with
the stability circuit. Figure 3.36 shows the current output during modulation. The
line driver output current shows no sign of distortion either and a scaled current, due
to the turns ratio of the isolation transformer, is seen at the output of the transformer

and injected into the system.



CHAPTER 4: COMMUNICATIONS CHANNEL MODEL UTILIZING
SERIES-CONNECTED POWER ELECTRONIC MODULES

The transmission and reception of information consists of taking a data stream,
encoding the data for transmission, physically transmitting the encoded signal in the
communications channel in which noise will corrupt the signal, and finally having a
receiver decode the data stream and recover the encoded data. A communications
model for this process is seen in figure 4.1 in which is a generic approach is defined
for a single path transmission [67]. As the transmitter and receiver were previously
described in chapter 3, this chapter examines the channel model formed when utilizing

series-connected power electronic modules as the physical medium for communication

signal [68].
n(t)
0 [y ] iy ] @ ——=[ iy =
Transmitter Channel Receiver

Figure 4.1: Generic communication channel model to be adapted for utilizing series
connected power electronic modules.

4.1  Understanding the Physical System Propagation Effects

Traditional powerline communications utilize a multipath channel model due to
the physical branching of the possible paths the communications signal can follow
[69]. In the design of the current based communication methodology, it was defined
that the current, i, (), at each of the receivers to be the same transmitted current.
This in turns defines that there will only be one communication path for the series

connected power electronic modules. The communications channel model for the
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current based power line communications system is therefore similar to that of the

wire line communications model.
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Figure 4.2: Traditional power line communications tend to have a transmission path
that can branch to various locations across the distribution network requiring a mul-
tipath model for the communication system.

The wire line communications model is used in media such as traditional telephone
lines that transmits a 10 kHz bandwidth signal down a pair of conductors that has a
spectrum of 1 to 2 Mhz usable bandwidth over long distances, Ethernet cables that
use twisted pair wires such as Cat6 with a 90 ft distance and a bandwidth of 250
Mhz, or a coaxial cable that is manufactured with a conducting wire surrounded by
a conducting shield with an insulating material between such as RG6 which cable
companies use and has an approximate bandwidth of 500 Mhz [70]. The current
based powerline communications presented has similarities to the previous wireline
media in that it is a point to point communication with low bandwidth requirements.
It will be shown later in this chapter how the conductor acts like a low pass filter. The
model is different though from the previously listed wireline communication mediums
in that there is no twisted pair wiring in the power line neither is there any type

of shielding around the conductor. The biggest change setting it apart from the
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other communication mediums is the utilization of the power electronic modules as a

communication medium instead of only the wiring.
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Figure 4.3: Conceptual circuit model for the AC-stacked inverter system showing the
end devices connected in a string with the output filter of each inverter allowing a
low impedance path for the PLC current.

The application of this current based powerline communication medium in this
dissertation is series connected power converters used in solar conversion. In such
a system, the wire between each solar panel is physically separated by the power
converter that would be inside the junction box. The communications current flows
into and out of the positive and negative terminals just like the low frequency power
generation current as seen in figure 4.3 for the AC-stacked architecture. The difference
between the two currents becomes apparent inside the power electronics as the high
frequency communications current propagates though the electronics differently due
to the impedance differences among the paths as the frequency increases. The power

electronics modules in conjunction with the wiring will still yield a single path model.
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Also displayed in figure 4.3 is the grid interface in which the transmitted commu-
nications current can flow. This path can be modeled as a parallel impedance to
the string of power electronic modules and will not contain any receivers. All this
will affect is the distribution of the current and with a properly designed grid inter-
face, this value may be negligible. It will be shown how in the designed system it
does not significantly affect the system and can be properly modeled as part of the

communications system.
4.2 Modeling of the Switched Mode Power Converters

The primary communications medium inside series-connected power electronics is
the impedance seen looking into the terminals of the power line connection, whether
that be the input or output terminals. This impedance may consist of passive ele-
ments, such as inductors or capacitors used as filtering elements, or active elements
such as diodes, field effect transistors, and other such components. Each individual
power electronics system will likely be different, but should not be a reason for con-
cern for the communications viewpoint so long as the signal can propagate through
electronics in the specified frequency bands.

The secondary medium inside such a system is the wiring between the power elec-
tronics. Depending on the specifications of the wiring, hence the wire type, gauge,
and length, this impedance can interact with the power electronics impedance and can
therefore hamper or facilitate a desired low impedance at in the frequency channels.
The modeling of both of these aspects will be examined in this section.

Power electronics generally consist of some type of passive filtering followed by
active devices used in the power conversion process. This occurs at both the input
and output terminals of the module. What is of interest is how the impedance looks
at the terminals of the series-connection and how it may change over time. In the
case of the output of a converter, there is typically a LC filter to ensure the switching

ripple in both the voltage and current is attenuated to acceptable levels. In the case
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of the input of a converter, there is generally a capacitor or an LC filter. Ideally,

there should be a capacitor placed immediately across the input terminals to ensure

a low impedance for the PLC signal.
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Figure 4.4: Generalized schematic for a DC-Optimizer. The output of the converter
is series-connected and allows the PLC current to pass through the output filter as

its medium.

Cascaded H-Bridge Generic Schematic
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Figure 4.5: Generalized schematic for a cascaded H-bridge. The output does not
contain a filter to direct the PLC current when series-connected and instead sees the
impedance of the switches.



AC-Stacked Inverter Hardware Representation

i |
i Current Controller |
| | [ '
i 55 |
i S, S, I |
i IK,DCT + igac T PO L\ ) i
i _ >§ f j >§ , |
! Energy RN ; RN R ; i) I . |

L ls(t) !
i VK,DC IStorage — LR Y i
i nterface + i
] I
i C == w1 i
i - ic(f)l — E
] ]
1 ]

Figure 4.6: Generalized schematic for the AC-stacked inverter hardware. Like the
DC-Optimizer, the inverter contains the LC filter at the output which makes the
impedance modeling the same.

Generalized schematics of power electronics commonly seen in series connected
configurations are found in figure 4.4 through figure 4.6. Two of the architectures
that are used in series-connected power electronics, the DC-Optimizer and the AC-
Stacked inverter have a similar output impedance equation as seen below in equation

4.1.

ZOutput = ZC’,OUTH (ZL,OUT + ZSwitches) (41)

The impedance of the switches though will change between them and will generally
have little impact in that the impedance of the output is generally much greater in
comparison at the communications frequency, as well as the impedance of the wiring
seen later. The dominating component for a low output impedance is generally the
capacitance. The switch impedance for the DC Optimizer is still defined below in
equations 4.2 through 4.5. The switch state for DC Optimizer is defined as state 0
having the bottom FET on and state 1 having the top FET on for the buck configu-

ration.

Zorr = Rpsorr||Zc.ps (4.2)



Zon = Rpsonl||Zc,ps (4.3)
ZDC = ZC7DC||ZPO’U)€TSOUT‘CE (44)

Zon|| (Zorr + Zpe)  So
ZSwitches,Buck - (45)

Zorr|| (Zon + Zpc) St

The cascaded H-bridge will have the same expression for the switch impedance as the
AC-stacked architecture due to the shared H-Bridge switching stage, but will differ in
regard to the impedance seen at the output of the terminals as there is no LC filter.
Instead, the output impedance is dominated by the impedance of the converters
switches. In an H-bridge in which all the switches are the same, and neglecting all
configurations that would cause a short on the DC bus or switch transitions, there
are four cases the switches can be configured with at least two switches active at all
times. These states are defined as state 0: both bottom switches on, state 1 and
2: one bottom switch on and one top switch on in the opposite leg, and state 3:
both top switches on. Defined are impedances in equations 4.2-4.8 for components
and derivation values, with a final switch state impedance in equation 4.9, with two
values based on switch states of the converter. It should be noted that the derivation
assumes that each pair of FETs in a leg are identical, but each leg may be optimized
for switching speed and hence have a different FET pairing. This is typical in a
H-Bridge that is configured for unipolar switching. The notation used to distinguish
between the FETs optimized for slow switching will be a subscript 1 and the FETs

optimized for fast switching will be marked with a subscript 2.

ZoN1Z0FF1
Zon,1 + Zorr1 + Zpc

ZA,Unipolar =

Zorr14Dpc
Zon,1 + Zorr1 + Zpc

ZB,Um'polar =
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ZonN1Zpc

4.8
Zona + Zorr1 + Zpc (4.8)

ZC,Unipolar =

Za+ (Zo+ Zon2) || (Z + Zorrz)  So,S3
ZSwitches,Unipolar = (49)

Za~+ (Ze+ Zorr2) || (Z + Zon2)  S1,52

If the H-Bridge is configured for bipolar switching where all four FETs are optimized
for a single switching frequency and are all the same, the equation 4.9 would then be

transformed into equation 4.13 as seen below.

Z A, Bipolar = Zon -Zl—ogoiiFi Zoo (4.10)

Z B Bipolar = Zon fogjiDi 7o (4.11)

Ze,Bipolar = Zon —I—ZOZ]ZZ?C;L Zoc (4.12)
2(Zonl|Zorr) So, S3

Z Switches, Bipolar = (4.13)

Za+ (Ze+ Zorr) || (Zg + Zon)  S1,52

Interesting observation with this type of varying impedance is now the additional
communication requirements and optimizations that now must be considered in the
design of power electronics that will be utilized as the communication medium. An-
other thing to note, the communications frequency here is not specified as being
above or below the switching frequency. In modules such as the cascaded H-Bridge,
the switching frequency would be much lower than the communications frequency so
the transmitted carrier would be in the switch state for multiple encodes before the
switch state changing. In hardware such as the AC-Stacked inverters, the switching
frequency may be much higher than the communications frequency in which case, the
switch states may change much more often during the encoding time. This type of

hardware introduces a much more complicated time varying impedance model for the
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communication system that much be considered and designed for. It will be shown
that such a system can still be utilized as a communications medium so long as the
encoding, transmission, reception, and demodulation scheme is immune to such a

varying impedance.
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Figure 4.7: Circuit model for the inverter module output filter to determine the
impedance of the converter with respect to the communications current.

The theoretical impedances of a converter typically have small errors from the
actual measured impedance due to tolerances and parasitics. With the utilization of
the AC-Stacked inverter hardware, the actual impedance was modeled and measured
for comparison to the theoretical impedance. The inverter output filter impedance
model is shown in figure 4.7 and contains a parasitic board inductance, Lpyerq from
the traces of the printed circuit board (PCB) as well as an extra inductance, L¢comm
due to mismatched winding in the common mode inductor. The extra terms yield
an equation as seen in 4.14. The output impedance of the AC-Stacked inverters is
a function of the inverter’s design and should be optimized not only to reduce the
switching noise of the converter, but to allow a low impedance path for the power

line communications.

ZOutput = ZBoard + ZComm + ZFilterH(ZDiff + ZSwitches) (414)

In the analysis of this dissertation, the board was already designed and as such,
was not optimized for the communications. The output impedance of the converter
as analyzed showed that it would have some slight dependency based on the switching

and hence the magnitude of the output voltage of the inverter. Such a dependence led
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to the measurement of the impedance in three different methods. The first method
was the switching as measured at the zero crossing of the electrical cycle with a
+500us window. The measured impedance of the converter at this location in the
electrical cycle was Zoupur = 0.02241 — 0.115805. The window is then moved for
the second measurement to the peak of the electrical cycle which, for a 60H z grid,
occurs 4.167ms after the zero crossing. Here the measured impedance changed to
Zowtput = 0.02102 — 0.143645. The last measurement of impedance is taken as the
averaged impedance across the entire electrical cycle. The total output impedance of
the inverter measured across an entire electrical cycle is Zoypur = 0.02975—0.10346; .

All measurements are primarily capacitive in nature showing the dominance of the

LC filter.
4.3  Modeling of the Powerline Impedance

In narrow band PLC communication where distance can be significant, the tradi-
tional method of modeling is to examine the medium as a transmission line [53]. In
the case of series connected power electronics, the argument is made that the length
of the wire is significantly shorter than the wavelength of the transmission frequency

as seen in equation 4.15 [71].

_ % - égig — 2500m = 8202.1ft (4.15)
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Figure 4.8: Lumped transmission line model for the wiring impedance.
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With this assumption, the transmission line can be modeled as a lumped circuit
model such as that in figure 4.8 and then analyzed applying Kirchoft’s laws. The
resistance of the wire in the system can be generalized as impedance of the gauge of
the wire for use in narrowband communications assuming the wire is stranded. It is
generally the length of the wire and hence the inductance that tends to dominate in
the communications frequencies of interest and such the conductance and capacitance
between the terminals are neglected [72]. As the inductance dominates, it is not a
bad assumption to only use in the impedance estimation. The maximum inductance

of a straight wire in free space is found as

2 d\? d\°> u d
Livire = 21 |In (3) 1+ H(z_z) - 1+<2—l) +5 5| (416)

where [ is the length of the wire in centimeters, d is the diameter of the wire in
centimeters, p is the relative permeability of the surrounding material, and L is
the inductance in nH [73]. The predicted maximum of the wiring is not necessarily
obtained due to physical constraints with bends and such, but is taken as the absolute
maximum that should appear. A lower impedance is preferred anyways such that a
lower transmit power may occur for the current. This difference is important to note

when predicting scalability in series-connected power electronic systems.
4.4  Modeling of the Grid Impedance

For series connected power electronics, it is possible that there may be a parallel
connection in the application. For that of solar converters, it is the grid interface by
which the power generated by the converters flows through. Examined in this section
is the grid interface seen in figure 4.9. In this setup, the parallel impedance of the

grid connection is primarily dominated by the impedance inherit to the grid interface
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itself and described as equation 4.17.
Zarid = ZrEr + 21 + ZRelay + Zc (4.17)

The effective impedance, Z¢, at the X and Y capacitors may change depending on
the loading conditions of the grid. Examined here is the open circuit and short circuit
conditions between line to neutral connections to examine the two extreme cases that
may occur at the grid interface box. As such Zs will reach a maximum and minimum
condition. The impedance of Zs adds to that of the grid interface inductance thereby

reducing the overall impedance magnitude.
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Figure 4.9: Circuit model for the grid interface hardware.

4.5  Communications Channel Model

All of the components of the channel has now been defined and can be applied to
form the complete channel model. Shown again in figure 4.10 is the channel model but
with the appropriate signals labeled in regards to the communication transmission
and channel model. The channel is defined as starting at the output of the line driver
IC. The reason for defining this as the beginning of the channel is because the signal
at this point is buffered with all circuitry before it comprising the transmitter where
the carrier is composed, gain control occurs, and modulation is controlled. Anything
after the line driver is influenced by the impedance of the series connected power

electronic modules and would change ig(t).
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Figure 4.10: Communication channel model for utilizing the series connected power
electronic modules.

The general hardware model for the transmission at the beginning of the series-
connected power electronics is shown in figure 4.11. This hardware consists of a high
current line driver amplifier, a transformation impedance for converting from a voltage
mode to current mode communication, a stability network, isolation transformer for
protecting the transmission hardware, and a high voltage blocking capacitor to keep
the any DC or 60 Hz voltage from causing large currents to occur in the isolation

transformer.
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Figure 4.11: Circuit model for the transmission hardware used to develop the transfer
function of the line driver voltage output to the string current.

The current transmitted from the beginning of the line driver throughout all the
series-connected power electronics can be predicted by the transfer function of equa-

tion 4.18.

iString . (iString ) < UString > <USeconda7‘y> (UPrimary> (UStability) (4 18)
UpLC UString USecondary UPrimary VUStability VpLc

Substituting in the quantities for each of the ratios in equation 4.18 from the respected
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values of figure 4.11 the full equation is then given in equation 4.18 below with
Zeqa1 being the magnetizing impedance parallel to the reflected impedance of the
transformers secondary load and Z., s being the stability impedance parallel to the
leakage inductance and Z., 1 combined. Knowing the voltage output of the line driver
chip, it is then possible to predict the string current for a design. All values given
in the design should not change for the scaling of 2 to 32 inverter modules in the

AC-stacked inverter system except for the string impedance.

Z'.S'tr'mg _ ( 1 ) ( ZStr'ingHZGrid ) (l)
UpLC ZString ZString‘ |ZGrid + ZBlock N

( Zeq,l ) ( Zeq,2 )
Zeq,l + ZLeak Zeq,2 + ZOut

The string impedance is a function of the output filter of each inverter module

(4.19)

and the impedance of the wiring between the inverter modules as seen in equation
4.20 where N is the number of inverter modules in the string, and not the isolation

transformer’s turns ratio.

ZString = NZOutput + ZWire (420)

The equivalent impedances listed in the transfer function of equation 4.19 are there
for simplifying the expression. The first equivalent impedance, Z.,; shown in equa-
tion 4.21, is the combination of the reflected impedance of the isolation transformer,
equation 4.22, and the magnetizing inductance. The second equivalent impedance is
the parallel combination of the stability network and the impedance at the primary

of the isolation transformer as expressed in equation 4.23.

Zeq1 = Zyac||ZrerLEcTED (4.21)

Zrerrectep = N? (Zsiwing|| Zarid + Z Block) (4.22)
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Zego = ZsrBLl| (Zrpak + Zega) (4.23)

4.6  Empirical Results of Communications Channel Model

Modeling the communications channel is only complimented by validation of the
model. Here, each of the models are measured and compared to the theoretical and
the final channel model evaluated at the end. The inverter’s output impedance has
already been measured and compared with the model. The total output impedance
of the yielded by the inverter is Zoyspu: = 0.02975 — 0.103467, primarily capacitive in
nature.

The wiring impedance is a function of the resistance and inductance of the wire.
In the lab setup, a 16 AWG stranded copper wire is used to carry the necessary
current during operation. Such wire has minimal resistance compared to the induc-
tance. As the inductance dominates, only it is used in the impedance estimation.
The predicted maximum inductance, calculated using the straight wire inductance of
equation 4.16, of the 16 AWG wiring used with 3 sections of wire totaling 154.3 cm
is 2.38 uH. The predicted maximum of the wiring is not necessarily obtained due to
physical constraints with bends and such, but is taken as the absolute maximum that
should appear. The actual measured inductance at the communications frequency is
1.506 H, or 62.3% less. This is important to note when predicting upwards to utility
scale systems.

The string impedance consists of an accurate value from the output impedance and
an estimated output from the wiring impedance. Without having accurate prediction
of the wiring impedance, the best way to predict the current when designing for a min-
imum communications current is to assume the maximum wiring impedance. A lower
impedance will then only increase the current transmitted. The final string impedance
in the two inverter module setup, taken from the measured wire impedance before

wiring the inverters and the output filters of the inverters, comes to be estimated as
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Zgstimated = 0.0595 4 0.86805. The actual measured impedance measured from the
transmission of the communication signal comes to be Zg;iny = 0.0499 + 0.82807. It
is believed the resistance part of the measurement may be improved by more accu-
rate measurements and the inductive part of the measurement changes slightly when
configuring the wiring.

The grid impedance, seen in figure 4.9, is primarily dominated by the impedance
inherit to the grid interface and, as stated before, the impedance at the capacitance
may change depending on the loading conditions of the grid. At the communications
frequency, the grid interface inductor dominates the impedance. Therefore, the ca-
pacitance will reduce the overall impedance of the grid interface. Of the two extremes,
the grid connection being shorted or opened, it is when the grid interface is shorted
that the largest communications impedance occurs as the capacitance impedance will
no longer be reducing the inductive impedance. The predicted impedance when the
relays are closed and with a short from the line to neutral connection is 40.5290°
with the measured impedance being 41.6.290.64°.

With the full grid and string impedance, the full transfer function of equation
4.19 yields a predicted to signal strength of 1.280A,;,; for a line driver output of
6.645V,5pr. The actual measured value of the communications current through the
string was 1.226A, 5. Such a result shows accurate prediction of the transmitted
signal for a known output and ability to predict with known values of the string
impedance. The accurate prediction shows the communications channel model is

valid.



CHAPTER 5: CHARACTERIZATION OF NOISE IN THE COMMUNICATIONS
CHANNEL MODEL AND EFFECT ON RELIABILITY

Communication systems must inherently operate in a real environment with which
there is noise. For traditional voltage-mode powerline communications, there are some
publications that go into great depth of the noise which impairs the communication
signal [53]. The first is the reflected signal noise due to multi-path effects from other
devices in the parallel connection. This type of noise should not be present in the
series channel model as there is only a single path being utilized for the current to the
receivers [53]. The second type of noise is described is periodic noise, or noise that
occurs at regular time intervals [53]. This affects communication for only a fraction
of time. The third type of noise described as cyclostationary noise, noise that occurs
on a regular interval or pattern relative to the electrical cycle [53]. Cyclostationary
noise is a subset of periodic noise but is examined differently as the period is defined
relative to the electrical cycle where periodic noise may be of a different frequency
from the line frequency. A fourth type of noise is described as impulsive noise, or noise
that occurs across the entire frequency domain at one point in time. Finally there is
the additive white Gaussian noise (AWGN) that occurs. The AWGN is a noise that
is equally distributed to all frequency spectrums and represents what is reffered to as
the noise floor [74]. These noises are all voltages detected by the receiver.

In the case for using the power-electronics as the communication medium for
current-mode powerline communications, the noise is found in the current which
consists of the switching noise (igy) that is generated on top of the standard AWGN
(tawan) as well as the input or output current of the power electronics (ipoyer). This

noise sets requirements on the transmission current (irx) power and the usable fre-
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quencies that can be utilized when transmitting through the series-connected power
electronics. These components of the total current (ige.es) are all detected by the
receiver which means that any extra component from the transmitted current can

therefore be considered as noise sources.

iSeries - Z.TX + iPoweT + Z.AWGN + iSW (51)

WIth the application of the communications scheme for the AC-stacked inverter
architecture, the literature was searched for several types of current noise found in
PV inverters. The first noise reported consists of line frequency harmonics and their
cancellation with controllers and filters [75]. The literature on this type of noise is
very low frequency and compared to the communications frequency and is handled
well by the filtering in the receiver’s design. Therefore, this noise is not looked at.
The second type of noise regulary reported in string inverters is that of common mode
noise that flows through the converter due to a ground loop existing [76,77]. Of par-
ticular interest is the string inverters that utilize a unipolar switching strategy where
the common mode noise is particularly worse than bipolar switching [78,79]. This
is interesting as the implementation of the AC-stacked inverter architecture being
utilized for the communications development does use unipolar switching. Although
there is not as much literature in comparison, the ground loop noise of cascaded H-
bridges is interesting as there are multiple ground loops that exist where the ground
current will split between the converts and return to ground at different places and is
referred to as multi-nodal common-mode noise [80,81]. Analysis of the noise between
string inverters and cascaded H-bridges differ based on the parasitic ground capaci-
tance with the MLPE’s having only a small PV panel capacitance which authors are

working on modeling [82].
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5.1  Noise Characterization in the AC-Stacked Inverter Architecture

The noise in the AC-stacked inverter architecture can now be characterized in
terms of the already identified noises. The receiver detects all the currents shown
in equation 5.1. It has already been shown what the transmitted communications
current and the power looks like, so for this chapter, the noise components will be
examined. Figure 5.1 shows an example time domain noise from a series-connected
power electronics system. Measured are the total current of the converter leaving on
one wire and the common-mode current as measured with both output wires inside
the current probe while the system is configured to operate without generating power
into the grid. As the receiver will include some of the common-mode noise through
the single wire, it is examined as well. Visual inspection of the current waveforms
yields a few interesting observations. The first is that the there is a general shape to
the noise is periodic over the electrical cycle. The second is the noise spike at the zero
crossing of the electrical cycle where the slow FETs change in the unipolar switching
strategy of the inverter hardware. Also observed with the visual inspection of the
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current noise, is the similar shapes seen in literatue of the common-mode noise of PV
inverter systems [78-82|. This similarity in the noise pattern is encouraging as the
system will be behaving as expected and allows for direct relations.

Modeling in cascaded H-bridges have shown a model for multi-nodal common-mode
noise [80,81] and with comparison to this model, an adaptation can be made for the
AC-stacked inverter architecture. This simple model is portrayed in figure 5.2 where
the inner and outer ground current loops are identified. The ground loop current
originates at one ground point, flows through a parasitic capacitance which would be
the frame capacitance in PV panels [82], through the electronics which is modeled
as the sources, and at the output of the inverter module, may split two different
directions to return to a ground back through another inverter module or the grid

interface. The current having multiple paths to return to ground is why the noise is
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Figure 5.2: Ground current leakage paths exist in the AC-stacked architecture causing

additional noise in the receiver.
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referred to as multi-nodal common-mode noise. The distribution of current along
the multiple paths is believed to be affected by the duty cycle alignment of the
power electronics in the series connection. Figure 5.3 shows an example of the duty
cycle alignment between two adjacent converters becoming offset over time and the
effect in a real system is seen in figure 5.4 where the current distribution changes
when synchronization causes realignment. It is seen in figure 5.5 that across one full
electrical cycle that current distribution does not change, only the magnitude of noise
is cyclostationary. The primary frequency of this noise is the switching frequency of

the power electronics.
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Figure 5.3: PWM alignment example showing the offset that occurs due to synchro-
nization variance.
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The receiver coil will detect all frequencies of noise on the single line no matter if
it is differential or common-mode. Above the AWGN is the noise introduce from the

switching of the inverters. That noise can be described as four components. The first
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component is the 500 kHz switching noise from unipolar switching of the fast side
MOSFETs and is directly proportional to the duty ratio. The magnitude of the duty
ratio is the largest at the peak of the electrical cycle as portrayed in figure 5.6. Also,
the duty ratio is the lowest at the zero crossing of the electrical cycle where there is
even a dead band from the physical implementation just not being able to handle the
small duty ratio. The time domain expression and the associated continuous time

Fourier transform is found in equations 5.2 and 5.3.
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Figure 5.6: Visual portrayal of the time slices of the duty ratio control of the inverter’s
switches are at the upper and lower limits. At the zero crossing, the duty ratio is the
lowest as seen by the output voltage being close to zero. The controller is adjusting
the duty ratio at the fastest rate at the zero crossing as the output is changing the
fastest. At the peak of the electrical cycle is where the duty ratio is the largest. The
amount of change in the duty ratio is the lowest here.

The second component is the 100 kHz noise which is generated by the duty ratio
update rate of the controller. The controller samples the voltage and current at 100

kHz and then recalculates the appropriate duty cycle. This change in the duty ratio,



84
the duty ratio derivative, is the largest near the zero crossing of the electrical cycle as
portrayed in figure 5.6. The time domain expression and the associated continuous

time Fourier transform is found in equations 5.4 and 5.5.

5 (Mmb(e — o)sin (27r100E3t)>

n100kH=(t) = Zono 7 (5.4)
oo (f) = Z‘;DNCD my(0 — o) (% [5(100E3) + 5(—100E3)]) (5.5)

The third component is the 20 kHz noise which is generated by the resonance of
the output filter of the inverter. The LC filter has a Q factor, seen in equation 5.6
which relates to the amount of resonance and the peak value the LC filter has [83].
The inverter is designed such that the losses are the smallest possible and hence,
resistance is kept to the minimum of the wiring resistance only in the LC filter. This
creates a high q value and the LC filter is excited every time the inverter switches.
The time domain expression and the associated continuous time Fourier transform is

found in equations 5.7 and 5.8.

1 L
Q=+y/% (5.6)
naonis(t) = Z‘;DC sin (2720 E3t) (5.7)
() = 52 (% [6(20E3>—6<—20E3>]) (5.8)

The final component is the impulsive noise which is generated by the switching
of the low MOSFETSs in the unipolar switching. The inverter can be thought of
being in steady state which experiences a sudden step change in the DC voltage
when the switch occurs. This step change in voltage happens across the inverters self
capacitance which results in a current across this capacitance as described in the time

domain expression of equation 5.9. Taking the continuous time Fourier transform, a
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flat response is expected across all frequencies as seen in equation 5.10. This impulse
response of the inverter is only seen at the zero crossing of the electrical cycle and by

definition, brief in time.

3 (Vpe sgn (sin (2760¢)))
dt

(5.9)

Nimpul sive (t) == Cinverter

nimpulsive(f) — Cinverter VDC’ (5 10)

5.2  Noise Measurements in the AC-Stacked Inverter Architecture

The time domain noise measurements does not give much information to the impact
of the noise at the communications frequency. To better understand that, the noise
measurements are transformed into the frequency domain utilizing the fast Fourier
transform (FFT) and into a spectrogram which is a plot of the FFT with respect to
time. Many publications analyzing the noise of solar inverters already look at the FF'T
to measure and model the noise. These measurements though are typically across the
entire electrical cycle or multiple electrical cycles [78,79,81,82]. This is vastly different
from the noise measurements of the voltage mode PLC communications where the
window of the FF'T is only half of the electrical cycle and the spectrograms examine
the noise throughout the whole electrical cycle with a moving window [53] but do not
try to model the sources of the noise as they do not know what will be connected
to the grid. Here, this work utilizes the modeling of the inverters to understand
and characterize the noise sources like classical inverter modeling but changes the
measurement to a small window for the FFT and spectrogram to see the true impact
on the communications. The FFT and the spectrograms analyzed are taken from a
time window of 1 ms at the zero crossing and the peak of the electrical cycle with the
idea portrayed in figure 5.7. These windows for the FFT and the time span for the
spectrogram coincide with the switching noise shown in the earlier section relating to

the duty cycle and the impulsive response of the inverter.
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Figure 5.7: Visual portrayal of the time slices of the noise is taken for the FFT window
and the spectrogram analysis. A 1 ms window is used to examine and measure the
noise at the zero crossing and peak of the electrical cycle.

The system is configured for these tests in three inverter system utilizing linear
power supplies with an output voltage of approximately 32 Vpe. Linear supplies
were used as it was the best way to approximate the low parasitic capacitance to
ground that would be in a typical PV system for the AC-stacked inverter architecture.
The system was set to operate in a switching mode before the grid interface makes
connection between the string and grid. As such, the system is not producing any
power and has no 60 Hz current component. This condition is noted to be the worst
case noise condition for the AC-stacked inverter architecture as it would have the
highest PV voltage on the DC input of a solar panel. The total string current is
measured between the second and third inverter and the common-mode current is
measured by sum mating both the positive and negative current outputs of the third
inverter. This is accomplished by setting the current probe to be clipped around
both output wires of the third inverter. It is noted that in the noise analysis and
measurements, radiated noise as a noise source is not considered simply due to the

complexity of identifying and measuring.
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The conversion of the FFTs is seen in figures 5.8 for the window around the zero
crossing and figure 5.9 for the window around the peak of the electrical cycle. The
first noise component examined is the AWGN which is establishing the noise floor in
the plots. The AWGN is approximately -86.45 dB for the total current and -83.55
dB for the common-mode current for the zero crossing window. This changes for the
peak of the electrical cycle where the noise floor is -99.45 dB for the total current and
-93.03 dB for the common-mode current. The cause of this difference will be more
apparent when looking at the spectrograms, but shows why the entire electrical cycle

should be examined with regards to communications.
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Figure 5.8: Fast Fourier transform (FFT) of the currents of figure 5.1 showing the
frequency spectrum of the noise that occurs centered at the zero crossing of the
electrical cycle. Highlighted in the frequency spectrum is the AWGN, switching noise,
the output filter resonance, and the controller update noise.
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Above the noise floor in the total current of figure 5.8 can bee seen several types
of noise. The first noise is at 20 kHz and is from the CjL resonance of the output
filter. The resonance is measured as -43.45 dB. The second noise is at 100 kHz and
is the PWM update from the controller. This controller noise is -72.7 dB. Finally
the 500 kHz switching noise is seen with a magnitude of -51.6 dB. Looking at the
common-mode components of the noise, only the 500 kHz switching noise is present

with a magnitude of -50.68 dB.
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Figure 5.9: Fast Fourier transform (FFT) of the currents of figure 5.1 showing the
frequency spectrum of the noise that occurs centered at the peak of the electrical
cycle. Highlighted is the AWGN, switching noise, and the output filter resonance.
The magnitude of the noise sources is observed to be of a different magnitude at the
peak of the electrical cycle as the noise from the zero crossing of the electrical cycle.

Examining the peak of the electrical cycle, the above the noise floor in the total
current of figure 5.8 only consists of the 20 kHz Cj L resonance of the output filter
and the switching noise. The resonance is measured as -55.38 dB. The 500 kHz

switching noise is seen with a magnitude of -32.33 dB. Looking at the common-mode
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components of the noise, only the 500 kHz switching noise is present with a magnitude
of -33.59 dB. The lack of the the controller noise and the increase of the switching
noise relates exactly as expected for the duty ratio and rate of change of the duty
ratio when the window is moved from the zero crossing to peak of the electrical cycle.

The noise in the FFTs show that only one noise is close to the communications
frequency utilized in this design. If the communications channel is utilized for other
frequencies such as 500 kHz, it may be necessary to reduce the noise in the channel.
Reduction of the common-mode noise at 500 kHz can be accomplished with the use
of a common-mode filter at the output of the converter. The sizing of this common-
mode inductance is accomplished by utilizing a known measurement of the noise and
parasitic capacitance to ground whereby a new impedance can be added in series
such that it reduces the noise amplitude. Shown in figure 5.10 is the reduction of the

switching noise by 10 dB with the use of a common-mode choke.
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Figure 5.10: Reduction of common mode noise as seen in the total sting current with
the addition of a common mode filter at the output of the inverter module.

The spectrogram is a comparison of the power spectral density (PSD) in the fre-
quency domain of a signal as it progresses in time. Shown in figure 5.11 is the

spectrogram across three electrical cycles of the system. Observed in this spectro-
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gram is the cyclostationary nature of the switching noise as it progresses through the
electrical cycle. The 500 kHz noise in particular is easily seen to correlate to the duty
ratio of the inverter.

The scale of the spectrogram is a bit different than that of the FFT. The FFT is
expressed as the current magnitude in dB while the spectrogram is expressed as the
power of the signal in dB divided by the frequency. The conversion from PSD to the

magnitude expressed in dB is seen in equation 5.11.

magnitude(dB) = 20 log (10%]‘“) (5.11)

Powerffrequency (dB/Hz)

Figure 5.11: Spectrogram showing the power spectral density (PSD) of the noise
across three electrical cycles of the AC-stacked inverter system during switching op-
eration but without generating power into the electrical grid. Shown is the frequency
range from 10kHz to 600kHz with the dominant noise frequencies being 20kHz and
500kHz. Seen in the spectrogram is the cyclostationary nature of the noise arising
throughout the electrical cycle with a band of impulsive noise occurring across all
frequencies at the zero crossing of the inverters.

Examining the spectrogram in the 1 ms window at the zero crossing reveals all noise

sources clearly in figure 5.12. The noise floor is around —125dB/Hz. The switching
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frequency at 500 kHz can be seen decreasing as it approaches the zero crossing with
a deadband appearing for roughly 150 pus. At the very middle of the zero crossing,
the slow MOSFETSs switch creating the impulse response and can be seen as labeled
in figure 5.12. This noise is the maximum noise observed at the communications
frequency and is roughly —100dB/Hz. Also observed is the controller noise at 100
kHz and is seen decreasing the further from the zero crossing. The 20 kHz resonance

is seen at all times with the noise varying with different levels of excitation.
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Figure 5.12: Spectrogram showing the power spectral density (PSD) of the noise
zoomed in at the zero crossing of the electrical cycle. Shown here is the controller
noise introduced at 100 kHz, the impulsive noise that is flat across all frequencies, the
500 kHz switching noise which reduces as the duty cycle falls, and the output filter
resonance response.

Examining the spectrogram in the 1 ms window at the peak of the electrical cycle
reveals only the switching noise and the resonance response as seen in figure 5.13.

The noise floor is once again around —125dB/Hz. The switching frequency at 500
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kHz can be seen almost constant across the peak with roughly —75dB/H z of noise.
No observation is seen of the controller noise at 100 kHz. There is no noise observable
above the noise floor at the communications frequency. The 20 kHz resonance is once

again seen at all times with the noise varying with different levels of excitation.
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Figure 5.13: Spectrogram showing the power spectral density (PSD) of the noise
zoomed in at the peak of the electrical cycle. Shown here is the 500 kHz switching
noise, which appears steady since the duty cycle remains almost constant, and the
output filter resonance response.

5.3 Reliability of Communications

For reliability testing, the AC-stacked inverter architecture was configured to utilize
three PV inverter modules connected to the grid interface. The synchronization
for these PV inverters came from the grid interface but was configured to run on
a separate wire from the powerline such that operation of the inverters were not

impacted while running a test that intentionally reduces the signal strength of the
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PLC to create measurable errors. The grid interface was connected to an AC power
supply that can deliver or absorb power, hence acting as an emulated grid. The
emulated grid voltage was set to 36 Vgryrs at 60 Hz. The inverter modules connected
to supply set up as a PV emulator with an open circuit voltage of 32Vpe. The
system was then ran continuously while the signal to noise ratio (SNR) was swept
across a range to obtain the bit error rate of the receiver. The grid interface was set
to not close the relay between the string and the grid such that the PV inverters was
outputting a peak voltage, the worst case noise condition observed.

A second grid interface was utilized to inject the PLC onto the powerline. The grid
interface also has a receiver board build in such that transmitted communications
may be observed. The receiver coil was attached to the wiring between the second
inverter’s positive output and the third inverter’s negative output. The inverters
are numbered with respect to increasing voltage output such that the first inverter’s
output to ground would be 12 Vg5 and the third inverter’s positive output to ground
would be 36 Vgars. This connection point of the receiver coil ensures that the noise
added in the channel model due to multi-mesh common-mode noise is included.

The software running on this second grid interface was configured to modulate the
PLC at the positive going zero crossing as in real system operation and then observe
the output of the receiver board for any bits received. Since the receiver’s PLL chip
suffers from a design defect that occasionally contains a 360° flip when modulation
occurs, the software contains a lockout window to neglect such an occurrence since it
is not due to noise. The software then counts any pulse from the receivers TTL output
outside of this lockout window as a fake synchronization signal, or a bit error. Once
a modulation occurs from this second grid interface, the software then observes if the
synchronization signal is recovered from the receiver board. A successful recovery of
this signal is counted as a successful transmission and no recovery as a missed trans-

mission, or a bit error. As the system continuously runs, the software counter keeps
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track of the total modulations, fake synchronizations, and missed synchronizations.
The method of detection for the bit errors using the debug mode of the DSP
controller of the grid interface is shown in figure 5.14. During the initial coding of the
counters used to quantify the bit error rate, manual verification was performed for a
detected error. Figure 5.15 shows once such error occurring. In this bit error example,
the receiver experienced enough noise at the detection coil to cause the receiver to
output a bit even though there was no modulation that occurred at the transmitter

since it was not the positive zero crossing of the grid voltage.
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Figure 5.14: Debug mode of Texas Instruments embedded development software
showing the running counters of the bit error rate test. The microcontroller tracks
the number of transmitted bits, correctly received bits, missed bits, and the false
bits. The bit errors, missed and false bits, is divided by the correctly received bits to
determine the bit error rate.

After reviewing the proper operation of the bit error counting code in the DSP, the
system was ran for an appropriate amount of time to get a calculation of the bit error
rate from the data of the counters, typically in the range of 2 hours to 24 hours as the
bit error rate decreased and hence took longer for an error to occur. The results were
tallied and plotted in figure 5.16. The bit error rates starts high at approximately
one out of a hundred. Due to the nature of the noise, the fake synchronization signals

detected in this result was due to the unique noise at the zero
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Figure 5.15: Observed bit error in the receiver during operation of the AC-stacked
inverter system during switching operation but without generating power into the
electrical grid. Bit error occurs slightly before the peak of the electrical cycle.
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Figure 5.16: Plot of the observed bit error rate compared to the signal to noise ratio
of the communications current detected by the receiver.

crossing of the inverters as it was consistently detected at the negative going zero

crossing. As the signal strength increased and the error rate started dropping, the
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errors appearing become much more distributed across the electrical cycle instead, a
sign that the signal has become more than the noise at the zero crossing.

Depending on the control implementation in the AC-stacked inverter architecture,

a bit error rate as high as 0.001 can be handled. It is unknown what utilities will

specify as an acceptable error rate for commercial solutions as this work was academic

in nature, but for the sake of this dissertation, it will be specified as 1E-6. It is shown

that from the experimentally found bit error rate of this hardware that a SNR in the

range of +45 dB would successfully reduce the probability of error to the specified

rate for operation of the AC-stacked inverter architecture [84].



CHAPTER 6: RESULTS OF THE POWER LINE CARRIER WITH RUNTIME
OPERATION OF SWITCHED MODE POWER CONVERTERS

The AC-stacked inverter architecture described in chapter 1 has been implemented
and extensively field tested utilizing the power line communications presented. The
string interfaces with a 120 Vg5 grid and consists of eight individual inverters. Figure
6.1 shows the complete system. Given that it currently is in a development phase, it
has been designed to be easily reconfigured for different tests. Specifically, the system

has the following configuration options:

e DC-Side Connections: The inverters can each be fed by either a 60-cell PV
module or a PV emulator. Each PV emulator consists of a current-limited

500W DC power supply in series with a small resistor.

e AC-Side Connections: The string is interfaced to the grid through an elec-
tromechanical switch and an inductor. The grid can be either the actual utility
distribution network or an emulator. This grid emulator consists of a pro-
grammable source and a programmable load connected in parallel to absorb

additional power.

e PLC Connection: For testing and development purposes, the PLC signal can
be transmitted either via a separate communications wire or on the power line

itself.

The remainder of this chapter describes tests performed using several different system
configurations. The purpose is to show the effectiveness of the proposed communica-

tions scheme and its impact on the operation of the power electronics.
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Figure 6.1: Laboratory prototype of the AC-stacked inverter architecture. This pro-
totype system was used to verify the model for the transmission model presented for
series-connected power electronics. Shown is a system comprised of eight inverters
that can be configured to use 1 to 8 inverters as desired.

6.1  System Operation of the AC-Stacked Switched Mode Power Converters with

the PLC on a Separate Line

The operation of the communication layer is demonstrated in figure 6.2 and shows
the performance when the communications scheme utilizes the dedicated wire. The
receiver coil in each inverter is placed around this separate wire, which contains only
the communications current. It couples this current current into the detection circuit
that then demodulates the BPSK signal and outputs the TTL zero cross information
to the controller for synchronization to the grid voltage. When the grid voltage
(yellow) transitions from negative to positive, the transmitter encodes this into the
communications current (pink) using the BPSK technique described previously. The
impact is clearly apparent in the measured communications current, which decreases
its magnitude in response to the zero-cross of the voltage. The measured delay from

the grid voltage crossing to the modulation is 100 s and the receiver’s demodulation
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approximately another 50 us. This delay is below the maximum allowable delay for
a power factor greater than 0.99. The green waveform shows the pulse output of the

demodulator in one of the inverters.
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Figure 6.2: Operation of the communication system in the AC-stacked inverter archi-
tecture using a separate wire. Communications current (pink), grid voltage (yellow),
and received pulse signal at one of the inverters (green) during normal operation.

Figure 6.3 demonstrates the performance of the complete system under normal
operating conditions when connected to the actual 120 Vs grid and providing power
from 225W PV panels. The blue waveform shows the received pulse at one of the
eight inverters. Note that it rises as the grid voltage (yellow) crosses through zero. In
this image, the width of the received synchronization pulse at the zero-cross appears
wider than the one shown in figure 6.2. This results from the fact that the PLL in

the receiver circuit occasionally experiences short-term cycle slips shortly after the
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synchronization pulse. A cycle slip occurs when the phase difference in the PLL’s
phase detector grows to be 360 degrees so that the loop ultimately remains locked.
As the phase moves through the transient, however, the demodulator output responds
as if a new BPSK pulse has been received. This phenomenon is not fully understood,
but it occurs at a much higher frequency when the inverters are actively switching so it
is believed to be caused by the higher noise in the system. This behavior is consistent
with literature on the impact of noise in PLLs [63], but further analysis is required to
fully understand it and mitigate it. Given that such behaviors will always be an issue
of concern no matter how exceptional the hardware, the control software features a
lockout window and a basic frequency filter designed to disregard any second pulse
that falls too closely to the believed zero-cross to be a real synchronization event.

The controls are thereby not affected by this event.

D504 30344, MYE3401281: Mon Oct 31 14:40:17 2016

somyy 2 b0OMS 3 1.00v/ 4 BOA/ 0.0s 10.00%/ stop £ 0.0y
(M wfﬁ o = h'f’p\ = ¢ Acquisition
\ High Res
5.00MSals
, f\\ \\ { { f\\ ( = Channels 5
'1; ﬂ\ f ( 1}\ { or 001
. . 8 W I T - 1. LN i 1001

NARYIE
VAR \

\J \J W/

f DC 60O 100:1

\ /;; Measurements =
AC RMS - Cyc(2):

\\/J[ 124 55y
AC RMS - Cycl1):

122 .96Y
AC RMS - Cyc(d):

6.027A
\u \‘J Freg(l):

[ ]
g
| ]

ER—

!
\ﬁ/

59.9%H=
Measurement henu
SOUFCE 3 Type: Add settings Clear Meas statistics
Freg Measurement ~P- ~P- ~P-

Figure 6.3: AC-Stacked inverter architecture operating utilizing current-mode pow-
erline communications on a separate wire. Received pulse signal (blue), grid voltage
(yellow), and string current (red) during normal grid-tied operation. Distortion in
the string current is caused by harmonics in the grid voltage at the test site. THD
remains within acceptable limits.
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6.2  System operation of the AC-Stacked Switched Mode Power Converters with

the PLC Integrated with the Power Line

The separate communications wire was initially introduced to allow the PLC sub-
system and the power electronics to be separately developed so that any issues with
one would not affect the other. The primary concern was the potential impact on
the controller discussed in chapter 1. Once both had been demonstrated, appropriate
integration proceeded. Testing was initially conducted with the inverters connected
to the grid emulator and the PV emulators.

Figure 6.4 demonstrates the operation of the communications system when the

power line was also used as the communications medium. In this image, the full
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Figure 6.4: Operation of the communication system in the AC-stacked inverter archi-
tecture using the powerline. Emulated grid voltage (yellow), string voltage (green),
string current (blue), and received pulse (red) during normal grid-tied operation to
a grid emulator. Shown is a zoomed in version of figure 6.5 to show the string cur-
rent containing both the communications signal as well the 60Hz current for power
generation demonstrating the solution is a PLC. The inverters are using the received
pulses of the receiver circuit for grid synchronization.
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Figure 6.5: AC-Stacked inverter architecture operating utilizing current-mode power-
line communications on the powerline. Emulated grid voltage (yellow), string voltage
(green), string current (blue), and received pulse (red) during normal grid-tied op-
eration to a grid emulator. Distortion in the string current is caused by harmonics
introduced via the current controller in the AC-stacked inverter system. There is
ongoing development in the control system that has yielded lower results, but not yet
published or utilized for these results.

8-Inverter string is delivering 900 W into the grid emulator at 120 Vzars. The blue
waveform is the string current, which clearly shows the communications signal super-
imposed atop the line-frequency component. As the grid voltage (yellow) transitions
from negative to positive, the communications current clearly decreases its amplitude
as expected. The red waveform shows the TTL output provided to the controller for
synchronization. Given the design of the receiver, it takes about 40 us from the time
it first receives the BPSK portion of the communications current until the time when
the receiver’s synchronization pulse transitions from low-to-high. Combined with the
delay at the transmitter, the total amount of time from the zero-crossing to the rising

edge of the synchronization pulse is about 67 us. The overall variance between the
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timing of this edge at the various inverters has been found to be about 10 us, and
it arises mainly from component tolerance. Note that delays on this order will have
no measurable effect on the phase of the generated voltage. Any impact of dynamic
variations on the harmonic output is explored below.

Figure 6.5 demonstrates the performance of the complete system when communica-
tions occurs over the power line. This image shows the emulated grid voltage (yellow)
and the string current (blue). The pink waveform is the output of one of the receiver
circuits. Note that the cycle slips described previously are still observed, but that the

additional software filtering ensures that they do not effect system operation.

6.3  Analysis of the AC-Stacked Inverter Architecture’s Total Harmonic Distortion

with PLC Integration

One of the major concerns with using PLC for synchronization was its impact on
the operation of the peak current controller. This behavior was assessed by measuring
the total harmonic distortion (THD) in the current waveform when the full system
was operating both with and without the dedicated communications wire. In the
laboratory, the grid voltage has very high harmonic levels, and these harmonics can
significantly increase the amount of harmonic current. Harmonic compensation has
been developed to mitigate such problems, but the nature of the development cycle
on a complex project of this variety is such that the necessary controller updates
have not been fully integrated into the production-level firmware. Given that the
basic harmonic impact is smaller when the system is connected to a purely sinusoidal
AC grid, we connected the string to the grid emulator. To avoid any dynamic effects
caused by variable cloud cover, PV emulators were connected at the input of each
inverter.

Figure 6.6 shows the measured string current waveform both with (bottom) and
without (top) the dedicated communications wire. The waveforms are qualitatively

similar. Figures 6.7 and 6.8 show the frequency content of the string current over



104

Current with Integrated PLC on Emulated Grid

1D T I T T T T T T
<
=
£
3
O

-10 | L | 1 1 1 1 | |

-0.245 -0.24 -0.235 -0.23 -0.225 -0.22 -0.215 -0.21 -0.205 -0.2
Time (s)

Current with Communications Current Seperated on Emulated Grid

1D 1 I I 1 1 1 I 1 I
<
=
[
=
3
O

| 1 1 1 1 1 | 1 |

-10
-0.245 -0.24 -0.235 -0.23 -0.225 022 -0.215 -0.21 -0.205 -0.2
Time (s)

Figure 6.6: Time domain comparison of string current between figures 6.7 and 6.8
zoomed in to visually show the minimal impact of the communications current on
the current controller. The current is visually the same. The plots are made from
comma-separated values (CSV) data from the scope.

a 2kHz span beginning at DC. Once again, the results appear qualitatively similar.
Table 1 shows the measured THD at steady-state current levels between 3 Agys
and 10 Aryrs. Note that the THD is slightly lower in most cases when the PLC is
injected onto the power line, although the values are clearly comparable in all cases.
The results make clear that the PLC has no measurable impact on the operation of
the controller. As described previously, however, the THD is somewhat high in all
cases. This results from the fact that no harmonic compensation is currently included
in the system, and proper compensation can clearly reduce this. The bottom line is
that no additional harmonic content is generated by integrating the communications

onto the power line.
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Figure 6.7: FFT of the string current during operation with powerline communica-
tions on a separate wire. Emulated grid voltage (yellow), string voltage (green), string
current (blue), and FFT (pink) during normal grid-tied operation to a grid emulator.
Grid emulator used to isolate PLC impact on THD from varying noise in real grid.
THD calculated from converting a CSV file of the FFT in dB to RMS values and
then examining the fundamental frequency magnitude with all harmonic magnitudes
up to 2kHz.

Table 6.1: Comparison of the string current THD to see any impact of the communi-
cations integration to the powerline.

Current (Arms) 3 4 5 6 7 8 9 10

Current THD
511% | 4.17% | 3.48% | 3.61% | 4.41% | 5.84% | 7.39% | 8.85%
PLC Separated

Current THD
5.33% | 3.74% | 3.07% | 3.46% | 4.19% | 5.69% | 7.74% | 8.81%
PLC Integrated
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Figure 6.8: FFT of the string current during operation with powerline communica-
tions on the powerline. Emulated grid voltage (yellow), string voltage (green), string
current (blue), and FFT (pink) during normal grid-tied operation to a grid emulator.
The string current THD, shown here with the current communication integrated onto
the power line, is similar to the results with a separate communications wire as shown
in figure 6.7.

6.4  Field Test Results

The system was extensively field tested over a four-month period. During that
trial, an eight-inverter array was installed at the Southeastern Solar Research Cen-
ter in Birmingham, Alabama. Each inverter was connected to a 60-cell, 225 W
monocrystalline panel, and the entire system was interfaced to the 120 Vg dis-
tribution network at the site. Once again, challenges imposed by the complexity of
the project required the team to use a dedicated communications wire. Figure 6.9
shows the performance of the eight-module system over a typical day. During the
four-month evaluation period, no synchronization or communications-related failures
were observed [85]. This result further validates the fact that the cycle-slip behavior

discussed previously is not a major concern.



107

Grid/PV Power Generation with Calculated Efficiency
9-23-16 9:10AM-4:25PM

("d/2¥d) Adua1o13 1amod

0.95

o

%) n

] ) ™~

o o
1 1

- 065

a
o
.

r 07

Wd TZ:S0'v
Wd TZ:L5:E
Wd TZ:6b:€
Wd TZ: TP €
Wd TZ-EE:E
Wd TZ:SZ:€
Wd Z5°60°¢€
Wd Z5:T0:€
Wd Z5:€5:¢
Wd ¢5:5P:¢
Wd 75:2€:¢
Wd 25:6¢:¢
Wd 75 1T ¢
Wd Z5:€T 2
Wd O 2r T
Wd Op:ve T
Wd 0p:9Z:T
Wd Op-8T-T
Wd 8T:LrET
Wd 8T:6€:2T
WY TT:65'TT
WY TT-TS'TT
WY TT:ETT
WY TT:SETT
WY v0:6T:TT
WY 00 TTTT
WY 95 T0:TT
WY Z5¥S:0T
WY 8¥:91:0T
WY #¥:8€:0T
WY 0¥:0E0T
WY 9E:TT:0T
WY ZEFTO0T
WY 8Z:90:0T
WY ¥2:85:6
WY 02:05:6
WV 9T T 6
WY CT-¥E'6
WY 80:9Z:6
WY ¥0:8T'6
WY 00:0T:6

2 8 8 8 8 8 8 8 ©°
i =i - i
(M) 1amod puoD

Timestamp
Figure 6.9: Field test results of the AC-stacked inverter architecture deployed in

Alamabama. Shown is the total DC side power (green), grid power (light blue), and

calculated efficiency (dark blue) over one day at the field site.



CHAPTER 7: SUMMARY, CONCLUSION AND FUTURE WORK

Presented in this research is a novel current-based powerline communications frame-
work by which series connected power electronics are utilized as a physical medium
for PLC communications. Sound electrical engineering principles are utilized for the-
oretical concepts of injecting a current signal through the series connected power
electronic modules which is then built upon by simulations of the communication
framework for the current-mode PLC. Unlike a lot of theoretical dissertations, this
research moves beyond simulations and is actually implemented as real system for
proof of work, comparison to theoretical, and observations for future improvements
and applications. The developed current-mode powerline communications was uti-
lized for a synchronization method that enables completely decentralized AC-stacked
inverter operation. The successful operation of the solar converter system with the
AC-stacked inverters shows practical realization of the theoretical design. The re-
sults will be generalized for any series-connected power-electronics architecture. A
patent has been filed on the proposed approach [86]. Even though the application
utilized was an AC-stacked inverter architecture, the results are generalized for any
series-connected power-electronics architecture.

The results included demonstrate the scope of the issues that must be addressed
when balancing the requirements of the communications system with the functionality
of the power electronics. The AC-stacked architecture is attractive because it easily
scales to match any AC system voltage and allows significant reduction of the passive
filter elements. As the number of inverters increases, however, more noise is injected
into the system and thus more common-mode filtering is needed. The fact that string

size and parasitic capacitances are unknown when a given inverter is manufactured
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make it difficult to optimally design the output filter which has a clear impact on the
performance of the current-mode PLC communications. A set of boundaries must be
imposed by the current-mode PLC communications on the power electronics design
and vice versa before any optimization occurs such that the performance of either is
not neglected.

As series-connected devices become more prevalent, market demand for a powerline
communications system will eventually bring forth a retail sales solution for these
communication systems. There is no reason that prevents standard voltage-mode
communication protocols, such as G3-PLC or Prime, being utilized for upper protocol
layers for current-mode powerline communication so long as the underlying physical
layer was adapted for the current-mode design. With a cost effective physical layer
implementation, utilizing the existing infrastructure for communications will simplify
the design for such installations and hence costs. Pushing the adaption of a powerline
solution series-connected devices is the security of such devices in sensitive areas of
infrastructure. Any type of eavesdropping or disruption of communication would then
require direct access whereby the system would already be compromised.

The innovative modeling in this dissertation lays the foundation for the first layer
of a communications protocol that can be used in these current based PLC commu-
nication systems. The results show a narrow band channel being utilized to reliably
deliver an ultra-low latency signal via a BPSK encoding scheme. The current being
transmitted though the power electronics matches the expected values and is capable
of being optimized for transmission power.

Future research for this communications scheme involve establishing bidirectional
communications at the physical layer. The current realization of this research is
limited to simplex communications at this time from the grid interface to the AC-
stacked inverters. Such an implementation requires changes to current physical access

layer, but would not impact upper protocol layers. The bidirectional communications
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would be a requirement before any commercial solution would become available.

A second advancement would involve advanced signal detection and filtering in
the receiver. The receiver requires a high SNR for a bit error rate, much higher
than theoretical SNR requirements for BPSK communications. The receiver was
implemented with a very basic PLL chip which should be upgraded to a much more
reliable solution and should work to reduce the SNR requirements. The filtering was
designed such that switching frequency would be eliminated from the receiver, but
higher harmonics may not be properly filtered with the gain-bandwidth of the current
operational amplifiers. New filtering designed with proper high frequency bandwidth
may aid in the locking ability of the PLL if it is subject to unlocking at those high
frequencies.

A final area for future research would explore the application and functional test-
ing of a variety of encoding schemes such as quadrature phase shift keying (QPSK)
and orthogonal frequency division multiplexing (OFDM). The BPSK utilized is not
the best encoding scheme for the transmission and reception of high bandwidth data.
Adaptation of these encoding schemes would increase the data rates of the current-
mode powerline communications as well as increase compatibility with the available
standards mentioned before, G3-PLC and PRIME. It may also increase the power ef-
ficiency of the communications by reducing the time utilization of the communication

channel for a given amount of data.
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APPENDIX A: SOURCE CODE FOR MATLAB SIMULATION OF THE

COMMUNICATIONS PHYSICAL LAYER

Matlab code for simulation of the current receiver coil of the receiver physical layer.

1
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0 3 O O i~ W

11
12
13
14
15
16
17
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20
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23
24
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31
32
33
34
35
36

37

YISTTITSTTIISTTISSTTISSTTISSTISS SIS STIISSTIISSSTTISSTTIS o

% Rogowski Coil Simulation — Simulates the Transfer
Function

% Daniel Evans

% 10/19/2016

% SineWatts (C) in conjunction with the

% University of North Carolina at Charlotte

% Department of Electrical and Computer Engineering

%

% This script file simulates the transfer function of the

% receiver coil known as a rogowski coil.

TSTTSTISTTSSIIST IS TSI TSI TISSTISSISSTIS TS SISS T IS TS STIS o

% Clear out Octave Console/Workspace and set format long

cle;

clear all;
close all;
format long;

TIISSSSTTTTTITSSSSTITTTTISSSSITTTIT SIS SSTTTTTIISSSSTTITIISS ST T o
% Enable code profiling

% profile on;

WSTISTISTISSIISTISSTISSTIS SIS SIS SIS T IS SIS SIS SIS SIS STIS o

% Load Octave packages needed to run.
% Comment out if in Matlab.

% pkg load signal:
% pkg load control;

TSITTTSTISISTISISSTISISTISISSIS T IS IS ST ISISSTIS TSI IS ITTTSTIT o

% Create the variables to access the data.

time step = 1E-7;
time vector = 0:time step:0.08; % Time vector for grid (s

)
f ple = 60;
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%t ple = 113E3;
i ple = 18.4%sin(2xpixf plcxtime vector);
%i ple = 0.2xsin (2xpixf_ plextime vector);

R = 1100;
C = 2.2E-6;
id = 0.5;
od = 1.0;

width = 0.375;

L22 = 7.03E—6;

L21 = 1L22/65;

W = logspace (0,10,400);

f measured = [1E3,2E3,3E3,4E3,5E3,6E3,7E3,8E3,9E3,1E4,2E4,

3F4,4F4,554,6F4,7E4,8F4,9F4,1E5,2E5,3E5,4E5,5E5, 6 E5
,7TE5, 8E5,9E5,1E6|;

w_measured = f measured*2x*pi;

i measured =
[1.28,1.22,1.22,1.22,1.22,1.22,1.22,1.22,1.21,
1.21,1.2,1.18,1.17,1.15,1.12,1.09,1.06,0.86 ,0.84,0.519 ,
0.398,0.308,0.249,0.211,0.183,0.161,0.141,0.127];

v_measured =
[0.0013,0.00175,0.00265,0.0034,0.004375,0.0051,
0.005775,0.006725,0.0078,0.008425,0.0175,0.02475,
0.0318,0.03875,0.0454,0.0515,0.057,0.051,0.055,
0.065625,0.0744,0.079,0.08,0.082,0.084,
0.086,0.086,0.086];

dB_ measured = 20%logl0(v_measured./i measured);

TWSTTSTISTTSSTISTIS TS STTSTIS SIS SIISTIS TS STISTIS ST IS SIS o

% Generate the transfer functions for the coil.

num = [—L21xCxR,0 ,0];
denum = [CxL22, R«C, 1];
sys = tf(num,denum) ;

TTTTTTTTTTTTTTTTTTTTTTTITIIITITITITTTTTSTTSTISSSSSISISISS o
% Plot the bode plot and save data points

bode (sys, {1,10000000000});
[MAG, PHASE|=bode (sys , W) ;

TIISSSSTTTTIISSSSTSTTTITISSSSISTTTISISSSITTTISISSSISTTITSSS ST T o
% Plot the time domain signal to verify operation in

circuit

[v2,t out,x out]| = lsim(sys,i plc,time vector);
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figure;
plot (t_out,v2);

TTTTTTTTTTTTTTTTTTTTTITITITIITIIIIITTTTTTTTSTIISSSISSSSS I
% Plot the bode plot with comparison to measured data
points

figure (' position’, [21, 61, 640, 360]);

semilogx (W,;20%1og10 (MAG(1,:)),w_measured,dB measured, 'x’,’
LineWidth’, 2);

legend (’ Calculated Transfer Function’, ’Measured Values’,
location ', ’southeast ) ;

title (’Receiver Front End Transfer Function with
Comparison to Measured Values’) ;

xlabel (’Frequency (rads/s)’)

ylabel (’\ fontsize {18}{0}$\ frac{v_{RX}}{i_S}$ (dB)’, ~’
Interpreter ', ’latex ’)

set (gca, ’Looselnset’, get(gca, 'Tightlnset ’));

)

TTTTTTTTTTTTTTTTTTTITTTITIIIITIIIIIIIITIIIITSSTISTSSSISISIS I
% Unload Octave packages. Comment out if in Matlab.

% pkg unload signal;
% pkg unload control;

YISTTITSTTIISTTISSTTISSTTTISSTITISSIISSSTIISSTIIISSTTIS SIS o
% Conclude profiling and print results.

% profile data = profile("info");
% profile data = profile("info");
% profshow (profile data ,20) ;

% profile off;
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APPENDIX B: SOURCE CODE FOR MATLAB SIMULATION OF THE

ENCODING SCHEME

Matlab code for simulation of the modulation and demodulation technique of the
physical layer.

1
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YIS TTISSTSTTIISTTISSTTISSTTTISSTISS SIS STTISSSTTISSSTTISSTTIS o

% PLC Simulation — Simulates the Modulation and
Demodulation Techniques

% Daniel Evans

% 9/22/2016

% SineWatts (C) in conjunction with the

% University of North Carolina at Charlotte

% Department of Electrical and Computer Engineering

%

% This script file simulates the modulation and
demodulation techniques

% for the power line carrier (PLC) used in the
communication system

% in the SineWatts Project. This file is to be used in
my writing

% of my dissertation. This file models the ideal PLC. A
seperate

% file models the actual circuit with the look at noise.

TSITTTSTISTSTISISSTISISTISITSTSIISIS SIS SIS TSI IS ITITSTIT o

% Clear out Octave Console/Workspace and set format long

clc;

clear all;
close all;
format long;

TWSTISTISTISSIISTISSTISSIISTISSTISSIISTIS SIS SIS SIS SIS STIS o

% Create the variables to access the data.

V carrier = 3; % Magnitude of
the carrier voltage (V)

V_grid = 120%sqrt (2); % Magnitude of
the grid voltage (V)

f carrier = 113000; % Frequency of

the carrier (Hz)
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f grid = 60; % Frequency of
the grid (Hz)

time step = 0.0000001; % Time step for
waveforms (s)

modulation width = 0.0005; % Modulation
duration of carrier (s)

time vector carrier = 0O:time step:.001; % Time vector
for carrier (s)

time vector grid = —0.04:time_step:0.04; % Time vector

for grid (s)

graph start = (numel(time vector grid)—1)/4 -+1;
graph stop = (numel(time vector grid)—1)/4%3 +1;

TISTTITSTTITSTTIISTTISSTTISSTITISSIIISSTTIISTTIIS SIS SIS o
% Create the simulated data.

v_c = V _carrierxsin (2xpi*f carrierxtime vector carrier);
v_c_inv = —v_c;

modulation = zeros(1,numel(time vector carrier));

PLC signal = zeros (1l,numel(time_ vector carrier));

for i=1:1:numel(time vector carrier)

if ((1>1000)&&(i <(modulation width/time step+1000)))
modulation (i) = 3.3;

end ;

end ;

for i=1:1:numel(time vector carrier)
if (modulation (i)==3.3)

%PLC _signal(i) = carrier inverted (i);
PLC signal(i) = v_c(1)+0.7«v_c_inv(i);
else
PLC signal(i) = v_c(i);
end ;
end ;

TTTTTTTTTTTTTTTTT T TSI TSI I IIIIIIISISTTTSSSSSTSSSSSSTSISS S o
% Plot the figures for clarity.

figure (' position’, [21, 61, 1280, 720]);

plot (time vector_ carrier (1:200), v_c(1:200),
time vector carrier (1:200), v_c_inv(1:200), ’'LineWidth
T,2);

title (*Carrier and Inverted Carrier’);
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xlabel (’Time (s)’);
ylabel (’Voltage (V) 7);
legend (’ Carrier ’
grid on;

set (gca, ’Looselnset’, get(gca, ’'Tightlnset’));

,"Inverted Carrier )

figure (' position’, [21, 61, 1280, 720]);
subplot (2,1,1);

plot (time vector carrier, PLC signal, ’'LineWidth’, 2);
title ("Modulation and PLC Signals’);
xlabel (’Time (s)’);

ylabel (’Voltage (V) 7);

grid on;

ax = gca;

outerpos = ax.OQOuterPosition;

ti = ax.Tightlnset ;

left = outerpos(1l) + ti(1);

bottom = outerpos(2) + ti(2);

ax_width = outerpos(3) — ti(l) — ti(3);

ax height = outerpos(4) — ti(2) — ti(4);
ax.Position = [left bottom ax width ax height|;
subplot (2,1,2);

plot (time vector carrier, modulation, ’'LineWidth’, 2);
title (’Modulation and PLC Signals ') ;

xlabel ("Time (s)’);

ylabel (*Voltage (V)’);

grid on;

ax = gca;

outerpos = ax.OuterPosition;

ti = ax.Tightlnset;

left = outerpos(1) + ti(1);

bottom = outerpos(2) + ti(2);

ax_width = outerpos(3) — ti(l) — ti(3);

ax height = outerpos(4) — ti(2) — ti(4);
ax.Position = [left bottom ax width ax height];

TIISSSTTTTITTSSSSTTTTITISSSSITTTT SIS SSITTTTIISSSSTTITTSSSSITTT o
% Move the modulation from a fixed point to the zero
crossing .

modulation (1:numel(time vector grid)) = 0;
PLC signal (1:numel(time vector grid)) = 0;

v_c = V _carrierxsin (2«pi*f carrierxtime vector grid);
v _c_inv = —v_c;
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v_g = V pgrid«sin (2«xpixf grid«time vector grid);

for i=1:1:(numel(time vector grid)—1)
if ((v_g(i)<0) && (v_g(i+1)>=0))
modulation ((i+1):(i+(modulation width/time step)+1))
end ;
end ;

L

for i=1:1:numel(time vector grid)

if (modulation(i))

%PLC signal(i) = carrier inverted (i);

PLC signal(i) = v_c(i)+0.7%xv_c_inv(i);
else

PLC signal(i) = v_c(i);

end ;
end ;

figure (' position’, [21, 61, 1280, 720]);

plot (time vector grid(graph start:graph stop), v_g(
graph start:graph stop), ’'LineWidth’, 2);

title ("Grid Voltage’)

xlabel (’Time (s)’);

ylabel (’Voltage (V) 7);

grid on;

set (gca, ’Looselnset’, get(gca, ’'Tightlnset’));

figure (' position’, [21, 61, 1280, 870])

subplot (3,1,1)

plot (time vector grid(graph start:graph stop), v_g(
graph start:graph stop), ’'LineWidth’, 2)

title ("Grid Voltage’)

xlabel (’Time (s)7)

ylabel (’Voltage (V) 7)

grid on

ax = gca

outerpos = ax.OQuterPosition

ti = ax.TightInset

left = outerpos (1) + ti(1)

bottom = outerpos(2) + ti(2)

ax_width = outerpos(3) — ti(1l) — ti(3)

ax height = outerpos(4) — ti(2) — ti(4)

ax.Position = [left bottom ax width ax height |

subplot (3,1,2)

plot (time vector grid(graph start:graph stop), modulation
(graph start:graph stop), ’'LineWidth’, 2)
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title ("Zero Cross Detection of Grid Creating Modulation
Signal )

xlabel ("Time (s) )

ylabel (’Voltage (V)7)

grid on

ax = gca

outerpos = ax.QOuterPosition

ti = ax.TightlInset

left = outerpos(1) + ti(1)

bottom = outerpos(2) + ti(2)

ax_width = outerpos(3) — ti(l) — ti(3)

ax height = outerpos(4) — ti(2) — ti(4)

ax.Position = [left bottom ax width ax height|

subplot (3,1,3)

plot (time vector grid(graph start:graph stop), PLC signal
(graph start:graph stop), ’'LineWidth’, 2)

title ("Modulated Carrier Frequency’)

xlabel (’Time (s)7)

ylabel (’Voltage (V) 7)

grid on

ax = gca

outerpos = ax.OuterPosition
ti = ax.TightInset

left = outerpos(1) + ti(1)

bottom = outerpos(2) + ti(2)

ax_width = outerpos(3) — ti(l) — ti(3)

ax height = outerpos(4) — ti(2) — ti(4)
ax.Position = [left bottom ax width ax height |

TTTTTTTTTTTTTTTTTTTITITITITIIITIIITTTTTTTTSTIISSSSSSSIS S

% Demodulate the PLC Signal by multiplying by the carrier
frequency (PLL) and

% then sending the output through a low pass filter and
comparator.

for i=1:1:numel(time vector grid)
if (v_c(i)>=0)
pll (i) = 3;
else
pll(i) = —=3;
end ;
end ;

TISTSSSSITTTTSTSSSSTITTTSTSTSSSSITTTSSTSSSSSITTTSSTSSSS IS TSI o
% Plot the modulated signal and the PLL
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196
197 |start point = 2;

198 |end point = 400;

199 | figure (’position ', [21, 61, 1280, 720]);

200 |plot (time vector grid(start point:end point), pll(

start _point:end point), time vector grid(start point:
end point),v_c(start point:end point), ’'LineWidth’, 2)

201 |title ('PLL of the Carrier Frequency’);

202 | xlabel ("Time (s)’);

203 | ylabel (" Voltage (V)’);

204 |legend ('PLL’, ’Carrier Signal’);

205 | grid on;

206 |set (gca, ’Looselnset’, get(gca, ’'Tightlnset’));
207
208 |TTTTTTTTTTTTTTTTTITTIITIIIITIIIITITIISSSSSSISISSTSSSSTSSS o
209 |% Multiply the PLC signal with the PLL for the start of
the demodulation

210
211 |v_unfiltered = PLC _ signal.*pll /3.3;
212
213 |start point = 2;

214 |end point = 400;

215 | figure (' position ’, [21, 61, 1280, 720]);

216 | plot (time vector grid(start point:end point),v unfiltered
(start _point:end point), ’'LineWidth’, 2)

217 | title ('PLC Signal multiplied by the PLL’);

218 | xlabel ("Time (s)’);

219 |ylabel (" Voltage (V) 7);

220 | grid on;

221 |set (gca, ’Looselnset’, get(gca, ’'Tightlnset’));

222
223 WS TTTTTISSSTSTTTTTISSSTTTTTTISSSISTTTTTISSSSTTTTTISSSSTTTTTTIS o
224 |% Construct the TC, first order, low pass filter transfer
function .

225
226 |[R = 10000;
227 |C = 1E-9;
228
229 |num = [1];

230 |denum = [C«R,1];

231 |tf lowpass demod = tf (num,denum);
232
233 | WTTTTTTTTTTTTTIIIIITITIIISISTSTSTSTSTSTSSSSSSSSSSSSSSSS o
234 |% Obtain the output of the low pass filter.
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[v_out,t out,x out| = lsim (tf lowpass demod,v unfiltered,
time vector grid);

figure (' position’, [21, 61, 1280, 720]);

plot (t_out(graph start:graph stop),v_out(graph start:
graph stop), ’'LineWidth’, 2);

title (’Demodulated PLC Signal ’) ;

xlabel ('Time (s)’);

xlim ([ time vector grid(graph start),time vector grid(
graph_stop) ) ;

ylabel (’Volts (V) 7);

grid on;

set (gca, ’Looselnset’, get(gca, 'Tightlnset’));

TIISSSTTTTITISSSSTTTTTTISSSSITTTTISSSSTTTTTIISSSSITITTSSSSTITT o
% Simulate the schmitt trigger used to convert the
demodulated signal to TTL logic.

V _upper = 1.6;

V lower = 0.9;

V_comparison = V_lower; % initial value for schmitt
trigger

for (i=1:1:numel(t_ out))
if (V_comparison = V_lower)
if (v_out(i) < V_lower)

TTL(i) = 3.3;
V __comparison = V__upper;
else
TTL(i) = 0;
end ;
else
if (v_out(i) > V_upper)
TTL(i) = 0;
V comparison = V_lower;
else
TTL(i) = 3.3;
end ;
end;

end ;

figure (' position’, [21, 61, 1280, 720]);
subplot (2,1,1);
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plot (time vector grid(graph start:graph stop), v_g(
graph start:graph stop), ’LineWidth’, 2);

title (’Grid Voltage’) ;

xlabel ("Time (s)’);

xlim ([ time vector grid(graph start),time vector grid(
graph_stop) ) ;

ylabel (’Voltage (V) 7);

grid on;

ax = gca;

outerpos = ax.OQOuterPosition;

ti = ax.Tightlnset ;

left = outerpos(1l) + ti(1);

bottom = outerpos(2) + ti(2);

ax_width = outerpos(3) — ti(l) — ti(3);

ax height = outerpos(4) — ti(2) — ti(4);

ax.Position = [left bottom ax width ax height|;

subplot (2,1,2);

plot (t _out(graph start:graph stop),TTL(graph start:
graph stop), ’LineWidth’, 2);

title (’Demodulated TTL Output’) ;

xlabel (’Time (s)’);

xlim ([ time vector grid(graph start),time vector grid(
graph_stop)|) ;

ylabel (’Voltage (V) 7);

grid on;

ax = gca;

outerpos = ax.OuterPosition;

ti = ax.Tightlnset;

left = outerpos(1l) + ti(1);

bottom = outerpos(2) + ti(2);

ax_width = outerpos(3) — ti(l) — ti(3);

ax height = outerpos(4) — ti(2) — ti(4);

ax.Position = [left bottom ax width ax height];
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APPENDIX C: SOURCE CODE FOR THE MATLAB SIMULATION OF THE

PLL IN THE RECEIVER

Matlab code for the design of the PI Controller of the communications receiver PLL
utilizing the CD4046.

—_

© 00 O U = W N

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

TIISSSTTTTTTISSSSTTTTITISSSTSTTTTTISSSSTTTTTISSSSTTTTTTSSSSTTTT o

% CD4046 PLL for use in Demodulation Circuit

% Daniel Evans

% 04/29/2015

% Sinewatts (C)

% University of North Carolina at Charlotte

% Department of Electrical and Computer Engineering

%

% This script file looks at the closed loop response for
the CD4046 PLL

% designed for the demodulation circuit used by SineWatts.

This circuit
% is set for differential 5 V rails for the Alpha Proto.

WITISTISTISSTISTISSTISSTISTISSTISSIISTIS SIS SIS SIS STITSTIS o
% Clear out Matlab Console/Workspace and set format long

clc;

clear all;
close all;
format long;

TITTSSSTTTTITSSSSTTSTTTSSSSSSTTTT SIS SSTSTISSSSSTST TSI S ST T o
% Create the variables that describe the system.

C = 330E—12 % Capacitance (F)

Cl = 1E-6 % Capacitance (F)

R1 = 360E3 % Resistance (Ohms)
R2 = 53.6E3 % Resistance (Ohms)
R3 = 160E3 % Resistance (Ohms)
R4 = 8E3 % Resistance (Ohms)
%R3 = 180E3 % Resistance (Ohms)
%R4 = 6.2E3 % Resistance (Ohms)
Vdd = 10 % Supply Voltage (V)

WSTISTISTISSTISTISSTISSTIST IS SIS SIS T IS SIS SIS SIS SIS STIS o

% Calculate parameters for the Loop
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46
47
48
49
50
51
92
93

o4
95
56
57
o8
29
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75
76
7

78
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Kd = Vdd / (4*pi);
Ve = Vdd/2;

Ve min = 1.2;

Ve _max = Vdd—1.2;

TITTTSTISTISTISISSTISISTISTSSISIISIS SIS IS ST ISISSTISITITSTIT o

% Create the specifications of the system.

spec_Fosc 110E3;

spec_ Wosc spec_Fosc*x2xpi;
spec_ PM = 70;

spec_Fcross = 100;

spec_ Wcross = spec_Fcross*2xpi;
spec_Flock = 10E3;

TIISSSTTTTTITSSSSTTTTTTISSSTSITTTT SIS SSTTTTTIISSSSITTIITISSSTITT o
% Create the PM values of the system. PM is based on R4
and C1

time constant = 1/(0.1xspec_Wecross) ;
R4 cal = time_constant/C1

TISTSSSSITTTTSTSSSSSTITTTSTSTSSSSITTTSTSSSSSITTTSSTSSSSIT TSI o
% Create the Loop Gain for the lock frequencies

Ko = 2xpix(spec_Flock) /(Ve—Ve_ min)

% Ko = 2/(R1xC)

R1 calec = 2/(CxKo)

R2 calc = 4/(C/2*spec_ Wosc—(Vc—1)/R1)

WSTTITSSTTITSTTTISTTISSTITSSTIITSSISIITSSISTIISTTTISSTTTSSTTTS o
% Create the Crossover frequency with R3

R3 calec = ((KdxKo/(spec Wecross~2))*(2°0.5))/Cl1

% R3 = 23567;
% R3 = 470000;
TSI TSI TSI TSI TSI TSI TSI TSI AT TIS IS TSISITTISSIT T o

% Create the Closed Loop Transfer Function and plot the
results

Open_ Loop = tf ([Kd«KoxR4xC1, Kd*Ko] ,[R3%xC1,0,0]);

Closed Loop = tf (|R4xClsxKd+Ko,KoxKd| ,[R3xC1, R4xClxKdxKo,
Kd«Ko|) ;

w = [1,1E12];




79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

132

bode (Open_Loop) ;
figure ;

pzplot (Open_ Loop) ;
figure

step (Closed _Loop)

TITTTTTTTTTTTTTTTTTITITITISITSSSSSSSSTTSSSTSSSSSSSSSSS SIS o
% Calculate the lock range for the PLL

Wosec_min = 2% ((Ve_min—1)/R1 + 4/R2) /C;
Fosc_min = Wosc_min / (2xpi)

Ve max = Vdd;

Wosc_max = 2x%((Ve_max—1)/R1 + 4/R2) /C;
Fosc_max = Wosc_max / (2%pi)

Wose = 2x((Ve—1)/R1 + 4/R2)/C;

Fosc = Wosc / (2xpi)
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