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ABSTRACT
Renewable energy sources have been widely deployed in electric power grids to
account for concerns of greenhouse gas emissions caused by fossil fuels. Solar energy, in
particular, is increasing in popularity and application, therefore, the need to utilize such
energy and convert it to usable alternating current (AC) power is becoming more
important. This paper describes the design and testing of a three-phase Silicon Carbide
(SiC) based 1000-Watt inverter for photovoltaic applications, in an effort to increase the
efficiency of renewable energy resources in power grids. Simulations were conducted
with MATLAB/Simulink software and used in constructing a physical prototype. The
prototype utilizes custom voltage and current sensing circuits and a Texas Instruments
C2000 Microcontroller Unit for proper control and monitoring of the system.
Experimental results were used to verify the performance of the PWM generation,
sensing circuits, and the inverter design.
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Chapter 1: Introduction
1.1 Background Information
Renewable energy sources are becoming more widely implemented into electric
power grids to decrease the world’s dependence on greenhouse gas emitting fossil fuels.
A comprehensive study by the Department of Energy’s National Renewable Energy
Laboratory found that by the year 2050 the United States can generate up to 80% of the
county’s needed electric load at all times of the day [1]. This study was based solely upon
currently available technology; advancements in technology can be expected to increase
the United States’ generation capacity beyond the findings of this study.

1.2 Photovoltaic Systems
Solar energy is increasing in popularity and application and the need to utilize
such energy and convert it to a usable alternating current (AC) power becomes more
important. Photovoltaic panels are used to capture solar energy and convert the energy
into direct current (DC) voltage. However, most consumer and industrial equipment or
appliances run on alternating current (AC) voltage. In order to convert the DC voltage to
an AC voltage, a power inverter needs to be used [2-3]. The power inverter also
influences the PV system’s efficiency, stability, and cost [4].
Current PV systems consisting of 60 polycrystalline solar cells have an average
efficiency of 14% with some advanced systems operating at an efficiency of 23.6% [5-6].
A large factor a PV system’s efficiency is the power inverter component, which converts
the generated DC voltage to usable AC voltage.
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Chapter 2: Literature Review
2.1. The DC/AC Conversion Process
The process of converting DC voltage into AC voltage comes with a number of
challenges: 1) minimizing the harmonics in the current produced at the output; these
harmonics can decrease the power conversion efficiency of the system. To minimize the
harmonics produced, a filter will need to be implemented to remove the harmonic
distortions, and 2) maximizing power efficiency throughout the DC/AC inversion
process.
The use of power converter systems was limited to high-voltage DC (HVDC)
transmission and power grid systems for a very long time. Since the late 1980’s,
however, applications in generation and distribution have gained substantially more
attention, particularly in the field of microgrids and smart grid systems. The growing
interest and advancement in green renewable energy has proven the importance for power
inverters in small scale power generation and distribution systems.

2.1.1. Power-Electronic Semiconductor Switches
The main building blocks of a power converter are the power-electronic
semiconductor switches. These switches are a semi-conductor device that can control the
flow of current through branches of the circuit by application of a gating signal [7]. An
electronic switch operates different than a mechanical switch, which is much slower,
includes various moving parts, and is not designed for rapid repetitive switching
operations. An electronic switch, however, is fast, includes no moving parts, and is
intended for quick, continuous, and repetitive switching operations. A major downside to
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semiconductor switches, however, is they introduce switching and conduction power
losses. Figure 1 shows the schematic diagram of a switch cell.

Figure 1: Generic schematic diagram of a switch cell [7]
Power converter systems, whether DC/AC or AC/DC, play a critical role in power
generation, transmission, and distribution systems. As renewable energy sources continue
to advance, power converters will possibly see future applications in large-scale
renewable generation and storage systems and improve in reliability and efficiency,

2.2. H-Bridge
For this project a voltage source converter (VSC) will be used for the DC/AC
power conversion. A single phase VSC can be seen in Figure 2. The DC side of the
converter, which can consist of capacitors, batteries, or a more elaborate DC voltage
source, maintains a steady system voltage [7].

Figure 2: Schematic diagram of a full-bridge, single-phase, two-level VSC
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The switch cells of the inverter are controlled through pulse width modulation
(PWM) and are used to convert the DC voltage into AC voltage by alternating the
positive voltage to either node p or node n. In high voltage and high power VSCs, the
switches are connected in series or parallel to handle the voltage/current load of the
circuit. The same concepts are applicable in three-phase VSC systems. Figure 3 shows a
three-phase VSC system featuring 6-channels across 3 parallel branches of two switches,
each branch producing one phase of the output voltage.

Figure 3: Schematic diagram of a three-phase, two-level VSC [7]

2.3. Silicon Carbide
Another challenge in converting DC voltage into AC voltage is minimizing power
losses and inefficiencies throughout the process. One remedy to this efficiency challenge
is to implement switches made of superior materials, such as silicon carbide (SiC). SiC
power devices have great potential in increasing the efficiency of solar generation
because of the superior properties when compared to tradition silicon (Si) power devices.
SiC switches are capable of tolerating higher temperatures, voltages, and frequencies and
current research shows that SiC devices can improve system efficiency drastically [1012].
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The application of SiC technology as power inverter switches is critical in the
advancement of solar energy harvesting and solar energy as an alternative power source.
Researchers from the Texas Tech University found that by implementing SiC switches to
power inverters the power loss in the energy conversion system could be minimized [8].
The superior material properties of SiC compared to traditional Si switches, such as a
band gap of 3.26 eV, critical breakdown field of 2-4 MV/cm, thermal conductivity of
4.9W/(cm.K), and a saturated drift velocity of 2 ∗ 107 cm/s, allow for great efficiency
improvements in the power conversion process. A 5 kW three phase all-SiC power

inverter prototype was developed and compared to a commercial 5 kW silicon-based
inverter. Under identical conditions and cooling mechanisms, the SiC based inverter
reduced losses by 27% as compared to its silicon counterpart.
The implementation of SiC diodes in the design of three-phase voltage source
inverter has seen improvements across multiple studies. When such implementation was
done with an active common-mode (CM) filter and Si insulated-gate bipolar transistors, a
number of performance advantages were discovered [10]. In such study, 50 kW and 100
kW power inverter prototypes were designed, simulated, and physically tested. In both
cases, the application of SiC switches resulted in a 0.15%-0.3% efficiency improvement
of the system. Although very minor, the efficiency of the system was formerly at 98%,
which in it of itself is very high. This study, however, has proven that simply just the
implementation of SiC switches may improve the efficiency of the inverter system
further. The research did mention that the DC to DC boost converter had not been
optimized, so this efficiency figure has room for further improvement.
SiC technology has significant improvements in reducing switching and
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conduction losses when compared to traditional Si switches [10], [11]. Researchers from
the University of Denver implemented SiC MOSFETs to a three level transformerless
inverter and, through simulation, discovered significant improvements in reducing power
losses in a 2 kW inverter system [11]. When operating at a 100KHz switching frequency,
the SiC MOSFETs achieved a 50% reduction in switching and conduction losses, as well
as an efficiency improvement of about 3% for the entire system. Similarly, this resulted
in a system efficiency of 98%.

2.4. Filter
The process of converting DC voltage into AC voltage comes with a number of
challenges. One of these challenges is the minimization of harmonics in the current
produced at the output. These harmonics, just as vibrations in mechanical systems, can be
damaging to components and decrease the power conversion efficiency of the system. To
minimize the harmonics produced, a filter will need to be implemented, cleansing the
output current of harmonic distortions.
The output waveform of the three-phase power inverter is a square waveform
fluctuating between 𝑉𝑉𝐷𝐷𝐷𝐷 and −𝑉𝑉𝐷𝐷𝐷𝐷 . This results in a signal resembling a rectangular

waveform.

Another challenge in producing clean sinusoidal waveforms at the output is the
existence of harmonics. Nonlinearities in conversion processes, imperfect switching
operations, and control instabilities are the main causes of harmonics. These harmonics
cause distortions in the output waveforms and thus negatively affect the performance and
efficiency of the converter system.
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2.4.1 LCL Filters
A popular and effective method to achieve harmonic suppression is the use of
LCL filters [12]. Using this method, optimal results can be obtained for a range of power
levels, including systems rated in the kilowatts, using low valued capacitors and resistors.
A team of researchers designed an LCL filter for a three-phase active rectifier to reduce
the switching frequency ripple [13]. To do this, the d-q reference frame is chosen, such
that the d component of the reference current is used for dc voltage control and the q
component of the reference is used for orientation of the frame. Using MATLAB and
Simulink, the design filter was simulated into a 4.1 kW system with a 5-8 kHz switching
frequency range. The simulation results were then verified experimentally and the
research team concluded that the proposed design was successful in achieving its
parameter objectives.
2.5. Grid Forming and Grid Supporting Converters
Since the power produced by the photovoltaic panels and the power demanded at
the output are constantly varying, a controller unit will need to be implemented in order
to maximize efficiency of the system. To ensure stable operation of a load, a constant
voltage and frequency need to be provided by the system. To do this, a microcontroller is
used to read various types of data throughout the operation, such as voltage, current, and
thermal measurements, and control the system to react to these measurements.
Correct power management is essential to achieving maximum efficiency of the
system. Improper energy flow control and poor switching control have a negative effect
on both the performance and lifespan of the system [14], [15]. This is the responsibility
of the controller component of the power inverter.
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Through energy flow control, the controller unit dictates whether the system is
operating as a grid-connected system or an islanded standalone system [16].
2.5.1 Grid-Connected Power Converters
In grid connected mode, the system works in conjunction with the main grid and
supplies power to the main grid. Thus, the controller unit, through power electronic
interfaces and by using the main grid’s signal as a reference, must supply power
synchronized accurately with the power of the main grid [17].
2.5.2 Grid-Forming Power Converters
In islanded mode, the microgrid, or part of the power grid, which contains the
generating source and the load is isolated from the main power grid system. This means
that the local loads are continuously supplied solely through local generation, such as PV
modules. Islanding may occur purposely or accidentally, such as in the case of a
separation from the grid as a result of transmission line failure. When the system is
separated from the main power grid, the controller unit must detect the islanding situation
and regulate the voltage and frequency of the system to meet the needs of the loads [18].
In this mode of operation, the system must create a reference for itself, as the
main grid reference is unavailable. This can be done using phase locked loop (PLL) and
the controller unit [17], [19], [20].
2.5.3 Grid-Supporting Power Converters
Many times, the power converter system needs to be able to operate both as a
standalone system and as in conjunction with the grid. In such scenarios, the controller
will need to be able to operate both as a standalone system and connect to the grid as
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needed. This comes with a number of struggles, specifically the process of integrating the
system to the grid when additional power is required or transferred by the system.
Once the system is reconnected to the grid, the microcontroller must ensure that a
smooth transition from islanded to grid-connected operation occurs. While islanding, the
microgrid and main grid voltages have different frequency, phase, and amplitude. Sudden
interface between these two voltage sources may result in damage to the inverter system
and loads supported by it. To do this, power electronic interfaces, monitored and
controlled by the microcontroller, must be used to ensure a smooth transition between the
two modes of operation [21].
2.6 Gate Driver
Switching devices, such as metal-oxide-semiconductor field-effect transistors
(MOSFETs) and insulated-gate bipolar transistor (IGBTs), are a necessary component to
power inverter and multilevel converter systems. In the case of a power inverter, these
devices, however, need to be turned ON and OFF throughout the operation of the system.
To do this, gate driver circuits are employed. In order to operate at optimal efficiency,
gate driver circuits need to have minimum propagation delays, effective short circuit and
miller protections, and high driving current capability [22].
Gate drivers also require isolation in most cases. This is done through the use of
transformers (galvanic isolation) or optocouplers (optical isolation). Although optical
isolation offers a wide duty cycle, optocouplers constraint performance at higher
switching speeds. At these higher speeds, temperature control of optocouplers becomes
difficult and specialized high speed optocouplers are significantly more expensive, thus
increasing the cost of the overall system [23]. Transformer isolation, however, does not
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suffer from high switching speed issues, but lacks greatly in duty cycle range; because of
the volt-second balance, the duty cycle is limited to 50% in transformer isolation [24].
Size of the transformer also varies inversely proportional to the switching frequency,
preventing the design of a generalized transformer for a wide range of switching
frequencies [25], [26].

2.7 Closing Remarks for Literature Review
Once all these factors are taken in consideration and implemented, a great
efficiency improvement can be obtained. Although separately these factors provide
significant system efficiency improvements, when multiple components of the inverter
system are modified according to the described sections, even greater improvements can
be obtained. A system designed using SiC technology, LCL filtering, and a custom
controller unit has a potential peak efficiency of up to 99.2%, according to completed
projects [27].
This paper builds upon previous research in order to design a 1000-Watt threephase inverter. The inverter consists of 6 Silicon Carbide switches, a 6-channel gate
driver to deliver the generated gate signals to the switches, a microcontroller to control
the inverter, output filter to dampen the unwanted switching harmonics, necessary
enclosures, and a constant load.
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Chapter 3: Inverter Control
3.1 Pulse Width Modulation
Pulse width modulation is a control mechanism that switches between on and off
values in order to control the amount of power received by the load. The ratio of the on
cycle to the off cycle in pulse width modulation is referred to as the duty cycle and is
measured on a percentage scale from 0% to 100%, 0% mathematically represents an
entirely off state and 100% represents an exclusively on state. Varying the duty cycle will
directly correlate to the amplitude of the AC sinusoidal wave, a high duty cycle will
provide the maximum amplitude will a duty cycle of zero will not provide output from
the inverter.
In voltage sourced converters, such as the one described in this paper, the input
DC voltage is ideally constant in magnitude. Therefore, the controller unit of the inverter
must control the magnitude and the frequency of the output AC voltages using the
switches. Pulse width modulation (PWM) is used to control the switches in a systematic
manner in order to achieve this desired outcome. There are various methods used to
pulse-width modulate the inverter switches in order to obtain sinusoidal output AC
voltage waveforms. The method used for the purpose of the system described in this
paper, however, utilizes the sinusoidal PWM (SPWM) technique.
3.1.1 Sinusoidal Pulse Width Modulation
Sinusoidal pulse width modulation is one of the most common PWM techniques
used in three-phase inverter systems. SPWM is obtained by comparing the desired
modulated waveform with a triangular waveform of high frequency. This comparison
generates either a high or low value as shown in Figure 4 [28].
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Figure 4: Diagram showing the process by which PWM signals are generated fro a
sine wave using the SPWM method
The pulse width modulation for inverter control is supplied by a Texas
Instruments C2000 microcontroller. Although not achieved during the timeline of this
project, the intended goal for the C2000 microcontroller is to process the information
obtained from the various sensors and inputs of the system and subsequently output the
optimal duty cycle to best control the output voltage and current produced.

3.2 abc - dq Conversion
In a three-phase VSC system, tracking the sinusoidal voltage and current
commands is critical to the proper control of the system. Hence, the compensator must be
able to effectively track sinusoidal commands. In order to achieve this, two dimensional
frames, such as the αβ-frame and the dq-frame must be used [7].
Both of these frames are capable of converting the control of a system of three
half-bridge converters to the control of an equivalent system of two equivalent
subsystems. Moreover, the concept of instantaneous reactive power can be defined and
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analyzed in these frames of control [41].
For the purpose of this project, however, the dq-frame was utilized for its
additional capabilities. The dq-frame benefits from the same qualities as the αβ-frame, in
addition to the following:
•

When control is exercised within the dq-frame, a sinusoidal command tracking
problem is transformed to an equivalent DC command tracking problem. This
allows for proportional integration (PI) compensators to be used for the control
process.

•

In three phase (abc-frame) systems, models of some types of electric machines
exhibit time-dependent, mutually coupled inductances. If such models are
expressed in the dq-frame, the time varying inductances are transformed to
equivalent constant parameters. This simplifies control and analysis of the system
significantly.
A balanced, three-phase, sinusoidal system can be modeled by the following

values:
𝑓𝑓𝑎𝑎 (𝑡𝑡) = 𝑓𝑓̂ cos(𝑤𝑤𝑤𝑤 + 𝜃𝜃0 )

𝑓𝑓𝑏𝑏 (𝑡𝑡) = 𝑓𝑓̂ cos(𝑤𝑤𝑤𝑤 + 𝜃𝜃0 −
𝑓𝑓𝑐𝑐 (𝑡𝑡) = 𝑓𝑓̂ cos(𝑤𝑤𝑤𝑤 + 𝜃𝜃0 −

(1)
2𝜋𝜋
3

4𝜋𝜋
3

(2)

)

(3)

)

were 𝑓𝑓̂, 𝜃𝜃0 , and 𝑤𝑤 represent the amplitude, initial phase angle, and angular

frequency of the sinusoidal waveforms, respectively. The space phasor of this set of
sinusoidal functions is defined as:
2

2𝜋𝜋

4𝜋𝜋

𝑓𝑓⃗(𝑡𝑡) = 3 [ 𝑒𝑒 𝑗𝑗0 𝑓𝑓𝑎𝑎 (𝑡𝑡) + 𝑒𝑒 𝑗𝑗 3 𝑓𝑓𝑏𝑏 (𝑡𝑡) + 𝑒𝑒 𝑗𝑗 3 𝑓𝑓𝑐𝑐 (𝑡𝑡)

(4)
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Figure 5: abc-frame to space-phasor signal transformation

1

2𝜋𝜋

4𝜋𝜋

By substituting the identities cos 𝜃𝜃 = 2 (𝑒𝑒 𝑗𝑗𝜃𝜃0 − 𝑒𝑒 −𝑗𝑗𝜃𝜃0 ) and 𝑒𝑒 𝑗𝑗0 + 𝑒𝑒 𝑗𝑗 3 + 𝑒𝑒 𝑗𝑗 3 = 0

in the equation (4) above, the following relation is obtained:

𝑓𝑓⃗(𝑡𝑡) = �𝑓𝑓̂𝑒𝑒 𝑗𝑗𝜃𝜃0 �𝑒𝑒 𝑗𝑗𝑤𝑤𝑤𝑤 = 𝑓𝑓𝑒𝑒 𝑗𝑗𝑗𝑗𝑗𝑗

(5)

The complex quantity 𝑓𝑓, which equates to 𝑓𝑓̂𝑒𝑒 𝑗𝑗𝜃𝜃0 , can be represented as a vector in

the complex plane (Figure 6).
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Figure 6: Space-phasor representation in the complex plane
If 𝑓𝑓̂ is a constant value, the vector 𝑓𝑓⃗(𝑡𝑡) behaves similarly to the conventional

phasor vector used to analyze linear circuits under steady state conditions. The tip of 𝑓𝑓⃗(𝑡𝑡)
moves along the circumference of a circle centered at the origin of the complex plane.

Based on equation (5), 𝑓𝑓⃗(𝑡𝑡) is simply the magnitude 𝑓𝑓 rotating counterclockwise at an
angular speed of 𝑤𝑤.

Modifying the definition of the space-phasor in order to include a variable-

frequency three-phase function results in the following equations:
𝑓𝑓𝑎𝑎 (𝑡𝑡) = 𝑓𝑓̂ cos(𝜃𝜃0 )

𝑓𝑓𝑏𝑏 (𝑡𝑡) = 𝑓𝑓̂ cos(𝜃𝜃0 −
𝑓𝑓𝑐𝑐 (𝑡𝑡) = 𝑓𝑓̂ cos(𝜃𝜃0 −

(6)
2𝜋𝜋
3

4𝜋𝜋
3

)

)

(7)
(8)

16
where
𝑡𝑡

(9)

𝜃𝜃 = 𝜃𝜃0 + ∫0 𝑤𝑤(𝑥𝑥)𝑑𝑑𝑑𝑑

The space-phasor corresponding to the phases in equations (6), (7), and (8) is
expressed as:
𝑓𝑓⃗(𝑡𝑡) = 𝑓𝑓̂𝑒𝑒 𝑗𝑗𝜃𝜃0

(10)

In order to extract phase functions from the above equation, the relations
described in equations (11), (12), and (13) below can be used:
𝑓𝑓𝑎𝑎 (𝑡𝑡) = 𝑅𝑅𝑅𝑅�𝑓𝑓⃗(𝑡𝑡)𝑒𝑒 −𝑗𝑗0 �

(11)

2𝜋𝜋

(12)

4𝜋𝜋

(13)

𝑓𝑓𝑏𝑏 (𝑡𝑡) = 𝑅𝑅𝑅𝑅 �𝑓𝑓⃗(𝑡𝑡)𝑒𝑒 −𝑗𝑗 3 �
𝑓𝑓𝑐𝑐 (𝑡𝑡) = 𝑅𝑅𝑅𝑅 �𝑓𝑓⃗(𝑡𝑡)𝑒𝑒 −𝑗𝑗 3 �
3.2.1

Imposing Amplitude and Phase Changes on a Three-Phase Signal
Because the control of a VSC system involves the tracking of irregular sinusoidal

commands, the system must be able to detect, react to, and even impose amplitude and
phase changes of the output signal. Considering a three-phase signal 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 and its

equivalent space phasor 𝑓𝑓⃗(𝑡𝑡). For a signal 𝑓𝑓′𝑎𝑎𝑎𝑎𝑎𝑎 , which corresponds to 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 shifted by a

phase angle and of an amplitude of A(t) times in magnitude, the following relationships
can be determined (Figure 7) [7].
𝑓𝑓𝑎𝑎 ′(𝑡𝑡) = 𝐴𝐴(𝑡𝑡) 𝑓𝑓̂ cos[(𝑤𝑤𝑤𝑤 + 𝜃𝜃0 ) + 𝜙𝜙(𝑡𝑡)]

𝑓𝑓𝑏𝑏 ′(𝑡𝑡) = 𝐴𝐴(𝑡𝑡) 𝑓𝑓̂ cos[�𝑤𝑤𝑤𝑤 + 𝜃𝜃0 −
𝑓𝑓𝑐𝑐 ′(𝑡𝑡) = 𝐴𝐴(𝑡𝑡) 𝑓𝑓̂ cos[�𝑤𝑤𝑤𝑤 + 𝜃𝜃0 −

2𝜋𝜋
3

4𝜋𝜋
3

� + 𝜙𝜙(𝑡𝑡)]

� + 𝜙𝜙(𝑡𝑡)]

(14)
(15)
(16)
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Figure 7: Block diagram of the modified space-phasor phase shifter/scaler
This modification in phase and amplitude will in turn affect the equivalent space
phasor (Figure 8). This relationship can be described as:
���⃗
𝑓𝑓′(𝑡𝑡) = 𝑓𝑓⃗(𝑡𝑡)𝐴𝐴(𝑡𝑡)𝑒𝑒 𝑗𝑗𝑗𝑗(𝑡𝑡)

(17)

Figure 8: Block diagram of the space-phasor phase-shifter/scaler
By using the above relationships and functions, the inverter is able to control
irregularities in the system and make necessary modifications, to obtain optimal output
waveforms. Examples of a scenarios where in which the inverter is able to impose some
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change to the waveform include modifying the frequency (Figure 9), phase angle (Figure
10), and amplitude (Figure 11) of the original signal.

Figure 9: Changing the frequency of a three-phase signal

Figure 10: Changing the phase angle of a three-phase signal
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Figure 11: Changing the amplitude of a three-phase signal

3.3 Vector Control
Voltage source controlled based PV inverters independently control the active and
reactive power outputs of the system. This is performed by various control loops
contained within the microcontroller unit.
Current controlled regulators struggle to regulate the output frequency and voltage
of the system [29]. For this reason, voltage source control is exercised. VSC also allows
for the proper regulation of the active and reactive power using AC angle and magnitude.
In a three-phase system, such as the one described in this paper, the power regulation and
control theory is performed within the dq-frame.
Figure 12 shows a schematic diagram of a controlled-frequency VSC system with
an embedded current controlled loop. This system consists of a DC voltage source,
current-controlled VSC, output filter, and three-phase load.
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Figure 12: Control block diagram of a controlled-frequency VSC system
In order to properly control such a system, a combination of control loops need to
be implemented and work cohesively with one another. These loops consist of the outer
control loop (voltage regulator), inner control loop (current regulator), and Maximum
Power Point Tracking loop.
3.3.1

Outer Control Loop (Voltage Regulator)
The objective of the controlled-frequency VSC system is to regulate the

amplitude and frequency of the load voltage. Control is exercised in a dq-frame that is
deﬁned by the angle ρ with respect to the αβ-frame and rotates with the angular velocity
ω.
The control block diagram shown in Figure 12 can be simplified to a simple
compensator design as seen in Figure 13. Each of the d-axis and q-axis control loops
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consists of a PI compensator k(s). This compensator is equivalent to:

Figure 13: Simplified control block diagram equivalent to Figure 12
This compensator, when tuned with the appropriate gains for the system, is able to
regulate the voltage and optimally control the system.
3.3.2

Inner Control Loop (Current Regulator)
The current regulator, also referred to as the inner control loop of a VSC, is a

critical component of the inverter’s control method. Using the inverter output current, or
the inverter-side inductor current (iL1), as a feedback value, the control diagram below
(Figure 14) is obtained.

Figure 14: Inner control system diagram using inverter-side inductor current iL1
feedback
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The PI compensator within this control loop is designed to boost the phase margin
of the transfer function and increase system stability. This loop is responsible for
regulating the output current of the system and assist the voltage regulator control loop in
maintaining a stable output voltage.
3.3.3

Maximum Power Point Tracking
Maximum power point tracking (MPPT) is an algorithm implemented in

photovoltaic (PV) inverters to actively modify the impedance at the solar array side. This
is done to ensure the PV system operating at the peak power point of the PV panel under
varying conditions, such as changes in temperature, load, and solar irradiance.
The MPPT algorithm controls the voltage of the PV system in order to maintain
“maximum power point” (or peak voltage) on the power voltage curve (Figure 15) [30].

Figure 15: The power-voltage curves of a solar panel array when panels are exposed
to different solar irradiances
One of the most basic and reliable MPPT algorithms is the perturbation and
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observation (P&O) method (Figure 16) [30].

Figure 16: Diagram of the Perturb and Observe (P&O) MPPT method

The purpose of a MPPT circuit is to observe and perturb the solar panel’s output
voltage [31]. This means that the circuit will monitor the solar panel’s output voltage and
adjust the current output of the solar cells to maintain a constant voltage level, such that
the most power is being extracted from the solar cells.
Figure 17 shows a sample MPPT architecture based on a low complexity perturb
and observe algorithm [31]. The voltage to current conversion and current sensing
blocks sample the output voltage and current measurements of the PV cells. The power
acquisition block multiplies the voltage and current measurements and inverses the
product. This inversed value is then fed to the control logic module which converts value
into a digital signal. A comparing circuit is used to contrast the two values before and
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after perturbation of the PV output voltage and a decision is made regarding the
perturbation direction of the voltage during the next clock cycle.

Figure 17: MPPT architecture
Using this method, the circuit is able to make constant changes to the power
output of the solar panel array every clock cycle, ensuring the maximum power is
provided to the inverter system.
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Chapter 4: Simulations
Using literature and examples provided by MATLAB, a Simulink model of the
proposed system was designed. This model (Figure 18) was used to construct a physical
prototype of the system.

Figure 18: MATLAB Simulink model of the system
Due to unforeseen circumstances, the designed simulation did not fully perform
correctly; only the current regulator and output filter components of the simulation
performed correctly and to the required specifications. For this reason, a simulation
created by MATLAB modeling a 250-kW grid-connected system (Figure 19) is described
below.
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Figure 19: MATLAB demonstration simulation model of a 250 kW grid-connected
PV system
The power inverter system described throughout this paper, as well as shown in
both the designed simulation model and the MATLAB sample model, includes a number
of key components:
•

Controller Unit

•

Output Filter

•

DC Source

These are all components necessary for the performance of the system. The
intended source for the designed system is an array of solar panels. The controller unit
and filter, as they are more complicated and customized in their design, are described in
detail below.
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4.1 Controller Design
The controller unit is arguably the most critical component of the power inverter
system; regardless of the accuracy of the sensing circuits, reliability of the switching
hardware, or selectivity of the filter, the system is useless. The controller unit is charged
with the processing of sensing data in order to accurately control the output voltage
waveforms and make modifications accordingly when the loading of the system changes.
Because of the complexity of the data interpretation and processing, the functions of the
controller unit are characterized into three main categories:
•

Current Regulator

•

Voltage Regulator

•

Maximum Power Point Tracking (MPPT)

A diagram showing the various control components of the controller unit of the
MATLAB model can be seen below in Figure 20.

Figure 20: Diagram of the controller unit, showing the various control components
of the system
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4.1.1 Current Regulator
Figure 21 shows the function block of the current regulator component of the
controller unit. This component is responsible for the regulation of the active and reactive
components of the system power.

Figure 21: Function block of the current regulator in the MATLAB simulation
Depending on the state of the active and reactive current elements, the current
regulator will act to either generate or absorb power in order to maintain a constant and
balance output power. If the Id current component measured by the regulator is positive,
the system behaves in the “inverter mode” and generates active power, thus increasing
the active power (P) generated at the output of the system. Similarly, if the Iq current
component measured by the regulator is positive, the system behaves in the “inductive
mode” and absorbs reactive power in order to reduce the reactive power generated at the
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output of the system.
The control loops make such modifications to the current components by
effectively tracking the Id and Iq reference values, which are determined using the voltage
regulator loop and dependent on the input and output specifications of the system.
4.1.2 Voltage Regulator
The voltage regulator found in the sample MATLAB PV inverter model can be
found below in Figure 22. The regulator is simple in design and features a control loop
designed to assist in regulating the DC voltage at the input side to maintain a specified
reference value.

Figure 22: Function block of the voltage regulator in the MATLAB simulation

The voltage regulator generates the Id current component. This is then provided to
the current regulator loop, which is then able to appropriately control make further
control implementations to the system.

4.1.3 Maximum Power Point Tracking
The MPPT function block is provided by MATLAB in the form of a code script
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(Figure E1). Based on the P&O method, the algorithm takes in data including the voltage
and current outputs of the solar panel array in order to maximize the power provided to
the inverter, regardless of changes in temperature and solar irradiance.

4.2 Controller Validation
The controllers featured in the MATLAB sample model were tested to verify their
performance. Both the current and voltage regulators performed as required, as evident in
the sections below. The MPPT was not tested due to its complex interaction with the
model and the difficulty to isolate it from the rest of system. The MPPT code, however,
has been verified by MATLAB and tested by numerous independent researchers in
academia and industry. Therefore, its performance is confidently assumed to be correct.
4.2.1 Current Regulator
The current regulator performs very well in simulated tests. As seen in Figure 23
and Figure 24, when a step change is applied to the reference current, whether an active
or reactive component, the measured value tracks the change well. The active and
reactive currents range from 1A to -1A in the simulated model. When a step change was
applied, whether from 1A to -1A or 0.2A to 0A, the measured value tracks very well. The
system was tested against a number of different step changes and performed well in all
these situations (Figure C1).
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Figure 23: MATLAB generated plot showing the successful tracking of the active
current component.

Figure 24: MATLAB generated plot showing the successful tracking of the reactive
current component
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4.2.2 Voltage Regulator
The voltage regulator performs well in simulated tests. As seen in Figure 25,
when a step change is applied to the reference voltage, from 450V to 480V at 1 second,
the measured value increases to track this change. Although there exists some oscillation
of the measured waveform, the regulator maintains reliable tracking once the waveform
is settled. The voltage regulator was tested against a number of different step changes and
continued to perform well.

Figure 25: MATLAB generated plot showing the successful tracking of the voltage
regulator

4.3 Filter Design
Any system producing power for use by the grid or isolated electronics is required
to conform to certain output harmonic specifications. In VSCs, such as photovoltaic
power inverters, an LCL filter (Figure 26) provides ample harmonic attenuation in a
simple and compact package.
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Figure 26: LCL filter architecture
Using the following equations, values of the filter components were calculated:
𝐿𝐿𝑖𝑖 =
(19)

𝑉𝑉𝐷𝐷𝐷𝐷

8∗ 𝑓𝑓𝑠𝑠𝑠𝑠 ∗ 𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗%𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶𝑓𝑓 =

(20)

(21)

%𝑥𝑥∗ 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

2
2∗ 𝜋𝜋∗ 𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

1

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �1+𝑟𝑟∗(1− 𝐿𝐿 ∗ 𝐶𝐶
𝑖𝑖

𝑓𝑓 ∗(2∗𝜋𝜋∗𝑓𝑓𝑠𝑠𝑠𝑠 ∗𝑥𝑥)

� ∗ 100

𝐿𝐿𝑔𝑔 = 𝑟𝑟 ∗ 𝐿𝐿𝑖𝑖
(22)
The corresponding calculations can be found in Appendix A. The component
values were determined to be the following:
Li = 9.004 mH
Cf = 2.19 uF
Lg = 0.94 mH
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4.5.1 Filter Validation
The designed filter was tested using MATLAB/Simulink to verify its performance
(Figure 27). The filter performed well and was able to extract well defined sinusoidal
waveforms (Figure 29), from the original square waves (Figure 28).

Figure 27: LCL filter design MATLAB/Simulink

The output sinusoidal waveforms are of the desired voltage (~110VAC) and
frequency (~60Hz). Although some distortion is present, the time scale (5ms/block) is
very small and the distortions are relatively insignificant.
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Figure 28: Unfiltered output of “Phase a” of the inverter

Figure 29: Filtered output of the inverter
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Chapter 5: Sensor Design
In order to accurately and effectively control the system, voltage and current
measurements at both the input and output of the inverter are required. These
measurements are fed to the microcontroller, which then performs calculations to produce
PWM signals and properly control the switches and inverter output.
The voltage and current sensors for the system are designed for the optimal
voltage, current, and power values, with a margin for error.
Since the nominal voltage and current values vary between the DC and AC sides,
two variants of each circuit are designed for each the input (DC) and output (AC) of the
inverter.

5.1 Voltage Sensor
To design the voltage sensing circuit, a voltage transducer, the LEM USA Inc. LV
25-P [32], was used.
5.2.1

AC Side
Because the intended measured voltage of the system oscillates between -120

VAC and +120 VAC, the sensor design needs to process the signals in a manner such that
analog signals sent to the microcontroller are in the acceptable range of 0V and 3.3V. To
achieve this, a voltage adder circuit is implemented and the resolution of measurement is
reduced slightly. The resulting sensing circuit can be found in Figure 30. The calculations
performed to determine the resistor values can be found in Appendix B.
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Figure 30: Schematic of the designed AC voltage sensing circuit
Using MULTISIM simulation software, the performance of the sensor designs
was verified. Figure 31 shows the simulation results and validates the sensor circuit
design. A current source of 25mA is placed at the input, resembling the output of the LA
25-P current transducer under nominal conditions. The voltage produced at the output of
the circuit is 3.04 V, which is within the target range of the design.

Figure 31: Simulation of the AC voltage sensing circuit using MULTISIM
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5.2.2

DC Side
Figure 32 below shows the design of the voltage sensing circuit on the DC side.

The calculations performed to determine the resistor values can be found in Appendix B.

Figure 32: Schematic of the designed DC voltage sensing circuit
Using MULTISIM simulation software, the performance of the sensor designs
was verified. Figure 33 shows a MULTISIM simulation wherein a constant current
source of 25mA to the input of the circuit, resembling the output of the LA 25-P current
transducer under nominal conditions. The circuit’s performance under a transient input
signal, which demonstrates the circuits ability to adapt quickly to changing input values,
can be seen in Figure 34 (circuit) and Figure 35 (input and output waveforms). This
circuit meets the expected design specifications and effectively produces readable signals
to the microcontroller.
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Figure 33: MULTISIM simulation of the DC voltage sensing circuit using a constant
current source

Figure 34: MULTISIM simulation of the DC voltage sensing circuit using a
transient input signal
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Figure 35: Signal output of the MULTISIM simulation of the DC voltage sensing
circuit using a transient input signal
5.2 Current Sensor
To design the current sensing circuit, a current transducer, the LEM USA Inc. LA
55-P, [32] was used.
5.3.1

AC Side
Figure 36 below shows the schematic of the AC current sensing circuit. The

component values were calculated in order to meet certain design criteria, which can be
found alongside the calculations in Appendix B.

41

Figure 36: Schematic of the designed AC current sensing circuit
This design was verified using MULTISIM simulation software (Figure 37). By
placing a 2.777mA transient current source at the input, simulating the output of the
current transducer under nominal system conditions, the output of the sensing circuit was
observed (Figure 38). This output waveform (yellow) shows that the circuit performs as
needed, shifting the input signal (green) positively by 1.642V.

Figure 37: MULTISIM simulation of the AC current sensing circuit using a
transient input signal
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Figure 38: Signal output of the MULTISIM simulation of the AC current sensing
circuit using a transient input signal

5.3.2

DC Side
Figure 39 below shows the schematic of the DC current sensing circuit. The

component values were calculated in order to meet certain design criteria, which can be
found alongside the calculations in Appendix B.
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Figure 39: Schematic of the designed DC current sensing circuit
This design was verified using MULTISIM simulation software by applying a
constant 4mA current source, simulating the output of the current transducer under
nominal system conditions (Figure 40).

Figure 40: MULTISIM simulation of the DC current sensing circuit using a
constant current source
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By placing a 2mA transient current source at the input (Figure 41), the output of
the sensing circuit was observed (Figure 42). This output waveform (yellow) shows that
the circuit performs as needed, delivering an appropriate voltage to the microcontroller
under nominal conditions and maintaining a clear and concise waveform at the output.

Figure 41: MULTISIM simulation of the DC Current sensing circuit using a
transient input signal
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Figure 42: Output of the MULTISIM simulation of the DC Current sensing circuit
using a transient input signal
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Chapter 6: Experimental Setup
6.1 Inverter Design
For the gate driver and switching module, a pair of compatible CREE products
were used. The switching module, CCS020M12CM2, featured six SiC switches enclosed
in a secure casing (Figure 43). The gate driver, CGD15FB45P1, was used to drive these
switches by PWM signals generated by the microcontroller (Figure 44). Both of these
products featured a number of protection features, such as surge and over current
protection, and were rated for voltage and current well above the specifications of this
system (1200V and 29.5A) [33].

Figure 43: The CREE SiC six switch module CCS020M12CM2

Figure 44: The CREE gate driver CGD15FB45P1
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6.2 Control Design
The prototype operates under an open loop control method. This means that
although current and voltages at the DC and AC sides of the inverter are recorded, the
microcontroller does not process this data in order to modify the control. Instead, the
microcontroller produces a set of 3 pairs, a waveform A and its conjugate B, of PWM
signals, each shifted by 120 degrees from one another (Figure 45).

Figure 45: Microcontroller output showing PWM1A (Channel 1), PWM2A
(Channel 2), PWM3A (Channel 3), and PWM3B (Channel 4)
In Figure 45, channels 1, 2, and 3 of the oscilloscope correspond to PWM1A,
PWM2A, and PWM3A waveforms, each with a 120 degrees phase shift from each other.
Channel 4 corresponds to PWM3B, which is the conjugate of the PWM3A waveform.
Figure 46 below shows a magnified image of the oscilloscope capture seen in Figure 45
where the relationship of PWM3A and PWM3B can be observed easier.
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Figure 46: Magnified image of the microcontroller output showing PWM1A
(Channel 1), PWM2A (Channel 2), PWM3A (Channel 3), and PWM3B (Channel 4)
These waveforms were produced by the TI C2000 microcontroller board, using
the code found in Appendix D (Figure D1 and Figure D2). Figure 47 below shows the
section of code used to create a 120-degree phase shift between the three signals.

Figure 47: Code used to produce three identical PWM waveforms, phase shifted by
120 degrees from each other

6.3 Filter Design
The PCB schematic (Figure 48), 2D model (Figure 49), and 3D model (Figure 50)
images of the LCL output filter can be seen below.
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Figure 48: Schematic of the LCL output filter PCB design

Figure 49: 2D model image of the LCL output filter PCB
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Figure 50: 3D model image of the LCL output filter PCB
The PCB was designed with a trace width of 5.664 mm, in order to accommodate
load currents of up to 10A. Although the designed system is only intended to handle
approximately 2.3A per phase at peak operation, the PCB was designed with the intention
of being used for a variety of projects. The additional width of the trace width does not
have any noticeable negative effects on system performance.
The output filter, due to the current and voltage draw through it, requires
components able to handle high currents and/or voltages. Since the capacitor is connected
to ground, it is required to handle a voltage of at least 170V, the non-root mean square
(RMS) value of single phase 120VAC, for safe operation of the system. The purchased
capacitors meet this requirement and are 2.2uF rated for 250V.
The inductors, however, do not need to be rated for high voltage, as current passes
through these components and they do not produce a voltage potential across their
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terminals. For this reason, it is necessary that the inductors be able to handle a high
current draw, of at least approximately 2.3A. Due to the availability of components and
complexity of accurately constructing indictors to meet the desired values, of 9mH and
0.94mH, obtaining inductors with such current rating was not possible.
This issue was avoided by attaching a load of low impedance at the output,
producing a very small current draw of approximately 47mA, which the filter was able to
carry safely and with no issues.
The populated LCL output filter PCB can be seen below in Figure 51.

Figure 51: Populated LCL output filter PCB

6.4 Sensor Design
6.4.1

DC Side Sensors
The PCB schematic (Figure 52), 2D model (Figure 53), and 3D model (Figure 54)

images of the DC side sensing PCB can be seen below.
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Figure 52: Schematic of the DC side sensors PCB board

Figure 53: 2D model image of the DC side sensors PCB board
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Figure 54: 3D model image of the DC side sensors PCB board
Just as the output filter PCB board, the DC side sensing PCB was designed with a
DC link track width of 5.4mm in order to accommodate systems of currents up to 10A,
even though the system described in this paper is intended to handle an optimal 4A at the
input.
Evident in the figures of the DC sensing boards, there exists a DC link capacitor
C3. This capacitor is present as a buffer between the raw voltage and current provided by
the solar panel array in order to stabilize the amount of power provided to the system.
The value of the DC link capacitor was calculated using the following equation (25):
𝐶𝐶 =

𝑃𝑃𝑎𝑎𝑎𝑎

4∗𝑓𝑓∗(𝑉𝑉 2 −(𝑉𝑉− 𝛥𝛥𝛥𝛥)2 )

By substituting the following values:

Power at the AC side (Pac) = 1000W

(25)
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Frequency of the input voltage (f) = 50Hz
Voltage at the input (V) = 250V
Tolerable DC Bus Ripple Voltage (𝛥𝛥𝛥𝛥) = 12.5V
The DC link capacitor value is determined to be approximately 821uF.
The board was initially populated with no issues (Figure 55). It was discovered
later, however, that the capacitors of the required 2200uF readily available were not rated
for the required 250VDC and instead for rated for a maximum of 50V. In order to resolve
this, larger capacitors of 12,000uF rated for 450V were modified for use in the system.

Figure 55: DC side sensors PCB board, mostly populated
Although these capacitors were much larger in capacitance value, the only factor
affected by this large increase in value is the ripple voltage at the DC side; instead of an
original 2% voltage ripple, the 12,000uF capacitors will provide the system with a 0.45%
ripple voltage at the DC side (Figure 56).
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Figure 56: 12000uF DC link capacitors, each rated for 450V
In the end, however, due to the size of the capacitors and the limited space in the
system enclosure, the capacitors were not utilized. The lack of DC link capacitors did not
negatively affect performance, as the DC source provided a stable, constant, voltage
amount to the system.
Although no performance issues were encountered when populating and testing
the DC sensor PCB board, there is room for improvement in future revisions of the PCB
design. The distance between the current sensor and the inverter-side terminal block may
be increased farther to allow for easier installation of the inverter hot and neutral wires.
The terminal blocks can also be replaced in order to accommodate the gauge of wire
used.
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6.4.2 AC Side Sensors
The PCB schematic (Figure 57), 2D model (Figure 58), and 3D model (Figure 59)
images of the AC side sensing PCB can be seen below.

Figure 57: Schematic of the AC sensors PCB board
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Figure 58: 2D model image of the AC sensors PCB board
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Figure 59: 3D model image of the AC sensors PCB board

There were no issues encountered when populating the AC side PCB boards
(Figure 60).
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Figure 60: Populated AC sensor PCB board

Although no performance issues were encountered, the layout of components has
a large potential for improvement. The placement of resistors and other components can
be optimized to fit on a smaller surface area comfortably. Just as the DC sensor PCB, the
distance between the current sensor and the inverter-side terminal block may be increased
farther to allow for easier installation of the inverter hot and neutral wires. The terminal
blocks can also be replaced in order to accommodate the gauge of wire used.
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Chapter 7: Case Studies

7.1 Validating the Controllers
Due to the constraints of the project timeline, the prototype designed featured an
open-loop control method. This means that a set of constant repeating PWM signals were
produced by the microcontroller unit and the control of the system did not react to
changes at the load or input.
Future iterations of the project will implement the controller functions and behave
as a closed-loop system.
7.2 Sensitivity of Filter Values
Due to the variety of component values readily available, the filter constructed for
the experimental prototype of the system was not identical to the designed or simulated
filter. The components, however, were extremely similar to the calculated values; an Li of
10mH replaced the calculated 9mH and an Lg of 1mH replaced the calculated 1mH. The
capacitor used in the filter was a 2.2uF and is extremely close in value to the calculated
2.19uF.
Regardless of these substitutions, the filter performed well in experimental tests.
Figure 61 shows the unfiltered output of the inverter when a 20VDC voltage is applied at
the input. After the LCL filter is used on the signal, clear distinct balanced sinusoidal can
be seen at the output (Figure 62).
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Figure 61: Unfiltered voltage output of the system when a 20VDC source is supplied
(no load applied)

Figure 62: Filtered voltage output of the system when a 20VDC source is supplied
(no load applied)
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Also evident in the above figures is the frequency of the output waveform; the
system produces three balanced sinusoidal waveforms at a frequency of approximately
60Hz, which is the target output frequency of the system.
For the purpose of load testing, the DC side voltage was reduced to approximately
15VDC (Figure 63). This was done as a preemptive safety measure because of the
inductors and the uncertainty regarding their current rating. The filter performs just as
well when a load is applied at the output of the system. When a three-phase load
consisting of three 100Ω resistors in a wye configuration was applied, a voltage drop was
observed at the output, but the waveforms remained distinct, well-shaped sinusoidal
signals (Figure 64).

Figure 63: Filtered voltage output of the system when a ~15VDC source is supplied
(no load applied)
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Figure 64: Filtered voltage output of the system when a ~15VDC source is supplied
(three-phase load applied)
The current waveforms (Figure 65), however, are slightly out of phase by
approximately 45 degrees, which is not expected, nor desired. This may be due to the
inductor components used in the output LCL filter, as they are not designed for this
specific application and may have difficulty with handling the AC current supplied by the
inverter. The current waveforms are balanced and identical, except for the phase shift,
and the results are acceptable.
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Figure 65: Filtered current output of the system when a ~15VDC source is supplied
(three-phase load applied)
7.3 Sensitivity of Sensors
The sensitivity and accuracy of both AC and DC sensing boards was tested using
a range of voltage and current values. The boards were tested to ensure that the circuit
was performing as designed, producing the specified voltage level at the pin intended for
the microcontroller and handling voltage and current values the system would encounter
under nominal conditions.
Due to the hardware constraints, voltage testing was limited to 60VDC. However,
the relationship between measured voltage and signal read by the microcontroller is
linear, so the tests conducted at this level, as well as lower voltages, will be sufficient in
verifying the performance of the sensing circuits.
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7.3.1 DC Sensing Circuit
Using a variety of input voltages, between 0VDC and 31VDC, the performance of
the DC sensing was verified. Initially, the performance of individual components, such as
the current and voltage transducers, low voltage regulator, and the power supply, were
verified.
Afterwards, the circuit was connected in an open loop manner, with no load and
no current flow through the board (Figure 66). This allowed for the testing of the voltage
sensing function of the board.

Figure 66: Voltage sensor testing of the DC side sensing circuit
The following data was obtained using the set-up described above:
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Table 1: Voltage_Measured pin output of the DC sensing board for various input
DC voltages
V_DC in
17.26V
20.1V
9.66V
2.23V
4.71V

V_measured at microcontroller
pin
136.5mV
162.5mV
73.9mV
13.2mV
34.6mV

Figure
Figure C2
Figure C3
Figure C4
N/A
Figure C5

The data obtained during experimental testing correlates well to the design
calculations. According to the data obtained above, for a DC voltage of 250V, the
microcontroller will receive a signal of 2.02V. Under the same input DC voltage, the
microcontroller should receive 2.13V according to the design specifications. This means
there exists a small error of approximately 5% in the physical design, which is in the
range of the tolerance value of the resistors utilized (5%). The microcontroller will be
calibrated based upon these experimental test values in order to obtain the most accurate
readings.
For the testing of the current sensing function of the DC side sensor PCB, a highpower resistor of 4.2Ω was connected to the board (Figure 67). This allowed for the
testing of currents between 0A and 2.23A. The nominal current of 4A was not used as a
testing sample due to safety limitations of the lab.
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Figure 67: Current sensor testing of the DC side sensing circuit
Table 2: Current_Measured pin output of the DC sensing board for various input
DC voltages with a load of 4.2Ω
V_DC in
4.77V
8.93V
2.23V
6.82V
4.71V

Current through
the board
1.136A
2.126A
0.531A
1.624A
1.121A

V_measured at
microcontroller pin
594mV
1.1V
285mV
844mV
587mV

Figure
N/A
N/A
N/A
Figure C6
Figure C5

The data obtained from experimental testing correlates well to the design
calculations. According to the data obtained above, for a DC current of 4A, the
microcontroller will receive a signal of 2.07V. Under the same input DC current, the
microcontroller should receive 2.04V according to the design specifications. This means
there exists a very small error of approximately 1.5% in the physical design, which is
well in the range of the tolerance value of the resistors utilized (5%). The microcontroller
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will be calibrated based upon these experimental test values in order to obtain the most
accurate readings.

7.3.2 AC Sensing Circuit
The same procedure for testing was utilized for the AC circuit. In addition to
stable positive DC voltages and currents, negative voltage and currents were applied to
the circuit to test the voltage shift performance, ensuring that the positive voltage outputs
within the range of 0V - 3.3V will always be provided to the microcontroller.

Figure 68: Voltage sensor testing of the AC side sensing circuit
Using the identical testing method for the DC side voltage sensing circuit, the
following data was obtained for the AC side voltage sensing circuit.
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Table 3: Voltage_Measured pin output of the AC sensing board for various input
DC voltages
V_DC in
0V
10V
20V
-10V
-20.1V
-15V

V_measured at microcontroller
pin
1.613V
1.699V
1.784V
1.528V
1.442V
1.485V

Figure
Figure C8
N/A
Figure C11
Figure C7
Figure C10
Figure C9

The data obtained during experimental testing correlates well to the design
calculations. According to the data obtained above, for a voltage of 120V, the
microcontroller will receive a signal of 2.64V. Under the same input voltage, the
microcontroller should receive approximately 3V according to the design specifications.
This means there exists an error of approximately 21% in the physical design, which is
beyond the range of the tolerance value of the resistors utilized (5%).
Although the error of this sensing circuit is significant, the circuits have been
designed to carry a tolerance of approximately 22% to account for unforeseen issues or
sudden spikes in current. This means that all the components and PCB board are capable
of handling the voltage and current of the system, even when accounting for this design
error. The microcontroller will be calibrated based upon these experimental test values in
order to obtain the most accurate readings.

Similarly, the AC side current sensor was verified using the same process as the
DC side ac sensor, by using a 4.2Ω high power resistor.
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Table 4: Current_Measured pin output of the AC sensing board for various input
DC voltages with a load of 4.2Ω
V_DC in
4V
4.39V
2V
0V

Current through
the board
0.917A
1A
0.459A
0A

V_measured at
microcontroller pin
2.08V
2.12V
1.85V
1.624V

Figure
Figure C12
N/A
Figure C13
Figure C8

The data obtained from experimental testing correlates well to the design
calculations. According to the data obtained above, for a current of 2.778A, the
microcontroller will receive a signal of 3.02V. Under the same input current, the
microcontroller should receive 3.01V according to the design specifications. This means
there exists a very small error of approximately less than 1% in the physical design,
which is well in the range of the tolerance value of the resistors utilized (5%). The
microcontroller will be calibrated based upon these experimental test values in order to
obtain the most accurate readings.
Due to the nature of the AC signals, the AC sensing circuits must be able to
perform well against rapidly alternating waveforms and accurately report voltage and
current measurements of such waveforms to the microcontroller. To verify the AC
sensing boards are capable of performing under such circumstances, a function generator
was used to generate a 60Hz waveform of varying amplitudes. No load was applied and
thus no current was generated; only voltage was measured during this test. The following
data was obtained from these tests:
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Table 5: Voltage_Measured pin output of the AC sensing board for various input
sinusoidal alternating voltages
VPk-Pk

Frequency

V_measured at
microcontroller pin

Figure

10V

60Hz

1.52V < x < 1.74V

Figure C14

5V

60Hz

1.56V < x < 1.70V

Figure C15

These readings verify that the AC voltage sensing function performs well when a
sinusoidal 60Hz waveform is applied at the input. Just as the previous AC voltage
sensing tests, there exists a 20% error when compared to the design specifications.
Similarly, this issue may easily be resolved with easily by modifying the microcontroller
program to account for the different measurement scaling.
7.4 Efficiency of the System
Although the control algorithm used in the prototype of the system did not utilize
feedback and was not optimized for the application, a high overall efficiency is expected
due to the SiC switches and low impendence components used throughout the load
bearing portions of the system. When a steady DC source voltage of 60VDC is applied at
the input of the system, three distinct balanced sinusoidal waveforms, each with a
magnitude of 21Vrms, are observed at the output (Figure 69).
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Figure 69: Three phase output of the system when 60VDC is applied at the input
Assuming ideal conditions, the peak voltage seen at each phase of the output is:
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑉𝑉𝐷𝐷𝐷𝐷
2

(23)

Using equation (23), under ideal conditions and assuming no losses, a peak
voltage of 30V should be observed at each phase of the output of the system. Using
equation (24), the measured RMS seen in Figure 69 is converted into a peak voltage
value.
𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 ∗ √2

(24)

This results in a peak output voltage of approximately 29.7V at each phase. Using
these values, a loss of 1% is calculated, which can be contributed to the highly efficient
switching mechanisms of the SiC switching module. Considering the various components
and connections made throughout the system, this low amount of loss is acceptable.
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Chapter 8: Conclusion
The system performed very well during experimental testing. A set of three,
balanced, sinusoidal voltage waveforms were recorded at the filter output of the system,
both during loading and no loading, with a voltage loss of 1% when no load is applied.
Figure 70 shows the completed system placed in the enclosure.

Figure 70: Completed system placed in the enclosure
Although the tested system was open-loop in nature, this project lays the
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foundation for future iterations implementing a closed-loop method. Future
improvements also include revisions to the sensing PCB boards to optimize the surface
area, the use of alternate terminal blocks to ease better secure wires and connections, the
use of inductors rated appropriately for the current draw at the output, and the purchase of
compact DC link capacitors to place inside the enclosure.
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Appendix A
Filter Design Calculations

Figure A1: LCL filter architecture
Using the following equations, values of the filter components were calculated:
𝐿𝐿𝑖𝑖 =

𝑉𝑉𝐷𝐷𝐷𝐷

(25)

%𝑥𝑥∗ 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(26)

8∗ 𝑓𝑓𝑠𝑠𝑠𝑠 ∗ 𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∗%𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶𝑓𝑓 =

2
2∗ 𝜋𝜋∗ 𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

1

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �1+𝑟𝑟∗(1− 𝐿𝐿 ∗ 𝐶𝐶
𝑖𝑖

𝑓𝑓 ∗(2∗𝜋𝜋∗𝑓𝑓𝑠𝑠𝑠𝑠 ∗𝑥𝑥)

𝐿𝐿𝑔𝑔 = 𝑟𝑟 ∗ 𝐿𝐿𝑖𝑖

Specified values of the system:
DC side voltage (VDC) = 250V
Switching frequency (fsw) = 9,000Hz
Ripple voltage at the output (%ripple) = 12%
Frequency of the grid voltage (fgrid) = 60Hz

� ∗ 100

(27)
(28)
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Peak current provided to the grid (Igrid_rated) =
Voltage of the grid (Vgrid) = 120VAC

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
3∗𝑉𝑉3𝜃𝜃

∗ √2 =

1000

3∗120

∗ √2 = 3.93𝐴𝐴

Amount of reactive power present at the output (%x) = 1%

Using these values and the equations above, the following component values are
calculated:
Li = 9.004 mH
Cf = 2.19 uF
Lg = 0.94 mH
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Appendix B
Voltage and Current Sensing Circuit Calculations
Miscellaneous Information
•

Microcontroller Unit
For this project, the Texas Instruments TMS320F28069M C2000 Picollo

microcontroller. This specific MCU model features a 32-bit MCU with 90 MHz clock
frequency, which allows for accurate, reliable, low latency PWM control [34].

Figure B1: TI C2000 MCU system interface block diagram
The C2000 platform features a variety of analog peripherals, such as Analog to
Digital Conversion (ADC), Digital to Analog Conversion (DAC), programmable gain
amplifiers, comparators, sigma-delta filters, and high-resolution signal capture. Features
valuable to this project include the following:
•

Up to 12.5 mega-samples-per-second (MSPS) conversion rates

•

12-bit to 16-bit sampling resolutions

•

Responsive protection

•

Comparator tied directly to PWM for asynchronous PWM trip

•

High speed, 30ns comparator outputs
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•

Digital interfacing
Using the MCU’s efficient processing unit and these features, a variety of

electronics can be controlled in a closed loop, responsive matter. Figure B1 is a block
diagram showing the real-time control of power electronics using the C2000 MCU.

Figure B2:TI C2000 MCU control process block diagram
The C2000 features a variety of pins onboard for data input and signal output
(Figure B3 and Figure B4)
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Figure B3: TI C2000 board overview

Figure B4: TI C2000 board pin map
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Using the Analog In pins, the C2000 microcontroller is able to accept data in the
form of voltage signals within the range of 0 – 3.3VDC. In order to gather the most
optimal measuring resolution and accuracy, the nominal sensor output voltage should be
in the middle of this range, which is 1.65V.
For example: The nominal system current on the DC side is 4A. The sensor
circuit will be designed so that the voltage read by the microcontroller at IDC = 4A will be
1.65V.
This will give adequate resolution and accuracy, providing the microcontroller the
ability to detect voltage and current measurements whether they are lower than nominal,
nominal, or higher than nominal.
•

Buffer Stage
A buffer stage is implemented into the designed sensing circuits. This stage

consists of a unity gain operational amplifier circuit, that is present to reduce noise and
ensure signals delivered to the microcontroller are consistent and reliable. The circuit
utilizes the TI LM324 chip, which consists of four independent, high-gain, internally
frequency compensated operational amplifiers designed to operate from a single power
supply over a wide range of voltages Figure B5 [32].

Figure B5: TI LM234 pin configuration
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An operational amplifier in the unity gain configuration can be seen below in
Figure B6.

Figure B6: Schematic of an operational amplifier in unifying gain configuration
•

Low Voltage Regulator
The Ablic S-812C Series voltage regulator IC is used to supply the LM324 chip

with a steady and reliable 4.5VDC. The voltage output of this chip series can be limited
to a value between 2VDC and 16VDC, but the specific model selected (S-812C45AYB2-U) outputs a voltage of 4.5V when provided with the 15V of the source. The design
schematic of this voltage regulator can be seen in Figure B7 [33].

Figure B7: S812CxxB series low voltage regulator design schematic
•

Standard Value (of the resistor)
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The resistor value is calculated based on the specified voltage and current value of
the circuit. Unfortunately, the resistors available commercially are not the exact
calculated values. The standard value refers to the resistor value available readily in the
laboratory supply room at Penn State Harrisburg closest to this calculated value.
Calculations are then performed again to determine the voltage value at the
nominal sensed current/voltage of the system. The standard resistor value is also used to
determine the power rating required for the resistor.
Voltage Sensing Circuit
For the voltage sensing circuits, the LV-25 voltage transducer was used Figure B8
[34]. This allowed for the voltage to be stepped to a value readable by the TI C2000
MCU.
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Figure B8: Schematic of the LV 25-P voltage transducer
The characteristics of importance for the design of the sensing circuit, however,
are the following:
Iin : Iout = 10 : 25
Iout_nominal = 25 mA
Resistance of primary winding = 250 ohms
Resistance of secondary winding = 110 ohms
Although the internal resistance values of the transducer are significant to the
calculated resistor values, the internal resistances can be assumed negligible since the
transducer will behave as a current source at its output and produce current proportional
to its input regardless of the internal resistance of the windings.
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AC Side
Figure B9 below shows the design of the voltage sensing circuit on the AC side.

Figure B9: Schematic of the AC voltage sensing circuit
Using the equations mentioned before, the following calculations are performed
to determine the required resistor values:
•

To determine Ra and Rb:
𝑉𝑉𝑉𝑉 =

𝑅𝑅𝑅𝑅
∗ 15𝑉𝑉
𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅

In order to shift upwards the sensor output voltage by +1.65V, a voltage Vb =
1.65V must be added.

1.65𝑉𝑉 =

𝑅𝑅𝑅𝑅
∗ 15𝑉𝑉
𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅

0.89 ∗ 𝑅𝑅𝑅𝑅 = 0.11 ∗ 𝑅𝑅𝑅𝑅
•

∴ Ra = 130 kΩ; Rb = 16 kΩ

To determine R1:
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Using Ohm’s Law:
Im *R1 = VDC
10 mA * R1 = 120 V
∴ R1 = 12 kΩ

Standard value = 12 KΩ
•

To determine Rs:
Im = 10 mA
Is = (25 / 10) * 10 mA (Using the specified ratio of the sensor)
Is = 25 mA

Chosen Vs = 1.5 V
Using Ohm’s Law (2):
Vs = Is * Rs
Rs = 1.5 V / 25 mA
∴ Rs = 60 Ω

Standard Value = 56 Ω

Actual Voltage = Is * Rs = 25 mA * 56 Ω= 1.4 V
Power rating of resistor = 25 mA * 1.4 V = 35 mW
Power rating with safety factor = 35 * 4 = 140 mW
•

To determine Rx:
Rx can be of any value, as long as all resistors denoted by Rx are of equal value. For
this component, the value 100 kΩ was chosen.
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DC Side
Figure B10 below shows the design of the voltage sensing circuit on the DC side.

Figure B10: Schematic of the DC voltage sensing circuit
The following information is critical in calculating the R1 and Rs resistor values
for this circuit:
Nominal DC Link Capacitor voltage (VDC) = 250 VDC
Im = 10 mA
Im : Is = 10 : 25
Using the equations mentioned before, the following calculations are performed to
determine the required resistor values:
•

To determine R1:
Using Ohm’s Law:
Im *R1 = VDC
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10 mA * R1 = 250 V
∴ R1 = 25 kΩ

Standard value = 24 kΩ

Im_new = 250 VDC / 24 KΩ = 10.416666 mA
Power rating of resistor = 10.416666 mA * 25 V = 260.41665 mW
Power rating with a safety factor of 4= 260.41665 * 4 = 1.04166 W
•

To determine Rs:
Im_new = 10.4166666 mA
Is = (25 / 10) * 10.416666 mA (Using the specified ratio of the sensor)
Is = 26.0416 mA

Chosen Vs = 2 V
Using Ohm’s Law (2):
Vs = Is * Rs
Rs = 2 V / 26.0416 mA
∴ RS = 76.8 Ω

Standard Value = 82 Ω

Actual Voltage = Is * Rs = 26.0416 mA * 82 ohms = 2.135 V
Power rating of resistor = 26.0416 mA * 2.135 V = 55.61 mW
Power rating with a safety factor of 4= 55.61 * 4 = 222.44 mW
Current Sensing Circuit
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To design the current sensing circuit, a current transducer, the LEM USA Inc. LA
55-P, was used (Figure B11) [34]. This current transducer allowed for unobtrusive
current measurement at the input and output of the power inverter.

Figure B11: Schematic of the LV 55-A Current Transducer

The characteristics of importance for the design of the sensing circuit, however,
are the following:
Iin : Iout = 1000 : 1
Iout_nominal = 10 mA
Resistance of primary winding = 50 – 160 ohms
Resistance of secondary winding = 80 ohms
Although the internal resistance values of the transducer are significant to the
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calculated resistor values, the internal resistances can be assumed negligible since the
transducer will behave as a current source at its output and produce current proportional
to its input regardless of the internal resistance of the windings.
AC Side
Figure B12 below shows the design of the current sensing circuit on the AC side.

Figure B12: Schematic of the AC current sensing circuit

•

To determine Ra and Rb:
𝑉𝑉𝑉𝑉 =

𝑅𝑅𝑎𝑎
∗ 15𝑉𝑉
𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅

In order to shift upwards the sensor output voltage by +1.65V, a voltage Vb =
1.65V must be added.

1.65𝑉𝑉 =

𝑅𝑅𝑅𝑅
∗ 15𝑉𝑉
𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅
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0.89 ∗ 𝑅𝑅𝑅𝑅 = 0.11 ∗ 𝑅𝑅𝑅𝑅
•

∴ Ra = 130 kΩ; Rb = 16 kΩ

To determine Rs:

V1p = 120 V rms
P = 3 * V1p * I1p
1000 W = 3 * 120 V * I1p
I1p = 2.778 A rms

Nominal primary current (Im) = I1p
Im = 2.778 A
Chosen nominal voltage reading (Vs) = 1.41666 V

Using Ohm’s Law:
Rs = Vs / Is
Rs = 1.41666 V / 2.778 mA = 510 Ω
∴ Standard value of Rs= 510 Ω
Power rating of resistor = 2.778 mA * 1.4166 V = 3.935 mW
Power rating with safety factor of 4= 3.935 mW * 4 = 15.74 mW

DC Side
Figure B13 below shows the design of the current sensing circuit on the DC side.
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Figure B13: Schematic of the DC current sensing circuit
Power (P) = 1 KW
Nominal DC voltage (VDC) = 250 V
Nominal DC current (IDC) = P / VDC = 1000 W/ 250 V = 4 A

Nominal primary current (Im) = IDC = 4 A
Nominal secondary current (Is)= 4 mA
Nominal voltage reading (Vs) = 2 V
•

To determine Rs:
Using Ohm’s Law:
Rs = Vs / Is
Rs = 2 V / 4 mA
∴ Rs = 500 Ω

Standard value of Rs= 510 Ω
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Using this standard value:
Actual Vs = 510 ohms * 4 mA = 2.04 V
Power rating of resistor = 4 mA * 2.04 V = 8.16 mw
Power rating with safety factor = 8.16 mW * 4 = 32.64 mW
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Appendix C
Additional Figures

Figure C1: MATLAB generated plot showing the successful tracking of the reactive
current component

Figure C2: Voltage measured at the output voltage pin (blue) of the DC sensing
board when a voltage of 17.26V is applied at the input
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Figure C3: Voltage measured at the output voltage pin (blue) of the DC sensing
board when a voltage of 20.1V is applied at the input

Figure C4: Voltage measured at the output voltage pin (blue) of the DC sensing
board when a voltage of 9.66V is applied at the input
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Figure C5: Voltage measured at the output current pin (yellow) and the output
voltage pin (blue) of the DC sensing board when a voltage of 4.71V is applied at the
input with a 4.2Ω ohm connected

Figure C6: Voltage measured at the output current pin (yellow) and the output
voltage pin (blue) of the DC sensing board when a voltage of 6.82V is applied at the
input with a 4.2Ω ohm connected
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Figure C7: Voltage measured at the output voltage pin (blue) of the AC sensing
board when a voltage of -10V is applied at the input

Figure C8: Voltage measured at the output current pin (yellow) and output voltage
pin (blue) of the AC sensing board when a voltage of 0V is applied at the input
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Figure C9: Voltage measured at the output voltage pin (blue) of the AC sensing
board when a voltage of -15V is applied at the input

Figure C10: Voltage measured at the output current pin (yellow) and output voltage
pin (blue) of the AC sensing board when a voltage of -20.1V is applied at the input
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Figure C11: Voltage measured at the output voltage pin (blue) of the AC sensing
board when a voltage of 20V is applied at the input

Figure C12: Voltage measured at the output current pin (yellow) and the output
voltage pin (blue) of the AC sensing board when a voltage of 4V is applied at the
input with a 4.2Ω ohm connected
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Figure C13: Voltage measured at the output current pin (yellow) and the output
voltage pin (blue) of the AC sensing board when a voltage of 2V is applied at the
input with a 4.2Ω ohm connected

Figure C14: Voltage measured at the output voltage pin (yellow) of the AC sensing
when a sine waveform of amplitude 10V and 60Hz (blue) is applied (no load)
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Figure C15: Voltage measured at the output voltage pin (yellow) of the AC sensing
when a sine waveform of amplitude 5V and 60Hz (blue) is applied (no load)
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Appendix D
Microcontroller Code
Execution Code
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Figure D1: Code used to generate the SPWM waveforms
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Initialization Code
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Figure D2: Code used to initialize the program and variable it contains
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Appendix D
MATLAB MPPT Algorithm
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Figure E1: MATLAB MPPPT algorithm
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