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ABSTRACT

The PV inverters used to integrate the utility grid-connected with PV power systems
are typically produced using silicon insulated gate bipolar transistors (Si. IGBT). The
efficiency of Traditional PV Inverter (TPVI) can be enhanced by substituting the
current Si IGBT switches with silicon Carbide insulated-gate bipolar transistor (SiC.
IGBT), due to the physical limitations of of silicon transistors. With the conducted
experimental testing, the primary objective of this study was to show that an increase
in efficiency was achievable when SiC-IGBTs were employed in TPVI systems. A
secondary objective was to provide international rules and grid synchronization with
PV systems. In this paper, two experimental setups were explored for this aim., double
pulse test (DPT) using SiC.IGBT and Si.IGBT and TPVI based Si-IGBT. The DPT
and TPVI were developed and created in order to compare both switches. The TPVI
based on SiC.IGBT will be tested in the next study. The turning on and turning off
processes were investigated, and the findings were given. Experimentally,
silicon.IGBT efficiency in the DPT measured at 77%, whereas SiC.IGBT efficiency in
DPT was increased to 95%. The TPVI system based on Si-IGBT is 86% efficient. The
increase in efficiency that would result from employing SiC-IGBTs in TPVI.

Keywords: silicon Photovoltaic inverters; SiC.IGBT; Si.IGBT; high-speed switching;

International regulations.
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1. Introduction
Traditional silicon Photovoltaic inverter (TPVI) are used to connect with electrical grid to supply

the required electricity. The main disadvantage of silicon switches is their lower switching



frequency which results in an increase in the volume, weight, and passive components [1]. The
Si.LIGBTSs is an appropriate transistor for high power applications because it combines the high
input impedance of a MOSFET with the high current density of a bipolar device [2,3]. Due to its
acceptable weight, faster switching rates, and lower voltage drop, SiC. IGBT devices can replace
Si-IGBT devices in order to increase the effectiveness of the new TPVI[4-6]. The first goal of this
study was to show that an increase in efficiency could result in the case of using silicon carbide
insulated gate bipolar transistor (SiC.IGBTs) in TPVI systems with the actualized experimental
tests while the second goal was international regulations and grid synchronization with PV will be
presented. The PV inverter need to disconnect from the grid in case of abnormal grid conditions in
terms of voltage deviations and frequency deviations. In several articles, the flipping properties of
SiC transistors and those of their Si counterparts were compared.

Several papers compared the SiC transistors and their Si counterparts. According to Kadavelugu
and Wang [7,8], the SiC material's bigger band gap, stronger breakdown field, and greater
temperature stability are the reasons why the SiC-IGBT behaves quite differently from the Si-
IGBT. According to [9]. Due to their smaller drift area, SiC.IGBTs have a lower equivalent on
resistance than Si.IGBTSs at the same rated voltage. Previous research has shown that compared to
equivalent Si.IGBT transistors, SiC.IGBT power devices may perform better performance.
However, a survey of the literature showed that SiC.IGBT was not applied to TPVIs.

The double-pulse test (DPT) using Si-IGBT and SiC-IGBT will be used and explored in this article;
the TPVI-based Si-IGBT will be used and investigated in the this article while the TPVI-based
SIC-IGBT will investigated in the next article. The evaluation of two experimental systems was
provided. A DPT system based on Si.IGBT and SiC.IGBT was developed for the initial experiment.
A TPVI using Si.IGBT switches was developed for the second trial. SIC.IGBT and Si.IGBT device
characteristics were compared and studied under RL loads. The effects of turning on and turning
off are measured and explained in more detail. Experimentally, the Si.IGBT with a DPT had an
efficiency of 77%, whereas the DPT with a SiC.IGBT had an efficiency of up to 95%. The Si.IGBT-
based TPVI system has an 86% efficiency. The experiments ' findings showed that the SiC.IGBT
had a lower loss than the Si.IGBT and a faster switching speed. In order to choose the type of IGBT



modules in line with the requirements of the TPVI application, the suitable technical basis has to
be built.
The rest of the text is structured as follows: Grid requirements for PV, grid synchronization, and
islanding detection are discussed in Section 2. Section 3 presents the inverters' design and design
considerations. Section 4 displays the test systems and experimental circuits. The final two sections
are the debate in Section 5 and the conclusion in Section 6.

2 . PV inverter Topology

The PV inverter, which is an main component of grid-connected PV power systems, transforms
the DC power produced by PV panels into grid-synchronized AC electricity. Figure 1 shows the
topology of PV inverter. It could be challenging to increase the efficiency with this technology. In
this study, a highly efficient microcontroller control circuit was used to create the PWM signals.
These signals will control the IGBTSs' switching behavior during the conversion of direct current
(DC) to alternate current(AC) as pure signals [10,11]. The control mechanism of the TPVI system
used temperature and current sensors (ACS712) to each phase leg.
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Figure 1. PV inverter Topology[12].

2.1. Grid Requirements for PV circuit.



Grid disconnection can occur as a result of a local equipment failure detected by ground fault
protection. When there are abnormal voltage and frequency conditions on the grid, the PV inverters
must be disconnected. As shown in table 1 the required disconnection time for VDE 0126-1-1 is
much shorter (0.2 sec.).The fast voltage monitoring is thus required and the time delay in IEC
61727 is an extra measure to ensure resynchronization before reconnection in order to avoid
possible damage. The grid specifications are important requirement that has a significant influence

on the design and functionality of the PV inverter[12]. Table 1 shows the international grid

regulations.

Table .1 International Regulations [12].

Descriptions

Name

IEEE 1547 Interconnection of

Distributed Generation

*Focuses on all types PV systems up to 10 MW.
* Focuses on the technical specifications and testing.
* There are general specifications, responses to abnormal conditions,

power quality, islanding, and test specifications.

IEC 61727 Characteristics of
Utility Interface

*Specifies the conditions for connecting PV systems to the utility
distribution grid.
* Applicable to PV power systems with utility connections that run in

parallel with the utility grid to convert DC to AC.

VDE 0126-1-1 Safety

* The PV inverter will automatically be disconnected from the grid in
situations including, fault current, and inadequate earth isolation,.
* Automatic disconnection device between a PV power systems and the

public low-voltage of the utility grid .

IEC 61000 Electromagnetic
Compatibility

*Focuses on limiting the injection of harmonic currents into the public

supply utility grid system.

EN 50160 Public Distribution
Voltage Quality

*Qutlines the main voltage characteristics and their permitted deviation
ranges at the point of common coupling with the customer in public low-

voltage of the utility grid under standard operating conditions

Corresponding standard IEC
61000-3-3

* Limiting flicker and voltage fluctuations is an issue.

* impressed on public low-voltage of the utility grid.

2.2.Grid Synchronization in Power Converters




Monitoring of the utility grid variables is a necessary task to be implemented in the power converter
interfacing PV power systems to the grid. The grid codes state the voltage and frequency
boundaries within which the PV power systems should remain connected to the utility grid while
ensuring stable operation. Hence, the power converter of these PV power systems should accurately
screen the utility grid variables at the point of common coupling (PCC) in order to trip the
disconnection procedure when they go beyond the limits set by the grid codes. Grid monitoring
and grid synchronization are two closely linked concepts. Grid synchronization is a fundamental
issue in the connection of power converters to the utility grid since it allows the grid and the
synchronized power converter to work in unison.

The information about the phase-angle of the grid voltage is necessary to transform the grid
variables from the natural reference frame to the synchronous reference frame, which makes it
possible to deal with DC variables in the regulation of AC voltages or currents supplied to the
utility grid by the power converter. The grid synchronization techniques used in power systems can
be classified into two main groups, namely the frequency-domain and the time-domain detection
methods. The frequency-domain detection methods are usually based on some discrete
implementation of the Fourier analysis. The time-domain detection methods are based on some
kind of adaptive loop such as phase-locked loop (PLL) [12].

2.3. Islanding Detection

The grid-resident methods are based on the communication between the grid and PV inverters and
are completely different from the other inverter-resident techniques. In fact, a transmitter (T) is
installed near the line protection switch and a receiver (R) is positioned in the PCC in the proximity
of the inverter. Under normal conditions of operation a specific frequency signal is sent to the
receiver using the energized power lines. The same goal can be achieved with a dedicated line of
communication. This method is very good for islanding detection because it is independent from
power flows. The evolution of grid resident methods could be done using a supervisory control and
data acquisition system (SCADA) even if the penetration of this communication systems in the low

voltage distribution grid is limited to smart metering [13].

3. Considerations and design



In this chapter, the key practical considerations for setting up an inverter lab setup and

design of gate drivers are shown below:

3.1. Gate Driver Requirements

To simultaneously control the top and bottom transistors, the gate driver circuit board

uses two different gate drivers. The gate drive's design considerations have been previously
documented [14]. Through the IGBT drivers, the snubber capacitor's extremely quick
charge/discharge switching rate will control the gates for the transistors. The top and lower gate
drivers of the actual built circuit are shown in Figure 2. The input capacitance must thus be charged
with a greater gate current, When the IGBT is off, the same current capability is needed. It is
possible to increase the gate current capacity by reducing the gate resistors for external turn off and
turn on. To obtain a quick and safe turn-off transient, SiC.IGBT need a negative gate to emitter
voltage similar to that seen in Si-IGBTs. A SiC-IGBT driver generally supplies a gate-to-emitter
voltage of +20 V positive and - 5V negative[15]. The power circuit and the control circuit are
isolated from one another using galvanic isolation. The top and bottom transistors in the half bridge

circuit are driven by two different gate drivers[16].

Figure 2.Diagram of implemented circuit gate drive .

4. Experiments



In this section, two experiments are presented. Three Phase PV Inverter (TPVI) and Double
Pulse Test (DPT) were the two experiments, respectively. The processes for turning on and off the
two IGBT switches were evaluated under RL loads, and the findings were presented.

4.1. Double Pulse Test Experiment

In this part, two experiments are performed. In the first experiment, Si-IGBT switches based on
the DPT were evaluated, and in the second experiment, SiC.IGBTs based on the DPT were also
evaluated. Utilizing a single Si.IGBT (CM150DY-24A) and a single SiC IGBT (SK25GHO063)
switch, experimental monitoring of the switch-on and switch off waveforms of the upper and lower
switch has been conducted under RL load (R = 42 ohm, L = 290 uH).Use the DPT to study Si-
IGBT and SiC-IGBT hard-switching transient that turns on the upper transistor on higher side
(rising edge) and turns off lower transistor on the lower side (falling edge). The top switch will be
activated with a positive gate voltage and charge a current through the load during the initial pulse,
whereas the bottom switch will be deactivated with a negative gate voltage [17]. Figure 3 shows

the circuit used to create the both switches.
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Figure 3 (a). Double-Pulse Test Arrangement




Figure 3(b). Implemented Circuit for SiC-IGBT Switches

4.1.1. Switching Characteristics and Switching Losses

At 100 Volt DC input voltages, a DPT was utilized to analyze the turn on characteristics of the
SIC.IGBT and Si.IGBT In order to achieve the quickest switching, the original external gate
resistances were utilized. In each experiment, the gate terminals of both switches had positive bias
voltages of +15 V and negative bias voltages of -5 V. The switching losses of both transistors can
be calculated using the oscilloscope's integration feature. Figure 4 shows the characteristics of the
Si.IGBT experiment during turn off and turn on, whereas Figure 5 shows the characteristics of the
SIC.IGBT experiment during turn off and turn on. Due to stray inductance in the test circuit, the
turn off transient happened very quickly, causing a considerable voltage overshoot and prolonged
ringing. It was also evident that raising the collector current caused the voltage to ring and
overshoot. Table 2 shows the values for the Si.IGBT and SiC.IGBT turn on and turn off

value.



Table 2. DPT experiment comparison of Si.IGBT and SiC.IGBT turn off and turn on times

Turn off and Turn on SiC.IGBT Si.IGBT Load
Input Voltage Input Voltage RL-Loads
(100 Volts) (100 Volts)
Voltage Fall time 58 3ns 657 ns 3.8A
Voltage Rise time 89 ns 396 ns 3.8A

-Rise Tine Fall Tinmne
. 850 .0ns 647 .bns

40 . 00U
39 .80V

209 . 200us M 2.00us 4 Chi S . 600U

Figure 5. Switching waveforms (SiC-IGBT- DPT experiment)
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4.2. PV Inverter Experiment

This study used a three-phase inverter design to measure a Si.IGBTs modules (1200 V/150 A).
They are made up of gate driver, IGBT fuses (80A), inverter controller (DsPic-30F4011), output
filter capacitor, IGBT switches (CM150DY-24), and gate capacitor. Figure 6 displays the parts of
the TPVI. The TPVI is made up of two stages. A rectifier is used in the first stage as a DC to
provide the required DC power, and an inverter is used in the latter stage. At the same frequency,

it converts DC power to AC. The TPVI requirements are shown in Table 3.
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Figure 6. (b). Three-phase inverter cabinet's electrical equivalent
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Table 3. TPVI Cabinet Specifications.

MODEL Specification
Input voltage 450 VDC (3-phase)
Output voltage 380 VAC (3-phase), stage
Maximum power 10kVA
frequency of input 50 Hz
frequency of Output 50Hz
DC current input 85 A
A DC bus 450vDC
Output transformer transformer for galvanic isolation
Microcontroller DsPIC30F4011 Microprocessor

4.2.1. Switching Characteristics and Switching Losses

This study includes measurements of switching timings, overshoot voltage, overshoot current, with
RL load. A portable multipurpose oscilloscope from MICsig (200 MHZ), a clamp meter from
Hantek (UT201), and a multimeter from Fluke (115 TRUE RMS) were used to analyze the
characteristics of voltage and current. In order to demonstrate the benefits of the Si.IGBTs devices
in terms of high frequency and high efficiency, experimental measurements of the turn off and turn
on waveforms from the top and bottom sides were made. This experiment also measures the
switching durations. Figure 7 displays the voltage rise time (296 ns) and voltage fall time (657 ns),
with respective N-Over Shoot values of 11.5% and 2.2%. Additionally, it shows how switches turn

on and off. The values for the Si.IGBT turn off and turn on values are displayed in Table 4.

Table 4. TPVI experiment comparison of Si.IGBT and SiC.IGBT turn off and turn on times

Turn offand Turn on Si.IGBT Load
Input Voltage RL-Loads
(100 Volts)
Voltage Fall time 657 ns 3.8A
Voltage Rise time 296 ns 3.8A

12
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Figure 7. Three-phase inverter experiment using Si.IGBT transistors.

4.3. Total Switching Power Losses
The switching power losses of a high frequency switching system can be assessed using a three-
phase inverter based on SiC.IGBT and Si.IGBT. It is feasible to analyze the turn on and turn off
transients of a transistor in a three-phase inverter at a specific collector to emitter voltage and
collector current. To calculate the power loss (pr0ss), Multiply the collector current by the
collector to emitter voltage [18].
Power LosS (Prioss)s =ic (£) * Ve (£) .o (4.2)
Where i, is the switching transistor's collector current and v, is the voltage between the collector
and emitter.
4.3.1. Power Losses During Conduction
When a transistor is turned on, conduction power losses occur because of the transistor's on state
collector to emitter resistance. Conduction power losses may be calculated by :

Prcond (£) = Reetony (£) * 12 (£) covvvivricciiciincccecc i, (4.2)

Where Re(ony - Total the collector to emitter on resistance.
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4.3.2. Losses on Switching on Average
When a three-phase inverter component is switched from off to on, switching losses take place.
The collector current and collector to emitter voltage will both be greater than zero and will
momentarily overlap during a switching transient. Power dissipation occurs in the IGBT as a result
of overall power losses that are equal to collector current(i. ) times collector to emitter voltage
(Vo). Switching losses are a result of both transistor turn on and turn off switching. The Three
phase inverter's energy losses Et,, and Er.¢ Can be determined using the oscilloscope's
integration feature. IGBT power dissipation occurs as a result of power 10SS Pross=Vee ™ i -

The total switching power loss (Pr,,) inthe IGBT transistor is:

PTsw:;*fsw(ETon'{'EToff) .................................................................... (43)

4.3.3. Total Power Output
The output power is obtained by multiplying the voltage at the load by the load current.

Juy

\4 iloa
Pout =3* Vload *Iload = 3*m*2—\[}; * 11\/—2(1 ..................................................... (4 . 4)

4.3.4. Total Losses in Power

The total losses of the conduction pulse and switching losses are used to calculate the three phase

inverter's conduction and switching losses.

PT,tOt = PT,COI‘ld +PT,SW ................................................................ (4 . 5)

4.3.5. Overall Losses

The overall losses of a three phase PV inverter, are determined by multiplying the number of
switches by the total of the conduction losses.

4.3.6. Total Effectiveness

The power three phase PV inverter's overall efficiency is calculated by dividing the total power by

the total power pulse.

e O e e et s e e sren (4.7)

n Pout+Pioss
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5. Discussion

The DPT with SiC.IGBT and Si.IGBT is utilized in this work to assess the switching characteristics
while , the TPVI based on Si-IGBT is utilized in this study to assess the switching characteristics.
The effectiveness of their operation under resistive and RL loads was assessed. The DPT based Si-
IGBT's voltage fall time is 657 ns and its voltage rise time is 396 ns, compared to the SiC-IGBT's
voltage fall time and voltage rise time of 58 ns and 89ns, respectively. The TPVI based Si-IGBT's
voltage fall time is 657 ns and its voltage rise time is 296 ns. Consequently. These findings
indicated that SiC.IGBT had a lower switching energy loss , and more larger oscillations , and
switched off more quickly than Si-IGBT modules , It is clear that the SiC-IGBT is significantly
more efficient. Review articles on three phase inverter systems are evaluated in based on
semiconductor transistors and modulation methods. Several of these works used Si.MOSFET [19-
20-21-22].

It was found that SiC-IGBT was not used for three phase PV inverters. Experimentally, DPT based
on Si-IGBT efficiency was 77%, whereas SiC-IGBT efficiency was increased to 95%. The TPVI
system based on Si-IGBT has an 86% efficiency. In this article, TPVI based on Si-IGBT switches
are utilized; however, the following article will use SiC-IGBT switches.

6. Conclusion

In this work, it was demonstrated that employing SiC-IGBTs in TPVI systems might result in an
increase in efficiency through the execution of practical experimental tests. The objective of this
work was to construct and test TPVI that would deliver maximum efficiency with pure sinusoidal
AC power. In order to do this, two different experimental setups were examined.

The Si.IGBT transistors with DPT experiment was evaluated in the first experimental study, and
efficiency findings for the system were obtained, while the SIiC.IGBT transistors with DPT
experiment was developed and constructed for the same experimental study. The TPVI with
Si.IGBTSs switches alone has been developed to assess Si.IGBT performance. The SiC.IGBT with
TPVI switches will be implemented and tested in the next article.

The operational capabilities of SiC.IGBT and Si.IGBT devices were examine and compared by the
developed DPT experimental research. The TPVI system was meant to be utilized with the second

15



experiment system. The operational characteristics of the TPVI based on Si.IGBT modules were
examined. The switching performance and efficiency of Si.IGBT based systems were thoroughly
assessed. Comparing the hard switching behavior of SiC.IGBTs and Si.IGBTSs switches under the
same layout and identical operating conditions. The impacts of switching timings (rise time and
fall time), collector emitter voltage, gate to emitter voltage, positive and negative overshoot, and
switching characteristics were explained in this paper. The SiC.IGBT's voltage fall time was
quicker than the Si.IGBT's, as previously observed in the tables and figures, leading to a shorter
overall switching time. The SiC.IGBT has a faster switching rate and significantly less loss than
the Si.IGBT. The efficiency of SiC.IGBT modules was found to be higher than that of Si.IGBTs
in the DPT. The analysis shows that DPT can be created at 20 kHz with Si.IGBT efficiency of
77%, whereas SiC.IGBT can be made at the same switching frequency with SiC.IGBT efficiency
of 95%. The Si.IGBT-based TPVI system has an 86% efficiency. To increase efficiency, the SiC
transistor could perhaps replace the Si transistor. According to the results of the experimental tests,
it can be seen that SiC.IGBTs may increase efficiency in conventional TPVI systems.
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