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1 System Description

Modern commercial scale solar inverters are seeing innovation on multiple fronts, which lead to smaller, higher
efficiency products in the market:

* The move to higher voltage solar arrays
* Reducing the size of onboard magnetics
* Inclusion of localized power storage requiring bidirectional power stages

By increasing the voltage to 1000-V or 1500-V DC from the array, the current can be reduced to maintain the
same power levels. The reduction in current reduces conduction losses and hence results in higher efficiency.
The reduction in di/dt also reduces the stress on electrical components. However, high DC bus voltages can limit
the choice of power components that can be used as devices with higher voltage withstand capability is needed.

To compensate for the voltage stresses generated by high-voltage solar arrays, new topologies of solar inverters
have been designed. Traditional half bridges block the full input voltage on each switching device. By adding
additional power components, the overall stress on the device can be significantly reduced. This reference
design shows how to implement a three-level ANPC converter that limits the voltage stress on all the power
components to only half the DC bus voltage, allowing use of more abundant and faster power components. This
design also demonstrates the use GaN devices in solar inverters which was not possible with other topologies
due to their limitation of voltage withstand capability.

Additional power density is also being enabled by moving to higher switching speeds in power converters. As
this design shows, a higher switching speed reduces the overall size requirement of the output filter stage—a
primary contributor to the design size.

Though multilevel topologies enable the use of lower voltage switching devices, they come with certain
limitations — the need to drive more switches and need to avoid overvoltage even during abnormal operation.
This design tries to demonstrate how to address all 18 power devices in the power stage with the limited number
of PWMs available from a common MCU and also how to implement hardware based interlocking protections
needed to avoid device overvoltage under all operating conditions without the use of additional components.

Another requirement that is becoming more prevalent for inverter power stages is the need for bidirectional
power transfer. This is important in storage ready inverters where there can be a need for the power from the
grid to be stored in local power storage like a battery. The power conversion stage in an electronic energy
storage system also has the same requirement. The ANPC power stage demonstrated in this design is
inherently capable of bidirectional operation — only software is required for it to operate either as inverter or
power factor controller (PFC). Currently the design is tested in inverter mode operation and the testing in PFC
mode is in progress.

1.1 Key System Specifications
& 1-1. Key System Specifications

PARAMETER SPECIFICATIONS DETAILS
Output power 6.6 kW At 400-V AC output
Output voltage Three-phase 400-V AC
Output frequency 50 or 60 Hz
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# 1-1. Key System Specifications (continued)

PARAMETER SPECIFICATIONS DETAILS
Output current 10 A
Nominal input voltage 800-V DC
600-V to 1000-V DC
Inverter switching frequency 100 kHz
Efficiency 98.5% At 400-V AC output, 60% load
Power density 1.54 kW/L
2 System Overview
2.1 Block Diagram
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B 2-1. Block Diagram

This reference design is built in a modular construction to allow easy replacement of power switching devices to
allow easy comparison between them. The following boards combine to form this three-phase inverter reference
design:

* A mother board, comprising of the LCL filter, sensing electronics, bias power, switching relays and cooling
fans.

« A TMDSCNCD280049C Control Card to support the DSP.

» Six power cards switching at 100kHz containing power switching devices, gate drivers and isolated bias
power supplies. These can be SiC or GaN based.

» Three power cards switching at 100/120Hz containing power switching devices, gate drivers and isolated bias
power supplies. These can be Si or SiC based.

Though the board can accept 12 V bias power from an external power supply, it has provision to add an auxiliary
power supply that can run from the high voltage DC bus.
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2.2 Design Considerations

2.2.1 Three-Phase ANPC Inverter Architecture Overview

The basic architecture of the ANPC topology is shown in [X] 2-2.
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[ 2-2. ANPC Three-Phase Inverter Architecture

To simplify the analysis, a single leg can be separated out as shown in [X] 2-3.
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B 2-3. ANPC Single-Phase Inverter Leg
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As can be seen, there are six switches in each phase. Though there can be various switching schemes to
control this power stage, we selected a relatively simpler scheme to reduce complexity. The upper half of the
circuit consisting of Q1, Q5 and Q2 is active during the positive half cycle and the lower half consisting of Q4, Q6
and Q3 is active during the negative half cycle. Q2 and Q3 are slow switches that connect the inductor to either
the upper high frequency switching pair of Q1 & Q5 or Q4 & Q6 during positive and negative half cycles
respectively. Each of the high frequency switching pairs is operated as a synchronous buck converter during
their corresponding half cycles. The switching scheme is explained in detail in [X] 2-4 and [X] 2-5.
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%] 2-4 and ¥ 2-5 show the operation of the circuit during the positive half cycle of this phase. The components
in red are the ones that are conducting and those in black are the ones that are off. As can be seen Q2 remains
on for the entire half cycle. When Q1 is on, the circuit is in active mode, establishing current flow from V+ to the
inductor as in [%] 2-4. Since both Q1 and Q2 are on, the switching node of the inductor is connected to V+. Now,
the switches Q3 and Q4 together have to withstand the full bus voltage. To avoid unequal distribution of the bus
voltage among these devices (due to unequal device parasitics), Q6 also is kept on so that the central node gets
connected to neutral, dividing the voltage equally between Q3 and Q4. When Q1 and Q6 are turned off together
during the dead-time between the states shown in [X] 2-4 and [X]| 2-5, the inductor current can only flow through
the body diode of Q5 and Q2 (which stays on). During the freewheeling mode shown in [¥] 2-5, Q5 acts as a
synchronous diode, connecting the switching node of the inductor to neutral. Since the switches Q3 and Q4
have only half the bus voltage across them, it is not necessary to keep Q6 on for voltage balancing.
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Similar to the operation during the positive half cycle, X 2-6 and [X] 2-7 illustrate the operation of the ANPC
power stage during the negative half cycle. Q3 remains on for the entire duration of the negative half cycle.

2-6 shows the active mode operation in which the inductor gets connected to V- through Q4 and Q3. Similar
to the operation during positive half cycle, Q5 also is kept on in this active mode operation to balance the voltage
stress between Q1 and Q2. In freewheeling mode shown in [X] 2-7, the inductor current is maintained through Q6
and Q3, connecting the inductor switch node to neutral.

2.2.2 LCL Filter Design

Any system of power transfer with the grid is required to meet certain output specifications for harmonic content.
In many rectifiers, a high-order LCL filter typically provides sufficient harmonic attenuation, along with reducing
the overall design size versus a simpler filter design. However, due to the higher order nature, take some care in
its design to control resonance. [X] 2-8 shows a typical LCL filter.

¥ 2-8. LCL Filter Architecture

One of the key benefits of using SiC or GaN switching devices (as this reference design does) is the ability to
increase the switching frequency of the power stage significantly versus traditional Si-based switching devices.
This increased switching frequency has a direct impact on the filter resonant design of the converter, which
needs to be accounted for. To ensure that the filter is designed correctly around this switching frequency, the
known mathematical model of this type of filter is used in this design.

The primary component is the switch side inductor, or L;,,, which can be derived using = 1:
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L = Vic
inv T X
8 x fSW X Igrid_rated x °/°r|pp|e )

Using the system specifications, the primary inductor value can be calculated:

L 1000 V 417 uH
8 x 100 kHz x 10A x 30% @

An inductor from Wurth Elektronik (750344413) with rated current of 15A having zero bias inductance of 480mH
is used. With the high current bias during the operation, the inductance can reduce by 25% as per the data
sheet. This results in an effective inductance of 360mH at 15 A, which is sufficient to ensure ripple current below
40%.

The sizing of the primary filter capacitor is handled in a similar fashion using =\ 3:

_ 0/oXX(Q
" 2x1 xF

rated

2
x Vgrid 3)

C,

grid

Make some design assumptions to finalize the value of C;, limiting the total reactive power absorbed by the
capacitor to 3.5%. Scaling the total system power by the per phase power results in a primary capacitor value of:

359, x 08 KW

C, = 34oov _ =459 yF
2% T x5OHZ><(j

J3

A standard value capacitor of 4.7uF was selected.

(4)

For the remainder of the filter design, determine the values by defining the attenuation factor between the
allowable ripple in grid inductor and the inverter inductor. This factor needs to be minimized while still
maintaining a stable and cost effective total filter. By assuming an attenuation factor, an r value, which defines
the ratio between the two inductors, is determined using = 5:

L = 1 . x 100
1+r><[1 -L,, xC, x (2>< 1T X fsw) X XJ
®)
Where Cy, is given by:
C
b:_f:4.7|JF:134”F
X% 3.5% (6)

To obtain an attenuation factor of 5%, and using the earlier derived values, the value of r can be evaluated by
rewriting this =\ 5 to be:

1

v 1
r= 5% ~ = 2.85%

1 - 360 yH x 134 yF x (2><1T><100 kHZ) x 3.5%
(7)

The resultant value for Lgq4 is then:
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L =rxL,, =2.85%x360 uH=10.3 uH

grid

(8)
A higher standard value of 15uH was selected to ensure good attenuation.

The filter design can be validated by determining its resonant frequency (Fes)- A good criteria for ensuring a
stable F,¢ is that it is an order of magnitude above the line frequency and less than half the switching frequency.
This criteria avoids issues in the upper and lower harmonic spectrums. The resonant frequency of the filter is
given by ={ 9:

1
\/Lgrid ><I‘inv XCf
I‘grid +Linv

2x T 9)

res

Using the derived filter values, the resonant frequency is:

’
\/15 uH x 360 pH

X
15 pH + 360 pH —19.35 kHz
2x T (10)

4.7 uF

F

res

This value for Fog meets the criteria listed earlier and validates the filter design.

The remaining value to determine is the passive damping that must be added to avoid oscillation. Generally, a
damping resistor at the same relative order of magnitude as the C; impedance at resonance is suitable. This
impedance can be derived using = 11:

Ry = 1
6xmxF _xC, (11)
1
6 x mx19.35 kHz x4.7uF (12)

For the final implementation in hardware, use real values for all of these components based on product
availability and must be chosen to be appropriately close (£10% typically). When final values are determined,
recalculate the resonant frequency to ensure the filter is still stable.

2.2.3 Power switching devices Selection

As shown in the architecture overview, the main switching device needs to support only half the full switching
voltage. To support the 1000-V DC link voltage of this design, we can use 600-V rated devices. The switches Q1,
Q5, Q4 & Q6 are high frequency switching and hence will need to be either GaN or SiC devices. However, the
switches Q2 & Q3 are only switching at 100/120Hz and hence can use Si MOSFETs.

Conduction loss is mainly determined by the Rps o, of the SiC/GaN MOSFET and the Rpg o, of the Si MOSFET.
At any instance, there are two devices conducting at the same time (one each of the SiC/GaN device and the Si
device). So the Rpg on Of these should be selected based on the conduction loss that can be allowed on them.

Switching loss is a function of the switching frequency and switching energy of each switching element; the
switching energy being related to the device current and voltage at the switching transient. Using the switching
energy curve in the data sheet, the total switching loss can be estimated. Note that in inverter configuration, only
Q1 or Q4 experience switching loss, as Q5 & Q6 work as synchronous switches only and hence experience zero
voltage switching. However, since Q5 and Q6 body diodes conduct during dead-time, they can have forward
drop loss and reverse recovery loss. However, TI's GaN devices do not have reverse recovery loss at all and
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SiC devices have only negligible reverse recovery. Q2 & Q3 switch only at a very low frequency and hence their
switching loss can be neglected.

The conduction loss and switching loss can be estimated for all the devices and efficiency can be estimated as
explained. With the thermal impedance information of the thermal system design, the proper device rating can
be selected. 650-V/50-mQ GaN/SiC MOSFET and 650-V/40-mQ Si MOSFET are good tradeoffs among thermal,
efficiency and cost.

2.2.4 GaN Power Stage

Unlike the SiC and Si power boards which are driven by isolated gate drivers as explained in =722 2.2.8, the
Tl GaN device LMG3410R050 has inbuilt gate drive. So the power stage needs signal isolation to interface it
with the MCU. The GaN power stage is shown in [X| 2-9. The ISO7721 isolator used to isolate the PWM input
has another channel in reverse direction that can transmit the fault signal back to the MCU side. As this is a
negative logic one, an AND gate is used to combine these signals to give a negative logic fault signal back to the
MCU if either of these GaN devices generate a fault.
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B 2-9. GaN Power Stage

2.2.5 Voltage Sensing

Voltage sensing happens at three points in the inverter signal path to aid in control: before and after the primary
output relay and at the positive and negative bus voltages. By enabling measurement on both sides of the relay,
the control system can lock into the grid voltage and frequency before connecting, thus preventing any mismatch
issues. Similarly, sensing of the positive and negative bus voltages help in fine adjusting the duty cycle
separately during the positive and negative half cycle to prevent any bus voltage mismatch.

All three sensing topologies are similar. First, PGND is used as a virtual neutral using a resistor network. The
high voltage signal is attenuated using a series of large value resistances. An offset of 1.65 V is added to the
attenuated neutral point to center the voltage signal in the middle of the input range of the TLV9004, and the
attenuated value from the phase voltage is measured using the ADC within the C2000™ MCU. [X] 2-10 shows
this sensing arrangement.
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2.2.6 Current Sensing

Critical to getting a closed loop control system is accurate current measurement of the inverter. In this design,
current measurement is done to sense the current through the inductor. Because the output is high voltage and
the controller needs to remain isolated, the AMC3302 reinforced isolated current sensor is used to measure the
resistor voltage drop. To keep system losses low, the AMC3302 has a +50-mV input range. When compared to
other devices with a typical input range of £250 mV, the total power loss across the shunt is significantly
reduced.

Sizing the shunt resistor for this design is a trade-off between sensing accuracy and power dissipation. A 2 mQ
shunt provides a £30-mV output signal at the inverters approximate +15-A output but also only generates 0.2 W
of heat at full load. When choosing an actual device, select a high accuracy one to eliminate the need to
calibrate each sensor path.

The voltage across the shunt resistor is fed into the AMC3302 isolated current sensor with integrated isolated
bias power supply, which generates a differential output. This differential output is converted to a single ended
output with a 1.65 V offset using an OPA4376 amplifier for measurement using the ADC present on the C2000™
MCU. The current sensing circuit is given in [X] 2-11.
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2-11. Isolated Current Sensing With AMC3302
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2.2.7 System Power Supplies
This reference design uses multiple voltage domains across the system:

» A primary bias power input to power the entire design (regulated 12 V). This is used to directly power relays
and fans used on the board. There is a connector provision on the main board to generate this 12 V supply
directly from the high voltage DC bus.

* A TPS563200 synchronous buck converter generates 5 V to power the control card and power cards from the
1V main power. Each of the power cards generate its own isolated power supply for gate driving from this 5
V power supply.

* The 3.3 V supply for analog sensing and logic is generated by an LDO LP5907 from the 5 V.

2-12 shows the power tree for all of these domains.
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X 2-12. Power Tree
2.2.7.1 Isolated Bias Supplies

To generate the isolated bias supplies for each of the power cards, the SN6501 transformer driver is used to
drive transformers suited for the power rails required to drive the specific power switching devices used in each

type of board As each of the boards have two switching devices, there are two isolated bias power supplies per
board.

As the SCT3060AL SiC device from Rohm needs a +15 V and -4 V drive, the SN6501 transformer driver along
with Wirth Elektronik 750343725 transformer in a push-pull configuration is used to generate a 19 V supply. A
TL431 based level shifting circuit converts this to +15V, -4 V supply. The circuit is shown in [X] 2-13.
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[ 2-13. SN6501 Bias Voltage Supply for SiC power board

For the Tl GaN device LMG3410R050, a 12 V output is needed. This is generated using the SN6501 transformer

driver along with Wirth Elektronik 750313638 transformer in a voltage doubler configuration as shown in
2-14.
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2-14. SN6501 Bias Voltage Supply for GaN power board

For the slow switching Si power board, a +12 V, -5 V drive is used to drive the FCH040N65S3 Si MOSFET. The
SN6501 transformer driver along with Wirth Elektronik 750342879 transformer in a push-pull configuration is

used to generate a 17 V supply. A TL431 based level shifting circuit converts this to +12 V, -5 V supply. The
circuit is shown in [X] 2-15.
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2-15. SN6501 Bias Voltage Supply for Si power board
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2.2.8 Gate Drivers

2-16 shows the schematic of the isolated SiC MOSFET gate driver. As the UCC21530 gate driver used has
two isolated gate drive outputs, it can drive both the devices in the half-bridge power stage of the power board.
The drive current is controlled separately for turn-on and turn-off with diode controlled separate drive paths. A

ferrite bead is used in the gate drive path to suppress ringing.
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2-16. UCC21530 Gate Drive Circuit

2-17 shows the schematic of the isolated Si MOSFET gate driver. As the UCC21541 gate driver used has two
isolated gate drive outputs, it can drive both the devices in the half-bridge power stage of the power board. The
drive current is controlled separately for turn-on and turn-off with diode controlled separate drive paths. A ferrite
bead is used in the gate drive path to suppress ringing.
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Bg 2-17. UCC21541 Gate Drive Circuit
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Hardware and Software Requirements

3.1.1 Hardware
The DUT in this design is set up and operated in several pieces:

* One TIDA-010210 mother board
« Six TIDA-010210 High frequency power cards, with either GaN or SiC switching devices
» Three TIDA-010210 low frequency power cards with Si MOSFETs
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« TMDSCNCD280049C Control Card:

S2 Switch : Should be changed from DOWN to UP position

S3 Switch : Should be changed from UP to DOWN position
* Mini USB cable
» Laptop or other computer

The test equipment required to power and evaluate the design is as follows:

* 15-V/2-A bench style supply for primary board power
*  >1000-V/10-A power supply for DC link input
*  >6.6-kW resistive load

Four-channel, power quality analyzer

3.1.2 Software

» Code Composer Studio™ 9.3 or later versions with TI C2000 powerSUITE
3.2 Testing and Results

3.2.1 Test Setup

12V,3A

Bench Power Supply Power Analyzer

——P
1000 V, 10 A Supply TIDA-010210

4, <7

6.6 kW
Load Bank

3-1. Test Setup for Efficiency

To test the efficiency of this reference design, use the following equipment:

* One Magna-Power 1000-V, 10-A power supply to provide CV/CC adjustable input to the DUT.

* A 6.6-kW KWE load bank is used as a configurable load to test the design at various set points.

* An AC power analyzer is connected to the DUT input and output to perform efficiency measurements.
* An external bench power supply is used to provide a 12-V input to power the DUT.

The system is configured to operate in an open loop control mode, generating a static 400-V, 50-Hz output. The
power demand is then modulated by the Simplex load bank to test the system at multiple load points.

3.2.2 Test Results

& 3-1 and # 3-2 lists the system efficiency results with SiC device SCT3060AL and GaN device LMG3410R050
respectively. The results demonstrate the inverter power stage peak efficiency of 98.5%.

# 3-1. System Efficiency Results with SiC device SCT3060AL

INPUT VOLTAGE | INPUT CURRENT | INPUT POWER | OUTPUT POWER EFFICIENCY

798.2 0.0235 18.7577 0 0

798.2 0.281 224.2942 203.2 90.5953

798.2 0.793 632.9726 599.6 94.72764

798 2.03 1619.94 1574 97.16409

797.8 3.254 2596.0412 2539.8 97.83358

797.7 4.475 3569.7075 3499.5 98.03324
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# 3-1. System Efficiency Results with SiC device SCT3060AL (continued)

INPUT VOLTAGE | INPUT CURRENT | INPUT POWER | OUTPUT POWER EFFICIENCY
797.7 4.955 3952.6035 3875.6 98.05183
799.1 5.812 4644.3692 4554.9 98.0736
799 7.394 5907.806 5794.8 98.08717
798.9 8.123 6489.4647 6365.4 98.08821

#* 3-2. System Efficiency Results with GaN device LMG3410R050

INPUT VOLTAGE |INPUT CURRENT |INPUT POWER OUTPUT POWER |EFFICIENCY
799.3 0.0164 13.10852 0 0

799.3 0.274 219.0082 205.14 93.66773
799.3 0.784 626.6512 606.9 96.84813
799.1 2.028 1620.5748 1591.5 98.2059
799 3.259 2603.941 2563.9 98.46229
798.8 4.481 3579.4228 3526 98.5075
798.7 4.961 3962.3507 3903 98.50213
799.1 5.885 4702.7035 4630.8 98.47102
799 7.197 5750.403 5660.5 98.43658
799 7.46 5960.54 5866.7 98.42565

The efficiency graph shown in [X] 3-2 shows a clear efficiency advantage with the GaN device. Tl GaN gives
about 0.5% efficiency improvement at high loads; 2 — 3% at light loads.
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90
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Output Power (W)

B 3-2. Inverter Efficiency

The open loop test output waveforms in [%| 3-3show clean sinusoidal waveforms with the new PWM scheme.
There is very little distortion even at zero crossing with CLB based protection active.
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[ 3-3. Open Loop Output Waveforms

The current loop stability of the circuit is demonstrated by the smooth transition in the current transient response.
3-4 shows the response when current is changed from 1 A to 6 A and [X| 3-5 shows the response when
current is changed from 6 Ato 1 A.

0 o @ B 100/ @ 100/ & 00s 5008/ Stop £ W 190V

Trigger Mode and Coupling Menu
-~ Mode | ~ Coupling Noise Rej |  HF Reject | 4D Holdoff I
Normal | DC _ A ) _l 60.000ns

X 3-4. Positive going transient response
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g wov @ B oov/ @ 100v/ g 00s 5008/ Trigd £ E) 190V

Trigger Mode and Coupling Menu

« Mode ~ Coupling Noise Rej HF Reject +)) Holdoff
Normal DC ] il 60.000ns

@ 3-5. Negative going transient response

% 3-3. System Dimensions

AXIS DIMENSION
X 300 mm
Y 220 mm
4 65 mm
Volume 4.29 liters

The final design dimensions are outlined in % 3-3and show a total volume of 4.3 L. With a power rating of 6.6
kW, this results in a power density of 1.54 kW/L.

4 Design and Documentation Support
4.1 Design Files

4.1.1 Schematics

To download the schematics, see the design files at TIDA-010210.

4.1.2 BOM

To download the bill of materials (BOM), see the design files at TIDA-010210.

4.1.3 Altium Project

To download the Altium Designer® project files, see the design files at TIDA-010210.
4.1.4 Gerber Files

To download the Gerber files, see the design files at TIDA-010210.
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4.1.5 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-010210.

4.2 Tools and Software

Tools

Concise TMDSCNCD280049C is an HSEC180 controlCARD based evaluation and development tool for

Description  the C2000™ F28004x series of microcontroller products. controlCARDs are ideal to use for
initial evaluation and system prototyping. controlCARDs are complete board-level modules that
utilize one of two standard form factors (100-pin DIMM or 180-pin HSEC ) to provide a low-
profile single-board controller solution. For first evaluation controlCARDs are typically purchased
bundled with the TMDSHSECDOCK baseboard or bundled in an application kit.

Software

Concise Description To download the software, see the software files at TIDA-010210.
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