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Abstract: The paper presents the practical design and implementation of a three-level neutral point
clamped (TNPC) six-phase inverter rated at 100 kVA. The study initiates with prior work review,
whereby most research work done earlier was mainly simulation-based. Based on the simulation
results, this paper focuses on the practical aspects of inverter design, such as the development of a
power board on an Insulated Metal Substrate, a gate driver board, an interconnect board, and the
main control board. An inverter physical prototype has been built and tested at 500 V and 20 kW of
output power. The SiC semiconductor technology is the base of the inverter, which represents the
main merit of the work. Finally, high power density, compact design, and high efficiency are shown,
which are major contributions of the paper. Tests performed proved that the designed converter was
operating reliably and efficiently. While a simple Sinusoidal Pulse Width Modulation (SPWM) control
algorithm has been implemented, the overall performance of the inverter showed great promise for
higher-power applications. Compact and high-efficiency TNPC converters are developed for meeting
increasing demands of advanced energy, automotive, and industrial applications.

Keywords: inverter; multi-phase; multilevel; traction

1. Introduction

Multilevel converters have been widely used in many industrial scenarios for medium
and high-power applications, such as electric drive, electric traction, and new energy
power generation, in recent years due to the rapid growth of power electronics technol-
ogy [1,2]. The advantage of multilevel inverters over two-level inverters (classical VSI)
is characterized by lower dv/dt stress on the switches caused by the staircase output
voltage waveform [3] and by the ability to create higher output voltage with a lower total
harmonic distortion [4-6]. Existing multilevel converters can be categorized into four
groups based on the circuit structure: modular multilevel (MMC), cascaded H-bridge
(CHB), flying capacitor (FC), and neutral-point clamp converters (NPC) [1,7,8]. However,
as the number of levels rises, integrating multilevel converters presents a variety of dif-
ficulties. In addition, fault-tolerant modules, circulating current suppression techniques,
and capacitor voltage-balancing procedures are the primary considerations when running
multilevel converters. Therefore, massive research has been done to solve these issues
by upgrading circuit topologies [9,10] and developing control mechanisms to solve these
shortcomings [3,5,11-13].

Another critical factor for multilevel inverters is the modulation techniques. The
well-known modulation techniques are pulse width modulation (PWM), space vector pulse
width modulation (SVPWM), sinusoidal pulse width modulation (SPWM), phase shifted
carrier PWM (PSC-PWM) and the selective harmonic elimination pulse width modulation
technique (SHE—PWM). Many articles for improving modulation strategies have been
investigated [1,14,15]. The researchers [16,17] have adopted a SiC technology instead of Si
semiconductor switches. This technology contributes to lower switching losses and fast
switching speed, improving efficiency and power density [18,19].
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Despite the great use of multilevel inverters, these inverters suffer from their short-
comings. As the number of levels in the FC multilevel converter increases, the difficulty
of controlling and designing also increases. Therefore, these shortcomings limit their
application in this field. Also, in high-voltage and high-power applications, the disad-
vantage of CHB and MMC is the large number of modules [2,5], large volume, and low
efficiency [8,9]. Based on the previous results [20], the TNPC topology was selected based
on the simulation results. This topology offers the best results across multiple investigated
topologies [21,22]. Investigated topologies were standard six-phase Voltage Source Inverter
(VSI), six-phase Neutral Point Clamped (NPC) topology, and six-phase TNPC inverter. The
simulation results show that NPC topology has lower losses. On the other hand, the TNPC
technology has slightly higher power losses, but from the components point of view, it uses
48 MOSFETs in total. The NPC topology uses 48 MOSFETSs, but it contains an additional
24 diodes. All MOSFETs and diodes are doubled due to the power output of the inverter.
Based on these simulation results, the TNPC topology was selected for practical verification.
Due to its higher complexity, it offers better performance results and better control of the
semiconductors. Table 1 shows summary of the different inverter topologies analysis.

Table 1. Comparison of the topologies based on the publications.

Topology/Parameter VSI NPC TNPC
Losses Highest Moderate Lowest
Voltage stress Highest Moderate Lowest
Efficiency Lowest Moderate Highest
Complexity Lowest More complex Most complex
THD Highest Reduced Lowest
Diodes count (6 ph) 0 24 0
MOSFETs count (6 ph) 24 48 48
Price Lowest Highest Moderate

Due to the inverter to be able to deliver required output power, design and simulations
in papers calculates with two power components in parallel. Due to this fact, Table 1 shows
number of components for this case.

This paper deals with the design and detailed description of the hardware parts
of the 6-phase three-level TNPC inverter. Measurements with efficiency evaluation for
different voltage levels and modulation indexes are presented at the end of the paper. The
paper addresses a novel design of the TNPC inverter for six phase loads utilizing SiC
semiconductor technology. Target of the design is maximizing power density.

2. Materials and Methods

As mentioned before, according to the previous publication and comparison of the
inverter topologies, the TNPC topology was selected for the practical verification based
on lower power losses, superior THD and lower component count compared to the NPC.
Despite its higher complexity, the advantages of this topology exceed the disadvantages.
Table 2 shows the required specifications and targets set for the six-phase inverter design.

Table 2. Required inverter specifications.

Parameter Value
Number of phases [-] 6
Nominal power output [kW] 100
Maximum input voltage [V] 800
Cooling method Liquid
Mandatory Sensors Resolver/Encoder

Design Target High power density
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2.1. Hardware Design Procedure

The development stage was divided into multiple individual groups which followed
each other:

e Power module design stage:

In this stage, the power module of the TNPC inverter was designed and developed.
The main target was good heat dissipation, a small form factor, and placing all heat-
generating semiconductors in one place to maximize heat transfer. The proposed design has
all one-phase semiconductors located in one Printed Circuit Board (PCB). This includes top
and bottom 1200 V SiC MOSFETs and midpoint 650 V MOSFETs from OnSEMI (Phoenix,
AZ, USA). Figure 1 shows diagram of the power transistors configuration with their
respective labelling.

DC+ o ® o DC+

TOP

MID PHXx
BOT
DC- o—e o DC-

Figure 1. Power transistors configuration on the IMS board.

Due to the power output of the converter, all MOSFETs must be doubled to ensure
current handling capability. In total, 8 MOSFETs must be placed on this PCB. Additionally,
gate connectors with protections are located on this board. For heat monitoring, the NTC
thermistor is located near the power semiconductors to measure module temperature
and implement overtemperature protection. Power connections are made using Wiirth
Elektronik (Waldenburg, Germany) stand-off with M4 internal thread. There are four
terminals for DC+, DC—, MID potential, and OUTPUT. Six power PCBs are required to
construct a 6-phase TNPC inverter. The 3D model of the PCB is shown in the Figure 2:

Qoj D12/ (W D11
L
Al

Figure 2. Power IMS board with semiconductors.
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Due to the high-power dissipation from the power MOSFETs, the PCB must transfer
this heat to the heatsink. At the power output of 100 kW, the expected power dissipation
of one module is around 144 W. This heat must be transferred from the semiconductors
to the heatsink. Despite this, the Insulated Metal Substrate (IMS) based PCB was selected.
This type of board has a copper or aluminum core, which quickly transfers heat through
the PCB. In this application, the aluminum core PCB was selected due to the lower price
and sufficient thermal conduction. This IMS comes with a SiO; insulation layer and 4 oz
copper weight to handle the high output currents of the module. Manufactured PCB can
be seen in Figure 3:

Figure 3. Manufactured unpopulated power board.

Designed board provides superior thermal cooling of the transistors. Additionally,
symmetrical design provides equal current paths which improves EMC performance of
the power part of the inverter. The main advantage of the module is that it contains all
switches for one phase in one compact PCB.

e Driver design stage:

The second design stage was the insulated driver design to properly drive all tran-
sistors in the TNPC configuration. Because the drivers must be insulated, three isolated
power supplies are required for this design—one for the bottom transistors, one for the
top transistor, and one for the middle transistors. The used power supplies are RS3K from
RECOM (Gmunden, Austria), with an output voltage of 20 V and an output power of
3 W. With the help of additional circuits, this voltage is further separated to the +16 V and
—4 V to close SiC MOSFETs properly. These voltages are fed to the isolated driver from
Texas Instruments UCC21755 (Dallas, TX, USA). This driver is designed for SiC MOSFET
driving and has multiple built-in protection circuits, such as desaturation protection or
miller clamp. All these circuits, power supplies, and auxiliary components are designed on
a 4-layer PCB with dimensions of 123 x 49 mm. The designed PCB can be seen in Figure 4.

Figure 4. Single phase driver board.
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The long pin headers connect the transistors” gate to the driver’s output. Since the
bus-bar PCB is between the driver and the power PCB, the pin headers must be higher.

o Driver interconnection PCB design stage:

Due to the high component count on the driver PCB, it is impossible to populate the
connector to the control board right on the driver PCB. Another PCB must be designed
to distribute power rails and driving signals to the right places on the driver PCB. This
board is created on a 4-layer PCB with the exact dimensions as the driver board, thus
123 x 49 mm. It mainly consists of a 26-pin Insulation Displacement Connector (IDC). The
Ready and Fault indication LED was also populated to indicate different driver stages. This
PCB is located above the driver PCB. The finalized PCB model can be seen in Figure 5.

TNPC Interconnect v1.0 2023

Figure 5. Interconnect PCB connecting driver and control board.

e  Distribution BUS-BAR PCB:

A distribution board must be designed to connect all power modules to the input
power supply properly. The PCB is designed as a 4-layer PCB with 6 oz copper layers
to handle the converter power output. It connects the input power supply, smoothing
DC-BUS capacitors and power modules. The final dimensions are 308 x 310 mm. Figure 6
shows the prototype of the board that was manufactured.

The novelty of this design of this power distribution PCB enables easy manufactura-
bility of the laminated bus bar, which lower overall cost of the inverter build.

e  Control board design stage:

A powerful Digital Signal Processor (DSP) must be selected to control this type of
converter properly. In this prototype, the dual-core TMS320F28379D (Dallas, TX, USA)
was used. The control board has populated all the necessary circuits for proper inverter
operation. In the top right corner, all power supplies are populated. The 12 V power supply
powers the board, and on-board power supplies generate the following rails:

e +15V for resolver driver
+15V/—15V for current sensors
Isolated 5 V for CAN drivers

3.3 V for DSP

1.2V for DSP Core

The board has 6 IDC connectors, distributing all necessary signals to the power module
drivers. The board also contains high-voltage measurement of the DC BUS, to monitor
voltage properly. Additionally, the resolver and encoder interfaces are populated to monitor
the motor position. The designed control board can be seen in Figure 7. The Phase A-F
markings show positions of the connectors for the driver board.
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Figure 7. Control PCB of the 6-phase TNPC.

The final block diagram in Figure 8 shows the composition and construction of the
prototype of the TNPC inverter.
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Figure 8. Block diagram of designed inverter prototype.

The designed boards are assembled to create a 6-phase TNPC inverter with a rated
power output of 100 kW. The power modules will be mounted on a liquid-cooled plate.
The modules comprise a driver board and an interconnection board, interconnected by a
BUS PCB transferring the power. A control board at the top monitors system parameters
and manages the power modules. Six HALL current sensors monitor the output current,
whose reading goes back to the analog section for feedback and regulation to the control

board. The 3D model of the final prototype is shown in Figures 9-11.

Figure 9. 3D model of the prototype left side view.
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Figure 10. 3D model of the prototype right side view.

The design is targeted to the laboratory environment and testing and is not greatly
optimized for operation in vehicle. The reliability of inverters in traction applications
is greatly influenced by the vibration and fluctuating temperatures of an environmental
source. Vibration causes mechanical stress that can result in solder joint fatigue, degraded
insulation, and weakened connections between power modules. Temperature fluctuations
induce thermal cycling, further accelerating component aging, which degrades the life-
time of the power electronics. Inverter designs, therefore, must consider these stresses
carefully with a view to long-term reliability through robust mechanical and thermal man-
agement strategies. Design is focusing on the relatively easy access to test points for during
inverter operation.

The presented sample was designed to have high power density. This design brings
some interesting challenges and trade-offs. Higher power density often leads to decreasing
efficiency of the converter due to the smaller components and more heat generation.
Additionally, this brings some other challenges in the cooling design. Higher power density
can be reached by higher switching frequency, but this increases switching losses and puts
extra stress on the components and cooling system. Achieving the right balance between
efficiency, power density and components sizing required careful material selections and
advanced mechanical and cooling design.

2.2. Control Algorithm

For the prototype evaluation and testing, the well-known control algorithm was
implemented. The inverter is controlled by the sinusoidal modulation technique SPWM.
For the control, all 24 PWMs of the DSP are utilized. The sinusoidal reference is generated
in the control DSP, which is then compared to the sawtooth waveform generated by the
ePWM modulator of the DSP. The output is then fed to the dead band module which
generates a dead time and provides an inside DSP signals interlock. Additionally, the
drivers have another layer of hardware interlock to ensure that the shoot-through condition
never occurs. This simple well-known algorithm was used due to its simplicity and rapid
deployment to the DSP. For the initial testing, this type of control algorithm is sufficient. A
more complex algorithm for inverter control will be developed in future work to further
improve the performance of the inverter.
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Figure 11. A practical sample of the TNPC inverter prototype is in the top view.

3. Verification of the TNPC Converter
The parameters of the designed prototype of the TNPC inverter are depicted in Table 3.

Table 3. Designed prototype specifications.
Parameter Value
Number of phases [-] 6
Dimensions (w X 1 x h) [mm] 344 x 365 x 116

Weight [kg] 7.2
Nominal power output [kW] 100
Maximum input voltage [V] 800
Maximum output phase RMS current [A] 75

6.86

13.75

Power density [kW /L]
Specific power [kW /kg]

The designed inverter was verified and tested in laboratory conditions. The devices

used for the inverter testing are summarized in Table 4.

Table 4. Devices used for TNPC testing.
Device Type
Main power supply 2 parallel Chroma 62150H-600S
Auxiliary power supply Rigol DP832
Input power analyzer Chroma 66204
Yokogawa WT1800

6 x 14 () power resistors

Output power analyzer
6 x 43mH/25 A

Resistive load part
Inductive load part
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Figure 12 shows the test setup used in the TNPC inverter verification:

Figure 12. Test set-up with RL load.

3.1. Test Plan

For inverter initial testing, the following test plan was created for successive testing of
individual parts of the converter.

PWM signals verification without power modules connected using Logic analyzer
Verification of the soft start

Output waveform measurement at reduced input voltage

Verification of current and voltage sensors and their calibration

Initial temperature verification (components overheating)

Prototype verification with gradual increasing of input voltage and modulation index
Measurement of voltages, currents and temperatures at critical components

3.2. Test Procedure

First, the inverter’s switching pattern (Figure 13) was verified using a 16-channel logic
analyzer from Saleae (San Francisco, CA, USA). The measured signals shows PWMs to
the transistors according to the SPWM modulation. The signals labelling corresponds to
the MOSFETs configuration shown in Figure 1. When reference sine wave is in positive
half, the TOP and OUT MOSEFETs are switching in complementary, MID is turned on and
BOT is turned off. Consequently, when reference is in negative half, the BOT and MID are
switching in complementary, OUT is turned on and TOP is turned off.

The TNPC inverter was verified at different switching frequencies to properly measure
the prototype power losses and efficiency. The selected switching frequencies were 10 kHz,
20 kHz, and 30 kHz. The output frequency was chosen to be 50 Hz and was constant during
all the measurements. The converter input voltage and modulation index were changed
during the measurements to measure different voltages and output power levels. The
output power versus modulation index at different input voltages can be seen in Figure 14.

The maximum output power is 19,739 W. The available load limits this output power
because it cannot dissipate more power. Figure 15 shows the dependency of the efficiency
on the output power of the inverter:
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Figure 13. Switching signals of the power transistors.

5 Output power vs modulation index
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Figure 14. Output power dependency on the modulation index at fg,, = 20 kHz.
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Figure 15. Efficiency of the prototype at different switching frequencies.
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As can be seen, initial efficiency is slightly higher at the switching frequency of 10 kHz.
This is caused by the lower losses in the drivers and driving circuits at low output powers.
At the output power of 20 kW, the efficiency values at all switching frequencies are nearly
the same. This indicates that the converter peak efficiency has not yet been reached. At
measured output power, the switching frequency does not significantly affect system
efficiency as shown in Table 5.

Table 5. Measured efficiency at different switching frequencies.

Switching Frequency Efficiency at 20 kW
10 kHz 99.37%
20 kHz 99.29%
30 kHz 99.18%

At the switching frequency of 10 kHz, the inverter was generating audible noise,
primarily from power semiconductors and passive components. For future testing, the
switching frequency of 20 kHz will be selected due to the suppression of audible noise and
slightly more efficient than 30 kHz. The graphs from Figures 16-18 show efficiency maps
of the converter:

TNPC Efficiency map at fsw=1DkHz

100

95

90

Efficiency [%a]
&

0.8

tl, / : A
g, 200 0.4 aexL
e 0.2 jon W
4 100 o poduiet®

Figure 16. Efficiency map at a switching frequency of 10 kHz.

TNPC Efficiency map at fsw=20kHz
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Figure 17. Efficiency map at a switching frequency of 20 kHz.
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TNPC Efficiency map at f5w=3I]kHz
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Figure 18. Efficiency map at a switching frequency of 30 kHz.

Due to the high efficiency of the converter prototype, the water cooling was not
connected to the water system. Cooling during this test was only passive with modules
connected to the water block. Temperatures at the modules are given in Table 6.

Table 6. Measured temperature of modules at the different switching frequencies.

Switching Frequency Average Module Temperature at 20 kW
10 kHz 30.71°C
20 kHz 46.25 °C
30 kHz 53.58 °C

From the data above, the modules can only be passively cooled to an average output
power of approximately 30 kW. Then, water cooling must be connected to cool the semicon-
ductors properly. Figure 19 shows the output voltages and currents of the TNPC inverter
at a switching frequency of 20 kHz and output power of 20 kW.

Normal Mode(Trg) Peak Over Integ: Reset
Scaling Line Filter Time 7
AVG Freq Filter
Ul 500V

Sync Src: @
Element 3 [ZH
300V

13 504
Sync Src: i@

Sync Src: €
Element 5 [ZH
300v

15 50A
Sync Src:[@

Sync Sre:

U1 -1.350kY
0.000s << 1602 {p-p) »> 50.000ms.

Update 19 ( 50msec) 2024/05/09 12:15:09

Figure 19. Output waveforms at 20 kW.
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The RMS phase current value measured by the YOKOGAWA (Tokyo, Japan) was
21.68 A and by the on-board current sensor 21.51 A. According to the YOKOGAWA, this
measurement proves to be accurate for the onboard measurement. The DSP calculates the
value of moving RMS online for all six phases. Figure 20 shows a summary of the measured
voltages and currents. The output RMS voltage at phase was only 188 V due to the low
value of the DC—BUS. If the DC—BUS voltage is 565 V and the modulation index is set to
1, the phase voltage reaches 230 V RMS.

Normal Mode Peak Over Integ: Reset YOKOGAWA ¢
Scaling Line Filter : LL1:00 50.000 Hz
AYG Frea Filter PLL2:[E  50.000 Hz

&l 3 change items
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Irns [A 1| 91.503 ‘ 21.399 H [ 21971 | EE3 320 20967 |
“Son
1| soenl[ 3 240kH 3. 24BkH 3.260k| | 3.972%] 217k‘ 4\ S Sl

Element 3 [EZH

T HQWW\

Svm: Src [13]

[var] | -2.390K] .SQTkH 2.346kH 2.361K] [ -0.973] —2.319k§_7‘ Flnert 4 03
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P_TOTAL /| 14 50A
oLy [ 1946 g|__ome s
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Element B [HRH 1]
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Motor
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Update 41 ( 50msec) 2024/05/09 12:15:14

Figure 20. Output variables at 20 kW.

As seen in Figure 19, the apparent output power of the converter was 24.06 kVA. The
active power was 19.48 kW. The output power factor during this test was 0.813.

The thermal image of the converter when delivering 20 kW at the output is shown in
Figure 21.

4/3/20 07:57:40 PM  T=100%

Figure 21. TNPC inverter temperature at 20 kW.
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Due to the power limit of the power resistor at the testing load, the maximum output
power that could be safely reached was 20 kW. Figure 22 shows the temperature of the
actively cooled power resistors.

£=0.98
BG=22.0
D=----  4/3/20 07:56:38 PM  T1=100%

ST T ———

Figure 22. Load temperatures at 20 kW.

The maximum temperature is around 283 °C. This temperature is reached at the end
of the load, where airflow from the cooling fan is limited.

4. Conclusions

This paper presents the design process of a 6-phase TNPC multilevel inverter. The
topology was selected based on the simulation results of the other papers and the research.
Then, the design process is described in detail, describing the design of the power IMS
board with all power semiconductors. The IMS board was selected due to its low thermal
resistance and excellent heat transfer from the semiconductor to the heatsink. The mea-
surement also proved this because the inverter was only passively cooled at the output
power of 25 kVA. Other presented boards are driving and interconnection, which are
driving the power MOSFETs based on the signals from the control board. The control
board is designed as a 4-layer PCB consisting of all auxiliary power supplies and control
DSP with signal conditioning. Additionally, the communication and resolver interfaces
are present on this board. The BUS-BAR board was designed with thick copper layers
to ensure low resistance and copper trace capacity to deliver the required power to the
individual modules connected to the power supply. Other boards are current measurement
and auxiliary boards.

The measurement was done in the laboratory conditions with the passive R-L load
simulating drive, with the cos ¢ set to 0.82. The load was capable of dissipating 20 kW.
The inverter was tested at seven input voltages ranging from 100 V to 500 V. The higher
input voltage was impossible due to the absence of a high-voltage input power supply.
As shown in Figure 13, the efficiency at the output power of 20 kW was from 99.18% to
99.37%, depending on the switching frequency. The final switching frequency for this
prototype was selected to be 20 kHz because it offers good efficiency, and the inverter does
not produce an audible noise during the operation. The efficiency maps shown in Figure 14
through Figure 16 show flat efficiency at high output power, indicating a perfect power
module design. Additionally, the inverter was only passively cooled, and at maximum
power output of 20 kW, the temperature of the module was around 53.5 °C.

The following work will focus on additional testing. A more powerful load must be
provided to fully test the converter-rated power output. Especially at this power output
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level, the load should actively recuperate power from the grid. Additionally, a power
supply with higher output voltage and power must also be provided for further testing.
Implementation of the Field Oriented Control (FOC) is planned to this inverter, due to the
advantages it offers compared to the SPWM. FOC offers decoupled control of torque and
flux, which results in more accurate and dynamic response in motor control applications.
Additionally, the FOC has reduced harmonic distortion compared to the SPWM method.
For this control the on-board resolver/encoder interfaces will be used.
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