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Abstract: In this paper, a single-phase five-level Active Neutral-Point Clamped inverter design is
presented. The paper is focusing chiefly on control hardware and control strategy for 5-level PWM
with active balancing of the charge on the capacitors under varying load conditions. A system-on-chip
module is used to control the inverter, consisting of FPGA and microprocessor. The inverter offers
precise waveform generation and a stable output.
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INTRODUCTION

Multilevel inverters offer superior performance of generating waveforms in oppose to simple two-
level PWM inverters. Main advantages are a lower Total Harmonic Distortion(THD) and small dv/dt.
However, the control of the multilevel inverter is more complex, because of choosing the correct
switching states of the transistor topology and because of the need for balancing capacitors within
the topology. These problems are addressed in this paper with practical implementation of single-
phase five-level Active Neutral-Point Clamped (ANPC) inverter.

TOPOLOGY

The system consists of power switching topology (Figure 1), measurement and protection circuits, and
control hardware. The control of the inverter is distributed between processor and field programmable
gate array (FPGA).
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Figure 1: Five-level ANPC inverter topology [1]
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The core of the project is a topology of interconnected IGBT transistors. The topology in the figure 1
can create five voltage levels. The capacitor divider (Cy,,Co,) splits the DC link voltage in half.
The flying capacitor C| is charged to a quarter of the DC link voltage, what is essential for creating two
more intermediate voltage steps for the output waveform. The output is taken from terminals L and N.
The voltages on the capacitors can change under various load conditions. The balancing strategy
compensates for this unbalance by actively controlling the neutral point and choosing appropriate
states to keep C at required charge.

Table 1 summarizes all switching states, where 1 and O represent whether the IGBT is turned on or
off. The redundant switching states occur at the output voltage of 0, V. /4 and —V,;. /4. The states Upy
and Uyp produce the same voltage output with different combination of the transistors in conductive
state. These states don’t affect the charge of any of the capacitors, so they are not interesting for
charge balancing. The states Ujp and U_;p connect the flying capacitor directly to load, thus C;
is discharging. In the states U;c and U_j¢ a series combination of one of the clamped capacitors
(charged at V. /2) and flying capacitor C; (charged at V,./4) is created. These two voltages subtract,
thus the output voltage of the inverter is V. /4 or —V,./4 and the C) is being charged.

CONTROL

The 5-level inverter uses PWM to modulate the amplitude between each of the discreet voltage levels.
Generating of PWM pulses from modulation wave can be done in multiple ways. For the sake of
this project the level-shifted PWM is used [2]. In this technique, one modulation wave and multiple
carrier waves are needed. The modulation wave corresponds to the output waveform that will be
modulated using PWM. The carriers are triangular waves that are equally vertically disposed so they
fully occupy four contiguous bands in entire range of DC-link.The PWM signal is generated by
comparing the modulation wave with individual carriers. This digital signal is then decoded so it
meets criteria for given topology and its switching table. In each switching state, corresponding
transistors are turned on to generate correct voltage on the inverter output.

Table 1: Switching states of 5-level ANPC

Cell 1 Cell2 | Cell3 | Phase | Switching C

Sg S7 S¢ Ss|Sa S3|S2 Si| Voltage State charge

1 0 1 01 Of1 O “Vap U_, -

1 0 1 01 0|0 1| ~Vafa U_ic charging

1 0 1 0[O0 1|1 O ~Vasa U_ip discharging
1 0 1 0|0 1|0 1 0 Uoa -

o 1 o0 1,1 0|1 O 0 Uos -

o 1 o0 1|1 0|0 1 Vac /4 Uip discharging
o 1t 0 1|0 1|1 O Ve [4 Uic charging
0o 1 0 170 1[0 1 Vac 2 U -

During the inverter operation, the voltages on the flying capacitor and clamped capacitors are mea-
sured and used for charge balancing. The balancing of the flying capacitor C; uses redundant states in
the switching table. When the capacitor has a smaller charge, the states U_;¢ and U, ¢ are prioritized
in opposed to the states U_1p and U;p. When the C; is overcharged, the priorities are switched so
the capacitor is discharged to the correct level. A hysteresis is introduced into this control loop.

The second feedback loop balances the neutral-point voltage, so the capacitors Cy, and Cp, are
charged equally. The balancing is accomplished by adding an offset to the modulation wave so
the side with more charge will be loaded more in order to eliminate the unbalance. The neutral
point unbalance is sampled using analog to digital converter connected to a processing system.
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As mentioned earlier, the FPGA and the processor is used for the inverter control. These components
are integrated on one chip, together with ADC and other peripherals. The system-on-chip Zyng-7000
on development board Digilent Zybo was used to implement control for the inverter [3]. The FPGA
design generates the carriers, compares it to the modulation wave, creates PWM and decodes it for
driving the gates of the transistors. The design also has inputs for detecting faults in switching of
every transistor and it takes care of triggering the ADC with appropriate averaging settings. The logic
communicates with the processor using four 32-bit AXI bus registers. All these functions are encap-
sulated into the created IP core that can be used as processor peripheral. The figure 2 shows the IP
block that contains whole FPGA design.
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Figure 2: Inverter block diagram

The second part of the control is the 32-bit ARM processor. It sets the registers of the five-level PWM
IP core and provide values of the modulation wave using its timers. The processor also hands on
the values of flying capacitor charge to the IP core from ADC and manages balancing of the capacitor
clamp. All user inputs and indicators are processed by this part of the system.

4 CONCLUSION

The experimental sample of the inverter is designed for voltages of DC-link up to 60 V to demonstrate
proper function. The inverter showed good results in terms in generating multiple wave shapes with
various frequencies. With small adjustment of the hardware components the presented inverter could
generate a waveform with amplitude in order of hundreds of volts. Generating a line voltage is a typ-
ical application of this inverter. Figure 3 shows the experimental result from the inverter. The blue
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Figure 3: The inverter output voltage (sine wave), a) five-level PWM, b) low pass-filtered PWM

waveform (a) represents a five-level PWM generated by the inverter. The modulation is set to a sine
wave with frequency 60 Hz and peak-to-peak voltage 32 V. The PWM frequency is 6.1 kHz. A red
curve (b) represents low-pass filtered output with the second-order filter with cutoff frequency 1 kHz.
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