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Abstract—Multilevel converters are a popular solution for
medium-voltage and high-power applications, including
renewable energy conversion. Five-level active neutral-point-
clamped converter (SL-ANPC) is one of the most advantageous
topologies among five-level multilevel converters. A six-switch
SL-ANPC (6S-5L-ANPC) topology is proposed, which can
achieve low-cost because several fast recovery diodes are
employed to replace the body-diodes and active switches.
However, the power branches including the diode can only
provide active current path. Special modulation strategy is
proposed to achieve reactive power operation. The simulation
analysis shows the proposed 6S-5L-ANPC is suitable for unity
power factor application such as photovoltaic (PV) application.
A 500W single-phase inverter prototype is built to verify the
validity and flexibility of proposed topology and modulation.

L INTRODUCTION

Multilevel converters (or inverters) have been used for
power conversion in high-power applications such as
medium voltage grid (2.3KV, 3.3KV, or 6.9KV) to reduce
the switch voltage stress, and photovoltaic (PV) application
to reduce the filter size [1, 2]. Compared to two-level voltage
source inverters, the advantages of multilevel inverters are
lower voltage stress, higher efficiency, smaller filter size and
lower common-mode voltage [3].

There are three traditional multilevel topologies [4-8]: the
neutral-point-clamped (NPC) type [4, 5], flying-capacitor
(FC) type [6], and cascaded H-bridge (CHB) type [7-8].
Many five-level NPC topology has been derived in [9]. NPC

P P

Sucheng Liu

School of Electrical and Information Engineering
Anhui University of Technology
Ma’ anshan, China
liusucheng@gmail.com

type generates the voltage levels from the neutral point
voltage by adopting diodes. The drawback is the increased
number of switching devices when voltage level increases.
FC type outputs the voltage level by summing the flying-
capacitor voltage. However, higher voltage level leads to
more flying-capacitors and the complexity of control strategy
to balance the voltages of each flying-capacitor is then
increased. The CHB multilevel inverters use series-
connected H-bridge cells with an isolated dc voltage sources
connected to each cell [10]. Similarly, to have more output
levels, more cells are needed. This will lead to impracticality
of this type of topology since more DC sources are required.

Active-neutral-point-clamped (ANPC) which is one of
the multilevel topology has been proposed in Refs [11-15].
Three SL-ANPC topologies are shown in Fig.1. The ANPC
type converter combines the features of NPC and FC
topology. The ANPC topologies is receiving more and more
attentions nowadays because of high efficiency and multi-
level output. In this paper, a novel six-switch five-level
ANPC (6S-5L-ANPC) inverter topology is proposed.
Compared to traditional ANPC topologies, the proposed
topology adopts only six active semiconductor switches,
greatly reducing the volume of system. This paper is
organized as follows: Section II describes working principles
of proposed topology; Section III discusses the modulation
strategy of 6S-5L-ANPC topologies; Section IV and V show
the simulation and experimental results and Section VI gives
the conclusion.

Z

(a) First ANPC topology

(b) Second ANPC topology

Z

(c) Third ANPC topology

Fig. 1. Five-level ANPC topology
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II.  OPERATIONAL PRINCIPLES OF PROPOSED 6S-5L-

ANPC INVERTER

A. Introduction of 6S-5L-ANPC Inverter

To increase the overall efficiency and improved output
waveform, the five-level ANPC inverters are good choice for
renewable energy harvesting. Additionally, based on half-
bridge, the SL-ANPC inverters guarantee no leakage current
generation. Therefore, they are suitable for transformer-less
type photovoltaic (PV) system. For grid-connection
application, the inverter output current is required to be in
phase with grid voltage. In this situation, reactive current
paths can be ignored, which means some active switches can
be replaced by fast recovery diodes in order to increase the
efficiency. Based on this, a novel 5L-ANPC inverter
topology is proposed, which is composed of six switches (T,
to Tg), two discrete-diodes (Dr;, Dg;) and one flying-
capacitor (Cg). The configuration of six-switch SL-ANPC
(6S-5L-ANPC) inverter is shown in Fig.2.

P 8

Fig. 2. Configuration of 6S-5L-ANPC inverter

As can be seen from Fig.2, two DC capacitors, C; and C,,
are connected in series to DC-link. The complexity of DC-
link capacitor voltages balancing is reduced compared to
NPC and FC type converters which need four DC capacitors
in series. Additionally, in contrast to traditional SL-ANPC
topologies (as shown in Fig.1) which need eight active
switches and other types of five-level inverters which require

more, the proposed 6S-5L-ANPC inverter only has six active
switches and two discrete diodes. The reduced number of
active switches sacrifice some reactive current paths.
However, the proposed topology is capable of operating
under reactive power condition with special modulation
method, which will be discussed in the following section.

B. Operation of 6S-5L-ANPC Topology

DC wvoltage is defined as Vg. The 6S-5L-ANPC
converter consists of eight switching states that generate
five-level voltage levels at the output based on capacitor
voltages (DC voltage and FC voltage), as shown in Table I.
Five output voltage levels +Vy/2, +V4/4, 0, -Vy/4 and -
Vq4/2 are achieved by summing the flying-capacitor voltage
and DC-link capacitor voltage. Fig.3 shows the specific eight
switching states (mode A to H) and current paths (active
power branch in red line and reactive power branch in green
line).

In Table I, it is observed that some of the switching states
are redundant in generating certain output voltage level:
mode B and mode C are redundant switching states to
generate +Vy/2; similarly, (D, E) and (F, G) are redundant
states to generate 0 and -V4/2, respectively. Although the
redundant states (B, C) and (F, G) generate the same output
voltage level, their effect on the FC voltage is opposite to
each other due to the change in the direction of FC current.
This leads to the possibility of regulating the FC voltage to a
constant value (V4./4).

In Fig.3, it is observed that among eight switching states,
four modes (C, D, E, F) allow unidirectional current-flow
path due to the presence of discrete diode. Therefore,
appropriate selection of switching states under reactive
power operation is very important, which also increases the
complexity of modulation. Therefore, the proposed 6S-5L-
ANPC converter is suitable for active power application (e.g.
PV grid-connection application). The following section will
cover the specific modulation strategy for proposed

topology.

TABLE L SWITCHING STATES, OUTPUT VOLTAGE AND VOLTAGE OF FLYING-CAPACITOR OF 6S-5L-ANPC INVERTER
Switch number Flying capacitor Cg
Switching state Output voltage V,,
T, T, T; Ty Ts Te i,>0 i,<0

A 1 1 0 0 0 1 +V4o/2 -- --
B 1 0 1 0 0 1 +Vy/4 Charge Discharge
C 0 1 0 0 0 1 +Vq/4 Discharge Charge
D 0 0 1 0 0 1 +0 -- --
E 0 1 0 0 1 0 -0 -- --
F 0 0 1 0 1 0 -Va/4 Discharge Charge
G 0 1 0 1 1 0 -Val/d Charge Discharge
H 0 0 1 1 1 0 -Vio/2 -- --
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(b) Mode B

(a) Mode A

(d) Mode D

(c) Mode C

(f) Mode F

(e) Mode E

(h) Mode H

(g) Mode G

ANPC

Fig. 3. Eight switching modes and current paths for 6S-5L.
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III. MODULATION STRATEGY

As can be seen from Fig.3, four switching modes allow
unidirectional current path due to the adoption of fast
recovery diode. Therefore, the modulation method for 6S-
SL-ANPC inverter is different from traditional ANPC
topologies.

Selection of zero output states: both zero output modes
(D and E) belong to unidirectional current path states: the
current in mode D can only flow from left to right (positive)
while mode E allows only negative current. So selection of
zero output states is based on the direction of output current.

Among two pairs of redundant states which output V4./2
level, mode C (+Vg4/2) and F (-V4/2) allow unidirectional
current-flow path. These two states can only be used when
output voltage and current are in same direction. Therefore,

Reactive power zone

under reactive power factor condition, when directions of
current and voltage are different, we can only use mode B
(+V4/2) and E (-V4/2) to achieve Vy/2 output level. This
will result in the continuous drop of flying-capacitor voltage
because both two modes are discharging the flying-capacitor.
Consequently, if power factor is low which leads to wide
region of output current and voltage in opposite direction, a
large flying-capacitor voltage ripple will be generated. In this
case, a large value of flying-capacitor is selected to reduce
the voltage ripple.

From the analysis above, it is concluded that the
complexity of modulation is increased when inverter is
working under reactive power condition. Therefore, only
reactive power modulation strategy is discussed. The
diagram of modulation for 6S-5L-ANPC inverter is shown in
Fig.4.

Active power zone
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Fig. 4. PWM modulation for 6S-5L-ANPC inverter (cos8 > v/3/2)

From Fig.4, it can be observed that during a whole grid
cycle, there are four zones according to whether the output
current and voltage are in same direction: Z1 and Z3 are
reactive power zones while Z2 and Z4 are active power
zones.

As mentioned before, the selection of two redundant
switching states generation zero output is based on the
direction of output current. So from t; to ts, the current is
positive and mode D is chosen. Similarly, from t, to t; and ts
to tg, mode E is selected due the negative output current.

Reactive power zone Z1 [from t, to t;]: inverter is
outputting zero and +Vy/4. In this region, only mode B can
be used to generate +Vy/4 output because voltage and
current are in opposite direction. For zero output, mode E is

selected due the negative current.
combination is obtained.

So, (B, E) states

Active power zone Z2 [From t; to t, and t;3 to t4]: the
output voltage is switched between zero and +V4/4. Because
it is in the active power zone, two redundant +Vg4./4 states
can be used. This gives an opportunity to regulate the voltage
across flying-capacitor. When actual FC voltage is lower
than reference FC voltage, charging state B is chosen; when
greater than reference FC voltage, mode C is selected to
discharge flying-capacitor. When outputting zero voltage
level, mode D is chosen. Consequently, the switching state
sequence of (B, D, C, D) is achieved.

[From t, to t;]: the output reference voltage is between
+V4/4 and +V4/2. Mode A is required to generate +V./2
output level. Similarly, in active power zone, appropriate
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selection of redundant switching states (B, C) is necessary.
In this way, sequence of (B, A, C, A) guarantees flying-
capacitor voltage balancing and inverter output.

Reactive power zone Z3 [from t, to ts]: output current is
negative, so mode D is needed to output zero level. Mode G
is selected to generate -V y./4 output. In this region, switching
states sequence (D, G) is acquired.

Active power zone Z4 [From ts to tg]: similar to zone Z2,
mode D and mode H are selected for zero and -V4./2 output
levels. When outputting -V4/4 voltage levels, redundant
switching states (F, G) are employed alternately to keep
flying-capacitor balanced. Consequently, during ts to ts and t;
to tg, switching state sequence (F, E, G, E) is achieved; from
tg to ty, switching state sequence (F, H, G, H) is adopted.

According the description of modulation strategy for 6S-
SL-ANPC inverter topology, it is obtained that in reactive
power zone, the flying-capacitor cannot be regulated. A
higher value of flying-capacitor can be adopted in low power
factor case. In conclusion, the proposed 6S-5L-ANPC
inverter is suitable for active power application (e.g. PV
grid-connection) and high power factor application.

IV. SIMULATION VERIFICATION

In order to testify the effectiveness of modulation
strategy especially under reactive power condition,
simulation verification has been carried out using
MATLAB/Simulink. The simulation has been done in two
cases: unity power factor operation and reactive power case.

The power level of inverter system in the simulation is S00W.

The system parameters are shown in Table II.

TABLE II. SYSTEM PARAMETERS
Input 400V Grid 110V RMS
voltage voltage
DC 2000uF Grid 60Hz
capacitor frequency
Flying 310uF Output 4.6A RMS
capacitor current
Output filter | 1.6mH Switching 15kHz
inductor frequency

A. Unity power factor operation

To investigate the effectiveness of proposed topology and
modulator, waveforms of inverter output voltage V ,,, flying-
capacitor voltage, grid voltage and output current are
obtained from simulation, as shown in Fig.5.

Fig.5 (a) shows the five-level inverter output. Fig.5 (b)
shows the flying-capacitor voltage. From calculation, 310 uF
is chosen for flying-capacitor value. As can be seen, the FC
voltage is kept at 100 volts, and 2 volts voltage variation is
applied on the flying-capacitor. So voltage ripple in this case
is 2%. Fig.5 (c) shows the gird-voltage and inverter output
current. Under unity power factor, the current and voltage
are in phase. The output current is sinusoidal wave without
distortion.

T T
- Inverter output vol

i I 1 i i i I

(a)Inverter output voltage waveform

(b)Flying capacitor voltage waveform

T T T T T T T

Grid voltage [100V/div] :

i L I i i I I

(c)Grid voltage and output current waveform

Fig. 5. Active power operation: simulation waveforms of inverter output
voltage, flying-capacitor voltage, grid voltage, output current

B. Reactive Power operation (cosd = 0.9)

To verify the proposed modulation method in section III,
simulation under high power factor case (cosf = 0.9) has
been carried out. Waveforms of inverter output voltage V,,
flying-capacitor voltage, grid voltage and output current are
obtained from simulation are shown in Fig.5.

Compared to the output voltage in Fig.5 (a), the output
voltage under reactive power condition is almost the same.
As can been seen from Fig. 6 (a), a small voltage spike
happens near the output current zero-crossing point. This is
due to the switching states transition: the output current is
changing from mode D to E (or from mode E to D).

In Fig.6 (b), it is observed that flying-capacitor voltage
ripple is increased compared to unity power factor case. As
can been seen, the large voltage ripples occur at reactive
power zone (in Fig. 6 (c), the region where grid voltage and
output current are in opposite direction). The waveform of
FC voltage verify the analysis in section III: the FC voltage
cannot be regulated in reactive power zone. Appropriate
selection of flying-capacitor value can keep the voltage
ripple within acceptable range. In my case, power level is
500W (input voltage is 400V and output current is 4.6A
RMS) and 310 uF flying-capacitor is selected to achieve
maximum 6 volts (6%) ripple voltage.
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! ) T T
. Inverter output voltage:Vx, [100V/div]

(a)Inverter output voltage waveform

Ly i L L i i i I

(b)Flying capacitor voltage waveform

T T T T T T

Grid voltage [100V/div]

//Output current [10A/div] N

(c)Grid voltage and output current waveform

Fig. 6. Reactive power operation cosf = 0.9: simulation waveforms of
inverter output voltage, flying-capacitor voltage, grid voltage

From the simulation results in two cases, it can be
concluded that with proposed modulation method applied on
proposed 6S-5L-ANPC inverter, the system is capable of
operating under both active power condition and reactive
power condition.

V. EXPERIMENTAL RESULTS

To verify the effectiveness of proposed topology and its
modulation strategy. A 500W single-phase 6S-5L-ANPC
inverter  grid-connection experimental  prototype is
implemented, as shown in Fig.7. The system includes main
circuit, DSP and FPGA control board, DC source, output
filter and measurement instruments.

Controller |+

Fig. 7. Experimental prototype

The control board employs a combination of the Texas
Instruments TMS320F28335 control card and the Altera
Cyclone IV EP4CGX22 FPGA card to provide powerful
real-time mathematical calculations and control functions.
The experimental parameters are the same as parameters
used in simulation, shown in Table II.

Fig.8 and Fig.9 show the experimental results under unity
power factor condition. Fig.8 shows inverter output voltage,
flying-capacitor voltage, grid voltage and output current:
channel 1 is the output bridge voltage; channel 2 is 110V
grid voltage; channel 3 is the flying-capacitor voltage, which
is balanced at 100 volts; channel 4 is the output current,
which is sinusoidal without distortion and in phase with grid
voltage in this case. Fig.9 shows two DC-link capacitors
voltages, flying-capacitor voltage and output -current:
channel 1 is lower DC-link capacitor voltage and channel 2
is upper DC-link capacitor voltage, which both have a line-
frequency fluctuation. The measured flying-capacitor ripple
voltage is 3V (3%) and DC-link capacitor ripple voltage is
8V (4%).
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Fig. 8. Experimental results under unity power factor condition:
waveforms of inverter bridge voltage, flying-capacitor voltage, grid voltage
and output current
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Fig. 9. Experimental results under unity power factor condition:
waveforms of lower DC-link capacitor votlage, upper DC-link capacitor
voltage, grid voltage and output current
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To testify the proper system operation under reactive Fig.12 shows lower DC-link capacitor voltage, flying-
power condition, experimental works are carried out. The capacitor voltage, grid voltage and output current. It can be
power factor is selected ascosf = 0.9. Fig.10, Fig.11 and  seen that large FC voltage ripple happen during the time
Fig.12 show the experimental results. when grid voltage and output current are in opposite
direction. The voltage drop in reactive power zone is 7 volts
(7%). The experimental results are consistent with analysis
in section IIT and simulation results in section V.

Fig.10 shows inverter output voltage, flying-capacitor
voltage, grid voltage and output current. It is observed that
the waveform of inverter output voltage V,, is same as one
achieved in the simulation: small voltage spikes occur i ; = =

. . . Lower DC-link capacitor voltage [50V/div]
around output current zero-crossing points. The flying- o—— ——
capacitor voltage is also balanced at 100 volts. Under 0.9
power factor, the output current and grid voltage has a 25
degree phase shift. In this situation, the inverter still
produces good quality current waveform without distortion.

4 LaRasy, T

x Flying-capacitor voltage [S0V/div]
ivebiidaiaoetiomll 1 s R PR POTTON [ " L S
i r -

' " S e e — ,

Fig.11 shows two DC-link capacitors voltages, flying-
capacitor voltage and output current. The DC-link capacitors
voltages waveforms in this situation are almost the same as
one under active power condition. The measured DC-link
capacitor ripple voltage is also 8V (4%).
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| . Fig. 12. Experimental results under unity power factor cosf = 0.9 :
Bridge voltage [100V/div] waveforms of lower DC-link capacitor votlage, flying-capacitor voltage,
grid voltage and output current
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R 4 N SL-ANPC converters, it reduces two active semiconductor
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=

switches. The working principles and switching states are
presented. The specific modulation strategy of 6S-5L-ANPC

C T T TR o I inverter under reactive power operation has been
1M points . . . .

investigated. Issues related to the balancing of flying-

Fig. 10. Experimental results under reacitve power operation cosé = 0.9: capacitor voltage and reactive power operation are discussed.

waveforms of inverter bridge voltage, flying-capacitor voltage, grid voltage ~ The simulation and experimental verifications have been
and output current carried out in unity power factor condition and reactive

— power case to demonstrate the effectiveness of proposed
Lower DC-link capacitor voltage [S0V/div] y, topology and modulation method.
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