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ABSTRACT: A new five-level voltage source 
inverter is offered here for medium-voltage high-
power applications. It's based on a four-level nested 
neutral-point clamped (NNPC) converter that's been 
upgraded. It can function at a wide variety of voltages 
without requiring the use of a power semiconductor 
in series, and it has a higher quality output voltage 
and fewer components than traditional five-level 
topologies. An Active Neutral Point Clamped 
(ANPC) inverter topology with six switches is 
suggested. In comparison to the traditional 5L-ANPC 
inverter, it only requires six switches for single phase, 
down from eight. The switching states and working 
concepts are discussed. When comparing 5L-ANPC 
and traditional 5L-ANPC topologies, the results 
reveal that the 5L-ANPC topology has reduced 
conduction loss and hence higher efficiency. 

 

I. INTRODUCTION 
Multilevel inverters are becoming more 

popular in academics and industry as one of the best 
power conversion solutions for medium and high 
power applications [1]–[3]. The adoption of 
multilayer inverters in medium-power applications is 
motivated by the desire to reduce switch voltage 
stress and output filter size. In comparison to their 
two-level predecessors, they also have better output 
quality, lower Total Harmonic Distortion (THD), 
lower common-mode voltage, and reduced 
Electromagnetic Interference (EMI) [4]. Furthermore, 
due to the usage of a low voltage drop component, 
multilayer inverters have the potential to reach higher 
efficiency than standard inverters., 

leading to their low voltage application such as 
photovoltaic (PV) cells [5]–[7]. There are three types 
of classic multilevel inverter topologies: Neutral 
Point Clamped (NPC) type [8], [9], Flying- Capacitor 
(FC) type [11-12], and Cascaded H- Bridge (CHB) 
type [13], a single-phase leg of three types of 
topologies generating five-level output are shown in 
Fig. 1. The NPC type multilevel inverters generate 
the voltage levels from the neutral point voltage by 
adopting the clamping diodes. However, when 
voltage levels increase, more clamping diodes, active 
semiconductor switches and DC-link capacitors are 
needed. Excessive number of clamping diodes are 
connected in series to block the higher voltage, thus 
producing more conduction losses and generating 
reverse recovery currents that affect the switching 
losses of other devices. The DC- link voltage 
balancing problem is another issue for higher levels 
NPC inverters. As another type of classic multilevel 
inverters, the FC inverter produces the required 
output voltage levels by summing the FC and DC-
link voltages. The increased number of capacitors in 
higher levels leads to complex control method to 
balance the voltages of both DC-link capacitors and 
FCs. The higher switching frequency to keep the 
capacitors properly balanced and capacitors 
maintenance costs result in the less industrial 
penetration of FC type. The CHB multilevel inverters 
use series-connected Hbridge cells with an isolated 
dc voltage sources connected to each cell. Similarly, 
to have more output levels, more cells are needed. 
This will lead to impracticality of this type of 
topology since more isolated DC sources are 
required.  
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The 5L-ANPC inverter combines a 3L-ANPC leg 
with a 3L-FC power cell. The number of levels is 
increased with the levels introduced by the FC. This 
topology enables the modularity factor that is lacking 
in the NPC type inverter by adding the FC to reach 
higher level without adding series-connected diodes. 
In addition, the ANPC inverters splits the DC-link 
into two capacitors, so the complexity of DC-link 
capacitor voltages balancing is reduced compared to 
the conventional NPC and FC type inverters which 
need four DC capacitors in series. Due to the reduced 
costs, volume and control complexity, the 5L-ANPC 
inverter is receiving more attention recently and is 
already commercially used for medium power level 
industrial applications [29]. Fig. 2 (b) and (c) show 
additional two types of 5L-ANPC inverter [30] 

 

 
 

Fig.1 The conventional multilevel inverter topologies 
(five-level). (a) NPC type. (b) FC type. (c) CHB type. 

 

 
Fig.2 The conventional 5L-ANPC inverter 

topologies. (a) Type I. (b) Type II. (c) Type III. 
 

The redundant switching states in ANPC inverters 
allow the voltage across FC to be regulated. To 
generate the switching pulses and simultaneously 
regulate the FC voltage, a variety of modulation 
strategies have been presented such as carrier-based 

Pulse Width Modulation (PWM) [31], modified 
carrier-based PWM, real time THD minimization  
and selective harmonic elimination PWM. From Fig. 
2, it is observed that for the existing conventional 5L-
ANPC inverter topologies, at least eight active 
switches are required. And from the point view of 
industrial application, it would be more desirable if 
the cost of the system can be reduced. The motivation 
of this paper is to reduce the number of active 
switches. For PV application, the output current and 
grid voltage are generally in phase, so some of 
reactive current paths can be removed. Based on this, 
a novel Six-Switch Five- Level ANPC (6S-5L-
ANPC) inverter topology is proposed. Compared to 
the conventional 5LANPC inverter, the proposed 
topology requires only six active semiconductor 
switches, reducing the volume of system. 
Additionally, with the proposed modulation method 
applied to the proposed 6S-5L- ANPC inverter, the 
system is capable of operating under both active and 
reactive power conditions.  

 
II . OPERATING PRINCIPLES OF PROPOSED 

6S-5L-ANPC INVERTER 
 

The 5L-ANPC inverter is a good choice for 
renewable energy harvesting because of its improved 
efficiency and output waveform. The configuration of 
Type II conventional 5L-ANPC inverter is shown in 
Fig. 5 (b). First, the DC-link voltage is defined as  
Vdc. The DC-link consists of two capacitors (C1, C2), 
whose voltages are rated at half of dc voltage (Vdc/2). 
A flying-capacitor (Cfc) is required to provide one 
quarter of dc voltage (Vdc/4). Five output voltage 
levels +Vdc/2, +Vdc/4, 0, -Vdc/4 and -Vdc/2 (which are 
defined as +2, +1, 0, -1 and -2 respectively) are 
achieved by summing the FC voltage and DC-link 
capacitor voltages. For PV grid-connection 
application, the inverter output current is required to 
be in phase with grid voltage. In this situation, some 
of the reactive current paths can be ignored, which 
means some active switches can be replaced by fast 
recovery diodes. For the switching states which 
output +2 and -2 levels, (T1, T2) and (T3, T4) are 
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turned on for active current flow and the reactive 
current path is pass through their anti-parallel diodes. 
So these four active switches cannot be removed. 
Similarly, for the switching states which output +1 
and  -1 levels,( ,    ) and (   , ) are turned on. 

Both switching states are charging the FC in unity 
power factor condition. To balance the FC voltage, 
there are additional two switching state which also 
output +1 and -1 level to discharge the FC, which are 
called redundant switching states.The red line shows 
the active power current path. With above  
motivation, the parts for reactive power operation 
(dashed parts) can be ignored. There are also two 
redundant 0 switching states: one is through T6, D8 
and T2; the other is through T3, T5 and D7. Since 
T1/D1 to T4/D4 are kept, there is no change for 0 
output level switching states. Finally, a novel six- 
switch 5L-ANPC (6S-5L-ANPC) inverter topology is 
derived, as shown in Fig. 5.1. 

As can be observed from Fig.1, in contrast to the 
conventional 5L-ANPC inverters which need eight 
active switches and other types of five-level inverters 
which require more devices, the proposed 6S-5L- 
ANPC inverter employs only six active switches and 
two discrete diodes. The reduced number of active 
switches sacrifice some reactive current paths. 
However, with special modulation method, the 
proposed topology has the capability of feeding 
reactive power into the grid to support the stability of 
the power system, which will be addressed in  the 
next chapter. 

The 6S-5L-ANPC inverter consists of eight 
switching states that generate five-level  voltage 
levels at the output based on capacitor voltages, as 
shown in Table 1. The output current is defined as 
iout. Vout represents the output voltage level. Fig. 5 
shows eight different switching states (state A to H) 
and current paths (red line shows the active current 
path while green line represents the reactive power 
path). 

 
 
 
 
 
 
 
 

Fig.3 Configuration of the proposed 6S-5L-ANCP 
inverter 

In Fig. 6, six active power semiconductor switches 
(T1 – T6) and two discrete diodes (D7, D8) are 
needed to generate five-level output. The outer 
switches (T1 – T4) operate at switching frequency 
and inner switches (T5, T6) commutate at line 
frequency. Additionally, the current paths including 
T5 and T6 also flow through the fast recovery diodes, 
which can only achieve unidirectional current flow. 
Thus the selection of inner switches (T5, T6) can be 
IGBT without antiparallel diode, further reducing the 
system cost. 

 
Fig. 4 Active current paths for two switching states of 

type II conventional 5L-ANPC inverter. 

In Table 1 , it is observed that there are three 
pairs of redundant switching states which generate 
same output voltage level: states B and C are 
redundant switching states to generate +1 voltage 
level; similarly, (D, E) and (F, G) are redundant  
states to generate 0 and -1, 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 
(Vdc/4). The sign of load current iout and deviation 
sign of FC voltage from its reference value are 
required to decide which redundant switching state to 
be chosen. 

TABLE 1 
Switching states,output voltage and impact on the FC 

voltage of the 6S-5L-ANPC Inverter 
 

In Fig. 3, it is observed that among eight switching 
states, four states (C, D, E, and F) allow 
unidirectional current flow due to the presence of 
discrete diode. Therefore, appropriate selection of 
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switching states under reactive power operation is 
very important. 

 

Fig. 5 Eight switching states for 6S-5L-ANPC 
Inverter a)state A: +2 b) state B: +1 

c) state C: -1 d) state D: 0 e) state E: 0 f) state 
F: -1 g) state G: -1 h) state H: -2 

 
To better illustrate the advantage of the 

proposed topology, it is important to make a 
comparison between 6S-5L-ANPC inverter and the 
conventional 5L-ANPC inverters in terms of device 
voltage rating, switching frequency, efficiency and 
system volume. 

III . MODULATION STRATEGY 
As can be observed from Fig. 3.2.1, during 

the four switching states (C, D, E and F), the current 
can only flow in one direction due to the use of fast 
recovery diode. Therefore, there are limitations for 
the selection of four switching states with 
unidirectional current path. The diagram of 
modulation for 6S-5L-ANPC inverter under reactive 
power operation is shown in Fig. 5. The Phase 
Disposition (PD) pulse-width-modulation (PWM) 
scheme is used because of its lower THD. 

 

 
 

Fig 6 PWM Modulation for 6S-5L-ANPC inverter 
In Fig. 4, four carriers and one reference 

signals are used for one phase of the inverter. By 
comparing each of the carriers with the reference, the 
corresponding switching states are switched and five- 
level output voltage waveform is generated. From 
Fig. 3, it is observed that during a complete grid line 
cycle, four operating zones can be identified based on 
the polarities of the output current and grid voltage: 
in Z1 and Z3, the output current and reference 
voltage are in opposite direction; in Z2 and Z4, the 
output current and reference voltage are in the same 
direction. 

It is noted that both zero switching states (D 
and E) belong to unidirectional current path states. 
The selection of two redundant switching states 
which give zero output is based on the direction of 
output current. So from t1 to t5, the current is 
positive and mode D is chosen. Similarly, from t0 to 
t1 and t5 to t8, mode E is selected due to the negative 
output current. 
Among two pairs of redundant states which output ±1 
level, states C (+1) and F (-1) allow unidirectional 
current-flow path. These two states can only be used 
when output voltage and current are in same 
direction. Therefore, under reactive power condition, 
when directions of current and voltage are different, 
only mode B (+1) and G (-1) can be used to achieve 1 
output level. 
A. MODULATION IN Z1 [FROM T0 TO T1] 
During this period, the output voltage level varies 
between +1 and 0. In this region, only mode B can be 
used to generate +1 output because voltage and 
current are in opposite direction. Therefore, the FC 
voltage cannot be regulated and it has always been 
discharged. For zero output, mode E is selected due 
to the negative current. So, the circuit rotates in the 
sequence of (B, E, B, E). The specific modulation in 
this region is shown in Fig.7. 

107



VOLUME 4 ISSUE 6 

32 

 

 

 
 

 
 

Fig. 7 PWM Modulation in Z1 
 

B. MODULATION IN Z2 [FROM T1 TO T4] 
From t1 to t2 and t3 to t4, the output voltage is also 
switched between +1 and 0. Both redundant +1 states 
(B, C) can be used, which gives an opportunity to 
regulate the voltage across FC. When actual FC 
voltage is lower than the reference value, charging 
state B is chosen; when greater than reference FC 
voltage, mode C is selected to discharge FC. When 
outputting zero voltage level, mode D is chosen. 
Consequently, the switching state sequence of (B, D, 
C, D) is achieved. 

From t2 to t3, the output reference voltage is 
between +2  and +1. Mode A is required  to  generate 
+2 output level. Similarly, appropriate selection of 
redundant switching states (B, C) leads to self- 
balancing of FC. In this  way,  sequence of (B, A,  C, 
A) guarantees FC voltage balancing and inverter 
output. The modulation in Z2 is shown in Fig. 7.3. 

 

Fig 8 PWM Modulation in Z2 
 

C. MODULATION IN Z4 [FROM T5 TO T8] 
 

Similar to Z2, mode E and mode H are selected for 
zero and -2 output levels. When -1 voltage level is 
required, redundant switching states (F, G) are 
employed alternately to keep FC voltage balanced. 
Consequently, during t5 to t6 and t7 to t8, switching 
state sequence (F, E, G, E) is achieved; from t6 to t7, 
switching state sequence (F, H, G, H) is used. 

D. DC-LINK CAPACITOR VOLTAGE 
BALANCING 
The DC-link capacitor voltage balancing is one 
problem encountered in single-phase applications, 
which cannot be solved using three-phase technique 
such as adding zero-sequence voltage. For 5L-ANPC 
inverters, the output power in positive grid cycle is 
provided by upper side DC capacitor and FC; 
similarly, the lower DC capacitor and FC are 
transferring the energy to the output side during 
negative grid cycle. If the inverter is controlled to 
generate symmetrical output current, then the power 
relationship can be obtained 

 

…… 
………..   (1) 

 
where ΔPC1, ΔPFcp is the energy offered by C1 and 
FC in positive grid cycle respectively; ΔPC2, ΔPFcn 

is the energy from C2 and FC in negative grid cycle 
respectively. The power transmission relationship is 
shown in Fig. 8. 

 
Fig. 9. Relationship of power transmission between 

DC capacitors, FC and output side during a 
whole grid cycle 

It should be noted that the energy provided by FC 
(ΔPFcp and ΔPFcn) also comes from DC-link 
capacitors (the dashed lines). Based on this, the 
regulation of DC-link capacitor voltages can be 
achieved by controlling the FC voltage: if VC1 is 
greater than VC2, then in positive grid cycle C1 can 
be controlled to transfer more energy to FC and then 
during negative grid cycle FC is providing more 
energy to the output side so that C2 will output less 
power. Consequently, the voltage difference between 
two DC-link capacitors will be decreased. 
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. 
IV. SIMULATION RESULTS AND 

DISCUSSION 
 

Computer simulation using MATLAB/Simulink was 
used to test the efficiency of the modulation technique, 
particularly under reactive power conditions, as well as 
the FC capacitance calculation. The 6S-5L-ANPC 
inverter also has a maximum power factor capability. 
The simulation is run in two scenarios based on the 
unique design described in the preceding section: a 
greater FC value and a smaller FC value. First, the 
computed FC value 310F is chosen to keep the voltage 
ripple under 2% under a unity power factor condition. 
The computed FC capacitance for a 20 V voltage drop 
in 0.9 power state is 56 F. 

 
 

 
Fig.10 Simulation diagram of 6S-5L-ANPC Inverter 

 
Case1: Flying Capacitor = 310 uF FC value under 
unity power factor condition 

 
First, 310 μF FC value is used for simulation. Below 
gives the simulation results in unity power factor 
condition. 

 

Fig.11 Inverter output 

 

 
Fig. 12 FC Voltage 

 
Fig.13 Output current 

From the fig 11,it shows five-level the 
inverter output voltage of about 200V.The horizontal 
axis shows the time in seconds and the vertical axis 
shows Voltage(V).The flying capacitor voltage is of 
100V which is kept at Vdc/4 .A small section of FC 
voltage waveform is zoomed to show the voltage 
ripple. The measured peak-to-peak FC voltage ripple 
in this case is 2 V (= 2.0 V/100 V = 2%). 

 

 
Fig.14 THD of Output current 

Here the vertical axis shows the voltage 
(V)/current (A) and the horizontal axis shows the 
time. From the fig 13, the yellow colour signal shows 
the grid voltage and the pink colour signal shows the 
output current. The THD values are sampled at 
fundamental frequency of about 50HZ.Here the 
output current and grid voltage are in phase. 

 
Case2: Flying Capacitor = 310 uF FC value under 
0.9 power factor condition 
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Fig.15 Inverter output 

 

Fig.16 FC Voltage 
 

 
Fig.17 Output current 

 
 

Fig.18 THD of Output current 
 

Simulation verification is also carried out under 
reactive power condition (PF= 0.9, capacitive 
region). However, this voltage drop occurs in the 
region near the zero-crossing point. Since the duty 
cycles of the output signal in this region are very 
small, the FC voltage drop has less impact on the 
output current THD. Here the vertical axis shows the 

voltage (V)/current (A) and the horizontal axis shows 
the time. From the fig 17, the yellow colour signal 
shows the grid voltage and the pink colour signal 
shows the output current. The THD values are 
sampled at fundamental frequency of about 50 HZ. 
Here the output current and grid voltage are in 
opposite phase to each other. In Fig. 16, it is observed 
that there is 3.0 V voltage drop in the reactive power 
region. Since the duty cycles of the output signal in 
this region are very small, the FC voltage drop has 
less impact on the output current THD, which is still 
4.89%. 
Case3: Flying Capacitor = 56 uF FC value under 
unity power factor condition 

To evaluate the impact of FC voltage drop 
on output harmonics, simulation has also been 
conducted under smaller FC value condition. The FC 
capacitance is selected to be 56 µF according to 
equation (8) to achieve 20% FC voltage drop. 

 

Fig.19 Inverter output 
 

Fig.20 FC Voltage 
 

Fig 21 Output current 
It is observed from the fig 20, the peak-to-peak FC 
voltage ripple in unity power factor condition is 
increased to 10.3 V respectively and THD value is 
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4.89%.here the output current and grid voltage are in 
phase to each other. The output current THD is still 
4.89%, which is shown in Fig.22. 

 

Fig.22 THD of Output current 
Case4: Flying Capacitor = 56 uF FC value under 

0.9 power factor condition 
 

Fig.23Inverter output 
 

Fig. 24 FC Voltage 

 
Fig. 25 Output current 

From the fig.24, it is observed that voltage is dropped 
and THD is of same under 0.9PF.Here the frequency 
is about 50HZ.The voltage and current are in 
opposite direction. Under 0.9 PF condition, the FC 

voltage drop is increased to 20 V, as shown in Fig. 
24, which verifies the FC design procedures. 

 

Fig. 26 THD of Output current 
Case5: under low switching frequency operation 

This system is used for low switching 
frequency generally of about 2KHZ and high power 
applications. Here the output filter used is same and 
switching frequency is 1.5 KHZ. Simulation results 
are carried out under unity and 0.9PF condition. The 
output filter value is unchanged. From the below 
simulation results the it is seen that the voltage ripple 
is of same as 3.9V.So the output of the 6S-5L-ANPC 
Inverter is same as conventional system. 

 
 

Fig.27 Inverter Output voltage 
 

Fig.28 Output current 
From the fig.28, the yellow line shows the 

grid voltage and the distorted pink line shows the 
output current. Here the vertical axis shows the 
voltage (V)/current (A) and the horizontal axis shows 
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the time. Here the output current and grid voltage are 
in phase. 
Case6: under Reactive Power Operation 

 

Fig.29 FC Voltage 
 

Fig 30 Inverter Voltage 
 

Fig .31 FC Voltage 
 

Fig 32 Output current 

From the fig.8.31, the yellow line shows the grid 
voltage and the distorted pink line shows the output 
current. Here the vertical axis shows the voltage 
(V)/current(A) and the horizontal axis shows the time. 
Here the output current and grid voltage are in 
opposite direction. 

Case7 : under Maximum Reactive Power 
Operation 

Although the proposed topology is suitable 
for unity power factor operation, the functionalities  
of low-voltage ridethrough (LVRT) and the grid 
support capability are required for the inverters at 
high power conversion, even for PV inverters. 
Therefore, inverters should be capable of injecting 
some reactive current when the grid presents a 
voltage sag fault. This part will discuss the maximum 
power factor capability of proposed topology. For 6S-
5L-ANPC inverter, there are FC voltage drops under 
reactive power condition. This FC voltage drop ΔVfc 
will increase the voltage stress of switches T1 and T4 
by ΔVfc. In addition, even though the output current 
is compensated by closed-loop control, high FC 
voltage drop will cause output current distortion and 
then limit the maximum power factor capability of 
the system. Therefore, in consideration of device 
voltage stress and output performance, the FC voltage 
drop should be kept within a certain range for a 
proper system design. Here, the FC voltage drop is 
designed to be less than 15% of rated FC voltage 
(VDC/4) which is 15 V, then based on equation (9) the 
calculated power factor is around 0.6. Fig. 33 shows 
the simulation waveforms of maximum power factor 
capability when pf 0.6. When FC value is decreased 
to 56 µF based on (9), the calculated power factor is 
0.8 to have 15 V FC voltage drop. The simulation 
result is shown in Fig.34. when the maximum power 
factor capability is 0.8 pf 

 

Fig 33 Simulation results when FC is 310µF and 
0.6pf 

 

Fig 34 Simulation results when FC is 56µF and 0.8pf 
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V. CONCLUSION 
Novel five-level ANPC inverter architecture is 
proposed in this paper. In comparison to the 
traditional 5L-ANPC inverter, it only requires six 
switches for single phase, down from eight. The 
switching states and working concepts are discussed. 
The comparison of the suggested 5L-ANPC and the 
standard 5L-ANPC topologies reveals that the 
proposed 5L-ANPC topology has reduced conduction 
loss and hence higher efficiency under high power 
conditions. Under reactive power operation, a special 
modulation strategy for the 5L-ANPC inverter is 
proposed. Issues with DC-link capacitors and 
balancing FC voltages are discussed. To illustrate the 
robustness of the suggested topology and modulation 
mechanism, computer simulations are run in both 
active and reactive power circumstances. 
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