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Abstract– Nowadays, multilevel converter represents a good idea 

for commercial and industrial applications, where small size and 

cost, low maintenance, reliability in a wide range of environments 

and good efficiency are required. Furthermore, the multilevel 

converter can provide control for both maximum power tracking 

and output power factor reducing the filter weight and volume. 

The proposed power converter topology, called Five-Level E Type 

Inverter (5L E-Type Inverter), for grid connected applications is 

presented and analyzed in this paper. The performance of the 

three-phase 5L E-Type Inverter has been theoretically 

investigated. The thermal models of the power semiconductor 

have been created taking into account the parameters provided by 

the manufactures and employing multi-dimensional look-up tables 

in Plexim/PLECS environment. The design and selection of 

passive components have been described in order to obtain 

amazing performances in terms of weight, volume and efficiency 

and power quality. New control strategy, named concurrent 

control, for 5L E-Type Inverter has been implemented and 

validated in LabVIEW development environment. The peak 

efficiency of the converter above 98.3% and the total harmonic 

total harmonic distortion current (THDi) less than 3% have been 

achieved. 

Keywords— DC-AC power conversion, multilevel converter, 

harmonic distortion, modulation, high-efficiency.  

I. INTRODUCTION 

The power electronics target is to reduce as much as possible 

the costs, size, weight and losses of the conversion systems and 

increase the power quality [1], [2]. To reach this purpose, new 

material processing and fabrication techniques, power devices, 

packaging and drivers have been developed and are still under 

investigation [3], [4]. In parallel with the power semiconductor 

evolution, new converter topologies and new control platform 

technology will play an important role in continuous efficiency 

improvement, power density, power quality and cost reduction. 

One way to achieve the mentioned targets is to deploy multi-

level and/or multi-cell power converter topologies [1], [5]-[12]. 

It is true, as the working number of voltage levels of the 

converters increases, multilevel converters greatly increase the 

number of power devices. As a result, use more power 

semiconductors can be disadvantageous. From a material point 

of view, the power semiconductors are nothing else than a piece 

of roosted sand. Raw material is basically sand and it is 27% of 

the planet. This means that we have a lot of material. In contrast 

to this, inductor, transformers and capacitors are very dirty 

technology due to the use of iron, copper and aluminum; they 

are limited raw material. Having all this in mind, it is obvious 

that the only solution for future development is to use more and 

more power semiconductors and less iron and copper. In fact, 

applications linked to the power semiconductors have had a cost 

reduction in the recent years. Furthermore, iron and copper, 

which are the basic materials for the manufacture of inductors 

and transformers, are not cheap at all. Thus, from a cost point 

of view, if the number of semiconductor devices increases in a 

power converter, it does not mean that the cost of the overall 

system becomes higher. Additionally, the multilevel 

converter’s success can be highlighted as the higher voltage 

operating capability, lower common-mode voltages, reduced 

voltage derivatives (dv/dt), voltages with reduced harmonic 

contents, near sinusoidal currents, smaller input and output 

filters, increased efficiency [5]-[12] and, in some cases, 

possible fault-tolerant operation [13], [14]. The use of a high 

number of power devices requires monitoring methods and 

fault indicators in order to have a safe and functional power 

conversion systems [13], [14]. An interesting investigation on 

the fault tolerance analysis has been addressed in [14] with 

reference to multilevel converter named 5-level Unidirectional 

T-Rectifier. In this paper, three phase 5L E-Type Inverter 

(3Φ5L E-Type Inverter) has been investigated and analyzed in 

order to obtain high efficiency, high power density and power 

quality to be used in grid-connected applications. Three-phase 

four wire equivalent circuit diagram of the solution under 

consideration is shown in Fig. 1.  

 
Fig. 1. Block diagram of the grid-connected interleaved 3Φ5L E-Type 

Inverter. 

The performance of the interleaved 3Φ5L E-Type Inverter 

has been investigated using Plexim/PLECS tool in the 

Matlab/Simulink environment. The output filter, Inter-Cell 

Transformer (ICT0), L0 and C0, has been designed in order to 

achieve THDi <3%. Furthermore, the inverter control strategy, 

called concurrent control, has been implemented using the 

multi-resonant controller [15]. In this control strategy, the 

source feeds the local loads, even when the grid is disconnected 

from the system, allowing to meet the intentional islanding 

operation [16], [17], [18]. Consequently, the concurrent control 

has two operating mode: grid-tied mode and islanding mode. 

According to the proposed control strategy, the power quality 

international standards, such as IEEE STD 519-2014, EN 

50160 and IEC 61000-2-4, are widely met. 



  

II. 5L E-TYPE INVERTER TOPOLOGY 

As it can be seen from Fig. 1, the DC-bus capacitors of the 

3Φ5L E-Type Inverter is connected to the source through the 

two-voltage balancing circuit [7], [8], [12], [19]. The voltage 

balancing devices are used in order to obtain four equal voltage 

across the series connected capacitors [11]. The balancing 

converter can be considered as a series resonant converter 

(Series Resonant Balancing Circuit - SRBC) that operates in 

discontinuous conduction mode (DCM), type 1 [12], [19]. For 

simplicity in the following analysis, the DC-bus partial voltages 

vCB1, vCB2, vCB3 and vCB4, are assumed to be equal to ¼VBUS, 

where VBUS is the total DC-bus voltage. Each phase (A, B, C) 

consist of two 5L T-type Inverter legs (leg 1, and leg 2) 

connected in parallel through the magnetic coupling device 

(Inter-cell Transformer, ICT). Besides the ICT0,x, with x∈{ A, 

B, C}, the output filter consist of the output inductor L0,x and the 

output capacitor C0,x. The single leg 5L E-Type Inverter is 

shown in Fig. 2.  

  
Fig. 2. Single leg 5L E-Type Inverter. 

The switches situated in the outer legs SxyA, SxyB, with x∈{A, 

B, C} and y∈{1, 2}, are voltage unidirectional and current 

bidirectional. The switches located in the top-middle, middle 

and bottom-middle leg, Sxy3, Sxy2 and Sxy1, are voltage and 

current bidirectional. Thus, the switches Sxy1, Sxy2 and Sxy3 can 

be created by connecting two unidirectional switches IGBT or 

MOSFET in Common Collector (CC) or in Common Emitter 

CE (or common drain), as shown in Fig. 3. Additionally, it 

possible realize a hybrid configuration by connecting a mixed 

combination of both IGBT and MOSFET. 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Possible configuration of switches: a) bidirectional switches in CC, 

b) bidirectional switches in CE, c) hybrid bidirectional switches in CE 

Consequently, a possible configuration’s devices for the 5L 

E-Type Inverter is shown in Fig. 4. The switches and diodes 

voltage rating are function of the maximum blocking voltage 

VBL(max) across the devices during the commutation. The 

blocking voltage VBL(max) at a steady state depends on the power 

devices position into 5L E-Type Inverter. The maximum 

blocking voltage across the switches SxyA and SxyB is VBUS, 

whereas the steady state blocking voltage across the switches 

Sxy21 and Sxy22 is ½VBUS.  

 
Fig. 4. Single leg 5L E-Type Inverter Configuration. 

The blocking voltages of the switches arranged in the top-

middle leg, Sxy31 and Sxy32, are ¼VBUS and ¾VBUS, respectively; 

moreover, the blocking voltages of the Sxy11 and Sxy12, are 

¾VBUS and ¼VBUS, respectively. Besides the blocking voltage at 

steady state, the over-voltage commutation Δv that occurs 

during the commutation has to take into account. The over-

voltage commutation Δv is defined as in (1), where kR is the 

coefficient that takes into account the resonance of the DC-bus 

circuit, Lξ is the commutation inductance, disw/dt is the device 

current slope and VFR is the forward recovery voltage of the 

complementary freewheeling diode. 

  = +sw

R FR

di
v k L V

dt
 (1) 

Consequently, as shown in (2) the switches and diodes 

voltage rating are given by the sum of two terms: the maximum 

blocking voltage at steady state and the commutation over-

voltage. 
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The advantage of this topology is that each power device in 

the 5L E-Type Inverter are switched with the blocking voltage 

at a steady state equal to ¼VBUS. Consequently, the 

commutation over-voltage Δv only occurs with low blocking 

voltage at a steady state (¼VBUS). 

The total commutation inductance Lξ is given by three 

parameters: inductance introduced by the PCB tracks that 

connects the switching devices to the DC-bus capacitor Lσ,  the 

inductance related to the DC-bus capacitors ESL and finally,  

the inductance associated with the die and wire bond of the 

power semiconductors LSW, (3). 

SWL L ESL L = + +  (3) 

If the current path involves more power devices, the 

commutation inductance and the conduction losses could have 

high values. The commutation path as well as the commutation 

inductance depend on the power converter topology and the 

modulation index. The worst-case scenario of the commutation 

inductance happens during the peak of the modulation index, as 

shown in Fig. 5a. Fig. 5a also illustrates the current path (blue 

and red line) in the 5L E-Type Inverter The commutation loop 

of the 5L I-Type Inverter is highlighted in orange. Assuming 

that the power devices and the antiparallel diodes have a certain 

package, the equivalent half-circuit diagram of the single-leg 

5L E-Type Inverter is shown in Fig. 5b. During the peak of the 



  

modulation index, the switch Sxy32 is always “ON” and the 

switches Sxy31, SxyB are controlled in opposite phase. In such 

condition, when Sxy31 is “OFF” and SxyB is “ON”, the 

commutation inductance Lξ,A can be written as in (4). When the 

switch Sxy31 is “ON” and the switch SxyB is “OFF”, the 

commutation inductance Lξ,B is given as in (5). 
, ,

,

A SW AA
L LESL

A CB EBL L L ESL ESL L L



 = + + + + +7 8 3 4  
(4) 

, ,

,

B SW BB
L LESL

B C E C EL L L L ESL L L L L



 = + + + + + + +4 5 6 3 32 32 31 31  (5) 

The worst commutation inductance strongly depends on the 

power devices placed on the PCB. Although the top-middle 

devices Sxy31 and Sxy32 are placed on the PCB close to the DC-

bus capacitor and the AC-side, the inductance Lσ,B is less than 

the inductance Lσ,A. The inductance related to the DC-bus 

capacitor ESLA and ESLB are small when compared to the others 

inductance, whereas the inductance LSW depends on the 

manufacturing of the devices. When the power devices have the 

same package, the inductance LSW,B is twice LSW,A. Assuming 

that the traces on the PCB are short, the value of the inductance 

Lσ,A (or Lσ,B) is smaller than the inductance LSW,A (or LSW,B). 

Hence, the commutation inductance Lξ,B is slightly greater than 

inductance Lξ,A due to the inductance of the package. 

Considering the IGBT H5 package, commutation inductance in 

the worst condition can be estimated close to 28 nH.  

The 5L E-Type Inverter shows better conduction losses 

compared to the 5L I-Type Inverter. The 5L E-Type Inverter 

and the 5L I-Type Inverter operate with five voltage levels 

when the modulation depth M0 has high values. In such 

condition, as it can be seen from Fig. 5a and Fig. 6, it easy to 

understand that the 5L E-Type Inverter shows a better 

commutation loop (highlighted in orange line) and the current 

path (blue and red line) compared with 5L NPC Inverter and 5L 

I-Type Inverter.  

  
(a) 

 
(b) 

Fig. 5. Current paths for high modulation depth: (a) 5L E-Type Inverter, (b) 

Equivalent half-circuit diagram of the single-leg 5L E-Type Inverter. 

In the 5L E-Type Inverter, the current flows through only one 

power device, SxyB (or DxyB), Fig. 5a. As depicted in Fig. 6, 5L 

I-Type Inverter’s current path includes four power devices, Txy1, 

Txy2, Txy3, Txy4. The longer current path in the 5L I-Type Inverter 

causes higher over-voltage due to the high commutation 

inductance. Consequently, the voltage rating of the power 

semiconductors is increasing.  

 
Fig. 6. Current paths for high modulation depth of the 5L NPC. 

III. INTERLEAVED 5L E-TYPE INVERTER AND MODULATION 

The interleaving is a form of paralleling technique where a 

single converter is replaced by NC converters connected in 

parallel [20]. As it can be seen from Fig. 1, the number of the 

interleaved cells NC is equal to 2. Using the interleaving 

topology each parallel converter is modulated by 2π/NC shifted 

signal. By introducing a phase shift between the switching 

instants of the parallel converters of each phase, the amplitude 

of the total ripple current is reduced. Consequently, the 

harmonics content of the voltage improves due to the 

elimination of harmonics below fswNC. If the current ripple is 

reduced and the voltage harmonics content improves, the 

interleaved topology allows to reduce the size of the required 

filter capacitance. Furthermore, sharing the current among the 

parallel converters, the interleaved converter enables the use of 

smaller lower current power devices than those used in a 

conventional converter. Thus, having the same power losses, it 

is possible to increase the switching frequency, allowing the 

reduction of the filter size. 

The interleaved 3Ф5L E-Type Inverter modulation scheme 

is the well-known multilevel-PWM [20], which uses four 

different carriers per leg. In particular, the phase disposition 

carrier control technique has been selected for the proposed 

topology, as shown in Fig. 7. The carrier signals, ct11, ct12, ct13 

and ct14 (solid line), are related to the leg 1 and the carrier 

signals ct21, ct22, ct23 and ct24, in opposite phase (dashed line), are 

linked to the leg 2. All the carrier signals have the same 

amplitude and frequency. 

 
Fig. 7. Modulating scheme for the E-Type inverter. 

For simplicity a pure sinusoidal modulating signal 

m(t)=M0sin(ω0t) is considered, where M0 is the modulation 

depth and ω0 is the output frequency.  



  

Table 1. 5L E-Type Inverter Switching Conditions y∈{1, 2}. 

 -1≤m(t)<-0.5 -0.5≤m(t)<0 0≤m(t)≤0.5 0.5<m(t)≤1 

SxyA 

OFF if 

m(t)>cty1(t) 

ON if 

m(t)<cty1(t) 

OFF OFF OFF 

Sxy11 ON 

OFF if 
m(t)>cty2(t) 

ON if 

m(t)<cty2(t) 

OFF OFF 

Sxy12 

ON if 

m(t)>cty1(t) 

OFF if 
m(t)<cty1(t) 

ON ON ON 

Sxy21 ON ON 

ON if 

cty3(t)>m(t) 

OFF if 
cty3(t)<m(t) 

OFF 

Sxy22 OFF 

ON if 

m(t)>cty2(t) 
OFF if 

m(t)<cty2(t) 

ON ON 

Sxy31 ON ON ON 

ON if 

cty4(t)>m(t) 
OFF if 

cty4(t)<m(t) 

Sxy32 OFF OFF 

OFF if 
cty3(t)>m(t) 

ON if 

cty3(t)<m(t) 

ON 

SxyB OFF OFF OFF 

OFF if 

cty4(t)>m(t) 

ON if 
cty4(t)<m(t) 

Each carrier controls two different power devices in opposite 

phase as: SxyB ↔ Sxy31, Sxy32 ↔ Sxy21, Sxy22 ↔ Sxy11, 

Sxy12 ↔ SxyA. Table 1 illustrates the switches states according to 

the modulation index m(t). 

IV. HARDWARE DESIGN ASPECTS 

A. Resonant Balancing Circuit 

As described in [7], [19], the SRBC is the variant of a 

switched capacitor converter. Fig. 8 shows the only bottom half 

side of the SRBC. A switch leg S1, S2 is connected across the 

capacitor CB1 and a switch leg S3 S4 is connected across the 

capacitor CB2.  

 
Fig. 8. Bottom half side Series Resonant Balancing Circuit (SRBC).  

The capacitor CR is the main switched capacitor that transfers 

the energy between the capacitors CB1 to CB2. The inductor LR 

is an auxiliary inductor used to reduce conduction losses and 

achieve zero current switching (ZCS) condition [21]. The 

switches S1 to S4 are driven with complementary control signals. 

The duty cycle d is constant, around 50%. The SRBC can be 

achieved using the series connection of four SK75GB066T 

modules, rated 60A-600V, where 4 µH and 16 µF are the values 

of the resonant tank. The prototype of the resonant balancing 

circuit is shown in [7], [8]. The SRBCs transfer power from the 

central capacitors (CB3 and CB2) to the external capacitors (CB4 

and CB1) and vice versa, in order to keep the voltage distribution 

uniform among all the capacitors. However, the power 

distribution of the SRBCs is a function of the modulation depth 

M0. Fig. 9 shows the Normalized partial power versus 

modulation depth. 

 
Fig. 9. Normalized partial power versus modulation depth M0. 

When the modulation depth M0 is less than 0.5, the power is 

transferred from the inner capacitors (CB2, CB3) to the external 

capacitors (CB1, CB4). When modulation depth M0 is above 0.5, 

the power passing through the external capacitors (CB1, CB4) 

increases. The maximum power transfer occurs when the 

modulation depth is close to 0.5. Since the 5L E-Type Inverter 

works with M0 about equal 0.9, the power across the CB1/CB4 

reaches the rated value close to 20%, whereas the power 

through CB2/CB3 is about 28% of the system power rating. 

B. DC-bus Capacitors Selection 

Assuming that the SRBCs reject the inverter current into DC-

bus capacitors, as shown Fig. 10a, it is possible to achieve the 

condition (6). 

=1 2 3 4= =CB CB CB CBi i i i  (6) 

Consequently, an equal distribution between the series DC-bus 

capacitors (7) is obtained. 

=1 2 3 4= =CB CB CB CBv v v v  (7) 

In such condition, the simplified circuit of the DC-bus 

capacitors is shown in Fig. 10. The low frequency current has 

strong impact on the capacitor losses, size, life time and cost. In 

order to optimize the system design (size and cost), low 

frequency current has to be reduced as much as possible. 

Considering that only the phase A is loaded and the current flow 

through the phase B and C is equal to zero (8), the low 

frequency capacitor instantaneous current is given by the 

equation (9), where V0 is the RMS output voltage, I0 is the RMS 

output current, ω0 is the output frequency and φ0 is the phase 

displacement between the output voltage and the corresponding 

output current at the fundamental frequency. 
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i t t
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(a) 

 
(b) 

Fig. 10. (a) Equivalent circuit diagram of the DC-bus capacitors; (b) 

Simplified circuit of the DC-bus capacitors. 

Assuming that the SRBC compensates all the DC-bus current 

harmonics except 100 Hz component, the low frequency DC-

bus capacitors current iCBUS(t) is given in (10). 

( )( ) cosCBUS

BUS

V I
i t t

V
= 0 0
02  (10) 

The RMS value of the double fundamental frequency is 

written in (11). Considering the scaling factor k as 1 at 100 Hz, 

the composite RMS current can be written as in (12). 
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0 0

100 2
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BUS

V I
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Thus, the required minimum total DC-bus capacitor 

(CBUS=CB1=CB2=CB3=CB4) can be obtained by the 

equation  (13), where ΔVBUS is the peak to peak voltage ripple, 

NS is the number of series connected capacitors. 

( )
, ( )

2 2

2 100
=


BUS S CS BUS RMS

BUS

C N I
V

 (13) 

Considering P0=20kW, V0=230V, VBUS=750V, ΔVBUS=100V, 

and NS=4, the minimum total capacitance value CBUS is equal to 

1100µF.  

C. Inverter Devices Selection 

The selection of the inverter devices has been done considering 

the voltage rating and stress current of the power 

semiconductors. Once the devices voltage ratings have been 

obtained, the selection of the device type and technology has 

been carried out. The use of 1200V IGBTs H3 have been found 

to be the best solution for the inverter outer switches SxyA, SxyB, 

DxyA and DxyB since they have to withstand the full DC-bus 

voltage. The 650V IGBT and Si-diode have been chosen for the 

power devices having 1/4VBUS, 1/2VBUS, 3/4VBUS voltage ratings. 

In order to select the devices current rating, the average (AVG) 

and the RMS current flowing through the power 

semiconductors have been calculated. Considering V0=230V, 

VBUS=750V, M0=0.87, Tj=100°C, number of interleaving cells 

Nc=2 and fsw=24kHz, Table 2 shows the AVG and RMS current 

value for each power semiconductor as a function of the output 

power. 

Table 2. RMS and Average numerical current of the Interleaved 3Φ5L 

E-Type Inverter x∈{A, B, C} and y∈{1, 2}. 

 
SxyA, SxyB 

Sxy11, Sxy12, 

Sxy31, Sxy32 
Sxy21, Sxy22 

Pout=3kW 
AVG [A] 0.49 0.43 0.05 

RMS [A] 1.19 0.95 0.2 

Pout=5kW 
AVG [A] 0.83 0.71 0.08 

RMS [A] 1.98 1.58 0.34 

Pout=10kW 
AVG [A] 1.67 1.43 0.16 

RMS [A] 3.95 3.19 0.68 

Pout=15kW 
AVG [A] 2.50 2.14 0.25 

RMS [A] 5.93 4.77 1.02 

Pout=20kW 
AVG [A] 3.34 2.86 0.33 

RMS [A] 7.91 6.36 1.36 

The performance of the converter has been estimated 

considering two H3 series IGBTs rated 40A-1200V (SxyA, SxyB), 

two silicon freewheeling fast recovery diodes rated at 40A-

1200V (DxA, DxB), six H5 high speed IGBTs rated at 50A-650V 

(Sxy11, Sxy12, Sxy21, Sxy22, Sxy31, Sxy32), six freewheeling rapid 

switching diodes rated 60A-650V (Dxy11, Dxy12, Dxy21, Dxy22, 

Dxy31, Dxy32) [12].  

Table 3. 5L E-Type Inverter phase leg configuration, where x∈{A, B, C} 

and y∈{1, 2}. 

Device Part Number Manufacturer Technology 

SxyA, SxyB, DxyA, DxyB IKW40N120H3 Infineon Si-IGBT H3 

Sxy11, Sxy12, Sxy21, 

Sxy22, Sxy31, Sxy32 
IGC16T65U8Q Infineon Si-IGBT H5 

Dxy11, Dxy12, Dxy21, 

Dxy22, Dxy31, Dxy32 
IDC08D65Q8 Infineon Si-diode 

Table 3 shows an overview of the components selection. 

D. Output Filter Selection 

The output inductor current is defined as in (14), where I0 is 

the fundamental current and iL0(t) is high frequency current 

ripple. 

( ) ( ), ,(t) sinL x L xi I t i t= +0 0 0 02  (14) 

Maximum peak-to-peak current ripple iL,max [20] is given in 

(15), where fsw is the switching frequency. 
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Considering an ideal ICT and identical switching cells, the 

phase leg current can be written as in (16). 

( ) ( ) ( ) ( ),

, , ,
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L x
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i
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0

01 02 0 0 0

2 1

2 2 2
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The equivalent circuit diagram of the Interleaved 5L E-Type 

Inverter is depicted in Fig. 11, where v0(sw),x is the equivalent 

voltage source of two-cells inverter, L0,x is the output inductor 

and C0,x is the output capacitor.  

 
Fig. 11. Equivalent circuit diagram of the Interleaved 5L E-Type Inverter. 

The selection of the inductance L0,x and capacitance C0,x is 

based on method explained in [20]. According to this analysis, 



  

the output inductance and capacitor (L0,x, C0,x) are chosen equal 

to 80 μH and 6.8 μF, respectively. 

V. INTERLEAVED 5L E-TYPE INVERTER PERFORMANCE 

RESULTS 

The power losses of the converter have been derived in 

PLECS environment, which has a specific domain for modeling 

thermal structures and accurately calculates switching and 

conduction losses in power devices. This is accomplished 

through multi-dimensional lookup tables based on 

manufacturer information and experimental measurements. The 

conduction and switching losses are defined by look-up tables.  

 
(a) 

 
(b) 

  
(c) 

Fig. 12. Loss model of the IGBT IKW40N120H3. (a) Turn-on losses, (b) 
turn-off losses, (c) conduction loss model. 

Using the data sheet of the power semiconductors listed in 

Table 3, the conduction and switching losses models have been 

built. Fig. 6 shows the example of the look-up tables linked to 

the conduction and switching losses of the power converter Si-

IGBT H3.  

PLECS shapes the switching losses as an energy pulse during 

switch commutation. The exact switching losses are calculated 

using the interpolation between the instantaneous values of the 

blocking voltage and the commutation current. 

The performances of the Interleaved 3Ф5L E-Type Inverter 

including the SRBCs, DC-bus capacitors and output filter have 

been estimated considering the P0=20kW, V0=230V, 

VBUS=750V, M0=0.87, Tj=100°C, fsw=24kHz and fswB=20kHz 

(switching frequency of the SRBCs).  

A. Performance of the 5L E-Type Inverter Devices 

The losses and efficiency related to the power devices of the 

3Ф5L E-Type Inverter are shown in Fig. 13. According to the 

nomenclature shown in Fig. 4, power losses versus output 

power related to the switches SxyB (or SxyA) are depicted in Fig. 

14. The blue stacked column is linked to the conduction losses 

and the orange stacked column is related to the switching losses 

of the switches SxyB. 

 
Fig. 13. Losses and efficiency of the 3Ф5L E-Type Inverter’s devices versus 

output power. 

It can be seen that the power losses of the switches SxyB (or SxyA) 

increase with output power. 

 
Fig. 14. Power losses of the outer IGBTs SxyB (or SxyA). 

Fig. 15 shows both conduction and switching losses related 

to the power semiconductor located in top-middle (Sxy32, Dxy31) 

and bottom-middle (Sxy11, Dxy12) legs. On one hand, the IGBTs 

Sxy32 (or Sxy11) shows a relatively high switching and conduction 

losses when the output power increases, Fig. 15a. On the other 

hand, the diodes Dxy31 (or Dxy12) shows low switching losses, 

Fig. 15b. The power distribution linked to the power devices 

located in the middle-leg Sxy21 and Dxy22 (or Sxy22 and Dxy21) are 

illustrated in Fig. 16. Their switching and conduction losses are 

strongly reduced due to low average conduction time and the 

number of commutations. Power losses distribution 

(conduction losses plus switching losses) related to each leg of 

the 3Ф5L E-Type Inverter versus output power is depicted in 

Fig. 17. It can be seen from Fig. 17 that the losses distributions 

exhibit an increasing trend when the output power increases and 

the outer legs (blue stacked) show higher losses compared to 

the other legs. 



  

 
(a) 

 
(b) 

Fig. 15. Losses of the top-middle and bottom-middle legs versus output power: 

a) IGBTs Sxy32 (or Sxy11), b) diodes Dxy31 (or Dxy12). 

 
(a) 

 
(b) 

Fig. 16. Power losses of the middle leg: a) IGBTs Sxy21 (or Sxy22), b) diodes Dxy22 

(or Dxy21). 

 
Fig. 17. Interleaved 3Ф5L E-Type Inverter losses distribution versus output 

power. 

B. Performance of the DC-bus Capacitors and SRBCs 

According to the previously analysis, selecting the capacitors 

EPCOS 390µF/400V with typical ESR of 130m at 100Hz, the 

total losses of the DC-bus capacitors versus output power are 

shown in Fig. 18. Starting from the datasheet provided by the 

Semikron (Semitop3 SK75GB066T), Fig. 19 illustrates the 

estimated SRBCs losses versus output power. 

 
Fig. 18. Total DC-bus capacitors losses. 

 
Fig. 19. SRBCs losses versus output power. 

C. Performance Output Filter 

According to the filter design shown in [20], the three-phase 

output filter losses as function of the output power are depicted 

in Fig. 20. 

 
Fig. 20. Output filter losses versus output power. 

D. Total Performance of the Interleaved 3Ф5L E-Type 

Inverter 

Total losses and efficiency of the 3Ф5L E-Type Inverter’s 

devices including the DC-bus capacitors, SRBCs and output 

filter are shown in Fig. 21. The green line is related to the 

efficiency, whereas the orange line is linked to the losses. It can 

be noticed the peak efficiency is about 98.34% and the nominal 

load efficiency is about 98.21%. 



  

 
Fig. 21. Total losses and efficiency of the 3Ф5L E-Type Inverter versus 
output power. 

According to the data-sheet bare dies of the IGBT H3, IGBT 

H5, Si-diode and the SK75GB066T modules, the total chip area 

of the SRBC normalized respect to the total chip area of the 

3Ф5L E-Type Inverter is shown in Fig. 22. It can be noticed 

from Fig. 22, the chip area of the SRBCs is about 14.54% of the 

total chip area of the 3Ф5L E-Type inverter. 

 
Fig. 22. Chip area of the SRBCs normalized respect to the area of the 3Ф5L E-

Type inverter. 

E. Discussion on Cost-Benefit Interleaved of the 3Ф5L E-

Type Inverter 

In this section a cost-benefit comparison between the 

Interleaved 5L E-Type Inverter and the Interleaved three level 

T-Type (3L T-Type Inverter) Inverter has been carried out. To 

better understand the huge benefits of the proposed inverter, 

figures of merit (FOM) such as cost, volume, power density, 

weight and specific power of the 3L T-Type Inverter and the 5L 

E-Type Inverter have been defined. Fig. 23 shows the FOM 

comparison between 3Ф5L E-Type Inverter and 3Ф3L T-Type 

Inverter normalized respect to the three-phase two-level 

Inverter. As it can be seen from Fig. 23, the 3Ф5L E-Type 

Inverter shows better volume, weight, power density and 

specific power compared to the 3Ф3L T-Type Inverter. On the 

other hand, the 3Ф5L E-Type Inverter exhibits a slight 

increment of cost. The cost comparison between the topologies 

has been carried out considering the price per unit. 

The 3Ф5L E-Type Inverter uses 16 switches for each phase. 

The total chip area of the 3Ф5L E-Type Inverter is about 2290 

mm2. Whereas, only 8 switches per phase are used in the 3Ф3L 

T-Type topology, resulting in a total chip area of 1322 mm2. On 

one hand, the amount of silicon for the 3Ф5L E-Type Inverter 

is larger than in the 3Ф3L T-Type Inverter. On the other hand, 

the amount of losses related to the 3Ф5L E-Type are lower than 

the 3Ф3L T-Type Inverter: 177 W and 300 W respectively. 

Thus, considering the same power semiconductor’s technology, 

the losses related to the 3Ф5L E-Type Inverter power 

semiconductors are about 59 % of the losses in the 3Ф3L T-

Type Inverter. Consequently, the heatsink size and weight for 

the 3Ф3L T-Type Inverter will be bigger than the on for the 3Ф 

5L E-Type. With maximum heatsink temperature set at 80°C, 

the calculated heatsink volumes of the 3Ф5L E-Type Inverter 

and of the 3Ф3L T-Type Inverter are respectively 990 cm3 and 

1200 cm3. Furthermore, the calculated total filter volume value 

of the 3Ф3L T-Type Inverter is 419 cm3, whereas the total filter 

volume value for the 3Ф5L E-Type Inverter is 240 cm3. As a 

result, more power devices are used in the 5L E-Type Inverter 

compared to the 3Ф3L T-Type Inverter with the benefit to 

reduce the size of the output filter and the heatsink. 

The more stressed devices in the 3L T-Type Inverter and 5L 

E-Type Inverter are located in the external leg. The maximum 

voltage stress across the external devices of the 3L T-Type 

Inverter and 5L E-Type Inverter is the same (VBUS =750 V). 

 
Fig. 23. FOM of the 3Ф5L E-Type Inverter and 3Ф3L T-Type Inverter 

normalized respect to the three-phase two-level Inverter. P0=20kW, V0=230V, 
VBUS=750V, fsw=24kHz. 

In this condition, the commutation over-voltage Δv is zero in 

both inverters. However, all devices in the 5L E-Type Inverter 

are switched with the blocking voltage at a steady state equal to 

¼VBUS. In the 3L T-Type Inverter all the devices are switched 

with the blocking voltage at a steady state equal to 1/2VBUS. 

Thus, in the 5L E-Type Inverter the commutation over-voltage 

Δv happens with a low blocking voltage. This means that the 5L 

E-Type Inverter shows better switching losses compared to the 

3L T-Type Inverter. Additionally, keeping constant the device’s 

losses, the 3L T-Type Inverter requires the increase of the 

switching frequency in order to achieve the same ripple in the 

output current. Thus, the output filter components in a 5L E-

Type Inverter will be smaller in both value and size than the 

output filter components in a 3L T-Type Inverter (assuming the 

same switching frequency).  

VI. CONVERTER CONTROL STRATEGY  

The 3ΦN5L E-Type Inverter’s control algorithm has been 

implemented using the LabVIEW development environment. 

The block scheme of the single phase 5L E-Type Inverter 

control strategy is depicted in Fig. 24. In the concurrent control 

two reference signals are tracking: output current and voltage 



  

references (i0,ref and v0,ref). The reference signals, i0,ref and v0,ref, 

are defined in (17), where I*
0 and V*

0 are the output RMS 

current and voltage. 

( )*

, ( ) sinref gi t I =0 02 , ( )*

, ( ) sinref gv t V =0 02  (17) 

The control always adjusts the output current during the “grid-

tied operation mode”. The control algorithm’s operating mode 

changes in “islanding operation mode” when the grid fault 

occurs. The circulating current into ICT0, ΔiL0=iL0A-iL0B, is 

controlled by an additional loop. The error signal, provided by 

the difference between ΔiL0,ref=0 and ΔiL0, is controlled by a 

proportional integral regulator. Thus, the ICT0 circulating 

current can be adjusted by adding an offset into the modulating 

signals. As it can be seen from Fig. 24, the regulator of the 

concurrent control is the 3-Degree of freedom multi-resonant 

controller (MRC) [15]. The transfer function GRC(n)(s) is defined 

in (18), where n is the number of harmonics, kir(n), θ(n), ωcr(n), 

and ω0(n) are the gain, phase, width and resonance frequency of 

the controller, respectively; h is the maximum harmonic order 

that is included in the multi- resonant controller.  

  
Fig. 24. Control loop structure Single-Phase 5L E-Type Inverter. 
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Fig. 25. Grid Current waveform ig. 

The single-phase phase-locked loop (PLL) system used to 

derive the grid phase �̂�𝑔 has been implemented according the 

method shows in [17].  

When the inverter works in islanding operation mode, the 

grid angle is generated internally, see Fig. 24. The concurrent 

control has been implemented in LabVIEW environment 

according to the method shown in [22]. Fig. 25 shows the grid 

current ig of the converter at nominal load.  

VII. EXPERIMENTAL RESULTS 

Experimental tests have been performed on a 20 kVA inverter 

prototype in order to support the proposed analysis. The 

experimental results have been obtained using the local grid 

available in the laboratory. The DC-bus voltage has been 

properly provided by two series 400V/50A programmable DC 

power supplies. The proposed power conversion system is 

controlled by the National Instruments System-on-Module 

(sbRIO-9651) with a dedicated board specifically designed for 

power electronics and drives applications [22]. Fig. 26 

illustrates the phase-to-neutral output switching voltages of the 

phase A Vsw,AN and the DC-bus voltages VBUS, considering the 

same operating conditions described in the section V.  

As previously mentioned, the worst-case commutation path, 

which involves the devices located in the bottom-middle and 

top-middle legs, generates the worst-case over-voltage Δv. Fig. 

27. shows the drain-to-source voltage VS,A131 across the device 

SA131 and its current IS,A131 at rated power during the turn-off. 

The current flow through the device is half of the output current 

due to the interleaving configuration. 

 
Fig. 26. Phase-to-neutral output switching voltages of the phase A, leg 1, 

Vsw,AN and the DC-bus voltages VBUS. Voltage 400 V/div. 

As it can be seen from Fig. 27, the worst-case over-voltage 

commutation Δv is about 44 V. 

 
Fig. 27. Drain-source voltage and current related to devices SA131 during the 

turn-off. Voltage 50 V/div, Current 10 A/div. 



  

Since the disw/dt is approximately equal to 2.1 A/ns, from 

equation (1) the commutation inductance is estimated to be 

21 nH, which is slightly less than the estimated commutation 

inductance of 28 nH. Fig. 28 shows the phase-to-neutral output 

voltages VAN, VBN and the phase current IAN, IBN, in the case of 

resistive load. Total harmonic distortion of the output current 

THDi, estimated considering the harmonic components up to 

the 50th order, is equal to 1.26 %. Thus, THDi fulfils the 

international standards, such as IEEE STD 519-2014, EN 

50160 and IEC 61000-2-4. Furthermore, the steady-state output 

voltage THDv is about 0.7% for all of the three phase-to-neutral 

voltages. The experimentally achieved efficiency of the 3Φ5L 

E-Type Inverter is compared with the estimated efficiency in 

order to confirm the theoretical performance analysis, as shown 

in Fig. 29. It can be seen from Fig. 29 that the experimental 

results show a good matching compared to the theoretical 

analysis. Consequently, the achieved experimental points 

validate the theoretical performance analysis. 

  
Fig. 28. Phase-to-neutral output voltages VAN, VBN and the phase current IAN, 

IBN. Voltage 200 V/div, Current 50 A/div 

 
Fig. 29. Experimental and estimated performance of the 3Φ5L E-Type Inverter 
versus output power P0. 

CONCLUSIONS 

The 3Φ5L E-Type Inverter for grid-connected applications 

has been presented and analyzed in this paper. The concept of 

the interleaving 3Φ5L E-Type Inverter using an ICT has been 

then explained and modulation strategy has been described. 

Converter’s power losses distribution and design criteria have 

been presented. The proposed topology has been carefully 

studied by considering the combination of high speed IGBT and 

Si rapid switching diodes. The thermal model of power 

semiconductors has been created in PLECS environment, 

producing multi-dimensional lookup tables based on the 

parameters provided by the manufactures. The concurrent 

control strategy of the 3Φ5L E-Type Inverter has been 

described and implemented in LabVIEW environment. 

According to the analysis and design, an extraordinary peak 

efficiency of 98.34%, as well as THDi of 1.26% and THDv of 

0.7% are achieved when the inverter works in grid-tied 

operation mode and islanding operation mode, respectively.  
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