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Abstract—This paper provides a comprehensive analysis for a 

four-level π-type converter for low-voltage applications. This 

topology is a kind of reduced device-count neutral point clamped 

multilevel converter, and formed by only six switches in each 

phase leg. The line (phase-to-phase) output voltage can have seven 

levels and the output harmonics are much lower than that of a 

standard two-level converter. The switching states and their 

associated output voltage levels have been analyzed. A generalized 

averaged analytical power loss model of this converter has also 

been developed to investigate the loss distribution among the 

power devices as well as the efficiency. The four-level π-type 

converter has a higher efficiency when the switching frequency is 

above 5 kHz compared with two-level and three-level converters 

with the power devices used in this paper. The reduced output 

harmonics, hence reduced filtering requirement together with 

improved efficiency hence reduced cooling (heatsink) requirement 

offer a higher density alternative to the two-level converter. A 

simplified level shifted carrier-based modulation method with 

dynamic optimal zero-sequence signal injection has been 

employed to modulate the converter and to control dc-link neutral 

points’ voltages. This paper has experimentally validated the 

predicted four-level π-type converter efficiency and the neutral 

point voltage balancing control with a back-to-back configuration 

under high modulation indices and unity power factor. The 

neutral point voltage balance region has been plotted and 

experimentally verified.   
 
Index Terms—Multilevel converter, four-level converter, pulse 

width modulation, low voltage application, power loss, voltage 

balancing control. 

 

I. INTRODUCTION 

ULTILEVEL converters are default candidates in 

medium-voltage (3~33kV), high-power applications. 

Nevertheless, they are also considered for low-voltage 

(200~460V) applications as an alternative to the conventional 

two-level converter to achieve higher power density [1]. 

Converter topologies that can generate output phase voltages of 

more than three levels, such as four-level converters [2-4] or 

five-level converters [5-7] have been studied. To achieve 

 
 

equivalent output harmonics, the switching frequency of 

multilevel converters can be kept low when compared to a two-

level converter, consequently reducing switching losses and 

shrinking the heatsink size. On the other hand, if operated at the 

same switching frequency, the filter size of multilevel 

converters can be smaller. Either way will improve the system 

power density, which is desired in applications such as more 

electric aircraft, electric/hybrid vehicles and renewable power 

generation, where the converter volume and weight is an 

important factor. In addition, compared to the two-level 

converter, multilevel converters have a lower switching 

voltage, i.e. a portion of the dc-link voltage rather than the full 

dc-link voltage [8], resulting in a lower switching loss. This 

means the converter efficiency drops slowly with the increase 

of the switching frequency [9], which provides the possibility 

to further increase the switching frequency and achieve a higher 

power density.  

  Although the output harmonics can be further reduced with 

converters of higher number of voltage levels, the main concern 

is the increased complexity regarding the circuit and control [4]. 

According to the derivation principles for multilevel converters 

with reduced device count [10-14], an active neutral point 

clamped four-level π-type converter was introduced with only 

six switching devices per phase leg [15-17]. Compared with 

other four-level converters or even five-level converters, there 

are no clamping diodes or flying capacitors as required in a 

diode neutral-point-clamped (NPC) converter or a flying 

capacitor (FC) converter, and less total switching devices count, 

which simplifies the circuitry, reduces the total conduction loss 

and is suitable for low-voltage applications. This further makes 

the four-level π-type converter be beneficial for high-density 

applications such as aerospace systems and EV systems. 

However, there are no existing detailed control and 

performance analysis for this topology. Given the power loss of 

each switching device is different, an effective loss model needs 

to be developed to quantitatively assess the loss distribution of 

the π-type converter as well as efficiency against the two-level 

and three-level converters. An analytical loss model derived 

based on the averaged power loss over one fundamental cycle 

can directly reveal the relationship between the power loss and 

system parameters such as voltage, current, power factor, 

modulation index, etc and it is computationally efficient [1, 8]. 

This paper has developed a generalized analytical power loss 

model for the four-level π-type converter, which can be used to 

evaluate the device power loss and converter efficiency under 
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various modulation indices, power factors and switching 

frequencies. With calculation based on the developed loss 

model, it has been found out that the four-level π-type converter 

can have higher efficiency at switching frequencies above 5 

kHz compared with the two-level or three-level converters due 

to the lower switching voltage. 

  A challenging issue for neutral point clamped multilevel 

converters is the balancing of the dc-link capacitors’ voltages 

(neutral point voltages) [4], [18-23]. The voltage drift in neutral 

points may affect the system stability as well as the output 

harmonics. Active neutral point voltage control methods have 

been researched in [18, 19], [21-33]. Control methods based on 

a virtual vector PWM (VV PWM) can achieve the dc-link 

capacitor voltage balance with a passive front-end for a four-

level converter or even n-level converters under any power 

factors and modulation indices [28-31]. However, the switching 

pattern for each phase in each switching period involves more 

than two voltage levels, and switching actions are doubled. This 

increases switching losses as well as the output harmonics. In 

addition, the carrier-based implementation of VV PWM is 

relatively computationally intensive. For an n-level converter, 

it requires n-1 modulation waves in each phase, and 

corresponding offsets to each modulation wave have to be 

calculated according to the requirements specifically [24, 36]. 

The conventional nearest-three-vectors PWM (NTV PWM) for 

the diode-NPC four-level converter can optimize the switching 

loss and the total harmonic distortion (THD) [4, 22, 23, 27, 32, 

33] and in each switching period only two voltage levels are 

used and there are only two switching actions. The carrier-

based implementation of the NTV PWM can be realized by 

injecting appropriate zero-sequence signals to the sinusoidal 

modulation wave of each phase [6, 17, 21, 25, 26, 34-38], which 

is relatively easy to implement compared to the VV PWM. 

However, this method cannot guarantee the neutral point 

voltage balance at high modulation indices and high power 

factors, if a passive front end rectifier is used [4, 22, 23, 27, 32, 

33]. This problem can be overcome if a back-to-back structure 

with an active front end is used [6, 17, 19, 21-23, 27, 33]. Even 

though, when both sides operate at different modulation indices 

under high power factors (unity power factor as an extreme), 

the dc-link capacitor voltage balance still cannot be guaranteed 

at all the operating points [25-27, 39]. Experimental control of 

a back-to-back five-level NPC converter based on the NTV 

PWM is given in [22, 23, 27]. The method which coordinates 

power angles of both rectifier and inverter sides with offline 

modulation wave calculation has been experimentally verified 

in [6, 21], which may not be practical in real applications. [39] 

addresses the control limits of back-to-back three-level NPC 

converters for eliminating the neutral point voltage ripple. The 

control limits of back-to-back five-level diode-NPC converters 

have been given in [25, 26] with offline-calculated modulation 

signals by simulations. [27] validated the back-to-back five-

level diode-NPC converter control limits by the NTV PWM, 

focusing on the impact of power factors.  

  The contributions of this paper are summarized as follows. 

It extends the work in [9, 17, 38] and addresses the efficiency 

and control aspects of the four-level π-type converter. It 

provides additional experimental efficiency, harmonic 

comparison between the two-level converter and the four-level 

π-type converter. A simplified level shifted (LS) carrier-based 

modulation with dynamic optimal zero-sequence injection for 

dc-link neutral point voltage balancing control has been 

employed for the four-level π-type converter. This paper also 

demonstrates in experiment a back-to-back four-level π-type 

converter successfully balancing dc-link neutral point voltages 

with the proposed modulation and control strategy under unity 

power factor and various modulation indices. A dc-link 

capacitor voltage balanceable region for the back-to-back four-

level π-type configuration with various modulation indices on 

both sides has been given and experimentally verified as well. 

This paper is organized as follows. Section II introduces the 

topology and the switching states of the four-level π-type 

converter. Section III presents the averaged analytical power 

loss model of the four-level π-type converter. Section IV 

presents a LS carrier-based dc-link neutral point voltage 

balancing control method. Section V presents the power loss 

analysis results as well as the experimentally-measured 

converter efficiency. The back-to-back configuration with dc-

link capacitor voltage balancing control has been 

experimentally verified as well. Finally, Section VI concludes 

the paper. 

II. CONVERTER TOPOLOGY AND SWITCHING STATES 

Fig.1 (a) shows a phase-leg structure of the four-level π-type 

converter, which has six switching devices. T1 and T6 are the 

same as in a conventional two-level converter and required to 

block the whole dc-link voltage. Hence, for low voltage 

applications, e.g. dc-link voltage Vdc=600V, T1 and T6 will 

usually be 1200V devices such as IGBTs in order to leave 

enough voltage margin. The dc-link neutral points N1 and N2 

are connected to the converter phase leg output through two 

bidirectional neutral paths. These two neutral paths are created 

by two pairs of IGBTs (T2, T3 and T4, T5), connected back-to-

back respectively. In Fig.1 (a), T3 and T4 need to withstand 2/3 

of the dc-link voltage (2E). T2 and T5 only need to withstand 

1/3 of the dc-link voltage (E). Therefore, for a Vdc=600V 

application, T2 ~ T5 can be implemented with 600V IGBTs. 

With this configuration, the phase leg can output four voltage 

levels. And three phase legs can form a three-phase converter. 

  
                            (a)                                                      (b) 

Fig.1. A four-level π-type converter phase leg: (a) with common emitter 

connection of IGBTs as neutral paths, (b) with common collector connection 

of IGBTs as neutral paths. 
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Although the four-level π-type converter has more 

components than a two-level converter, it only requires 6 

switching devices per phase leg, which is a minimum for a four-

level converter, without any clamping diodes or flying 

capacitors as in other topologies. Also, it has less dv/dt, less 

EMI, smaller filter requirement and higher efficiency (smaller 

heatsink), which will offset the device count aspect. 

Meanwhile, in terms of the number of required gate driver 

power supplies, as shown in Fig.1 (a), T2 and T3, with common 

emitter connection can share the same gate drive power supply, 

so as for T5 and T4. Therefore, 6 additional isolated gate driver 

power supplies are required for a three-phase four-level π-type 

converter compared with the two-level converter. This number 

can be further reduced when the two back-to-back IGBTs are 

connected in a common collector configuration as shown in 

Fig.1 (b). T1, T3 and T5 can share the same gate driver power 

supply. The emitters of T2 and T4 connect to the two neutral 

points N1 and N2 respectively. Thus, T2 and T4 will need two 

separate gate power supplies, which can be shared by all the 

three phase legs. In total, only two additional gate power 

supplies are needed for a three-phase four-level π-type 

converter.  

Meanwhile, compared with some other four-level converters, 

the four-level π-type converter has the minimum total number 

of devices. Table I shows the comparison between various four-

level converter topologies. 

TABLE I COMPARISON OF FOUR-LEVEL CONVERTERS (PHASE LEG)  

Topology 

Device 
switching 
voltage 

(V) 

Single-end dc-
link capacitors 

voltage balancing 
capability 

NO. of 
switching 
devices 

per phase 
leg 

NO. of 
FCs 

Four-level π-
type converter 

Vdc/3 No 6 N/A 

FC four-level 
converter 

Vdc/3 Yes 6 3 

NPC four-level 
converter 

Vdc/3 No 
6 + 4 

clamping 
diodes 

N/A 

 

Regarding efficiency and power losses, as all the four-level 

converters switches in a very similar manner, e.g. only 

switching a portion (1/3) of the dc-link voltage, the switching 

loss is very similar. Regarding conduction loss, as the π-type 

converter only has one device in conduction for two (highest 

and lowest levels) of the four output voltage levels, it has a 

slightly lower conduction loss. Overall, the efficiency between 

various four-level converters are very similar. Regarding output 

harmonics, as all the four-level converters output four levels in 

the phase voltage and seven levels in the line voltage, their 

harmonics are almost the same.  

The π-type converter output voltage levels as well as 

corresponding switching states according to the current 

direction are shown in Fig.2. In order to guarantee successful 

commutations from one level to an adjacent level for the 

purpose of reducing the voltage stress of each device, especially 

during the dead-time period, one device must be kept “ON” 

during both the two voltage levels. For example, switching from 

3E to 2E when the current flows out of the inverter as shown in 

Fig.2 (a) (b), T3 should be always “ON”. In this case, T1 and 

T2 switch ON and OFF in a complementary manner. T1 is 

turned ON to output 3E voltage, where the current flows 

through T1. While T2 is turned ON to output 2E voltage, where 

the current flows through D2 and T3. During dead-time, T1 and 

T2 are both “OFF”, where the current flows through D2 and T3 

as well. Therefore, T1 and T2, T3 and T4, T5 and T6 switch in 

a complementary manner. This can be realized by a LS carrier-

based modulation strategy as shown in Fig.3. The intersection 

of the modulation wave and each carrier wave determines 

switching states of one pair of switching devices. It should be 

noted that since the output voltage only switches between 

adjacent voltage levels with one voltage step (E, a third of the 

dc-link voltage), the switching voltage for each device (T1~T6) 

is E (e.g. 200V for a 600V dc-link voltage). Due to the reduced 

switching voltage for all the switching devices, the switching 

loss of the converter is reduced. In contrast, all the devices of 

the conventional two-level converter have to switch the full dc-

link voltage which leads to a higher switching loss. 

 
(a) 3E                                                 (b) 2E 

 
(c) E                                                    (d) 0 

 
(e) 3E                                                   (f) 2E 
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(g) E                                                     (h) 0 

Fig.2. Switching states and current flow paths 

 
Fig.3. Level shift carrier-based modulation scheme for the four-level π-type 

converter. 

III. CONVERTER POWER LOSS MODEL 

In contrast to the two-level converter where power losses are 

concentrated in the two devices in the phase leg, power losses 

of a four-level π-type converter are distributed among the six 

devices. Hence, the thermal stress of each device can be lower. 

Therefore, power loss analysis will be useful to assess this. In 

this section, the average analytical power loss model of the 

converter has been established to investigate how power losses 

are distributed among devices within the four-level π-type 

converter. Generally, the power loss of a switching device 

includes the conduction loss as well as the switching loss during 

the turn-on and turn-off process. 

A. Conduction Loss 

Conduction losses occur when a device is at ON-state and the 

current flows through it. Therefore, the instantaneous 

conduction power loss can be expressed as the ON-state voltage 

drop multiplied by the ON-state current as shown in (1). 

| |
con CE c

P v i=                                 (1) 

0

0 0 0
| | | |CEN CE

CE CE c CE c

CN

V V
v V i V r i

I

−

= + = + ⋅        (2) 

where, vCE is the switching device voltage drop. VCE0 represents 

the equivalent IGBT on-state threshold voltage. VCEN is the 

switching device voltage drop at the rated current. r0 represents 

the IGBT equivalent ON resistance. ic is the IGBT collector 

current or diode forward current and ICN is the rated current for 

the switching device. With sinusoidal current, the average 

conduction loss over one fundamental cycle can be expressed 

as an integration formula in (3) by combining (1) and (2).  

Pcon=
1

2π
� k �VCE0·|ICM sin�ωt-φ�|+

r0·(ICM sin�ωt-φ� )
2 � dωt

θ2

θ1
              (3) 

where ICM is the load peak current. φ is the power factor angle. 

k is the ON-state ratio which represents the device conducting 

duty cycle. θ2, θ1 are integration boundaries depending on the 

conduction interval of the device in the corresponding operation 

area. Due to the circuit configuration and carrier-based 

modulation method being used, the ON-state ratio k in (3) has 

different expressions in various regions which are summarized 

in Table II using the method in [40]. 

TABLE II. ON-STATE RATIO WITH DIFFERENT REGIONS 

Region Switching State k (on-state ratio) 

P ~ O+ 

P 
1 3

sin( )
2 2

m tω− + ⋅
 

O+ 
3 3

sin( )
2 2

m tω− ⋅

 

O+ ~ O- 

O+ 
1 3

sin( )
2 2

m tω+ ⋅
 

O- 
1 3

sin( )
2 2

m tω− ⋅

 

O- ~ N 

O- 
3 3

sin( )
2 2

m tω+ ⋅
 

N 
1 3

sin( )
2 2

m tω− − ⋅
 

 

Fig.4 presents conduction intervals of switching devices in 

relation to the fundamental output phase voltage vp (with 

reference to the middle point of the dc-link) and load current ic 

for the four-level π-type converter when an inductive load is 

used. Different modulation indices m and power factors angle 

φ will lead to different conduction intervals as shown in Fig.4 

(a)-(d) respectively. For example, in Fig. 4 (a) (b), the various 

relationships between the power factor angle φ and the voltage 

level divided angle sin
-1

(
1

3m
)  lead to different conduction 

intervals for each device. Consequently, the integration 

boundary θ2, θ1 in (3) can be obtained from there. The complete 

conduction intervals for each device are given in the Appendix 

of this paper. In Table II and Fig.4, the switching state P means 

T1 is ON and the inverter output phase voltage vp equals to 

3E/2. Note here, the reference voltage is chosen as the mid-

point of the dc-link. O+ denotes T2 and T3 are ON, and vp= E/2; 

O- indicates T4 and T5 are ON and vp=-E/2 while N means T6 

is ON and vp=-3E/2, where 3E is the total dc-link voltage. 

modulation wave carrier wave

0

2

3

1

0

1

T1, T2

T3, T4
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.4. Conduction intervals for switching devices 

 (a) m >
1

3
, 	φ≤sin-1 (

1

3m
). (b) � >

1

3
, sin-1 (

1

3m
)<φ <π- sin-1 (

1

3m
). (c) � >

1

3
, 	π- sin-1 (

1

3m
) ≤ φ<π. (d) �	≤ 

1

3
. 

B. Switching Loss 

The total switching loss consists of turn-on loss and turn-off 

loss. For anti-parallel diodes, the reverse recovery loss is 

considered. The switching energy can be modelled as in (4), 

where the switching energy is assumed to be proportional to the 

switching voltage (Vsw) and have a quadratic relationship with 

the current [41]. 

Esw=�A0+B0·|ic|+C0·ic
2� Vsw

Vbase

      												      (4) 

where, Vsw is the switching voltage of the power device. Vbase is 

the reference voltage used for characterizing the switching 

energy in the device datasheet. Vsw/Vbase is included assuming 

the device switching energy is proportional to the device 

switching voltage. A0, B0, C0 are coefficients describing the 

relationship between the switching energy and the current 

which can be found through curve fitting the switching energy 

given in the datasheet [42, 43]. Switching energy curves are 

different for IGBT turn-on, turn-off and diode reverse recovery. 

The switching loss can be generally expressed as 

Psw=
f
c

2π
·
Vsw

Vbase


 �A0+B0
·|ICM sin�ωt-φ�|+

C0·(ICM sin�ωt-φ� )
2

� dωt

θ2

θ1

      (5) 

Here, fc is the carrier (switching) frequency, and the 

switching loss is a function of carrier frequency, peak current 

and power factor. Note that integration boundaries θ2, θ1 in (5) 

depend on device switching intervals within the corresponding 

operation area. They are not the same as boundaries in (3). 

Switching intervals for each device are given in the Appendix. 

Power loss calculation results for the four-level π-type 

converter according to the method given above will be 

presented in part A of Section V.  

It should be noted that all the device parameters from the 

datasheet used here for calculation were based on the worst case 

(175°C junction temperature), and did not consider parasitic 

effects. This will provide a quick estimation for the converter 

thermal performance based on the datasheet information. If the 

temperature and parasitic effects for a specific prototype need 

to be considered, additional experimental measurements are 

needed, e.g. through double-pulse tests once the converter 

prototype has been built.  

The derivation of the presented loss model is a generalized 

method. Currently, it is based on the sinusoidal modulation. If 

any pre-calculated zero-sequence components need to be 

injected to the sinusoidal waveform, e.g. to fully utilize the dc-

link voltage, etc, the fundamental phase voltage vp in Fig.4 can 

be changed accordingly to reflect their impact on the power 

loss. Consequently, the corresponding conduction intervals as 

well as switching intervals in Appendix will be changed 

accordingly. 

IV. MODULATION AND CONTROL STRATEGY 

Similar as other four-level converters, the π-type converter 

has the issue of balancing the three dc-link capacitors (neutral 

points) voltages, especially the voltage of the middle capacitor 

C2 in Fig.1. Fig.5 illustrates the charging and discharging 

conditions of C2 over one fundamental cycle under sinusoidal 

operations for two extreme conditions, i.e. with unity power 

factor and zero power factor. Here, a staircase output voltage 

waveform is used instead of PWM output voltage to simplify 

the analysis. When the output voltage equals to E/2 or –E/2, the 

load current will flow through the capacitor C2 causing its 

charge and discharge depending on the current direction. As 
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seen, with unity power factor, where the voltage and current are 

in phase, in one fundamental period, C2 keeps discharging 

(current flows out of C2) during output voltage levels of E/2 

and –E/2. As a result, the capacitor C2 voltage will eventually 

discharge to zero. In contrast, when the load power factor is 0, 

where the voltage and current have a 90-degree phase shift, in 

one fundamental period, the charge and discharge of C2 is 

balanced. Therefore, it is harder to balance the dc-link capacitor 

voltages at high power factors. Also, at high modulation indices, 

capacitor voltages are more difficult to balance due to the 

limited choice of redundant switching states or zero-sequence 

voltage [4]. In the following, a LS carrier-based modulation 

with dynamic zero-sequence voltage injection is presented to 

regulate capacitor voltages. 

 
(a) 

 
(b) 

Fig.5. Charge and discharge conditions of C2 (a) power factor=1, (b) power 

factor=0. 

The reference voltage (modulation wave) for the converter is 

composed of two parts: fundamental components (three-phase 

sinusoidal) and a zero-sequence component as given in (6).   

*
( ) ( ) ( ) , ,

i i
u t u t c t i a b c= + =                 (6) 

where, ui(t) is the reference voltage; ui*(t) is the fundamental 

component; c(t) is the zero-sequence component. The 

fundamental component can be obtained through the output of 

the current control loop, which are used to regulate the 

fundamental current of the converter in order to track the 

reference value. The zero-sequence component can be adjusted 

and added to the three-phase fundamental components 

simultaneously to achieve the neutral point voltages balancing.  

Due to the LS carrier-based modulation scheme used for the 

control as shown in Fig. 3, the phase reference voltage can be 

normalized with 1/3 of the dc-link voltage (e.g. E in Fig.1) and 

then the per unit value of the phase reference voltage with 

regards to the negative dc-bus will be in the range of 0~3. In 

order to guarantee the converter operating without 

overmodulation, the maximum and minimum zero-sequence 

component c(t) that can be injected to fundamental components 

can be expressed as 

* *

min max
( ) ( ) 3 ( )u t c t u t− ≤ ≤ −                         (7) 

where, u*max and u*min are the maximum and minimum value of 

the three-phase fundamental components, which are given by 

* * * *

min

* * * *

max

( ) min( ( ), ( ), ( ))

( ) max( ( ), ( ), ( ))

a b c

a b c

u t u t u t u t

u t u t u t u t

 =


=

                    (8) 

After the available range of zero-sequence signal c(t) is 

derived by (7), the optimized zero-sequence signal can be 

selected from it according to an appropriate cost function. 

During each sampling period (switching period) several values 

within the range given in (7) can be sampled. For example, ten 

values of the zero-sequence signal can be selected evenly within 

the range given in (7) and evaluated against the control 

objective function within each switching period. And the one 

which leads to the optimized value of the control objective 

function will be selected. To balance dc-link capacitors’ 

voltages, the control objective can be set to minimize the 

capacitor energy variation J, and the objective function can be 

expressed as in (9) [19, 33, 44]. 

3 3
2 2

1 1

1 1
( )

2 2 3

dc
Cj Cj

j j

V
J C v C v

= =

= ∑ ∆ = ∑ −                  (9) 

where, ∆vCj is the voltage deviation of capacitor Cj in Fig.1(a) 

from 1/3 of the dc-link voltage. vCj is the capacitor voltage. Vdc 

is total the dc-link voltage. C is the capacitor value. As the 

quadratic function J is positive defined, thus, if an optimized 

zero-sequence signal is selected, J can be minimized (towards 

zero) when capacitor voltages are regulated at the reference 

value of 1/3 of the total dc-link voltage. Consequently, when J 

is minimized, the derivative of J becomes negative or zero as 

shown in (10). 

3 3

1 1

0
cj

Cj Cj Cj
j j

dvdJ
C v v i

dt dt= =

= ∑ ∆ = ∑ ∆ ≤              (10) 

where, iCj is the current flowing through the capacitor Cj. This 

expression can link the control objective to dc-link capacitor 

currents iCj. Therefore, the control objective can be expressed 

as in (11) and the control variable is the zero-sequence 

component within the defined range in (7). The sample within 

(7) which leads to the minimum value of (10) is the optimal 

zero-sequence signal in each switching period. 

3 3

1 1

* *

m in max

min ( )
3

Constriant : ( ) ( ) 3 ( )

dc
Cj Cj Cj Cj

j j

V
V v i v i

u t c t u t

= =


= ∑ ∆ = ∑ − ⋅


 − ≤ ≤ −

      (11) 

C2 

discharging

C2 

discharging

C2 

discharging

C2 

discharging

3E/2

-3E/2

E/2

-E/2

0

C2 

discharging

C2 charging C2 discharging

C2 charging
3E/2

-3E/2

E/2

-E/2

0
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The next step is to find the relationship between the control 

objective and zero-sequence signal so that each zero-sequence 

signal can be evaluated against the control objective. In (11), 

∆vCj can be directly measured by the voltage sensor. Then, the 

key thing is to find the relationship between the capacitor 

current iCj and zero-sequence voltage c(t). First, the relationship 

between capacitor current iCj in (11) and neutral point currents 

iN1, iN2 can be derived according to Fig.6. 

In Fig.6 (a), the converter output is clamped to N1 and the 

load current flows through the lower neutral point N1 (output 

voltage level E). Given the whole dc-link voltage is constant, 

the voltage change across C1 is equal to the total voltage change 

across C2 and C3. Therefore, the relationship between the 

neutral point current iN1 and capacitor current (iC1, iC2 and iC3) 

can be expressed as in (12). 

   
                          (a)                                                  (b) 

Fig.6. Relationship between capacitor currents and neutral currents (a) current 

flows through N1 (b) current flows through N2 

��
�
��iC1= −

2

3
iN1

iC2=
1

3
iN1

iC3=
1

3
iN1

               											         (12) 

Then, combined with the condition where the current flows 

through the upper neutral point N2 as shown in Fig.6(b), the 

relationship between capacitors currents and neutral point 

currents can be established as in (13). 

��
�
��iC1= −

1

3
iN2 −

2

3
iN1

iC2= −
1

3
iN2 +

1

3
iN1

iC3=
2

3
iN2 +

1

3
iN1

																			         (13) 

Next, the relationship between neutral currents (iN1 and iN2) 

and zero-sequence signal c(t) can be derived as follows. Since 

the p.u. value of the reference voltage has a range of 0~3, with 

any arbitrary value of the reference voltage, the integer part can 

represent the voltage level (int(ui)), while the fractional part can 

determine the duty cycle (frac(ui)). This significantly simplifies 

the calculation to find out the relationship between neutral point 

currents, modulation signals and phase currents. For example, 

when the reference voltage p.u. value is 1.2, then, the voltage 

level is 1 and the duty cycle is 0.2. In this case, the output 

voltage will switch between E and 2E as illustrated in Fig.7. 

Specifically, the duty cycle for output voltage E is 80% with 

switches T4 and T5 ON, where the phase output current flows 

through N1. The duty cycle for output voltage 2E is 20% with 

switches T2 and T3 ON, where the phase current flows through 

N2. Therefore, neutral currents (iN1, iN2) can be determined by 

the reference voltage level (int(ui)) and the duty cycle (frac(ui)).  

 

Fig.7. Illustration of the reference voltage level and duty cycle 

Therefore, the relationship between the neutral point current 

and the reference voltage (after zero-sequence voltage injected) 

can be formulated as in (14) according to the method in [45-46].  

��
�
��iN1= � ii× � (int�ui	 == 0×frac�ui	+

(int�ui	==1)×(1-frac�ui	)

i=a,b,c

iN2= � ii× � (int�ui	 == 1×frac�ui	+
(int�ui	==2)×(1-frac�ui	)


i=a,b,c

 									(14) 

where, ia, ib, ic are converter three-phase currents. int(ui)= =0 is 

used to check whether the reference voltage level is 0 or not. If 

it is zero, then (int(ui)= =0) equals to 1, otherwise 0. It can be 

seen that only when the voltage level is 0 or 1, the phase current 

may flow through N1. When the voltage level is 1 or 2, the 

phase current will flow through N2. And the amount of current 

flows through neutral points will be determined by frac(ui). As 

the reference voltage ui can be adjusted by the zero-sequence 

component, then, the relationship between zero-sequence 

component, the neutral current, the corresponding capacitor 

current and the control objective can be established through (6)-

(14). Consequently, with an appropriate zero-sequence signal, 

the control objective can be achieved. Fig.8 presents the control 

algorithm in a flow chart. 

T4 T5
1N

i
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Fig.8. Neutral points’ voltages balancing algorithm 

Though the above control attempts to balance neutral point 

voltages, it can only achieve that under low modulation indices 

or low power factors when a single-end converter (inverter or 

rectifier) is used [4, 23]. From the carrier-based modulation 

point of view, higher modulation indices mean a smaller range 

of zero-sequence components can be selected. To overcome this 

limit, a back-to-back configuration is required as shown in 

Fig.9. With the presented control strategy above, the net current 

flowing into each neutral point from both sides can be 

controlled as close to zero as possible due to the symmetrical 

structure of the system, therefore achieving the neutral point 

voltage balance. 

 

Fig.9. Back-to-back four-level π-type converter structure 

V. POWER LOSS ANALYSIS AND EXPERIMENTAL RESULTS 

A. Power Loss Analysis Results 

With the power loss model presented in Section III, the 

results can be obtained. Table III shows the selected devices 

used in the calculation based on a 600V dc-link voltage. In 

theory, equations in (3) and (5) can be further derived 

analytically for each device. However, the analytical expression 

will be complicated. In this case, an equivalent piecewise 

numerical method is used to calculate the power loss in (3) and 

(5).  

TABLE III. SELECTED IGBT DEVICES 

Switch Device 

T1, T6 FGW15N120VD (1200V) 

T2, T3, T4, T5 IKW30N60H3 (600V) 

Fig.10 (a) (b) show the power loss distribution among 

various devices for a high modulation index with inverter and 

rectifier operating at 10 kHz switching frequency and 15A 

converter rated current. When the converter operates as a 

rectifier with a high modulation index (m=0.95), power losses 

generated in D1, T2, D3 are higher than that in D2, T3, T1. In 

comparison, when the converter operates in the inverter mode, 

losses generated in D2, T3 and T1 are higher than that in D1, 

T2, D3. Note only T1~T3, D1~D3 have been analyzed, as 

T4~T6, D4~D6 have the same averaged loss due to the 

symmetrical structure of the phase leg. Fig.10 (c) (d) show the 

converter efficiency variation with switching frequency for 

rectifier and inverter operations under m=0.95 in comparison 

with two-level and three-level (NPC and T-type) converters. In 

both operation modes, due to higher conduction loss (more 

devices in series in the conduction paths), the π-type converter 

shows a lower efficiency when the switching frequency is 

below 5 kHz. And the converter shows a higher efficiency when 

the switching frequency is above 5 kHz due to a lower 

switching voltage, hence lower switching losses.  

 
(a) Rectifier mode (m=0.95) (Con: conduction, Sw: switching) 

 
(b) Inverter mode (m=0.95) 

Modulation Signal

PWM

*( ) ( ) ( )
i i
u t u t c t= +

*
( )
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u t ( )c t
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* *

min max
( ) ( ) 3 ( )u t c t u t− ≤ ≤ −
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( )
i
u t

, ,

frac( )
N i i

i a b c

i i u

=

= ×∑
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2 1Cj j N j Ni a i b i= ⋅ + ⋅
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(c) Rectifier efficiency 

 
(d) Inverter efficiency 

Fig.10. Power loss and efficiency using analytical loss models 

B. Experimental Results 

Using IGBTs in Table III, a four-level π-type converter 

prototype has been built. This prototype is designed for an 

output power of 3kW and allows the switching frequency to be 

set in a range from 5 kHz to 50 kHz with a nominal dc-link 

voltage of 600V.   

The converter is controlled by a DSP-FPGA board which 

consists of a Xilinx SPARTAN XC3S400 FPGA and a TI 

TMS320 F28335 DSP. One part of the prototype (inverter) is 

shown in Fig.11. 

 
Fig.11. Experimental prototype of the four-level π-type inverter 

The input and output power of the four-level π-type inverter 

have been measured with two NORMA 4000 high bandwidth 

power analyzers (error limit between 0.03% and 0.3%). 

Measurements were conducted with a fixed RL load (R=44Ω, 

L=6.32mH) and with a modulation index m=0.95. Three 

separate dc power supplies feed 200V voltage to three dc-link 

capacitors. Therefore, the total input dc-link voltage was fixed 

at 600V and a 2µs dead-time was used for all switches in order 

to prevent shoot-through. No forced cooling is applied. 

To compare with a two-level converter, a two-level converter 

prototype based on FGW15N120VD (1200V) IGBTs is also 

built and tested. Fig.12 (a) (b) present the output waveforms of 

the two-level inverter and the four-level π-type inverter, 

respectively. The line voltage of the two-level inverter has three 

voltage levels, while that of the four-level π-type inverter has 

seven voltage levels as expected. The output current waveform 

of the two-level inverter is bolder than that of the four-level π-

type, which means there are more high frequency harmonic 

components in two-level inverter output currents. Fig.12 (c) (d) 

show the harmonic analysis for line voltage waveforms in 

Fig.12 (a) (b), and Fig. 12 (e) (f) present the harmonic analysis 

for output current waveforms in Fig.12 (a) (b). Based on a 

6.32mH inductor, the total harmonic distortion (THD) of the 

line voltage and output current of the four-level π-type inverter 

are 24.15% and 2.86%, respectively. While the THD of the line 

voltage and output current of the two-level inverter are 80.58% 

and 6.66%, respectively. Both aspects prove the four-level π-

type inverter has much lower output harmonics, which means 

smaller filters are required than that of the two-level converter. 

Given the dead-time has not been compensated, the amount of 

decay on the actual output voltage depends on the duration of 

the deadtime, the switching frequency (switching period) and 

the switching voltage [47]. The decay on fundamental 

components in Fig.12 (c) (e) is higher than that in Fig.12 (d) (f), 

which means the dead-time will have less effect on the four-

level π-type inverter due to a smaller switching voltage. 

Fig.12 (g) shows the efficiency measurement for both the 

four-level π-type inverter and two-level inverter for 

comparison. The experimental efficiency agrees with analytical 

predictions reasonably well, which validates the presented 

power loss model and proves the four-level π-type inverter has 

the higher efficiency than the two-level converter at higher 

switching frequencies as expected. Fig.12 (h) sets the frequency 

axis as log axis in order to show the cross point clearer.

C
o

n
v

er
te

r 
fr

eq
u

en
cy

(%
)

C
o
n
v
er

te
r 

ef
fi

ci
en

cy
(%

)



 10 

  

 

 
(a) Two-level inverter output waveforms 

 
(b) Four-level π-type inverter output waveforms 

 
(c) Line voltage harmonics of the two-level inverter               

 
(d) Line voltage harmonics of the four-level π-type inverter 

 
(e) Output current harmonics of the two-level inverter 

 
(f) Output current harmonics of the four-level π-type inverter 
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(g) Efficiency test results linear scale 

 
(h) Efficiency test results log scale 

Fig.12. Experimental results of harmonic analysis and efficiency. 

 

  

 
Fig.13. Diagram of the back-to-back four-level π-type converter test prototype 

To validate the neutral points voltage control with a back-to-

back configuration, two converters as shown in Fig.11 are 

linked together through the dc-link. They are controlled 

together by one control board. The diagram of the back-to-back 

configuration is shown in Fig.13. The test setup includes a 

three-phase 5mH choke (equivalent resistance 0.2Ω) at the 

input of the rectifier and a three-phase star-connected 

resistance-inductance load (R=21Ω, L=6.32mH) at the inverter 

output. Power factors on both sides are close to 1 (unity power 

factor condition, the worst-case scenario). The dc-link voltage 

is set as 300V. The value of each dc-link capacitor is 1000µF. 

Fundamental frequencies and switching frequencies on both 

sides are 50 Hz and 10 kHz, respectively. At the rectifier/grid 

side, a dc-link voltage loop and a current loop are used with PI 

controllers. An open loop voltage control is applied to the 

inverter side. The dc-link neutral points voltage balancing 

control is employed on both sides.  

Fig.14 presents converter operation waveforms with mrec= 

minv=1.1 (same modulation indices on both sides). Here, the 

modulation index is defined as the peak of the fundamental 

sinusoidal modulation wave divided by the peak of the carrier 

waveform. Hence, m=1 represents the maximum modulation 

index that a standard SPWM can achieve without zero-

sequence voltage injection. Using an AD5725 DAC chip, 

internal variables in the program can be monitored. Modulation 

waveforms as well as injected zero-sequence signal waveforms 

on both sides are shown in Fig.14 (a) (b). Yellow waveforms 

represent fundamental components (ur
*) which are sinusoidal. 

Blue waveforms are the selected zero-sequence components 

(Cr), and their frequencies are triples of the fundamental 
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components. Green waveforms are final modulation signals by 

combining previous two waveforms. 

Fig.14 (c) shows the rectifier ac-side phase voltage as well as 

the line voltage. Under a 1.1 modulation index, the phase 

voltage has four levels and the line voltage has seven levels as 

expected. Inverter voltage waveforms in Fig.14 (d) have the 

same features as the rectifier side ones have. Fig.14 (e) (f) show 

rectifier and inverter ac-side three-phase sinusoidal currents. 

Fig.14 (g) presents three dc-link capacitors’ voltages. As 

expected, capacitor voltages are well balanced by the control 

method presented in Section IV. In order to present these 

voltages more clearly, offsets of three oscilloscope channels are 

set differently in Fig.14 (h) to present these three voltages.  

 
(a) Rectifier modulation and zero-sequence signals 

 
(b) Inverter modulation and zero-sequence signals 

 
(c) Rectifier output phase and line voltages 

 
(d) Inverter output phase and line voltages 

 
(e) Rectifier ac side three-phase currents 

 
(f) Inverter ac side three-phase currents 

 
(g) dc-link capacitors’ voltages 
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(h) dc-link capacitors’ voltages (channel offset values are different) 

Fig.14. Experimental results with the same modulation indices (1.1) on each 

side 

The scenarios with different modulation indices on the 

rectifier side and inverter side have also been tested in order to 

verify the dc-link capacitor voltage fully controllable region of 

the back-to-back configuration under the unity power factor 

operation. Fig.15 (a) presents the condition of mrec=1.05 and 

minv=1.06, where modulation indices on both sides are close, 

and three dc-link capacitor voltages can be well balanced. 

Fig.15 (b) presents the condition of mrec=1.05 and minv=1.02, 

where modulation indices on both sides are close as well, but 

minv is slightly lower than mrec. Three dc-link capacitors can be 

well balanced. Fig.15 (c) presents the condition of mrec=1.05 

and minv=0.7, where modulation indices have clear difference. 

The rectifier line voltage has seven levels while the inverter line 

voltage only has five levels due to a lower modulation index. 

Given the same power transfer, the rectifier current is lower 

than the inverter current. The three dc-link capacitor voltages 

are still balanced. Fig.15 (d) and (e) show another two 

conditions where the voltage balance can be achieved. Fig.15 

(f) presents the condition of mrec=1.1 and minv=0.75, where the 

middle capacitor discharges completely, causing unbalanced 

capacitor voltages. Fig.15 (g) shows another unbalanced 

condition of mrec=1.05 and minv=0.95.

 

 
(a) mrec=1.05, minv=1.06 

 
(b) mrec=1.05, minv=1.02 
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(c) mrec=1.05, minv=0.7 

 
(d) mrec=0.9, minv=0.8 

 
(e) mrec=0.95, minv=0.6 

 
(f) mrec=1.1, minv=0.75 
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(g) mrec=1.05, minv=0.95 

Fig.15. Experimental results with different modulation indices on each side under unity power factor operation: Line voltage and current of both sides; three dc-

link capacitor voltages. 

 

Based on extensive experimental measurements, Fig.16 

summaries the dc-link capacitor voltage balanceable and un-

balanceable region under the unity power factor condition with 

the back-to-back structure. The test condition shown in Fig.15 

have also been highlighted in the figure. As seen, generally, dc-

link capacitor voltages are more difficult to balance under high 

modulation indices. However, closer modulation indices at both 

sides help to balance the voltages.  

 

Fig.16. Balanced and unbalanced region based on experimental measurements 

under unity power factor operation on both sides 

VI. CONCLUSIONS 

This paper has presented the topology, power loss analysis 

and control of a four-level π-type converter, which can be a 

good candidate for low voltage applications in terms of reduced 

harmonic components and switching loss. With common 

collector connection of the IGBTs in the neutral paths, this 

topology only requires two additional gate driver power 

supplies compared with the standard two-level converter. The 

modulation process for the four-level π-type converter can be 

greatly simplified compared with the conventional space vector 

modulation with the level shift carrier-based modulation. The 

four-level π-type converter shows higher efficiency than two-

level and three-level converters at switching frequencies higher 

than 5 kHz due to reduced switching loss. In addition, the 

neutral point voltage drift issue can be resolved by adopting the 

presented LS carrier-based optimal zero-sequence injection 

voltage balancing control and a back-to-back configuration. 

The experiment has validated this control strategy where the 

three dc-link capacitor voltages can be well controlled even 

under high modulation indices and high power factors. The 

fully balanceable region for the back-to-back configuration 

under unity power factor condition has been presented.  

APPENDIX 

A. Conduction Intervals 

TABLE A.I 		M	>
1

3
,	  Φ	≤	SIN

-1 (
1

3M
) 

Device Conduction intervals 

T1 [sin
-1
(

1

3m
), π-sin

-1
(

1

3m
)] 

D1 Null 

T2 [0, φ], [π+φ, π+sin
-1
(

1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 

D2 [φ, sin
-1
(

1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+φ] 

T3 [φ, sin
-1
(

1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+φ] 

D3 [0, φ], [π+φ, π+sin
-1
(

1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 

 

TABLE A.II. M �
1

3
, SIN

-1 (
1

3M
)	<Φ<	Π- SIN

-1 (
1

3M
) 

Device Conduction intervals 

T1 [φ, π-sin
-1
(

1

3m
)] 

D1 [sin
-1
(

1

3m
), φ] 

T2 [0, sin
-1
(

1

3m
)], [sin

-1
(

1

3m
), φ], [2π-sin

-1
(

1

3m
), 2π] 

D2 [φ, π-sin
-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+sin

-1
(

1

3m
)] 

T3 [φ, π-sin
-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+sin

-1
(

1

3m
)] 

D3 [0, sin
-1
(

1

3m
)], [sin

-1
(

1

3m
), φ], [2π-sin

-1
(

1

3m
), 2π] 

a

c

d

e

f

g

b

Unbalanced region 

Balanced sample points (experimental)

Unbalanced sample points (experimental)

Unbalanced region boundary points (experimental)
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TABLE A.III. M >
1

3
, 	Π- SIN-1 (

1

3M
) ≤Φ	<	Π 

Device Conduction intervals 

T1 Null 

D1 [sin-1(
1

3m
), π-sin-1(

1

3m
)] 

T2 
[0, sin-1(

1

3m
)], [sin-1(

1

3m
), π-sin-1(

1

3m
)], [π-sin-1(

1

3m
), φ], [φ+π, 

2π] 

D2 [φ, π+sin-1(
1

3m
)], [2π-sin-1(

1

3m
), φ+π] 

T3 [φ, π+sin-1(
1

3m
)], [2π-sin-1(

1

3m
), φ+π] 

D3 
[0, sin-1(

1

3m
)], [sin-1(

1

3m
), π-sin-1(

1

3m
)], [π-sin-1(

1

3m
), φ], [φ+π, 

2π] 

 

TABLE A.IV. M ≤ 
1

3
 

Device Conduction intervals 

T1 Null 

D1 Null 

T2 [0, φ], [π+φ, 2π] 

D2 [φ, π+φ] 

T3 [φ, π+φ] 

D3 [0, φ], [π+φ, 2π] 

 

B. Switching Intervals 

TABLE B.I. M		>
1

3
,	  Φ	≤	SIN-1 (

1

3M
) 

Device Switching intervals 

T1 [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)] 

D1 Null 

T2 Null 

D2  [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)]  

T3 [φ, sin-1(
1

3m
)], [π-sin-1(

1

3m
), π+φ] 

D3 [0, φ], [π+φ, π+sin-1(
1

3m
)], [2π-sin-1(

1

3m
), 2π] 

 

TABLE B.II. M >
1

3
, SIN-1 (

1

3M
)	<	Φ 	<	Π- SIN-1 (

1

3M
) 

Device Switching intervals 

T1 [φ, π-sin
-1

(
1

3m
)] 

D1 [sin-1(
1

3m
), φ] 

T2  [sin-1(
1

3m
), φ]  

D2 [φ, π-sin-1(
1

3m
)]  

T3  [π-sin-1(
1

3m
), π+sin-1(

1

3m
)] 

D3 [0, sin-1(
1

3m
)], [2π-sin-1(

1

3m
), 2π] 

 

TABLE B.III. M >
1

3
, 	Π- SIN-1 (

1

3M
) ≤Φ	<	Π 

Device Switching intervals 

T1 Null 

D1 [sin-1(
1

3m
), π-sin-1(

1

3m
)] 

T2  [sin-1(
1

3m
), π-sin-1(

1

3m
)]  

D2 Null 

T3 [φ, π+sin-1(
1

3m
)], [2π-sin-1(

1

3m
), φ+π] 

D3 [0, sin-1(
1

3m
)], [π-sin-1(

1

3m
), φ], [φ+π, 2π] 

 

 

TABLE B.IV. M ≤ 
1

3
 

Device Switching intervals 

T1 Null 

D1 Null 

T2 Null 

D2 Null 

T3 [φ, π+φ] 

D3 [0, φ], [π+φ, 2π] 
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