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ABSTRACT 
This paper proposes a multi-stage power generation system suitable for renewable energy sources, which is composed 
of a DC-DC power converter and a three-phase inverter. The DC-DC power converter is a boost converter to convert 
the output voltage of the DC source into two voltage sources. The DC-DC converter has two switches operates like a 
continuous conduction mode. The input current of DC-DC converter has low ripple and voltage of semiconductors is 
lower than the output voltage. The three-phase inverter is a T-type inverter. This inverter requires two balance DC 
sources. The inverter part converts the two output voltage sources of DC-DC power converter into a five-level line to 
line AC voltage. Simulation results are given to show the overall system performance, including AC voltage 
generation. A prototype is developed and tested to verify the performance of the converter.  
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1. INTRODUCTION 

Distributed generation (DG) systems as local power 
sources have great potential to contribute toward 
energy sustainability, energy efficiency and supply 
reliability. In the electrical power system, the most 
important driving forces for the proliferation of DGs 
are [1-3]: 

 Liberalized electricity market 

 environmental concerns with greenhouse gas 
emissions 

 energy efficiency 

 diversified energy sources constitute 

 peak shaving capability 
The power conversion interface is important to 

load or grid-connected DG power generation 
systems. Some DGs such as Fuel cell (FC) and 
photovoltaic (PV) generate DC voltage so an 
inverter is necessary to convert the DC power to AC 
power [4-6]. Since the output voltage of a PV or FC 
array is low, a DC-DC power converter is used in a 
power generation system to boost the output voltage. 
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Variable voltage is one of the most important 
problems of the fuel cells. PVs are small power 
resources and it is essential to choose a suitable 
method of maximum power point tracking (MPPT). 
Output voltages of the PV modules are variable 
because of changes of temperature and sunlight 
irradiation. Different type of MPPT algorithms have 
suggested in different papers. Among the MPPT 
techniques, the perturbation and observation (P&O) 
method and incremental conductance are the most 
popular because of the simplicity of its control 
structure [3]. The PV system requires DC-DC 
converters with a flexible control range to obtain 
maximum power and increasing voltage. Input 
current ripple is an important feature for DC-DC 
converters, used in fuel cell applications. The low 
current ripple increases the efficiency and lifetime of 
the fuel cells. In multi‐stage converter, inverter part 
generates AC voltage and injects power to the grid.  

The DC-DC converter with high step-up voltage 
gain is widely used for energy conversion systems. 
Conventionally, the classic DC-DC boost converter 
is used for voltage step-up applications. In high step-
up voltage gain this converter will be operated at a 
high duty ratio [7]. Some literatures have researched 
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the high step-up DC-DC converters that do not incur 
an extremely high duty ratio [8-12]. 

Multilevel inverter technology has appeared 
recently as a very important alternative in the area of 
the power system. In theory, multilevel inverters 
should be designed with higher voltage levels in 
order to improve the conversion efficiency and to 
reduce harmonic content and electromagnetic 
interference. This technology can be used in energy 
conversion. They can generate output voltages with 
extremely low distortion and lower dv/dt [13,14]. 
The different topologies presented in the literature as 
multilevel converters. The most popular multilevel 
converters are the diode-clamped, flying capacitor 
and cascaded H-bridge structures. In recent years, 
novel topologies of multilevel inverters using a 
reduced number of switches and gate driver circuits 
have presented [15-17]. Unfortunately, multilevel 
inverters have some disadvantages. One particular 
disadvantage is the great number of power 
semiconductor switches needed. Although low 
voltage rate switches can be utilized in a multilevel 
inverter, each switch requires a related gate driver 
circuit. This may cause the overall system to be 
more expensive and complex. So, in practical 
implementation, reducing the number of switches 
and gate driver circuits is very important. 

It seems that using of multilevel inverter with high 
number of voltage levels and switches is not 
commodious in low voltage application. The 
multilevel inverter with a low number of levels 
needs a less number of switches and can be suitable 
for low voltage application. In Ref. [18], a five-level 
inverter is developed and applied for injecting the 
real power of the renewable power into the grid to 
reduce the switching power loss, harmonic 
distortion, and electromagnetic interference caused 
by the switching operation of power electronic 
devices. This topology uses six switches and two 
diodes in one phase. In Ref. [19] the hybrid seven-
level cascaded active neutral-point-clamped 
(ANPC) based multilevel converter is presented. 
The converter topology is the cascaded connection 
of a three-level ANPC converter and an H-bridge 
per phase. This topology uses ten switches in one 
phase. In Ref. [20], a seven-level inverter topology, 
configured by a level generation part and a polarity 

generation part, is proposed. There, only power 
electronic switches of the level generation part 
switch in high frequency, but ten power electronic 
switches and three DC capacitors are used. The T-
type multilevel converter is one type of multilevel 
inverters that is introduced in Ref. [21]. This inverter 
is suitable for using grid distribution voltage (400 or 
380 V). This converter uses two DC-link capacitor 
and nine switches. 

In this paper, one DC-AC converter based T-type 
multilevel inverter is presented. The proposed 
converter has two parts: DC-DC converters and T-
type multilevel inverter. In T-type, the conventional 
six switches inverter is converted to a multilevel 
inverter topology that requires only nine active 
switches. A new type of DC-DC converter is used to 
provide DC-link voltages for multilevel inverter. The 
main advantages of DC-DC converter are low input 
current ripple and high voltage gain. In this letter, the 
operating principle of the developed system is 
described, and a prototype of inverter is constructed 
for verifying the effectiveness of the topology. A 
case study about fuel cell power generation is 
studied. 

 
2. MULTI-STAGE DC-AC CONVERTER 

Figure 1 shows the configuration of the 
proposed multi-stage system. The proposed 
system is composed of a DC voltage source 
array, a DC-DC power converter and T-type 
multilevel inverter. The DC voltage source is 
connected to the DC-DC converter that is a 
boost converter. The boost DC-DC converter 
converts the output power of the DC voltage 
into two voltage sources, which supply the 
inverter.  

Fig. 1. Configuration of the proposed multi-stage system.

The T-type multilevel inverter is composed of 
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three bidirectional switches and a conventional six 
switches power converter, connected in cascade. As 
can be seen, T-type multilevel inverter contains only 
nine switches, so, the power circuit is simplified. 
 
2.1. DC-DC converter 
In a classic DC-DC boost converter, the voltage 
stresses on the switch and diode, which are equal to 
the output voltage, are high. In the proposed multi-
stage converter, a step-up DC-DC converter is used, 
as shown in Fig. 1. Inside DC-DC converter, the 
semiconductor device voltage rating is only half of 
the output voltage. Special modulation technique, 
offers lower input current ripple and output voltage 
ripple. The peak inverse voltage of switches and 
diodes is half of output voltage.  

In order to simplify the circuit analysis of the 
converter, all components are assumed ideal. The 
voltage of capacitors is equal. To operation analysis 
of DC-DC converter, it is assumed that converter has 
one resistive load. 

(1)dcCC VVV  21  
The output voltage is equal to sum of voltage of 

output capacitors. 

(2)dcCCO VVVV 221 
 

The proposed converter operates in continuous 
conduction mode (CCM) and discontinuous 
conduction mode (DCM). Here, CCM is analyzed 
and discussed.  

Based on the aforementioned assumptions, there 
are three operating modes discussed in one 
switching period under CCM operation. 

Figure 2 shows the topology stages of the 
proposed converter. The operating modes are 
described as follows. 

Mode 1: Fig. 2(a) shows mode 1 equivalent 
circuit. During this mode T1 and T2 are turned on. 
The DC-source energy is transferred to L1 and L2 is 
charged by C3, so currents of inductors are 
increased. In this mode D2 is turned on and D1, D3 
and D4 are turned off. Energy of output capacitors 
are given to load. 

(3)inL VV 1  
(4)32 CL VV 

 
Duration of mode 1 is equal as: 

(5)1
D

D
t DT

f
   

where, D, T and fD are the duty cycle switching 
period and switching frequency, respectively. 
 

(a) 

(b) 

(c) 
Fig. 2. Topological stages of the proposed converter (a) mode 1 

(b) mode 2 and (c) mode 3. 

Mode 2: T1 is turned on and T2 is turned off. The 
energy is pumped to C2 and C3 while the energy of 
C1 is given to load. The currents of inductors 
decrease. Fig. 2(b) shows mode 2 equivalent circuit. 
During mode 2, the voltage across the inductors is: 

(6)31 CinL VVV 

(7)
23232
O

CCCL

V
VVVV 

 
Duration of mode 2 is equal as: 

(8)2

1
( )

2

D
t T


  

Mode 3: T1 is turned off and T2 is turned on. The 
energy is pumped to C1 through T2, and D3, so, the 
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currents of inductors are decreased. Fig. 2(c) shows 
mode 3 equivalent circuit. During mode 3, the 
voltage across the inductor is: 

(9)31 CinL VVV 
 

(10)2 3 1 3 2L C C C OV V V V V     

Duration of mode 3 is equal as: 

(11)3 ((1 ) / 2)t D T   

The inductor average voltage and capacitor 
average current over one cycle is zero [11]. 

(12)
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Substituting Eq. (12) into Eq. (13) yields the 
voltage conversion ratio of the proposed converter, 

(15)2)1(

2

D

V
V in

O 


 
Figure 3 shows modulation waveforms and gate 

signals in one period. The modulation technique is 
expressed as follows: 

If (-D ≤ triangular ≤ D) then T1: on, T2: on  
If (triangular > D) then T1: on, T2: off  
If (triangular < -D) then T1: off, T2: on  
Figure 4 shows the signal gates, voltage and 

current of input inductor (L1). The charge and 
discharge of L2 are the same as L1. The frequency of 
inductor current is doubling of switching frequency. 
Based on Eq.  (15), the input current IL1 can be 
expressed as: 

(16)221 )1(

2

)1(

2

D

I

DR

V
I OO

L 



  

Where, IO is the output current. In addition, the 

current ripple of iL1 and iL1 denoted by 1Li  and

2Li , respectively. The current ripple of inductors 

can be expressed to be 

(17)
2

1
1 1

(1 )

2 4L in O

DT D D T
i V V

L L


    

(18)2
2

(1 )

4L O

D DT
i V

L


   

 

Fig. 3. Modulation waveforms and gate signals in one period.

 

Fig. 4. The signal gates, voltage and current of input inductor (L1).

The ripple of inductor current is half of ripple of 
inductor current in classic boost DC-DC converter. 
This is one advantage of proposed converter. 

From Eqs. (15) and (16), for steady-state analysis 
of the boundary condition mode (BCM) we have: 

(19)2
1

1
1 )1(

2

4

.

2 D

I
V

L

TDi
I O

in
L

L 





 

(20)
16

)1(

16

)1( 44

1
O

O

O TRDD

I

TVDD
L





  

Where 

(21)/O O OR V I  

The normalized magnetizing-inductor time 
constant is defined as Eqs. (22) and (25). BCM 
condition for L1 and L2 is shown in Fig. 5. 

(22)
16

)1(

.

4
1

1

DD

RT

L

O
L
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(a) 

(b) 
Fig. 5. BCM condition for L1 and L2. 

During mode 1, L2 discharges the C3 capacitor 
therefore; the voltage ripple across the C3 capacitors 
can be expressed as: 

(26)OLC I
CD

DT
I

C

DT
V

3
2

3
3 )1(2 

  

If C1 is equal to C2 then the voltage ripple of 
output capacitors is shown as Eq. (27). 

(27)OC I
C

TD
V

1
1 2

)1( 
  

Another important problem in power electronic 
converters is the ratings of switches. In other word, 
voltage and current ratings of the switches in a 
converter play important roles on the cost and 
realization. 

The PIV on semiconductors are given as: 

(28)
24321
O

DDTT

V
VVVV   

(29)
2

)1(
1

O
D

VD
V




 
(30)2 / 2D OV DV  

If inductors are large enough, the current of 
inductors can be calculated as Eqs. (15) and (23) and 
they are constant in one period. The current of 
semiconductor is given as bellow based on current 
of inductors. 
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Figure 6 shows the voltage gain versus the duty 
ratio of the proposed converter and cascaded boost 
converter. As it is shown in Fig. 6, the presented 
converter has higher voltage gain. 

 2.2. DC-AC converter 
The T-type three-level inverter is formed by the nine 
main power devices. A capacitor voltage divider, 
formed by C1 and C2 provides a half supply voltage 
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point, node n in Fig. 1. The auxiliary switches, 
formed by the controlled bidirectional switch S1, S2 
and S3, connect the center point of the left hand 
three-level inverter to the node n. 

The required three voltage output levels for one 
phase (VAn) are generated as follows: 

1) Zero output: The auxiliary switches S1 is on, 
short-circuiting the VAn and VAn=0. All other 
controlled switches in phase A are off.  

2) Maximum positive output, Vdc: S4 is on, 
connecting the node A to Vdc and VAn=Vdc.  All other 
controlled switches are off.  

3) Maximum negative output, -Vdc: S5 is on, 
connecting the node A to Vdc and VAn=-Vdc. All other 
controlled switches are off.  

In the switching strategy, in one phase at any time 
only one switch is on. The T-type inverter is able to 
generate five voltage levels in the line-to-line output 
voltage. The line-to-line output voltages are given 
as: 

 Fig. 6. The voltage gain versus the duty ratio of the proposed 
converter and cascaded boost converter. 

 

(43)












AnCnCA

CnBnBC

BnAnAB

VVV

VVV

VVV

 

Table 1 shows the on switches lookup table of 
five-level multilevel inverter. It is clear that switches 
in one phase can’t be on simultaneously, because a 
short circuit across the voltage Vdc.  

Since only three power electronic switches are 
used in the proposed inverter in one phase, the 
power circuit is significantly simplified. The states 
of the power electronic switches of the five-level 
inverter, as detailed previously, are summarized in 
Table 1. It can be seen that only one power 
electronic switch is switched for each switching 
operation. 

The PIV on switches are given as: 

(44)
2321
O

SSS

V
VVV   

(45)OSSSSS VVVVVV  87654

 
Table 1.  Lookup table of a three-phase inverter. 

On Switches VAB VBC VCA 

S4 S7 S8 2Vdc -2Vdc 0 
S4 S7 S3 2Vdc -Vdc -Vdc 
S4 S7 S9 2Vdc 0 -2Vdc 
S4 S2 S9 Vdc Vdc -2Vdc 
S4 S6 S9 0 2Vdc -2Vdc 

S1 S6 S9 - Vdc 2Vdc -Vdc 

S5 S6 S9 -2Vdc 2Vdc 0 

S5 S6 S3 -2Vdc Vdc Vdc 

S5 S6 S8 -2Vdc 0 2Vdc 

S5 S2 S8 -Vdc -Vdc 2Vdc 

S5 S7 S8 0 -2Vdc 2Vdc 

S1 S7 S8 Vdc -2Vdc Vdc 

Although the S1, S2 and S3 are bidirectional 
switches but the PIV of these switches are half of 
other switches. The voltage changing of switches is 
lower than conventional three-level inverter. The 
dv/dt is given as: 

(46)
2
OV

dt

dv
  

 
3. CASE STUDY 

The DG units can be operated in stand-alone mode 
(independent of the grid) or at grid tied mode 
(connected to the grid). In both modes, DG unit 
feeds load or power system through an inverter. In 
this paper, a system shown in Fig. 7 is a case study. 
In the case study operation of converter in grid tied 
mode is discussed. In the case study, generated 
power by FC injects to the grid. The basic control 
schemes used in the DC-DC and DC-AC converters 
are shown in Fig. 7. The DC-DC converter control 
scheme consists of one loop control. The Iin is the 
measured input current and I*

in is the reference 
current provided by 

(47)
in

in

in

FC
in V

P

V

P
I

**
* 

where, *
FCP is reference power of FC. The control 

loop consists of a conventional PI controller. 
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Regarding the DC-AC converter, it can operate in 
a grid tied mode. In the case of grid-connected 
mode, a decoupled control strategy is used. 

The voltage equations in the stationary frame are: 

dt

di
LVtEe a

fAoa  )cos(
 

(48)
dt

di
LVtEe b

fBob  )
3

2
cos(



dt

di
LVtEe c

fCob  )
3

4
cos(



where, E and are the maximum phase voltage 
and angular frequency of the grid, respectively. The 
voltage equations in the synchronous frame (dq) are 
given by 

(49)
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where, ed and id are the d-axis output voltage and 
current and eq and iq are the q-axis output voltage and 
current. The grid voltages of dq-axis are E and zero. 

For a unity power factor, it is desirable that the q-
axis current is zero. Then the q-axis current is 
controlled with the zero reference current. The active 
power supplied to the grid is: 

(50)
3 3

( )
2 2d d q q dP e i e i Ei    

Since the active power is directly proportional to 
the d-axis current, the d-axis reference current is 
generated from the PI voltage controller for the DC-
link voltage regulation. The conventional PI voltage 
controller is: 

(51)  dtVVkVVki dcdcidcdcpd )()( ***

 
where, *

dcV and dcV are the reference DC-link 

voltage and the DC-link voltage pk and ik are the 

proportional and integral control gains of the PI 
voltage controller. The following decoupling control 
is: 

(52)dqfd ViLEV  
 

(53)qdfq ViLV  

The output signals dV and qV of the current 

controllers generate transient additional voltages 
required to maintain the sinusoidal input currents. 

(54)  dtiikiikV ddidddpdd )()( **

 

(55)  dtiikiikV qqiqqqpqq )()( **

pdk and idk are proportional control gains and 

pqk and iqk  are integral control gains.  

 
3. SIMULATION RESULTS 

To confirm the feasibility of the proposed converter 
and the analyses done above, simulation results are 
carried out by using MATLAB/SIMULINK 
software. Two parts of simulations are carried out.  

In the first simulation the operation of DC-DC 
boost converter is studied and in the second 
simulation operation of the proposed converter in the 
case study is shown. There are several modulation 
strategies for inverters [21- 24]. 

 
3.1. Operation of boost DC-DC converter 
Table 2 shows parameters of DC-DC converter. 
This converter is used to increase the 96 V input 
voltage to 768 V at the output. According to 
Eq. (15), duty cycle is 0.5. The frequency of 
switching is 25 kHz. ∆iin/Iin is lower than 5% and is 
∆vo/VO lower than 1%. Fig. 8 depicts the output 
voltage and current. The output voltage is 768 V.  

Figure 9 shows voltage of semiconductors. Fig. 9 
(a) shows voltage of switches (T1 and T2). The 
voltages of diodes are shown in Fig. 9(b). 

The voltages of semiconductors are lower than 
output voltage. It should be noted that, the voltage 
stress value of the diode D1 and D2 is lower than 
other semiconductors. Fig. 10 shows the voltages 
and currents of inductors. The input current (IL1) is 
shown in Fig. 10(a). The ripple of input current is 
1.925 A. Fig. 11 depicts the currents of 
semiconductors.  
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Fig. 7. Case study. 

 

Fig. 8. Output voltage and current.  
 

(a) 

(b) 
Fig. 9. Voltage of semiconductors (a) voltage of switches (T1 and 

T2) and (b) voltages of diodes. 

Table 2. Parameters of DC-DC converter. 

DC source 
L1, L2 
C1, C2 and C3 
Switching frequency 
D 
Load 

96 V 
500 µH 
100 µF 
25000 Hz 
0.5 
102 Ω 

(a) 

(b) 
Fig. 10. Voltages and currents of inductors (a) Voltage and 

current of L1 and (b) Voltage and current of L2. 
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(a) 

(b) 
Fig. 11. Currents of semiconductors (a) currents of switches (T1 

and T2) and (b) currents of diodes. 

 
A low current ripple is an important factor in fuel 
cell applications. 
 
3.2. Case study simulation 
Table 3 shows the parameters of case study 
simulation. Injection of generating power from FC 
into the grid is the main goal of the case study. Two 
cells of FC are connected as series to create DC 
source. In the case study simulation, the generated 
power change in 0.4 s.  

Figure 12 shows input voltage and current of DC 
source. The generated power by FC (Pin) and 
injected power to the grid (P) is shown in Fig. 13. 
The exchanged power between FC and grid is 
shown in Fig.13. The voltage of DC-link is shown in 
Fig. 14. Fig. 15 shows the line to line voltage. This 
voltage has five levels. 

 
Table 3. Parameters of Case study. 

Parameters values 
Fuel cell AFC, 2.4 KW, 48 V 
Voltage of DC bus(VO) 700 V 
Nominal frequency 50Hz 

Grid voltage 380 V 
Lf 750 µH 

Inverter frequency 5000 Hz 
 

Fig. 12. Input voltage and current of source. 
 

Fig. 13. The exchanged power between FC and grid.

Fig. 14. Voltage of DC-link. 
 

Fig. 15. line to line voltage. 

4. EXPRIMENTAL RESULTS 
To verify the performance of the converter, a 
prototype based on the DSP28335 is developed and 
tested. The parameters of the prototype are listed in 
Table 4. The DSPTMS320F28335 is used to 
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implement controller and the opto coupler TLP250 
is used to drive switches. The fundamental 
switching frequency is used for inverter part. Fig. 16 
shows photographs of the different parts of 
prototype. The DC-DC converter elements are 
shown in Fig. 16(a). Fig. 17 shows gate pulse of 
DC-DC converter. Fig. 18 shows waveforms of DC-
DC converter. The input current is shown in Fig. 
18(a). Fig. 18(b) shows voltage of capacitors. The 
dc-link voltage (output voltage of DC-DC converter) 
is sum of voltage of C1 and C2. Fig. 18(c) shows dc-
link voltage. Fig. 19 shows the measured output 
voltage waveforms of inverter part. This is a 50Hz 
staircase waveform. As it can be seen, the results 
verify the ability of the proposed inverter in gener-
ation of desired output voltage waveform. Fig. 19(a) 
shows the output voltage of the phases to node n. 
Each phase generates a quasi-square waveform. Fig. 
19(b) shows the line to line output voltage. 

(a) 

(b) 
Fig. 16. Laboratory prototype of proposed converter (a) DC-DC 

converter and (b) DC-AC inverter. 

Table 4. Parameters of experimental results.

DC source 
L1, L2 
C1, C2 and C3 
DC-DC Switching frequency 
D 
Load 

12 V 
500, 500 µH 
1000 µF 
15800 Hz 
0.5 
75 Ω 

Fig. 17. Laboratory Gate pulses of DC-DC converter.  

(a) 

(b) 

(c) 
Fig. 18. Waveforms of DC-DC converter (a) input current (b) 

voltage of capacitors and (c) output voltage. 

 
5. CONCLUSIONS 

This paper proposes a multi-stage inverter for FC 
applications. The high step-up DC-DC converter is 
employed to provide a high voltage gain. The first 
stage is a boost converter that has a higher gain than 
the conventional boost converter to enable reducing 
the number of series connected FC modules. In 
order to investigate the performance of the converter 
in fuel cell systems, parameters such as voltage 
transfer gain and input current ripple are calculated. 
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(a) 

(b) 
Fig. 19. Measured output voltages (a) VAn, VBn, VCn and (b) VAB. 

 The simulation results demonstrate considerable 
increase in voltage transfer gain and reduction in 
input current ripple. These parameters are the most 
important features in fuel cell DC-DC converters. 
The second stage is a T-type inverter. This inverter is 
based on the two level inverter topology where it 
consists of a main inverter switches and an auxiliary 
three bidirectional switches. Equations of converters 
have been presented for DC-DC and DC-AC part. 
Simulation and experimental results are given to 
show the overall system performance. 
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