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1. Introduction

In the current global climate, demand for a renewable energy system has increased 

due to environmental issues and limited fossil resources. However, to connect these 

systems to the grid, output voltage and frequency adjustment are the challenging 

issues. Various types of converters have been utilized to provide grid connected 

renewable energy systems. In photovoltaic (PV) or Fuel Cell (FC) applications, DC-DC 

converters are required to adjust the variable and low quality output voltage of the 

PV panels or fuel cells. A DC-AC converter is employed to generate desired voltage 

and frequency for the grid connection. As well, an AC-DC-AC converter is necessary 

for wind turbine (WT) systems as wind energy is variable during the system operation.

In response to the growing demand for medium and high power applications, 

multilevel inverters have been attracting growing consideration recently. Multilevel 

converters enable the output voltage to be increased without increasing the 

voltage rating of switching components, so that they offer the direct connection of 

renewable energy systems to the grid voltage without using the expensive, bulky, 

and heavy transformers. In addition, multilevel inverters synthesis stair case output 

voltage, which is closer to sinusoidal voltage using DC link voltages, compared 

with two-level inverter. Synthesizing a stepped output voltage allows reduction in 

harmonic content of voltage and current waveforms and eventually size of the 

output filter. Among different types of the multilevel converters, cascade converters 

are usually used in PV applications due to its modularity and structure (Alonso, 

2003). However, the number of switches is more than the other types of multilevel 

converters and needs several separated DC sources. The diode-clamped 

converter is another type of multilevel converters which is widely used in 

transformerless grid connected systems due to its minimum number of active power 

components and shared DC link voltage (Busquets-Monge, 2008). Due to the 

structure of the diode-clamped converter, it suffers from neutral point voltage 

balancing. Although a solution for capacitor voltage balancing has been addressed 

in literature (Yazdani, 2005), this increases the complexity of the control strategy. 

Also, existing methods are not applicable for all numbers of levels and modulation 

indexes. Furthermore, the use of auxiliary devices or active rectifiers has been 

proposed to balance the DC link capacitors but these can increase the cost and 

complexity of the system (Marchesoni, 2002).

In FCs, PVs and energy storage systems, such as batteries, the low output DC 

voltage should be boosted. Therefore, a step-up converter is necessary to boost 

the low DC voltage for the DC link voltage of the inverter.

The main contribution of this project is to DC-to-DC converter control in Fuel Cell

systems. Finally, a DC/DC converter (boost with 200/400 VDC ,5 kw)is designed. In 

order to do this, we divided our goal into 4 steps:

1) Develop the small signal and state space model. 

2) Develop the controller for the DC bus voltage.

3) Generate a simulation model in simulink/matlab. 

4) Use a model for the FC to test the converter.



2. Background
2.1 Power Conversion Systems

Power electronic converters are a family of electrical circuits, which convert 

electrical energy from one level of voltage, current, or frequency to another using 

power switching components (Zare, 2008). In all power converter families, energy 

conversion is a function of different switching states. The process of switching the 

power devices in power converter topologies from one state to another is called 

modulation. Regarding different applications, various families of power converters 

with optimum modulation technique should be used to deliver the desired electrical 

energy to the load with maximum efficiency and minimum cost. Three main families 

of converters, which are usually used in renewable energy systems, are:

1. AC-DC converters

2. DC-DC converters

3. DC-AC converters

Fig. 1 shows a scheme of electrical conversion according to the different family of 

power converters used in renewable energy systems.

Fig. 1. Families of power converters categorized according to their energy 

conversion in renewable energy systems

In renewable energy systems, sources can be either AC or DC such as WT or PV 

systems, respectively. However, due to the load requirement, the power may be 

changed to DC or AC. Therefore, based on different applications, proper 

combination and control of above power converters can supply a load. As shown in 

Fig.1 (a), in residential applications or grid connected systems where the variable 

voltage of renewable energy systems should be converted to achieve desirable 

AC voltage and frequency, AC-DC, DC-DC and DC-AC converters may be needed. 

On the other hand, when the input voltage is variable DC source (Fig.1(b)) such as 



PV or FC systems, DC-DC converter combined with DC-AC converter may be used 

to have a regulated AC waveform for residential or grid connected systems.

In this project, our main focus is DC-DC converter.

2.2 DC-DC Converter
DC-DC converters are a kind of high frequency converters, which convert 

unregulated DC power to regulated DC power. Since the output voltage of 

renewable energy systems or rectifier converter is basically unregulated DC 

voltage, as shown in Fig. 3, DC-DC converters are necessary to adjust the 

DC voltage for different applications. Three basic configurations of DC-DC 

converters are buck, boost and buck-boost converters.

Fig. 2. DC-DC converter

In a buck converter the output voltage is normally less than input voltage. 

However, a boost converter has the ability to increase the input voltage based 

on duty cycle of the switch. A buck-boost converter can either buck or boost the 

input voltage. A boost converter is usually applied in renewable energy systems 

as the output voltage of these systems is low and unregulated. Configuration 

of the boost converter is illustrated in Fig. 4. In this converter, output voltage is a 

function of the duty cycle of switch (S), which can be defined by a proper 

modulation technique. When the switch is on, current flowing through it can 

charge the inductor. However, in the next subinterval when the switch is 

turned off, the inductor current will charge the capacitor. Second order LC 

filter in this configuration can regulate the output voltage and remove the high 

frequency harmonics.

Fig. 3. Schematic configuration of a DC-DC boost converter

2.2.1 boost converter

The single phase single switch boost converter is a basic step-up topology . [1]



The voltage gain theoretically is infinite when duty cycle reaches 1. But switch turn 

on period becomes long as the duty cycle (D) increases causing conduction losses 

to increase. The power rating of single switch boost converter is limited to switch

rating. In order to obtain higher gain several boost converters can be cascaded at 

the expense of efficiency decrease. Interleaved parallel topology is the solution to 

increase the power and reduce input current ripple allowing lower power rated

switches to be used.

2.3 Application of Power Electronics in Renewable Energy Systems

Nowadays, the electrical power generation from renewable energy sources has 

become a focal point in research because of environmental problems and a 

perceived of traditional energy sources in the near future. Since last decade, 

researchers have been working on electrical systems for variable speed wind 

turbines. The main advantages of variable speed are noise reduction, maximum 

power tracking, and proper controlled torque and in this manner, the possibility to 

damp resonance and avoid speeds causing resonance. Several electrical systems 

have been presented to connect the wind turbine with variable speed and frequency 

to the constant voltage and frequency of the network. The main aspects of these 

topologies are increased efficiency and robustness, a decrease in the size and 

maintenance of the system and eventually reduction of whole system expense.

On the other hand, grid connected PV systems, mostly single-phase PV systems 

and their contribution to clean power generation, is recognized more and more 

worldwide. The main advantages of PV system are long lifetime, high efficiency and 

good environmental condition. The most important issues for grid connected PV to 

gain wide acceptance are reliability and low cost. There are two approaches to 

achieve high voltage and high efficiency, one is to connect the cells in series to 

generate high voltage DC and use high voltage DC to an AC inverter circuit. 

However, this configuration needs high voltage rate devices for the inverter. Another 

approach is to use low voltage devices for the inverter and then step up the voltage 

using transformers. This can increase losses and cost of system. Using 

transformerless concepts are advantageous with regard to their high efficiency and 

the resulting benefits of reduction in cost, size, weight and complexity of the inverter.

Another renewable energy source is FC which are considered attractive for 
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Distributed Generation (DG) applications. Fuel cells are electrochemical devices that 

convert the chemical energy of fuel and oxidant directly to electrical energy and heat. 

In fuel cell powered applications, a fuel cell (low power) will supply the system, then a 

DC-DC converter is used to boost the low voltage of the fuel cell to make a high 

voltage DC link. A DC-AC inverter is used to obtain AC voltage to feed the load.

2.3.1 Variable Speed Wind Turbine Systems
This topology basically employs induction or synchronous machine as a 

generator. The power electronics converter in this topology might be created by 

either a diode rectifier with boost chopper converter connected to the PWM 

inverter or two bidirectional PWM-VSI connected back-to-back (Carrasco et al., 

2006). Extracting as much power as possible from wind energy and feeding 

high quality electricity to the grid are the two main objectives of these systems. 

As shown in Fig. 4, power converters comprise rectifier in generator side and 

inverter in grid side which are connected together through DC link. This scheme 

allows, on one hand control of the active and reactive powers of the generator, 

and on the other hand, a reduction of the harmonics of current waveform by the 

power converter. In order to benefit from advantages of multilevel inverters in 

such a system, generator and grid side inverters can be utilized based on the 

diode-clamped converter as it has shared DC link in its structure (Bueno et al., 

2008).

Fig. 4. Power conversion in WT systems using back-to-back configuration

An alternative to the power conversion system of a wind turbine is to use 

synchronous or permanent magnet generator instead of the induction machine as 

shown in Fig. 5. The power converter in generator side is replaced by an AC-DC 

rectifier with step-up DC-DC converter. This is a low cost configuration when 

compared with back-to-back topology. As the wind energy is variable, the step-up 

converter is responsible to adapt the rectifier voltage to the DC link voltage of 

the inverter. Also, this structure may provide transformerless connection 

systems due to the DC level voltage regulation using boost converter. Using 

multilevel converters for medium and high voltage applications is advantageous 

based on this structure as they can increase the voltage without increasing the 

switching components voltage rate (Alepuz et al., 2006).
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Fig. 5. Power conversion in WT systems using rectifier and step-up converter

2.3.2 Photovoltaic and Fuel Cell Systems

PV and FC systems main advantages are long life time, high efficiency and good 

environmental condition. As output voltage of the PV and FC are low DC voltage, 

one approach for power conversion in this type of system is to use a low voltage 

inverter and then increase the AC voltage using transformers. However, it can 

increase losses and also the cost of the system. Alternative power connection 

topology demonstrated in Fig. 6, utilizes the DC-DC boost converter to generate high 

DC voltage for inverter DC link. Therefore, high voltage DC to AC inverter is 

necessary which can impose a high voltage rate for switching devices. To 

address this problem, multilevel converters such as diode-clamped or flying 

capacitor are a good candidate for this configuration that can increase the number 

of voltage levels without increasing the voltage rate of power components in 

DC-AC inverter (Myrzik, 2003; Sharma & Hongwei, 2006). A configuration of 

single-phase PV system with cascade converter is shown in Fig. 7. DC-DC 

converters are responsible for boosting the low input voltage and a cascade converter 

can synthesize a high voltage AC voltage by adding inverter cells output voltage. As 

mentioned before, cascade converter is a suitable topology for this kind of 

application, as it needs separated DC voltage. However, a diode-clamped structure 

can be utilized in this configuration if DC link voltage capacitor voltage imbalance 

can be solved (Nami et al., 2008).

Fig. 6. Power conversion in transformerless PV 

systems



Fig. 7. Multilevel converter intransformerless PV systems

2.4 Bloom Energy
Bloom Energy traces its roots to work performed by Dr. K.R. Sridhar, Bloom founder 

and Chief Executive Officer, in connection with creating a technology to convert 

Martian atmospheric gases to oxygen for propulsion and life support. Dr. Sridhar and 

his team built a fuel cell capable of producing air and fuel from electricity generated by 

a solar panel.

With financing in place, the team packed three U-hauls and headed to NASA Ames 

Research Center in Silicon Valley to set up shop. Over the next few years, the 

technology quickly developed from concept, to prototype, to product, as the major 

technological challenges were solved and the systems became more powerful, more 

efficient, more reliable, and more economical.

In early 2006 Bloom shipped its first 5kW field trial unit to the University of Tennessee, 

Chattanooga. After two years of successful field trials in Tennessee, California, and 

Alaska, to validate the technology, the first commercial (100kW) products were 

shipped to Google in July 2008.

3. System Model



3.1 Types of DC TO DC CONVERTERS 

There are many types of dc to dc converters. In general, dc to dc converters can be 

classified into non-isolated and isolated converters. The non-isolated converters 

include buck (step-down), boost (step-up), buck-boost, Cuk and full bridge 

converters. Isolated converters have an electrical isolation device (usually a 

high-frequency transformer) between their input and output. Flyback, forward, 

push-pull,and isolated half bridge and full bridge are typical isolated dc to ac 

converters.

In addition to the above well-established dc to dc converter circuit topologies, 

several new circuits have been proposed for PC systems. Nevertheless, in this 

section, the focus is given to non-isolated dc to dc converters. Full bridge converters 

have the advantage of being capable of transferring energy in two directions. 

However, except for the regenerative FC, the energy flow normally is one direction 

for FC applications—from the FC to the external circuit.

The type of DC to DC converters we are focusing on in boost converters.

3.1.1 Boost Converters

3.1.1.1 Circuit Topology 

Fig. 8. Boost dc/dc converter

Figure 8 shows the circuit diagram of a boost dc/dc converter. Let us only consider 

the continuous-conduction operation mode of the circuit, where the inductor current 

flows continuously, idd-in > 0. 



Fig. 9. Inductor voltage and current under continuous-conduction mode.

Figure 9 shows the steady-state inductor voltage and current waveforms. When the 

switching pulse is positive, switch Sdd (in Fig. 8) is on and diode Ddd is off. Then the 

voltage across the inductor is the same as the input voltage, Vdd-in„. During the same 

time period, the inductor current increases with a slope Vdd-in/Ldd. When switch Sdd is 

off (the switching pulse is negative), diode Ddd is on, and the inductor voltage turns 

out to be Vdd_in — Vdd_out. During this time period (toff), the inductor current will 

decrease at the slope of (Vdd_out -Vdd_in)/Ldd. At steady state, the average value of the 

inductor current iLdd is constant in one switching period Ts. Since vLdd = Ldd(diLdd /dt), 

the integral of the inductor voltage vLdd over one switching period is zero when the 

circuit is at steady state. Therefore, from Fig. 9, we can write 

∫ vLdd (t)dtTs = Vdd_in × ton + (Vdd_in — Vdd_ out) toff = 0

Rearranging the above equation, we can get the output voltage at steady state as 

Vdd_out =  
1

1− Vdd_in

where d = ton/Ts, is the duty ratio of the switching pulse. 

The duty ratio d is always less than one for boost dc/dc converters; it cannot equal 1 

because in that case switch Sdd in Fig. 8 would be always on, and the input would be 

short circuited all the time. The circuit, of course, would not work properly under this 

situation. For 0≤d <1, the converter output voltage is higher than the input voltage. 
In practical boost dc/dc converters, d normally is less than 0.85. 

Figure 10 shows a boost dc/dc converter with an output voltage regulation feedback 

control. The controller for the converter regulates the dc bus voltage within a 



desirable range. The output voltage is measured and compared with a reference 

value, and the error signal is processed through the PWM controller, which can be a 

simple proportional-integral (PI) controller. The output of the controller is used to 

control the pulse-width modulator to generate a PWM pulse series with the right 

duty ratios so that the output voltage follows the reference value. 

3.1.1.2 Small-Signal State-Space Model 

In order to apply classical control analysis and design methods (such as Nyquist 

criterion, Bode plots, and root loci analyses) in converter controls, small-signal 

state-space models for the above boost and buck converters are needed, which are 

discussed in this section. These models are based on the state-space averaging 

technique developed by Middlebrook, Cuk and their colleagues. 

Fig. 10. Boost dc/dc converter with feedback voltage control.

In Fig. 10, take x1 =iLdd and x2 -= vcdd as state variables. Let x = X + x, d=D+d, vdd_in = 

V dd_in + vdd_ in and vdd_out. = Vdd_out +vdd_out . The symbol "  "is used to denote small 

perturbation signals, and state variable X denotes the system operating point.

When the switch Sdd is on and diode Ddd is off, the state-space representation of 

the main circuit can be written as ẋ= A1x + B1 vdd_ in

vE = C1Tx

where x = [x1  x2,]
T, A1=[

0 00 −1
R     ], B1 =[ /L0 ],and C1T=[0 1]. Symbol T 

represents the transpose operation of a matrix. 



When switch Sdd is off and diode Ddd is on, the state-space equation of the circuit 

turns out to be ẋ= A2x + B2 vdd_ in

Vdd_out = C2Tx

where A2=[
0 /L

/C −1
R     ], B2 =[ /L0 ],and   C2T=[0 1].

Therefore, the average state-space model of the main circuit at the operating point 

is ẋ= Ax + B vdd_ in

Vdd_out = CT x

where A=A1d+A2(1-d)=[
0 −(1− )

1− −1
R

], B=B1d+B2(1-d) ==[ /L0 ] and  CT =[0 1]. 

Then, the small signal model for the boost dc/dc converter can be written as ẋ= Adx + Bd d+ Bv vdd_ in

vdd_out = CT x

where x=[x1 x2]
T, Ad=[

0 ( D)/L
( D)/C −1

R     ], Bd =[ 

X
X ],and   BV =[ 

/L0 ], and X1 and X2 are the steady-state values of x1 and x2, respectively.

Using this equation and only considering the perturbation of duty ratio d (i.e., vdd_ in= 

0), the transfer function Tvd(s) =[ vdd_out (s)/d(s)] is obtained as 

Tvd(s) =CT[SI-Ad]
-1Bd

= 
1

s s+ +[(1− ) / ][
−X s (1− )X

]

4.Result
4.1 System Designed
In Figure 11,Fuel cell is connected to the DC/DC converter and load. R1=32 Ohm?. 

And Figure 12 showed the topology of DC/DC converter.

Fig. 11. Fuel cell connected to DC/DC converter and load



Fig. 12. DC/DC converter in this system

4.2 Output of Fuel Cell

Fig. 13. Output of Fuel Cell

4.3 Output of DC/DC converter (with load 32 Ohm) 

Following figures shows the output of DC/DC converter under different 

circumstances. Along with the output of Fuel Cell, a variety range of noise is added 

to the input of DC/DC converter. For example, in figure 14, input is the output of 

Fuel Cell with a 200V noise.



Fig. 14. Output of DC/DC converter(no noise)

(2) the behavior of output of the converts with noise

Fig.14. Output of DC/DC converter(100% noise)



Fig. 15. Output of DC/DC converter(50% noise)

Fig. 16. output of DC/DC converter(25% noise)



Fig. 17. Output of DC/DC converter(10% noise)

Fig. 18. Output of DC/DC converter(-10% noise)



Fig. 19. Output of DC/DC converter(-25% noise)

5. Conclusion and Future Work
The converter with controller designed in this project can boost 200V DC to a steady 

output of 400V DC. With experiments tested, this converter with controller can keep 

a steady output as a 400~150V input is given. 

The state-of-art configurations of a Fuel Cell or PV generation system are the 

centralized structure, the string structure, the multistring structure, and the ac-module 

structure, as shown in Fig. 1 [5], [6]. Among these structures, the multistring structure 

and the acmodule structure have been widely used in recent years. The multistring 

structure is a further development of the string structure, where several strings of PV 

panels are interfaced with their own dc–dc converter and then connected to a 

common central dc–ac inverter [7], [8]. This structure has some attractive advantages

over the centralized structure and the string structure. Voltage step-up and maximum 

power point tracking (MPPT) can be achieved by the dc–dc converter that is 

connected to the strings. Power losses due to a centralized MPPT and mismatch 

losses between the PV modules are reduced. Further extension is easily achieved 

since a new string with its dc–dc converter can be plugged into the existing system. In 

addition, the multistring structure has lower cost than the string structure with its 

central inverter. However, since a central dc–ac inverter is used, this multistring 

structure lacks redundancy and scalability for grid connection. 

A complete modular structure of the grid-connected PV generation system consists of 

modular dc–dc converters and modular dc–ac inverters. PV arrays are interfaced with 

their own dc–dc converter to a common dc bus, while the inverter modules are 

distributed and modularized instead of a centralized inverter. Voltage step-up and 

MPPT are achieved by the dc–dc converters.

So we devide future work for multiple DC/DC converters on a joint bus into 4 steps:



1) Generate a simulation model in simulink/matlab

2) Study the performance of these converters in various scenarios (connect 

disconnect of a unit, change in load , change in inputs )

3) Develop improved control for bus voltage stability
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