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ABSTRACT: The global energy consumption is increasing and the significance of a distributed generation (DG)
units which includes renewable energy sources is gaining more importance. These DG units face problems like wide
variation in voltages produced by renewable energy sources. For example, wind power generation is high only when
the velocity of the wind is high, but this may not happen all the time. So the input will not be stable, in such
situations in order to produce a stable, stepped up ac voltage with high reliability, high boost gain, this paper suggest
the a single stage boost inverter with a unique impedance network including coupled inductor .By controlling the
forbidden shoot through zero state and the proper design of coupled inductor this can be achieved. A fuel cell
model for the converter and fuzzy control of shoot through zero state is presented in paper.

KEYWORDS: Fuzzy logic controller, Proton exchange membrane (PEM) fuel cell, Single stage, Shoot through zero
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1. INTRODUCTION

High consumption of major energy source and noticeable environmental pollution led to great opportunity for DG
units using renewable energy sources like wind turbines, photovoltaic (PV) generators, fuel cells, small hydro
systems[1]. One of the major problems associated with this is wide range of voltage variation due to the fluctuation in
energy source impose stringent requirements for the inverter topologies and controls [2]. Normally, a boost type dc to
dc converter can be added to step up the voltage. Although it is a simple topology, it may not be able to produce
enough voltage gain when the input is very low, even with extreme duty cycle. Also, large duty cycle operation may
result in serious reverse-recovery problems and increase the ratings of switching devices. The boost
converter increases the overall size and weight of the system. In conventional voltage source inverter upper and lower
switches of same leg cannot be gated on at the same time because it can cause device failure and shoot-through
problems. In order to avoid shoot through problems dead time is always used, but it will cause waveform distortion
[3]. So it is desirable to use a single stage boost inverter with no shoot-through issues.

Single stages topologies are the focus of research now days, in this topology the performance of each stages in a
multistage converter are integrated. This reduces the size and cost of the system and also the efficiency and reliability
are increased. On the other hand, the control complexity is high in these types of topologies.

This paper presents a novel single stage boost inverter with coupled inductor fed by a fuel cell. Here the input given
can be a variable source. The bus voltage can be boosted by utilizing shoot-through zero state to store energy and
transfer it within the impedance network. This inverter completely avoids destroying the devices during shoot-
through. The shoot-through zero states and coupled inductor’s turn ratio are regulated to control the boost gain. Thus
the output voltage can be regulated in wide range.
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1. PROPOSED TOPOLOGY
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Fig.1 Proposed converter

It provides a unique impedance network to combine the three-phase inverter bridge with the source. The impedance
network does not use any switching devices and this may lead to improved reliability, higher efficiency, and lower
cost. Operation range of the inverter can be extended by using a coupled inductor with a low leakage inductance. This
converter is suitable for outputting a stable ac voltage where the input voltage varies from a relative low level to a
higher level continuously. The dc source can be a battery, diode rectifier, fuel cell, or PV cell.

To describe the operating principle and characteristics, this paper focuses on one application example of the single-
stage boost inverter: a single-stage boost inverter for fuel cell. Fuel cells produce a voltage that changes widely
depending on current drawn from the stacks. For fuel-cell vehicles and distributed power generation, a boost dc—dc
converter is required because the voltage source inverter cannot produce an ac voltage that is greater than the dc
voltage. Single stages boost inverter shown in Fig.1can used for fuel-cell applications, which can directly produce an
ac voltage greater and less than the fuel-cell voltage with single stage operation.

111. OPERATING PRINCIPLE AND ANALYSIS OF BOOST CHARACTERISTICS

Conventional VSI has eight possible switching states, in which two are zero states and remaining six are active states.
Two zero states are indicated by turning on upper or lower three devices, which make the load terminals shorted
through. Six active states are indicated by turning on the switches from different phase legs, when the input dc voltage
is applied across the load. However, a three-phase single-stage boost inverter has one extra zero state when the load
terminals are shorted through both the upper and lower devices. For distinguishing between the zero states mentioned
earlier, the two zero states named as open-zero state and the extra zero state as shoot-through zero state. Shoot-
through zero state is forbidden in the conventional VSI because it would cause device failure. By combining the
impedance network with the three-phase bridge, the shoot-through zero state provides the unique boost feature to the
inverter. It should be noted that shoot-through zero states are allocated into open-zero states without changing the
total open-zero state time intervals. So the active states are unchanged. Thus, the shoot-through zero state does not
affect the pulse width modulation control of the inverter, because it equivalently produces the same zero voltage as
the open-zero state to the load terminal. Single stage boost inverter works under three different switching states [4].

Fig.2 Shoot through zero state
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Switching state 1: Fig.2 shows that the converter is in shoot-through zero state. Bus voltage vjy was shorted to ground
and diode D2 is reverse biased. When input dc voltage is applied across primary winding of the coupled inductor,
primary current increase linearly. The inductive voltage of secondary winding charges C1, while C2 is discharged
by L1 with linearly increasing current, assuming that the capacitor voltage is constant.

Fig.3 Open zero state

Switching state 2: Fig.3 shows the converter is in open-zero states. Inductor Ljcharge capacitors C1 and secondary
winding of the coupled inductor charge C2 through diode D2. In this state, the current of inductor L1 decreases from
peak value to zero.

)

Fig.4 Active state

Switching state 3: When the circuit is in one of the six active states, diode D3 is reverse biased as shown in Fig.4.
The energy stored in the coupled inductor and C1 releases to the load, and the bus voltage is boosted to a higher level.
Lower and higher boost gain modes can be achieved by regulating the shoot through zero state as well as configuring
the turn ratio and coupling coefficient of the coupled inductor. In lower voltage boost
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gain applications, the key characteristic is that the current through Lp generally works in continuous mode. The boost
gain is similar to conventional dc to dc boost converter.

In higher voltage boost gain applications, the key characteristic is that the inductance of primary winding is less than
that of secondary winding, and primary winding current generally works in discontinuous mode.

Define the coupling coefficient as

k= M/ (Lpx Ls)L/2 )

where Lp, Ls, and M are the self-inductance of each winding and the mutual inductance, and the effective turn ratio.

1
Ne = (Ls/Lp) 2)
Define the duty cycle D1 as the time when the inductor Lp current decreasing from peak value to zero, the
average voltage across the both sides of coupled inductor during one shoot-through period can be expressed as

(VLp(1))Tsh=Do Vi + D1 (Vi-Vb) + (1-Do-D1) k(V¢ - Vb) /Ne 3)
(VLs(t))Tsh=DoVc1+ (1-Do) (Vc1-Vb) =0 4)

Define physical turns ratio of ideal transformer as N=Ns/Np.According to the relationship of Ne and N, Ne=Nxk, (3)
and
(4) can be simplified as

B=Vp/Vi= (Do+D1) N/D1N+ (1-Dg-D1) (5)

The output peak phase voltage Vac generated by the inverter can be expressed as

Vac= mBVi/2 (6)

The output ac voltage can be stepped up or stepped down by selecting appropriate voltage gain G, where G is
G=mxB @)

From (7), voltage gain depends on modulation index and boost gain. By regulating G the output ac voltage can be
changed in wide range. According to (5), boost gain B is depend on shoot through duty ratio Do, duty cycle D1, and
physical turns ratio N of coupled inductor. The available shoot-through duty cycle is limited by the traditional open-
zero duty cycle which is determined by the modulation index m.

The capacitor voltage C1 and C2 voltage can be expressed as V¢1=Vpx* (1- DQ)

(8) Vc2=Vpx Do ©)

Duty cycle D1 can be expressed as
D1= [NVj - (1-D0)Vb]D0/(N-D0)Vb- NV (10)

Two investigations can be found from (10).First, for given boost gain and shoot through for a larger turns ratio or
lower coupling coefficient can induce larger duty ratio D1, which means larger leakage energy to take more time to
release.Second, when turns ratio and coupling coefficient are fixed for a lower boost gain and larger shoot through
duty ratio D1 will be high.
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1IV. PWM TECHNIQUE USED
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Fig.5 Maximum constant boost control method

For single stage boost inverter, maximum constant boost with third harmonic injection is used [5]. As shown in Fig.2,
two straight lines Vp and Vn are used to regulate shoot trough duty cycle. When the carrier waveform is higher than
the upper straight line or lower straight line, shoot through zero state are allocated into open zero state. Shooting
through three phase legs at the same time can reduce the current stress of each power device, while the switching
frequency is doubled. By having same time duration of shoot through zero state in every switching cycle will
minimize the size of impedance network. When the modulation index m is set, shoot through duty ratio DO against
modulation index m can be expressed as

Do=1-V3m/2 (11)
So the maximum shoot through duty ratio is limited by modulation index.
V.COUPLED INDUCTOR DESIGN

Coupled inductor can be modeled as a magnetizing inductor, an ideal transformer with a turns ratio of N and a leakage

inductor as shown in Fig. 3 where (1—k2)L and K2 L are commonly referred to the leakage inductance and magnetizing
inductance respectively.

The transformer model of coupled inductor [6] can be expressed as Vp — kVs/Ne= (1~ K2 )Ldip/dt

(12) Vs-KVsNe= (Ne)2(1-k?)Ldig/dt (13)
If the relationship between primary voltage Vp and secondary voltage Vs can be found in different time intervals
during one shoot through period Tsh,(12) and (13) can be expressed as

Vp=Leg-pdip/dt (14)
Vs=Leq-sdis/dt (15)
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Fig.6 Equivalent circuit model of coupled inductor

where Leg-p and Leg-s are equivalent inductances of the coupled inductor at different time intervals, which is the
same format as the non-coupling inductor. The relationship between Vp and Vs changes at different time intervals
during one shoot through period. The primary equivalent inductance Leq0-p, of shoot through period T( period can be
expressed as

Leq0-p= (1-k?) L/1-(((1-D0)(Do+D1))(DIN+Do(1-Do-D1))) (16)

According to the desired current ripple Alp of primary winding in To, the primary equivalent inductance during the
shoot through zero state can be expressed as

Ler-p:Vi DOTsh/AIp (17)

According to (16), the primary inductance Lp or L can be obtained from the relationship between primary
equivalent inductance and actual primary winding inductance in one shoot through zero state. The secondary winding
inductance can also be found according to (2).

V. CONTROL OF SHOOT THROUGH TIME

If the input dc voltage is varying in wide range the output ac voltage can be maintained constant by controlling shoot
through duty ratio. By controlling shoot through duty cycle bus voltage can regulated and according to (11) D1 only
varies with input voltage Vj when bus voltage preset. So a fuzzy logic controller is introduced for controlling shoot
through time.
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Unlike classical control strategy, which is a point-to-point control, fuzzy logic control is a range to point or range
to range control. The output of a fuzzy controller is derived from fuzzifications of both inputs and outputs using the
associated membership functions. To implement fuzzy logic technique to a real application requires the following
three steps:

1. Fuzzification — convert classical data or crisp data into fuzzy data or Membership Functions (MFs)

2. Fuzzy Inference Process — combine membership functions with the control rules to derive the fuzzy output

3. Defuzzification — use different methods to calculate each associated output and put them into a table: the lookup
table. Pick up the output from the lookup table based on the current input during an application.

For shoot through control input membership function is defined by range of error. Output membership function is
defined by the range of constant values which is compared carrier wave to create shoot through pulses. So, by
mapping of corresponding input and output membership function, shoot through duty ratio will be controlled
according to the input variations.

VI. FUEL CELL
Fuel cells are electrochemical devices that convert chemical energy of a fuel directly to electric energy, with no

internal moving parts. The fuel cell used for modeling is Proton exchange membrane fuel cell (PEMFC).It is fed with
hydrogen and air.

Vtack

]
Veell=Enerst-Vact-Vohm-Veone

Fig.7 Static model of fuel cell

The modeling of the proton exchange membrane fuel cell is based upon the following design equations, Vfc=ENernst —

Vact — Vohm =Vcon (18)

Here Vfc represents the fuel cell voltage (V), ENernst represents the Nernst voltage (V), Vact represents voltage drop
due to activation of anode and cathode (V), Vohm represents ohmic voltage drop (V) and Vcon represents

concentration or mass transport voltage drop (V).Parameters of SR-12 modular PEM generator is used for the
simulation [7].
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Fig.8 V-I characteristics of single FC stack

Fig.9 shows the V-1 characteristics of single FC stcak.By using parameters of SR-12 PEMFC single FC stack produces

around 85V.
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Fig.9 Simulation model of single stage boost inverter fed by a fuel cell

VII. SIMULATION RESULTS

To verify the previous analysis simulation has been performed. The circuit parameters are Vi=170V, k=0.98, N=2.5,

Lp=215uH, Ls=1.87mH, C1=10pF, C2=

100u F, L1=25u HIn this case, the modulation index was set to 0.8 and the

shoot-through duty cycle was set to .18 and switching frequency was 10 kHz. The shoot-through zero state was
populated in every traditional open zero state, achieving an equivalent switching frequency of 20 kHz viewed from
the impedance network. From the above analysis, we have the following theoretical calculations:

Vac=mxBxVi/2=0.8x2.29x170/2=155.72V
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Equation (15) is the phase peak voltage, which implies that the line-to-line voltage is 190 Vrms or 268 Vpeak. The
above theoretical values are similar with the simulation results. Total harmonic distortion of output voltage is 1.51%.
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Fig.10 Pfimary winding current and bus voltage waveform

Fig.10 shows that the bus voltage is stepped up to 400V, indicating boost inverting operation of the converter.
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Fig.11 Output voltage and current waveform

Fig.11 shows that an output voltage of 110Vrms is produced when the input voltage of 170V is applied.
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Fig.12 Variable DC input voltage and output voltage waveform

Fig.12 shows even if the voltage varies from 150 to 200V, the output remains 110Vyms.
VIIl. CONCLUSION

This paper presents single stage boost inverter fed by a PEM fuel cell. By controlling shoot through duty ratio and
proper design of coupled inductor the bus voltage can be boosted. It avoids destroying switches during shoot through
.So higher reliability. The inductors and capacitors used in the network need not be highly consistent, leading to easier
circuit parameters design. By controlling shoot through time even if the input transients occurs output phase voltage
remains same.
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