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Abstract. Itis appropriate to focus on sustainable energy vehicles, with an inten-
tion to meet the 2050 target of an 80% reduction in greenhouse gas emissions.
Fuel cells (FCs) are the only acceptable source of efficiency available in vehicles
from renewable sources. Moreover, the voltage of the FC is very low to match the
DC bus, which is, used to drive the motor inverter. Hence to enhance the response
of the FC and to afford the desired voltage of the motor inverter, a hybrid boost
converter (HBC) is suggested to give the required voltage response, as well as
reduce the component stress and achieve a low output ripple. The novel topology
is modeled and evaluated by using MATLAB/Simulink Software.

Keywords: hybrid boosting converter (HBC) - Sustainable energy - Fuel cell -
DC-DC converter

1 Introduction

High gain dc-dc converters are the key component of the renewable energy based appli-
cations [1, 2]. Figure 1 indicates an example where the high-level converter can be
used in the energy conversion phase in two phases of the system [3]. Among the var-
ious types of dc-dc converters, the non-isolated converters achieve high voltage gain
than the isolated converters due to its reduced switching losses, conduction losses and
absence of the transformer [4—6]. Ilango et al. [7], suggested a cascaded boost converter
with high voltage and efficiency. Nonetheless, this topology has a major drawback of
high cost and complexity in controller owing to the use of multiple converters. Starzyk
et al. [8], proposed a dc-dc converter based on voltage multipliers. The major drawback
of this topology are high conductive losses and requirement of high duty cycle. Chen
etal. [9] and Muhammad et al. [ 10], discussed the topologies based on coupled inductors.
However, these topologies needs high voltage switches and anguish from EMI problems.

Cao et al. [11], proposed a topology based on switched-capacitor for increasing the
pulsating current. Nonetheless, this topology suffers with regulation problems. Zhang
et al. [12], suggested a topology with a single switch for enhancing the voltage gain.
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Fig. 1. Dual stage power conversion

The major obstacle of this topology is high component count in the circuit and high
complexity. Later, Yao et al. [13] has reported a topology based on tapped inductor.
Nevertheless, this topology needs snubbers circuits to control the leakage issues leads
to increase the cost as well. Haji et al. [14] has proposed a Z-source converter topology
basing on increment of switched capacitors and inductors. However, this topology suffers
with high input current ripples. Da silva et al. [15] and Yang et al. [16] has suggested the
topologies based on the multiple switched capacitors and inductors for increasing the
voltage. The major drawback of this topology, needs high conversion ratio makes the
system high complex and high cost. Hu and Gong [17] has proposed a topology based on
inductors/capacitors. The major drawback of this topology is owing to its power losses of
the switches. Later, Prabhakaran et al. [18] and Li et al. [19] has discussed on interleaved
dc-dc converters for different applications. Nonetheless, the high component count and
voltage stress of the switches are the major problem of this topology. Alternatively, the
interleaved forward-flyback converter has proposed in [20]. The major limitation of this
topology are reduced voltage gain and high voltage stress on the switches.

Wau et al. [21] has proposed a topology based on bipolar voltage multiplier (BVM).
However, the excess component count and high complexity are the major limitations
of this topology. Besides, central source multi-level boost converter suggested in [22]
has a lower ripple response and a higher consumption rate for the conversion ratio of
the components. In addition, some interleaving technologies have been conveyed in the
literature [3, 23] for reduction and expansion of the power, but these methods are usually
based on more components that are required to expand the circuit branch. Substantially
more topologies permit accomplished wider voltage gains. Recently, it was also reported
in [24-26], by having more components, makes it difficult in designing the circuit and
it increases the cost.

Based on literature survey and pattern search, inspired by the topologies mentioned
above, in this paper a hybrid boosting converter with a single inductor and a single switch
with a smaller ripple while keeping up a high voltage gain is proposed. The intended
converter has less component count as well as reduced total harmonic distortions (THD)
with respect to voltage and current for the fuel cell (FC) system as a source.

2 Hybrid Boosting Converter (HBC)

The proposed hybrid boosting converter displayed in Fig. 2 [21], has a higher component
utilization rate with respect to the same voltage gain, by integrating the input source as
part of the output voltage. In this topology the interleaving operation depends on a single
switch, inductor, and the input source represented as three terminal switching core.
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Fig. 2. General Hybrid boost converter

3 Bipolar Voltage Multiplier (BVM)

From Fig. 3(a) and (b), a BVM consists of positive and negative multipliers respec-
tively. The positive multiplier branch is identical to the traditional voltage multiplier.
The negative branch of the multiplier has the input source at the cathode terminal of
the cascaded diode as shown in Fig. 3(b). The positive multiplier even-order operating
modes displayed in Fig. 4 as follows; here the duty cycle is considered as D.

1) Mode 1(0, DTs): Where diodes Dj, (i =2k — 1, 2k—3, 1) from the Fig. 4(a) there are
K substances produced if it is having high voltage at port AO. During this time interval,
Capacitor Cj, (i = 2, 4... 2k) is discharged.

Veia = Vaos (D

Vcia = Vc(i+1)a(i = 25 47 6’ R 2k — 2) (2)

2) Mode 2(DTs, Ts): If the voltage moves to a low level at port AO, first diode Doy, is
performed, shown as Fig. 4(b). Therefore the diodes Dj, (i = 2, 4,...) will be switched
from high to low one after another. As soon as the previous one is blocked, each diode will
then be turned on. The Load current is present throughout the interval of time. Although
diodes all are not controlled simultaneously. The end-time interval of the flying capacitor
has the relationship as below:

VcZa = Vcla - VAO— (3)

Vcia = Veirnai=3,57...,2k = 1) 4)
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Fig. 3. (a) Bipolar Positive voltage multiplier. (b) Bipolar Negative voltage Multiplier
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Fig. 4. Even-order positive multiplier operation a) state 1 b) state 2

Let the amount of current flowing into capacitors Ci; = (2, 4... 2K) be equal to the
leaving current, in a steady-state during the switching period, based on charge balance
fundamental.

DTs
S =Y [ a )

DTy
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Accordingly, the Cj, capacitor group (i = 2, 4... 2k) can be substituted by a corre-
sponding Cyy(eq) capacitor. The Dj, group (i = 2, 4,... 2k) provides the Coyeq) charging
path which corresponds to a single Cay(eq) diode. Similarly, the Ci, (i =1, 3,... 2k — 1)
capacitor group can be interchanged with an equivalent Cy,(q) capacitor and Dy, group
by Diaeq). Figure 5(a) gives the branch of the positive multiplier equivalent. Basing on
the same procedure, the negative branch of multipliers is equivalent as shown in Fig. 5(b).

The voltage of Ciaeq), Coa(eq) €quivalent capacitors can be expressed as follows

Vezaeq) = K(Vao+ — Vao-) (6)

Veia = (K= 1)(Vao+r = Vao-) + Vao+ (7

From the Fig. 5(b) negative branch, it is possible to obtain the following results based
on similar analyses

Veabeq) = K(Vop+ — Vog-) ®)

Veibeq = (K—1)(Vop+ — Vop+) + Vop+ )

3) Equivalent Capacitance Derivation: In deriving the equivalent capacitance of
Caa(eq) and Cia(eq), where capacitors have the same capacitance Cpy, hence it is assumed
that Cj, (i = 1, 2, 3,... 2k). To denote the flying capacitor peak-to-peak voltage ripple

Out+

D1a(eq)

1C1acq)

o

Fig. 5(a). Even-order positive multiplier Equivalent circuit
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B =4 (eq)

Dib(eq)

T D2b(eq)

Out-
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Fig. 5(b). Even-order negative multiplier Equivalent circuit
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can be as good as AV, (i=1, 2, 3,... 2k), the ripple of the equivalent capacitor Cpaeq)
may be estimated as follows

AV = AVog + AVeag + ... AVeoia (10)

TiaomDTs = Tia(opyD'Ts(i = 2,4, ...2k) (11)

Simultaneously, state 1 provides

lia(off) = ii+Dam)@ =1,3,...2k —3) (12)

Similarly, State 2 provides

i,'a(qﬁ') = i(i+1)a(qﬁ')(i =1,3,...2k=3) (13)

The subsequent correlation can be achieved on the basis of (11)—(13)

Da(off) = lda(off) = - L2k—da(off)
= {Qk=2)aloff) = L2k—=1)a(off) (14)

Based on the capacitor Cyg, load balance, the above relation derived as

Dk—Datoff)D'Ts = 10T (15)
iZka(oﬁ‘) D/Ts = i/2ka(on) DT =IODTs (16)
where;
VOM[
I =
=R

According to Kirchhoff’s Current Law in Fig. 3(b), capacitor ripple voltage Ci; (I =
2,4...2k)

CAVera = (ka(off) + 12k=2a(off) + - - - ida(off) + 2acof)) D' T
CAVesa = (dka(off) + 12k—2a(0ff) + - - - lda(ofr)D'Ts (17

CAVeka = (iaka(ofr)D'Ts
where
D=1-D

Here, (18) can be altered to the below equation on the basis of the equations from
(15) to (17):

CAVerq = (k — 1+ D)IpT;

CAVegqg = (k =2+ D)IpT; (18)

CAVera = 04+ D)IpT;
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Substituting (10) to (18), the resultant is as follows,
k(k—1)
CAV = — + KD |IpT, (19)

In the meantime, the following equation can be taken from an equivalent capacitor
Caa(eq) discharge stage.

C2a(eq) AV = IODTS (20)
The corresponding capacitor Cz,(eq) can be expressed on the basis of (19) and (20).

2D

S — o 1)
k(k — 1+ 2D)

Caa(eq) =

4 Principle Operation of Hybrid Boosting Converter

With the reference to basic even-order Hybrid Boost Converter examination in the earlier
sections, it shows that the active switch S operation intertwines the two “boost” like sub-
circuits. HBC’s total Vo = Vo + Vi, of two boost sub circuits, where (V, = output
voltage, Vi, = input voltage).

1) State 1(0, DTs): Switch S is switched on in Fig. 6(a) and Dia(eq), Dab(eq) diodes
are conducted while D2(eq) and D1p(eq) diodes are biased reversely. The source of input
charges the inductor L. Meanwhile, input source is utilized to charge capacitor Cya(eq) and
capacitor Copeq) is charged by capacitor Cip(eq). The inductive switching core analysis
is the key principle to the occurrence of the following equations.

Vao+ = Vin (22)

Vop— =0 (23)

2) State 2(DTs, (D+D1) TS): In Fig. 6(b), when Switch S is off, the inductor current
will be released through diodes D2y(eq) and Dp(eq). Two charging boost loops will share
the inductor. In the above loop, capacitor Cyueq) releases and simultaneously loads
energy to capacitor Cpaeq). In the bottom loop, through the inductor L, the capacitor
Cib(eq) is charged by the input source. At AO and OB, the voltage generated is expressed
as follows, during this time interval based on the main inductor balance is as follows

Vao+ = Vin 24
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From Fig. 7 during continuous conduction mode (CCM) the corresponding voltages
of capacitors are as follows

Vin
VCZb(eq) = Kﬁ (25)
V.
VcZa(eq) = Kﬁ (26)
V. 1
M 14+ 2K— 27)
Vin D’
The average power balance is used to deduce CCM boundary conditions
Vm((l_L) + IDla(eq)) = Vourlo (28)
where Ipigeq) = 1o = %
The average I, current under CCM is therefore
— 2K Vou
I = — 29
L=7 R (29)

Table 1. Fuel cell Simulink specifications

Parameters Ratings

PEMFC model 50 kW-625 V DC
Number of cells 900

Operating temperature 65

Nominal operating point [80 625]
Maximum operating point [280 430]

VinD/D t

Von Via/D®
Ve2a(eq) [T
VC2b(eq) _/g\’/

IL/\/

pAVAN

o DT’ ATs 2Ts ¢
State 1 | State 2

Fig. 7. Model waveforms in CCM
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Fig. 8. Hybrid boost converter-based Fuel cell Simulink diagram.

where D is the duty cycle and K is the substates.
The inductor ripple current is

. Vin
Aip = —DT 30
i = 5-DTs (30

Thus, the Continuous Conduction Mode condition is

2K Vour Vi
— > —DT (31)
D' R 2L
The criteria can be rearranged as
2L DD"?

— s —K...(D 32
RT, 2k(D’ + 2Kk) crit (D) (32)

From Fig. 8, the fuel cell acts as an input source for a proposed hybrid boost converter,
having the specifications as mentioned in Table 1.

5 MATLAB/Simulink Results

In Fig. 9, a closed-loop control of Hybrid boost converter with PI controller is used to
increase the voltage gain of fuel cell, here the response of the proposed converter has
to attain the desired value, in which, if an error occurs, it will assist the PI controller to
maintain required pulses for the switch in a closed-loop operation. The specifications
are displayed in Table 2 as follows.

As per the specifications mentioned in Table 2, the corresponding input and output
responses of HBC and a fuel cell in terms of stack efficiency and utilization of hydrogen
is shown in Fig. 10(a) and 10(b). It is observed that the owing to its large time scale
shown in graph, the input current response seems to be minute.

When the capacitance of Cy, is in a discharging mode, to charge the Cj,, during
this interval Cjp is being charged and Cy, is being discharged, where Ciy, charging
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Fig. 9. Closed loop Hybrid boost converter Simulink

Table 2. Ratings of the components

Devices Parameters Ratings

MOSEFT S 250 V/40 A, 29 mQ

Inductor L 500 pnH

Diode (D14, D24, D1p, D2p) 200 V/20 A, VF = 0.78

Capacitor (C1a, C24, C1p, Cop) 200 V/100 wF, electrolytic capacitor

Switching frequency Fg 40 kHz

Load R 722 Q@
ol — ‘—«.-n |
wol- ' e |
N ' e |
. . ™ o o o n.‘:: m o o .,)‘. o
S S

025
Time (5)

Fig. 10(a). Response waveforms of fuel cell-based hybrid boost converter.
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Table 3. Hybrid boost converter comparison with other converters

Converters Voltage gain | Diodes | Capacitors | Mssress = % Myipple = %
“RC

Boost + Dickson | 125 5 5 13 D

multiplier [17]

Boost + Cockcroft | 125 5 5 1/3 3+3D

Walton multiplier

[17]

Super-lift converter % 4 4 1/(3-D) D

[27]

Multilevel boost | 12 5 5 173 3D

converter [23]

Cuk-derived - 3 3 12 1-D

converter [21]

Modified voltage | 125 3 3 12 D

lift converter [3]

Hybrid boost =D 4 4 1/(3-D) 12D — 1l

converter

corresponds to the input voltage. The corresponding responses of the capacitances are
presented i.e., is C1, an Cyp, in Fig. 10(c); Ca, and Cyy, voltages respectively in Fig. 10(d).

In Table 3, a comparison is made among the previous and proposed converter. It is
noted that the suggested converter has the lowest stress voltage of a capacitor with a
duty cycle of 0.5 and 0.8 compared to other converters from Egs. (8) and (19). From
Eq. (20) and (22) the output ripple can be measured seems to be very low compared to
other converters. It has high-power density and low-cost design compared to previous
converters. Nevertheless, as with most of the previous converters had improved the
voltage gain with a greater number of components, hence the proposed converter can be
employed, as it has lowered the stress voltage of a capacitor, has a high-power density
and low cost owing to its low usage of components.
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Fig. 10(d). Responses of Co, and Cyy, capacitors in hybrid boost converter

6 Conclusion

This paper proposes a closed-loop control of hybrid boosting converter for a voltage
gain of 50 kW-625 V fuel cell stacks with Mutual benefits, Capacity for regulation from
its Strengthening structure and improvement of multiplier voltage. The novel converter
includes a bipolar voltage multiplier with high gain capability with broad regulatory
range, reduced component stress, making it suitable for applications in fuel cells. This
paper analyzes the main operation; component stress and output ripple and compares
its voltage gain with conventional topologies, makes this topology suitable for mass
production.
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