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FIGURE 1. Classification of Fuel Cell (based on type of electrolyte, power and working temperature).

FIGURE 2. Power train of FCVs with efficiency of each unit (a) Fuel cell Electric vehicles (FCEVs) (b) Fuel cell Hybrid Electric vehicles (FCHEVs).

power in VPT and to employ the advanced functionality
and luxurious loads in vehicles [81]. In FCVs, the power
train and high-power loads supplied by high voltage bus;
whereas the low voltage, the bus utilized to supply low power
loads. In maximum cases, the battery or ultra-capacitor are
using to feed low power loads. For charge and discharge
the battery; bidirectional DC-DC converter between the DC-
bus and battery is another option. The output voltage of the
fuel cell is few, and the number of stacking more fuel cell
is not the optimal solution to increase the terminal voltage,
to satisfy the demand of power train and luxurious elec-
trical loads [19], [81]. The electrical system of the vehicle
becomes more complex and costly due to more electrical

loads. In such cases, the power electronics are the reliable
solutions to implement numerous control methods to con-
trol, adjustable drives, power electric-mechanical brakes, and
electro-hydraulics etc. Apart from this, numerous high power
electric actuation and dynamics are adopted to add an extra
luxurious feature to the vehicles. Power converter technolo-
gies are responsible for managing and for controlling the
power flow within the VPT [81].

The Power Electronics Converters (PEC) has classified
into four types; DC-DC, DC-AC, AC-DC and AC-AC con-
verters. In fuel cell vehicles, the DC-DC converter used to
boost the terminal voltage of the fuel cell and the obtain
voltage supply to DC-AC converter to drive the traction
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motor. High voltage DC-DC power converter is required
with the vehicular application to feed high voltage loads.
In literature, various unidirectional multi-stages DC-DC con-
verters addressed with the high gain conversion for various
applications including, the hybrid vehicles, renewable energy,
battery, and electric drives. These DC-DC converters are
also suitable to achieve higher voltage demand of power
train [65]–[71].

Fig. 3 shows the classification of PEC to focus on DC-DC
converter. DC-DC converters, classified into two main cate-
gories; Non-isolated and isolated. A non-isolated converter
shares a common ground between input and load or with
the floating load. Whereas, in the isolated converter, input
and load terminal are electrically isolated [65]. Based on the
direction of power flow through the converter, non-isolated
and isolated converters classified into two sub-categories;
one is unidirectional, and another is bidirectional converters.
To provide isolation; the transformer and coupled inductors
employed in the power converter. Which increase the con-
version ratio of the converter, but also increases the cost,
size and losses. Thus, the high frequency is the superior
option to reduce the transformer and coupled inductor size.
Inside unidirectional converters, the power flow only Input to
Output (I to O) direction. However, in case of bidirectional
converters, the power flow will be both the direction I to
O and O to I [65], [69]. Furthermore, both the unidirec-
tional and bidirectional sub-categories of non-isolated DC-
DC converter classified into two sub-categories; one cate-
gory is a Common Grounded Unidirectional/ Bidirectional
Converter (CGUC/CGBC) and Floating Output Unidirec-
tional/Bidirectional Converter (FOUC/FOBC). Further, both
the CGUC and FOUC classified into a single stage, multi-
stage and multiphase DC-DC converters.

Fig. 4(a)-(d), the concept of unidirectional non-isolated
and isolated with grounded and floating output single-stage
DC-DC converters explained in detail. Similarly, in Fig. 4(e)-
(h), the concept of unidirectional non-isolated and isolated
with grounded and floating output multistage DC-DC con-
verters explained in detail. Magnetic components and energy
storing elements used in DC-DC converter along with con-
trolled/ uncontrolled power semiconductor devices and the
functionality of the converter depending on the position of
elements.

III. STAGES OF MULTISTAGE POWER CONVERTER
(CONVENTIONAL DC-DC CONVERTER)
The primary stages of Multistage Power Converter (MPC)
classified into three categories; buck, boost and buck-boost
converters [82], [83]. The Cuk, Single Ended Primary Induc-
tance Converter (SEPIC) and ZETA converters derived from
the hybridization of two conventional converters (addition
of two conventional converters). Thus the Cuk, SEPIC and
ZETA converter are categorized into MPC [84]–[87]. The
conventional DC-DC, Cuk, SEPIC and ZETA converters
are not suitable to achieve a high conversion ratio due to

the requirement of high rating components and high duty
cycle [88].

The power circuit of the conventional unidirectional
common grounded boost, buck and buck-boost converters,
depicted in Fig. 5(a)-(c). Whereas the floating output boost,
buck, and buck-boost converters, depicted in Fig. 5(d)-(f),
respectively. The boost and buck converter provide a non-
inverting output voltage, whereas buck-boost converter pro-
vides an inverting output voltage. Recently, many DC-DC
converters to attain high step-up/down conversion ratio using
the front end structure of boost, buck and buck-boost con-
verter are addressed [65], [69]. In the next section, unidirec-
tional non-isolated DC-DC MPC categories, discussed with
its sub-classes.

IV. UNIDIRECTIONAL NON-ISOLATED DC-DC
MULTISTAGE POWER CONVERTER (MPC)
The conventional DC-DC converters, employed in various
medium-voltage step-up applications. However, conventional
converters are not a practical solution for high voltage step-
up applications [89]–[91]. To satisfy the high voltage load
demand and tomake the systemmore reliable, efficient, small
size, many solutions proposed in the last decades. DC-DC
MPC topologies designed by utilizing numerous boosting
stages along with conventional DC-DC converter [65]. The
combinations of the conventional converter and numerous
boosting stages form an extensive power converter config-
uration. Each converter topologies have its requirements,
characteristics and features. It is quite difficult, confusing
to survey and categorize the DC-DC MPC. In this work,
numerous unidirectional DC-DC converters are reviewed and
categorized to explain the global scenario of recently pro-
posed DC-DCMPC in literature. This article assists in under-
standing the concept and structure of unidirectional MPC
topologies, types of boosting stages with the advantages and
disadvantage of MPC. The specific topologies describe in
terms of their cost, reliability and applications. Based on the
boosting stages and conversion ratio; all the non-isolated DC-
DC multistage converters classified into the following three
main categories:

• Low voltage step-up MPC (Derived Topologies/two-
stage)

• Moderate voltage step-up MPC (Cascaded or Quadratic
Boost converter topologies)

• High voltage step-up MPC (Hybridization with
Switched Inductor (SI), Switched Capacitor (SC), trans-
former, coupled inductor etc.

A. LOW VOLTAGE STEP-UP MPC (DERIVED TOPOLOGIES)
Low voltage step-up MPC designed by hybridization of
two conventional DC-DC power converters, hence called as
derived topologies or two-stage converter. The classification
of low step-up MPC shown in Fig. 6(a). Though based on
the conversion ratio, many researchers claim that low step-up
converter is a conventional DC-DC converter. However, these
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FIGURE 3. Classification of Power Electronics Converter with more focus on non-isolated unidirectional DC-DC Converter.

FIGURE 4. DC-DC unidirectional converter configurations (a) Non-isolated Common Ground Single-stage Converter (Non-isolated CGSC) (b)
Non-isolated Floating Output Single-stage Converter (Non- isolated FOSC) (c) Isolated Grounded Single-stage Converter (Isolated GSC) (d) Isolated
Floating Single-Stage Converter (Isolated FSC) (e) Non-isolated Common Ground Multistage Converter (Non-isolated CGMC) (f) Non-isolated Floating
Output Multistage Converter (Non-isolated FOMC) (g) Isolated Grounded Multistage Converter (Isolated GMC) (h) Isolated Floating Multistage
Converter (Isolated FMC).

converters designed by utilizing two converters to achieve
excellent benefits and to avoid the drawback of conventional
converters structure. The various combinations of conven-
tional DC-DC converters to derive low voltage MPC shown
in Fig. 6(b). Cuk converter is step-up/down inverting output

DC-DC MPC designed by hybridization of popular Boost
and buck converter. In Cuk converter, front end structure is
a conventional boost converter and load side structure is con-
ventional buck converter [84]–[86]. The Single-Ended Pri-
mary Inductance Converter (SEPIC) is a step-up/down non-
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FIGURE 5. DC-DC unidirectional conventional common ground and floating power converter (a) Common Grounded Boost Converter (boost or
step-up converter) (b) Common Grounded Buck Converter (buck or step-down converter) (c) Common Grounded Buck-Boost Converter
(buck-boost or up-down converter) (d) Floating Boost Converter (floating boost or step-up converter) (e) Floating Buck Converter (floating
buck or step-down converter) (f) Floating Buck-Boost Converter (floating buck-boost or up-down converter).

FIGURE 6. Classification and possible combinations (a) Classification of Low voltage DC-DC Multistage Power Converter (MPC) (b)
Hybridization of conventional DC-DC converter to derive Low Voltage MPC (Cuk, SEPIC and ZETA derivation).

inverting output DC-DC MPC designed by hybridization of
the standard boost converter and buck-boost converter [84]–
[86]. In SEPIC, the front-end structure is the traditional boost
converter, and the load side structure is a traditional buck-
boost converter. The ZETA converter is a step-up/down non-
inverting output DC-DC MPC designed by hybridization
of the traditional buck-boost converter and buck converter.
Inside ZETA converter, the front-end structure is the tradi-
tional buck-boost converter, and the load side structure is
the traditional buck converter. Cuk, SEPIC, ZETA converters
are single switch (Power MOSFET, IGBT etc.) controlled
converter, and to design these converters; two inductors, two
capacitors, along with single power diode are required [84]–
[87]. The power circuit of Cuk, SEPIC and ZETA converter
depicted in Fig. 7(a)-(c) respectively.

B. MODERATE VOLTAGE STEP-UP MPC (CASCADED OR
QUADRATIC BOOST CONVERTER)
The classical DC-DC converters are not adequate for
high ormoderate voltage applications [88], [89]. Several stan-
dard DC-DC converters are connected in a cascaded manner
to achieve a moderated voltage. The generalized structure
of the N-stage cascaded converter shown in Fig. 8(a). The
cascaded power converters provide an average voltage con-
version ratio by increasing the number of switches [90]–
[93]. The input supply directly fed to the first stage of the
cascaded converter, and the voltage stepped up by increasing
the duty cycle to maximize margin. The remaining stages

operated with a lower duty cycle, thus switching losses is
reduced [69]. Due to several switches, sophisticated circuitry
and increased complexity in control switches of each stage.
The high voltage conversion ratio achieved but compromised
in robustness due to several numbers of inductors, diodes,
capacitors and active switches. In [94], cascaded Cuk con-
verter approach is employed, but result in reduced efficiency
and higher losses due to a large number of components.
In [95], a multistage converter with a magnetic component-
free proposed by using diodes and capacitor network to attain
the maximum conversion ratio. The drawback, an additional
number of diodes and capacitors. Also, the conversion ratio
limited due to the restriction of the number of stages.

The limitation of the active power switch overcome by the
Quadratic Boost Converter (QBC) [96]–[98]. The generalized
structure of QBC shown in Fig. 8(b). QBC strategy employed
for several stages using a single switch and utilizing the
number of uncontrolled switches (diodes). The overall gain
of the QBC is the product of the voltage gain of all stages,
considerable downside still exists. The main drawback of
the QBC is the voltage stress across the controlled switch;
poor efficiency and complexity increased due to the fourth-
order system. The voltage stress across the controlled switch
is equal to the total output voltage. Hence, required higher
rating switch, which increases the cost of the converter. For
improved efficiency, several approaches are addressed in the
literature [98]. In [99], 3-level Quadratic Boost Converter (3-
level QBC) proposed for high step-up application by utilizing
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FIGURE 7. Power circuit of Low Step-Up DC-DC Multistage Power Converter (MPC) or derived two stage topologies (a) Cuk Converter (b) Single
Ended Primary Inductance Converter (c) ZETA converter.

FIGURE 8. Moderate Voltage Converter (a) Generalized Structure of Cascaded Boost Converter (CBC) (b) Generalized Structure of Quadratic Boost
Converter (QBC).

two switches at the output side. However, the utilization
of two inductors is another drawback of the converter and
restricted to the low or moderate voltage and power applica-
tion. Switched Capacitor (SC), Switched Inductor (SI) or a
combination of Switched Inductor and Switched-Capacitor
(HSI-SC) employed in converters order to generate the high
voltage (explained in the next section).

C. HIGH VOLTAGE STEP-UP MULTISTAGE POWER
CONVERTER
High Voltage (HV) step-up MPC have high gain conversion
ratio and their power circuits designed by hybridization of
classical DC-DC power converters. These converters also
designed by using Front End Structure (FES) or full con-
verter along with numerous boosting stages like Switched
Capacitors (SC) (designed with the help of diode-capacitor
circuitry), Switched Inductor (SI), Voltage Lift Switched
Inductor (VLSI) cell, modified Voltage Lift Switched Induc-
tor cell (mVLSI), Voltage Multiplier (VM) etc. [65].

The numerous structures of Switched Capacitor (SC) cells
using diodes, switches and capacitor shown in Fig. 9(a)-(o)
[100]–[125]. Recently, the Switched Inductor (SI) andHybrid
combination of Switched Inductor and Switched-Capacitor
(HSI-SC) proposed to lift the voltage with high conversion
ratio [65], [88]–[91]. The VLSI and mVLSI are the famous
structure of HSI-SC used for the DC-DC converter. For sim-
plicity, this article HSI-SC configuration considered as a part
of SI. The numerous structures of SI and HSI-SC showed
in Fig. 10(a)-(s) using a diode, inductors, capacitors and
controlled switch [98], [117]–[119], [126]–[139]. All the high
step-up DC-DC MPCs classified into the following six sub-
classes:

• Switched Capacitor Based Converter (SCBC) series.

• Switched Inductor Based Converter (SIBC) series, /or a
hybrid combination of SI and SC, i.e. HSI-SC.

• Transformer, Coupled Inductor Based Converter family.
• Luo converter series.
• Multilevel DC-DC converter series.
• X-Y converter series.

V. MULTISTAGE SWITCHED CAPACITOR BASED
CONVERTER FAMILY (M-SCBC FAMILY)
Recently, the Switched Capacitors (SC) circuitries are pro-
posed for various step-up applications to achieve a high gain
conversion. Various SC circuitries showed in Fig. 9(a)-(o).
Multistage Switched-Capacitor Based Converters (M-SCBC)
are favored by simple structure, the modular approach and
potential for monolithic integration. In SC, all the capac-
itors are charged in parallel and discharged in series to
achieve a high gain conversion ratio [100]–[107]. The gain
ratio depends on the number of capacitor and arrangement
of capacitors in the converter. Apart from this, some SC
circuits follow the charge pumping concept, i.e. transfer
of energy from one capacitor to another capacitor, hence
also called charge pump network [103], [108]–[114]. These
SC or charge pump provides a viable solution to step-
up the voltage with a high conversion ratio and for var-
ious applications. Numerous high step-up DC-DC MPC
addressed in literature by using SC stages in conven-
tional boost converter or derived converters (Cuk, SEPIC
and ZETA) [100]–[125].

A. M-SCBC WITH BOOST AND BUCK-BOOST CONVERTER
FES
Several M-SCBC topologies proposed with the boost
and buck-boost front-end structure of the step-up appli-
cations. Popular M-SCBC topologies shown in Fig.11
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